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A B S T R A C T

Methane (CH4) is a potent greenhouse gas that is naturally produced and consumed in soil. The processes result
in that soils may function as either a net sink or source of atmospheric methane. Although dry heath tundra
ecosystems have recently been identified as important net sinks of atmospheric CH4, we understand little about
how similar dry heath sites compare across both elevational gradients and wider geographical areas with regards
to CH4 fluxes. To address this shortcoming, we measured CH4 fluxes and soil characteristics under ambient and
experimental warming conditions at low and high elevation sites in South (61°N) and West (69°N) Greenland.
We then used a structural equation model to explain CH4 fluxes in relation to air temperatures and soil moisture.
Soils across all sites were almost universal net CH4 sinks (range for ambient plots: −1.2 to −3.9 μmol m−2 h−1).
Observed soil CH4 fluxes across all sites were significantly positively correlated to soil temperatures at 5 cm
depth and negatively correlated to soil moisture. Additional factors such as soil pH and disturbance could also
help to explain the differences in CH4 fluxes between similar dry heath sites across greater spatial scales.
Understanding the importance of these factors is likely critical to more accurately upscale plot-level measure-
ments of CH4 fluxes in constraining the terrestrial high latitude CH4 sink.

1. Introduction

Climate change is occurring at unprecedented rates at northern la-
titudes (> 50°N): by 2100, air temperatures are projected to increase by
between 2.6 and 8.3 °C, with concomitant increases in precipitation of
up to 40% (IPCC, 2013). Warming and wetting are already dramatically
altering the functioning of northern terrestrial ecosystems, resulting in
the lengthening of growing seasons (Xu et al., 2013), increasing pri-
mary productivity (Elmendorf et al., 2012), and changing plant com-
munity composition (Tape et al., 2006). With an area of approximately
2.1 million km2, only ~19% of which is ice-free, Greenland is parti-
cularly sensitive to changes in climate. Recent trends in surface tem-
perature across Greenland vary markedly by region and season
(Westergaard-Nielsen et al., 2018) with yet unknown consequences on
the biogeochemical cycling of carbon in the terrestrial area.

Methane (CH4) is a greenhouse gas (GHG) occurring in atmospheric
concentrations (global average ~1.8 ppm) lower than other GHGs like

carbon dioxide (CO2; ~400 ppm). However, one molecule of CH4 has a
warming capacity> 25 times greater than the equivalent of CO2

(Myhre et al., 2013). Thus, quantifying its natural sources and sinks are
critical to understanding, as well as predicting, the impacts of climate
change on CH4 cycling in northern environments.

Whether soils are net CH4 sources or sinks to the atmosphere is
determined by the balance between soil methane production and oxi-
dation integrated over the biologically active soil profile. CH4 produc-
tion is largely an anaerobic biotic process performed by archaea
(known as methanogenesis, see Cicerone and Oremland, 1988), but
may also occur in oxic environments either chemically (Althoff et al.,
2010) or biologically by plants (Keppler et al., 2006). CH4 consumption
occurs in the atmosphere through chemical and/or photochemical
oxidation, or biologically in soil and in water, through oxidation by
bacteria (hereafter methanotrophy) (Serrano-Silva et al., 2014). In soils,
the balance between CH4 production and consumption is typically
conceptualized as a function of soil moisture, which in turn regulates
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the diffusion of oxygen and CH4 into the soil (Smith et al., 2000).
Northern landscapes were traditionally classified as net CH4 sources to

the atmosphere, but this understanding was biased towards water-satu-
rated, carbon-rich ecosystems such as peatlands, ponds and other wetlands
(Tan et al., 2015). Wet, organic carbon-rich ecosystems, however, cover a
relatively small area of the land area in northern latitudes when compared
with well-aerated mineral soils (Hugelius et al., 2014; Jørgensen et al.,
2015; Emmerton et al., 2016). More recent in-situ landscape-scale studies
of northern terrestrial environments have challenged the idea that
northern landscapes are overwhelmingly CH4 sources, instead suggesting
that the predominance of dry, aerated mineral soils make these landscapes
net CH4 sinks (Whalen and Reeburgh, 1990; Emmerton et al., 2014;
Jørgensen et al., 2015; D'Imperio et al., 2017). Whereas land cover con-
trols on CH4 fluxes have been investigated (e.g., Emmerton et al., 2014;
Jørgensen et al., 2015; D'Imperio et al., 2017), the drivers of CH4 fluxes
from dry heath tundra sites across larger spatial areas have never been
compared, a critical shortcoming in our ability to estimate the importance
of net CH4 oxidation across wider geographic scales.

To address this knowledge gap, we conducted measurements of CH4

fluxes in control and experimental warming plots at sites with similar
vegetation in South and West Greenland. The objectives of this study
were four-fold: to (1) quantify and compare the CH4 fluxes across these
dry heath landscapes, (2) examine the effects of temporal and spatial
variability soil temperature and moisture on CH4 fluxes; (3) examine
the potential effects of warming on CH4 fluxes; and, (4) explain CH4

fluxes in relation to air temperature and soil moisture using structural
equation modelling (SEM). We then discuss the challenges associated
with upscaling CH4 fluxes to wider areas and identify additional vari-
ables which may influence CH4 uptake in dry soils.

2. Methods

2.1. Site descriptions

The study was conducted at paired sites (low and high elevation) near
the town of Narsarsuaq, in the Kujalleq region of South Greenland from
27-June to 30-September 2016 (11 campaigns) and 1-June to 8-October
2017 (17 campaigns), and on Disko Island, near the University of
Copenhagen's Arctic Station, off the western coast of Greenland between
29-June and 02-September 2017 (8 campaigns) (Fig. 1). The sites in
South and West Greenland were selected for their similarities in vege-
tation cover and elevational gradient. We use elevational gradient here to
represent heterogeneity within site and as a proxy for air temperature.

2.1.1. South Greenland
The low elevation site, South-L (61°11′N, 45°22′W), was located

within Hospitalsdalen at 47m.a.s.l. (Johnsen et al., 2016). A small
streambed ran through the valley, but was dry through the summer
months during the measurement years. The high elevation site, South-H
(61°09′N, 45°23′W), was located on Mellemlandet at approximately
414m.a.s.l. Soils in the inner fjords of South Greenland are haplic
podzols (Jones et al., 2009), overlying granitic bedrock. Permafrost
occurs only in isolated patches (Westergaard-Nielsen et al., 2018) and
not within our study sites.

The climate in Narsarsuaq is classified as sub-arctic coastal (Köppen-
Geiger climate classification Dfc), characterized by long, cold winters
and short, cool summers (Kottek et al., 2006). Mean annual tempera-
tures for 1985–2015 were 1.6 ± 1.9 °C with the warmest temperatures
in July averaging 10.9 ± 0.0 °C (Cappelen, 2018). Mean annual pre-
cipitation in Narsarsuaq over the same period was 316 ± 36.1mm. Air
temperature, soil temperature (12–40 cm depth), soil moisture, and
wind speed were measured at hourly intervals in South-L with an HOBO
U30-NRC weather station (Onset Computer Co., Bourne, MA, USA;
Table S1) continuously throughout the year since 2012.

The vegetation in South Greenland was dominated by shrub species,
but also a secondary complete cover of lichens and mosses. Betula

glandulosa dominated South-H, did not exceed a height of 20 cm and
were therefore found within the metal frames. At South-L, there were
fewer individuals of Betula glandulosa, but were typically more than a
meter in height and therefore not found within the flux measurement
frames. Salix glauca were less common at South-H, with even fewer
individuals at South-L, but the few that were there were more than 1m
tall and found throughout the area, but not within the metal frames. At
South-L, other dominant plants included Carex capillaris and Thalictrum
alpinum and species such as Silene acaulis and Juncus tridus in patches.
All South Greenland plots are shown in Figs. S2–3.

2.1.2. West Greenland
The low elevation site, West-L (69°16′N, 53°28′W) was located in the

Blæsedalen valley, at approximately 95m.a.sl., while the high elevation
site (69°16′N, 53°27′W; West Greenland High Site, West-H) was located on
Skarvefjeld at approximately 235m.a.s.l. Soils on Disko Island are haplic
cryosols (Jones et al., 2009) and underlain by discontinuous permafrost
(D'Imperio et al., 2017). Bedrock of the island is largely basalt.

The climate on Disko Island is classified as polar tundra (Köppen-
Geiger climate classification ET) with maritime influence. Mean annual
air temperature is −3.0 °C ± 1.8 °C (1991–2011), with the warmest
temperatures occurring in July (7.9 ± 1.6 °C) (Hollesen et al., 2015).
Mean annual precipitation is approximately 400mm, of which 40%
occurs as snow. Air temperature, precipitation and wind speed were
measured continuously throughout the year at 30min intervals since
2013 and 2015, in West-L and West-H, respectively (Table S1).

The vegetation at Disko Island was dominated by shrub species such
as Betula nana, Vaccinium uliginosum, Salix glauca, Cassiope tetragona and
Empetrum nigrum. Tundra heath at West-H was dominated by Cassiope
tetragona and Empetrum nigrum, but also Salix glauca, a few Betula nana
and mosses. Additional information on vegetation within these plots is
available elsewhere (e.g., Blok et al., 2016; D'Imperio et al., 2017). All
West Greenland plots are shown in S4-5.

2.2. Experimental setup

The plots were established in 2015 to simulate the effects of increased
warming on the Arctic region, an important consequence of predicted
climate change, while testing the influence of elevation on soil properties
and by extension, greenhouse gas fluxes. Each block (n=6 at all sites)
consisted of a control plot and a warming plot, the latter of which was
achieved by the year-round installation of open top-chambers (OTC, Fig.
S1). Hexagonal OTCs were constructed using polycarbonate sheets and
secured into the ground at each location, according to the specifications of
the International Tundra Experiment for temperature enhancement studies
(Marion, 1996). Block locations within each site were chosen to be re-
presentative of the heath landscape, and thus excluded larger shrubs.
Treatments were randomly assigned to each plot, such that we followed a
randomized block design. Each plot was 1m×1m, inside which a
~0.040m2 aluminium frame was installed 5–10 cm into the ground to
support the greenhouse gas flux measurement chambers, described below.

2.3. Soil properties

Soil cores were collected from each block in South Greenland in 2015
and in West Greenland in 2017 for analysis of basic soil characteristics,
including bulk density, particle density porosity, organic matter content and
pH. Whereas soils in South Greenland were analysed by horizon, soil for-
mation on Disko Island is weak and therefore analogous measurements
were made at 5 and 10 cm, relevant depths for the CH4 flux measurements
(Jørgensen et al., 2015). Density factors (bulk, particle, porosity) were de-
termined by weighing soil cores before and after freeze-drying (South
Greenland) or after heating at 105 °C for 24 h (West Greenland). Organic
matter content was determined by loss-on-ignition at 550 °C for 2 h (Heiri
et al., 2001). Soil pH was determined on dried samples using a PHM 80
Portable pH Meter (Radiometer, Brønshøj, DK) following the addition of
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demineralised water in a 1 to 2.5 ratio.

2.4. Methane flux determination

Water vapour-corrected CH4 concentrations were measured using a
closed loop system: an Ultraportable Greenhouse Gas Analyzer (UGGA;
Los Gatos Research, San Jose, CA, USA) coupled to a CR1000X
Datalogger (Campbell Scientific, Loughbourough, UK) in South
Greenland and a Picarro Gas Analyzer (Picarro G4301, Santa Clara, CA,
USA) on Disko Island. At each site, the analyzer was attached to
transparent polycarbonate chambers, outfitted with small fans for air
circulation, following D'Imperio et al. (2017) and Pedersen et al.

(2017). At all sites, the air tightness of chambers was assured with a
water lock in the metal frame. In South Greenland, a Campbell Scien-
tific 107 temperature probe was installed in the chambers and con-
nected to the data logger to continuously measure air temperature
within the chamber. Following the failure of the 107 temperature probe
in 2017, ambient air temperatures recorded by the UGGA were used for
flux calculations in South Greenland. In West Greenland, Tinytag
temperature data loggers (TG-4080, Gemini Data Loggers, UK) were
installed outside the chamber, the data from which were used in the
flux calculations.

In South Greenland, CH4 concentrations and temperatures were re-
corded at 10 s intervals over 10min using the light chambers. The chamber

Fig. 1. Study sites in South (Narsarsuaq) and West (Disko Island) Greenland.
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was subsequently removed, and gas concentrations allowed to stabilize back
to ambient levels before measuring over 5min with a dark cover over the
chamber. On Disko Island, CH4 concentrations were similarly recorded, but
at 1 s intervals over 5min only. Methane fluxes measured in the light and
dark chambers were not significantly different (Welch's t-test, t=−1.257,
df=1137, p=0.209, Fig. S6), suggesting that increasing CO2 concentra-
tions due to respiration in the dark treatment were not influencing methane
measurements. Only dark measurements are used here to assess methane
fluxes, as in D'Imperio et al. (2017) and Pedersen et al. (2017).

Immediately following each measurement, soil temperature and
moisture were manually measured within the experimental plot but out-
side the aluminium frame. Soil temperatures at 2 and 5 cm depth were
measured with an HI93503 in 2016 and an HI98509 temperature probe in
2017 in South Greenland, and an HI93510 on Disko Island (Hanna
Instruments, Woonsocket, RI, USA). Volumetric soil moisture (in %v/v)
integrated over the top 5 cm was also measured in triplicate at each plot
using a ML2X Theta Probe coupled to an HH2 Moisture Meter (Delta-T
Devices, Cambridge, UK). Mean values of %v/v are presented throughout.

CH4 fluxes were calculated by fitting a second order polynomial to
the concentrations over time, described in detail in Pedersen et al. (2017)
and D'Imperio et al. (2017). Briefly, fluxes were calculated according to
equation (1):

=Flux slope P V
R T A (1)

where slope is the value of the second order polynomial after 200 s from
the start of the measurement period (Pedersen et al. 2017); P is the at-
mospheric pressure, normalized to sea level (1 atm); V is the chamber
and tubing volume (in L); R is the universal gas constant (in L atm K−1

mol−1); T is the mean temperature inside the chamber over the mea-
surement period (in K); and, A is the base area (0.0445m2 in South-L,
0.0462m2 in South-H, 0.0465m2 in West Greenland). Slopes were re-
tained in our analysis when R2 > 0.85 and p < 0.05 (D'Imperio et al.,
2017), thus excluding cases where water vapour and subsequent con-
densation in the tubing interfered with measurement. In total, 121 of 130
and 159 of 200 calculated slopes from South-L met these criteria in 2016
and 2017, respectively; 111 of 131 and 42 of 45 slopes from South-H in
2016 and 2017; and, 79 of 91 and 70 of 90 slopes from West-L and -H. In
2017, heavy rains hindered site access to South-H. Consequently, only
four campaigns were conducted (18 June, 21 June, 17 July, 25 July).

Annual growing season CH4 budgets (in g CH4–C m−2) were cal-
culated for all treatments, between the period of 1 June to 30
September (121 days) in South Greenland and from 15 June to 15
September on Disko Island, reflecting the shorter field sampling and
growing seasons in West Greenland. The mean daily measured flux
(μmol m−2 d−1) on a given campaign date was applied to halfway
between the previous sampling campaign and halfway to the following
sampling (Pedersen et al., 2017). Due to infrequent samplings, we did
not calculate a seasonally integrated CH4 budget for South-H in 2017.

2.5. Data and statistical analyses

All data and statistical analyses were completed in R Studio (Team,
2016) using packages MASS (Venables and Ripley, 2002), car (Fox and
Weisberg, 2011), rcompanion (Mangiafico, 2017), nlme (Pinheiro et al.,
2017), picewiseSEM v. 2.0 (Lefcheck, 2016). and multcomp (Hothorn et al.,
2008). Standard error (SE) is presented throughout unless otherwise stated.

We used a mixed effects analysis of variance (ANOVA) model to assess
the impacts of site and treatment on CH4 fluxes, soil moisture, and soil
temperature (at 2 cm and 5 cm depth) on all data through the measure-
ment periods. Fixed factors in the model were location, elevation (low,
high), and treatment (control, warming), while the random factor was
block. All pairwise interactions between the fixed factors were included, as
well as the three-way interaction between the fixed factors. To satisfy the
assumption of normality in all analyses, CH4 fluxes were Tukey-trans-
formed ( was variable depending on subset) following the application of

a constant to make all fluxes positive. Soil temperatures at 2 cm depth and
moisture metrics (volumetric and gravimetric) were log-10 transformed,
while soil temperatures at 5 cm depth and % air in pore space were square
root-transformed. Pairwise multiple comparisons between levels of all
significant factors were then conducted using the Tukey method, with
(0.05) Bonferroni-corrected for multiple comparisons.

2.5.1. Structural equation modelling
We used structural equation modelling (SEM) to quantify the direct

and indirect effects of air temperature on soil properties and CH4 fluxes
across the study regions. In SEM, causal links between variables of in-
terest are defined and evaluated in the form of interconnected equa-
tions (Grace, 2006; Shipley, 2009). The SEM was constructed using the
data from South-L from both 2016 and 2017, West-L, and West-H in
2017, but not South-H, as air temperature measurement there did not
occur during the sampling campaigns.

We created a hypothetical path diagram in which air temperature
had an indirect effect on CH4 fluxes by affecting soil temperatures (at
2 cm and 5 cm) and soil moisture. The four modelled paths are supported
by prior work: 1) the effect of air temperature on soil temperature (Kang
et al. 2000), 2) the effect of air temperature on soil moisture (Mintz and
Walker, 1993), 3) the effect of soil temperature on methane fluxes
(Emmerton et al. 2014; Jørgensen et al. 2015), and 4) the effect of soil
moisture on CH4 fluxes (D'Imperio et al. 2017; Jørgensen et al. 2015;
Pedersen et al. 2017). There were no prior predictions of directional
causality between soil temperature and moisture, so these links were
modelled as correlation errors. In the SEM, all endogenous variables
were modelled using linear Gaussian mixed effect models, containing
block (and by extension, elevation) nested within study year as a random
intercept and the explanatory variables as fixed effects. Furthermore, we
adjusted the models for within season dependencies by adding sampling
week (defined as week number after mean daily air temperatures ex-
ceeded 0 °C) as a covariate. Each local model was screened for residual
distributional properties. To meet the assumption of variable homo-
geneity, we weighted the variance in the CH4 flux model by block.

We evaluated the full SEM and potential inclusion of missing paths
using Fisher's C statistic (Shipley, 2000). In contrast to global estimated
models, local estimators permit complex path specifications fitted by
the entire covariance matrix and do not transfer misspecification errors
across the different parts of a SEM (Bollen et al., 2007). In each of the
local models, the links supported by our data were identified via a two-
way ANOVA test (Table S3; Lefcheck, 2016). The level of variance ex-
plained by each component model for all response variables was given
as the conditional R2 (or pseudo R2) based on the variance of both the
fixed and random effects (Nakagawa and Schielzeth, 2013).

To contrast the importance between the different model components,
effect sizes and accumulated effects (total effects) across the SEM were
derived from path coefficients scaled to the mean of zero and a standard
deviation of 1. The total effect size of air temperature via each of the
three soil variables were established via simulations. The indirect
pathway of air temperature, via soil variables, on CH4 flux were defined
as the product of air to soil path and the soil to CH4 flux path. For each
path, a random draw from a normal distribution given the mean of the
path parameter and associated standard errors were used to estimate
total effect size. This procedure was repeated 1000 times and significance
and differences in effect sizes were evaluated based on 95% quantiles.

3. Results

3.1. Site-specific soil characteristics

3.1.1. South Greenland
Mean air temperatures over the measurement periods at Narsarsuaq

were 8.85 ± 0.08 °C in 2016 and 8.57 ± 0.07 °C in 2017.
Precipitation over the same periods were ~54mm and ~211mm in
2016 and 2017, respectively.
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Soils in South Greenland were less acidic at South-L (pH=
5.92 ± 0.09, depth-integrated mean) than at South-H (pH=4.77 ±
0.08; Table S2). Mean soil temperatures at 2 cm depth in the control plots
were 11.8 ± 0.448 °C (range: 0.6–32.6 °C) and 9.98 ± 0.391 °C
(1.6–18.5 °C) at the low and high elevation sites, respectively, decreasing
to 9.33 ± 0.319 °C (0.8–19.0 °C) and 7.60 ± 0.283 °C (2.5–13.9 °C) at
5 cm (Table 1). Soil temperatures were highest between the start of the
measurement period and early August, typically declining to around 0 °C
(at 2 cm depth; Fig. S7) or just above it (at 5 cm depth; Fig. 2) around the
end of September. Soils at the low elevation site were wetter
(29.9 ± 10.8% H2O; 6.8–80.8%) than those at the high elevation site
(19.7 ± 0.782%; 5.8–39.7%). At South-L, soil moisture declined until
around the start of August (day 220) in 2016 or mid-June in 2017 (day
166), after which rain occurred regularly. These patterns were mirrored
at South-H, although field campaigns began only after mid-June in 2017.
The warming treatment had no significant effect on either soil tem-
perature or soil moisture, regardless of site (Table 2).

3.1.2. West Greenland
Mean air temperatures over the measurement period (29-June to 2-

September) in 2017 were 7.06 ± 0.06 °C and 6.91 ± 0.07 °C at West-L

and West-H, respectively. Precipitation measured at Blæsedalen over
the same time was ~198mm.

Soils on Disko Island were slightly acidic, and varied little between
the two sites (pH=6.25 ± 0.239; depth and site-integrated mean;
Table S1). Mean soil temperatures at 2 cm depth were 9.66 ± 0.52 °C
(5.5–15.1 °C) and 8.73 ± 0.57 °C (3.9–17.3 °C) in the control plots of
West-L and West-H, respectively, decreasing to 8.25 ± 0.40 °C
(5.3–12.6 °C) and 6.80 ± 0.40 °C (3.3–14.8 °C) at 5 cm (Table 1). Mean
soil moisture content was 29.9 ± 1.35% or 32.3 ± 1.81% in the
control plots at the West-L and West-H sites, respectively. Both soil
temperature and moisture fluctuated throughout the measurement
period, a pattern consistent across both sites (Fig. 1). Like in South
Greenland, the warming treatment had no effect on soil temperatures or
soil moisture content (Tables 1 and 2).

3.2. CH4 fluxes from soils in dry heath landscapes in Greenland

3.2.1. South Greenland
Mean control CH4 fluxes were −1.23 ± 0.067 μmolm−2 h−1 (range:

−0.17–4.02 μmolm−2 h−1) and −2.62 ± 0.230 μmolm−2 h−1 (3.6 to
−11.9 μmolm−2 h−1) at South-L and South-H, respectively (Table 1).

Table 1
Site comparison of main soil characteristics and measured CH4 fluxes by site and treatment in Narsarsuaq, southern Greenland (2016–2017) and Disko Island,
western Greenland (2017). Means ± SE shown, with n (low/high). Seasonal fluxes integrated between June 1 and Sept. 30.

South Greenland (61°N) West Greenland (69°N)

Treatment Low High n Low High n

Soil temperature (−2 cm; °C) Control 11.8 ± 0.448 10.0 ± 0.391 167/82 9.66 ± 0.522 8.73 ± 0.571 42/42
Warming 12.3 ± 0.443 10.0 ± 0.354 167/83 10.4 ± 0.552 9.53 ± 0.497 42/42

Soil temperature (−5 cm; °C) Control 9.3 ± 0.319 7.6 ± 0.283 167/82 8.25 ± 0.398 6.80 ± 0.395 42/42
Warming 9.8 ± 0.794 7.6 ± 0.280 167/83 8.48 ± 0.384 7.46 ± 0.351 42/42

Soil moisture (0–5 cm; %vol.) Control 29.9 ± 10.8 19.7 ± 0.782 161/85 29.9 ± 1.35 32.3 ± 1.81 45/45
Warming 28.0 ± 8.48 18.0 ± 0.628 161/87 28.2 ± 1.51 31.3 ± 1.86 46/45

Mean CH4 flux (μmol m−2 h−1) Control −1.23 ± 0.067 −2.62 ± 0.230 133/72 −3.89 ± 0.473 −3.53 ± 0.506 35/29
Warming −1.48 ± 0.097 −4.47 ± 0.271 140/78 −3.50 ± 0.354 −4.02 ± 0.249 44/41

Seasonal CH4 flux (g CH4–C m−2) ± 1 SD Control −0.043 ± 0.002 −0.073 ± 0.003 −0.154 ± 0.005 −0.108 ± 0.003
Warming −0.052 ± 0.001 −0.126 ± 0.003 −0.113 ± 0.003 −0.120 ± 0.003

Fig. 2. Seasonal trends in soil temperatures (at 5 cm depth) and volumetric moisture content, averaged ± SE by treatment (control and warming only, n=6 each)
over each sampling campaign. In South Greenland: in 2016, 11 campaigns at South-L and -H between 27-June and 30-September 2016; in 2017, 17 campaigns for
South-L and 5 for South-H between 1-June and 8-October-2017). In West Greenland: 8 campaigns at West-L and -H between 29-June and 2-September-2017.
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Indeed, all but 3 of 204 measured control fluxes were negative (Fig. 3),
indicating an almost universal net CH4 sink in the soils. Warming treat-
ments had no measurable effect on mean net CH4 uptake rates at South-L
(mean: −1.48 ± 0.10 μmolm−2 h−1; range: 0.64 to −5.24 μmolm−2

h−1), but increased CH4 uptake by 1.7-fold at South-H (−4.47 ±
0.27 μmolm−2 h−1; −0.34 to −10.67 μmolm−2 h−1; Table 1). Season-
ally-integrated CH4 fluxes were estimated to be −0.043 ± 0.002 and
−0.073 ± 0.003 g CH4–C m−2 for South-L and -H, respectively (Table 1).

3.2.2. West Greenland
On Disko Island, mean control CH4 fluxes were −3.89 ±

0.473 μmol m−2 h−1 (−1.11 to −12.1 μmol m−2 h−1) and −3.53 ±
0.506 μmol m−2 h−1 (−1.27 to −12.1 μmol m−2 h−1) at West-L and
West-H, respectively (Table 1). All fluxes were negative (Fig. 3), in-
dicating that the soils were net CH4 sinks throughout the measurement
period. On average, warming treatments slightly reduced CH4 uptake
rates at West-L; however, this relationship was largely driven by a
single control plot with exceptionally high CH4 uptake
(−6.17 ± 1.44 μmol m−2 h−1). By removing this outlier, mean con-
trol CH4 fluxes at West-L were −3.22 ± 0.371 μmol m−2 h−1, slightly
less than those in the warming plots, but not in a significant way.
Warming treatments only marginally increased uptake rates at West-H.
None of the effects were, however, statistically significant (p > 0.05;
Table 2). Seasonally-integrated CH4 fluxes were −0.154 ± 0.005 and
−0.108 ± 0.003 g CH4–C m−2 at West-L and West-H, respectively.

3.2.3. Effects of warming and elevation on soil properties and CH4 fluxes
Soil temperatures (2 and 5 cm depth) did not differ between the two

locations, by elevation, between control and warming plots or any
combination thereof (Table 2). Soil moisture, pooled across treatments
and elevation, was significantly lower in South Greenland, a difference
mainly driven by South-H (Table 2).

Warming by the OTCs only significantly affected CH4 fluxes in South
Greenland (Table 2). Likewise, CH4 fluxes only differed between sites in
South Greenland, likely due to the reduction in soil moisture with in-
creasing elevation at South-H, which was not observed on Disko Island.

3.3. Environmental predictors of net CH4 oxidation in dry heath soils

3.3.1. Structural equation model (SEM)
To explore the environmental predictors of net CH4 uptake across two

sites, we used a SEM, which incorporated air temperature, soil tempera-
tures at 2 and 5 cm depth and soil moisture across the South-L, West-L and
West-H sites. There was a close fit between the data and the proposed SEM
model (Fisher C statistic=0.48, with 2 model degrees of freedom and
p=0.79). The observed CH4 uptake decreased with increasing soil
moisture (p < 0.001, Fig. 4a) and increased with increasing temperature

at 5 cm depth (p < 0.05, Fig. 4a). Air temperature indirectly affected CH4

fluxes by altering the soil conditions. By decreasing soil moisture and in-
creasing soil temperature, higher air temperatures counterbalanced the
contrasting (direct) effects of soil moisture and temperature (at 5 cm
depth). This resulted in significant and identically negative effects of air
temperature via soil moisture (total effect size= - 0.09 [-0.09;-0.13],
Fig. 4b) (mean and 95% quantiles) and soil temperatures at 5 cm (total
effect size= - 0.07 [-0.01;-0.13], Fig. 4b). In contrast, soil temperatures at
2 cm had a lower and non-directional effect on CH4 fluxes (total effect
size=0.04 [-0.01; 0.11], Fig. 4b).

4. Discussion

4.1. Comparison of CH4 fluxes between south and west Greenland

Even though the sites in South and West Greenland were selected for
their similarities in vegetation cover and elevational gradient, the sites

Table 2
p-values from ANOVAs comparing CH4 fluxes and abiotic soil characteristics
between locations (Narsarsuaq, Disko), elevation (low, high), treatments
(control, warming). Significant ( = 0.05) results in bold; asterisk (*) highlights
0.05 < p < 0.10.

Fixed factors | Responsea: CH4 flux Soil
temperature
2 cm

Soil
temperature
5 cm

Soil
moisture
(v/v)

Location 0.157 0.161 0.229 <0.001
Elevation 0.308 0.352 0.052* 0.410
Treatment 0.085* 0.414 0.381 0.593
Location*elevation 0.003 0.596 0.758 <0.001
Location*treatment 0.031 0.557 0.460 0.584
Elevation*treatment 0.087* 0.942 0.681 0.645
Location*site*treatment 0.579 0.751 0.476 0.528

a Response variables Tukey-transformed to meet assumption of normality:
CH4 fluxes ( = 3), soil temperature at 2 cm depth ( = 0.825) and soil
moisture ( = 0.425).

Fig. 3. Seasonal trends in CH4 fluxes, averaged ± SE by treatment (control and
warming only) over each sampling campaign at Narsarsuaq, South Greenland
between a) 27 June and 30 September-2016 (11 campaigns) and b) 1-June and 8-
October-2017 (17 campaigns at South-L and 5 at South-H) and c) on Disko Island
in West Greenland between 29-June and 2-September-2017 (8 campaigns).
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were surprisingly different with respect to net CH4 uptake rates.
Notably, the effect of elevation between the two locations (measured in
absolute terms) was not universal. We had hypothesized that the higher
elevation sites should have lower soil moisture content (better drai-
nage) than those in lower lying areas. While this was true for the sites in
South Greenland, there were no significant differences in soil moisture
or net CH4 uptake rates between the low and high elevation sites on
Disko Island. This could be due to finer scale differences in nearby to-
pography, which have potentially important implications for snow ac-
cumulation and snowmelt and rainfall retention within the soils (Young
et al., 1997; Bennie et al., 2008). Indeed, Jørgensen et al. (2015) pro-
posed a soil moisture content of 25% as the threshold for distinguishing
between dry (< 25%) and moist (> 25%) tundra systems, resulting in
higher and lower soil CH4 uptake rates, respectively. Based on this
definition, South-L was dry tundra and South-H was moist tundra,
which may have translated to the observed differences in CH4 uptake
rates. Conversely, both West-L and West-H would have been classified
as moist tundra, resulting in similar CH4 uptake rates.

4.2. Environmental drivers of the net CH4 sink in soils over wider
geographical areas

Despite the differences that we observed in the magnitude of the net
CH4 sink between South and West Greenland, we did find strong broad
scale relationships between air temperature, soil properties and CH4

fluxes (Fig. 4a). As air temperatures increased, soil temperatures in-
creased and soil moisture decreased, likely due to increased evapo-
transpiration.

These warmer and drier soil conditions have important con-
sequences for the activity of methanotrophs found within soils.
Methanotrophs, like other microbial guilds, are highly temperature
sensitive (Conrad, 2007), such that the rate at which they consume CH4

increases (i.e., a more negative flux rate) with increasing temperatures.
As warming enhances evapotranspiration, it creates a drier, more aer-
ated soil system with greater diffusivity and therefore increasing

oxygen and CH4 availability throughout the soil profile. The combined
effect of warming on methanotroph metabolism and substrate avail-
ability suggests that the dry soil CH4 sink could increase in the future,
especially at northern latitudes, where warming is predicted to be most
intense (IPCC, 2013). With climate change, however, precipitation in
many of these same regions is projected to increase, mostly as rain
(Bintanja and Andry, 2017). Given that soil moisture exerted the
strongest direct (positive) effect on CH4 fluxes in our model, greater
water availability within soils in the future could lessen or even coun-
terbalance the effects of warming, documented here.

4.3. Comparison to fluxes from other northern sites

CH4 uptake rates in South and West Greenland were at the low end
or in the middle of the range of uptake rates observed at other northern
(> 50°N) sites, where similar flux measurement methods have been
used (range: −0.91 to −8.92 μmol m−2 h−1; Table 3). The CH4 uptake
rates in this study measured at the West-L site on Disko Island
(−3.89 ± 0.473 μmol m−2 h−1) were almost identical to those pre-
viously reported from 2013 to 2014 in D'Imperio et al. (2017)
(−3.90 ± 0.29 μmol m−2 h−1), indicating strong site integrity. The
highest net CH4 oxidation rates were recorded on dry tundra (< 25%
H2O) at Zackenberg on northeast Greenland (−8.3 ± 3.7 μmol m−2

h−1 in Jørgensen et al., 2015) and a site devoid of vegetation on Disko
Island (−8.92 ± 0.84 μmol m−2 h−1 in D'Imperio et al. 2017). This
comparison highlights that CH4 oxidation in dry lands (< 35%
moisture) is ubiquitous across northern landscapes, but that the mag-
nitude of CH4 uptake may not scale simply by soil moisture.

4.4. Additional variables potentially affecting the CH4 sink in dry soils

Given that CH4 oxidation rates have largely been considered a function
of soil moisture (Mancinelli, 1995), it is counterintuitive that CH4 uptake
rates from South Greenland were less than those on Disko Island, parti-
cularly at South-H, where mean soil moisture (19.7 ± 0.8%) was

Fig. 4. Structural equation model (SEM) representing connections between CH4 fluxes, air temperature and soil characteristics. a) Standardized path coefficients
derived from the SEM. Solid arrows represent significant linear paths supported by the model; dashed lines non-significant paths. Model fit and path estimates are
built on a SEM incorporating the random effect of sampling sites, blocks and years. Fisher C statistic= 0.48, with two model degrees of freedom and P=0.79
(indicating close model-data fit). b) Indirect effects of air temperature, via soil variables, on CH4 flux. The black dot represents the mean effect size and the bars the
95% quantiles of effect sizes. The density distribution shows the spread of the estimated effect sizes from 1000 simulations.
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considerably less than at the other sites (29.9–32.3%). Although it is not
entirely clear why this was the case, there are a number of additional
variables, not accounted for in our analysis, which may explain this dis-
crepancy. For example, contrasting geology and parent material of the two
locations could be important: soils at Disko are basaltic rocks compared to
those at Narsarsuaq, which are dominated by granitic rocks. Alternatively,
soil disturbance is another potentially important factor. South Greenland
has a long history of human activity, with more intensive agricultural
activities dating back to the Viking age, circa 900 A.D. (Perren et al., 2012;
Dzik, 2014). While access to South-H was considerably more difficult and
thus relatively undisturbed, South-L was located within an area used by
sheep farms. Indeed, soil disturbance by cultivation has long been re-
cognized as an inhibitor of CH4 oxidation (e.g., Ojima et al., 1993; Flessa
et al., 1998; Hütsch, 1998; Smith et al., 2000). Soil bulk density, which
typically increases with human activity, is negatively associated with gas
diffusivity through soils, and thus, an important constraint on CH4 oxi-
dation rates (Smith et al., 2000; Bárcena et al., 2014). However, no sig-
nificant differences were noted between the bulk densities of soils in South
Greenland and Disko Island (Table S2) that could account for the greater
CH4 uptake rates recorded at Disko Island.

Another factor which might explain the differential effect of elevation
across latitudes on CH4 oxidation is soil pH. While the role of pH in reg-
ulating CH4 oxidation has only been cursorily tested (Bender and Conrad,
1995), CH4 oxidation in German soils has been shown to be strongly po-
sitively related to soil pH (Brumme and Borken, 1999). Soils in South
Greenland were more acidic than those on Disko Island, likely due to a
combination of parent material and soil development. As such, we suggest
that additional work to assess the variability in soil characteristics is
needed before CH4 uptake rates can be extrapolated to larger regions for
both quantifying the terrestrial CH4 sink and predicting the impacts of
climate change on net CH4 dynamics across northern latitudes.

Finally, vegetation cover type can also play an important role in
determining soil development and by extension, its properties (Scott,
2000). Among all the studies summarized (Table 3), the northern sites
with bare ground and only minimal vegetation cover had the highest
rates of CH4 uptake. The paucity of vegetation at these sites un-
doubtedly slows organic matter accumulation and therefore soil de-
velopment, which likely leads to increased evaportranspiration from
the soils (Tang and Riley, 2013) and greater availability of oxygen and
CH4 through the upper soil profile.

5. Conclusion

In this study, we present the first comparison of CH4 fluxes from
northern heath and dry land sites across wider geographical areas,
specifically testing the effects of soil characteristics and warming on net
CH4 oxidation rates across parallel experimental sites in South and West

Greenland. The heath and dry land soils were almost universal net CH4

sinks, consistent with other studies conducted across northern latitudes.
Both soil moisture and temperature were important predictors of net
CH4 oxidation at a given location. Whereas we also expected that the
magnitude of net CH4 oxidation rates would scale according to soil
moisture across this wider geographic area (i.e., between South and
West Greenland), this was not strictly the case. Indeed, while soil
moisture, among the measured parameters, was still of primary im-
portance in determining the magnitude of the net CH4 flux within a
given site, other factors, namely the level of soil disturbance, soil
composition and land cover, as well as local variability in soil moisture
and temperature, may also be important to consider in understanding
large scale patterns of CH4 cycling, and thus hampering the upscaling of
results from a small number of locations.
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