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Abstract The effects of climate change appear to be
amplified in mountains compared with lowland areas,
with rapid changes in plant community composition,
soil properties, and increased substrate for biological
development following retreat of glaciers. Associated
soil gaseous fluxes in alpine ecosystems contribute to
the global balance of greenhouse gases, but methane
and carbon dioxide soil fluxes and their controls are
not well known. We used a dynamic closed-chamber
method to measure methane and carbon dioxide fluxes
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along a successional gradient during the peak growing
season in the North Selkirk Mountains, British
Columbia, Canada. Soil physico-chemical properties,
vegetation cover, and topographic variables were
quantified to determine mechanisms influencing these
fluxes. Mean methane uptake ranged from — 155 pg
CH,-C m~ 2 h™" in well vegetated sites to zero in
recently deglaciated terrain. Soil total carbon (TC) and
water content were the primary drivers of methane
uptake. Sites with TC greater than 4% and moisture
below 0.22 water fraction by volume (w.f.v) corre-
sponded to the strongest methane sinks. Increased
vegetation cover and relatively drier soil conditions,
anticipated with future climate change, suggest that
methane uptake may increase in these alpine
ecosystems.

Keywords Columbia mountains - Methane - Soil
fluxes - Alpine - Deglaciated terrain

Introduction

In most parts of the world mountains are warming at an
accelerated rate compared to lowland areas, a process
termed elevation dependent warming (Pepin et al.
2015; IPCC 2019). CH4 and CO, are biogenic
greenhouses gases with large terrestrial pools that
are dynamically exchanged with the atmosphere, but

@ Springer


http://orcid.org/0000-0001-8345-3141
https://doi.org/10.1007/s10533-019-00630-0
http://crossmark.crossref.org/dialog/?doi=10.1007/s10533-019-00630-0&amp;domain=pdf
https://doi.org/10.1007/s10533-019-00630-0

110

Biogeochemistry (2020) 147:109-123

the direction and magnitude of these fluxes are still
largely unknown in temperate alpine regions, includ-
ing western North America (Oertel et al. 2016). The
balance between emissions and uptake from mountain
soils vary with environmental conditions and
improved estimates will contribute to the development
of better constrained global and regionally sensitive
climate models (Nisbet et al. 2009).

Soil fluxes include the net uptake or release of a gas
between the soil and the atmosphere. These gas
exchanges are controlled by both the microbial and
physical aspects of the soil (Smith et al. 2003).
Microbes are responsible for the production or
consumption of different gaseous products that sub-
sequently diffuse into or out of the soil depending
primarily on concentration gradients. However, the
rate of diffusion is controlled by the pore size,
aggregate size, and amount of water filled pore space
in the soil (Smith et al. 2003; Venterea and Baker
2008). In this way soil fluxes result from a combina-
tion of the microbial processing and physical move-
ment of gas in soil.

While mountains cover about 25% of the Earth’s
terrestrial surface, only about 3% is classified as alpine
biome (Hu and Bliss 2018). Alpine communities are
heterogeneous in terms of topography, vegetation, and
edaphic properties. An examination of the mecha-
nisms influencing CH, and CO, fluxes in the alpine
requires consideration of differences in the type of
soil, vegetation cover, elevation, and time since
deglaciation across natural spatial gradients. Recently
deglaciated Regosolic soils are formed following
progressive glacial recession leading to newly exposed
terrain (Chersich et al. 2015; IPCC 2019). These
recently deglaciated areas represent the initial baseline
for CH4 and CO, fluxes since vegetation and microbial
communities are poorly developed. Established alpine
tundra has comparatively more developed soils, often
Brunisols, and the vegetation is dominated by
graminoid and ericaceous species. Along an eleva-
tional gradient, the alpine zone slopes through the
subalpine ecotone towards montane forest, which have
different soil characteristics due to time since
deglaciation and vegetation succession. In many
regions the montane forest treeline is advancing
upslope or becoming more heavily vegetated as tree
density increases (Cannone and Pignatti 2014; Camar-
ero et al. 2017).
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Most studies of CH4 and CO, fluxes in temperate
alpine ecosystems have been conducted in China (Wei
et al. 2015; Zhu et al. 2015; Wu et al. 2017; Fu et al.
2018), Europe (Kitzler et al. 2006; Koch et al. 2007,
Chiri et al. 2015, 2017; Hofmann et al. 2016a;
Mutschlechner et al. 2018), and Colorado (Brooks
et al. 1997; Knowles et al. 2015; Lin et al. 2017). To
expand on this geographic coverage, we measured
alpine soil CH, and CO, fluxes in the Columbia
Mountains, British Columbia, Canada. Specifically,
we compared fluxes of (1) recently deglaciated soils
(RDG sites) with more developed alpine soils (Alpine
sites), and (2) along a successional gradient charac-
terized into three elevational bands (high, mid, and
low) during the peak of the summer growing season.
We simultaneously investigated the physical and
chemical soil mechanisms controlling CH4 and CO,
fluxes including vegetation cover, soil moisture (as an
inverse proxy for aeration), and temperature, as they
have previously been identified as strong predictors
(Borken et al. 2003; Parkin and Kaspar 2003; Oertel
et al. 2016). Finally, we compared our methane fluxes
with measurements from other biomes to assess the
potential impact of alpine fluxes in a global context.

Methods
Site characteristics

The North Selkirk Mountains are located in the
Columbia Mountains in southeastern British Colum-
bia, Canada. Geologically these mountains are com-
prised of Proterozoic and Paleozoic North American
rocks (Simony and Carr 2011). The highest peaks in
our immediate study area were between 2515 and
3167 m above sea level, and numerous mountain
glaciers persist above 2150 m. The higher elevation
forests are dominated by subalpine fir (Abies lasio-
carpa), and the entire region can be characterized as
part of the Montane Cordillera Ecozone (http:/
ecozones.ca/english/zone/index.html). The upper
limit of treeline is located around 2000 m, but with
considerable variation depending on local conditions,
including aspect, slope and local disturbance (Davis
et al. 2018).

Our field measurements were conducted at the peak
of the growing season in August 2017 in Bachelor Pass
(51°31'21.06” N; 117° 57’ 31.55" W), at several sites
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Table 1 Soil properties and vegetation cover for each field site in Bachelor Pass, British Columbia
Site Soil order pH EC NO; NH,4 TN TC

dSm™' mg N kg™ ! mg N kg™ ! mg Nmg™' % mg Cmg ' %
RDG Regosol 93+ 0.0 0.05 %+ 0.00 0.5+ 0.0 0.6 + 0.1 0.00 £ 0.00 0.35 + 0.02
Alpine Brunisol 54402 0.02 + 0.00 04 4+ 0.0 28 +£0.8 0.43 £+ 0.06 8.20 &+ 1.94
High Brunisol 6.2+ 05 0.03 + 0.01 04+ 0.0 1.3+£02 0.39 £ 0.25 3.26 £ 2.03
Mid Brunisol 54 +0.1 0.02 + 0.01 04+ 0.1 25 +07 0.62 £ 0.12 547 £ 1.12
Low Brunisol 53 +0.1 0.06 + 0.01 0.6 + 0.1 18.6 £ 1.8 1.58 £ 0.21 10.02 £ 2.11
Site C:N 8N 8¢ Soil Surface Air Volumetric

temperature Temperature Temperature water content
%0 %0 °C °C °C w.f.v

RDG NA NA —54+£03 17.3 £ 0.7 16.2 + 0.9 19.7 £ 1.0 0.05 &+ 0.01
Alpine 16.86 &+ 2.91 49+03 —240£13 209 + 0.6 289 £ 1.0 22.6 £ 0.8 0.27 £ 0.01
High 8.96 £+ 0.45 48+ 1.0 —223+£19 242+ 1.0 322415 244 4+ 09 0.15 +£ 0.02
Mid 8.89 £ 0.51 56 +0.7 — 244 £02 27.1 £0.8 452+ 19 249 £ 0.5 0.21 £ 0.03
Low 6.95 £+ 1.29 4.0 £ 0.1 —273+£15 27.1 £ 0.5 40.3 £ 1.8 247 £ 04 0.53 £ 0.02
Site % clay % silt % sand % vegetation cover
RDG 10£0 33+4 57+ 4 2+1
Alpine 9+2 45+ 8 46 £ 7 92 +£3
High 8§+ 0 35+£3 57+3 36 + 14
Mid 11+1 45 £ 2 44 £2 88 + 4
Low 12+1 46 £ 4 42 £ 4 8 +4

Site refers to locations along the elevational transect (High, Mid, Low) and relative to terminus of the retreating Easy Glacier
(Recently Deglaciated: RDG, and Alpine). Values are means (n = 10 for RDG and Alpine, n = 6 for Low and Mid, and n = 4 for
High, based on number of chambers installed) &= 1 standard error (SE)

along elevational and successional gradients. The first
set of measurements allowed us to directly compare
recently deglaciated terrain near the terminus of the
Easy Glacier (RDG sites) with later successional
terrain on the west side of Bachelor Pass (Alpine sites).
Both the Alpine and RDG sites were located at the top
of the mountain pass at around 2100 m. The second set
of measurements were focused within “high” (2100
m), “mid” (2050 m), and “low” (2000 m) elevation
sites along two successional transects located on the
east side of the pass.

The recently deglaciated (RDG) sites were located
within 50-80 m from the current glacier terminus and
were likely exposed during the past decade (Brach-
mann 2019). They are characterized by grey silty
Regosol soils with limited nutrient levels and vegeta-
tion cover (< 5%) (Table 1). Alpine sites had higher
vegetation cover (> 80%), mostly graminoids and
heather, and more developed Brunisol soils with
higher nutrients, better defined horizons, and more

organic matter (Table 1). The successional transects
had a variety of vegetation types and their soils were
also classified as Brunisols, including low sites located
below treeline.

Flux measurements

A dynamic closed-chamber method was used to
measure the water vapour, CH4 and CO, fluxes using
PVC plastic chambers comprised of a base and a top.
Each chamber top had a gasket and rubber band for
sealing the top with the base, a vent tubing to equalize
pressure to the atmosphere and reflective tape to
reduce the effect of warming from sunlight. Five
chamber bases were installed in each of two sub-plots
in the RDG site, for a total of ten chamber bases in the
RDG site. Ten chambers bases were also installed in
the Alpine sites following the same arrangement as the
RDG sites. Three chamber bases were installed in each
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of three elevational bands (high, mid, low) in the first
transect. For the second transect three chamber bases
were installed in the low elevation band and four at the
intermediate elevation band. The three chamber
locations in the high elevation band from transect 1
were resampled with double frequency as two of the
plastic bases failed during their installation in transect
2.

Surface flux measurements were conducted in situ
during both morning and afternoon of three consec-
utive days using a portable laser analyzer (GasScouter
G4301, Picarro Inc, Santa Clara, CA, USA) connected
to plastic flux chambers for gas recirculation using
Teflon 6.4 mm O.D. tubing. The laser analyzer
recorded both the CO, and CH4 mixing ratios in dry
air in each chamber location. Chamber bases (8.3 cm
height x 16 cm diameter) were installed roughly 5 cm
deep in the soil one day prior to measurements and left
for the duration of the field sampling protocol
(Chikowo et al. 2004; Neu et al. 2011). Bases were
either installed in areas naturally devoid of vegetation
or aboveground vegetation was carefully removed by
hand to determine the contribution of the soil itself to
CH, and CO, fluxes, although soil crusts, cryptograms
and some roots remained. Chamber tops (11.5 cm
height x 16 cm diameter) were placed and sealed onto
the bases when flux measurements were taken, each
measurement interval was five minutes to allow for
adequate mixing of gas at a flow rate of 0.87 standard
L min~' and an accurate non-steady state flux to be
recorded. Chamber tops were then flushed with
ambient air for one minute afterward in preparation
for the next flux measurement.

The laser analyzer records a measurement of gas
concentration approximately every 1.25 s. Periods of a
few seconds at the beginning and end of each five-
minute measurement interval were discarded as they
are associated with disturbance of the gas circulation
flow and are not accurate representations of the flux of
the focal gas species. Fluxes were calculated using
ordinary least squared linear regressions of concen-
tration measurements with time for both CH, and CO,
based on the derived regression coefficients and the
ideal gas law.

(%*P*v* 12.01 *60>
(R * Tyir *A)

FlI/tXGaS =

@ Springer

where Fluxg,s = Linear flux of focal gas (CO, or CHy)
in mg CO»-C m % h ! or pg CH-C m % h™
respectively. [Gas;,] = Concentration of gas at time 2.
[Gas;] = Concentration of gas at time 1. t2 = time 2
in s. tl =time 1 in s. P = Air pressure in atm.
V = Volume of the chamber in m®. R = Molar gas
constant (0.082058 L atm mol~ ' k™ ). Ty, = Air
temperature in Kelvins. A = Area of chamber.

Soils and environmental measurements

Soil temperature, volumetric water content, ground
surface temperature, altitude, and ambient pressure
were recorded in situ at each chamber location
(n = 36). Soil temperature and volumetric water
content were measured with a Steven’s HydraProbe,
surface temperature was measured with an Apogee
MI-230 infrared radiometer, altitude and air pressure
was measured using a Testo 511 handheld altimeter
(Table 1). Composited soil samples (n = 36) were also
collected from each chamber location and analyzed for
the following properties: total nitrogen (TN), total
carbon (TC), carbon: nitrogen ratio (C:N), §'°N, §'°C,
NH,*, NO;~, pH, electrical conductivity (EC), and
texture (Table 1). All soil samples were processed with
a 2 mm sieve and the stored at the University of
Alberta at 4 °C before analyses. All physico-chemical
soil analyses were performed at the Natural Resources
Analytics Laboratory (NRAL) at the University of
Alberta.

The pH and EC were measured by mixing 10 g of
each soil sample with 20 mL of water for a 2:1
water:soil ratio and determining the pH and EC of the
resulting mixture with a calibrated Fisher AR 20 pH/
EC meter. Available ammonium and nitrate were
determined by a nutrient extraction with 50 mL of KCI
mixed with 5 g of air-dried soil per sample and shaken
for 30 minutes. The resulting mixtures were then
filtered and NH," and NO;~ concentration was
determined via colorimetric assay. TN, TC, and C:N
ratio were measured using a Costech 4010 Elemental
Analyzer following the dry combustion method.

Soil 8'°N and 8'°C were both measured by
interfacing flash combustion method with isotopic
ratio mass spectrometry. The N, or CO, gases
resultant from the online combustion of the soil
sample were run through a Thermo Finnigan Delta
Advantage isotopic ratio mass spectrometer
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(ThermoFisher Scientific, Waltham Massachusetts,
USA). The IRMS determines the ratio of heavy:light
isotope of the sample and compares it to the ratio of an
international standard producing a delta value for the
element. The 3'°N and 8'>C results were calibrated via
linear regression against the international standards
Air (as atmospheric dinitrogen with '>N:'*N ratio of
3.676 (Junk and Svec 1958)) and Vienna Pee Dee
Belmite (VPDB; with ">C:'’C ratio of 0.011180
(Coplen 1995; Carter and Fry 2013)); respectively.
Enriched 8'°N values generally indicate pedogeni-
cally older soils that have a relatively greater devel-
opmental age with more established plant and
microbial communities; also, they may indicate den-
itrification activity in the soil as part of a well-
established N cycle or the rate of nitrogen cycling
(Emmett et al. 1998; Bedard-Haughn et al. 2003;
Huber et al. 2007; Binkley and Hogberg 2016).

Soil texture was determined by hydrometer method
(Kroetsch and Wang 2008), with measurements taken
at the 40 s and 7 h intervals to accurately determine
percent of sand, silt, and clay within the samples.
Vegetation cover (%) and dominant species cover at
each flux chamber was determined from visual
inspection and analysis of photographs for the area
around each chamber base of 50 x 50 cm.

Additional composited soil samples (n = 12) were
also collected using ethanol sterilized tools and
whirlpaks for phospholipid fatty acid (PLFA) analysis
to determine the changes in microbial community at
RDG and Alpine sites. These soil samples for micro-
bial analyses were kept on ice in a cooler for less than
48 h total before being transferred to a — 80 °C freezer
at the University of Alberta. Following extraction of
the PLFA’s, samples were analyzed identically to
Kiani et al. (2017). An Agilent 6890 Series capillary
gas chromatograph (Agilent Technologies, Wilming-
ton, DE, USA) and MIDI peak identification software
were used to identify the PLFA’s in each sample.
Peaks were classified as gram negative bacteria, gram
positive bacteria, and fungi according to known
PLFA’s (Frostegard et al. 1996; Myers et al. 2001;
Hamman et al. 2007).

Statistical analyses
The flux measurements for both CH, and CO, were

subject to multiple comparisons between site types
and times of measurements. T-tests were used to

compare between the RDG and Alpine sites and
between the morning and afternoon measurements.
One-way ANOVA was used to compare between days,
elevational bands along the transects, and between
individual chambers, after confirming normality with
Kruskall-Wallis tests.

Potential mechanisms driving soil fluxes for both
CH, and CO, were analyzed using regression trees and
path analyses. The regression trees were constructed
using both the rpart and party packages in R (Hothorn
et al. 2006; Therneau et al. 2015; R Core Development
Team 2017). Both packages use recursive partitioning
to construct the trees, however rpart uses the Gini
index to evaluate the splits in the data while party uses
permutation tests to select variables. rpart and the Gini
index have been criticized as often overfitting data,
whereas party reduces overfitting with a p value
criteria the splits must pass; however, it also forces the
data to be evaluated by permutation significance tests
that may not be appropriate for all data. Using multiple
lines of evidence helps to reduce bias inherent in a
single test (Munafo and Davey Smith 2018). The
common variables selected by both regression tree
tests will be the strongest explanatory variables for the
flux data and focused on as the primary drivers.
Variables selected by one method but not the other are
more tenuous as potential drivers for explaining
fluxes.

The recursive nature of regression trees allows
them to identify complex relationships within the data,
and they often perform better than logistic regression
(Karels et al. 2004; Mitchell et al. 2009). Regression
trees are non-parametric, and so do not make assump-
tions about data distribution and can accommodate
incomplete datasets (De’ath and Fabricius 2000;
Karels et al. 2004; Mitchell et al. 2009). Variables
used in construction of the trees were all remaining
variables after selection by variance inflation factors
(VIF). Where the VIF’s for all properties were
determined the largest were removed and then all the
properties checked again. This selection process
continued iteratively until all remaining variables
were found to have VIF’s below 4 which removed all
cases of multicollinearity between variables. The
remaining variables were used to construct the
regression trees. Since the variables were identical
for both the CH; and CO, fluxes, as they were
measured concurrently, the properties that remained
for analysis were: soil temperature, soil moisture,
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NO;~, % clay, % vegetation cover, and primary
vegetation (the species with the highest percentage
cover at each site). Path analyses were constructed
using the variables that were shown to be important by
the regression trees using the lavaan package in R
(Rosseel 2012).

Results
Influence of location and date on fluxes

The mean CH, flux for all sites the study period was
— 58 pugC m 2 h~!, the mean CO, flux for all sites
across the study period was 48 mg C m~> h™'. CH,
and CO, fluxes were similar over 3 days of measure-
ments (C02:F1,175 = 3125, p= 0079, CH4:F1’175:
0.126, p = 0.723) and there was no difference between
the fluxes at different times of the day (morning or
afternoon) for CHy (tj47.14= — 0.766, p = 0.445).
However, there was an effect of time of day on CO,
measurements (t;g3.43= 2.370, p = 0.019), with sig-
nificantly stronger CO, efflux occurring in the after-
noon compared to morning for the RDG (ts7753= —
4.704, p < 0.001) and Alpine sites (ts7.99= — 2.724,
p = 0.009). However, for sites on the successional
gradient, this effect was not significant (t;s706 = —
0.317, p = 0.756).

The significant difference in methane fluxes
between the RDG (5 pg CH4-C m™ 2 hr ") and
Alpine (— 112 pg CH,-Cm™ *h™ Yysites (tso = 10.19,
p < 0.001) was due to RDG sites not having any
measurable methane fluxes. Methane fluxes were also
significantly different between the successional sites
along the transects (F,s4= 61.18, p < 0.001). A post
hoc Tukey HSD test showed that low (1 pg CHy-C
m~ 2h™ "), mid (— 155 pg CH,-C m™ *h™ ") and high
(— 33 pg CH4-C m™ 2 h™ ') sites were significantly
different from each other, with mid sites having
approximately four times greater methane uptake than
the high site. A significant difference in the CO, fluxes
was also found between the RDG and Alpine sites
(te1.035 = — 14.733, p < 0.001). The mean CO, efflux
in the Alpine sites was over 18 times greater than in the
RDG sites. The CO, fluxes also differed along the
successional transects, with the high elevation site
having significantly lower CO, emissions compared to
the mid and low sites (F, 54=47.89, p < 0.001). A post
hoc Tukey HSD test showed that all successional sites
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were significantly different, with the high sites having
the lowest CO, efflux.

Statistical linkages determined by regression trees

Two R packages (party and rpart) were used to
construct regression trees, but differed in which
variables were used to split both the CH, and CO,
fluxes. The rpart regression tree for the entire methane
dataset split the data by soil total carbon, 615N,
moisture, and % clay (Fig. la). This tree was less
complicated than the party methane regression tree
(Fig. 2a), but the two were primarily split by the same
variables. The only difference in variables selected by
the two methods was soil surface temperature selected
by party, suggesting that TC, 8'°N, and moisture are
strong predictors for methane fluxes. Soils with higher
total carbon, higher 51N (more developed), and less
moisture had the strongest methane uptake. However,
some of the splits within the dataset were to partition
out some of the small, non-significant fluxes that were
measured. To determine the potential drivers of the
non-zero fluxes only, a subset of the data was
subjected to a separate regression tree analysis. In
total there were 76 consistent (R? > 0.9) methane
fluxes measured, indicating that approximately 43% of
the methane fluxes measured were strong uptakes.
When analyzing this subset of strong methane fluxes,
the significant fluxes were split by soil total carbon and
moisture according to both methods (Figs. 1b, 2b),
although rpart also included 8'°N. The strongest
methane uptake was found when total carbon was
high, moisture was low, and 35N was high. There is
evidence that when moisture is greater than 0.21 water
fraction by volume (w.f.v), high total carbon could
limit reduction in methane uptake meaning with
relatively high total carbon (> 6.0%) methane uptake
may remain strong even with high soil moisture
(Fig. 2b). Overall, methane uptake was strongest when
total carbon was greater than 4% and soil moisture was
lower than 0.21 w.f.v (i.e. 210 mL of water per 1 L of
soil).

Total carbon and moisture are common between
both subset regression trees and reinforce the impor-
tance of those factors in driving methane fluxes in
alpine soils. The relationship between moisture and
the non-zero methane fluxes differed between sites,
with both Alpine sites and high elevation sites having
the strongest negative relationships (R = 0.494,
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A TC2123 %

SN SIS.l Yoo

% CIayI> 83 %

-182 ygCm2ht 2ugCmzht

B TC<4.0%

-58ugCm2ht

Moisture > 0.18 (w.f.v)

-105ugCm2ht  -221ugCm2ht

SN > 5.6 %o

67 ugCm2ht

Fig. 1 Regression trees determined using ‘rpart’ algorithm for
methane fluxes. a The entire methane dataset showed that soils
with total carbon (TC) greater than 12.3%, 15N greater than 5,
and moisture less than 0.18 w.f.v had the highest methane
uptake. b The non-zero methane dataset indicated that sites with
high TC, high 15N and low moisture had the strongest methane

R? = 0.0939, and R? = 0.139; respectively), but mid
elevation sites showed a non-significant relationship
(R? = 0.005, R* = 0.010; respectively; Fig. 3). Vege-
tation cover explained 27.6% of the variation in total
methane fluxes (Fig. 3). The indirect effects of
vegetation cover, such as carbon dynamics and
moisture, likely drives methane uptake at Bachelor
Pass.

The rpart regression tree for the CO, fluxes split the
data by % vegetation cover, % clay, soil temperature,
and 8'°N (Fig. 4). This tree was more simplified
compared to the party regression tree for CO,. The
highest CO, emissions were found in sites with high
plant cover, high soil temperature, and 8'°N enriched
soils. The party regression tree analysis for the CO,
fluxes split the data by % vegetation cover twice, soil
temperature twice, and moisture once (Fig. 5). The
analysis shows that the CO, fluxes were generally
higher when the % vegetation cover was > 43%
(Fig. 5). Of those fluxes, those with warmer soil
conditions tended to have stronger CO, emissions.

Soil moisture, TC, and 85N were selected as the
explanatory variables in the path analysis for the entire
methane dataset. There was a strong positive relation-
ship between soil moisture and methane efflux

-105 ugCm2ht

Moisture > 0.26 (w.f.v)

-159 ugCm2ht  -215pugCm2ht

uptake. Nodes were split by recursive partitioning which
attempts to split the data into smaller sets. When the condition
of the node is met the data branches to the left. Each number
under the node corresponds to the average methane uptake by
the conditions for that node

(meaning methane uptake declines in wetter soils),
and a strong negative relationship between both soil
total carbon and 8'°N versus methane efflux (as total
carbon or &'°N increases methane uptake also
increases). The path analysis confirmed the relation-
ships between total carbon and moisture on methane
uptake. Overall, the path model explained two-thirds
of the variance in methane fluxes based on goodness of
fit (R2 = 0.671, p < 0.001). For the subset methane
dataset the variables used in the path analysis were:
moisture, TC, and % vegetation cover. The strongest
relationships were positive between moisture and
methane efflux as well as negative between TC and
methane efflux, similar to the entire dataset. The path
model explained half of the variance in the significant
methane fluxes (R2 = 0.500, p < 0.001). The vari-
ables used in the path analysis for the CO, fluxes were:
soil temperature and % vegetation cover. % vegetation
cover had the strongest (positive) relationship with
CO, emissions. Overall, the path model explained
69.4% of the variance in the CO, fluxes (R* = 0.694,
p < 0.001).
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A TC> 1I2.3 %
Surface Temp.l <29.9°C Moisture > 0.26 (w.f.v)
]
% Clay !ﬁ 83% 815N < 4.9 %o
) ]
I
TC< 2.'6 % Moistur_e >0.33 (w.fv) 815N > I5.3 %o

4.7 pgCm?h?! 82 ugCm2ht ;28.5 pgCm2h 1.7 ugCm2ht -37.7 ugCm2ht -113.4 ygCm2h? 2259 pgCm? h’ ;156.7 pgCmzh -218.8 ugCm?2h?

B TC<33%
I
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Fig. 2 Regression trees determined using ‘party’ algorithm for to reduce some of the loss of uptake experienced in moist
methane fluxes a The entire methane dataset indicated that soils conditions. The nodes were split by recursive partitioning which
with TC greater than 12.3% and moisture less than 0.26 w.f.v attempts to split the data into smaller sets. When the condition of
had the highest methane uptake. b The non-zero methane dataset the node is met the data branches to the left. Each number under
indicated that sites with high TC and low moisture had the the node corresponds to the median methane uptake predicted by
strongest methane uptake. High total carbon (> 6%) functioned the conditions for that node
Discussion however, microbial abundance is related to vegetation

cover and total carbon as microbes require organic
Recently deglaciated soils did not uptake methane and carbon sources as substrate (Esperschiitz et al. 2011;
contributed the least to CO, emissions. These results Streit et al. 2014), which may account for our
were expected as both CH, and CO,; fluxes are directly observation that total carbon was an important vari-
generated and also indirectly affected by microbial able for splitting the data for both methane datasets
and vegetation communities which are largely absent (Fig. 1). The total carbon of the soil may act as a
in RDG sites (Table 2). Methane is primarily taken up composite variable that contains and integrates influ-
by soils via methanotrophs, a group of microbes that ences from the plant and microbial communities. In
oxidizes methane for energy (Hofmann et al. 2016b). addition to the microbial differences between the sites
The Alpine sites contained on average over two orders there is also a large difference in the % vegetation
of magnitude greater numbers of PLFA’s in the soil cover, where the RDG sites had at most 8% cover. CO,
than the RDG soils (Table 2). The observed increase in release from soils is largely due to the cellular
PLFA’s increases the likelihood that the more devel- respiration occurring from the microbes and plant
oped soils contain methanotrophs as part of an active roots in the soil (Gulledge and Schimel 2000).
microbial community, which will collectively enable Relative to RDG soils, the large microbial mass and
the soil to uptake methane. Concomitantly, the low plant cover present in the Alpine sites corresponds to
amount of PLFA’s in the RDG sites indicates that much stronger CO, effluxes.
there is lower likelihood of these sites containing The soil methane fluxes were mostly driven by soil
methanotrophs, which precludes soil methane uptake. TC and moisture, as well as 8'°N and % clay by the
PLFA data were not used in the regression tree two types of regression trees for both the entire and
analyses due to differences in sampling design, subset methane dataset. These variables encompass
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Fig. 3 a Relationship between methane fluxes and soil
volumetric water content indicating that lower moisture
increases the strength of the methane uptake by soil at the low
and high sites of transect 1. Other variables or complex
interactions may drive the methane uptake at the other plotted
sites, or more data could be needed. b Percentage vegetation

Veg. Cover<43 %
|

cover classes (n = 60 for both the Low and Mid sites, and n = 57
for the High site) indicating that vegetation cover between 9 and
89% (defined as intermediate range) generally corresponded to
greater uptake of methane compared with high (> 90%) and low
(< 8%) cover sites.

Soil Temp. < 20.8 °C
1

% Clay > 8.4 %

3mgCm?Zht 38mgCm2h!l 46mgCm?2ht

Fig. 4 Regression tree determined using ‘rpart’ algorithm for
CO, fluxes High vegetation cover with high soil temperatures
and 015N contributed to the highest CO, release from the soils.
Low vegetation cover and more clay in the soil resulted in the
lowest CO, fluxes from the sites, which generally occurred in
the recently deglaciated (RDG) sites. The nodes were split by

physico-chemical parameters that relate to potential
soil microbial abundance (Hofmann et al. 2016b), and
soil porosity. Carbon, soil development (as indicated
through 8'°N), and moisture are all important for
microbial communities. The net flux of methane is
determined by the balance of methane production by

6N < 5.1 %o

78 mg Cm2ht 106 mg Cm2h?

recursive partitioning which attempts to split the data into
smaller sets so that it is easier to fit a regression to it. When the
condition of the node is met the data splits to the left. Each
number under the node corresponds to the average CO, uptake
by the conditions for that node

methanogens and methane consumption by methan-
otrophs. Hofmann et al. (2016b) found that methano-
genic bacteria decreased with increasing altitude and
were absent in the nival zone (similar to the recently
deglaciated terrain in our study) on a mountain in
Tyrol, Austria. Areas with higher plant cover and their
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Fig. 5 Regression trees determined using ‘party’ algorithm for
CO, fluxes High vegetation cover with high soil temperatures
contributed to the highest CO, release from the soils. Extremely
low vegetation cover, cooler temperatures and low moisture in
the soil resulted in the lowest CO, fluxes, which generally
occurred in the recently deglaciated (RDG) sites. The nodes

were split by recursive partitioning which attempts to split the
data into smaller sets so that it is easier to fit a regression to it.
When the condition of the node is met the data branches to the
left. Each number under the node corresponds to the median
CO, uptake predicted by the conditions for that node

Table 2 Bacterial and fungal phospholipid fatty acids (PLFA) and the ratio of bacterial to fungal PLFA’s (Bac:Fun) for recently

deglaciated (RDG) and Alpine sites.

Site Gram— Gram+ Total bacteria Fungi Bac:Fun
nmol g~ nmol g~ ! nmol g~ ! nmol g~ !

RDG 6.6 +19 1.1 £0.6 7.8 £24 2.6+ 0.6 2.8 +£0.3

Alpine 4352 £ 514 696.4 £ 85.0 1131.5 +£ 1359 329.3 £ 36.9 34+0.1

Site refers to location from glacier terminus (Recently Deglaciated: RDG, and Alpine). Values are means (n = 6) & 1 standard error

(SE)

associated effects tended to have a higher abundance
of methanogens, this likely holds for our study as well
based on the PLFA’s from the RDG and Alpine sites.
However, Hofmann et al. (2016b) found that methan-
otroph abundance did not seem to vary with altitude.
We expected methane uptake in the RDG sites and
declining uptake in the later successional areas.
Instead we measured no uptake in the RDG sites and
increasing methane uptake in areas with higher plant
cover, larger soil total carbon concentration, and lower
soil moisture. This pattern suggests that there was
either an increase in the abundance and dominance of
methanotrophs (or a decline in the number of
methanogens) in the Alpine site, or that moisture
conditions were more important for determining CHy
uptake. Methane oxidation requires oxygen, if there is

@ Springer

high w.f.v neither atmospheric CH4 nor oxygen will be
able to find pathways for diffusion from the atmo-
sphere into the soil, therefore, methane consumption
by methanotrophs will be overwhelmed by methane
production via methanogens. Likewise, upon oxida-
tion of CHy, the resulting CO, would also need to be
exchanged between the soil air and the atmosphere
(Zhu et al. 2018). Fluctuations in soil water content
affect both the microbial and physical drivers of
methane fluxes regardless of soil and plant community
development.

Soil total carbon was the primary driver of methane
uptake identified by the regression trees (Fig. 1). Total
carbon likely acts on methane fluxes by stimulating
microbial activity and high carbon generally corre-
sponds to higher microbial abundance and diversity
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(Tscherko et al. 2004). Higher vegetation cover will
lead to higher carbon accretion as plants release
carbon compounds through litter production and their
roots into the rhizosphere (Genxu et al. 2008). This
indicates a synergistic linkage between increased
vegetation cover and microbial activity to increase
methane uptake. In addition to indirectly affecting the
consumption of methane through the microbial com-
munity, vegetation can also influence fluxes indirectly
through increased aeration of the soil either by
removing moisture (plant water uptake) or by pene-
trating soil and developing soil structure through root
growth and carbon additions. Changes in vegetation
cover and associated soil properties will have a large
effect on methane fluxes in the future.

Moisture was a consistent predictor of methane
uptake in our soils, in particular when the vegetation
cover was similar among sites. Soil moisture may be a
key driver of vegetation abundance and indirectly soil
carbon content, however, since methane uptake was
highest in soils under dry or intermediate moisture
conditions, it is likely through the regulation of
aeration in the soil pores that moisture availability
primarily drives methane fluxes. The influence of
moisture on methane uptake in montane and alpine
soils has been previously identified in both China, the
USA and Switzerland (Torn and Harte 1996; Lazzaro
et al. 2012; Chiri et al. 2015, 2017; Wei et al. 2015).
Our results also support this relationship in the North
Selkirk Mountains, suggesting moisture dependence is
a widespread factor controlling methane feedback in
mountain ecosystems.

Soil clay percentage was another physical driver of
methane fluxes identified in our study. Soils with
lower clay content had higher methane uptake. The
low % clay can imply that soils with more sand and
silt, and therefore larger pore space on average, are
likely to have higher uptake of methane, possibly due
to the ease of movement for gases in large, well
connected pore spaces. In addition, soils enriched in
clay typically retain more moisture (~ less aeration)
over longer periods due to the high surface area of
particles and dominance of small pores. However,
soils with high sand content are likely also a
detrimental extreme as they can be poor growing
media for vegetation establishment and organic matter
accrual, collectively leading to an overall lower
methane uptake in such coarse-textured soils.

The soil CO, fluxes were primarily driven by
vegetation cover, but are also impacted by % clay,
8"°N, and soil temperature according to our results.
Higher vegetation cover generally corresponds to
higher microbial biomass as rhizospheres hold more
microbial biomass than bulk soil (Berg and Smalla
2009). Microbes and plant roots both respire which
increases the total amount of CO, released from the
soil. Temperature also influenced the CO, emissions
which are mediated by plant and microbial abundance,
rate of enzymatic reactions, and through physical
effects on gas movement and diffusivity.

We did not observe an effect of time of day on the
CO, fluxes from the Alpine or transect sites. The soil at
the Alpine sites had a higher thermal buffer than the
recently deglaciated sites, meaning that the soil
temperature varied less over the day in more devel-
oped soils. The difference in diurnal temperature
variation between sites could explain why time of day
only affected the CO, fluxes at the RDG sites.
Variability in soil temperatures across sites may be
another reason for why soil temperature was a stronger
predictor than air temperature for CO, emissions in
our study. Measuring multiple temperatures (i.e. soil,
surface, and air temperature) is advantageous for
finding the most effective determinant of the CO,
fluxes at a site as the best predictor may vary between
ecosystems and soil types. The difference in soil daily
average, maximum, and minimum temperature at the
soil surface and belowground between similar field
sites differing in elevation indicated qualitatively that
belowground minimum temperatures may be the most
important for upkeeping the differences in soil tem-
perature at different elevations. Soil moisture was not
found to be a strong determinant of CO, emissions
despite previous research suggesting it is a primary
driver (Borken et al. 2003; Parkin and Kaspar 2003).

We did not measure the CO, taken up by plants via
photosynthesis. The uptake of CO, into the plant
tissues could counterbalance emissions, effectively
leading to ecosystem C accumulation by a gradual
build-up of soil organic matter during succession.
Although these processes occur over long periods, an
evaluation of all C pools and fluxes in alpine
environments as a function of succession and altitu-
dinal gradients would be valuable.
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Comparison of methane fluxes across biomes

The methane uptake observed in our study is compa-
rable to previous studies on alpine grassland methane
fluxes where precipitation was found to limit methane
uptake (Wei et al. 2015; Chiri et al. 2017; Fu et al.
2018). Methane uptake peaked during the growing
season in China and declined (though there was still an
uptake) during the wet season (Fu et al. 2018). Older
soils along glacier forefields had stronger uptake of
methane than did recently deglaciated (< 15 years)
areas in Switzerland (Chiri et al. 2015, 2017; Rime
etal. 2015; Zhu et al. 2018). This is consistent with our
comparison between sites of different times since
deglaciation, however we did not find significant
uptake in the recently deglaciated sites. The average
methane uptake rate quantified in our study was more
intense and consistent than reported from previous
studies in alpine regions (Wei et al. 2015; Chiri et al.
2017; Fu et al. 2018). Our alpine sites had an average
methane uptake of approximately — 112 £+ 12 pg
CH,4-C m~2 h™!, which is a higher rate of methane
uptake compared to the values reported in the Tibetan
Plateau (max uptake: — 96 ug CH, m~> h™") (Wei
et al. 2015).

Upscaling the methane uptake at our study site to all
alpine areas (3% of Earth surface, Nagy and Grabherr
2009), would account for approximately — 3.8 = 0.4
Tg CH,-C year™ ' from the atmosphere. This value is
certainly an overestimation of the total uptake contri-
bution of alpine regions to the global methane budget,
and does not account for the seasonality of fluxes in
these environments. Variability of methane fluxes in
alpine environments are largely uncharacterized
(Murguia-Flores et al. 2018), but have been recog-
nized as potentially significant in the 2019 IPCC
Special Report on Oceans and the Cryosphere (IPCC
2019). The estimation of global methane uptake for all
aggregated terrestrial surface suggests a sink of — 22
+12 Tg CH, year ' based on an area-weighed
stratification by climatic zone, ecosystem type, and
soil texture (Dutaur and Verchot 2007).

The uptake of methane in alpine areas is compa-
rable to that of low elevation temperate grassland
habitat, which also shows a net methane uptake
(Mosier et al. 1991; Praeg et al. 2017). Temperature
was a key driver of methane uptake in temperate
grasslands, with the strongest uptake occurring at
warmer temperatures. High temperatures can increase
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methane uptake in grassland soils above that of upland
forest soils (Praeg et al. 2017), generally considered to
be the strongest sinks of atmospheric methane.

Climate change is predicted to advance treeline
upslope into alpine regions which will affect the
current vegetation composition and the strength of
methane fluxes from the soil (Gottfried et al. 2012;
Bourgeron et al. 2015; Lamprecht et al. 2018). Current
temperate upland forests account for a large propor-
tion of the estimated methane captured from the
atmosphere globally; roughly 4-10% of global
methane sinks (Dutaur and Verchot 2007; Pitz and
Megonigal 2017). There was also some methane
consumption found in lowland forest soils, though it
was weaker and less consistent than the upland forest
(Gulledge and Schimel 2000). The contribution of
methane emitted throughout plant transpiration from
the soil water into the atmosphere requires additional
measurements to better constraint these values (Kep-
pler et al. 2006; Nisbet et al. 2009; Pitz and Megonigal
2017). Future altitudinal treeline advance may result
in the alpine zone becoming an even stronger sink for
methane compared with lower elevation grassland and
forest soils.

Arctic tundra is generally considered to be a small
sink for methane, depending on site moisture (King
et al. 1998; Reeburgh et al. 1998; Nauta et al. 2015;
Voigt et al. 2017; St. Pierre et al. 2019). With
increasing shrub expansion and drying soils, it may
become an even greater sink (Myers-Smith et al.
2011). However, Zona et al. (2016) reported that
overall the Arctic may be a net source of methane, in
particular in the cold season due to emissions occur-
ring in the thawed active layer that may persist for a
long time under a thick snowpack. Zona et al. (2016)
also measured fluxes across a range of sites that
included dry tundra (methane sink) and tundra bogs
and fens (methane source). At this scale Zona et al.
(2016) found that the source of methane from peat-
lands outweighs the sinks from dry upland sites.

Comparatively, methane emissions from peatlands
globally account for approximately 20% of all natural
emissions (Olefeldt et al. 2017). The effluxes from
peatland systems are generally higher than the
methane sinks we observed at our study site (Pelletier
et al. 2007; Olefeldt et al. 2017). Therefore, the global
methane budget, even including alpine habitat, tends
to suggest methane addition to the atmosphere from
terrestrial  ecosystems. However, with glacial
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recession and treeline advance upslope, the alpine is
likely to experience a net surface expansion, and hence
likely become a greater sink over time, whereas with
increasing ambient temperatures, many peatlands are
starting to drain and dry which leads to a weakening in
their methane emissions (Minke et al. 2016; Olefeldt
etal. 2017). It will be useful to continue to quantify the
potential contribution of methane consumption by
alpine landscapes with ongoing climate change.
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