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ARTICLE INFO ABSTRACT

Handling Editor: C. Rumpel Generally, with increasing elevation, there is a corresponding decrease in annual mean air and soil temperatures,
resulting in an overall decrease in ecosystem carbon dioxide (CO2) exchange. However, there is a lack of
knowledge on the variations in CO2 exchange along elevation gradients in tundra ecosystems. Aiming to quantify
CO, exchange along elevation gradients in tundra ecosystems, we measured ecosystem CO3 exchange in the peak
growing season along an elevation gradient (9-387 m above sea level, m.a.s.l) in an arctic heath tundra, West
Greenland. We also performed an ex-situ incubation experiment based on soil samples collected along the
elevation gradient, to assess the sensitivity of soil respiration to changes in temperature and soil moisture. There
was no apparent temperature gradient along the elevation gradient, with the lowest air and soil temperatures at
the second lowest elevation site (83 m). The lowest elevation site exhibited the highest net ecosystem exchange
(NEE), ecosystem respiration (ER) and gross ecosystem production (GEP) rates, while the other three sites
generally showed intercomparable CO; exchange rates. Topography aspect-induced soil microclimate differences
rather than the elevation were the primary drivers for the soil nutrient status and ecosystem CO2 exchange. The
temperature sensitivity of soil respiration above 0 °C increased with elevation, while elevation did not regulate
the temperature sensitivity below 0 °C or the moisture sensitivity. Soil total nitrogen, carbon, and ammonium
contents were the controls of temperature sensitivity below 0 °C. Overall, our results emphasize the significance
of considering elevation and microclimate when predicting the response of CO; balance to climate change or
upscaling to regional scales, particularly during the growing season. However, outside the growing season, other
factors such as soil nutrient dynamics, play a more influential role in driving ecosystem CO» fluxes. To accurately
upscale or predict annual CO fluxes in arctic tundra regions, it is crucial to incorporate elevation-specific
microclimate conditions into ecosystem models.
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moisture, and nutrient regimes along elevation gradients (Oberbauer
et al., 2007). Uplands typically experience cooler air and soil tempera-

1. Introduction

Climate change is occurring rapidly in the Arctic, where air tem-
perature has been increasing at rates more than three times the global
average and precipitation has increased by 9 % in the past 50 years
(Rantanen et al., 2022). These trends have induced significant changes
in tundra ecosystems across the Arctic, such as plant productivity,
organic matter decomposition and soil nutrient availability (Ravn et al.,
2020; Xu et al., 2021b; Heijmans et al., 2022). Of great concern is that
the very large soil organic carbon (C) pools located in arctic tundra may
cause a substantial release of carbon dioxide (CO5) as climate warms.
Tundra ecosystems are exposed to different air and soil temperature, soil

tures, while low-lying areas may have warmer temperatures and higher
soil moisture (Paré and Bedard-Haughn, 2012). Such differences may
lead to large variations in plant productivity and soil microbial activ-
ities, and thereby the exchange of CO, between soil and atmosphere.
With increasing elevation, there is a corresponding decrease in mean
annual air and soil temperatures, resulting in an overall decrease in net
ecosystem exchange (NEE), gross ecosystem production (GEP) and
ecosystem respiration (ER) (Garten and Hanson, 2006; Zona et al.,
2011). However, the way temperature changes with elevation can be
affected by wind. When wind blows up a mountain slope, it can cause
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the air to cool at a faster rate than the dry adiabatic lapse rate (Cordova
etal., 2016). Wind also has impacts on the aerodynamic boundary layer,
which can in turn affect the convective heat loss, evaporative cooling
and distribution of snow, and thus microclimates above and below the
soil surface (Korner, 2021). Hence, in arctic tundra ecosystems where
strong winds are common, the exchange of CO, may not vary across
elevation gradients in the same way as other less windy ecosystems
(Rodeghiero and Cescatti, 2005; Zeeman et al., 2010; Whitaker et al.,
2014; Flerchinger et al., 2020). However, there is still a poor under-
standing of the variations in CO, exchange along elevation gradients in
tundra ecosystems.

Soil respiration is the largest contributor to C effluxes from tundra
ecosystems to the atmosphere (Watts et al., 2021), and its response to
temperature plays a key role in regulating feedbacks associated with
climate warming. Soil respiration in cold climates is considerably more
sensitive to temperature compared with warmer regions (Carey et al.,
2016). The temperature sensitivity (commonly referred to as Qi) in
arctic tundra soils has been reported to primarily depend on the quantity
and quality of C, soil temperatures and water content (Elberling, 2007;
Bauer et al., 2012). For example, Boddy et al. (2008) found the turnover
of low molecular weight dissolved organic C pools to be less sensitive to
temperature compared with higher molecular weight C pools in high
arctic tundra soils. Microbial activity is known to occur under frozen
conditions in arctic tundra soil, leading to significant cumulative CO,
efflux rates during winter (Panikov et al., 2006; Morgner et al., 2010).
However, the interactions between temperature and soil microbial
respiration have mainly been assessed within the 0-30 °C range
(Schindlbacher et al., 2010; Richardson et al., 2012; Dan et al., 2016;
Nottingham et al., 2019), with a few studies characterizing CO efflux
below 0 °C (Mikan et al., 2002; Elberling and Brandt, 2003). Moreover,
several studies across various ecosystems (such as Mediterranean and
Alpine grasslands and tropical and boreal forests) have reported an in-
crease in the temperature sensitivity of soil respiration with elevation
(Vanhala et al., 2008; Gutiérrez-Giron et al., 2015; Nottingham et al.,
2019). Whether the increase in temperature sensitivity is rather an effect
of elevation-induced variations in C and nutrient availability, or reflects
the general phenomenon of higher temperature sensitivity under lower
soil temperature regimes is still under debate (Schindlbacher et al.,
2010). Although several studies have investigated temperature sensi-
tivity along latitude gradients in the Arctic, these results can be influ-
enced by contrasting parent materials and soil types (Kim et al., 2013;
Karhu et al., 2014; Kobayashi et al., 2016). In contrast, elevation gra-
dients offer a unique advantage, as they typically encompass consistent
parent materials and soil types, thereby eliminating the potential in-
fluence of these factors on temperature sensitivity. However, little is
known about how temperature sensitivity of respiration varies along
elevation gradients, and information on temperature sensitivity below
0 °C is even sparser.

Soil moisture availability is also a crucial factor influencing soil
respiration. Generally, soil respiration increases with increasing mois-
ture content at the lower range of soil moisture but tends to slow down
or decrease when soil moisture inhibits oxygen diffusion (Moyano et al.,
2013). Elevation affects soil moisture variability through impact on
precipitation patterns, snow accumulation, wind, and the downward
movement of water (Knowles et al., 2015). For example, the melting of
frozen soil water and snow from uplands can cause the accumulation of
water in low-lying areas, creating saturated-anaerobic conditions that
inhibit soil respiration. Azizi-Rad et al. (2022) found that moisture
sensitivity of soil respiration was higher under nearly dry and under
anoxic conditions and they suggested microbial activity and respiration
may require more energy in these extremes to occur. Thus, it is likely the
contrasting moisture conditions across elevation gradients can result in
different responses of soil respiration to changes in moisture content.
Indeed, the moisture sensitivity of soil respiration has been found to
increase with elevation in subtropical forests (Ma et al., 2019). However,
experimental data for moisture sensitivity along elevation gradients in
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arctic tundra are lacking.

In this study, we measured ecosystem CO5 exchange and sensitivity
of soil respiration to changes in temperature and soil moisture along an
elevation gradient (387 m) in an arctic heath tundra, West Greenland.
The underlying hypotheses are that: (H1) air and soil temperatures and
soil nutrient availability decrease with increasing elevation; (H2)
ecosystem CO; exchange rates decrease with increasing elevation; and
(H3) the sensitivity of soil respiration to temperature and moisture in-
creases with increasing elevation, due to decreasing soil temperatures
and soil moisture content.

2. Materials and methods
2.1. Study sites

This study was conducted on the south of Disko Island, West
Greenland, in the transition zone between the Low and High Arctic. The
study area has a typical Low Arctic climate, with an annual mean air
temperature of —3 + 1.8 °C and an annual mean precipitation of 418 +
131 mm. Underlain by discontinuous permafrost, the area has a thin
organic soil layer (5-10 cm) on the top of mineral soil dominated by
coarse basaltic rock sand and gravel sediments formed within the last
10.000 years. The soil is classified as Haplic Cryosol according to the
World Reference Base for Soil Resources. Four study sites were chosen in
this study based on their elevation in meters above sea level (m.a.s.l.)
ranging from 9 to 387 m.a.s.l. The lowest tundra site is at @sterlien, next
to Arctic station, 9 m.a.s.l. and SE-SW facing (So), and the second lowest
site is located at Blasedalen at an elevation of 83 m.a.s.l and NE-SW
facing (Sg3). The second highest and highest sites are at the S-SW fac-
ing mountainside of Skarvefjeldet at elevations of 240 (S24¢) and 387 m.
a.s.1 (Ssgy), respectively. The Sg site has shelter from all directions except
from South and is situated in a little valley-like area. The Sgs site is more
exposed to winds, as it only gets shelter from East and is situated on
more open terrain. The Sp40 and Ssgy sites are sloping and also exposed
to winds, but sheltered towards N-NE. The detailed information for each
site in terms of coordinates, elevation, slope and aspect can be found in
Table S1. The four sites, situated within a horizontal distance of 3400 m,
have similar vegetation cover and composition with heath tundra
characteristics (Table S2) encompassing a moss layer, a mixture of
herbaceous species, and prostrate or hemiprostrate dwarf shrubs. The
dominant plant species are deciduous dwarf shrubs e.g. bog bilberry
(Vaccinium uliginosum), dwarf birch (Betula nana), grey willow (Salix
glauca), evergreen low shrubs black crowberry (Empetrum hermaphrodi-
tum) and Arctic bell-heather (Cassiope tetragona), and a mixture of
scattered graminoids with a canopy height typically <15 cm (Table S2).

2.2. Measurement of carbon dioxide fluxes

The four study sites had the same experimental set up. For each site,
six replicate plots of 1 x 1 m were established adjacent to each other,
with stainless steel collars permanently installed to 5 cm soil depth. The
current design with six replicates, as a compromise between resource
constraints and logistical feasibility, is aligned with numerous other
studies in similar environments (Virkkala et al., 2018). The collars were
preinstalled in plots with vegetation covers that appeared representative
for the particular site (see photo in Fig. S1). Surface COy fluxes were
measured using a static chamber technique. For gas flux measurements,
a transparent polycarbonate chamber (21 x 21 x 19.5 cm) was mounted
in a water-filled groove atop the collars to establish a gas-tight seal
between chamber enclosure and outside atmosphere. At each site, the
CO, flux measurements were conducted four times (i.e., July 26th,
August 7th, August 12th and August 18th) in the summer of 2017. Due
to logistical limitations, the measurements were done at different time of
day across the sites. However, at this northern location and at this time
of year, midnight sun prevails and diurnal fluctuations in soil temper-
atures are accordingly dampened. During each campaign, each plot was
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measured twice by using a CO5 infrared gas analyzer (EGM-5, PP Sys-
tem, Amesbury, USA). The first measurement was performed under light
condition using the transparent chamber to establish net ecosystem
exchange (NEE). The second measurement was taken under dark con-
ditions using the chamber covered by a black cloth to establish
ecosystem respiration (ER). The CO concentrations were measured and
recorded at a 1 s sampling frequency during a 5 min chamber closure
time. The CO5, fluxes were estimated as the slope of the linear regression
(p < 0.05, R? > 0.9) of the changes in CO; concentrations over time.
Gross ecosystem photosynthesis (GEP) was calculated as the difference
between ER and NEE rates.

Along with gas measurements, soil temperature and soil moisture
were manually recorded in triplicates within each plot next to the collar.
Soil temperature and soil volumetric moisture (%vol) at 5 cm depth
were measured with a HI93503 (Hanna Instruments, Woonsocket, RI,
USA) and a ML2X Theta Probe coupled to a HH2 Moisture Meter (Delta-
T Devices, Cambridge, UK), respectively. Normalized difference vege-
tation index (NDVI) was measured in triplicates 30 cm above the surface
within each plot by using a SKR 10 sensor (Skye instruments, Powys,
UK). Photosynthetically active radiation (PAR) was measured with a Sun
System PAR Meter with Remote Sensor.

2.3. Soil sampling and analysis

On July 26th and August 12th, 2017, 2 or 3 replicate soil samples
were collected in the top 0-10 cm soil in each plot at each site with a 2-
cm-diameter auger, and then split into 0-5 cm and 5-10 cm soil depth.
The replicate samples were subsequently mixed thoroughly into one
composite sample. Coarse roots and stones were removed by hand, and
soil moisture was calculated from oven drying weight loss (105 °C, 24
h). Total soil C and N contents as well as '3C/'2C and '°>N/'*N isotopic
ratios were measured by an elemental analyzer (CE1110, Thermo
Electron, Milan, Italy) coupled in continuous flow mode to a Finnigan
MAT Delta PLUS isotope ratio mass spectrometer (IRMS; Thermo Sci-
entific, Bremen, Germany). Prior to analysis, 20-30 mg of dry and finely
ground soil was placed in tin cups and subsequently folded. Soil pH was
determined in 1:2.5 (weight: volume) soil: water suspension with a
handheld pH meter (3210, WTW). Soil extractions were made by sus-
pending field moist soil in deionized water (10 g soil; 50 mL water),
shaking for 1 h at room temperature terminated by filtration through
2.7 um membrane filter (Whatman GF/D). Filtrates were kept frozen
until analysis for ammonium (NHZ-N), nitrate (NO3-N) and phosphate
(PO%‘—P) using flow-injection analysis (Tecator 5000 FIAStar, Hoganas,
Sweden). Soil dissolved organic C (DOC) and total dissolved N (TDN) in
the filtered extracts were measured using a TOC-TN analyzer (Shimadzu,
Kyoto, Japan). Dissolved organic N (DON) was calculated as the dif-
ference between TDN and dissolved inorganic N (NO3-N + NHZ-N).

2.4. Air temperature and soil temperature

Air temperature, and soil temperature loggers were installed in the
vicinity of the soil collars at each site, recording the air temperature in
30 cm height and soil temperature and moisture in both 2 cm and 5 cm
depths at 10 min intervals. The loggers were in place during the study.
Long-term air temperature data (at 2 m height) were available from four
weather stations placed at <100 m distance from each of the four study
sites. Ground surface temperature data were recorded at the Sg and Ssgy
sites.

2.5. Incubation experiment

An incubation experiment was conducted to investigate the re-
sponses of soil respiration to changes in temperatures and soil moisture
contents. On August 5th, 2017, soil samples were collected in the top
0-3.5 cm depth from all the plots, with a 6-cm-diameter steel cylinder.
The intact soil cores were transferred into 2-L jars (with lids, inlet and
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outlet values), and placed in an adjustable freezer at a given tempera-
ture. A wetted piece of paper towel was put at the bottom of each jar to
keep the samples from drying out. The measurement of soil respiration
was conducted by closing the jars air-tightly and connecting in a closed
loop mode to the CO, infrared gas analyzer.

For the temperature response assessment, soil respiration was
measured under 8 different temperatures both above (at 2°C, 5°C, 10 °C
and 15 °C) and below 0 °C (at —10 °C, —7 °C, —2 °C and 0 °C). For
incubations above the freezing point jar CO; concentration was
measured every hour for around 3 h after the jar closure (4-5 time
points), while below the freezing point jar CO» concentration was
measured every 6 h for around 18 h to reduce the disturbance on the
freezing samples (3-4 time points).

For the moisture response assessment, soil respiration was measured
at 5 °C without water addition and hereafter measured under the same
temperature but with water addition. Each sample was added with the
same amount of water (2.5 or 5 mL) each time until the samples began to
drain (in total 11 times). Each time water was added, jar CO, concen-
tration was measured immediately after the jar closure and again after
5-6 h (2 time points).

The jar COy concentration was analyzed at each time point by
deployment of the gas monitor for 30 s, and soil respiration subsequently
was estimated as the slope of the linear regression (p < 0.05, R? > 0.9) of
the changes in CO, concentrations over time.

2.6. Calculations and statistics

The correlation between soil respiration and temperature (above
0 °C) was fitted by a linear regression, while the correlation for the
temperature below 0 °C was fitted by an exponential regression. The
temperature sensitivity (Qpo) of soil respiration (above 0 °C) was

calculated with the equation (Q;p = %<%>) from Findlay et al. (2015),
and the Q¢ value (below 0 °C) was estimated by the equation (respi-
ration = aefT, where Q9 = e#*19)) from Davidson et al. (2006). The
relationship between soil respiration and soil (volumetric) moisture
content was fitted by a quadratic regression. Also, the data before the
point at which soil respiration peaked were fitted by a linear regression.
The slope of the regression line represented the moisture sensitivity of
soil respiration (Zhang et al., 2015; Ma et al., 2019). Considering that
each soil sample started with different soil moisture content (before
adding water), we normalized soil respiration rates for each sample
(being converted to the ratio of specific soil respiration to the maximum
soil respiration for each sample).

Prior to statistical analysis, we inspected the QQ-plots (quanti-
le—quantile plots) and used Shapiro-Wilk normality test and Levene’s
test to check data for normal distribution and homogeneity of variance,
and data were log or square root transformed when necessary. To test
the hypotheses (I-III), we tested site differences in soil chemical prop-
erties (C, N, C:N, NO3-N, NH4-N, DON, DOC, total P, PO3 -P, pH, 5'3C
and 8'°N), soil moisture and temperature, surface COy fluxes, and
temperature (Qo) and moisture sensitivity. Site differences were tested
separately (within each campaign or at each soil depth) or in combined
campaigns (repeated measurement analysis) by using one-way ANOVA
model. Post hoc pairwise comparisons between levels of the significant
factor were then conducted using the emmeans package, with Tukey’s
Honestly Significant Differences (Tukey HSD) p-value adjustment
(Lenth, 2020). The significant site differences are based on p < 0.05. To
explore the relationship between normalized soil respiration and soil
moisture content (water filled pore space WFPS), a linear regression was
applied for each site. To explore the main drivers of surface CO, fluxes,
the correlations between surface CO, fluxes, and soil temperature, soil
moisture, NDVI and PAR were examined by multiple stepwise regression
analysis (based on 4 sites x 3 or 4 campaigns x 6 replicates). To explore
the correlations between temperature and moisture sensitivity, and soil
physicochemical properties, Pearson correlation analysis (based on 4
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sites x 6 replicates) was performed by using the psych package (Revelle
and Revelle, 2015). Furthermore, to quantify the comprehensive rela-
tionship between temperature and moisture sensitivity, and soil physi-
cochemical properties, principal component analysis (PCA) (based on 4
sites x 2 campaigns x 6 replicates) was applied by using the prcomp
package (Mankin, 2008). All analyses above were performed using R
software v. 3.6.1 (Team, 2019).

3. Results
3.1. Air temperature, soil temperature and soil moisture

Continuous temperature observations showed that air temperatures
in 30 cm height at the two high elevation sites fluctuated considerably
during the measurement period, ranging from 3.5 °C to 15.3 °C at the
So40 site and from 1.7 °C to 16.2 °C at the Ssg7 site, while the Sg3 site
generally had relatively stable air temperatures (Fig. 1a). In the period
between August 5th and August 18th, the Sgs site was coolest (a mean
daily temperature of 7.6 °C) and the Sy4 site had a relatively high daily
temperature (9.4 °C; Fig. 1a). The long-term air temperature data (from
2016 to 2017) showed that the Sgsz site was coolest (a mean annual

(@) 51 &% ..
~ - -
@] e fa
< v . y 'v,,\ .- .
5 10 . 7B cathinsna
- -
g ", www \./§=...-....’
g T
2 51 . A~.
v .
- -
g %
< Y| SOSUU DUUUORUN UUOUUR SUUORER IUUUOUIR RUUUCORE COUIUOTS SORIUON COUNEUON SOORFUOR FSORFURRN Svoseees Hoo
(b) 151 ... : : : : :
~ —
E;) ¢ P -
N~ q L3
g"—" ot * o
€§10 g-2-a-8-8-0 P AP S
153 1= \
g o T et ggg T e s O o She
2 = . 58 Ny
&8 » L LN
50;- L4 :!
- 3
= e
34
N w
04 ..................................................................................................................
74
c 12 o
()G A ““A“‘A
L3 &
I o 2 e - ~
ESo] o pberes eg e
® 7, ., e—e-a-¥ % %o
v v B "= ] =a &0
"0 6 = a8 = ?
g o LR
o = e
20 \
f._'a'fn_}- :
»n®
d %
(d) 5
o
) -
5 40
S
-’ 15}
P 3071 S ;i e
—170-
32
g
3 101
A
[ R TP RREE
» D & & P > S
) ) & & & & &
< $ & & & & &
ol ad ad ad >

o S9 = S83 e S240 + S387

Fig. 1. Daily mean air temperature at 30 cm height (a), soil temperature at 2.5
cm depth (b), soil temperature at 5 cm depth (c), and manually measured soil
moisture (d) in 2017 from the four study sites in Disko Island, West Greenland
along an elevation gradient. Site names reflect altitude in meters above
sea level.
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temperature of —3.5 °C) and the Sy site was the warmest (a mean annual
temperature of —1.8 °C; Fig. 2). The Sg and Ssgy sites had mean annual
ground temperatures of —3.8 °C and —3.6 °C, respectively, from 2015 to
2017 (Fig. S2).

The lowest mean daily soil temperatures were observed at the Sgs site
for both depths (6.9 °C and 5.9 °C at 2.5 cm and 5 cm depths, respec-
tively), while the Sg and Ssg7 sites had the highest soil temperatures at
2.5 cm (10.1 °C) and 5 cm depths (9.3 °C), respectively (Fig. 1b and c).
When comparing soil temperatures between sites, the Sg3 site was
significantly cooler than the other three sites at 2.5 cm depth (p < 0.05;
Fig. 1b). At 5 cm depth, all the sites significantly differed from each
other (p < 0.01), except for the Sg and Sz4 sites, which had similar soil
temperatures (Fig. 1c). The manually measured soil moisture data
showed that the lowest site (Sg) had the highest soil moisture content,
while the other three sites had similar soil moisture content (Fig. 1d).

3.2. Soil chemical properties

Basic soil chemical properties at the four sites are shown in Table 1.
Total soil C and N contents did not significantly vary among study sites,
while total soil P contents varied significantly among sites at both depths
(p < 0.01; Tablel). Soil C: N ratio was significantly lower at the Sg site
than the Sg3 and Ssgy sites at 0-5 cm depth (p < 0.05), and at the 5-10 cm
depth the Ssgy site exhibited significantly higher ratio than the other
three sites (p < 0.05; Table 1).

There were significant variations in soil DOC and DON concentra-
tions between sites or dates. On July 27th, the highest DOC and DON
concentrations in top 5 cm were both observed at the Sy4 site, being 2-
fold to 6-fold higher than the other two lower elevation sites (Sg and Sgs,
p < 0.05; Tablel). At 5-10 cm soil depth, the highest elevation site (S3g7)
had significantly higher DOC concentrations than the other three sites
(p < 0.05), and 3-fold higher DON concentrations than the Sgs site (p =
0.004; Table 1). On August 12th, the highest DOC concentrations at both
depths were observed at the Szgy site, but they only significantly differed
at 0-5 cm soil depth (p < 0.05; Table 1). In contrast, the highest DON
concentrations at both depths were observed at the lowest elevation site
(So), being 2-fold higher than the concentrations at the Sgs site (p =
0.029; Table 1).

Soil NO3-N and NHj-N concentrations at both depths differed be-
tween sites (p < 0.05; Table 1). Soil NO3-N concentrations at both depths
were generally the highest at the lowest elevation site (Sg), while the
highest soil NH}-N concentrations were observed at the relatively high
elevation site (either the Sy49 or Ssgy site).

Soils collected from all the four sites at both depths were slightly
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Table 1
Soil physicochemical properties from the four study sites in Disko Island, West
Greenland.
Site
Date Soil So Sg3 Sa40 S3gy
depth
C (%) 0-5 135+ 117+ 173+ 119+
cm 2.0 1.3 2.5 0.8
510 7.0+ 3.4+ 6.9 + 5.5+
cm 1.6 0.4 1.1 0.3
N (%) 0-5 0.7 + 0.5 + 0.8 + 0.5+
cm 0.1 0.1 0.1 0.0
510 05+ 0.3+ 0.5 + 0.3+
cm 0.1 0.0 0.1 0.0
CN’ 0-5 177+ 213+ 207+ 2354+
cm 0.7% 1.1° 0.72 0.9
5-10 131+ 133+ 147+ 165+
cm 0.3 0.4 0.5% 0.5°
Total P (g July 0-5 0.8 + 0.3+ 0.7 + 1.1+
kg™H 27th cm 0.1° 0.0 0.0° 0.0°
5-10 0.7 + 0.4 + 0.7 + 0.9+
cm 0.1° 0.1% 0.1° 0.1°
DOC (mg July 0-5 271+ 609+ 1983 113.0
kg™ 27th cm 22.5% 29.92 +51.2°  +
19.0%
5-10 1.0 + 0? 1.9+ 26.9 +
cm 0.6° 1.6 15.2°
August  0-5 544+ 453+ 7114+  115.0
12th cm 4.4° 11.0° 16.3° + 40.1°
5-10 148+ 0 0 16.0 +
cm 7.6 9.5
DON (mg July 0-5 222+ 208+ 506+ 246+
kg™H 27th cm 7.8% 3.9% 10.3° 3.7%
5-10 122+ 49+ 8.6 + 15.4 +
cm 3.6% 0.6 1.8%° 3.6°
August  0-5 207+ 111+ 139+ 151+
12th cm 2.0° 1.3 2.9% 2.5
5-10 9.9+ 5.0 + 5.7 + 8.2+
cm 2.1° 0.9% 1.1% 1.5%
NO3-N (mg July 0-5 012+ 006+ 016+ 012+
kg™ 27th cm 0.02%° 0.01° 0.02° 0.02%°
510 041+ 008+ 009+ 007+
cm 0.06" 0.03? 0.02? 0.01°
August  0-5 009+ 004+ 007+  0.05+
12th cm 0.02° 0.00° 0.01%® 0.00°
510 014+ 005+ 008+  0.04=+
cm 0.03¢ 0.01%° 0.01% 0.01°
NHJ-N (mg July 0-5 070+ 037+ 453+ 053+
kg™H 27th cm 0.20° 0.17° 1.03° 0.11°
510 030+ 002+ 029+ 113+
cm 0.12° 0.01° 0.10° 0.33°
August  0-5 052+ 017+ 059+  0.81+
12th cm 0.10%° 0.05° 0.20°° 0.14°
510 007+ 005+ 006+ 038+
cm 0.04% 0.07% 0.03? 0.18"
PO3-P (mg July 0-5 028+ 063+ 028+ 023+
kg™H) 27th cm 0.03 0.43 0.05 0.08
5-10 024+ 007+ 016+ 013+
cm 0.12 0.01 0.04 0.03
August  0-5 037+ 021+ 040+ 036+
12th cm 0.10 0.05 0.1 0.12
510 017+ 011+ 012+ 011+
cm 0.04 0.02 0.03 0.03
pH July 0-5 620+ 619+ 609+ 599+
27th cm 0.08 0.13 0.09 0.10
510 645+ 650+ 635+  6.20 %
cm 0.10° 0.03%® 0.05%® 0.05%
August ~ 0-5 648+ 6.03+ 631+ 622+
12th cm 0.03° 0.09%° 0.09%° 0.10°
510 664+ 660+ 655+  6.42+
cm 0.14 0.13 0.08 0.05
Gravimetric July 0-5 66.8 + 44.5 + 50.7 + 36.2 +
water content 27th cm 9.6b 7.6%° 8.5% 3.8
(%)
510 564+ 292+ 5154+ 487+
cm 15.1° 2.42 7.8 3.9%
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Table 1 (continued)

Site
Date Soil So Ss3 Sa40 S3g7
depth
August ~ 0-5 465+ 339+ 425+ 254+
12th cm 8.6" 2.3% 5.6" 4.8°
5-10 348+ 271+ 389+ 380+
cm 9.5 3.2 5.5 3.7
Total C-5'°C 0-5 -27.5 —27.8 —27.1 —28.2
cm +01*  +0.12 +0.2" +0.2°
(%o) 5-10 —26.5 -26.3 -26.0 —-26.7
cm +0.1° +01%®  +01b +0.1°
Total N-8'°N 0-5 -0.20 —-0.37 —2.42 —4.81
(%o) cm +0.26° +£0.32° +£0.30° +0.40°
5-10 143+ 274+  —0.03 -0.32
cm 0.23° 0.14¢ +0.31*  +0.25°

Numbers show mean (+standard error) of replicates (n = 6). Lowercase letters
indicate significant differences between the sites at each soil depth (p < 0.05).
§ Mean values across two sampling dates at each depth.

acidic (pH < 6.6; Table 1). Soil pH at 5-10 cm depth on July 27th and at
0-5 cm depth on August 12th was on average 0.25 and 0.26 unit higher
at the Sg site than the S3g7 site, respectively (p < 0.05; Table 1).

The Sj40 site showed the highest 5'3C values at both soil depths,
which were significantly higher than those of the Ssg7 site (Table 1). All
sites showed significantly different 8'°N values from one another (p <
0.05), with the exception of Sg and Sg3 (the two low elevation sites) and
So40 and Ssgy (the two high elevation sites), which had similar 515N
values at depths of 0-5 cm and 5-10 cm, respectively (Table 1).

3.3. Carbon dioxide fluxes

Net ecosystem exchange (NEE) rates at the four sites were generally
negative, indicating net atmospheric COy uptake by the ecosystems
(Fig. 3a). Overall, the lowest elevation site (Sg) was the largest CO5 sink,
with an average NEE rate of —197.1 mg CO, m2h ™! across campaigns,
while the highest elevation site (Ssg7) was the smallest CO; sink (on
average —20.4 mg CO, m2h~!; Fig. 3a). Significant higher CO, uptake
rates were observed at the Sy site compared with the S3gy site during
each campaign (except the 3rd campaign; p < 0.05; Fig. 3a).

Ecosystem respiration (ER) varied significantly between the four
sites. During the 1st campaign 2-fold higher rates were observed at the
So site compared with the Sys9 site (p < 0.007), and during the 3rd
campaign the Szg; site showed 2-fold higher rates than the Sgj site (p =
0.0027; Fig. 3b). On the 3rd and 4th campaigns, ER rates were signifi-
cantly higher at the Sg site than the other three sites (p < 0.05; Fig. 3b).

Gross ecosystem photosynthesis (GEP) rates ranged from —611.4 to
~182.2 mg CO, m? h™! among the four sites, with the highest photo-
synthetic activity at the Sq site (on average —522.9 mg CO, m2 h™};
Fig. 3c). The Sg site had about 2-fold higher photosynthetic activity than
the other three sites on the 3rd and 4th campaigns (p < 0.01; Fig. 3c).

3.4. PAR and NDVI

Significantly different incoming PAR values were measured between
the four campaigns for the Sg and Sgj sites (p < 0.01; Fig. S3a). For the
Sa40 and Ssgy sites, PAR at the first three campaigns were significantly
higher than the last one (p < 0.05; Fig. S3a). In addition, at the S3gy site,
the first campaign showed significantly higher PAR than the second
campaign (p < 0.01; Fig. S3a).

Over the measurement period, a tendency for a decreasing NDVI
with time was observed (Fig. S3b). The Sg and Ssgy sites had higher NDVI
values than the other two sites during the whole study period (p < 0.05),
although at the last campaigns the Sg site did not significantly differ
from the Sa49 site (Fig. S3b).
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3.5. Temperature and moisture response

Soil respiration across sites increased from 0.5 to 92.4 mg COy m™>
h™! with incubation temperatures increasing from —10 to 15 °C
(Fig. S4). The Qi values for the soil respiration measurements both
above and below 0 °C, and relationship between soil respiration and
incubation temperatures are shown in Figs. 4 and S5. The soil respiration
overall showed much higher Q¢ values for the temperature below 0 °C,
up to 25 times the ones above 0 °C (Fig. 4). The highest elevation site
(S3s7) had the highest Q1 values for the temperature above 0 °C, but not
different from Sg3z and Sy49, while below 0 °C the Sy4¢ site showed the
highest Q;¢ values though not different from Sg and Ssg7 (Fig. 4). For the
measurements above 0 °C Qo values were significantly higher at the
highest site (Ssgy) than the lowest site (Sg, p = 0.05), whereas for the
measurements below 0 °C the Sa4¢ site had 2-fold higher Q1 values than
the Sgs site (p = 0.05; Fig. 4).

In general, a maximum of normalized soil respiration was observed
between 35 % and 45 % WFPS at all the four sites (Figs. S6 and S7). The
lowest moisture sensitivity of soil respiration was observed at the Sgs
site, while the lowest (Sg) and highest sites (S3g7) had the highest values
(Fig. 4c¢), yet not significantly different among sites.

3.6. Correlations between CO3 fluxes and Q;¢ values, and NDVI and soil
properties

The stepwise regression analysis showed that the NEE rates across
sites were explained by soil moisture [R? = 0.119), the GEP rates were
equally explained by soil temperature and soil moisture (with their
relative importance of 49.1 % and 50.8 %, respectively; R? = 0.196), and
the ER rates were explained by NDVI and soil temperature (with their
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relative importance of 60.0 % and 39.9 %, respectively; R? = 0.191;
Table 2).

According to Pearson correlation analysis, the Qq¢ values for the
temperature above 0 °C were significantly and positively correlated with
soil C: N ratios, while the Q;¢ values for the temperature below 0 °C were
positively related to soil NH-N concentrations, total soil C and N con-
tents, and soil temperature (Fig. 5).

Principal component analysis (PCA) was used to determine the
clustering of all variables among the study sites (Fig. 6). The lowest (Sg)
and highest (S3gy) elevation sites separated from each other, while they
both appeared to cluster with the intermediate elevation sites (Fig. 6).
The Sy site was associated with high soil moisture, soil pH, and air
temperature, and the Ssgy site was related with Q¢ values (above 0 °C)
and soil C:N ratio (Fig. 6).

4. Discussion
4.1. Air temperature and soil nutrient status

According to the dry adiabatic lapse rate, 100 m upward can cause a
temperature drop of 0.98 °C. In this study, an increase of 1.8 °C in mean
daily air temperature from the Sgs site to the Sx4 site and a fall of 0.2 °C
from the Sp4 site to the Ssgy site were observed during the study period.
This pattern of the temperature variation between the sites is in

Table 2
Multiple stepwise regression analysis of the relationship between NEE, ER and
GEP, and soil temperature, soil moisture, NDVI and PAR (n = 90).

Response Predictor Relative P Proportion of
variable variable importance of the  value variance explained
variable (%) by model (%)
NEE Soil moisture 0.001 11.9
ER Soil 39.9 0.001 19.6
temperature
NDVI 60.0 0.016
GEP Soil 49.1 0.006 19.1
temperature
Soil moisture  50.8 0.005
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accordance with the long-term air temperature data (Fig. 2). This sup-
ports that the development of temperature inversion layers is prominent
in the area, in agreement with a more regional perspective by e.g. Shahi
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et al. (2023). Hence, the direction and magnitude of changes in air
temperatures along the elevation gradient is not consistent, while
topographic differences may affect microclimate at the sites. The rise in
air temperature from the Sgs site to the sites of higher elevation may be
explained by differences in the wind exposure. The Sgj site is clearly
more exposed to winds, as it is situated on more open terrain, while the
other sites are more protected from the winds. Mclntire et al. (2016)
found that wind exposure rather than elevation played a major role in
controlling air temperature across different mountain regions on three
continents. Soil temperatures neither varied along the elevation
gradient, nor followed the same patterns as the air temperature for the
sites likely because soil temperature additionally is influenced by solar
radiation, vegetation cover and hydrological conditions (Aalto et al.,
2013; Ni et al., 2019).

The soil organic matter, as indicated by the total C content, did not
differ among the four study sites. This suggests that net accumulation of
SOM occurs at comparable rates along the elevational gradient. Site
differences in soil nutrient availability did not follow a consistent
pattern with elevation. In general, the coolest site (Sg3) had the poorest
soil nutrient status, suggesting that temperature is a key limiting factor
for soil processes in arctic tundra ecosystems. However, the low soil N
nutrient status at the low elevation site might be a result of large gaseous
losses. Soil microbial processes such as nitrification and denitrification
discriminate against 1°N, likely resulting in losses of °N-depleted N
forms from soils via NoO/N; emissions and leaving the remaining soil N
fraction progressively °N-enriched (Portl et al., 2007). This is supported
by the high bulk soil 5!°N at the Sgs site. The highest NH4-N concen-
trations at both soil depths were generally observed at the highest
elevation site, which was likely attributed to high soil temperatures and
dissolved organic N availability, and thus fast N mineralization. Mean-
while, nitrification and soil NO3-N concentrations were shown to line-
arly correlate with the amount of NHj supplied by mineralization
(Turner et al., 2007; Frerichs et al., 2020). However, this does not appear
to be the case for our study sites. The highest elevation site exhibited low
soil NO3-N concentrations at both depths despite the highest soil NH4-N
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Fig. 6. Principal component analysis (PCA) for Q¢ values, moisture sensitivity, site elevations and soil physicochemical properties across the study sites (n = 43).
The S9 site have 12 points, while the other sites have 10-11 points due to missing replicate values. Q1o (—): Q1o values below 0 °C, Q10 (+): Q10 values above 0 °C,
NOs: soil NO3-N, NHy: soil NH4-N, DON: soil dissolved organic N, POy: soil PO3*-P, DOC: soil dissolved organic C, TN: soil total N, TC: soil total C, CN: soil C/N ratio,
MR: moisture sensitivity of soil respiration, GWC: gravimetric water content, Soil_moist: soil moisture content, Soil_temp: soil temperature, Air_temp: air temperature.



W. Xu et al.

concentrations. We speculate that this is because plant and microbial
assimilation may outcompete NHj uptake by nitrifiers (Turner et al.,
2007; Tsui and Chen, 2010), given that N is one of the most limiting
nutrients in tundra ecosystems (Xu et al., 2021b; Xu et al., 2023). In
addition, soil organic matter composition may impact the balance be-
tween NHE acquisition by heterotrophs and nitrifiers (Booth et al., 2005;
Dan et al., 2022). Nitrification and NHj loss have been found to vary
inversely with soil C:N ratios, suggesting that increasing soil C:N ratios
may promote NHZ assimilation or suppress NO3 production (Corre et al.,
2007; Celi et al., 2022). The redistribution of soluble nutrients with
water and snow when moving from upland to low-lying areas could be
another explanation (Paré and Bedard-Haughn, 2012; Christiansen
et al., 2017). Nitrate is very mobile and loosely bound in the soil and
hence easily leached (Borchard et al., 2019), likely leading to the low
soil NO3-N concentrations at the highest elevation site. The lowest
elevation site generally showed the highest soil mineral N concentra-
tions at both depths, which could be due to the combined effects of
favorable soil microclimate and nutrient movement. According to the
PCA analysis, the four study sites appeared to cluster with each other,
except that the lowest (Sg) and highest (S3g;) elevation sites separated.
This suggests that the characteristics (e.g., soil nutrient status and soil
microclimate conditions) of the study sites could not be solely differ-
entiated by the elevation, at least for the sites lacking marked differences
in elevation.

4.2. Ecosystem-atmosphere CO2 exchange

The magnitude of measured NEE (ranging from —266.1 to 23.0 mg
CO, m2 h™1) and GEP rates (from —611.4 to —182.2 mg CO, m2 h™1)
among four study sites were comparable with the flux rates reported in
Zackenberg, Northest Greenland (Christensen et al., 2000; Pirk et al.,
2016) and Disko, West Greenland (Ravn et al., 2020). The ER was
slightly larger than has been found at Disko dry tundra (Ravn et al.,
2020), likely because our observations captured a limited, warm period
in July-August, providing a snapshot of that specific timeframe. But it
was well within the range of the values reported in other arctic sites
(Dagg and Lafleur, 2011; Treharne et al., 2019).

Since no consistent temperature gradient was found along the
elevation gradient, the elevation and its anticipated effect on tempera-
ture and soil nutrients were not the factors influencing the surface CO,
fluxes in this area. This leads to rejection of our hypotheses (H1) and
(H2) that air and soil temperatures and soil nutrients as well as
ecosystem CO, exchange rates decrease with increasing elevation. But
topography aspect-induced soil microclimate differences were observed
to affect the surface CO; fluxes. According to the regression analysis, soil
temperatures and NDVI were two factors influencing the ER rates across
the study sites. It is well-known that soil temperature is a constraint on
soil microbial respiration in the Arctic (Hartley et al., 2008; Sullivan
etal., 2020). Soil temperature can also alter plant growth by influencing
water and nutrient uptake as well as root and shoot growth (Heinze
et al.,, 2017; Onwuka and Mang, 2018), leading to an impact on both
above-ground plant and root respiration. A more productive canopy
with higher leaf area (assessed by NDVI) has higher above-ground plant
respiration (Parker et al., 2015), and may also supply more rhizosphere
C and accelerate root and soil microbial respiration (Parker et al., 2020;
Azevedo et al., 2021). The variations of GEP rates among the study sites
were driven by soil temperatures and soil moisture. The GEP rates in
tundra ecosystems have been reported to be strongly linked with soil
temperatures and soil moisture at both plot and landscape levels (Dagg
and Lafleur, 2011; Virkkala et al., 2018). High soil temperatures and
moisture can directly increase plant photosynthetic rates and thus pro-
mote ecosystem C assimilation (Starr et al., 2008; Gobel et al., 2019).
High soil temperatures and moisture may also promote soil nutrient
availability and plant mineral nutrition, growth and productivity, indi-
rectly enhancing plant photosynthetic capacity (Welker et al., 2004;
Ramm et al., 2022). This is reflected by the highest photosynthetic
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activity at the lowest elevation site that had the highest soil mineral N
concentrations. However, the GEP rates were not found to vary with
NDVI, which was attributed to the fact that Ssgy and Sg sites had similar
high NDVI, but contrasting GEP rates. It’s plausible that NDVI, used as a
proxy for vegetation productivity, may not fully capture all relevant
factors influencing GEP. Spatial heterogeneity within the study area,
including variations in soil properties and microclimate conditions
could contribute to differences in GEP that are not reflected in NDVI
measurements.

Although our stepwise regression analysis shows the main explana-
tory variables for surface CO5 fluxes, the relatively low proportion of
explained variance implies the influence of additional factors (e.g., mi-
crobial activity and root respiration) not captured in the model (Hopkins
et al., 2013). Furthermore, our limitation of using a small sample size in
regression analysis could lead to biased estimates and limited general-
izability of results. With a small number of samples, the variability
within the data may not be adequately represented, leading to imprecise
parameter estimates. The generalizability of findings from analyses with
small sample sizes may be limited to the specific conditions from which
the samples were drawn, making it challenging to extrapolate the results
to broader contexts.

4.3. Temperature and moisture sensitivity of soil respiration

Soil respiration activities were observed down to —10 °C, consistent
with the observations by Elberling and Brandt (2003) of respiration
down to —15 °C in soils from high arctic Zackenberg, NE Greenland. An
exponential rise of soil respiration (below 0 °C) was found with
increasing temperature at the four study sites. The high Q¢ values at
temperatures below 0 °C were comparable with the Q¢ of 21.7 (below
0 °C) reported at Ngdebo, Denmark and Q1o of 50.8 (below 0 °C) re-
ported at Zackenberg, Greenland (Elberling and Brandt, 2003). This is
likely because most of the produced CO, was trapped in frozen soil and
abruptly released around 0 °C (Elberling and Brandt, 2003). The un-
frozen water content of soils below 0 °C may also control the tempera-
ture response of respiration by altering the diffusions of substrates,
nutrients, and waste products, and the extent of intracellular dehydra-
tion. Since neither soil volumetric moisture (in-situ) and nor soil gravi-
metric water content was linked to Q;o values, we speculate that the
contrasting soil water status among the four study sites did not affect the
unfrozen water content when soils froze. The Q1o values (below 0 °C)
were significantly correlated with soil NH4-N, and total C and N con-
tents across the study sites. As soils freeze, microbial substrate use shifts
from detrital material to dead microbial biomass, products of microbial
metabolism, and labile organic compounds (Mikan et al., 2002; Sullivan
et al., 2020). The quantity of these substrates (as indicated by total C and
N contents) could largely influence soil microbial respiration below 0 °C.
In the arctic tundra, soil microbes are able to assimilate NH4-N for the
synthesis of proteins and other labile organic N compounds during
winter (below 0 °C) (Schimel et al., 2004; Xu et al., 2021b). Since active
microbes are limited to thin water films when soils freeze, they rely
extensively on the organic substrates from recycling of microbial nec-
romass and small labile compounds that may remain in water films
(Schimel and Mikan, 2005; Schaefer and Jafarov, 2016). High avail-
ability of NH}-N appears to promote microbial N assimilation and in
turn provides more microbial-derived compounds that are easily
accessible for microbes under frozen conditions (Makarov et al., 2008).
Thus, soil NH-N availability was also a key factor in controlling the
temperature response of soil microbial respiration (below 0 °C).

Above 0 °C an increasing Qo value was found with increasing
elevation, which indicates that soil respiration at the higher elevation
sites were more affected by a rise in temperature than the lower sites. A
relationship between Q;p and mean annual air temperature or soil
temperature along elevation gradients has been reported in various
ecosystems, and the larger Q;( values at the higher elevations were due
to their colder temperatures (Schindlbacher et al., 2010; Gutiérrez-Giron
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et al., 2015; Nottingham et al., 2016; Nottingham et al., 2019). How-
ever, in the current study, no apparent temperature gradient was
observed, and hence the variations of Q;9 (above 0 °C) cannot be
explained by the temperature differences. The snow cover depth and
duration have been found to increase with elevation in this study area
(Pedersen et al., 2016). The high elevation sites exhibited correspond-
ingly high Q¢ values (above 0 °C), which could be attributed to the
increasing snow cover duration. The longer snow cover duration
shortens the growing season (available for plant growth) and changes
the ratio between the input of fresh organic matter and the microbial
decomposition rates, and thus the decomposition process becomes more
dependent on temperature (Ohkubo et al., 2012; Bracho et al., 2016).
There were also significant correlations between Q;( values and soil C:N
ratios among the study sites. Generally, soil C:N ratio is an indicator of
the recalcitrant fractions of carbonyl and aromatic C, and the ratio of
recalcitrant C to labile C (Soong and Cotrufo, 2015; Zhang et al., 2019).
According to the basic thermodynamic theory, enzymatic reactions
metabolizing structurally complex, aromatic C molecules have higher
activation energies and temperature dependence than reactions
metabolizing structurally simpler C molecules (Billings and Ballantyne,
2013; Pradel et al., 2023). For example, Xu et al. (2010) found tem-
perature response of soil respiration to increase with soil organic C
recalcitrance along an elevation gradient in the mountains. All the four
study sites showed much higher Q;( values below than above 0 °C. This
again suggests that the low amount of liquid water in soils below
freezing point has restricted substrate diffusion and microbial activity
and thereby soil respiration (Oquist et al., 2009; Schaefer and Jafarov,
2016).

The optimum water content for soil respiration is frequently found at
intermediate values (Balogh et al., 2011), where the macropores were
mostly air filled, hence facilitating O, diffusion, and the micropores
were mostly water filled facilitating substrate diffusion (Zhang et al.,
2015). Consistent with previous studies (Sun et al., 2018; Xu et al.,
2021a; Azizi-Rad et al., 2022), our incubation experiment showed that
the maximum soil respiration was at 35-45 % WEFPS for all the study
sites. Soil respiration in the lowest (Sy, wettest) and highest (Ssg7, driest)
elevation sites was more sensitive to the increase in water content
compared with the other two sites. This is partly consistent with the
observations by Azizi-Rad et al. (2022) that moisture sensitivity of
decomposition in soils from a Tibetan grassland was higher under both
nearly dry and saturated conditions, because more energy was required
for microbial activity under those conditions. At our driest site a low soil
water content could constrain the diffusion of substrates, extracellular
enzymes, and microbial mobility, while at the wettest site high soil
water content may slow the diffusion of Os. Thus, soil microbial respi-
ration in these two sites seemed to be inhibited by their moisture con-
ditions and became more responsive to the changes in soil water content.

Overall, our results showed increasing temperature sensitivity
(above 0 °C) but no clear patterns of temperature (below 0 °C) and
moisture sensitivity of soil respiration with increasing elevation, partly
supporting hypothesis H3. However, our small sample sizes are more
susceptible to outliers and influential data points, which could distort
the estimated relationships between variables (soil respiration vs. tem-
peratures) and undermine the validity of the findings.

5. Conclusion

This study addresses the knowledge gap regarding how ecosystem
CO4 exchange and temperature and moisture sensitivity of soil respira-
tion vary along an elevation gradient in an arctic tundra ecosystem. No
apparent temperature gradient was found along the elevation gradient,
and thus the elevation was not the factor affecting the soil nutrient status
in this area. The absolute differences in CO, fluxes among the sites were
significant, while the elevation was not the factor influencing ecosystem
CO4 exchange. Rather topography aspect-induced soil microclimate
differences were the primary drivers for the ecosystem CO, exchange,
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possibly amplified by local-scale temperature inversions layers. How-
ever, expanding the sampling framework to include long-term COq
measurements at multiple heights within the ecosystem is necessary to
comprehensively assess spatial and temporal variability and to under-
stand the drivers of differences in fluxes. Although the temperature
sensitivity of soil respiration above 0 °C increased with increasing
elevation, whereas the temperature sensitivity below 0 °C and the
moisture sensitivity were not regulated by the elevation but by soil N
availability. Elevation is an important factor to consider when upscaling
to regional CO; fluxes particularly during growing seasons and pre-
dicting how tundra ecosystems at different elevations will respond to
climate change. However, other factors such as soil nutrient availability
and microclimate conditions are likely to be more influential in driving
the variations in ecosystem CO5 fluxes during winter (under sub-zero
conditions). Ecosystem models should be modified and parameterized
accordingly to reflect the importance of these other factors and their
interactions to accurately predict CO, fluxes in the arctic tundra region.
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