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ARTICLE INFO ABSTRACT

Handling Editor: Jan Willem Van Groenigen As the permafrost region experiences unprecedented climate warming, accelerated decomposition rates are

potentially switching these cold landscapes to a hotspot of carbon emissions. In addition to the more widely

Keywords: studied greenhouse gases, carbon dioxide and methane, permafrost-affected soils may also be a source of volatile
Arctic organic compounds (VOCs), but these reactive trace gases have so far received little attention. Nevertheless,
i:::ll:::“ thaw VOCs can i) prolong the lifetime of atmospheric methane, ii) contribute to hazardous ozone production, and iii)
Palsa lead to the formation of secondary organic aerosols. Consequently, changing VOC emissions may exert significant

Climate change impacts on climate forcing factors that can both exacerbate or mitigate future climate change. Here, we con-

VOCs ducted in situ measurements of soil and pond VOC emissions across an actively degrading permafrost-affected
peatland in subarctic Norway. We used a permafrost thaw gradient as a space-for-time substitute that covered
bare soil and vegetated peat plateaus, underlain by intact permafrost, and increasingly degraded permafrost
landscapes: thaw slumps, thaw ponds, and vegetated thaw ponds. Results showed that every peatland landscape
type was an important source of atmospheric VOCs, emitting a large variety of compounds, such as methanol,
acetone, monoterpenes, sesquiterpenes, isoprene, hydrocarbons, and oxygenated VOCs. VOC composition varied
considerably across the measurement period and across the permafrost thaw gradient. We observed enhanced
terpenoid emissions following thaw slump degradation, highlighting the potential atmospheric impacts of
permafrost thaw, due to the high chemical reactivities of terpenoid compounds. Higher VOC emission rates were
observed in summer (June, July and August) compared to early autumn (September). Overall, our study dem-
onstrates that VOCs are being emitted in significant quantities and with largely similar compositions upon
permafrost thawing, inundation, and subsequent vegetation development, despite major differences in micro-
climate, hydrological regime, vegetation, and permafrost occurrence.

1. Introduction

Permafrost-affected peatlands occur in the sporadic discontinuous
and continuous permafrost zones. In these peatlands, formation of ice-
rich permafrost historically elevated the ground above the water table,
establishing raised peat plateaus called “palsa”. The palsas have natural
life cycles of degrading and forming (Seppala, 1986). At the same time,
ice-rich permafrost landscapes are particularly prone to climate warm-
ing, which increases the rate of thaw and degradation of these perma-
frost palsa peatlands, and the formation of new palsas is gravely reduced

(Borge et al., 2017; Olvmo et al., 2020). The thaw of these permafrost-
affected peatlands leads to excess ice melt and the overlying ground
collapses into waterlogged thermokarst landforms. This drastically al-
ters soil thermal and hydrological properties while disrupting vegetation
and soil structure. This is a concern because permafrost-affected peat-
lands store an estimated 333-547 Pg C (Hugelius et al., 2014) and the
changes in microclimate potentially drive production and release of
greenhouse gases, such as carbon dioxide (CO3) and methane (CHj,), into
the atmosphere (Knoblauch et al., 2021; Natali et al., 2019).

Volatile organic compounds (VOCs) are a group of highly reactive
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gaseous carbon compounds with multiple climatic consequences when
released into the atmosphere. For example, i) VOCs are susceptible to
oxidation by atmospheric hydroxyl radicals (¢OH), a process that will
compete with the atmospheric oxidation of CH4, thus extending the
lifetime and global warming potential of CH4 (Lelieveld et al., 2008;
Penuelas and Staudt, 2010); ii) The photochemical reactions between
VOCs and NOx can produce hazardous tropospheric ozone (Atkinson,
2000); and iii) VOCs also contribute to aerosol formation and cloud
condensation nuclei growth, which scatters the sunlight and affects the
Earth’s radiation balance (Hallquist et al., 2009; Petaja et al., 2021). In
comparison to the more widely studied CO, and CH4 responses to
climate warming, little attention has been paid to VOCs, although a few
laboratory incubations have shown that a fraction of the stored organic
carbon in permafrost and the upper active layer is indeed released into
the atmosphere as VOCs (Kramshgj et al., 2019, 2018; Li et al., 2020).
VOC emissions provide numerous feedbacks to climate warming of an
unknown directions and magnitudes, which remain some of the greatest
uncertainties in our understanding of the climate system (Schmale et al.,
2021). The climatic consequences with respect to permafrost VOC
emissions may be especially important in high-latitude regions where
anthropogenic and vegetation VOC sources are otherwise largely absent.

Greenhouse gas exchange have been extensively studied in relation
to permafrost thaw (e.g., Dorrepaal et al., 2009; Knoblauch et al., 2021;
Lakomiec et al., 2021; Natali et al., 2019; Trucco et al., 2012), while in
situ soil VOC emissions from permafrost-affected soils remain largely
unknown. Nevertheless, there are two identified sources of VOCs in
permafrost-affected soils: i) accumulative VOC storage released from
within the soil pores directly and ii) newly synthesized VOCs from thaw-
induced microbial decomposition of soil organic matter (Kramshgj et al.,
2019, 2018; Li et al., 2020). On the other hand, microbes within the
seasonally thawed upper organic horizon can also act as a sink of VOCs
emitted from deeper in the soil profile (Kramshgj et al., 2018; Rinnan
and Albers, 2020), similar to methane oxidation occurring in dry soil
horizons (Voigt et al., 2019). Microbial VOC consumption is believed to
be ubiquitous across different ecosystems but it is poorly studied
(Cleveland and Yavitt, 1997; Rinnan and Albers, 2020; Trowbridge
et al., 2020). Therefore, we need in situ measurements of net soil-
atmosphere VOC emissions to quantify the potential VOC source
strength of landscapes affected by permafrost.

Generally, soil VOC composition and emission rates are dependent
on soil organic matter content (Kramshgj et al., 2018; Li et al., 2020) and
soil hydrological regimes, especially whether the soil is oxic or anoxic
(Kramshgj et al., 2018, 2019). Whole plant-soil system measurements
conducted in climate chambers also suggested that emission rates and
compound compositions are strongly affected by ground water table
levels (Faubert et al., 2010a, 2011). The northern permafrost region
spans a wide range of environments with large variations in soil organic
matter content (Ping et al., 2008; Strauss et al., 2012) and moisture
regimes (Lawrence et al., 2015; Sannel and Kuhry, 2011), which likely
leads to differences in VOC composition and emission rates between
distinct landscape types. Yet, we know very little about these potentially
important sources of VOCs.

Overall, VOC emissions from permafrost-affected peatlands are a
poorly quantified component of the global carbon cycle with potential
climate feedbacks. Here, we quantified VOC emissions on permafrost
thaw gradients of a permafrost-affected peat plateau transitioning to-
wards a collapsed wetland, aiming to provide an understanding of the
evolving VOC emissions from the natural life cycle of palsas as well as
under climate change. We hypothesize that 1) permafrost-affected
peatlands have significant soil VOC emissions to the atmosphere and
that 2) permafrost thaw, leading to ground collapse and inundation,
alters VOC emission rates and compositions.
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2. Materials and methods
2.1. Site description

In situ sampling was carried out in a peatland complex in northern
Norway near the Iskoras site (69.3°N, 25.3°E, 337 m a.s.L., Fig. 1a) from
June to September of 2020. The peatland complex consists of several
elevated peat plateaus, including intact and degrading permafrost areas,
surrounded by wet fen, open mountain birch forest, and upland heath
tundra. The site lies in the sporadic permafrost zone, has a mean annual
temperature of -2.9 °C, and mean annual precipitation of 366 mm
(1961-1990 climate normal values from nearest meteorological station
on Iskorasfjellet; Kjellman et al., 2018). In recent years, the seasonally
thawed active layer reached 50-70 cm in September, and the organic-
rich peat soils extend down to about 1.5 m within the peat plateaus.

2.2. Permafrost thaw gradient

In 2017, we used naturally occurring landscape gradients of
permafrost thaw and ground subsidence at our site to establish 30 plots
in five distinct landscape types that are common features of degrading
permafrost-affected peatlands. In this space-for-time substitution
approach, our gradients represent dry, raised peat plateaus with intact
permafrost (current conditions), permafrost degradation causing thaw
slumping of palsas and formation of thermokarst thaw ponds (near
future in years), and potential succession and vegetation establishment
into these thaw ponds (future in decades or centuries).

We labelled landscape types underlain by intact permafrost “bare soil
palsa” or “vegetated palsa”. Areas with active permafrost degradation
and ground subsidence were labelled “thaw slump”, while “thaw pond”
and “vegetated pond” labels represent complete permafrost thaw, sub-
sidence, and inundation areas (Fig. 1b, c¢). Vegetated palsa plots were
dominated primarily by evergreen shrubs (Empetrum nigrum ssp. Her-
maphroditum, Rhododendron tomentosum, and Andromeda polifolia) and
mosses and lichens, with few deciduous shrubs (Betula nana, Vaccinium
uliginosum) and forbs (Rubus chamaemorus) present. Thaw slumps con-
tained similar species but they had slightly different vegetation
composition, which was dominated by mosses and lichens with forbs
(R. chamaemorus), and evergreen shrubs (A. polifolia and E. nigrum ssp.
Hermaphroditum). On the other hand, thaw ponds were dominated by
Sphagnum mosses and sedges (Carex rotundata and Eriophorum russeo-
lum). Bare soil palsas and thaw ponds lacked vegetation.

Six replicate transects were established, including each of the five
landscape types (n = 6 per landscape type). We spread out the gradients
to cover as much of the spatial variability of the peatland complex as
possible, resulting in plots being situated up to 150 m apart.

2.3. VOC collection

VOCs were sampled from soil surfaces without vegetation using a
push—pull headspace sampling system (Ortega and Helmig, 2008) from
polyvinyl chloride (PVC) soil collars that had been installed to a soil
depth of at least 10 cm in each plot three years prior to sampling, except
for vegetated pond plots, which were established one year prior to
sampling. The soil collars were placed in bare soil areas within each plot
and any aboveground vascular plant biomass present was carefully
removed within each soil collar, with this plant removal treatment
repeated annually. The soil collars had a diameter of 11 ¢cm and pro-
truded above ground by ~ 10 cm, giving a headspace volume of ~ 1 L.
For thaw pond and vegetated pond plots, we pre-drilled numerous small
holes (@ = 1.5 c¢m) into the submerged collar part to ensure continuous
water movement between collars and pond water. Custom-built press-fit
lids containing two gas ports for the attachment of a Teflon inlet line and
outlet vent were fitted to the soil collar. Battery-operated pumps were
used to supply 230 mL min ! of purified air to the soil collars, following
passage through a PTFE membrane filter to remove particles, an
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Fig. 1. (a) Location of the Iskoras peatland site in northern Norway, (b) a photo of the study site showing a peat plateau with intact permafrost, thaw slumping, thaw
pond, and natural succession, and (c) a conceptual profile drawing of a transect containing the five landscape types, including intact bare soil palsa, intact vegetated
palsa, thaw slump, thaw pond, and vegetated pond. Close-up photos of each landscape type are given in Figure S1.

activated charcoal filter to remove VOCs, and a potassium iodide-treated
copper tube to remove ozone (Ortega and Helmig, 2008). The headspace
of the soil collars was flushed with purified air for 5 min prior to
measurements.

Two different two-bed stainless steel adsorbent cartridges i) hydro-
phobic 150 mg Tenax TA/200 mg Carbograph 1TD and ii) Tenax TA/
Sulficarb carbonised molecular sieve (Markes International, Llantrisant,
UK) were inserted in series into the outlet port of the soil collar lid and
VOCs were sampled by drawing 200 mL min ! through the cartridges
for a period of 25 min. The hydrophobic cartridges were expected to
reliably trap Cs-C3p compounds, whereas the back-up Sulficarb car-
tridges were used for collecting the lighter methanol and C3-Cg com-
pounds that passed through the hydrophobic cartridge. After sampling,
cartridges were capped and stored at 4 °C until analysis. It is noted that
while methanol was measured, its concentrations are likely underrep-
resented because methanol is not effectively trapped by the adsorbents.

VOCs were collected once per plot during four sampling campaigns
in 2020: 21-22 June (hereinafter referred to as “June”), 13-15 July
(“July”), 8-11 August (“August”), and 3-4 September (“September”).
Blank measurements were performed in each campaign in the same
manner as described above using a separate 12 cm section of PVC collar.
One end was capped with the same press-fit sampling lid and the base
end was covered with a pre-cleaned polyethylene terephthalate oven
bag (pre-cleaned at 120 °C for 1 h) and secured with an additional press-
fit lid.

2.4. Microclimate during VOC measurements

Air temperature and relative humidity were monitored inside the soil
collars with iButton dataloggers throughout sample collection (DS1923
Hygrochron, Maxim Integrated, San Jose, USA). Soil temperature and
volumetric soil moisture content (ML3 ThetaProbe, Delta-T Devices Itd.,
Cambridge, UK) were measured in triplicate at a depth of 5 cm from

within the plot area immediately adjacent to the soil collar, so as not to
disturb the soil inside the collar (Table 1). Water temperature was
recorded in the same manner in the thaw ponds.

Annual onsite meteorological records, such as air temperature,
relative humidity, soil temperature, precipitation, snow depth and
shortwave radiation, were retrieved from two meteorological stations
close to the Iskoras site (Table S1).

2.5. VOC analysis

Analyses of VOC samples collected on adsorbent cartridges were
performed using an Agilent gas chromatograph-mass spectrometer

Table 1

Summary of environmental conditions in the landscape type plots across the four
measurement periods during the 2020 growing season showing the average (+S.
E., n = 6). NA, data not available.

June July August September
Soil temperature [°C]
Soil palsa 11.8 £ 0.6 11.6 + 0.8 12.8 +£ 0.8 8.69 + 0.4
Vegetated palsa 12.4 £ 0.8 12.8 £ 0.7 140+ 1.5 8.86 + 0.5
Thaw slump 159+ 1.5 14.6 + 0.4 152+ 1.4 9.79 £ 0.5
Thaw pond 17.7 £ 1.1 17.0 £ 0.8 16.2 + 1.6 9.96 + 0.4
Vegetated pond 158 £ 1.3 14.5 + 0.7 154 +1.3 9.4 +0.2
Water temperature [°C]
Thaw pond 19.4 £ 0.8 20.1 £ 0.9 NA 122+ 1.2
Soil moisture content [%]
Soil palsa 33.9+24 327 £2.4 36.4 + 3.4 33.7£25
Vegetated palsa 179 + 2.3 22.1 + 3.0 23.4+1.7 25.5 + 2.7
Thaw slump 100.0 + 0.0 100.0 + 0.0 99.9 + 0.1 95.5 + 3.8
Thaw pond 100.0 + 0.0 100.0 + 0.0 100.0 + 0.0 100.0 + 0.0
Vegetated pond 100.0 + 0.0 100.0 + 0.0 100.0 + 0.0 90.1 +7.2
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(7890A GC - 5975C inert MSD, Santa Clara, USA). Adsorbent cartridges
were thermally desorbed at 250 °C for 10 min (TD100-xr, Markes In-
ternational, Llantrisant, UK), cryofocused at 10 °C, and transferred with
a split flow of 10 mL min~" to the GG-MS system by way of a capillary
transfer line kept at 160 °C. An HP-5 capillary column (50 m x 0.2 mm
x 0.33 pm, Agilent Technologies, Santa Clara, USA) was used for the
separation of VOCs with a helium carrier gas flow of 1.2 mL min~. For
the hydrophobic adsorbent cartridges, an initial oven temperature of
40 °C was held for 3 min, before ramping at 5 °C min~" to 210 °C and
again at 20 °C min~! to 250 °C, with a final hold of 8 min and total
runtime of 47 min. The oven program was adjusted slightly for the
Sulficarb adsorbent cartridges to better separate the lower molecular
weight compounds, with an initial oven hold of 4 min at 40 °C, followed
by a ramp at 5 °C min ™! to 200 °C, then at 25 °C min~! to 250 °C with a
final hold of 8 min and total runtime of 46 min. The ion source and
quadrupole temperatures were held at 230 and 150 °C, respectively. No-
injection column blanks and empty stainless-steel cartridges (containing
no adsorbent material) were run periodically alongside the samples to
provide an indication of background contamination arising from the
analytical system (e.g., siloxanes, phthalates).

VOC concentrations were quantified using authentic standards of
known concentration (Table S2). Standards were prepared by injecting
4 pL of a mixture, containing ~ 4 pg mL~! of each standard compound,
onto pre-cleaned stainless steel adsorbent cartridges under a flow of
helium (100 mL min~" for 2 min). Separate standards were prepared in
methanol, for use with the hydrophobic adsorbent cartridges, and for
lower molecular weight solvents in water (e.g., methanol, acetone etc.),
for use with the Sulficarb cartridges. Standard cartridges were analyzed
by GC-MS in the same manner as samples and blanks, and were run in
duplicate before and after each batch of 20-30 sample cartridges. Linear
calibration curves (0-25 pg mL™!) were prepared and run prior to the
analysis of samples, to confirm the detector response was linear.

Chromatograms were analyzed using PARADISe software v. 3.90
(Johnsen et al., 2017). Compounds were identified using pure standards,
where available, or tentatively identified by comparison against mass
spectra in the 2014 NIST Mass Spectral Library. The tentative identity of
unknown compounds was accepted when the NIST match factor (MF)
was greater than 800 and the probability was greater than 30 %. Where
these conditions were not met, a tentative compound class identity was
accepted where the molecular formula of at least two of the top three
matches with the NIST database had the same molecular formula,
otherwise the unknown was classified as an oxygenated VOC (oVOC,
when the top three matches against NIST suggested a molecular formula
containing oxygen) or other VOC (when the top three NIST matches
suggested variable elemental compositions). We identified 210 unique
compound peaks in our chromatograms (Table S3), which were subse-
quently classified into one of the following compound groups: methanol,
acetone, isoprene, monoterpenes (including oxygenated monoterpenes,
oMTs), sesquiterpenes (including oxygenated sesquiterpenes), oVOCs,
hydrocarbons, and other (including unclassified unknowns and com-
pounds with various functional groups, such as halogens, sulfur, and/or
nitrogen-containing species, that do not fit in the other groups listed).
Compounds present in the empty cartridges and known contaminants
arising from the analytical system (e.g., cyclosiloxanes) were excluded.

Quantification was achieved by comparison of peak areas between
the samples and standards and the known mass of standard injected for
each compound. For compounds without an authentic standard, quan-
tification was achieved by comparison with the closest structurally
related standard in our mixture (e.g., a-pinene for MTs, eucalyptol for
oMTs, and toluene for benzenoids and other compounds) (Table S2).

2.6. VOC emission rate calculation
VOC concentrations in the blanks varied by sampling date and

temperature. Samples were paired with blanks collected on the same
date at the most similar temperature (where multiple blanks were
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collected per day) and blank subtractions were performed on the VOC
concentrations. Subsequently, VOC emission rates (ER, pg m2h") were
calculated according to equation (1):

(Coul - Cin) ° Qin

ER =
SAsoil

(€]

where Coyt (ug L) is the concentration of VOCs in the sample outlet,
Cip is the concentration of VOCs in the purified inlet air (assumed to be 0
pg/L), Qin (L h™1) is the inflow rate to the soil collars, and SA is the soil
surface area of the collars (0.008 mz). The emission rates calculated for
the hydrophobic and Sulficarb adsorbent cartridges were summed.

2.7. Statistical Analyses

Linear mixed modelling was used to analyze for the differences be-
tween the landscape types and sampling months, as well as their inter-
action effects, on the emission rates of the VOC groups/compounds, with
IBM SPSS Statistics (Version 28.0.0.0; IBM Corp., Armonk, NY, USA).
Among the factors, month (continuous, seasonal variable) and landscape
type (discrete, spatial variable), and their interaction (month x land-
scape type) were selected as fixed factors, and transect and plot were
chosen as random factors to account for the repeated measurements
across the different transects and plots. Significant effects of the fixed
factors or interactions were identified if p values were < 0.05. Multiple
comparisons between different landscape types were performed using
post-hoc Bonferroni tests. VOC data were log-transformed to conform to
normal distribution and homogeneity of error variances.

To further assess how month and landscape type affected the com-
pound compositions, the log-transformed and unit variance-scaled VOC
data (percentages of the individual compounds of the total VOC emis-
sion rates) were subjected to a principal component analysis (PCA) using
SIMCA 16.0.1 (Umetrics, Umed, Sweden). The scores of the first three
principle components (PCs) were then analyzed by the linear mixed
modelling procedure in SPSS, as described above, to identify seasonal
and spatial effects.

3. Results
3.1. Overview of soil VOC emissions across landscape types and months

All landscape types showed VOC emissions from the soil or pond
water surface throughout the entire measurement period (Fig. 2). Linear
mixed modelling showed that time of year (month) and landscape type
had significant effects on the emission rates of the majority of the VOC
groups and individual compounds, with negligible differences in sea-
sonal variation between landscape types (no significant interaction ef-
fects) (Table 2).

We measured the largest total VOC emission rates in vegetated palsa
plots, averaging (+ S.E.) 260.9 + 77.3 pg m>h™! across all months,
which was significantly greater than the total VOC emissions in the
vegetated ponds (88.5 + 16.6 pg m>h~!; p < 0.05, Bonferroni test)
(Fig. 2). The total VOC emission rates from soil/vegetated palsa and
thaw slump plots were also significantly higher than those from the
vegetated ponds, while thaw ponds had intermediate emission rates.

Within the sampling period from June to September, we measured
larger total VOC release rates in the summer months than in September,
early autumn (Figure S2). The highest total VOC emission rates were
observed in June (261.5 + 50.0 pg m2h~!) and the emissions in June-
August samplings were significantly greater than the total VOC emis-
sion rates in September (54.5 + 5.8 pg m2h ™1, p < 0.05).

In terms of VOC emission composition (Fig. 2), the major compounds
included acetone, methanol, and isoprene, and the major groups
included monoterpenes, sesquiterpenes, hydrocarbons, oxygenated and
other VOCs. Oxygenated VOCs always comprised the largest fraction of
the emission profiles across months within each landscape type, ranging
from 54 % to 73 %, and also across landscape types within each month,
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Fig. 2. Volatile organic compound (VOC) release from permafrost-affected peatland. Mean + standard error (S.E.) emission rates of total VOCs (n = 24-29)
stacked for the main compounds and groups grouped by landscape type, averaged across sampling months. Bars sharing a lower-case letter do not differ significantly

(p < 0.05, Bonferroni test).

Table 2

Effects of month, landscape type, and their interaction on permafrost-
affected peatland VOC emission rates and composition (described by prin-
ciple components, PC 1 and 2 in Fig. 5), indicated by p-values for main effects
and interactions from linear mixed models. Significant p-values appear in bold.

voc Month Landscape type Month x Landscape type
methanol <0.001 0.942 0.88
acetone 0.46 <0.001 0.366
oVOCs <0.001 0.007 0.643
isoprene 0.004 <0.001 0.086
monoterpenes <0.001 0.002 1
sesquiterpenes <0.001 0.043 0.767
hydrocarbons 0.58 0.93 0.803
other <0.001 0.002 0.766
total VOCs <0.001 <0.001 0.341
PC1 <0.001 0.008 0.845
PC2 0.033 0.002 0.497

ranging from 46 % to 70 % (Table S4). The dominant compounds in the
oxygenated VOC group included 2,4-pentanedione (CsHgO2), 2-methyl-
2-propanol (C4H;00), 2,4-dimethylfuran (CgHgO), and 2,5-hexanedione
(CeH1002) (see Table S3 for a complete list of individual compounds and
their emission rates). Acetone and hydrocarbons represented the second
most abundant fractions of the emission profiles. For example, hydro-
carbons accounted for 9 % to 22 % of the thaw pond and vegetated pond
emission profiles, while acetone accounted for 12 % and 24 % of the
VOCs emitted in bare soil and vegetated palsas, respectively.

3.2. Effect of landscape type on emission rates of specific VOC groups

Acetone was emitted at lower rates in the vegetated ponds than all
other landscape types (Fig. 3a; p < 0.05). Acetone emissions were also
significantly lower from thaw ponds than soil palsa plots. In general,
terpenoids exhibited higher emission rates from thaw slumps compared
to other landscape types. For isoprene, thaw slumps and vegetated

ponds had significantly higher emission rates than all other landscape
types (Fig. 3b; p < 0.05). For monoterpenes, the emissions from thaw
slumps were significantly higher than those from soil palsa, thaw pond
and vegetated pond plots. For oxygenated and other VOC groups,
vegetated ponds had lower emission rates compared to soil and vege-
tated palsa as well as thaw slump landscape types (Fig. 3c; p < 0.05). We
observed no differences in methanol, sesquiterpenes, or hydrocarbon
emission rates between any landscape types.

3.3. Effect of month on emission rates of specific VOC groups

For methanol, the highest emissions were recorded in June, when the
emission rates were at least sixfold higher than in other months (Fig. 4a;
p < 0.05). For acetone, June also showed the highest emission rates, but
the differences between months were not significant.

Among the terpenoids, isoprene exhibited significantly lower emis-
sion rates in September than in all other months (Fig. 4b; p < 0.05).
Similarly, the lowest emission rates of monoterpenes were also observed
in September and were significantly lower than the monoterpene
emissions in August (p < 0.05). For sesquiterpenes, significantly lower
emission rates were observed in September, in comparison to June and
August (p < 0.05), while July emission rates were lower than June (p <
0.05). For oVOCs and other VOCs, September showed significantly
lower emission rates than all other months (Fig. 4c and 4d; p < 0.05),
while there were no significant seasonal differences in hydrocarbon
emission rates.

3.4. Seasonal and spatial effects on VOC composition profiles

Principal component analysis of the percent contributions of the
individual VOCs further revealed the seasonal and spatial effects on the
VOC profiles (Fig. 5). The first PC, which explained 29.0 % of the
variance, and the second PC, which explained 10.8 % of the variance,
both differed significantly among landscape types and months (Table 2).
The vegetated pond profiles were clearly separated from the other
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landscape types, with the lowest scores on PC1 and the highest scores on
PC2 (Fig. 5a; p < 0.05, Bonferroni test). The palsa landscape types
exhibited relatively similar VOC profiles and partially overlapped with
the thaw slump profiles. The thaw pond profiles fell in between the
intact palsa and thaw slump landscape types and the vegetated ponds.
The VOC profiles within any given landscape type were relatively
similar between the different months, except for September, which
grouped together regardless of the landscape type, exhibiting the lowest
scores on PC1 and PC2.

The loading plot showed that a large majority of VOCs had high
loadings on PC1, describing the high emissions in June-July samples and
palsa landscape types (Fig. 5b). The emissions from vegetated thaw
ponds were characterized by certain hydrocarbons (e.g., hexane and
toluene), an oVOC (acetophenone), and terpenoids (terpinolene and
a-bisabolene). September samples were characterized by higher relative
contributions from o-xylene and benzaldehyde than the other samples.

4. Discussion

Our results, featuring the first in situ measurements of soil VOC
emissions from permafrost-affected peatlands, show that permafrost
peatland landscape types are significant sources of VOCs into the at-
mosphere, with average emission rates ranging between 190 and 254 pg
m~h~!. The peatland soil continues to emit VOCs as it undergoes thaw
slump degradation in response to warming (Turetsky et al., 2019), and
also in the subsequent stages of inundation and sedge vegetation
development, with emission rates ranging from 83.5 — 224 pg m2h .
The total VOC emission rates we report for this permafrost-affected
peatland are comparable to, or higher than, other reported natural soil
VOC sources, such as temperate and subarctic heath soils (Rinnan et al.,
2013), subarctic mountain birch forest soil (Faubert et al., 2012).

VOC emissions exhibited large spatial and seasonal (i.e., summer and
early autumn) variations across the different sampling months and
landscape types, suggesting that VOC emissions from permafrost-
affected peatland soils are regulated by multiple factors. Instead of a
simple temperature-dependent or moisture-regulated relationship, the
environmental dependencies of VOC-releasing and consuming processes
could mask any correlations to the emissions. In addition, VOCs may
originate from both accumulated gases escaping from the soil pores
upon thawing and from microbially mediated production from the
organic matter (Kramshgj et al., 2019; Li et al., 2020).

On the spatial scale, lower emission rates of total VOCs were
observed from thaw ponds and vegetated ponds compared to the intact
palsas and thaw slumps. High water table and waterlogged soil

conditions may result in higher VOC emissions, due to enhanced organic
matter fermentation, in addition to inhibited VOC consumption under
anoxic conditions (Kramshgj et al., 2019; Rinnan and Albers, 2020).
However, lower emission rates from thaw ponds and vegetated ponds
were found in almost all compounds/VOC groups, except for hydro-
carbons and sesquiterpenes. This may be due to that the standing water
table on top of soil inhibited or slowed down the diffusive transport of
VOCs to the atmosphere (Kramshgj et al., 2019; Zhao et al., 2016). In
addition, VOCs such as methanol, acetone, and oVOCs display water
solubility-two to three magnitudes higher than that of hydrocarbons
(Hakkim et al., 2019; Weidenhamer et al., 1993). Hence, the dissolution
of VOCs with higher solubility may be another reason for the observed
lower VOC emissions and the bias across different groups for the ponds
relative to the soil surfaces. Although permafrost thaw is projected to
increase soil dryness in some areas (Teufel and Sushama, 2019), land
surface subsidence in lowland permafrost areas could initially lead to
inundation (Avis et al., 2011), for example, thermokarst landscapes and
the formation of thaw slump and thaw ponds in degrading permafrost-
affected peatlands (Faubert et al., 2010a; IPCC, 2021; Turetsky et al.,
2019, 2020). Such processes may reduce VOC emission rates, thereby
alleviating their atmospheric effects. Nevertheless, VOC emission may
increase in the long term due to the soil dryness.

Throughout the sampling period, consistently lower VOC emission
rates and clearly distinct compound compositions were observed in
September compared to the June-August measurements. This may be
due to the lower temperatures during the September sampling period, as
well as seasonal plant phenology associated changes in the ecosystem
leading to lower emission rates at this time (Table 1). Data from other
tundra ecosystems, and a subarctic non-permafrost peatland, show that
VOC emission rates often decline during August even though air tem-
peratures remain at a similar level as earlier in the summer (Faubert
et al., 2010a,b). While plant senescence likely drives the autumnal
decline of VOC emissions from plant-soil-systems, interactions with soil
processes, e.g., via root exudation, can also play a role (Williams and
Yavitt, 2010).

By combining two complementary types of adsorbent cartridges, we
could sample and separate a variety of compounds, including methanol,
acetone, and isoprene, as well as compounds grouped into mono-
terpenes, sesquiterpenes, hydrocarbons, oxygenated and other VOCs.
Our methanol emission rates were comparable to those of a temperate
ponderosa pine forest soil measured previously using proton-transfer-
reaction mass spectrometry (PTR-MS) (Greenberg et al., 2012). How-
ever, acetone emissions in our study were up to 14 times higher than
those of the ponderosa pine forest soil (Greenberg et al., 2012) and
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comparable to acetone emissions from a temperate agricultural (cereal)
soil (Schade and Custer, 2004). Monoterpene emission rates from our
permafrost-affected peatland soil were comparable to Mediterranean
oak forest soils (Asensio et al., 2007) and boreal pine forest soils (Aal-
tonen et al., 2011). These comparisons show that permafrost-affected
peatland landscapes are significant sources of VOCs to the atmo-
sphere. This is especially relevant in the high latitudes, which have low
plant biomass and therefore, the relative importance of soil VOC sources
is likely high compared to vegetation sources.

Palsa peatlands in the Arctic thaw and collapse naturally (Seppala,
1986). The Arctic warming (IPCC, 2021) may further accelerate this
process (Borge et al., 2017; Olvmo et al., 2020). The organic matter
stored is mobilized during permafrost thaw and active layer thickening
(Biskaborn et al., 2019; Miner et al., 2022). Increased microbial activity
due to rising temperatures also enhances the decomposition of these
historical carbon deposits, leading to higher carbon release to the at-
mosphere in the form of COy, CHy4, and VOCs (Schuur et al., 2015).
Thaw-derived permafrost collapse may expose the carbon deposits to
decomposition faster and on larger scale, with subsequent carbon
release to the atmosphere (Miner et al., 2022; Turetsky et al., 2020,
2019). Therefore, enhanced VOC emissions are expected due to the
increasingly exposed surfaces of stored carbon and rising temperatures.
Nevertheless, we did not observe enhanced total soil VOC emissions
when comparing intact palsas (190-254 pg m>h~!) to thaw slump
degradation (224 pg m2h™!). This could be due to the ample organic
matter availability in peat regardless of the permafrost degradation
status or due to VOC consumption processes changing simultaneously
with VOC production (Rinnan & Albers, 2020), thus resulting in similar
net emission rates.

Terpenoid emission rates (the sum of isoprene, monoterpenes and
sesquiterpenes) were higher in thaw slump than in palsa plots, sug-
gesting that permafrost thaw-related processes enhanced terpenoid
emissions. Although terpenoids were not the major constituents
(1.5-14.3 %) of the whole VOC profile emitted from the soil, they have a
higher reactivity and aerosol yield than many other compounds, which
makes terpenoid compounds relatively more important in atmospheric
chemistry (Jaoui et al., 2013; Li et al., 2020). Plants, both aboveground
vegetation and belowground roots, are usually regarded as an important
biogenic source of terpenoids (Dudareva et al., 2004). Nevertheless, we
observed much higher soil emission rates of terpenoids (48.9-, 3.0-, and
1.4-fold higher release for isoprene, monoterpenes, and sesquiterpenes,
respectively) from the degrading thaw slump with less vegetation,
compared to intact vegetated palsas. In the intact vegetated palsas, plant
root VOC emissions could have had a higher contribution due to greater
evergreen shrub biomass surrounding the measurement collars (Wester-
Larsen et al., 2020), but the terpenoid emissions were lower that from
the thaw slump. Hence, our study suggests that thawing permafrost
landscapes, including the natural degrading of palsa peatlands, are a
potential source of atmospheric terpenoids, which have documented
atmospheric impacts, such as the production of hazardous tropospheric
ozone (Atkinson, 2000) and secondary organic aerosols (Hallquist et al.,
2009; Petaja et al., 2021), thereby regulating radiative forcing in the
remote Arctic regions.

In contrast to the terpenoids, emissions of the oVOCs, and especially
those of acetone and methanol, decreased from the palsa landscape type
with intact permafrost through the thaw slump towards thaw ponds.
Acetone and methanol have been shown to be dominant permafrost
thaw-related compounds in laboratory incubations using PTR-MS tech-
niques (Kramshgj et al., 2018; Li et al., 2020); and our results — although
based on adsorbent cartridge analysis rather than online analysis —
support these findings. However, microbes in the active layer are
capable of mineralizing acetone and methanol diffused from the
permafrost thaw front underneath and convert these VOCs into COy
(Kramshgj et al., 2018). Indeed, increasing soil CO2 and CH,4 emission
rates are also observed in thaw slumps, relative to palsa plots, at the
same field site (C. T. Christiansen et al., in prep.), which may be partially
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attributed to the biodegradation of VOCs in the active layer. However, as
our study quantified emission rates and did not separate VOC production
and consumption processes, we cannot partition the contributions of
these processes along the permafrost thaw gradient.

5. Conclusion

Our study demonstrates that permafrost-affected peatland land-
scapes are important sources of VOCs to the atmosphere. Using the
space-for-time substitution approach, this study measured VOC emission
rates from a thaw gradient continuum of a permafrost-affected peatland
across different landscape types, and provided references to the pro-
jected VOC emission rates and compositions in a dynamic permafrost-
affected peatland undergoing thaw and landscape degradation. Palsa
collapse and formation of thaw slumps, both naturally and induced by
climate warming, was associated with enhanced soil emissions of highly
reactive terpenoids (e.g., isoprene, monoterpenes).

Our study highlights the potential atmospheric impact of VOC
emissions from permafrost thaw and associated soils. These emissions
need to be considered because of the limited anthropogenic VOC emis-
sions from permafrost areas. This study also shows that VOC emissions
from peatland landscapes were characterized by relatively large sea-
sonal and spatial variabilities, emphasizing the complexity of the un-
derlying VOC source and sink processes that can be influenced by soil
degradation, soil water conditions, and vegetation development. Future
studies should focus on understanding the processes and drivers
involved in VOC emissions under permafrost thaw and seasonal
variability.
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