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Abstract The greenhouse gas (GHG) balance of boreal peatlands in permafrost regions will be affected by
climate change through disturbances such as permafrost thaw and wildfire. Although the future GHG balance
of boreal peatlands including ponds is dominated by the exchange of both carbon dioxide (CO,) and methane
(CH,), disturbance impacts on fluxes of the potent GHG nitrous oxide (N,O) could contribute to shifts in

the net radiative balance. Here, we measured monthly (April to October) fluxes of N,O, CH,, and CO, from
three sites located across the sporadic and discontinuous permafrost zones of western Canada. Undisturbed
permafrost peat plateaus acted as N,O sinks (=0.025 mg N,O m~2 d~'), but N, O uptake was lower from
burned plateaus (—0.003 mg N,O m~2 d~!) and higher following permafrost thaw in the thermokarst bogs
(—0.054 mg N,O m~2 d~"). The thermokarst bogs had below-ambient N,O soil gas concentrations, suggesting
that denitrification consumed atmospheric N,O during reduction to dinitrogen. Atmospheric uptake of N,O in
peat plateaus and thermokarst bogs increased with soil temperature and soil moisture, suggesting sensitivity of
N,O consumption to further climate change. Four of five peatland ponds acted as N,O sinks (—0.018 mg N,O
m~2d~"), with no influence of thermokarst expansion. One pond with high nitrate concentrations had high N,O
emissions (0.30 mg N,O m=2 d="). Overall, our study suggests that the future net radiative balance of boreal
peatlands will be dominated by impacts of wildfire and permafrost thaw on CH, and CO, fluxes, while the
influence from N,O is minor.

Plain Language Summary The peatlands in the boreal biome of northwestern Canada have been
a sink of the potent greenhouse gases (GHG) carbon dioxide (CO,) and nitrous oxide (N,O), and a source of
methane (CH,) for many millennia. Now, climate change is transforming these boreal peat landscapes as more
severe and frequent wildfires burn the forests and ground ice-rich permafrost thaws. Wildfires and permafrost
thaw alter soil biogeochemical conditions such as soil temperature, soil moisture, and water table depth. The
changing conditions have immediate effects on GHG production, transport, and consumption in the soil, which
are reasonably well understood for CO, and CH, but not for N,0. By measuring soil GHG concentrations at
different depths and GHG exchange between soil and atmosphere with static chambers, we showed that N,O
exchange from different peat surfaces responded differently depending on the two disturbance types. While
burned peatland areas were close to neutral regarding N,O, the wet, thaw-affected areas showed increased

N,O uptake driven by high soil moisture contents, soil temperatures, and below-atmospheric N,O soil gas
concentrations. However, this minor N,O uptake can only offset less than 1% of the global warming potential of
CH, emissions from the thawing peatlands studied here.

1. Introduction

Northern peatlands cover ~3 million km? (Olefeldt et al., 2021) and impacts of climate change on their future
greenhouse gas (GHG) balance may be of global significance (Koven et al., 2015; Lenton et al., 2008; Schuur
et al., 2013, 2015). Peatland biogeochemistry is strongly influenced by often waterlogged, cold and nutrient poor
soils, which can result in both atmospheric uptake and emissions of all three major GHGs; carbon dioxide (CO,),
methane (CH,), and nitrous oxide (N,O) (Frolking et al., 2006, 2011). Of these, N,O fluxes have been the least
studied and impacts of disturbances such as permafrost thaw and wildfires are not well understood across the
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circumpolar region (Martikainen et al., 1993; Voigt et al., 2020; Voigt, Marushchak, et al., 2017). The discon-
tinuous permafrost zone of the Taiga Plains ecozone in western Canada is the second largest peatland region in
Canada with ~250,000 km? of peatlands (Olefeldt et al., 2021). Northwestern Canada is currently experiencing
some of the fastest climate warming compared to both, the rest of the globe (Rantanen et al., 2022) and across
Northern Canada (Bush & Lemmen, 2019), accelerating permafrost thaw (Chasmer & Hopkinson, 2017; Gibson
et al., 2018), and intensifying fire regimes (Coogan et al., 2019; Turetsky et al., 2011), with uncertain net effects
on the GHG balance.

Ecosystem disturbances, such as wildfires and permafrost thaw, can cause long-term shifts in CO,, CH,, and N,O
fluxes, potentially shifting from net emission to net uptake or vice versa (Helbig, Chasmer, Desai, et al., 2017; Helbig,
Chasmer, Kljun, et al., 2017; Helbig et al., 2016; Voigt et al., 2020). To understand the net effect of an altered GHG
balance on atmospheric radiative forcing, it is necessary to account for the differences in sustained global warming
(emission) and cooling (uptake) potential (SGWP, SGCP) for each GHG (Neubauer & Megonigal, 2015, 2019).
Although N,O fluxes from pristine, boreal peatlands are generally small (Maljanen et al., 2010; Martikainen
etal., 1993; Nadelhoffer et al., 1991), the SGWP and SGCP for N,O fluxes are 6 and 270 times greater than for CH,
and CO,, respectively, when considered on a 100-year horizon (Neubauer & Megonigal, 2019). Thus, even small
shifts in N,O fluxes could affect the net radiative balance of boreal peatlands and the overall impact of disturbances.

Net N,O emissions from soils are influenced by the balance between N,O production through both denitrification
and nitrification and N,O consumption which only occurs through denitrification (Butterbach-Bahl et al., 2013;
Schlesinger, 2013; Voigt et al., 2020). Nitrification is an aerobic process where ammonium (NH,*) is oxidized to
nitrate (NO;7), with N,O as a potential by-product. Denitrification is an anaerobic process which involves both
reduction of NO;~ to N,O, and reduction of N,O to nitrogen gas (N,). Suboxic conditions can favor the initial
reduction of NO,~ to N, O, and lead to high N,O emissions (Hendzel et al., 2005; Marushchak et al., 2011; Regina
et al., 1998), while fully anoxic conditions under long-term water-saturated conditions favor the complete reduc-
tion of NO,~ to N,. Fully anoxic conditions can also lead to N,O uptake when NO,~ availability is low and the
reduction to N, uses atmospheric N,O that diffuses into the soil (Chapuis-Lardy et al., 2007). Net N,O emissions
from peatlands, including the occurrence of hot spots and hot moments (McClain et al., 2003) of N,O emissions,
are thus driven by complex interactions between soil moisture, availability of inorganic nitrogen (N), competition
for inorganic N between microbes and plants, soil temperature, and physical constraints on gas diffusion (Gil
et al., 2017, 2021; Marushchak et al., 2021; Repo et al., 2009; Voigt et al., 2020).

Permafrost thaw in peatlands can lead to deepening and warming of the seasonally thawed active layer, but
also complete thaw and collapse of the surface which leads to the development of thermokarst bogs and ponds
(Quinton et al., 2009). The effect of peatland permafrost thaw on the GHG balance thus varies depending on
impacts on environmental conditions and vegetation. Permafrost peatlands, including peat plateaus, are often
dominated by lichens, shrubs, and stunted trees and have relatively dry soils, yielding a low rate of soil carbon
(C) accumulation and low or negligible CH, emissions (Helbig, Chasmer, Kljun, et al., 2017; Helbig et al., 2017,
Treat et al., 2016; Turetsky et al., 2020). Collapse into thermokarst bogs causes soil saturation and a shift in
vegetation to dominance of Sphagnum mosses, leading to increased CH, emissions and increased rate of peat
accumulation—although the net effect on the CO, balance is uncertain due to potential mineralization of deep
peat layers (Jones et al., 2017). Peatland ponds with thermokarst expansion often emit large amounts of CH,
and have net emissions of CO, (Elder et al., 2021; Walter Anthony et al., 2018), while the effects on pond N,O
fluxes are unknown. Studies of boreal peatland N,O fluxes in permafrost regions come primarily from northern
Europe and have shown generally low N,O emissions from intact peat plateaus and palsas, but at times very high
emissions during initial stages of permafrost thaw and soil warming associated with increased availability of
inorganic N and increases in pH (Takatsu et al., 2022; Voigt, Lamprecht, et al., 2017). Thermokarst wetlands with
mineral soils have in some regions led to high N,O emissions (Abbott & Jones, 2015; Marushchak et al., 2021;
Yang et al., 2018), but N,O emissions did not increase with the development of Tibetan thermokarst bogs (Sun
et al., 2021). Lab mesocosm experiments have suggested that development of thermokarst bogs may even lead
to N,O uptake (Voigt et al., 2019), suggesting that impacts of permafrost thaw on N,O fluxes from peatlands
will vary depending on environmental conditions during and after thaw, which may lead to distinct regional
differences.

Wildfire in permafrost peatlands causes large immediate emissions of CO, through combustion (Mack et al., 2021;
Walker et al., 2019, 2020) but can also influence CO, fluxes for decades after the fire due to a warmer peat profile
and slow vegetation regeneration (Estop-Aragonés et al., 2018; Gibson et al., 2019). The effect of wildfire on N,O
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Figure 1. (a) Map of study region including permafrost zones (Obu et al., 2019) and distribution of histel soils, that is, peat soils affected by permafrost (Hugelius

et al., 2013) within the Taiga Plains ecozone (Marshall et al., 1999). (b) Peatland disturbances in relation to peatland stages; adapted from Estop-Aragonés et al. (2018).
The stars in different colors represent the sampled peatland stages: each peatland stage had a minimum of four replicate collars per site, and the burned stages had eight
collars each. Photos of the (c) 2019 Burn at Lutose, and (d) the Smith Creek thermokarst transect with the four corresponding peatland stages indicated.

fluxes in permafrost peatlands is unknown, but wildfire has been shown to cause N,O emissions in burned upland
forests (Koster et al., 2017). Absence of vegetation in degrading permafrost peatlands has been linked to high
N,O emissions, due to reduced competition for NO,~ between plants and denitrifying bacteria (Voigt, Lamprecht,
etal., 2017; Voigt, Marushchak, et al., 2017). Whether the same processes result in elevated N,O emissions from
permafrost peatlands in the years after wildfire is unknown.

The objective of this study was to assess the impacts of wildfire and permafrost thaw and thus thermokarst devel-
opment on the GHG balance of peatlands, with a focus on N,O fluxes. We measured monthly growing season
N,O, CH,, and CO, fluxes from different peat landforms (peatland stages) at three sites across the sporadic and
discontinuous permafrost zones of the Taiga Plains ecozone in western Canada, including intact permafrost peat
plateaus, peat plateaus affected by wildfire, thermokarst bogs, and peatland ponds. We monitored soil environ-
mental conditions, nutrient availability, and dissolved soil GHG concentrations to assess controls on the GHG
fluxes. Using SGWP and SGCPs we compared the net effect on the net radiative balance caused by impacts of
wildfire and permafrost thaw on N,O and CH, fluxes. We hypothesized that wildfire would cause increased N,O
emissions due to increased microbial availability and decreased competition for inorganic N, while thermokarst
bogs and ponds would have reduced N,O emissions or even uptake due to stable anoxic conditions favoring
complete denitrification to N,.

2. Materials and Methods
2.1. Study Sites and Sampling Design

Our study sites are three peatland complexes located within the sporadic and discontinuous permafrost zones of
the Taiga Plains ecozone (Obu et al., 2019): Lutose (59.50°N, 117.20°W), Scotty Creek (61.30°N, 121.30°W),
and Smith Creek (63.15°N, 123.25°W) (Figure 1a and Table S1 in Supporting Information S1). Mean annual air

SCHULZE ET AL.

30f 19

858017 SUOWIWOD SAIERID 3(dedl|dde auy Aq peusenob afe sspiie YO 8sn Joss|n. 1oy Afeid173U1|UO /8|1 UO (SUORIPUOO-PUR-SWBY L0 A3 |IMATRIq 1 BU1|UO//SCY) SUORIPUOD PUe SWis | 38U 89S *[£202/50/80] U0 Afeiq18ulUO A8|IM ‘Z49 Wepsiod WniueZ-z)oyw pH Aq 22€£0092202/620T 0T/10p/wod A3 1M Aeiq putjuosqndnBey/:sdny woj pepeojumoq ‘v ‘€202 ‘T96869TZ



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Biogeosciences 10.1029/2022JG007322

temperature is —1.0°, —2.8°, —4.1°C at Lutose, Scotty Creek, and Smith Creek, respectively, while mean annual
precipitation is ~380 mm at all sites with ~60% rainfall (Environment and Climate Change Canada, 2020).
Peatland initiation occurred at Lutose and Scotty Creek sites ~8,500 cal yr BP (Heffernan et al., 2020; Pelletier
et al., 2017), and was followed by transitions through marsh and fen stages until permafrost aggradation occurred
~1,800 and ~5,000 cal yr BP, respectively (Heffernan et al., 2020; Pelletier et al., 2017). The Smith Creek peatland
initiation is yet to be studied. Peat depth is ~590, ~330, and ~150 cm at Lutose, Scotty Creek, and Smith Creek.
Each peatland complex comprises permafrost-affected peat plateaus, and permafrost-free thermokarst bogs, chan-
nel fens, and shallow ponds. Ongoing and accelerating permafrost thaw, leading to the transition of peat plateaus
into thermokarst bogs, fens and ponds has been documented at all sites (Chasmer & Hopkinson, 2017; Gibson
et al., 2018; Heffernan et al., 2020; Holloway & Lewkowicz, 2020; Kuhn et al., 2021; Pelletier et al., 2017).

At each site, we established sampling transects (20-30 m in length) perpendicular to the peat plateau-thermokarst
bog transition. Four distinct peatland stages were included: undisturbed permafrost peat plateau (Peat Plateau),
thawing peat plateau edge (Plateau Edge), young thermokarst bogs adjacent to the plateau edge (Young Bog), and
mature thermokarst bogs (Mature Bog) (Figure 1 and Figure S1 in Supporting Information S1). The vegetation
composition of the peat plateaus at all three sites was comprised of stunted, open canopy of black spruce (Picea
mariana), low woody shrubs (Vaccinium vitis-idaea, Rhododendron groenlandicum, Vaccinium uliginosum), and
a ground cover of lichens (Cladonia spp.) and occasional hummocks (Sphagnum fuscum, Sphagnum magellani-
cum). The Plateau Edge was found only in a narrow transition (~2—4 m) between the Peat Plateau into Young Bog
stage (Figures 1b and 1d) and had the same vegetation composition as the Peat Plateau, but some black spruce
trees were tilted (“drunken trees”) or showed evidence of stress from waterlogging. The Young Bog stage was
the wettest stage, dominated by Sphagnum riparium and rannock rush (Scheuchzeria palustris), while the drier
Mature Bog stage was dominated by Sphagnum fuscum and Sphagnum magellanicum, bog-rosemary (Androm-
eda polifolia), leatherleaf (Chameadaphne calyculata), and hare's -tail cottongrass (Eriophorum vaginatum).
Radiocarbon analysis at Lutose and Scotty Creek has dated the time since permafrost thaw to be 30-90 years for
Young Bog and ~200-550 years for Mature Bog stages (Heffernan et al., 2020; Pelletier et al., 2017).

Two burned peat plateaus were also included in the study, both located <10 km from the Lutose peatland complex.
One of sites burned in 2007 (2007 Burn) and has previously been studied (Estop-Aragonés et al., 2018; Gibson
et al., 2018, 2019), and the other burned in 2019 (2019 Burn), that is, these sites burned 12 and <1 year prior to
the study, respectively. The 2019 Burn had very limited vegetation regrowth and was largely covered by char and
singed Sphagnum fuscum hummocks. The 2007 Burn had a dense shrub layer of Labrador tea (Rhododendron
groenlandicum) and regrowth of <1 m tall black spruce. Wildfire changes the soil thermal regime of peat plateaus
with ~60% deeper active layers (Gibson et al., 2018) and higher soil temperatures than unburned peat plateaus
(Gibson et al., 2019); effects that last for up to 30 years (Gibson et al., 2018).

We also studied five peatland ponds (Figure S2 in Supporting Information S1), three at Lutose (L1, L2, and
L4) and two at Smith Creek (W1 and W2), all of which have been part of previous studies (Kuhn et al., 2021;
Thompson et al., 2023). All pond depths ranged from 0.5 to 2.5 m and were between 0.5 and 5 ha in area. Ongoing
thermokarst expansion affected W1 and L1, as indicated by submerged and tilted black spruce trees. Ponds W2,
L2, and L4 had no visible evidence of thermokarst expansion. The surroundings of pond L2 were burned in 2007
and L2 was the only pond with a beaver lodge. All ponds had thick organic sediments, up to 4 m depth above the
underlying mineral sediment (Kuhn et al., 2022).

2.2. Greenhouse Gas Flux Measurements

Boardwalks were installed at each site to reduce trampling and minimize ebullitive GHG emissions. Plot-scale
fluxes of N,O, CH,, and CO, were measured using the static chamber technique (Crill, 1991; Norman et al., 1997,
Subke et al., 2021). Flux measurements at Lutose and Smith Creek were made once per month between April and
October in 2019 (seven sampling dates at Lutose, six at Smith Creek). At Scotty Creek, measurements were made
only once in September 2018 and used different equipment described in the Supporting Information (Text S1). The
chambers were opaque and the chamber-based flux measurements included ground cover and low-stature vegeta-
tion, but excluded the trees present in the peat plateaus; therefore, CO, fluxes are thereafter referred to as soil respi-
ration. Circular PVC collars (0.12 m?) were inserted into the ground to a depth of 10 cm at least 24 hr prior to the
first flux measurement and in few meters distance to the next collar. Each peatland stage was sampled at four collars.
To create an adequate seal, each collar had a ring-formed edge filled with water before placing the chamber in the
collar. We used chambers with heights of 19 or 38 cm (22.4 and 44.7 L, respectively). Vegetation height and distance
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between the collar ring and peat surface were measured for each sampling occasion to account for different chamber
volumes. Gas samples (20 mL) were extracted from chambers 5, 10, 15, 30, and 60 min after chamber closure and
were subsequently transferred into pre-evacuated 12 mL glass vials (Labco, Lampeter, Wales, United Kingdom).
Air temperature in the chambers was monitored during closure using outdoor thermometers with remote sensors
(Bios Thermor, Newmarket, ON). A total of 290 chamber flux measurements from peat surfaces were conducted.

GHG concentrations from aquatic surfaces were taken from opaque floating chambers (0.06 m2, 13.6 L). The
floating chambers were deployed in replicates of four along the edges of the ponds (~1 m from the edge, avoid-
ing the release of artificial bubbles from the sediment) and both chamber outlets were closed after pressure had
equilibrated. We concentrated the floating chambers on the shorelines where active thermokarst was visible for
the two thermokarst-affected ponds, L1 and W1. Gas sample collection from ponds followed the same protocols
as the soil chambers. The calculated pond GHG fluxes were considered to represent total emissions (i.e., the sum
of diffusive and ebullitive emissions). We collected a total of 86 chamber flux measurements from pond surfaces.

Gas samples from Smith Creek and Lutose (including pond gas samples) were analyzed at the University of
Alberta, Edmonton, for N,0, CH,, and CO, concentrations on a Varian Model 3800 gas chromatography with a
Combi-Pal autosampler (CTC Analytics AG, Zwingen, Switzerland) and an electron capture detector (Varian Inc.,
Walnut Creek, CA). The instruments' minimum gas concentration detection limits were 0.010 parts per million
(ppm) for N, O, 0.085 ppm for CH,, and 8.846 ppm for CO, (Roman-Perez et al., 2021). Calibration curves were
established using at least five standard gases, ranging from 0.25 to 9.77 ppm for N,O, from 0.83 to 7.99 ppm for
CH,, and from 282 to 10,099 ppm for CO, (Roman-Perez et al., 2021). The changes in gas concentrations over
time were used to calculate peatland stage and pond GHG fluxes. Each time-series of five gas concentrations
were inspected for outliers. For series with one or two outliers, these specific data points were removed prior to
calculating fluxes. Series with more than two outliers were removed completely (18 fluxes). Fluxes were calcu-
lated using the method suggested by Hiippi et al. (2018), implemented in the R computing environment (R Core
Team, 2020) package “gasfluxes” (Fuf3, 2017). Air pressure used in the calculations was retrieved from nearby
weather stations (Environment and Climate Change Canada, 2020).

We calculated the SGWP and SGCP of both N,O and CH, fluxes according to Neubauer and Megonigal (2019),
that is, we multiplied both CH, fluxes and N,O fluxes by their corresponding 100-year time span factors 45 and
270, respectively (both emission and uptake). In this way, we obtained comparable GHG fluxes expressed in
CO,-equivalents m2 d~.

2.3. Environmental and Soil Data

Frost table, water table, soil moisture, and soil temperature were measured at each collar at each sampling occa-
sion. Frost table position was measured with a 150 cm long probe inserted into the ground until it undoubtedly
hit the frozen ground. The water table position was measured in pre-installed 5 mm diameter stilling wells with
a blowing tube. Near-surface soil moisture (0—10 cm) was measured with a portable probe (Delta-T HH2, Delta,
Cambridge, United Kingdom), averaging five readings around each collar for each occasion. Soil temperature
was measured at 5, 10, 20, and 40 cm depths with handheld thermometers (Thermoworks, American Fork, UT).
In addition, we inserted soil temperature loggers (Pendant HoboProV2, Onset Corp., Bourne, MA) at 5, 20,
and 40 cm depths at one location in each stage. These temperature loggers were installed for a whole year and
collected hourly temperature data to describe the soil temperature regimes.

Peat bulk densities (BD) and carbon-to-nitrogen ratios were determined for near-surface (0—20 cm) peat at each stage.
We collected triplicate peat samples (est. volume of 200 cm? pieces taken at 0-5, 5-10, and 10-20 cm depth using
a bread knife to cut same-sized chunks) from each peatland stage. The peat samples were weighed both when wet
and dried (65°C for over 48 hr) to establish soil water content and BD. According to Carter and Gregorich (2008),
water-filled pore space (WFPS) was calculated from volumetric water content and BD, and C and N contents were
determined by dry combustion with an elemental analyzer (Thermo Finnigan Flash EA 1112 Series, San Jose, CA).

2.4. Porewater Chemistry

Porewater was collected from each peatland stage at Lutose and Smith Creek during the monthly occasions using
MacroRhizon samplers with a 0.15 pm pore size (Rhizosphere Research, Wageningen, The Netherlands). The
MacroRhizon samplers were inserted to yield porewater at 0—10 cm depth. Porewater samples were collected
into two 60 mL acid-washed amber bottles, where one sample was acidified in the field with 0.2 mL 2M HCL.
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The unacidified sample was analyzed for concentrations of NH,*, NO,~, and phosphate (PO,*") using a Thermo
Scientific Gallery Beermaster Plus Photometric Analyzer (Thermo Fisher Scientific, Waltham, MA), while the
acidified samples were analyzed for non-purgeable organic carbon (NPOC) and total dissolved nitrogen (TDN)
concentrations using a Shimadzu TOC-L CHP Analyzer (Shimadzu Corporation, Kyoto, Japan). Trace element
concentrations including, amongst others, iron (Fe) and copper (Cu) were determined by ICP-OES (iCAP6300
Duo, Thermo Fisher Scientific, Waltham, MA). Pond surface water samples were collected, filtered using a
0.7 pm pore size GF/F filter, and then handled and analyzed in the same way as the porewater samples. The elec-
trical conductivity (EC) and pH of porewater and pond water samples were measured on-site with calibrated PT1
and PT2 Ultrapens (Myron L Company, Carlsbad, CA).

Soil nutrient supply rates were estimated using Plant Root Simulator (PRS) probes (Western AG Innovations,
Saskatoon, SK) at Smith Creek and Lutose at each collar. The PRS probes hold ion exchange resins which
exchange ions at a rate that depends on the ion activity and diffusion in soils, thus integrating physical, chemical,
and biological factors to provide an in situ relative measure of nutrient supply (Sharifi et al., 2009; M. Wang
et al., 2018; Western Ag Innovations, 2000). Paired sets of PRS probes encompassing both cations and anions
were inserted at 5 cm depth into the peat adjacent to each flux collar. All PRS probe samplers were kept installed
over 40 days, starting mid-July 2019. After rinsing with distilled water, the PRS probes were shipped to and
analyzed by Western AG Innovations for supply rates of NH,*-N and NO,~-N, and PO,*~-P as well as other ions.

2.5. Soil Gas Concentration Profiles

Soil gas concentration profiles were measured once at all sites. We sampled near the end of the growing season, on
13 September 2018 at Scotty Creek, 19 August 2019 at Lutose, and 26 August 2019 at Smith Creek. We extracted
soil gases using vertical metal soil gas probes, with samples from 2, 5, 10, and 20 cm following Marushchak
et al. (2021). Each peatland stage had five replicates of depth profiles. In the moist, anoxic peatland stages with
the water table near the surface, there was often porewater instead of gas in the attached 35 mL syringe, which
was then shaken for one minute to equilibrate the gas concentration of 7 mL porewater with the remaining 28 mL
headspace gas. Distributed over the day and different peatland stages, we also took ambient air samples. All gas
samples were stored in 12 mL glass vials (Labco, Lampeter, Wales) and analyzed in the same way as the gas
samples from Scotty Creek, outlined in Supporting Information S1.

2.6. Statistical Analyses

All statistical analyses were done using the R computing environment (R Core Team, 2020). Linear regressions
were done to relate peatland fluxes of N,O, CH,, and CO, to soil temperature at 5 or 40 cm, and to growing season
averages of WFPS using “stat_cor” function in R. To assess for differences between sites and peatland stages, we
first averaged measurements of GHG fluxes for each collar over the growing season. Data from Scotty Creek was
not included in further analysis since we only had one sampling occasion in September 2018. We then checked
the data distribution of nutrient concentrations, supply rates, and fluxes of N,0, CH,, and CO, for normality with
the Shapiro-Wilk test using the “rstatix” package (Kassambara, 2021). Next, we ran a two-way ANOVA assessing
differences in nutrient concentrations, nutrient supply rates, and GHG fluxes among sites (Lutose and Smith Creek)
and among peatland stages (Peat Plateau, Plateau Edge, Young Bog, and Mature Bog), including their interactions.
The 2019 Burn and 2007 Burn data was not included in the two-way ANOVA since no burned site was present at the
Smith Creek site. In most cases there was no influence of site, and we therefor combined data from peatland stages
(Peat Plateau, Plateau Edge, Young Bog, Mature Bog) at Smith Creek and Lutose along with data from the 2019
Burn and 2007 Burn stages into a one-way ANOVA, using the “rstatix” package (Kassambara, 2021). Lastly, to test
for differences based on type of disturbance, we ran a one-way ANOVA to test for differences between the intact peat
plateau stages (Peat Plateau and Plateau Edge combined), the thermokarst bog stages (Mature Bog and Young Bog
combined) and the burned peat plateau stages (2019 Burn and 2007 Burn combined). Combining peatland stages was
justified by their similar soil environmental conditions and vegetation composition within the three combined groups.

3. Results
3.1. Environmental Conditions

There was a consistent order in BD across the three sites with the highest BDs in Peat Plateaus and the lowest in
Young Bogs (Table 1). Soil temperature, water table position, and WFPS also had consistent order across sites
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Table 1
Peatland Stage Properties and Growing Season Environmental Characteristics

. . Soil temperature® [°C]
Site and peatland Bulk density® WEFPS*

stage pH? [gem™) [%]

Water table  Active layer®
depth?® [cm] [cm] S5cm 20cm 40 cm

Lutose
2019 Burn
2007 Burn
Peat Plateau
Plateau Edge
Young Bog
Mature Bog

Scotty Creek
Peat Plateau
Plateau Edge
Young Bog
Mature Bog

Smith Creek
Peat Plateau
Plateau Edge
Young Bog
Mature Bog

4.10 + 0.30¢
4.75 £ 0.61
4.63 +0.91
3.95 + 0.06
4.85+0.34
491 +£1.25

4.39¢
NA
NA

4.79¢

5.46 + 1.92
4.79 + 0.30
4.34 + 0.62
4.49 + 0.80

0.07
NA
0.06
0.08
0.02
0.05

0.11f
0.11f
0.03f
0.05°

0.06
0.09
0.02
0.04

16 + 44
26 + 16
19+5
25+7
85+22
22+ 38

10¢
298
66¢
60¢

19+ 15
40 +29
100+ 0
79+ 15

29 + 19¢

51+13
>40
27 +10
7+6
24 +12

NA
NA
NA
NA

21 + 14
11+5
0+1
5+4

74
107
77
>150

47
66

12.24
10.6
10.3
10.4
11.8
10.7

NA
NA
NA
NA

8.2
8.0
10.1
12.8

5.64
5.3
4.3
5.5
10.0
6.9

NA
NA
NA
NA

2.2
3.6
7.4
9.6

2.54
4.0
1.9
6.0
9.9
7.4

NA
NA
NA
NA

0.0
1.5
52
8.2

Note. There is no active layer in both permafrost-free bog stages (= —). NA = No data available.

AGrowing season averages (mean + standard deviation) of pH, water-filled pore space (WFPS), water table depth, and soil
temperatures are based on measurements done during each sampling occasion. "Bulk densities are averaged for 0-10 cm
depth to allow comparison between different sites/approaches. “Active layer depth is the average of at least four frost
table measurements in September/October. ‘Monthly measurements at 2019 Burn only started in July 2019. *Thompson
et al. (2022). 'Pelletier et al. (2017). EMeasured only in September 2018.

over the growing season, with the warmest and wettest conditions in Young Bogs, followed by Mature Bogs,
Plateau Edges, and driest and coolest soils in Peat Plateaus. The 2019 Burn and 2007 Burn had warmer soils than
unburned Peat Plateaus (Figure S3 in Supporting Information S1). The more southern Lutose site generally had
warmers soils than the more northern Smith Creek site. The exception was the Mature Bog, which was wetter and
warmer at Smith Creek than at Lutose (Table 1). The three peatland complexes had acidic soils with pH between
3.95 and 5.46, with no consistent pattern along the thaw transects. The peatland ponds all had pH between 7.4
and 7.9, but concentrations of nutrients varied greatly among ponds (Table 1).

3.2. Porewater Nutrient Concentrations and Supply Rates

Concentrations of NO,~, NH,*, and PO,  in porewater were highly variable and had only a few consistent
trends among peatland sites or peatland stages (Figures 2a, 2c, 2e) (Complete ANOVA results in Tables S2
and S3 in Supporting Information S1). Concentrations of NO,~ were around two times higher at Lutose than at
Smith Creek (two-way ANOVA, F, ;; = 7.02; p < 0.05), but there were no differences between peatland stages
(F333 = 1.53; p = 0.23). Concentrations of NH,* did not vary among sites (F, 5, = 3.37; p = 0.08) or peatland
stages (Fy 5, = 0.43; p = 0.73). Concentrations of PO,*~ did not vary between sites (F, ,; = 2.01; p = 0.17), but
among peatland stages (F} 33 = 5.10; p < 0.01). A one-way ANOVA showed that burned stages had 12 to 25 times
higher PO,*~ than intact and thermokarst stages (F,47 = 10.62; p < 0.001, Tukey HSD p < 0.001).

Supply rates of NO,~, NH,*, and P did not differ between the Lutose and Smith Creek sites, and only differed
for a few peatland stages (Figures 2b, 2d, 2f) (Tables S2 and S3 in Supporting Information S1). Nutrient supply
rates of NO,~ varied between peatland stages (F,, = 4.48; p = 0.012) with lower rates for Young Bogs than
Mature Bogs and Plateau Edges. No differences among peatland stages were found for supply rates of NH,*
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Figure 2. Porewater concentrations and supply rates of (a, b) nitrate (NO, "), (¢, d) ammonium (NH,*), (e) phosphate (PO,>"), and (f) phosphorus (P) across all
peatland stages, that is, 2019 Burn (B19), 2007 Burn (B07), Peat Plateau (P), Plateau Edge (PE), Young Bog (YB), and Mature Bog (MB) at Lutose and Smith Creek.
Measurements were collected over the 2019 growing season. Note the logarithmic scale of all y-axes.

(F3 54 = 4.48; p = 0.012), but we note the high supply rates for the Young Bog at Lutose and the Mature Bog
at Smith Creek which both were fully saturated for much of the growing season. A one-way ANOVA showed
that burned stages had higher supply rates of P than either the intact permafrost stages and thermokarst stages
(F3 3 = 5.30; p = 0.009).

3.3. Soil Gas Concentrations

Concentrations of N,O below the water table were lower than ambient atmospheric N,O concentrations in all
Young Bog and Mature Bog profiles (Figure 3a). We observed a decreasing gradient in N,O concentrations with
depth below the water table, while the drier profiles had lesser and more gradual decreases. Out of 60 soil gas
concentration profiles, only two Peat Plateau profiles had N,O concentrations higher than ambient at 20 cm depth
(Figure 3a). In contrast to N,O, CH, concentrations in the Young Bog and Mature Bog increased with depth, espe-
cially below the water table, and ranged from ambient concentrations at 2 ppm to 30,000 ppm (Figure 3b). Under
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Figure 3. Soil gas concentrations of (a) nitrous oxide (N,0), (b) methane (CH,), and (c) carbon dioxide (CO,) for Peat Plateau, Plateau Edge, Young Bog, and Mature
Bog depth profiles from three peatland sites (Lutose, Scotty Creek, and Smith Creek). Measurements were done at the end of the growing season, in September 2018
at Scotty Creek and in August 2019 at Lutose and Smith Creek. Water table position is shown for every soil profile, indicated to be above or below the gas sampling
depths (2, 5, 10, and 20 cm). Note the logarithmic scale for the CH, and CO, soil gas concentrations.
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Figure 4. Fluxes and temperature dependency of (a, b) nitrous oxide (N,0), (c, d) methane (CH,), and (e, f) soil respiration (CO,) from peatland stages, that is, 2019
Burn (B19), 2007 Burn (B07), Peat Plateau (P), Plateau Edge (PE), Young Bog (YB), and Mature Bog (MB) at three sites (Lutose, Scotty Creek and Smith Creek).
Each symbol is an individual flux measurement, collected monthly throughout the growing season from April to October 2019 from Lutose (n = 7) and Smith Creek
(n = 6), but only once in September 2018 at Scotty Creek. Linear regressions use data from all three sites and show the relationship between soil temperature at 5 cm
and N,O and soil respiration, while the temperature at 40 cm is used for CH, fluxes.

oxic conditions in the peat plateaus, CH, concentrations declined with depth to a minimum of 1.5 ppm CH,. Only
a few Peat Plateau and Plateau Edge profiles had elevated CH, concentrations, associated with wetter locations.
The CO, concentrations had similar patterns as CH, concentrations in wet sites, with increasing concentrations
up to 180,000 ppm below the water table (Figure 3c). In contrast to CH,, CO, increased with depth also above the
water table, for example, in dry Peat Plateaus, and CO, concentrations were never below ambient.

3.4. Greenhouse Gas Fluxes

There were no differences in N,O, CH,, or CO, (soil respiration) fluxes between the Lutose and Smith Creek
sites when comparing peatland stages present at both sites; Peat Plateau, Plateau Edge, Young Bog, and Mature
Bog (Figure 4, two-way ANOVA results in Table S4 in Supporting Information S1). Average growing season
N,O uptake was greatest from the combined thermokarst bog stages (Mature Bog and Young Bog, —0.054 mg
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R? = 0.24 N,O m~2 d™!), followed by the peat plateau stages (Peat Plateau and Plateau
p< 0.001 Edge, —0.025 mg N,O m~2 d~!), and least for the burned peat plateau stages
(2019 Burn and 2007 Burn, —0.003 mg N,O m~2 d~!) (one-way ANOVA,

F, 4 = 15.1; p < 0.001, Table S5 in Supporting Information S1). Fluxes

-0.05

-0.10

Collar seasonal average N,O [mg N,O m™2d™]

from Scotty Creek were not included in statistical analysis since measure-
ments were only done once in September 2018, but we noted some distinct
patterns—including N,O emissions rather than N,O uptake from the Peat
Plateau and Plateau Edge (Figure 4a). Uptake of N,O increased signifi-
cantly with higher soil temperature at 5 cm depth in the Peat Plateau and
Plateau Edge (Figure 4b), leading to a seasonal trend of highest uptake in
July and August. The influence of soil temperature on N,O uptake was
. weaker for Mature Bog and Young Bog and absent at the 2019 Burn and

2007 Burn stages (Figure 4b). Seasonal average N,O uptake was greater from

10 20

Collar seasonal average WFPS [%]

i Gl collars with higher near-surface WFPS (Figure 5). This trend was present

but non-significant within each peatland stage, but significant (R?> = 0.24,

# 2019 Burn # Peat Plateau # Young Bog p <0.001) when assessed across all collars from all peatland stages.
2007 Burn # Plateau Edge #® Mature Bog

Emissions of CH, were highest from the thermokarst bog stages, where emis-

Figure 5. Relationship between nitrous oxide (N,0) fluxes and near-surface sions generally increased with higher soil temperatures at 40 cm (Figure 4d).

soil water-filled pore space (WFPS). Each symbol represents the growing
season average N,O flux and WFPS for individual collars located in different
peatland stages, including burned peat plateaus (2019 Burn, 2007 Burn)
along with Peat Plateau, Plateau Edge, Young Bog, and Mature Bog. Note the

Average growing season CH, emissions were greatest from the thermokarst
bog stages (Mature Bog and Young Bog, 34 and 31 mg CH, m~2 d~, respec-
tively), while there was no significant difference between the intact peat

logarithmic scale for the WFPS. Logarithmic regressions are shown for each plateau (Peat Plateau and Plateau Edge, —0.07 and 10.3 mg CH, m~2 d~},
of the six peatland stages (colored lines, p > 0.05), and for the combined data  respectively) and burned peat plateau stages (2019 Burn and 2007 Burn, 3.2

(black line, p < 0.001).

and —0.54 mg CH, m~2 d~', respectively) (one-way ANOVA, F, ,; = 15.1;
p < 0.001, Table S5 in Supporting Information S1). The ranking of average
CH, emissions among stages closely followed the average water table posi-
tion (Table 1). Emissions of CH, from Scotty Creek were not included in the
analysis but had a similar pattern.

Soil respiration (dark chamber CO, fluxes) had a strong seasonal trend linked to soil temperature at 5 cm at all
peatland stages, except at the 2019 Burn stage (Figure 4f). The 2019 Burn stage also had the lowest average
growing season soil respiration (1,200 mg CO, m~2 d=!), while the 2007 Burn (3,400 mg CO, m~2 d~!) was not
different from either the peat plateau stages (Peat Plateau and Plateau Edge, 3,900 and 4,100 mg CO, m~2 d~},
respectively) or the thermokarst bog stages (Mature Bog and Young Bog, 5,200 and 3,300 mg CO, m~2 d~!,
respectively) (one-way ANOVA, F ., = 3.79; p = 0.006, Table S5 in Supporting Information S1).

3.5. N,O Fluxes From Peatlands Ponds

Four out of five ponds had N,O uptake, with average rates similar to the peatland stages (—0.018 mg N,O
m~2 d~'), and no difference between ponds with stable edges and active thermokarst expansion (Figure 6). Pond
L2 had high average N,O emissions (0.30 mg N,O m~2 d-!), and emissions could reach up to 1.00 mg N,O
m~2 d~!. Ponds near Lutose generally had higher EC, NPOC, TDN, and inorganic nutrients compared to ponds
near Smith Creek (Table 2). Whether ponds had stable edges or actively thermokarst expansion did not have
consistent influences on water chemistry. The L2 pond near Lutose, affected by beaver activity and within a 2007
wildfire, had the highest PO,*~ and the highest ratio between NO,~ and NH,* (Table 2).

3.6. Impact of Wildfire and Permafrost Thaw on the Net Radiative Balance

We used SGCP and SGWP to assess impacts on the net radiative balance from shifts in CO,, CH,, and N,O fluxes
due to wildfire and permafrost thaw (Figure 7). The CO, fluxes we report only represent soil respiration, and
not the full net ecosystem exchange, and can thus not be directly compared to the shifts in CH, and N,O fluxes.
Comparing the burned peat plateau stages (2019 Burn and 2007 Burn) with Peat Plateau and Plateau Edge, we
found that wildfire led to reduced uptake of N,O representing +5.9 mg CO,-eq. m~2 d~! (emissions). The reduc-
tion of soil respiration between the 2019 Burn and the intact counterpart was —2,700 mg CO, m~2 d~! but does
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Figure 6. Nitrous oxide (N,O) fluxes from five peatland ponds with different forms of disturbance (Intact = L4, W2,
Beaver/2007 Burn = L2, Thermokarst = L1, W1). Flux measurements were done on six occasions between May and October
2019 for all sites except pond L2 which was visited three times between July and October 2019.

not represent the full CO, balance. Comparing the thermokarst bog stages (Mature Bog and Young Bog) with
Peat Plateaus and Plateau Edges, we found that thermokarst led to increased N,O uptake representing —7.8 mg
CO,-eq. m~2 d~! (uptake), while a shift from minor to large CH, emissions represented +1,200 mg CO,-eq.
m~2 d~! (emissions). Hence, the influence of greater N,O uptake offset less than 1% of the increased CH, emis-
sions following thermokarst bog development, when estimated as CO,-eq.

4. Discussion

Here, we explored the impacts of permafrost thaw and wildfire on N,O, CH,, and CO, fluxes from boreal peat-
lands in western Canada, with a focus on controls on N,O fluxes and their contribution to the overall GHG
balance. Generally, we observed N,O uptake rather than emissions from different peatland stages and peatland
ponds, and that the rate of N,O uptake in the studied nutrient-poor peatlands increased with higher soil tempera-
tures and higher soil moisture. As a result, permafrost thaw and development of thermokarst bogs led to increased
N,O uptake, although accompanying increases of CH, emissions had a much greater influence on the net radi-
ative balance. In contrast, we found that wildfire led to reduced N,O uptake, minor changes to CH, fluxes, and
reduced soil respiration in the first year after fire. We found N,O uptake from most of the studied peatland ponds,
with no clear influence of thermokarst pond expansion, but also that one pond acted as a N,O emission hot spot.

Table 2
Peatland Pond Characteristics

Site and Nutrient concentrations [pg L=']
peatland EC Fe* NPOC TDN
pond pH [uScm~!'] [mgL-'] [mgL™] [mg L-'] NO,- NH,* PO~

Lutose
L1° 7.89 +0.97 366 + 93 0.1 483 +155 3.04+139 25+36 984 + 1,239 126 + 163
L2¢ 7.54 £0.06¢ 144 + 59 139 442+ 14% 141+027% 129 +139¢ 97.7 +29.7¢ 195 + 109¢
L4 743 +0.94 660 + 87 0.1 413+9.0 206+056 32+24 226 + 323 8.5+7.1
Smith Creek
w1t 727+0.89 111+17 <0.001 188+17 083+0.14 63+94 50.7+37.7 53+19
w2 720+£050 90+22 0.1 186+15 088+0.19 7.0+7.7 782+857 45+08

Note. Growing season averages (mean + standard deviation) of pH, electrical conductivity (EC), Total dissolved nitrogen
(TDN), non-purgeable organic carbon (NPOC), nitrate (NO,~), ammonium (NH,*), and phosphate (PO,*") are based on
monthly measurements between May and September/October 2019.

2Concentrations of iron (Fe) were only measured once in 2019. "Floating chambers placed at actively expanding thermokarst
edges. °Situated in 2007 Burn fire scar and beaver activity. ‘Monthly measurements at L2 only started in July 2019.
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Figure 7. Greenhouse gas balances in CO,-equivalents among peatland stages (in the order from left to right: 2019 Burn,
2007 Burn, Peat Plateau, Plateau Edge, Young Bog, and Mature Bog), comparing (a) soil respiration, (b) CH, fluxes, and

(c) N,O fluxes. Boxplots use all flux data measured throughout the 2019 growing season, with black crosses indicating the
averages. Conversion to CO,-equivalents use sustained global warming and cooling potentials (SGWP, SGCP) based on a
100-year time span for CH, (45) and N,O (270) (Neubauer & Megonigal, 2019). Note the difference in the scale of the y-axes.
Outliers are not shown.

Below we discuss the controls on the GHG balance of each of the studied peatland stages, and the implications
of thermokarst and wildfire for the future net radiative balance.

4.1. Greenhouse Gas Balance of Peat Plateaus

In the intact Peat Plateaus, the presence of permafrost leads to dry, low nutrient conditions, as displayed by the
lowest soil moisture content and soil temperatures in connection with the shallowest active layer when compared
to the burned counterparts. The Plateau Edges as the transition zone to the thermokarst bogs had similar vegeta-
tion than the plateaus but displayed a deepened active layer and a water table closer to the surface due to ground
subsidence. Thus, Peat Plateaus and their Plateau Edges had mostly oxic conditions at shallow depths that facili-
tate aerobic processes and exhibited near zero N,O fluxes or small N,O uptake.

N,O uptake increased significantly with higher soil temperatures in both, peat plateaus and plateau edges. Soil
temperature has been identified as a key control of N,O fluxes previously (Butterbach-Bahl et al., 2013; Voigt,
Lamprecht, et al., 2017). As such, Siljanen et al. (2020) concluded that N,O production processes in boreal forests
are more temperature-sensitive than N,O consumption processes, as they found N,O emissions during the warm,
dry summer months and N,O uptake during the wetter, colder shoulder season. However, our results showed
the opposite as overall N,O uptake, and thus N,O consumption increased with surface soil temperatures during
the peak growing season. Emissions of N,O are subject to high temporal (hot moments) and spatial (hot spots)
variability (Fiencke et al., 2022; Marushchak et al., 2011; McClain et al., 2003). Although we did not observe
high N,O emissions at the soil surface of our study sites, we measured increased N,O soil gas concentrations
at depth in two out of 15 Peat Plateau plots, indicating active N,O production. In fact, N,O produced at depth
may not necessarily reach the soil surface (Arah et al., 1991). Siljanen et al. (2020) suggested that acid-tolerant
denitrifiers, as identified in arctic wetlands (Palmer et al., 2012), consume N,O via reductase and thus exceed
N,O production.

Besides soil temperatures, porewater nutrient concentrations and soil moisture content usually control the N,O
balance. The effect of active layer deepening caused increased nutrient supply of NO,~ and NH,* in the Plateau
Edges but did not lead to N,O emissions. In contrast, the Plateau Edges showed slightly increased, non-significant
uptake of N,O consistent over all three sites as the Plateau Edges are slightly wetter than the Peat Plateaus. Thus,
we conclude that the effect of soil moisture exceeded the effect of nutrient supply rates under generally low
availability of NO,~ and NH,*. The Peat Plateaus in this study had the lowest P supply and PO,*~ porewater
concentrations compared to the other stages, which could have limited N,O emissions (Liimatainen et al., 2018).
Besides N,O uptake, we also observed CH, uptake by the peat plateaus due to the oxic soil conditions, similar to
other studies on boreal forests (Siljanen et al., 2020) and tundra peat plateaus (Voigt, Lamprecht, et al., 2017). As
in Gibson et al. (2019) and Estop-Aragonés et al. (2018), soil respiration was higher in the Peat Plateaus than in
burned stages but was lower than in the thermokarst stages.
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4.2. Greenhouse Gas Balance of Burned Peat Plateaus

We expected wildfire disturbance to lead to increased N,O emissions linked to enhanced availability of NH,* and
NO,~, possibly caused by (a) reduced plant demand due to a lack of vegetation as observed from bare peat surfaces
on palsa and peat plateau surfaces in Eurasia (Fiencke et al., 2022; Marushchak et al., 2011; Repo et al., 2009;
Voigt et al., 2017), (b) mineralization of organic matter during combustion (Walker et al., 2019, 2020), and (c)
increased soil mineralization in the years after wildfire due to warmer soils and a deeper active layer (Gibson
et al., 2018), potentially resulting in a flush of higher nutrient supply, specifically inorganic N, from recently
thawed, deeper soil layers (Ackley et al., 2021; Keuper et al., 2012; Ramm et al., 2022; Salmon et al., 2018).
In addition to inorganic N, the availability of PO,>~ supply can fuel nitrification and enhance N,O production
(Liimatainen et al., 2018) by stimulating microbial activity (F. Wang et al., 2014). Although our results confirmed
an increased supply of phosphorus post-fire, we did not observe N,O emissions, but observed near zero N,O
fluxes from burned peat plateaus.

Three reasons could contribute to the lack of N,O emissions from the burned peat plateaus. First, although
soil respiration almost reached pre-burn rates 12 years after wildfire and increased with soil temperature,
N,O uptake by the wildfire-affected plateaus was not correlated with soil temperature, unlike the intact Peat
Plateaus and Plateau Edges. We attribute the absence of temperature sensitivity of N,O uptake to the fact
that microbial communities might have been affected by the fire and require extended time to re-establish.
Similarly, high N,O emissions from thawing yedoma permafrost only occurred in revegetated soils several
years after thaw, with re-establishment of the soil microbial communities involved in N-cycling (Marushchak
et al., 2021). Koster et al. (2017) found that N,O emissions only reached pre-fire rates in boreal mineral soils
40 years after fire.

Second, burned wood ash can inhibit N,O production during nitrification and denitrification in acidic boreal peat
soils (Liimatainen et al., 2014). In addition, the loss of labile soil C from combustion could also influence micro-
bial communities to reduce their ability for CH, and N,O uptake, limiting denitrification as well as nitrification
and CH,, oxidation (Gibson et al., 2019; Koster et al., 2017). The lack of labile soil Ca has been attributed to lower
soil respiration following wildfire than unburned surfaces (Gibson et al., 2019).

Lastly, the burned peat plateau stages had the deepest water table and driest conditions (WFPS <30%) in the
soil profile. Soil moisture has been identified as an important regulator of N,O fluxes in permafrost-affected
soils (optimum WFPS for N,O emissions: 40%—60%), frequently overruling the effect of temperature (Voigt
et al., 2020). Like recent post-wildfire studies on arctic mineral soils in Greenland (Hermesdorf et al., 2022) and
subarctic upland forest soils in Northern Canada (Kdoster et al., 2017), we conclude here that soil moisture also
controlled N,O fluxes in wildfire-affected peatlands in the western Canadian boreal zone, possibly limiting both,
emissions and uptake of N,O.

4.3. Greenhouse Gas Balance of Thermokarst Bogs

The development of thermokarst bogs leads to saturated conditions of the peat profile, particularly during the
first few decades. We found that thermokarst formation and subsequent wet conditions promote N,O uptake in
peatlands in the Taiga Plains, which were up to three times greater than uptake from the Peat Plateau and Plateau
Edge. Despite the relative differences in soil moisture regimes across the sites, the observed trends of increased
N,O uptake and below ambient N,O porewater concentrations under anoxic conditions were consistent for all
three sites.

Although N,O uptake can also occur under oxic conditions, observed in polar desert soils (Brummell et al., 2014),
the anoxic conditions suggest the prevalence of denitrification, particularly in the mostly anoxic Young Bog
stage. Nitrification only produced limited NO,~ and N,O under wet conditions, so that concentrations and supply
rates of NO,~ were low. The small amounts of available NO,~ and N,O were reduced to N, in the denitrification
process under the anoxic conditions, which is a typical wetland process also found in thawing yedoma perma-
frost (Marushchak et al., 2021). In conclusion, the limitations of both NO,~ and oxygen promote the favorability
of N,O as a terminal electron acceptor, which is eventually reduced to N, (Butterbach-Bahl et al., 2013; Voigt
et al., 2020). Besides low NO,~, the anoxic conditions also lead to high NH,*, aligning with results from an incu-
bation study with peat samples from a collapse-scar bog (Morison et al., 2018) and suggesting well-established
and effective denitrification and/or inhibited nitrification under anoxic conditions. Both thermokarst stages had
a higher phosphorus supply than the Peat Plateaus, associated with increased productivity driven by higher soil
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temperatures (Figure 4f and Figure S3 in Supporting Information S1); except for the Young Bog at Smith Creek,
where inundation cut off respiration (Figure 4e).

Besides WFPS and its effects on redox conditions and nutrient supply, we consider the elevated soil temperatures
in the thermokarst bogs as a secondary driver of the increased N,O uptake, despite non-significant correlations.
Although well-established in literature (e.g., Jones et al., 2017), CH, emissions also correlated weakly with soil
temperatures at 40 cm depth. Therefore, as expected with climate change, longer, wetter, and warmer summers
could further amplify the thermokarst areas' N,O uptake and CH, emissions, respectively.

4.4. Greenhouse Gas Balance of Peatland Ponds

Boreal peatland ponds have been identified as potential hot spots for N,O, CH,, and CO, emissions (Huttunen
et al., 2002; Kortelainen et al., 2020; Kuhn et al., 2021) with thermokarst activity enhancing CH, and CO, emis-
sions (Kuhn et al., 2022). In our study, four of five ponds had minor N,O uptake similar to the peatland stages.
We also found no differences in N,O exchange between thermokarst and stable edges, despite previous studies
on these ponds found higher CH, emissions from thermokarst edges (Kuhn et al., 2022), suggesting different
controls on CH, and N,O emissions in boreal ponds.

One pond, L2, had N,O emissions (~0.30 mg N,0 m~2 d~!) similar to those reported for agricultural wetlands
(0.27 mg N,0-N m~2d~!; Pennock et al., 2010) and was within the global range reported for ponds (0.12-0.56 mg
N,O-N m~2 d~!; DelSontro et al., 2018). L2 had distinct water chemistry compared to both the four other ponds
in this study and to 20 other ponds in the study region (Kuhn et al., 2021), as L2 had five to fifty times higher
dissolved NO,~ and iron concentrations. Differences in NO,~ concentrations and net emission of N,O were
possibly driven by the pond's proximity to a twelve-year-old fire scar or linked to beaver activity. The potential
liberation of inorganic N through wildfire has been shown to enhance downstream N,O emissions from water
bodies (Soued et al., 2016). However, this study did not find higher inorganic N concentrations in recently burned
peat plateaus for downstream transport into ponds. Further, L2 was the only pond with known beaver activity.
The presence of beavers has been shown to alter the biogeochemistry of ecosystems, enhancing N inputs in ponds
(Naiman & Melillo, 1984), and potentially driving the observed high N,O emissions.

Notably, the high magnitude of N,O released from ponds like L2 can potentially offset all N,O uptake from
thermokarst bog expansion, as L2's relative N,O-related net radiative balance (not shown) is five to 15 times
larger than any other measured net radiative balance in this study (Figure 7). However, since we only found N,O
emissions from one out of five ponds, further work is required to identify N,O hot spots amongst the peatland
ponds, which constitute less than 1% of the area in peatland complexes (Olefeldt et al., 2021). In comparison,
5.3% of the unburned area and 8.3% of the burned areas transitioned into young bogs within the Taiga Plains over
30 years (Gibson et al., 2018).

4.5. Implications of Climate Change on the Net Radiative Balance

Although we did not determine the net ecosystem CO, exchange of the peat surfaces, it is likely that CO, rather
than CH, dominates shifts in the net radiative balance for wildfire-affected areas, as differences in CH, fluxes
from the burned plateau and the Peat Plateau were minor. As gross primary production is reduced due to the
lack of vegetation, soil respiration will drive net ecosystem exchange post-wildfire disturbance. Previous work
showed soil respiration from burned peat plateaus to be lower than the intact Peat Plateau in Lutose (Gibson
et al., 2019). Effects of thermokarst bog expansion have shown CH, to dominate net radiative forcing rather than
CO, in the first few decades after permafrost thaw (Helbig, Chasmer, Desai, et al., 2017; Helbig, Chasmer, Kljun,
et al., 2017), both governed by the water table position in the peat landscape. The growing season of 2019 was
relatively dry, with low water tables compared to site observations at Lutose since 2015 (Heffernan et al., 2021).
There, soil respiration signaled high productivity in the thermokarst bog stages (Estop-Aragonés et al., 2018),
aligning with the observed N,O uptake observed in our study. The shallow water table at Smith Creek inhibited
soil respiration and moss photosynthesis in the Young Bog (Kou et al., 2022). Except for the inundated Young
Bog at Smith Creek, soil respiration in this study showed an inverse correlation to N,O uptake.

We also found an inverse relationship between N,O and CH, for the peatland stages, in both soil gas concentrations
and fluxes. Fundamental biogeochemical redox processes are governed by water table depth and soil moisture
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contents, controlling the typically inverse CH, and N,O production (Frolking et al., 2011; Maljanen et al., 2010).
Completely anoxic conditions in fully saturated soils are conducive to CH, production and, in turn, low CH,
oxidation (Frolking et al., 2011; Maljanen et al., 2010), while the anoxic conditions would also be expected to
lead to complete denitrification, producing N, rather than N,O as gaseous end-product. While we found a similar
range to a comparable study (Siljanen et al., 2020), N,O uptake of the peat plateau was only around half of the
CH, uptake from this yet intact peatland stage when expressed in CO,-eq. Regarding the thermokarst bogs, the
increased N,O uptake offset less than 1% of their CH, emissions. However, the measured N,O uptake from all
peat surfaces of the Taiga Plains (overall average: —0.03 mg N,O m~2 d~!) was large compared to previous studies
from across the circumpolar region (lower quartile: —0.01 mg N,O m~2 d~!; Voigt et al., 2020).

Thus, we conclude that wildfire and thermokarst can shift CO,, CH,, and N,O fluxes, dominated by enhanced
CH, emissions following thermokarst compared to intact Peat Plateaus displaying uptake of both, N,0 and CH,.
CO, fluxes are rather impacted by wildfire, based on our findings and previous studies. Ongoing permafrost
thaw is highly likely for at least 6% of the overall study area, that is, more than 22,000 km? (Gibson et al., 2021).
Considering the vast areal extension of peatland thermokarst in the Taiga Plains (Helbig et al., 2016), our find-
ings thus suggest a small counter acting N,O feedback to the impacts of increasing CH, emissions, which has
previously been unaccounted for.

5. Conclusion

We found a negative feedback from increased N,O uptake upon thermokarst disturbance and a positive feedback
from reduced N,O uptake following wildfire in the Taiga Plains. Unlike previous studies on permafrost peatlands
in northern Eurasia, where abundant hot spots of N,O emissions have been found, we did not find any such
evidence in western Canada. For thermokarst bogs, our results suggest WFPS and soil temperature as major driv-
ers of altered N,O fluxes in these nutrient-limited environments. Peatland ponds were generally neutral or sinks
of N,0, albeit with a wide range of fluxes and one N,O hot spot driven by elevated NO,~ supply. From a SGCP/
SGWP perspective, the effects of wildfire and permafrost thaw on GHG emissions from boreal peatlands in our
study region are likely to be dominated by the responses of CH, and CO,, while N,O uptake constituted less than
1% of CH, emissions from peatland thermokarst.
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