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Abstract

Wildfire and permafrost thaw have been common disturbances in the boreal zone for millennia
and are now intensified by warming due to human-made climate change. The Taiga Plains
ecozone in northwestern Canada is warming at a faster rate than other regions. In this ecozone,
permafrost is found at relatively low latitudes due to the vast abundance of peatlands, whose
large, frozen carbon (C) and nitrogen (N) stocks are vulnerable to warming. Ecosystems and
atmosphere exchange C and N as greenhouse gas (GHG) fluxes such as carbon dioxide (CO»),
methane (CH4), and nitrous oxide (N20), which are altered, directly by warming and indirectly
by wildfire and permafrost thaw. This may lead to further warming by an increase in net

radiative GHG forcing, resulting in positive climate feedback.

I examined the effects of wildfire and permafrost thaw on the GHG balance in three field studies
covering three peatland complexes at the southern limit of permafrost across the Taiga Plains at
two spatial and temporal scales: a) by monthly static chamber flux measurements from plots
affected by wildfire or permafrost thaw (chapter 2), b) by continuous eddy covariance
measurements at the landscape scale including different permafrost extents (chapter 3) and

different years of wildfire (chapter 4).

Previously often neglected, the GHG N2O was the focus of chapter 2, where I compared the
GHG exchange from soil plots affected by different stages of thermokarst (=permafrost thaw)
and wildfire disturbance to the ones of intact permafrost plateaus. I found uptake of N,O by peat
plateaus which decreases post-fire but increased post-thaw, the latter driven by N>O soil gas
concentrations below-ambient, warmer soil temperatures and higher soil moisture contents. From

a net radiative GHG forcing point of view, changes in N>O were minor compared to alterations
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in soil respiration and CH4, determined by the monthly chamber-based flux measurements over
one growing season. To quantify differences in CO> and CH4 with a higher temporal resolution, I

then investigated multi-year and high-frequency eddy covariance datasets.

In chapter 3, I contrasted two peatland complexes with different extents of permafrost, sporadic
(<50% permafrost) and discontinuous (>50% permafrost), and their fluxes of CO, and CH4 as
well as resulting balances of C and net radiative GHG forcing. The net uptake of CO> and the
release of CH4 was higher at the sporadic permafrost site due to the higher abundance of
permafrost-free wetlands in the landscape. Consequently, thaw-induced shrinking of permafrost
extent will thus lead to increases in peatland C uptake driven by CO- along with increases in net

radiative GHG forcing driven by CHa.

In chapter 4, I investigated the effects of wildfire on the CO2 exchange post-fire. CO; release was
large from a recently burned permafrost peatland, accumulating up to half of the C combustion
losses. However, the massive CO> losses were not sustained into the decade after the wildfire
due to the recovery of the peatland vegetation. However, old C may be reintroduced to the
atmosphere, as the active layer rapidly deepens towards the end of the growing season in the

years after fire compared to unburned sites.

My doctoral research adds knowledge to our limited understanding of the magnitude and
direction of change of GHG fluxes of permafrost peatlands in a warmer world. Here, I quantify
future climate feedback resulting from thawing permafrost and wildfires increasing in severity
and frequency. My findings suggest that the two disturbances are not only similar in their aerial

extent across the Taiga Plains, but also in their effects on increased net radiative GHG forcing,
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leading to further warming by both, CO, release following wildfire and CHs following

permafrost thaw.
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1. Introduction

1.1 Carbon and Nitrogen Cycling in Northern Peatlands under a warming Climate

Humans drive climate change by intensifying the global cycles of two key elements, carbon (C)
and nitrogen (N) (Gruber & Galloway, 2008). Since the industrialization, C- and N-based
radiatively active trace gases, commonly referred to as greenhouse gases (GHG), such as carbon
dioxide (CO2), methane (CH4), and nitrous oxide (N2O) have significantly increased in the
atmosphere which results in globally observed air temperature increases (IPCC, 2013).
Compared to global averages, warming is advancing with a rate about twice as high in the
circumpolar region with consequences for the entire biosphere of the tundra and boreal biomes
therein situated (Foster et al., 2022; Smith et al., 2019). In northwestern boreal Canada, the study
region of my doctoral thesis, warming is advancing even up to four times faster compared to the
global average (Price et al., 2013; Rantanen et al., 2022). This warming enhances wildfires and
permafrost thaw, resulting in landscape-scale transformation processes with potential further

feedback to the global climate as well as C and N cycles.

Amongst northern ecosystems in the boreal and tundra biome, peatlands have the highest C and
N stocks (415 £ 150 Pg C and 10 + 7 Pg N; Hugelius et al., 2020). These stocks accumulated due
to limited decomposition rates under wet and cold conditions since the last glaciation (Gorham,
1991). Northern peatlands store C and N mostly belowground and thus differ from other
ecosystems, where the majority of C and N is stored and lost aboveground, often by human-
made land use changes (Goldstein et al., 2020). Although human land use includes belowground
drainage and exploitation of peatlands along with large amounts of GHG release (Dommain et
al., 2018; Goldstein et al., 2020; Giinther et al., 2020; Ribeiro et al., 2021), peatland exploitation
has so far focused on economically feasible areas closer to dense human population and thus
only played a minor role in northern peatlands, particular in North America (United Nations
Environment Programme, 2022). Belowground storage of C and N in pristine northern peatlands
is rather threatened by human-made climate change via both direct and indirect effects of
warming. Warmer climate results in warmer air and ground temperatures and longer growing
seasons which affect peatland C storage directly by enhanced soil respiration (Wilson et al.,

2016). Indirect effects driven by natural disturbances, such as accelerating wildfire regimes

1



(Wilkinson et al., 2023), result in both drastic biogeochemical and biophysical changes of
northern peatland ecosystems, which also impacts C and N cycling (Abbott et al., 2016; Turetsky
et al., 2015).

Storage of C and N in northern peatlands is particularly prone to warmer soil temperatures and
increasing wildfires when the ground is permafrost-affected (Natali et al., 2022; Voigt et al.,
2020). Permafrost is ground that remains frozen for at least two successive years (S. Harris et al.,
1988), and almost half of the northern peatland area is currently affected by permafrost
(Hugelius et al., 2020). However, permafrost is warming (Biskaborn et al., 2019) and thus
shrinking in its global (Grosse et al., 2016) and circumpolar extent (Olefeldt et al., 2016).
Overall, one fifth of the circumpolar region is affected by thermokarst (Olefeldt et al., 2016), i.e.
ground surface subsidence caused by thawing permafrost (Osterkamp et al., 2009). However, the
outcome of thermokarst formation depends on several factors such as topography, ground ice
content, and terrestrial zone and is highly variable across the circumpolar region, appearing as
wetland, lake, and hillslope thermokarst (Olefeldt et al., 2016). The consequences of ongoing
loss of permafrost by thaw is unclear as studies have suggested both losses and accumulation of
C after thaw (Hugelius et al., 2020; Schuur et al., 2022). This is why more research is needed to
understand the potential release of CO: and CHs following permafrost thaw with global
implications for the Earth’s climate (Lenton et al., 2008). The fate, direction and magnitude of
previously frozen C and N has remained unclear for remote and understudied northern peatlands

threatened by warming directly and by both permafrost thaw and wildfires indirectly.

In a future warmer climate, degradation of permafrost could release C and N via aerobic or
anaerobic decomposition, possibly exceeding predicted increases in C uptake across the boreal
biome (Koven et al., 2015; O’Donnell et al., 2012; Voigt et al., 2019). With increasing air and
soil temperatures, the seasonally thawed active layer (i.e., the upper part of the ground profile
above the permafrost ground ice that thaws and refreezes each year) deepens over time, exposing
more and more C and N to microbial activity (Keuper et al., 2012). Once unfrozen, C and N can
be 1) mobilized for lateral export as dissolved organic carbon (DOC) and dissolved organic
nitrogen (DON) downstream to larger hydrological systems (Frey & Smith, 2005; Olefeldt et al.,
2013; Wickland et al., 2018) or 2) released as GHGs to the atmosphere via decomposition and
other microbial pathways (Hodgkins et al., 2014). The focus of this doctoral thesis is on the latter



one, as the enhanced GHG release from thawing permafrost and boreal wildfires is of global
significance but requires more precise regional estimates for future upscaling efforts (Schidel et

al., 2024; Schuur et al., 2022; Wilkinson et al., 2023).

The net ecosystem C balance (NECB) determines whether an ecosystem is a contemporary
source or sink of C considering both lateral export as DOC and gaseous release or uptake of the
GHGs CO» and CH4 (Arias-Ortiz et al., 2021; Olefeldt et al., 2012). Both lateral export and input
of DOC via rain and snow are the water-borne part of the NECB. Other components of C fluxes
are atmospheric and include the gaseous net exchange of CO> and CH4 as well as other non-
methane volatile organic components (Olefeldt et al., 2012). Previous studies on a permafrost
peatland in Sweden have found that the annual NECB is dominated by CO; (Holmes et al., 2022;
Olefeldt et al., 2012). DOC export was smaller and similar in magnitude as total hydrocarbon, of
which 75% was CH4. CH4 only offset the CO. uptake in small quantities and varied for
landforms with permafrost (2% for palsas) and without permafrost (17% for fens) (Holmes et al.,
2022). However, warming is projected to increase the CH4 emissions from thawing permafrost
peatlands long-term (Helbig, Quinton, et al., 2017) so that studying the effects of decreasing

extents of permafrost on the NECB is a crucial research need.

The overall GHG balance of permafrost peatlands mainly depends on the release and uptake of
three GHGs, CO2, CHs, and N>O, which all contribute to the net radiative GHG forcing of
ecosystems (Frolking et al., 2011). All three GHGs differ in both their residence times in the
atmosphere (<37 years for >50% of the CO», 12.4 years for CHs4, and 121 years for N>O; IPCC,
2014; Neubauer & Megonigal, 2015) and their radiative efficiencies (1.75 x 10 W m? (kg
CO2)!, 1.28 x 107* W m (kg CH4)!, 3.83 x 107 W m (kg N,O)!; IPCC, 2014; Neubauer &
Megonigal, 2015). Assuming a single-pulse emission, the global warming potential approach
expresses the cumulative radiative forcing over different time horizons (most commonly 100
years) to compare the effects of different GHGs with each other. Undisturbed peatlands were
previously reported as sinks of CO; and N>O (negative effect on net radiative forcing) and
sustained sources of CH4 (positive effect on radiative forcing) (Frolking et al., 2011; Neubauer &
Megonigal, 2015). For sustained long-term emissions from ecosystems, the GWP metric is
unsuitable as it only considers one-time pulse emissions of a GHG (Neubauer & Megonigal,

2015).



Moving away from the single-pulse assumption, Neubauer & Megonigal (2015, 2019)
reintroduced the Sustained Global Warming/Cooling Potential (SGWP/SGCP) which considers
the sustained long-term GHG emissions (positive = net warming) or uptake (negative = net
cooling) of ecosystems. Opposing trends of different GHGs lead to overall minor differences of
net radiative GHG forcing of peatlands (Baird et al., 2019; Giinther et al., 2020; Helbig,
Chasmer, Kljun, et al., 2017; Johansson et al., 2006; Nugent et al., 2019). Generally, the SGWP
is larger than the GWP, except for when N>O is considered at time scales smaller than 70 years
(Neubauer & Megonigal, 2015). Thus, it can depend on whether the GWP or the SCWP is used
for CH4 emissions to conclude whether the overall net radiative GHG forcing of a peatland is
negative (cooling) or positive (warming). An ecosystem consistently sequestering 263 kg of CO»
while emitting 1 kg of N2O would be considered GHG neutral using the 100-year GWP while the
SGWP suggests a net warming effect for the same timescale (compare Neubauer & Megonigal,

2015). As a consequence, the ecosystem’s role as GHG source would be underestimated.

Gaseous releases of C and N as GHGs from unmanaged northern peatlands with or without
permafrost have not been accounted for in past GHG accounting reports, be it on a global scale
(United Nations Environment Programme, 2022) or a Canada-wide scale (Kurz et al., 2013). The
extent of warming controls the resulting acceleration of both wildfire cycles and permafrost
thaw. Previous studies estimated that northern peatland GHG emissions could potentially amount
to 1% of GHG radiative forcing from anthropogenic sources, while emphasizing the high degree
of uncertainty (Hugelius et al., 2020). Thus, more research is needed on how warming and
associated disturbances, namely wildfire and permafrost thaw, affect the C and N sink and
storage function of the entire circumpolar region (Goldstein et al., 2020; Hugelius et al., 2020;
Schuur et al., 2015), including the Taiga Plains ecozone in northwestern Canada (Helbig, Pappas,

etal., 2016).

1.2 Boreal Peatlands underlain by Permafrost in the Taiga Plains

Northwestern Canada has widespread boreal peatlands (Loisel et al., 2014; Wright et al., 2022),
covering about 40% of the area of the Taiga Plains ecozone (Gibson et al., 2018). Boreal
peatlands in the Taiga Plains comprise of plateau-wetland complexes with permafrost only found

in peat plateaus elevated above the wetter, surrounding wetlands, mostly without trees (Quinton



et al., 2019). Thus, the peatland areas are distinguished by the presence or absence of permafrost
(cf. Figure 1.1, histels and histosols in Hugelius et al., 2013). Permafrost area coverage is used to
differentiate between four permafrost zones: continuous (90-100%), discontinuous (50-90%),
sporadic (10-50%), and isolated (0-10%) (cf. Figure 1.1) (Brown et al., 2002; Gruber, 2012; Obu
et al., 2019). In the discontinuous and sporadic permafrost zones, boreal peatlands are often the
only ecosystems with permafrost, as the peat acts as insulating material (Camill, 1999) and the
shading tree cover keep the deeper ground temperatures below 0°C throughout an entire year. As
a consequence, the high area coverage of peatlands in the boreal landscape allows permafrost to

a higher extent in lower latitudes in the Taiga Plains than elsewhere.

In the peatlands of the Taiga Plains, permafrost aggregation and degradation historically
occurred in long-term cycles corresponding to global climate and air temperatures (Treat &
Jones, 2018). The region’s current climate is continental, with low precipitation 200 — 600 mm
(Ecosystem Classification Group, 2007, Figure 4) and mean annual air temperatures between -
5.5°C and -1.5°C (Carpino et al., 2020; Vincent et al., 2012). Governed by topography, annual
precipitation decreases with elevation and increases with latitude (Ecosystem Classification
Group, 2007). Following a climate and permafrost extent gradient from south to north across the
Taiga Plains, my study sites are three boreal peatland complexes: Lutose (59.50°N, 117.20°W),
Scotty Creek (61.30°N, 121.30°W), and Smith Creek (63.15°N, 123.25°W). Mean annual air
temperatures and annual precipitation are given as follows (Environment and Climate Change
Canada, 2020): -1.8°C and 391 mm at Lutose (measured at Meander River), -3.8°C and 356 mm
for Scotty Creek (measured at Fort Simpson), and -4.1°C and 333 mm for Smith Creek
(measured at the Wrigley airport). Current warming trends lead to large-scale degradation of
permafrost in peatlands (Gibson et al., 2021; Treat & Jones, 2018), which is particularly true for
the peatlands in the Taiga Plains (Olefeldt et al., 2016; Wright et al., 2022).

Belowground, the three peatland complexes studied in this thesis vary in organic layer depths,
ranging from 1.5 m at Smith Creek to 6 m at the southernmost site Lutose. The peatland
development history of Lutose and Scotty Creek are similar. In Lutose, peatland development
started off as non-permafrost fens 8,000 - 10,000 years ago that transitioned into poor fens
(Heffernan et al., 2020). Permafrost aggregation started after peat initiation (= epigenetic) (Loisel
et al., 2014), 4,000 years ago at Scotty Creek and 1,200 years ago at Lutose, respectively. The



formation of ground ice raises the accumulated peat to a plateau (Zoltai & Tarnocai, 1975),
which leads to drainage and thus affects the peat accumulation in terms of peat quality and type
(Heffernan et al., 2020). Therefore, the deeper parts of the peat profile originate from earlier
development stages and are characterized by Sphagnum peat (Zoltai, 1993). In contrast, the
sylvic peat above developed from residues of ericaceous shrubs, feathermosses, and black spruce
(Picea mariana) under more oxic conditions (Heffernan et al., 2020). The depth of the transition
from Sphagnum to sylvic peat in the peat profile therefore determines the age of permafrost
formation. Thus, this transition zone lies deeper in the northernmost site Smith Creek followed

by Scotty Creek and lastly Lutose.

Aboveground, all three peatland complexes are characterized by a mix of both permafrost-free
wetlands, such as bogs and fens, and peat plateaus underlain by permafrost. Compared to the
other landcover, intact peat plateaus are raised one or two meters above the surrounding
landscape due to the ice expansion during permafrost aggregation and are usually forested with
black spruce (Picea mariana), tamarack (Larix laricina), feathermosses, lichens, and ericaceous
shrubs (Robinson & Moore, 2000; Zoltai & Tarnocai, 1975). The landscape coverage of peat
plateaus increases with latitude, exceeding 50% when transitioning from sporadic to
discontinuous permafrost. There, the dominating black spruce vegetation is less dense and
shorter and lichen spp. are more abundant than Sphagnum spp. due to the cooler climate and
shorter growing season further north (Ecosystem Classification Group, 2007). Further south,
Scotty Creek and Lutose in the sporadic permafrost zone in turn have higher percentages of

permafrost-free wetlands compared to the Smith Creek site in the discontinuous permafrost zone.
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Figure 1.1: Map of study region portraying the Taiga Plains ecozone (Marshall et al., 1999), permafrost zonation
based on Obu et al. (2019) and the distribution of histel soils, i.e., peat soils affected by permafrost (Hugelius et al.,
2013). The three study sites Lutose (59.50°N, 117.20°W), Scotty Creek (61.30°N, 121.30°W), and Smith Creek
(63.15°N, 123.25°W) are peatland complexes underlain by permafrost. Photos are drone images taken by David
Olefeldt and show all five measurement locations that are all included in Chapter 2. Blue background of drone
images hints at Chapter 3 which investigated Scotty Creek as part of the sporadic permafrost zone and Smith Creek
as part of the discontinuous permafrost zone with a higher extent of peat plateaus in the landscape. Red background
of images indicates that Lutose was the only peatland complex that had recent wildfire disturbance (2019 and 2007)
and is specifically investigated in Chapter 4.

1.3 Out of the Dark, into the Light

1.3.1 Landcover Change in the Taiga Plains — from forested Plateaus to treeless Wetlands

Across the Taiga Plains, warming is accelerating two drivers of landscape change, wildfire and
permafrost thaw known as thermokarst (Foster et al., 2022). Wildfires have increased in

frequency and severity across all boreal North America (Turetsky et al., 2011). Within the last



decades, the annual total area burned by wildfires has doubled in some boreal regions of
northwestern Canada (Flannigan et al., 2009; Stocks et al., 2002). The year 2023 has produced
the largest amount of burned area in the Canadian history of wildfire records, twice as much as
every other wildfire year recorded before and nine times higher than the average of the last 10
years (Natural Resources Canada, 2023). Within wildfire-affected permafrost peatlands, Gibson
et al. (2018) also found significantly higher area proportions of permafrost-free thermokarst bogs

and concluded that wildfire also enhances permafrost thaw in the peatlands of the Taiga Plains.

The peatland landcover of the Taiga Plains ecozone gradually shifts from permafrost peat
plateaus towards more permafrost-free wetlands and burned peat plateaus with rapidly degrading
permafrost (Chasmer & Hopkinson, 2017; J. A. Wang et al., 2020; Wright et al., 2022). Wetland
thermokarst dominates major parts of the Taiga Plains ecozones, e.g., more than half of the
landscape in the Mackenzie River Valley (Olefeldt et al., 2016). Lake thermokarst often
accompanies wetland thermokarst formation in boreal peatlands in the Taiga Plains (Kuhn,
Thompson, et al., 2021). Both disturbances wildfire and thermokarst transform the peat
landscape from forests with black spruce vegetation (‘Out of the Dark™) into open, non-treed and
non-permafrost wetlands dominated by mosses or lakes with no vegetation (‘Into the Light’).
Although there are also biophysical consequences of the changes to landcover and vegetation
driven by wildfires and thermokarst, this thesis focuses on the biogeochemical implications of

transforming boreal peatland complexes for their landscape-scale GHG fluxes.

The effects of disturbances for landscape-scale GHG fluxes are best monitored using the eddy
covariance technique. Eddy covariance includes continuous, non-intrusive, high-frequency
measurements of landscape-atmosphere exchange of GHGs, including the C fluxes of CO2 and
CHs (Aubinet et al.,, 1999; Baldocchi, 2003, 2020). In addition to the high-frequency
measurements, a variety of biometeorological variables is recorded along with the high-
frequency eddy covariance measurements to enable GHG flux calculations and interpretations.
So far, there is no study using the eddy covariance technique to measure post-fire CO; release of
a recently burned permafrost peatland. In general, due to high demand for maintenance and the
remoteness of permafrost peatlands in the Taiga Plains, eddy covariance studies comparing more
than one permafrost peatland site are scarce. There is thus the need to compare different eddy

covariance sites with different extents of permafrost in the landscape to project how the loss of



permafrost might affect both the future net radiative GHG forcing and the NECB of thawing

permafrost peatlands.

1.3.2 Changes in Carbon and Nitrogen Cycling - from Frozen-solid in the Ground to
Gaseous Release to the Atmosphere

Given the large areal extent and the vast amounts of C and N stored in the peatlands of the study
area, the consequences of the warming-driven, landscape-scale transitions are of global
significance. Wildfires alter the biogeochemical conditions of permafrost peatlands and promote
permafrost thaw and active layer deepening (Gibson et al., 2018; Turetsky et al., 2007, 2015).
Compared to intact peat plateaus, burned plateaus present a deeper oxic layer and warmer soil
temperatures at depth which cause lower soil respiration rates (Gibson et al., 2019) with a higher
contribution of aged C from deeper soil layers (Estop-Aragonés et al., 2018). Losses of old,
deeper C after fire are substantial as this C has not been part of the active atmospheric cycle for a
long time but is now re-activated (Walker et al., 2018). Additionally, fire leads to increased
availability of nutrients such as phosphorus (P) (Burd et al., 2018). Still, slow recovery of
peatland productivity and vegetation, mainly Labrador tea (Rhododendron groenlandicum) and
Picea mariana following some years after fire, turns boreal ecosystems into sources of C for one
or two decades (Foster et al., 2022). However, past studies often focused on non-permafrost

peatlands (e.g., Wieder et al., 2009; Wilkinson et al., 2023).

Thermokarst occurs with the complete loss of permafrost, and the resulting ground subsidence
leads to a water table close to the surface along with major changes to C cycling. The water table
acts as thermodynamic redox boundary between aerobic and anaerobic conditions (Frolking et
al., 2011). Under anaerobic conditions, CO> is reduced to CH4, enhanced by warmer soil
temperatures in deeper peat layers than post-thaw (Jones et al., 2017; O’Donnell et al., 2012).
Water table depth of thermokarst bogs in the Taiga Plains increases with time since thaw so that
recently thawed bogs (~30 years since thaw in Heffernan et al., 2020) often have a water table
closer to the surface compared to more mature thaw bogs usually towards the bog center (~200
years since thaw in Heffernan et al., 2020). Main species within the younger bog stage are
Sphagnum riparium and Scheuchzeria palustris which prefer the wet conditions given by a water
table close to the surface. The mature bog, however, is dominated by Sphagnum fuscum and

ericaceous shrubs (Pelletier et al., 2017). Vegetation dynamics and water table depths both
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control C and N cycling in peatlands and both vary largely within the short distance of the peat
plateau to bog transition zone. In conclusion, biogeochemical changes by thermokarst will
impact the GHG exchange of the entire study region if more and more peat plateaus underlain by

permafrost develop into permafrost-free bog stages or even completely inundated water bodies.

Past studies at the Lutose peatland site have made use of a space-for-time approach by
differentiating between the years after thaw and compared differences in CO> and CH4 fluxes of
the intact plateaus underlain by permafrost against the young and mature bog stages free of
permafrost using soil static chamber on a plot scale (Heffernan et al., in prep.). The mature bog
presented the highest gross primary production (GPP) and ecosystem respiration (ER) whereas
net ecosystem exchange (NEE) varied with the annual wetness. In wet years, the mature bog area
remained a sink, whereas the younger bog area turned into a source of COs. In contrast to
wildfire-affected areas, there was almost no contribution of old soil organic C to this potential
release detected (Estop-Aragonés et al., 2018). The main variables controlling the fluxes and thus
the source and sink function for CO> were water table depth and soil temperatures. Due to
enhanced soil temperatures, both treeless bog stages were more productive compared to the
forested peat plateau. However, past efforts have often overlooked the third important GHG N>O

which can also be measured using the soil static chamber technique at the plot scale.

In addition to impacts on the C cycle, wildfires and thermokarst affect the N cycle of peatlands
despite known general limitation of N in many northern ecosystems (Dorrepaal et al., 2005).
Active layer deepening post-wildfire can introduce N from deeper layers to plant-available
depths and lead to fertilization effects (Keuper et al., 2017). In turn, plant uptake of N is overall
limited post-fire (van Beest et al., 2019) when major parts of the previous vegetation have
burned down. Ash remainders on otherwise bare surface can affect the pH and restrict key N
processing like nitrification and denitrification (Liimatainen et al., 2014). Recent studies have
identified N>O emissions from bare peat surfaces of tundra soils as ‘hot spots’ (McClain et al.,
2003) where C to N ratios were low and vegetation was disturbed (Marushchak et al., 2011;
Repo et al., 2009; Voigt, Lamprecht, et al., 2017). Given these two controls, potential N>O hot
spots were projected in places where high peatland coverage is accompanied by thermokarst, as
given in the Taiga Plains (Voigt, Marushchak, et al., 2017, Figure 5), which requires further

investigation. Bare peat surfaces are also commonly found after wildfires (Davidson et al.,
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2019), potentially with increased nutrient availability (Burd et al., 2018; van Beest et al., 2019).
However, there is only one study on post-fire NoO emissions including the Taiga Plains, which
focused on upland ecosystems instead of wildfire-affected permafrost peatlands (Kdster et al.,
2017). Thus, there is a need to measure N2O fluxes from permafrost peatlands post wildfire and

thermokarst disturbance.

In conclusion, the storage and sink function of permafrost peatlands for C and N has so far been
based off the long-term atmospheric uptake of CO;, CHs and N>O. Now under a warming
climate, intensified disturbances, such as wildfire and thermokarst, are threats to the significant
amounts of frozen C and N stored by permafrost peatlands. In the lack of alternative field
measurements, current earth system models still rely on C decomposition rates from small-
sample size incubation studies in laboratory environments (e.g., Schédel et al., 2016) to project
the feedback of thawing permafrost soils in a warming climate and have often not accounted for
thermokarst formation nor wildfire (Koven et al., 2015; Lawrence et al., 2012; Schédel et al.,
2024). Since thermokarst and wildfires are disturbances with landscape-scale effects, these need
to be studied under field conditions and on a wide ecosystem-scale. In a warming world,
previously frozen organic compounds of C and N used to be enclosed ‘in the dark’ ground for

millennia, but could now be released ‘to the light” atmosphere as GHGs.
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Figure 1.2: (a) Conceptual figure portraying permafrost peatlands characteristic for the Taiga Plains indicating
intact permafrost peatlands and both disturbances wildfire and thermokarst (=permafrost thaw) and resulting
changes in oxic and anoxic conditions: brown line = peat/ground surface, blue line = water table, black line = frost
table. (b, ¢) Images taken on the ground representing (b) burned and (c) thawed peatlands. (d, e, f) Images taken by
drones. Photo Courtesy for (d, e, f): David Olefeldt (University of Alberta)

1.4 Objectives

My research investigates the effects of wildfire and thermokarst on the GHG balance of
permafrost peatlands at different spatial scales using two gas flux measurement techniques. To
fill existing knowledge gaps, I focused my work on the consequences of wildfire (Chapters 2 &
4) and permafrost thaw (Chapters 2 & 3) on the surface-atmosphere exchange of the three GHGs
CO», CH4, and N2O at different scales (Chapter 2: plot scale, Chapters 3 & 4: ecosystem scale)
(Table 1.1). My research objectives are:

O1: Determine the GHG balance of permafrost peatlands and peatland ponds affected by wildfire

and permafrost thaw with focus on N>O.

02: Assess how different extents of permafrost affect the surface-atmosphere exchange of CO»
and CHy and resulting net radiative forcing and NECB of two peatland complexes within the

sporadic and the discontinuous permafrost zone
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03: Quantify the post-fire CO; losses of burned permafrost peatlands in comparison to the

immediate CO; release during wildfire combustion.

Table 1.1: Overview of peatland complexes, disturbances, flux measurement methods, and GHGs by chapter

Peatland complexes Disturbance Flux measurement method GHGs
LUT SCC SMC | Wildfire Thermokarst Static Eddy CO, CHs; NO
Chambers  Covariance
Ch.2 v v v v v v v v v
Ch.3 v v v v v v
Ch. 4 v v v v v

Note. LUT = Lutose, SCC = Scotty Creek, SMC = Smith Creek
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2. Nitrous Oxide Fluxes in Permafrost Peatlands remain negligible after Wildfire and
Thermokarst Disturbance

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 (CH4), disturbance impacts on fluxes of the potent GHG nitrous
oxide (N20) could contribute to shifts in the net radiative balance. Here, we measured monthly
(April to October) fluxes of N2O, CHs, 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? d!), but N>O uptake was lower from burned plateaus (-0.003
mg N.O m™ d!) and higher following permafrost thaw in the thermokarst bogs (-0.054 mg N,O
m2 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 N2O in peat plateaus and thermokarst bogs increased with soil temperature and soil moisture,
suggesting sensitivity of N2O consumption to further climate change. Four of five peatland ponds
acted as N>O sinks (-0.018 mg NoO m? d!), with no influence of thermokarst expansion. One
pond with high nitrate concentrations had high N>O emissions (0.30 mg N>O m™ 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 CH4 and CO; fluxes, while the influence from N>O is

minor.
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2.1 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 (CH4), and nitrous oxide
(N20) (Frolking et al., 2006, 2011). Of these, N2O fluxes have been the least studied and impacts
of disturbances such as permafrost thaw and wildfires are not well understood across the
circumpolar region (Martikainen et al., 1993; Voigt et al., 2020; Voigt, Marushchak, et al.,
2017). The discontinuous permafrost zone of the Taiga Plains ecozone in western Canada is the
second largest peatland region in Canada with ~250,000 km? 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 et al.,
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
CO3, CH4, 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, Pappas, 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 et al., 1993; Nadelhoffer et al., 1991), the SGWP and SGCP
for N>O fluxes are 6 and 270 times greater than for CH4 and CO., respectively, when considered
on a 100-year horizon (Neubauer & Megonigal, 2019). Thus, even small shifts in N2O 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
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is an aerobic process where ammonium (NH4") is oxidized to nitrate (NOs"), with N2O as a
potential by-product. Denitrification is an anaerobic process which involves both reduction of
NOs3™ to N2O, and reduction of N2O to nitrogen gas (N2). Suboxic conditions can favor the initial
reduction of NO3™ 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 reduction of NO3™ to N». Fully anoxic conditions can also lead to
N2O uptake when NOs3™ availability is low and the reduction to N> uses atmospheric N>O that
diffuses into the soil (Chapuis-Lardy et al., 2007). Net N2O emissions from peatlands, including
the occurrence of hot spots and hot moments (McClain et al., 2003) of N2O 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 CH4 emissions (Helbig, Chasmer, Kljun, et al., 2017; Helbig, Quinton, 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 CH4 emissions
and increased rate of peat accumulation — although the net effect on the CO2 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 CHs4 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 N2O 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
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high N>O emissions (Abbott & Jones, 2015; Marushchak et al., 2021; Yang et al., 2018), but
N2O 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 N2O 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
N20 emissions, due to reduced competition for NO3™ between plants and denitrifying bacteria
(Voigt, Lamprecht, et al., 2017; Voigt, Marushchak, et al., 2017). Whether the same processes
result in elevated NoO 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 development on the GHG balance of peatlands, with a focus on N2O fluxes. We
measured monthly growing season N>O, CHs, 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 environmental
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 CH4 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
N20 emissions or even uptake due to stable anoxic conditions favoring complete denitrification

to Na.
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2.2 Materials and Methods

2.2.1 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 2.1a and
Table A2.1). Mean annual air 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, channel 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, Thompson, 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) (Figures 2.1 and A2.1). 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
magellanicum). The Plateau Edge was found only in a narrow transition (~2-4 m) between the
Peat Plateau into Young Bog stage (Figures 2.1b, 2.1d) 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
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Sphagnum riparium and rannock rush (Scheuchzeria palustris), while the drier Mature Bog stage
was dominated by Sphagnum fuscum and Sphagnum magellanicum, bog-rosemary (Andromeda
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 the 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), i.e., these sites burned 12 and <1 years 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 A2.2), 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 al., 2021; L.
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).

19



(a) 130° W 120° W 10° W (b)
: Wildfire Intact Thermokarst

* K * K K K

z Burned Peat  Plateau Young and Mature
8 Peat Plateau Plateau  Edge Thermokarst Bog

@ Sites

B3 Taiga Plains Ecozone
Coverage Histels in %
[_10-20

[>20- 40

- 40 - 60
I - 60 - 80
B> 80 - 100 / Peat surface
Permafrost Extent in % 0 ! Water table
Z || = continuous (> 90) : : Frost table
2 Discontinuous (> 50 - 90) 2 ’é\ 1
Sporadic (=10 - 50) ~ I —
Isolated (= 10) < '
a2
4 ¥ a Anoxic peat
e e B UNER 00N C. LG 3
GERCOHCER soiemercF Chro,

130 W 10w

(c) Burned Peat Plateau at Lutose 2019 Burn| (d) Ti f Smith Creek
! i ‘ : i : 2 .; i ) -’ )
) \ i i i "._ \ i1 & 1 = T

Figure 2.1: (a) Map of study region including permafrost zones (Obu et al., 2019) and distribution of histel soils,
i.e., 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 (¢) 2019 Burn at Lutose, and (d) the Smith Creek
thermokarst transect with the four corresponding peatland stages indicated.

2.2.2 Greenhouse Gas Flux Measurements

Boardwalks were installed at each site to reduce trampling and minimize ebullitive GHG
emissions. Plot-scale fluxes of N>O, CHs, 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 Appendix A2.1. The chambers were
opaque and the chamber-based flux measurements included ground cover and low-stature
vegetation, but excluded the trees present in the peat plateaus; therefore, CO» fluxes are

thereafter referred to as soil respiration. Circular PVC collars (0.12 m?) were inserted into the

20



ground to a depth of 10 cm at least 24 hours 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 L and 44.7 L, respectively).
Vegetation height and distance 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 m?,
13.6 L). The floating chambers were deployed in replicates of four along the edges of the ponds
(~1 m from the edge, avoiding 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>O, CHs, 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 CH4, and 8.846 ppm for CO2 (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 CH4, 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
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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 calculated using
the method suggested by Hiippi et al. (2018), implemented in the R computing environment (R
Core Team, 2020) package ‘gasfluxes’ (Ful}, 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 CH4 fluxes according to Neubauer &
Megonigal (2019), i.e., we multiplied both CH4 fluxes and N2>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 COz-equivalents m? d-!.

2.2.3 Environmental and Soil Data

Frost table, water table, soil moisture, and soil temperature were measured at each collar at each
sampling occasion. 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
hours) to establish soil water content and BD. According to Carter & Gregorich (2007), 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).
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2.2.4 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 um 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 HCI. The unacidified sample was
analyzed for concentrations of NH4", NOs", and phosphate (PO4>) 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 (iICAP6300 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
electrical 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 NH4"-N and NOs™-N, and PO4>-

P as well as other 1ons.

2.2.5 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
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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 A.2.1.

2.2.6 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 N2O, CH4, and COz 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>O, CHs, 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 therefore 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.
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2.3 Results

2.3.1 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 2.1). Soil temperature, water table position, and WFPS also

had consistent order across sites 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 A2.3). 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 2.1). 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 2.1).

Table 2.1: Peatland Stage Properties and Growing Season Environmental Characteristics

Site and pH? Bulk WFPS? Water table Active Soil temperature® [°C]
peatland stage density® depth? layer®
[g em™] [70] [em] [em] 5cm 20cm 40 cm
Lutose
2019 Burn 4.10 £ 0.304 0.07 16 £ 44 29 + 194 74 12.24 5.64 2.54
2007 Burn 475 £0.61 NA 26+16 51+13 107 10.6 53 4.0
Peat Plateau 4.63 £0.91 0.06 19+5 >40 77 10.3 43 1.9
Plateau Edge 3.95+0.06 0.08 25+7 27+10 >150 10.4 5.5 6.0
Young Bog 4.85+0.34 0.02 85 +£22 7+6 -- 11.8 10.0 9.9
Mature Bog 491 +1.25 0.05 22+8 24 £12 -- 10.7 6.9 7.4
Scotty Creek
Peat Plateau 4.39¢ 0.11f 10¢ NA 68¢ NA NA NA
Plateau Edge NA 0.11f 29¢ NA 65¢ NA NA NA
Young Bog NA 0.03f 668 NA - NA NA NA
Mature Bog 4.79¢ 0.05f 608 NA -- NA NA NA
Smith Creek
Peat Plateau 546 +1.92 0.06 19+ 15 21+ 14 47 8.2 2.2 0.0
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Plateau Edge 4.79 £0.30 0.09 40 £29 11+5 66 8.0 3.6 1.5
Young Bog 4.34 £0.62 0.02 100+ 0 0+1 -- 10.1 7.4 52

Mature Bog 4.49 £0.80 0.04 79 £ 15 5+4 -- 12.8 9.6 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.

dMonthly measurements at 2019 Burn only started in July 2019

°L. Thompson et al. (2022).

fPelletier et al. (2017).

tMeasured only in September 2018.

2.3.2 Porewater Nutrient Concentrations and Supply Rates

Concentrations of NOs", NH4", and PO4>" in porewater were highly variable and had only a few
consistent trends among peatland sites or peatland stages (Figures 2.2a, 2.2¢, 2.2¢) (Complete
ANOVA results in Tables A2.2, A2.3). Concentrations of NO3™ were around two times higher at
Lutose than at Smith Creek (two-way ANOVA, F;33 = 7.02; p < 0.05), but there were no
differences between peatland stages (F333= 1.53; p = 0.23). Concentrations of NH4" did not vary
among sites (F;33=3.37; p = 0.08) or peatland stages (F333= 0.43; p = 0.73). Concentrations of
PO4* did not vary between sites (F;,33=2.01; p = 0.17), but among peatland stages (F333= 5.10;
p <0.01). A one-way ANOVA showed that burned stages had 12 to 25 times higher PO4> than
intact and thermokarst stages (F»47=10.62; Tukey HSD p < 0.001).

Supply rates of NOs-, NH4", and P did not differ between the Lutose and Smith Creek sites, and
only differed for a few peatland stages (Figures 2.2b, 2.2d, 2.2f) (Tables A2.2, A2.3). Nutrient
supply rates of NOs3™ varied between peatland stages (F32+=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 NH4" (F3.2¢4= 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 39 = 5.30; p = 0.009).
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Figure 2.2: Porewater concentrations and supply rates of (a, b) nitrate (NO5"), (¢, d) ammonium (NH4"), and (e)
phosphate (PO4*) and (f) phosphorus (P) across all peatland stages, i.e., 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.

2.3.3 Soil Gas Concentrations

Concentrations of NoO below the water table were lower than ambient atmospheric N>O
concentrations in all Young Bog and Mature Bog profiles (Figure 2.3a). 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
2.3a). In contrast to N2O, CH4 concentrations in the Young Bog and Mature Bog increased with
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depth, especially below the water table, and ranged from ambient concentrations at 2 ppm to
30,000 ppm (Figure 2.3b). Under oxic conditions in the peat plateaus, CH4 concentrations
declined with depth to a minimum of 1.5 ppm CH4. Only a few Peat Plateau and Plateau Edge
profiles had elevated CHs4 concentrations, associated with wetter locations. The CO:
concentrations had similar patterns as CHs concentrations in wet sites, with increasing
concentrations up to 180,000 ppm below the water table (Figure 2.3c). In contrast to CHs, CO»
increased with depth also above the water table, e.g., in dry Peat Plateaus, and CO>

concentrations were never below ambient.
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Figure 2.3: Soil gas concentrations of (a) nitrous oxide (N,0O), (b) methane (CHs), and (c) carbon dioxide (CO,) for
Peat Plateau, Plateau Edge, Young Bog, and Mature Bog depth profiles from three peatland sites (Lutose, Scotty
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2.3.4 Greenhouse Gas Fluxes

There were no differences in NoO, CH4 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 2.4, two-way ANOVA results in Table A2.4).
Average growing season N>O uptake was greatest from the combined thermokarst bog stages
(Mature Bog and Young Bog, -0.054 mg N>O m™ d*!), followed by the peat plateau stages (Peat
Plateau and Plateau Edge, -0.025 mg N>O m™ d'!), and least for the burned peat plateau stages
(2019 Burn and 2007 Burn, -0.003 mg N>O m™ d!) (one-way ANOVA, F;45=15.1; p < 0.001,
Table A2.5). Fluxes from Scotty Creek were not included in statistical analysis since
measurements 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
2.4a). Uptake of N>O increased significantly with higher soil temperature at 5 cm depth in the
Peat Plateau and Plateau Edge (Figure 2.4b), 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 2.4b). Seasonal average
N20 uptake was greater from collars with higher near-surface WFPS (Figure 2.5). This trend was
present but non-significant within each peatland stage, but significant (R*> = 0.24, p < 0.001)

when assessed across all collars from all peatland stages.

Emissions of CH4 were highest from the thermokarst bog stages, where emissions generally
increased with higher soil temperatures at 40 cm (Figure 2.4d). Average growing season CHj4
emissions were greatest from the thermokarst bog stages (Mature Bog and Young Bog, 34 and
31 mg CHs m™ d!, respectively), while there was no significant difference between the intact
peat plateau (Peat Plateau and Plateau Edge, -0.07 and 10.3 mg CH4 m™ d!, respectively) and
burned peat plateau stages (2019 Burn and 2007 Burn, 3.2 and -0.54 mg CHs m? d7,
respectively) (one-way ANOVA, F>45= 15.1; p < 0.001, Table A2.5). The ranking of average
CHs emissions among stages closely followed the average water table position (Table 2.1).

Emissions of CH4 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 2.4f). The 2019 Burn stage

also had the lowest average growing season soil respiration (1,200 mg CO, m™? d!), while the

30



2007 Burn (3,400 mg CO2 m? d!) was not different from either the peat plateau stages (Peat
Plateau and Plateau Edge, 3,900 and 4,100 mg CO> m™ d!, respectively) or the thermokarst bog
stages (Mature Bog and Young Bog, 5,200 and 3,300 mg CO, m™ d’!, respectively) (one-way
ANOVA, Fs542=3.79; p =0.006, Table A2.5).
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Figure 2.4: Fluxes and temperature dependency of (a, b) nitrous oxide (N.0), (c, d) methane (CH4), 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 CHy fluxes.
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Figure 2.5: Relationship between nitrous oxide (N»2O) fluxes and near-surface 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 logarithmic scale for the WFPS. Logarithmic regressions are shown for each
of the six peatland stages (colored lines, p > 0.05), and for the combined data (black line, p < 0.001).

2.3.5 N20 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™ d'), and no difference between ponds with stable edges and active thermokarst
expansion (Figure 2.6). Pond L2 had high average N,O emissions (0.30 mg N>O m? d'), and
emissions could reach up to 1.00 mg NoO m? d!. Ponds near Lutose generally had higher EC,
NPOC, TDN, and inorganic nutrients compared to ponds near Smith Creek (Table 2.2). 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 PO4>~ and the highest ratio between NOs™ and NH4" (Table 2.2).
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Figure 2.6: Nitrous oxide (N>O) fluxes from five peatland ponds. 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.

Table 2.2: Peatland pond characteristics

Site and pH EC Fe? NPOC TDN Nutrient concentrations [pg L]
peatland [uS cm™] [mg L] [mg L] [mg L]
pond NOs NH4" PO4*
Lutose
L1b 7.89 £0.97 366 +93 0.1 483155 3.04 +1.39 25+36 984 + 1239 126 £ 163
L2¢ 7.54 + 0.064 144 £ 54 1.3¢ 442 +£1.44 1.41=£0.27¢ 129+ 1394 97.7+29.7¢ 195 £ 1094
L4 7.43 £0.94 660 + 87 0.1 41.3+9.0 2.06 £0.56 32+24 226 + 323 85+7.1
Smith Creek
w1 7.27 £0.89 111+£17 <0.001 18.8£1.7 0.83+£0.14 6.3+94 50.7+£37.7 53+19
w2 7.20 +0.50 90 £22 0.1 18.6+1.5 0.88 £0.19 7.0+7.7 78.2 £85.7 45+0.8

Note. Growing season averages (mean + standard deviation) of pH, electrical conductivity (EC), Total dissolved

nitrogen (TDN), non-purgeable organic carbon (NPOC), nitrate (NO3"), ammonium (NH4"), and phosphate (PO4>")
are based on monthly measurements between May and September/October 2019.
?Concentrations 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.
dMonthly measurements at L2 only started in July 2019.
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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-,
CHa, and N2O fluxes due to wildfire and permafrost thaw (Figure 2.7). 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 CHs 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 CO2-eq. m™? d”!' (emissions). The reduction of soil
respiration between the 2019 Burn and the intact counterpart was -2,700 mg CO2 m™ d”! but does
not represent the full CO2 balance. Comparing the thermokarst bog stages (Mature Bog and
Young Bog) with Peat Plateaus and Plateau Edges, we found that thermokarst led to increased
N20 uptake representing -7.8 mg COz-eq. m? d”! (uptake), while a shift from minor to large CHa4
emissions represented +1,200 mg COz-eq. m? d!' (emissions). Hence, the influence of greater
N20 uptake offset less than 1% of the increased CH4 emissions following thermokarst bog

development, when estimated as CO»-eq.
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Figure 2.7: 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)
CHy 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 CH4 (45) and N>O (270) (Neubauer & Megonigal, 2019). Note
the difference in the scale of the y-axes. Outliers are not shown.
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2.4 Discussion

Here, we explored the impacts of permafrost thaw and wildfire on N2O, CHs, and CO:> fluxes
from boreal peatlands 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 temperatures and higher soil
moisture. As a result, permafrost thaw and development of thermokarst bogs led to increased
N2O uptake, although accompanying increases of CHs4 emissions had a much greater influence
on the net radiative balance. In contrast, we found that wildfire led to reduced N>O uptake, minor
changes to CHj4 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 N2O emission hot spot. 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.

2.4.1 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 vegetation 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 facilitate

aerobic processes and exhibited near zero N2O fluxes or small N2O uptake.

N20 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
N20 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
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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, NoO 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 N2O balance. The effect of active layer deepening caused increased nutrient supply of
NOs™ and NH4" 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 NO3
and NH4". 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 CH4 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.

2.4.2 Greenhouse Gas Balance of Burned Peat Plateaus

We expected wildfire disturbance to lead to increased N>O emissions linked to enhanced
availability of NH4+" and NOs", possibly caused by 1) 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, Lamprecht, et al., 2017),
2) mineralization of organic matter during combustion (Walker et al., 2019, 2020), and 3)
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
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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 PO4*
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 P post-fire, we did not observe NoO 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.
Firstly, although soil respiration almost reached pre-burn rates twelve 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 NoO 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 NoO emissions only reached pre-fire rates in boreal

mineral soils 40 years after fire.

Second, burned wood ash can inhibit N2O 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 microbial communities to reduce their ability for CH4 and N2O
uptake, limiting denitrification as well as nitrification and CH4 oxidation (Gibson et al., 2019;
Koster et al.,, 2017). The lack of labile soil C 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 N2O
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 (Koster et al., 2017), we conclude here that soil moisture also controlled N.O
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fluxes in wildfire-affected peatlands in the western Canadian boreal zone, possibly limiting both,

emissions and uptake of N>O.

2.4.3 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 NO3™ and
N2O under wet conditions, so that concentrations and supply rates of NO3™ were low. The small
amounts of available NO3™ 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 permafrost
(Marushchak et al., 2021). In conclusion, the limitations of both NO3™ 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 NOs3", the anoxic conditions also
lead to high NH4", aligning with results from an incubation 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 P supply than the Peat Plateaus, associated with increased productivity driven by higher
soil temperatures (Figures 2.4f and A2.3); except for the young bog at Smith Creek, where

inundation cut off respiration (Figure 2.4¢).

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 N2O uptake,
despite non-significant correlations. Although well-established in literature (e.g., Jones et al.,

2017), CH4 emissions also correlated weakly with soil temperatures at 40 cm depth. Therefore,
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as expected with climate change, longer, wetter, and warmer summers could further amplify the

thermokarst areas’ N>O uptake and CH4 emissions, respectively.

2.4.4 Greenhouse Gas Balance of Peatland Ponds

Boreal peatland ponds have been identified as potential hot spots for N>O, CHs, and CO;
emissions (Huttunen et al., 2002; Kortelainen et al., 2020; Kuhn, Thompson, et al., 2021) with
thermokarst activity enhancing CH4 and CO; emissions (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
N2O exchange between thermokarst and stable edges, despite previous studies on these ponds
found higher CH4 emissions from thermokarst edges (Kuhn et al., 2022), suggesting different

controls on CH4 and N>O emissions in boreal ponds.

One pond, L2, had N,O emissions (~0.30 mg N>O m™ d') similar to those reported for
agricultural wetlands (0.27 mg N2O-N m d'!; Pennock et al., 2010) and was within the global
range reported for ponds (0.12-0.56 mg N,O-N m? 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, Thompson, et al., 2021), as L2 had five to fifty times higher dissolved NO3
and Fe concentrations. Differences in NO;3  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
N20 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 N2O
uptake from thermokarst bog expansion, as L2's relative N2O-related net radiative balance (not
shown) is five to 15 times larger than any other measured net radiative balance in this study
(Figure 2.7). 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
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unburned area and 8.3% of the burned areas transitioned into young bogs within the Taiga Plains

over 30 years (Gibson et al., 2018).

2.4.5 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 CH4 dominates shifts in the net radiative balance for wildfire-affected areas,
as differences in CH4 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 CH4 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 N2O 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 N2O uptake.

We also found an inverse relationship between N2O and CHg for the peatland stages, in both soil
gas concentrations and fluxes. Fundamental biogeochemical redox processes are governed by
water table depth and soil moisture contents, controlling the typically inverse CH4 and N>O
production (Frolking et al., 2011; Maljanen et al., 2010). Completely anoxic conditions in fully
saturated soils are conducive to CH4 production and, in turn, low CH4 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), N2O uptake of the peat plateau was
only around half of the CH4 uptake from this yet intact peatland stage when expressed in COz-eq.
Regarding the thermokarst bogs, the increased N>O uptake offset less than 1% of their CH4
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emissions. However, the measured N>O uptake from all peat surfaces of the Taiga Plains (overall
average: -0.03 mg N2O m? d') was large compared to previous studies from across the

circumpolar region (lower quartile: -0.01 mg N>O m d'!; Voigt et al., 2020).

Thus, we conclude that wildfire and thermokarst can shift CO2, CHa, and N2O fluxes, dominated
by enhanced CH4 emissions following thermokarst compared to intact Peat Plateaus displaying
uptake of both, N>O and CH4. 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, i.e., more than 22,000 km? (Gibson et al., 2021). Considering the vast areal extension
of peatland thermokarst in the Taiga Plains (Helbig, Pappas, et al., 2016), our findings thus
suggest a small counter acting N2O feedback to the impacts of increasing CH4 emissions, which

has previously been unaccounted for.
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2.5 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 drivers of altered N>O
fluxes in these nutrient-limited environments. Peatland ponds were generally neutral or sinks of
N2O, albeit with a wide range of fluxes and one N>O hot spot driven by elevated NO3™ 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 CH4 and

CO3, while N>O uptake constituted less than 1% of CH4 emissions from peatland thermokarst.
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3. Permafrost extent controls landscape-scale fluxes of greenhouse gases in boreal
peatlands in northwestern Canada

Abstract

Extensive peatlands in the discontinuous permafrost zone store vast amounts of carbon (C),
potentially released as greenhouse gases (GHG) upon permafrost thaw with ongoing climate
change. In the Taiga Plains Ecoregion in boreal western Canada, current warming rates
accelerate loss of forested permafrost peat plateaus along with the expansion of treeless
thermokarst wetlands, altering landscape-scale fluxes of carbon dioxide (CO>) and methane
(CH4). However, we still lack an understanding of whether and how the extent of permafrost
controls ecosystem C fluxes on a landscape-scale. In this study, we compare five years of
concurrent eddy covariance measurements (2017-2022) at Scotty Creek (sporadic permafrost)
and Smith Creek (discontinuous permafrost) to assess differences in net exchanges of CHjs as
well as CO> and its two component fluxes, gross primary productivity (GPP) and ecosystem
respiration (ER). A lower extent of permafrost at the sporadic permafrost site (50% permafrost
peat plateau vs. 50% permafrost-free wetland) caused significantly higher CH4 emissions (daily
means for March to November: 21.5 + 13.7 vs. 4.38 + 8.93 mg C m? d!) throughout the year
compared to the discontinuous permafrost site (80% permafrost peat plateau vs. 20% permafrost-
free wetland). There, the higher proportion of permafrost peat plateaus resulted in higher GPP
(1.78 £0.75 vs. 2.33 £ 1.06 g C m? d!), and ER (1.61 £ 0.65 vs. 2.24 + 0.89 g C m™ d!). The
difference of 1.1 pumol m? s’ in nighttime ER led to a difference of 44.7 ¢ C m™ yr'! in net CO,
exchange between the two sites. From a net radiative GHG forcing perspective, potential CO»
uptake following wetland expansion is offset by the enhanced CH4 emissions. Our study suggests
that climate warming and permafrost thaw will increase the CO2 uptake while also increasing

CHg4 emissions, leading to modest gains in C and increases in net radiative warming.
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3.1 Introduction

Boreal forests are crucial for regulating our global climate (Bonan, 2008), contributing ~30 % of
the area (Brandt et al., 2013) and ~20% to the carbon (C) sink function (Pan et al., 2011) of all
forest ecosystems of the Earth (Gauthier et al., 2015). Amongst all boreal ecosystems, boreal
peatland complexes have throughout the Holocene accumulated the most significant stores of
soil carbon (C). This implies that boreal peatlands have been acting as C sinks for millennia, but
the rate of C accumulation decreased once permafrost conditions set in (Treat et al., 2015; Yu et
al., 2010). Permafrost is perennially frozen ground (S. Harris et al., 1988), which stores around
1,035 + 150 Pg C near the surface across the northern circumpolar region (Hugelius et al., 2013;
Schuur et al., 2022). Across the region, climate change now leads to widespread permafrost
thaw, exposing soil organic matter to microbial processes (Lenton et al., 2008; Schuur et al.,
2022). Microbial decomposition transforms the previously frozen C into greenhouse gases
(GHG), such as carbon dioxide (CO2) and methane (CH4). Alternatively, warming could increase
the CO, uptake of boreal peatlands (Mekonnen & Riley, 2023), so far often limited by cold
temperatures and short growing seasons, leading to C accumulation in new peat as permafrost
starts degrading (Germain Chartrand et al., 2023; Heffernan et al., 2020). Thus, the net effects of
permafrost thaw and their magnitude are still unknown regarding the C balance and net radiative

GHG forcing of boreal peatlands.

Both the areal extent and C sink strength of boreal peatlands underlain by permafrost are
threatened by different anthropogenic and natural disturbances intensified by global warming
(Foster et al., 2022; Lindgren et al., 2018; McGuire et al., 2018), such as permafrost thaw
(Turetsky et al., 2020). The extent of permafrost in the landscape is categorized and has been
mapped into four zones, namely continuous (>90%), discontinuous (>50-90%), sporadic (>10-
50%), and isolated (<10%) (S. Gruber, 2012). Globally, permafrost ground temperature has
increased by 0.29 £ 0.12°C measured in boreholes near the depth of zero annual amplitude,
whereas discontinuous permafrost temperature has risen around 0.20 = 0.10°C (Biskaborn et al.,
2019). Across the boreal biome of North America, the permafrost zonation is therefore shifting
rapidly (Brown et al., 2002; Tarnocai & Bockheim, 2011), albeit over different timescales
depending on both the soil landscape (Jorgenson et al., 2013) and the rate of warming (Bush et
al., 2019).
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Northwestern Canada is currently undergoing high rates of warming with consequences for the
boreal peatland complexes, their permafrost extent and resulting landcover composition (Bush et
al., 2019; Foster et al., 2022; Helbig, Pappas, et al., 2016). In northwestern Canada, the Taiga
Plains ecoregion is the third largest peatland area of the circumpolar region after the West
Siberian Lowlands and the Hudson Bay lowlands and is situated near the southern limit of
permafrost, ranging in permafrost extent from sporadic to discontinuous (Zoltai & Tarnocai,
1975). In the boreal peatland complexes in the Taiga Plains, permafrost aggregation elevated
peat plateaus above the surrounding permafrost-free wetland landscape (Robinson & Moore,
2000). Near the southern limit of permafrost, amplified climate change is now largely shrinking
the permafrost extent of the peatland complexes, often resulting in thaw-induced thermokarst
wetland expansion (Helbig, Pappas, et al., 2016; Wright et al., 2022). Consequently, peat
plateaus underlain by permafrost are replaced by thermokarst lakes and permafrost-free wetlands
(Quinton et al., 2009), at recent loss rates of 0.58% per year at the sporadic permafrost site
Scotty Creek (Chasmer & Hopkinson, 2017). We currently lack understanding of the
consequences of these landscape-wide transitions as recently thawed peatlands could differ in
their net GHG exchange and C balances from their non-permafrost equivalents south of the

permafrost boundary.

The loss of permafrost could alter the landscape C balance and net radiative GHG forcing,
mostly determined by fluxes of potent GHGs such as CO2 and CH4 (Frolking et al., 2011). Land
cover types of boreal peatland complexes with permafrost largely differ from such without
permafrost, particularly in their vegetation and moisture conditions (Carpino et al., 2018). While
peat plateaus are forested and usually dry, the surrounding, lower parts of the landscape are
treeless and have saturated soil profiles (Baltzer et al., 2014). Wetlands are known sources of
CH4 due to saturated soils (Olefeldt et al., 2017; Perryman et al., 2020) and can turn into
emission hot spots after land subsidence following permafrost thaw (Abbott & Jones, 2015;
Elder et al., 2021). Climate change thus enhances CH4 emissions by expansion of thermokarst
wetlands (Helbig, Chasmer, Kljun, et al., 2017; Treat et al., 2021). In summary, the peatland
landcover can be broadly divided into two ecosystem types, i.e., peat plateaus with permafrost
and wetlands without permafrost both with distinct net CO2 and CH4 exchange. The ongoing

shift towards more wetlands is an indirect effect of climate change on land surface-atmosphere
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interactions including fluxes of CO> and CH4 on a landscape-scale (Helbig, Chasmer, Desai, et

al., 2017).

Climate change also alters ecosystem fluxes of CO2 and CH4 directly, as some environmental
variables are altered (Beer et al., 2010; Desai et al., 2008), e.g. increasing air and soil
temperature result in immediate ecosystem reactions to the changing environment (Helbig,
Chasmer, Desali, et al., 2017; Richardson et al., 2013; Schuur et al., 2007). Consequently, longer
growing seasons driven by higher air temperatures might lead to extended CO> uptake due to
decreased temperature-limitation of CO> uptake during the shoulder seasons (Helbig, Chasmer,
Desai, et al., 2017). However, overall net CO> losses of northern ecosystems were observed in
response to autumn warming and higher decomposition rates (Piao et al., 2008). Furthermore,
warmer air and soil temperatures during shoulder seasons could also increase annual CHgy
emissions by up to 30% in saturated wetland soils (Helbig, Quinton, et al., 2017). In conclusion,
the overall landscape C and net radiative GHG forcing are affected by both direct and indirect
effects of climate change, the first driven by altered environmental variables and the latter being
determined by the area ratio of permafrost vs. non-permafrost landcover. There is a strong need
for research approaches accounting for both direct and indirect effects of climate change at

ecosystem-scale.

Continuous long-term and year-round measurements are needed to capture ecosystem responses
to environmental changes under a warming climate (Baldocchi, 2020). At ecosystem-scale, the
eddy covariance method is used to measure gaseous fluxes of C (CO2 and CH4) and water (H2O)
continuously and with high-frequency, supported by measurements of biometeorological
variables (Aubinet et al., 1999; Baldocchi, 2003). Biometeorological variables are crucial to
derive biogeophysical characteristics, such as albedo and net radiation (e.g., Rohatyn et al.,
2023), that determine the net radiative balance together with the water fluxes, namely sensible
heat (H) and latent heat (LE), and C fluxes. In addition, the C fluxes also affect the net
ecosystem C balance (NECB) (Chapin et al., 2006), that also requires water monitoring efforts to
estimate the downstream export of dissolved organic carbon (Olefeldt & Roulet, 2012). There
are only a few studies (e.g., Arias-Ortiz et al., 2021; Dinsmore et al., 2010) that consider net

exchanges of CH4 and CO; with implications for both the net radiative GHG forcing and NECB.
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Net CO» exchange is controlled by its component fluxes, gross primary production (GPP) and
ecosystem respiration (ER), which also depend on various environmental variables; many of
them directly impacted by climate change. Effects of environmental variables on the ecosystem-
scale component fluxes are often investigated by multi-site-comparison approaches and
differentiate between abiotic variables, such as photosynthetic active photon flux density
(PPFD), water table depths, air temperature, growing season length, and vapor pressure deficit
(VPD) (Evans et al., 2021; Lindroth et al., 2007; Lund et al., 2010) as well as biotic variables,
such as aboveground biomass and leaf area index (LAI) (Humphreys et al., 2006). In a multi-side
comparison study, ER and GPP followed the latitude due to limited PPFD in northern latitudes
so that with the southernmost site had the highest rates for GPP and ER (Lindroth et al., 2007).
As permafrost extent also follows a north-south gradient, this would suggest for our study region
that GPP and ER are higher at sites further south with less permafrost in the landscape. However,
many of the multi-site comparison studies only included peatland sites without permafrost or did
not account for different extents of permafrost in the boreal peatland complexes. Hence, we still
require a better understanding of how different extents of permafrost affect the component fluxes

of net CO» exchange.

In addition to multi-site-approaches, there are studies at local scales that have compared
ecosystems with permafrost against non-permafrost ecosystems at one boreal peatland complex
(e.g., Euskirchen et al., 2024; Helbig, Chasmer, Desai, et al., 2017; Johansson et al., 2006). Only
a few studies however have been able to address both permafrost thaw and temperature in the
same study. Upon thaw, bogs had similar NEE rates and higher CH4 emissions than the overall
wetland-forest landscape, shown by nested eddy covariance data from the sporadic permafrost
site, Scotty Creek (Helbig, Chasmer, Desai, et al., 2017; Helbig, Chasmer, Kljun, et al., 2017).
But larger GPP and ER on the landscape than on the thermokarst wetland scale suggest that
warming itself affected peat landscape’s NEE more than the indirect effects of wetland
expansion (Helbig, Chasmer, Desai, et al., 2017). Warmer climate could increase the CO> sink
function of fen and bog ecosystems, if not affected by droughts (Helbig et al., 2022). From a net
radiative perspective, their increased CH4 emissions could potentially outweigh the cooling
effects of CO> uptake by higher rates of net ecosystem production rates (Fofana et al., 2022;
Helbig, Chasmer, Desai, et al., 2017; Schuur et al., 2022). Thus, the future net radiative GHG
forcing and NECB of peatland complexes depend on both the individual net exchange of CO»
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and CH4 of those specific permafrost and non-permafrost landforms and their abundance in the
landscape. Studies comparing two sites with different permafrost extents are still sparse as often

situated in inaccessible, remote locations.

Using concurrent eddy covariance and supporting measurements made over two thawing boreal
peatland complexes ca. 300 km apart from each other, we examined their net C ecosystem
exchanges between 2017 and 2022. The two peatland complexes, Scotty Creek and Smith Creek,
were characterized by high and low proportions of thermokarst wetlands, respectively. Situated
in the sporadic (Scotty Creek) and discontinuous (Smith Creek) permafrost zones of the southern
Taiga Plains ecoregion, the resulting differences in landscape heterogeneity expressed as
wetland-to-forest ratio were assumed to broadly reflect latitudinal differences in permafrost
conditions (e.g., areal extent, temperature, active layer thickness). The goal was to shed light on
how landscape heterogeneity due to latitudinal permafrost zonation affected surface-atmosphere
interactions near the southern limit of permafrost distribution in western Canada. To meet this
goal, our objectives were to a) compare diurnal and seasonal patterns in half-hourly and daily
CO; and CHj4 fluxes, and to b) compare the NECB and the net radiative GHG forcing of two

boreal peatland complexes with different extents of permafrost.
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3.2 Materials and methods

3.2.1 Study Sites

This study compares two peatland sites within the Taiga Plains ecoregion (Ecoregion 3.3
according to United States Environmental Protection Agencies’ Level Il Ecoregions of North
America) in the Northwest Territories, Canada; Scotty Creek (61.30°N, 121.30°W, AmeriFlux-
ID: CA-SCC) and Smith Creek (63.15°N, 123.25°W, AmeriFlux-ID: CA-SMC) (Figure 3.1).
The climate is subarctic and currently experiencing a period of rapid warming since the mid-
1990s (Quinton et al., 2019). Peatlands are the dominating landform in the Taiga Plains
ecoregion wherever flat, fine-grained lacustrine deposits prevent effective drainage in contrast to
the till areas of the region which more often support upland forests. In the Taiga Plains, peatlands
often include permafrost whose thaw drives the expansion of thermokarst wetlands along with

the loss of peat plateaus (Wright et al., 2022).

Scotty Creek is part of the sporadic permafrost zone with a slightly warmer mean annual air
temperature of -2.4°C and 379 mm of annual precipitation than Smith Creek with -3.7°C and 341
mm (climate normal 1991-2020; T. Wang et al., 2016) which is part of the discontinuous
permafrost zone with (S. Gruber, 2012). Thus, more than half of the Smith Creek landscape
(~80%) still contains permafrost, found in elevated peat plateaus forested by black spruce (Picea
mariana) and few tamaracks (Larix laricina). The remaining landcover is without permafrost
and consists of non-treed wetlands such as thermokarst bogs and channel fens. These wetter
landforms are dominated by hydrophilic vegetation, such as Sphagnum mosses in the bogs and
sedges and shrubs in the fens (Quinton et al., 2009). Both sites have shallow (<3 m deep)

peatland ponds with organic-rich sediments found within 300 m from the towers.

The major difference between the two peatland complexes is given by the different extents of
permafrost, governing landscape and vegetation composition; there are however further site-
specific characteristics in the fetch area of both towers. While both sites have coarse-grained
lacustrine deposits derived from limestone/dolomite bedrock, they were only part of the footprint
of one eddy covariance tower, that is CA-SMC at Smith Creek (Figure 3.1). These few locations
are sandy outwash moraines originating from the glacial retreat, on which the peat is thin or

absent and the trees are taller and include white spruce (Picea glauca) and aspen (Populus
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tremuloides) (‘Upland Moraine’ in Figure 3.1). Overall, Smith Creek has a shallower peat depth
with ~ 150 cm compared to ~330 cm at Scotty Creek. We also observed differences in ground
cover, with more extensive lichens at Smith Creek compared to more widespread Sphagnum

hummocks and dense woody shrubs at the Scotty Creek plateaus.
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Figure 3.1: Boreal peat landscapes in the discontinuous and sporadic permafrost zones near the southern limit of
permafrost in the Taiga Plains ecoregion of western Canada: (a) Map including both sites, peatland cover (Hugelius
et al., 2013) and permafrost zonation (S. Gruber, 2012). (b, ¢) landcover maps including 80% flux footprints (red
polygons) and (d, e) drone images of the landscape around the eddy covariance towers (b, d) at Smith Creek
(AmeriFlux-ID: CA-SMC, tower location indicated by green star) and (c, e) at Scotty Creek (AmeriFlux-ID: CA-
SCC, tower location indicated by blue star), respectively.
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3.2.2 Eddy Covariance Measurements

We used the eddy covariance technique to measure vertical turbulence fluxes above the tree
canopy. Two eddy covariance landscape towers have been set up at Scotty Creek (running since
April 2013) and Smith Creek (running since July 2017). Our datasets included concurrent
measurements at both sites from 8 July 2017 to 21 September 2022. The measurement height is
15.2 m at Scotty Creek and 14.9 m at Smith Creek, respectively. High-frequency fluctuations in
wind velocities were measured by three-dimensional sonic anemometers (CSAT3A, Campbell
Scientific, Logan, UT). High-frequency variations in gas concentrations of CO; and H>O were
measured by infrared gas analyzers, a LI-7200 with an enclosed path at Smith Creek (LI-COR
Biosciences, Lincoln, NE) and an open-path EC150 at CA-SCC (EC150; Campbell Scientific). A
previous study compared the open-path sensor (EC150) to one with an enclosed path (LI-7200)
at Scotty Creek combined with the same CSAT3A and only found minor differences in net CO-
fluxes (<5% and 8% for cumulative) (Helbig, Wischnewski, Gosselin, et al., 2016). CH4
concentrations were measured at both sites using a fast-response open-path methane analyzer
(LI-7700, LI-COR Biosciences) with mirror heating and washing. At both sites, high frequency
(all instruments at 10 Hz) data were recorded and stored using a Campbell CR 3000 datalogger
(Campbell Scientific).

3.2.3 Supporting Measurements

The additional instrumentation measuring biometeorological variables at the CA-SCC tower has
already been described elsewhere (Helbig, Wischnewski, Kljun, et al., 2016). At both sites, air
temperature and pressure as well as relative humidity (RH) were measured at 2 m and 15 m
above the ground, respectively (HMP45C, Vaisala, Helsinki, Finland). An additional wind sensor
(R.M. Young 05103 Wind Monitor, Traverse City, MI) recorded wind direction and windspeed.
Ground heat flux was measured with four heat flux plates (HFPO1, Hukseflux Thermal Sensors,
Delft, the Netherlands) at each site; two replicates placed in peat plateau hollows and two in
plateau hummocks. Also installed in both hollows and hummocks, soil water content
reflectometers (CS616, Campbell Scientific) recorded soil water content in 10, 20, and 30 cm
depth and soil thermocouple probes (TCAV, Campbell Scientific) measured soil temperatures at
depths of 5, 10, 20, 30, 40, 50, 60, and 70 cm. Four-component net radiometers (CNRX, Kipp &

Zonen, Delft, the Netherlands) were installed at south-facing poles to measure incoming and
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outcoming radiation at the height of 13.44 m at CA-SCC and at 13.25 m at CA-SMC,
respectively. Precipitation was recorded by tipping buckets (TE5S25WS-L, Campbell Scientific)
and a rain gauge (OTT Pluvio, OTT HydroMet GmbH, Germany). Snow depth was measured by
an ultrasonic distance sensor (SR50, Campbell Scientific). All of the above-described
environmental data were stored as 30-min averages in two CR3000 dataloggers per site

(Campbell Scientific).

Leaf Area Index (LAI) measurements were carried out along four 100-m transects in four
cardinal directions centered on the eddy covariance towers on 8 and 9 September 2019 at Smith
Creek and Scotty Creek, respectively. We used a LAI-2200 plant canopy analyzer (LI-COR
Biosciences) to measure effective LAI of trees and shrubs separately and calculated LAI

accordingly (Ryu et al., 2010; Sonnentag et al., 2007, 2008).

3.2.4 Data Processing

3.2.4.1 Eddy Covariance Data

Flux calculation and data post-processing are performed described in Helbig et al. (Helbig,
Chasmer, Desali, et al., 2017; Helbig, Chasmer, Kljun, et al., 2017; Helbig, Wischnewski, Kljun,
et al., 2016). Half-hourly turbulent fluxes of CO,, LE, H, and CH4 were calculated with the
EddyPro software (version 7.0.6, LI-COR Biosciences, Lincoln, NE). The software applied
double-rotation rotating the coordinate system of the sonic anemometer (Wilczak et al., 2001)
and the spike removal within the high-frequency flux data (Vickers & Mahrt, 1997).
Furthermore, the software corrected both CO2 and LE fluxes for spectral attenuation (Moncrieff
et al., 1997; 2004), effects of humidity (Van Dijk et al., 2004), and air density fluctuations
(Webb et al., 1980).

Further data operations were done in the Matlab computing environment (version R2020b, The
MathWorks, Natick, MA) by the Laboratory in Atmospheric Biogeosciences in high latitudes
(ATMOSBIOS, Université de Montréal, Montréal, QC). The three-class quality flag system was
used to filter poor quality data (data flagged >1) (Mauder & Foken, 2011). Further post-
processing including filtering of the datasets followed Papale et al. (2006) and Reichstein et al.
(2005), where friction velocity thresholds were set to 0.1 m s™! for both sites to not underestimate

CO» emissions during low-turbulence periods at night (Falge et al., 2001; Gu et al., 2005; Papale
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et al.,, 2006). Over the entire study period, 53% (daytime: 43%; nighttime: 64%) and 36%
(daytime: 27%; nighttime: 49%) of measured NEE were discarded due to low quality at Scotty
Creek and Smith Creek, respectively. NEE gapfilling used the marginal distribution sampling
method by Reichstein et al. (2005) and included the variables SWin, air temperature, and VPD.
Data coverage for NEE after gapfilling was 73% for the Scotty Creek data and 51% for the
Smith Creek data. Regarding CHa, 70% and 48% of measured CH4 fluxes at Scotty Creek and
Smith Creek did not pass the quality control and were replaced by CH4 gapfilling using a
marginal distribution sampling algorithm (Reichstein et al., 2005). After gapfilling, half hourly
CHg4 data was available for 67% and 50% of the overall study period at Scotty Creek and Smith

Creek, respectively.

Positive NEE and CH4 fluxes represent net losses of CO; and CH4 from the ecosystem and
negative fluxes indicate uptake of CO; and CHy, respectively. All turbulent fluxes were corrected
with their corresponding storage fluxes to arrive at the final half-hour flux values. We further
ensured comparability of flux measurements of the two sites by investigating the energy balance
closure for the months June and July. After removal of fluxes of H and LE fluxes with low
quality flags (flagged >0), energy balance closure was 0.70 for Scotty Creek and 0.73 for Smith
Creek, respectively (Figure A3.1). Helbig, Wischnewski, Kljun, et al. (2016) previously reported
0.79 at Scotty Creek and other wetlands sites were within a similar range, i.e., 0.76 = 0.13 (Stoy
etal., 2013).

3.2.4.2 Partitioning Net Ecosystem Exchange into Component Fluxes
Partitioning of NEE into GPP and ER made use of ER modelling following nighttime
temperature regression models (Reichstein et al., 2005; Runkle et al., 2013). Nighttime was
determined by incoming shortwave radiation (SWin) <20 W m™. In addition, we derived the
model parameters of a Michaelis-Menten curve applying the r-package ‘nlme’ (Pinheiro et al.,
2023) and the following formula (Baird et al., 2019):

GPPyqx x PPFD

NEE = R
k + PPFD + Ry

The theoretical maximum GPP (GPPmax) can be thought of as the asymptotic limit whereas k is
referred to as the half saturation constant which determines the rate approaching GPPmax. Rt was

assumed to be constant and associated with ER (Baird et al., 2019). The model considered ‘Year’
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as a random factor so that all data of different years were compiled in two-week moving data
frames for each calendar week (i.e., week 35.5 included data from week 35 and 36 of the years
2017-2022) which yielded more robust trends than one-week-data frames. Only NEE
measurements meeting the highest quality (data flagged =0) were included in the data frames

described above.

3.2.4.3 Annual Balances and Sustained Global Warming/Cooling Potential

Data gaps from both sites precluded the estimation of cumulative annual fluxes for individual
years (Figure A3.2). Hence, to compare the GHG fluxes for the two sites, we calculated
generalized annual flux datasets. These datasets were created by averaging all flux variables for
each half hour period of the year separately (n = 0-6), creating generalized annual datasets. In
this way, we reduced the daily and half-hourly variability due to different environmental
conditions in different years and overcame long data gaps. Similarly, generalized annual datasets
for environmental variables were calculated in the same way, including for air temperature,

rainfall, PPFD, VPD, RH, SWin.

Due to the lack of power supply in winter, CA-SMC had no available data from 16 November to
9 February in any of the measurement years. To fill this gap and arrive at an annual balance, we
averaged adjacent days of the generalized mean dataset from 1) November for early winter (to
the end of the calendar year) and 2) from February for late winter (starting from the beginning of
the calendar year) and compared it against modeled literature values. Our values for early (0.31 g
C m™? yr') and late (0.14 g C m? yr'!') winter NEE were in a similar range than modelled CO,
losses (boreal: 0.07 £ 0.5 ¢ C m? yr'!; Watts et al., 2021) and differences between the sites were
minor during winter. The cumulated differences for this time period between the two sites were
2.0 g C m™ for CO; and 0.9 g C m™ for CHa, respectively, and thus negligible compared to the
overall difference in the annual carbon balance (44.7 g C m™). To contrast the net radiative GHG
forcing effects of CO2 and CH4 in COz-equivalents, we applied the sustained global warming
potentials (SGWP) and sustained global cooling potentials (SGCP) for a 100-year time span
based on Neubauer & Megonigal (2015, 2019).
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3.2.5 Landcover Classification and Footprint Modeling

The Lidar data were collected at Scotty Creek and at Smith Creek in 2017 (Teledyne Optech Inc.
Titan multi-spectral airborne lidar). Data were classified into ground and non-ground returns,
followed by the derivation of structural and topographic data products, including a digital
elevation model and a canopy height model at 2 m spatial resolution. Laser return intensity in
three wavelengths (average for all returns) was interpolated across three laser wavelengths: green
(532 nm), near infrared (1064 nm), and shortwave infrared (1550 nm) for differentiation of moss
species and moisture characteristics found within bogs vs. fens in lieu of Worldview-2 data
(which were not available in 2017). Additional data derivatives were also developed from the
lidar data products, including slope, aspect, curvature, and topographic position index (100 m
radius), which together are used to identify topographically elevated areas from depressions and
the location at which flat peatlands increase in elevation to form plateaus. Vegetation structural
metrics, including canopy height, are used to identify forests on plateaus, shrubs, and open areas

characteristic of plateaus, transition zones, and areas of drying/shrub encroachment at both sites.

The data derivatives were then ingested into a hierarchical decision tree classification described
in Chasmer et al. (2014). This provides an opportunity to mimic the methods associated with a
landcover classification over the Scotty Creek watershed in 2010, applied to data collected in
2017 at Scotty Creek and Smith Creek to ensure similarity in procedures and for the purpose of
area-based change detection. The landcover classification derived using this method consists of
five different landcover types, including ‘lake’, ‘upland moraine’, ‘peat plateau’, ‘fen’, and
‘bog’. Based on these data products, we derived our landcover classifications for both of our two
sites. From the lidar-based land cover classification at Scotty Creek and Smith Creek in 2017,
landcover classes were then reclassified into new classes appropriate for this study using ArcGIS
(version 10.8.2, ESRI, Redlands, CA). These were based on our knowledge from site visits. The
landcover classifications were used as inputs to a footprint model to determine the origin of the

fluxes within the peatland landscape.

The footprint models for both sites were based on Kljun et al. (2015) and applied to both sites,
which yielded two-dimensional half-hourly flux footprints, i.e. probabilities, for the time period
from 1 September 2017 to 31 July 2019. The half-hourly probabilities for each of the five

landcover types (Figure 3.1) were assigned to their corresponding half-hourly flux
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measurements. Input parameters such as roughness length (zo), displacement height (do), wind
direction, and SWin for the footprint models were derived from the eddy covariance data and

additional environmental variables.

3.2.6 Statistical Analyses

All statistical tests and figures were done in the R computing environment (R Core Team, 2020).
There, linear regressions were done to relate peatland fluxes of CO> and CH4 to air temperature
at 15 m height applying the ‘stat _cor’ function in the ‘ggpubr’ package (Kassambara, 2023). The
same R-package was used to apply paired Wilcoxon rank sum tests to check for significant
differences between the two sites’ daily averages of the generalized annual dataset which was
grouped into the different meteorological seasons of the year according to the following
classification: late winter (Day of Year (DOY) 1-59, Spring (DOY 60-151), early summer (DOY
152-197), late summer (DOY 198-243), fall (DOY 244-334), and early winter (DOY >335).
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3.3 Results

3.3.1 Landscape Composition and Flux Footprints

The annual air temperature during the study period at Scotty Creek was -1.4°C compared to -
3.5°C for Smith Creek, both warmer than their long-term climate normal. Air temperature,
PPFD, and VPD were higher throughout the year at the more southern site Scotty Creek (Figure
A3.3). Scotty Creek received a slightly higher PPFD (+2%) and SWin (+11%) than Smith Creek.
Rainfall, however, was similar across all four seasons with an annual sum of 294 mm at Scotty
Creek and 311 mm at Smith Creek, respectively, with over 60-80% of rainfall at both sites
during the summer months. RH was around 4% lower throughout all four seasons at Scotty
Creek than at Smith Creek, with the highest values (77% vs. 81%) during fall and winter. Soil
surface temperatures measured at the peat plateaus (averaged for 10-20 cm) varied more at
Scotty Creek, ranging from -6.0°C in winter to 15.2°C in summer, whereas topsoil temperatures
at Smith Creek oscillated from -3.0°C in winter to 10.7°C. However, these differences in soil
surface temperature were more related to measurement locations and their microtopography or
depths than actual differences between sites. Deeper soil temperatures were higher at Scotty

Creek except for summer but the differences were overall minor, not exceeding 1.0°C.

The 90% footprint climatology followed the extent of permafrost in the landscape so that fluxes
around Smith Creek originated mostly from forested landcover forms, of which peat plateaus
contributed the large major majority compared to negligible flux contributions from upland
moraines. In contrast, treeless wetland form as bogs and fens contributed around two thirds of
the overall landscape flux at Scotty Creek (Table 1). The peat plateaus at both sites were similar
tree LAIs at the two sites (LAImean: 0.69 £ 0.20 vs. 0.63 £ 0.17 m? m™ at Scotty Creek and Smith
Creek, respectively) with minimums and maximums in the same range. Shrub LAIs were twice

as high at Scotty Creek than at Smith Creek and more variable.
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Table 3.1: Comparison of characteristics for Scotty Creek and Smith Creek study sites,
including land cover, leaf area index, and climate.

Scotty Creek Smith Creek

Flux origins [probability in %]

Peat plateau 33.6 81.4

Bog 64.0 8.4

Fen 1.3 8.0

Upland moraine 0.1 1.1

Lake 1.0 1.1
LAI (peat plateau) [m? m?]

Tree LAI 0.69 +0.20 0.63+0.17

Shrub LAI 0.69£0.31 0.38+0.18
Air temperature [°C]

Annual (long term, 1991-2020)2 -2.42 -3.7*

Annual (years of study; >95% data) -1.4+£0.6 (2018-2021) -3.5+£0.9 (2019-2021)
Soil temperature [ °C] (peat plateau)

Annual average 10-20 cm 1.7+ 0.3 (2018-2020) 1.7+ 0.2 (2018-2020)

Annual average 60 cm 0.1 +£0.1(2018-2020) -0.1 £0.3 (2018-2020)
Precipitation [mm]

Annual (long term, 1991-2020)2 3792 3412
Rainfall [mm]

Annual (years of study; >95% data) 294 + 125 (2018-2021) 311 £10(2019-2021)
SWin [W m™] 123+ 10 111+12
PPFD [umol m™ s'] 237+ 17 232+26

Note. Averages (mean + standard deviation) of air temperature, soil temperature, precipitation, rainfall, incoming
shortwave radiation (SWin), and photosynthetic active photon flux density (PPFD) are based on complete
(coverage >95%) data years only (2019-2021)

AT Wano et al (2016)

3.3.2 Seasonal Patterns of Fluxes of CH4 and CO2

Both CH4 and CO: fluxes (including NEE, GPP, and ER) had distinct seasonal patterns, and
clear differences between the two sites. Daily average NEE of the generalized annual data
(NEEmean Mar-oct £ corresponding daily averaged standard deviation of generalized annual data)
was more negative at Scotty Creek from March to October (NEEmean Mar-oct: -0.30 = 0.80 g C m™
d') than at Smith Creek (NEEmean Mar-0ct: -0.03 £ 1.10 g C m™ d™!). NEE during late and early
winter was in a similar range at both sites, 0.21 + 0.18 g C m™ d! at Scotty Creek and 0.19 +
0.08 g C m? d"! at Smith Creek. NEE at Scotty Creek increased until DOY 182 reaching -2.01 +
1.48 umol C m? d”!, whereas NEE at Smith Creek already peaked on DOY 157 with a maximum
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average daily uptake of -1.47 £ 0.91 g C m d! (Figure 3.2a). Differences between the two sites’
NEE occurred in late winter, early summer, late summer, and fall (p < 0.001) as well as in early

winter (p < 0.05).

From spring to fall, daily averages of GPP were lower at Scotty Creek (GPPmean Mar-oct: 1.78 £
0.75 g C m? d!) than at Smith Creek (GPPmean Mar-oct: 2.33 = 1.06 g C m? d'!), culminating with
a maximum daily average of 5.58 = 1.00 g C m™ d! during late summer on DOY 212 at Scotty
Creek vs. 7.05 £ 1.15 ¢ C m? d"! during early summer at Smith Creek on DOY 180 (Figure
3.2b). Early summer was the period with the most significant difference (p < 0.001) in GPP,
whereas late summer and fall were less significant (p < 0.05). Daily averages of ER during
spring, summer, and fall were also lower at Scotty Creek (ERmean Mar-0ct: 1.61 £ 0.65 g C m™ d!)
than at Smith Creek (ERmean Mar-oct: 2.24 £ 0.89 g C m? d!). ER reached its maximum at both
sites during late summer, 5.70 = 0.94 ¢ C m™ d!' at Smith Creek and 4.80 = 1.70 g C m? d! at
Scotty Creek, respectively (Figure 3.2¢).

Late summer was also the time when differences in CH4 emissions were highest, but differences
were significant throughout the entire year except for early winter (Figure 3.2d, p < 0.001). Thus,
Scotty Creek, with greater wetland cover, had a higher daily average CH4 from March to October
than Smith Creek, 21.5 + 13.7 mg C m? d"! and 4.38 + 8.93 mg C m? d’!, respectively. The
highest daily average emissions of CH4 occurred during July with 70.2 = 24.3 mg C m? d! at
Scotty Creek and 17.6 £ 12.0 mg C m? d"! at Smith Creek.
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Figure 3.2: Seasonal patterns of CO, and CH4 fluxes across all years (2017-2022) + standard deviation as 14-day
moving averages (a, b, ¢, d) of (a) net ecosystem exchange (NEE), (b) gross primary production (GPP), and (c)
ecosystem respiration (ER) and (d) methane (CH4) flux from the two eddy covariance tower sites, Scotty Creek
(SCC, sporadic permafrost) and Smith Creek (SMC, discontinuous permafrost). Wilcoxon rank sum tests were
applied on daily averages for each season with results portrayed by * p <0.05, ** p <0.01, and *** p <0.001. Line
intensity reflects data availability across all years (July 2017 - September 2022, n=0-6).
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3.3.3 Diurnal Patterns of Fluxes of CHs and CO2

Diurnal patterns of NEE were similar during winter and spring whereas most noticeable
differences in NEE occurred during nighttime in late summer. The diurnal pattern showed that
CO2> release during nighttime in late summer was lower at Scotty Creek with 2.7 + 1.0 umol C
m2 s! compared to Smith Creek with 3.8 £ 1.5 umol m™ s™!. The CO; uptake during daytime
was similar with -4.3 umol C m? s™' (% 1.6 at Scotty Creek, + 2.2 at Smith Creek) pmol C m? s™!
at both sites during late summer (Figure 3.3a). GPP peaked at 8.4 + 2.1 umol C m™ s™! at Scotty
Creek compared to 9.9 + 2.5 umol C m™ s™! during late summer at Smith Creek, suggesting that
Smith Creek had a 18% larger maximum photosynthetic capacity (Figure 3.3b). Unlike GPP and
NEE, ER peaked in the afternoon (late summer: 4.8 + 1.5 pmol C m? s! at Scotty Creek and at
6.3 £ 1.5 pmol C m™? s”! at Smith Creek). The site difference in daytime ER was highest during
early summer whereas the difference in nighttime ER was highest during late summer (Figure
3.3c). While CH4 emissions at Scotty Creek reached maximum on DOY 209 at 0.068 + 0.023
pmol C m? s, Smith Creek reached a maximum daily average of 0.017 = 0.012 pmol C m? s™!
on DOY 187. Scotty Creek’s diurnal pattern of CH4 flux was much less pronounced than at
Smith Creek where the diurnal CHs4 flux reached a maximum of 0.027 £ 0.016 umol C m? s™!

during afternoon in early summer (Figure 3.3d).
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3.3.4 Relationships between Environmental Variables and Fluxes of CH4 and CO2

Environmental conditions were in a similar range at the two sites regarding both air temperature
and PPFD and small differences mostly followed the difference in latitude. Towards the start of
the growing season, the GPPmax (= photosynthetic capacity when light is unlimited) only
responded when average daily air temperatures were >0°C which happened concurrently at both
sites (Figure 3.4a). GPPmax was lower at Scotty Creek with the largest between-site differences in
GPPax during late summer (calendar week 32). The second light response parameter k was
higher at Scotty Creek almost throughout the entire growing season, i.e. vegetation at Scotty
Creek needed more light to reach its photosynthetic capacity GPPmax (Figure 3.4b). Therefore,
the two sites’ ratios between observed midday GPP and GPPmax only diverged later in the season
when Scotty Creek dropped around calendar week 35 until the end of the growing season around
calendar week 42. Emissions of CH4 increased with air temperatures at both sites, with a slightly
higher temperature sensitivity at Scotty Creek (Figure 3.4c). ER increased with warmer air
temperatures, with a higher respiration towards the end of the growing season compared to the

start of the growing season at similar temperatures (Figure 3.4d).
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Figure 3.4: Responses of CO; and CH4 fluxes at the sporadic permafrost Scotty Creek (SCC) and the discontinuous
permafrost site (SMC) to changes in selected environmental variables, such as (a) photosynthetic active photon flux
density (PPFD) and (b, d) air temperature (TA). All measurements were averaged for calendar weeks whereas (a, b)
weekly values of light response parameters k and GPPmax were calculated with a moving two-week data frame.

3.3.5 Carbon Balance and Net Radiative Greenhouse Gas Forcing

The peatlands at Scotty Creek and Smith Creek had NECBs of -16.2 £ 12.2 ¢ C m? yr'! and 28.5
+ 3.3 g C m? yr!, respectively (Figures 3.5a and 3.5b); a difference of 44.7 ¢ C m™ yr'!. The
largest flux for both sites’ overall NECB was CO; (-23.5 £ 10.7 g C m? yr! at Scotty Creek vs.
25.8+ 3.1 g C m? yr! at Smith Creek), compared to C losses via CHs emissions (5.9 + 1.3 g C
m2 yr'! at Scotty Creek vs. 1.0 £ 0.2 g C m™ yr'! at Smith Creek) and DOC export measured at
the watershed outlet (1.4 £ 0.2 vs. 1.6 £ 0.2 g C m™? yr! at Scotty Creek and Smith Creek,
respectively) by L. Thompson et al. (2023). The net radiative GHG forcing of both peatland
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landscapes was strongly influenced by CHs4 emissions. At Scotty Creek, the net radiative
warming from CH4 flux was ~4 times greater (354 + 78 g COz-eq. m™ yr!) than the cooling by
CO> (-86 £ 39 g COz-eq. m? yr'!) (Figures 3.5¢ and 3.5d). At Smith Creek, CO2 (95 + 11 g CO»-
eq. m?2 yr') and CHs (62 £ 13 g COz-eq. m? yr'!') were in a similar range regarding their net
radiative GHG forcing. Overall, both sites’ net radiative GHG balances were similar (268 = 117

vs. 157 £ 24 g COz-eq. m? yr'! at Scotty Creek and Smith Creek, respectively).
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Figure 3.5: Cumulative carbon gain and loss (a, b) and net radiative greenhouse gas forcing (c, d) of carbon dioxide
(CO») and methane (CH4) of generalized annual data (averages of five data years, 2017-2022, for every half hour)
(a, ¢) and as a generalized annual balance (b, d) at the two eddy covariance sites, Scotty Creek (SCC, sporadic
permafrost) and Smith Creek (SMC, discontinuous permafrost). *Export of dissolved organic carbon (DOC) were
measured for the years 2017 to 2019 at the watershed outflow by (L. Thompson et al., 2023). Error bars represent
interannual variability as standard deviations of complete data years (2018 —2021) only.
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3.4 Discussion

We followed a space-for-time approach in this study by comparing two sites with different
extents of permafrost, sporadic vs. discontinuous, in the same ecoregion with similar boreal
climate and peatland vegetation. Our results suggested that the difference in permafrost extent is
the main driver of site differences. In a few decades from current time, the discontinuous
permafrost site will have slowly transformed into a sporadic permafrost site due to ongoing thaw
as an indirect consequence of climate change (Chasmer & Hopkinson, 2017; Gibson et al.,
2021). While direct effects of climate change will alter selected environmental variables, such as
increasing air and soil temperatures, other variables such as PPFD will remain constant. All these
environmental variables as well as different Holocene developmental histories leading to
different quantity and quality of soil C will have played into our findings to a certain degree.
Thus, projecting future ecosystem fluxes needs to consider the indirect effects of warming, i.e.
landscape transitions following landscape-wide permafrost thaw along with wetland extension.
CHa4 emissions were higher at the sporadic permafrost site, while GPP and ER were greater at the
discontinuous permafrost site, despite lower air and soil temperatures as well as lesser PPFD
given by the latitudinal position further north. Overall, Scotty Creek was a C sink while Smith
Creek was a C source and the difference in NEE between the sites was mostly driven by higher
ER at nighttime. Below we discuss the differences of landscape-scale ecosystem fluxes and how

they were mostly driven by the contrasting extent of permafrost.

3.4.1 CHa

CH; fluxes followed the permafrost extent so that CH4 emissions were greater at the sporadic
permafrost site due to the larger abundance of wetlands (Helbig, Chasmer, Kljun, et al., 2017).
The higher wetland-to-forest ratio also led to a higher LE flux and a lower H flux at the sporadic
permafrost site Scotty Creek, respectively (Figure A3.4). The wetland areas, often thermokarst
bogs or fens, had near-surface water table, and are thus often anaerobic in contrast to the aerobic
peat plateaus underlain by permafrost (Estop-Aragonés et al., 2022; Helbig, Quinton, et al.,
2017; Jones et al., 2017; Osterkamp et al., 2009). Although CH4 emissions are known to be quite
variable in space and time (Elder et al., 2021; McClain et al., 2003; Reuss-Schmidt et al., 2019),
the magnitude of CH4 flux followed the area percentage of wetlands within the two footprints. At

a sporadic permafrost site in Finland, wetland area only covered a quarter of the area but
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accounted for 90% of the CH4 emissions while only contributing 22% to the landscape’s CO>
uptake (Kou et al., 2022). The amount of wetland area is a proxy for the non-permafrost

landcover of permafrost peatland complexes and as such key to predict landscape CH4 emissions.

We found a strong diurnal pattern for CHs4 emissions, especially at the northern discontinuous
permafrost site Smith Creek. Previous studies using chambers in a boreal black spruce forest
floor in Alaska (Ueyama et al., 2023) and eddy covariance in a Canadian peatland (Long et al.,
2010) reported diurnal patterns of CH4 emissions and suggested CH4 diffusion via aerenchyma
and CHj4 preferentially released during daytime when the stomata are open (Ding et al., 2005). In
this way, the more diffuse diurnal patterns of CH4 flux at the sporadic site could then be
explained by poor stomatal control of hydrophilic wetland plant types, such as sedges, that are
more dominant in the landscape. Additionally, wetland trees can emit CHy4 through the stem,
reaching a magnitude of up to 20% of peat soils underneath (Gauci et al., 2010). Thus, this
pattern could alternatively result from CHs storage under the canopy during calm wind
conditions. Generally higher wind speeds at Scotty Creek result from lower roughness length
facilitated by less abundant forest structures, elevating the wind profile above the canopy. Either
way, this pattern is also a consequence of the higher extent of permafrost at Smith Creek and
underlines the importance of considering biosphere-atmosphere interactions and their effects on

exchange of CH4 and CO:o.

Warming will consequently increase CH4 emissions, directly by warmer air temperatures and
indirectly by wetland expansion. Projected into the future, the discontinuous permafrost
landscape will evolve into a sporadic permafrost landscape with higher landcover of thermokarst
bog areas. There, recent thaw features emit CH4 at a rate three times higher than older thaw
(Heffernan et al., 2022). Besides wetland expansion, warming will increase CH4 emissions
simply by warmer air and soil temperatures (Rofger et al., 2022), along with substantial
temporal and spatial variation and seasonal hysteresis with higher emissions during fall than at
spring at the same temperature (Chang et al., 2021). However, the majority of CH4 emissions
occurs during peak growing season in June and July, driven by both warming and ecosystem
productivity gains (Yuan et al.,, 2024). Our results suggest a proportional increase of CHa
emissions with shrinking permafrost extent so that we project at least four times higher CH4

emissions for Smith Creek than at the current extent of permafrost. More warming could further
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amplify future CH4 emissions by warmer air and soil temperatures expanding the frost-free

growing seasons and productivity.

3.42 GPPand ER

Both GPP and ER were higher at the northern site with discontinuous permafrost despite both
cooler air and soil temperatures. Air temperature is known to limit GPP in high latitudes by
setting the length of the growing season (Helbig, Chasmer, Desai, et al., 2017). Increased GPP
results in both more fresh organic material to be decomposed by heterotrophic bacteria, and
higher autotrophic respiration, a main component of ER. Peatland ecosystems typically have
low-productive aboveground biomass so that heterotrophic respiration of belowground biomass
is proportionally more important, making shallow soil temperature an important predictor
variable for ER (Baird et al., 2019). Although the presence of trees can lead to slightly increased
soil temperatures in tundra and boreal ecosystems (Kropp et al., 2021), the large differences in
shallow soil temperatures are governed by the presence or absence of permafrost at both of our
sites. Following permafrost thaw, a wet soil regime has a higher thermal conductivity. However,
warmer soil temperatures in the more abundant thermokarst bogs did not lead to higher overall
ER of Scotty Creek nor did warmer air temperatures. If abiotic variables as soil and air
temperatures did not align with the difference in ER (as in Helbig, Chasmer, Desai, et al., 2017),
biotic factors like landcover composition or vegetation dynamics must explain the difference

between the sites.

Smith Creek had minor areas of sandy upland moraine with mature and high trees including
deciduous species near the tower, but these areas were unlikely to be the reason for higher GPP
and ER at Smith Creek. In temperate climate, old growth forests with LAIls around four are
known to have higher respiration than comparably younger forests with higher LAIs (~ 5 m? m?)
(Desai et al., 2005). In boreal peatlands, the upland areas did have larger trees and greater LAI
but they only represented ~1% of the footprint compared to 0.1% within the 90%-footprint range
of Scotty Creek. Regarding the structure of the dominating peat plateau forests, tree LAls at both
sites were in the very same range. Furthermore, these relatively thin black spruce trees have been
found to contribute little to the overall ecosystem evapotranspiration rates (Perron et al., 2023),

which are closely tied to GPP (Keenan et al., 2013).
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It is unlikely that site differences in soil moisture, peat depth or below-canopy vegetation caused
the higher GPP and ER at Smith Creek. Shrub LAI was lower at Smith Creek and thus unlikely
to drive the higher GPP (Ueyama et al., 2023). The organic soil layer however is generally
shallower at Smith Creek (~150 cm) compared to Scotty Creek (~ 330 cm), which could then
imply an overall tendency towards upland ecosystem characteristics, usually more productive
than lowland ecosystems in the Taiga Plains (Startsev et al., 2016). However, both sites reach
organic layer depth of over 150 cm so that the contribution of deep peat layers to overall ER is
minor, even upon permafrost thaw (Estop-Aragonés et al., 2018). In terms of soil moisture status,
waterlogging or dry stress, both as potential consequences of permafrost thaw, are further factors
to consider as controls on GPP and ER (Baltzer et al., 2014). Sniderhan et al. (2020) predicted
advantages for black spruce at northern sites whereas growth might become more limited by dry
stress on thawing peat plateaus further south. However, dry stress and waterlogging would have

also affected net CO uptake, which was actually greater at Scotty Creek.

Higher GPP and ER at the Smith Creek site was most likely due to the greater proportion of peat
plateau compared to Scotty Creek. Helbig, Chasmer, Desai, et al. (2017) found in their intra-site
comparison at Scotty Creek that the overall landscape GPP and ER including the peat plateaus
were higher than the equivalent fluxes from wetland area only. Our study compared two
peatlands with a different latitudinal position which can be a major factor, as light limitation
caused low-arctic ecosystems to have four times higher gross ecosystem productivity rates
compared to high-arctic ones (Lafleur et al., 2012). However, our results suggest that GPP
became light-limited only at the site with higher PPFD. Smith Creek had a higher maximum
photosynthetic rate (i.e., GPPmax) at light saturation while also achieving higher GPP at lower
PPFD rates towards the end of the growing season. GPPmax in peatlands is rather driven by biotic
factors compared to abiotic factors (Peichl et al., 2018), underlining the importance of site
differences in vegetation composition and rather than PPFD and air temperatures. In addition,
Sphagnum mosses can be photo-inhibited under high light conditions in open canopy settings
(Murray et al., 1993), indicated by a lower photosynthetic capacity than under the shading
canopy of shrubs and trees (H4jek et al., 2009). The tall structure of trees allows them to compete
for light more effectively than mosses in the ground layer, but the daytime advantage comes at
the cost of high maintenance indicated by higher ER. Consequently, forested peat plateaus have
both higher GPP and ER than treeless thermokarst bogs which are less abundant at Smith Creek.
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And the difference in nighttime ER is the most crucial factor for between-sites differences in

NEE.

3.43 NEE

Peatland ecosystems at comparable latitudes were previously reported as small net atmospheric
CO; sinks (Humphreys et al., 2006; Lund et al., 2010). Our results (-23.5 to +25.8 g C m?2 yr'!)
align with those of other high-latitude ecosystems in the discontinuous (black spruce forest in
Alaska: -20 to -60 g C m™ yr'!, Ueyama et al., 2006; permafrost palsa mire: -50 g C m™, Olefeldt
et al., 2012) and continuous permafrost zone (arctic meadow: -80 g C m? yr'!, Emmerton et al.,
2016). When looking at previous peatland studies, there were no clear patterns of NEE along
climate and permafrost gradients. A multi-site comparison cannot inform whether permafrost
thaw will lead to increased/decreased CO: uptake due to the variety of different factors, such as
peatland types, vegetation, site histories, and different study periods. All these likely obscure
inferences on how permafrost extent influence site NEE. In our study however, we compared
two sites with very similar characteristics, in the same ecoregion, and the measurements were
done in the same years so that differences between the sites are more likely to be attributed to

differences in permafrost extents than elsewhere.

The annual NEE of our sites indicated that Scotty Creek was a sink of -23.5 g C m? while Smith
Creek was a source of +25.8 g C m™ yr'!. This difference between the sites is large enough that
we consider the sites to have actual differences in long term NEE, despite uncertainties
introduced from gap-filling methods including recently found biases at northern latitude sites
(Vekuri et al., 2023), large interannual variability found at other permafrost peatland sites (= 100
g C m 2 yr'! in annual NEE; Euskirchen et al., 2024), and the eddy covariance method in general
(£ 60 g C m? yr'! in annual NEE; Baldocchi, 2020). However, we cannot determine our sites to
be long-term CO; sinks or sources. Our data suggests that the site in the sporadic permafrost
zone had a lower NEE (i.e., more of a sink or less of a source) compared to the site in the
discontinuous permafrost zone and we thus focus on differences in NEE rather than absolute

values.

From a seasonal perspective, we found the largest differences in NEE starting in July after

solstice. While NEE at Scotty Creek only peaked in the beginning of July after solstice, Smith
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Creek already had the greatest NEE uptake in the beginning of June. We again suspect the
difference in permafrost extent behind the difference in seasonal NEE. The water table in
wetlands has been found to be a major control of net CO2 exchange (Helbig et al., 2022;
Lindroth et al., 2007; Sulman et al., 2010). Wetland inundation in bogs and fens can suppress net
CO» exchange early in the season, sustained into later in the season in wet years (Sulman et al.,
2010). In dry years, a too low water table during late summer can however turn peatlands into
interannual CO; sinks (Helbig et al., 2022), suggesting ER dominating over GPP under dry
conditions. Late in the year in fall and winter, ER determines whether ecosystems act as CO>

sources or sinks despite frozen soils (Ueyama et al., 2014; Watts et al., 2021).

Looking at the diurnal patterns, daytime differences in NEE between the two sites were minor
compared to the differences during nighttime, which suggests ER as the main driver behind the
difference in NEE. Increased wetland extent is likely to reduce respiration, especially during
nighttime, which is why Scotty Creek acted as a sink while Smith Creek was a source. Previous
work at Scotty Creek using nested eddy covariance has shown that there was no difference in
NEE rates between the wetland and the sporadic permafrost landscape’s overall NEE (Helbig,
Chasmer, Desai, et al., 2017). If the nighttime ER at Smith Creek is lowered to the current rate of
Scotty Creek, increasing wetland ratios Smith Creek in future might come along with more

negative NEE like at the sporadic permafrost site Scotty Creek.

As of now, NEE seems rather limited by cold temperatures rather than by low rates of PPFD
during the shoulder seasons whereas light-limitation was only observed at Scotty Creek. Thus,
warming could extend the growing season at Smith Creek. However, the more northern peatland
complex at Smith Creek could become even more light-limited in future as Scotty Creek is now
when wetlands expand on the costs of light-efficient forest ecosystems. In a tundra ecosystem in
Alaska, enhanced ER did outweigh gains in GPP due to increased temperatures and persistent
permafrost thaw (Schuur et al., 2021). Expansion of thermokarst wetlands in a warming climate
at Smith Creek could result in GPP getting light limited in fall - similar to the status quo at
Scotty Creek.
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3.4.4 Net Ecosystem Carbon Balance and Net Radiative Greenhouse Gas Forcing

The overall difference of 44.7 g C m? yr'! in the carbon balance was mostly driven by NEE
rather than the similar DOC export (L. Thompson et al., 2023) and the higher CH4 emissions at
the sporadic permafrost site Scotty Creek (Miner et al., 2022; Watts et al., 2023). Like Scotty
Creek, other peatland sites have been found to be minor C sinks (~ -20 g C m? yr!) and NEE
measured by eddy covariance was often the main driver in terms of overall magnitude and
variability in different NECB studies (Dinsmore et al., 2010; Nilsson et al., 2008; Roulet et al.,
2007). Previous work from a sporadic permafrost peatland complex in Sweden found CHgs
emissions of bogs and fens to only offset 7% and 17% of the CO- uptake, respectively (Holmes
et al., 2022). Hydrologic export of C is more relevant to tidal wetland ecosystems (e.g., Arias-
Ortiz et al., 2021), where large proportion of their net atmospheric C uptake was lost via
hydrologic export. Thus, effects of shrinking permafrost extent on NEE is crucial to predict the

direction of change in permafrost peatland C storage.

Determining the NECB of peatlands after thaw has been approached by different methods with
different spatial and temporal boundaries which has led to varying results. Recent work including
Scotty Creek and Smith Creek found accelerated Sphagnum growth suggesting increased C
uptake and highlighting the need for a complete C budgeting with palaeoecological analysis of
peat surface cores (Germain Chartrand et al., 2023). At Scotty Creek, full peat core analysis
showed that surface peat accumulated at a rate of 22 ¢ C m 2 yr! (L. Harris et al., 2023).
Following permafrost thaw however, analyses of plateau-bog chronosequences indicated a net C
loss, where 13% of the peat C was lost over 600 years, with even higher losses C from deeper
peat (L. Harris et al., 2023; Jones et al., 2017). In contrast, flux measurements of respired *C—
CO» by static chambers suggest that permafrost thaw leads to preservation of old, deeper C
(Estop-Aragonés et al., 2018). Peat core analyses can only conclude on consequences of
permafrost thaw under historically colder climatic conditions. Furthermore, biometric methods
such as peat core analyses and chamber-based flux measurements tend to underestimate net
primary production when compared to estimates based on eddy covariance, especially in boreal
forests where C fluxes are relatively small (Campioli et al., 2016). Meanwhile, eddy covariance

measurements, like presented here, undergo a high degree of standardization in the data
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processing and now also include CHy fluxes (Arias-Ortiz et al., 2021), in contrast to previous

studies using chamber-based measurements (e.g., Dinsmore et al., 2010; Nilsson et al., 2008).

The enhanced CH4 emissions following permafrost thaw are more important from a net radiative
GHG forcing perspective (Frolking & Roulet, 2007; Helbig, Chasmer, Desai, et al., 2017;
Knoblauch et al., 2018). Johansson et al. (2006) found that increases in CO; uptake of 16% were
outweighed by a 22% increase of CH4 emissions over a 30-year-period at a sporadic permafrost
site, resulting in a 47% higher net radiative GHG forcing on a 100-year time scale. Our results
suggest an almost linear increase of CH4 emissions with increasing wetland expansion (cf. Elder
et al., 2021; Kuhn, Varner, et al., 2021; Miner et al., 2022; Treat et al., 2021), potentially even
further amplified by future warming and longer growing seasons (Helbig, Quinton, et al., 2017;
RoBger et al., 2022). Wetland expansion will likely increase the uptake of the third important
GHG, nitrous oxide, but with minor consequences for the overall net radiative GHG balance
(Dinsmore et al., 2010; Schulze et al., 2023). Overall, we will likely see an increase of net
radiative GHG forcing along with permafrost loss across the discontinuous peat landscape, with
high uncertainties and increasing interannual variability in CO> (Helbig et al., 2022) and CHa4
(Yuan et al., 2024). Our study suggests that climate warming and permafrost thaw will enhance
the CO, uptake while also increasing CH4 emissions, leading to modest increases in both C

storage and net radiative warming.
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3.5 Conclusion

Continued warming and permafrost thaw will lead to increased peatland C uptake due to
increased CO> uptake but also increased net radiative GHG forcing due to increased CHs
emissions. The wetland-to-forest ratio governed by the extent of permafrost was a key control for
all ecosystem GHG fluxes including ER and GPP which were higher at the more northern site
despite lower air temperatures and light supply. Differences in NEE were driven by the higher
respiration during nighttime, most likely given by the higher tree cover and more abundant peat
plateaus in the discontinuous permafrost landscape. Given the limited light supplies in fall, the
GPP is unlikely to increase with ongoing wetland expansion. Even if the landcover transition
accompanied by a loss of permafrost led to lower respiration rates as currently portrayed by the
sporadic permafrost site, ongoing warming would rather increase overall ER. The CH4 balance is
certainly crucial from a net radiative GHG forcing point of view. Warmer air temperatures and
more wetland expansion only allow for one direction of change: further warming by increasing
CH4 emissions. Our study suggests an increase of CH4 emissions with increasing abundance of
fens and bogs in the landscape along with a decline of permafrost extent, likely leading to an

increase of net radiative GHG forcing.
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4. Large Losses of Carbon Dioxide and Carbon from Burned Permafrost Peatlands in the
First Years after Wildfire

Abstract

Across northwestern Canada, boreal peatlands underlain by permafrost have accumulated vast
amounts of carbon (C) over millennia despite regularly burning in natural wildfire cycles.
Ongoing climate change shortens fire return intervals and intensifies fire severity, possibly
transforming the ecosystems of this vast region into long-term future C sources. Losses of C
occur during wildfire as well as in the years post-fire due to reduced vegetative uptake of CO», a
potent greenhouse gas (GHG). Here, I report the first eddy covariance measurements (2020-
2023) of net carbon dioxide (CO;) exchange from a recently burned permafrost peatland
complex (‘2019 Burn’) in the first four years after the fire and compare them to concurrent
measurements at a nearby burned peat plateau recovering from a wildfire in 2007 (‘2007 Burn’).
The 2019 Burn released over 100 g C m™ yr'! as CO; for each of the first years after the wildfire,
while the 2007 Burn has returned to an annual net CO» sink by 2023, i.e., 16 years post-fire.
Thaw depths and soil temperature were higher, but soil respiration was lower at both burned sites
compared to unburned peat plateaus. My results thus suggest large net CO; losses in the first
years after fire but a quick recovery of net CO, gains of burned peatland complexes 16 years
after fire. However, accentuated active layer deepening post-fire and warmer soil temperatures at
depth are likely to promote the release of deep, old C. Future work must account for both, the
significant magnitude and origin of post-fire CO2 emissions, as previously frozen, old C is being

reintroduced to the atmospheric C cycle, fueling further global warming.
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4.1 Introduction

Wildfires have increased in frequency, extent, and severity across boreal Canada due to climate
change (Flannigan et al., 2009; French et al., 2020; Stocks et al., 2002), with globally non-
negligible emissions of potent greenhouse gases (GHG) resulting in a positive, i.e., warming,
feedback to the climate system (Gibson et al., 2018; Schuur et al., 2022). Despite the boreal
biome’s large areal extent (Gauthier et al., 2015) and carbon (C) sink function (Goodale et al.,
2002), there is a lack of predictive understanding on ecosystem-scale effects of wildfires on net
CO> fluxes in the years post-fire (Oliveira et al., 2021). The foregoing particularly applies to
boreal peatland complexes which are treed and relatively dry, and thus carry fire (Nelson et al.,
2021). As such, permafrost peatlands are most significant in storing C and several studies have
shown that the direct combustion losses from treed permafrost peatlands are substantial (Walker
et al., 2018, 2019). However, it remains unknown for permafrost peatlands how much post-fire
COgz is released in the years after fire before they start to return to a C sink via vegetation

regrowth.

Globally, boreal peatlands store around 400.000 Tg of C covering 3.7 million km? (Hugelius et
al., 2020). In boreal western Canada, the Taiga Plains ecozone spans around ~550,000 km? and is
characterized by flat to undulating topography on sedimentary bedrock, sporadic to continuous
permafrost, and widespread boreal peatlands (~50 % of the area) (Castilla et al., 2022). As part
of the boreal biome, the Taiga Plains is susceptible to wildfires as more than one third of the
Taiga Plains (approximately 140,000 km?) has burned in the years from 1959 to 1997, resulting
in an annual burned area of 3,600 km? (0.7%) per year (Stocks et al., 2002). In the 2010s, almost
70,000 km? in total burned, suggesting that the annual burned area per year doubled (Castilla et
al., 2022). When the long-term sequestration rate of C by Canadian peatlands was estimated at
23 Tg per year (Carlson et al., 2010), CO2 emissions from combustion and post-fire were not

considered (Kurz et al., 2013).

Many studies on wildfires have focused on combustion losses and ignored post-fire losses by
assuming an instant ecosystem recovery of CO; capacity (Mack et al., 2021; Turetsky et al.,
2015; Walker et al., 2020). The few available studies on post-fire CO; losses investigated boreal
forest ecosystems (Amiro et al., 2010) or peatlands without permafrost (Wieder et al., 2009), and

suggested that many forest ecosystems will only start to regain net C after 10 to 20 years of
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forest regrowth (Liu et al., 2011). Combustion losses from boreal forests generally depend on the
burn severity driven by soil moisture regime (Turetsky et al., 2015; Walker et al., 2018), depth of
burn (Walker et al., 2019), and fuel availability (Walker et al., 2020). Compared to tropical
peatlands characterized by large amounts of aboveground forest biomass, combustion losses
from forested northern peatland complexes are relatively small (Loisel et al., 2020), e.g., 5 Tg C
per year from Alaskan wetlands (Lyu et al., 2018). Across boreal northwestern North America,
wildfires caused losses of about 789 Tg C compared to gains of 649 Tg C following post-fire
recovery over a 30-year time span (Wang et al., 2021). Although wildfires lead to short-term
fertilization effects (Neff et al., 2005; Schulze et al., 2023; van Beest et al., 2019), boreal
peatlands are particularly slow in their vegetation regrowth due to their nutrient-poor status
(Wang et al., 2018) and low soil temperatures, especially when associated with permafrost
(Gibson et al., 2018; Robinson & Moore, 2000). For permafrost peatlands, there is in fact no

previous study contrasting both combustion losses of CO2 and post-fire CO> losses.

Post-fire atmospheric CO> losses from non-permafrost peatlands are dominated by heterotrophic
respiration, whereas photosynthetic uptake and autotrophic respiration are small due to missing
or slowly recovering vegetation (O’Donnell et al., 2009; Wieder et al., 2009). In permafrost
peatlands, post-wildfire heterotrophic respiration by microbes in deeper soil layers is fueled by
both higher oxygen availability and higher soil temperatures at around 40 cm depth (Gibson et
al., 2019). Increased soil temperatures at depth after a wildfire accelerate thaw (Gibson et al.,
2018) and cause permafrost degradation (Nossov et al., 2013) and thus increase deep soil
respiration rates (Estop-Aragonés et al., 2018; Gibson et al., 2019). Wildfire can lead to large-
scale reductions in tree cover along with wetland expansion (Helbig, Pappas, et al., 2016), which
then affects both evapotranspiration (Kettridge et al., 2015) and net radiative forcing by long-
term net changes in GHG exchange (Koster et al., 2017), albedo, and black C deposition (Potter
et al., 2020; Randerson et al., 2006). Increased lateral C export is an additional consequence of
wildfire in peatlands with permafrost (Burd et al., 2018) and without permafrost (Orlova et al.,
2020) and can lead to further CO> emissions downstream (Dinsmore et al., 2010; Olefeldt et al.,
2013).

Previous estimates of post-fire C losses have only included burned peatlands without permafrost

(Wieder et al., 2009; Wilkinson et al., 2023) or used the static chamber method instead of the
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eddy covariance technique (Myers-Smith et al., 2007). The eddy covariance approach is
characterized by continuous and non-intrusive GHG flux measurements on an ecosystem-scale
(Baldocchi, 2020). To date there have been no published studies using the eddy covariance
technique to quantify net CO> fluxes between burned permafrost peatland complexes and the
atmosphere. Thus, the goal of this study is to understand how losses of CO> from burned
permafrost peat plateaus in the years post-fire compare to those during combustion before
returning to net CO> sinks. To meet this goal, our objectives were to quantify a) the C
combustion losses and net ecosystem CO> exchanges (NEE) of two burned permafrost peat
plateaus in the first four (2019) and sixteen years after the wildfire (2007) using the eddy
covariance technique (2019-2023). The two burned peat plateaus were located in northernmost
Alberta, in the sporadic permafrost zone of the Taiga Plains. To shed light on the respiratory
contributions from the burned peat plateau surfaces to ecosystem-scale fluxes, the eddy
covariance measurements were supported by chamber-based soil respiration measurements, frost

table, and soil temperature measurements in comparison to a nearby unburned peat plateau.
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4.2 Materials and methods

4.2.1 Study Sites

This study was carried out at three peatland complexes located <18 km apart in northernmost
Alberta, Canada (Figure 4.1a). Two of the peatlands were affected by wildfires in 2019 and
2007, while the third has not burned for at least 60 years based on tree ring observations. Due to
the short distance between the sites, the three peatlands experience similar climatical conditions,
and likely had similar vegetation composition prior to the wildfires. We installed identical eddy
covariance systems at the recently burned peatland (2019) (59.59°N 117.29°W; AmeriFlux-ID
‘CA-STR’ at the ‘2019 Burn’) and at the peatland which burned in 2007 (59.44°N 117.24°W;
AmeriFlux-ID ‘CA-LUT’ at the ‘2007 Burn’). The unburned third site was the Lutose unburned
peatland site (59.48°N 117.18°W; ‘Unburn’, see Heffernan et al. 2020). I collected soil chamber

flux measurements and established thaw depth measurement grids at all three sites (Figure 4.1a).

All three sites are peatland complexes with sporadic permafrost (<50%), characterized by a
mosaic of peat plateaus where permafrost is present and thermokarst bogs and channel fens
where permafrost is absent. Peat plateaus are elevated 1-2 m above their surroundings due to
excess ground ice, which leads to relatively dry conditions by drainage. Peat plateaus have an
open canopy of stunted <6 m tall black spruce (Picea mariana), a ground cover of Labrador tea
shrubs (Rhododendron groenlandicum), lichens (Cladonia spp.), and sparse hummocks with
Sphagnum fuscum moss. Thermokarst bogs are wetter and are dominated by mosses (Sphagnum
fuscum, Sphagnum angustifolium, and Sphagnum riparium), Leather leaf (Chamaedaphne
calyculata) and Bog Rosemary (Andromeda polifolia) shrubs, and sparse Rannoch-rush sedges
(Scheuchzeria palustris). Channel fens are wetter and have a varied vegetation composition, but
no channel fens were located within 120 m of the eddy covariance instrumentation, and no soil
chamber flux measurements were done in fens or bogs. Peat depths of the three sites were 150
cm at the 2019 Burn, 220 cm at the 2007 Burn, and 550 cm at the Unburn. The climate is
continental, with a mean annual average temperature of -1.1°C for the period 2011 to 2020 and a
mean annual precipitation of 355 mm (T. Wang et al., 2016). Wildfire has already affected at
least one quarter of permafrost peatlands in the sporadic and discontinuous permafrost zone of

the Taiga Plains (Gibson et al., 2018). During wildfire recovery, peatlands in the study region are
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very similar in their succession stages, independent from burn severity, depth of burn, and peat

depth (Gibson et al., 2018).

The 2019 Burn burned in late May of 2019 (Alberta Fire Number: HWF066-2019, 65,000 ha).
The Fire Weather Index, a numeric rating of general fire danger based on weather and fuel
moisture, was at the start of the fire >30, i.e., extreme (https://cwfis.cfs.nrcan.gc.ca/maps). The
fire was of high severity as defined by Kasischke et al. (2008), with all low shrubs consumed by
fire, all trees deceased and with all needles, tertiary, secondary branches consumed and <30% of
primary branches remaining. Sphagnum mosses in thermokarst bogs and on hummocks of the
peat plateaus were singed but not combusted. Most tree boles were standing after the fire, but all

were severely charred, and the ground previously covered by lichens was also charred (Figure

4.1b).

The 2007 Burn burned in late June 2007 (Alberta Fire Number: HWF119-2007, 2,200 ha). The
Fire Weather Index at the initiation of the fire was between 10 and 20, i.e. moderate. Assessing
fire severity at the 2007 Burn at the start of this study was not possible due to the time since the
fire. However, no black spruce trees had survived the fire and lichens were completely absent,
which suggests that the site had at least moderate fire severity. By 2019, most charred tree boles
had fallen over, and vegetation recovery was dominated by dense Labrador tea shrubs (~40 cm

tall) and sparse regenerating black spruce (<1 m tall) (Figure 4.1c¢).

Legend
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Figure 4.1: (a) Map of the research sites around Lutose including both eddy covariance tower locations (CA-STR in
the 2019 Burn and CA-LUT in the 2007 Burn; Canadian National Fire Database, 2023). (b, c¢) Images of the tower
locations within the wildfire-affected peatland areas.

93



4.2.2 Eddy Covariance Measurements

In September 2019, I established the first eddy covariance system at the 2007 Burn followed by
the 2019 Burn in June 2020, respectively. At both sites, flux footprints originated from elevated
burned peat plateaus and wetter, unburned bog areas in depressions; both equal in their coverage
ratios throughout the two wildfire scars. The eddy covariance instruments were identical at both
sites but installed on different structures: at the 2019 Burn, a measurement height of 6.0 m was
required to surpass the height of standing dead trees (~4 m in height), which was achieved by
using a scaffolding structure with a west-facing boom (length >1m) directed outwards of the
tower structure (Figure 4.1b). At the 2007 Burn, the dead trees from the fire had fallen over so
that the instrumentation was installed on a west-facing boom (length >1m) at 2.1 m height at a
tripod (Figure 4.1c¢). Fluctuations of vertical wind speed and sonic temperature were recorded by
sonic anemometers (CSAT3, Campbell Scientific, Logan, UT) at high frequency (10 Hz).
Operating at the same frequency and measurement heights in colocation to the sonic
anemometers, enclosed-path infrared gas analyzers (LI-7200, LI-COR Biosciences, Lincoln, NE)
measured densities of water vapor and CO». To the turbulent net flux of CO,, the storage term
was added to derive NEE between ecosystem and atmosphere. Positive NEE fluxes indicate net
losses of CO; from the ecosystem to the atmosphere and negative fluxes indicate uptake of CO,,

respectively.

Site wvisits and checks including cleaning of optical pathways on the high frequency
instrumentations occurred monthly during the growing seasons 2020, 2021, and quarterly
starting from the growing season 2022. The calibration of the gas analyzers was done on a yearly
basis. The high-frequency data were stored by CR3000-XT dataloggers (Campbell Scientific,
Logan, UT), which also recorded additional environmental measurements as half-hour averages,
including net radiation, rainfall, air and soil temperature at 10 cm depth, photosynthetic active
photon flux density (PPFD), soil moisture content, and ground heat flux (see Table A4.1 for

information on sensors).

Half-hourly fluxes were computed using the software EddyPro (v. 7.0.9, LI-COR Biosciences,
Lincoln, NE). The software allowed to double-rotate the anemometers’ coordination systems
according to Wilczak et al. (2001), to apply spike removal followed Vickers & Mahrt (1997) and

to correct for spectral attenuation according to Moncrieff et al. (1997, 2004), air density
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fluctuations (Webb et al., 1980), and humidity effects (Van Dijk et al., 2004). The three-class
quality flag system by Mauder & Foken (2011) was applied to filter poor quality data (data
flagged >1). Further filtering of the eddy covariance datasets followed Papale et al. (2006) and
Reichstein et al. (2005) and included the dismissal of low-turbulence periods during nighttime
(Falge et al., 2001; Gu et al., 2005; Papale et al., 2006). To be able to differentiate between
daytime and nighttime as described in Helbig, Wischnewski, et al. (2016) despite the lack of
measurements of incoming short-wave radiation (SWin), I calculated SWin based on PPFD
using an approximation factor (0.495) as suggested by Hassika & Berbigier (1998). Nighttime
NEE was bootstrapped (100 times) to derive the 95% confidence interval and friction velocity

thresholds according to Papale et al. (2006).

4.2.3 Net Annual CO:2 Fluxes

I estimated the net annual net CO> balance for the 2019 Burn and 2007 Burn by summing the
average measured flux for each half-hour throughout the year, i.e. with up to four - five values
for each half-hour (measurement period at 2007 Burn lasted from September 2019 to October
2023, i.e., half hours in September and October could have years to enter the standard deviation
calculation). This approach enabled data coverage of 90% and 81% of all 17,520 half hour fluxes
of a generalized annual dataset and ignored Day of Year (DOY) 366 of the intercalary year 2020.
Standard deviations were also calculated for each half hour of the year accordingly. I chose to
estimate an average net annual CO; flux rather than individual net CO; fluxes for each of the
four years mostly due to several summer data gaps longer than three weeks and winter data gaps.
Data gaps were more pronounced during winter due to low solar power potential which could not
always supply sufficient power to the battery systems connected to all the instruments. From
DOY 305 to DOY 59, data coverage was 71% and 43% for CA-STR and CA-LUT, respectively.
To arrive at a complete annual estimate of net CO2 exchange, we therefore assumed low diurnal
and seasonal variability (standard deviation ~ 0.002 g C m™ per half hour flux for both sites) of
winter fluxes at both sites between November and February and averaged all available NEE
values of the generalized annual data from a) 1 November to 31 December and d) from 1 January
to 28 February to gapfill all missing NEE values for the corresponding periods. Moreover,

different meteorological seasons were grouped into the following classification: late winter
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(DOY 1-59), Spring (DOY 60-151), early summer (DOY 152-197), late summer (DOY 198-
243), fall (DOY 244-334), and early winter (DOY >335).

4.2.4 Static Chamber Soil Respiration

I measured soil respiration at the 2019 Burn, 2007 Burn, and Unburn using the static chamber
approach (Crill, 1991; Norman et al., 1997; Subke et al., 2021). At each site, I installed four to
six circular collars (0.12 m?), where the collars were placed to represent the heterogeneous peat
plateau vegetation, and included dominance of char, Labrador tea, and singed Sphagnum moss at
the 2019 Burn and 2007 Burn, and of lichens, Labrador tea, and live Sphagnum moss at the
Unburn site. No trees or saplings were in the collars. I used opaque chambers (19 cm height, 22.4
L volume) covered with reflective foil insulation to reduce warming inside the chamber. The
chambers fit in a 5 mm ring-formed edge on top of the collars where water was added to seal the
chambers during measurements. The concentration of CO; in the chamber was measured with a
portable infrared gas analyzer (EGM-4, PP Systems, Amesbury, MA), connected to the chamber
with ~1 m silicone tubes. Chambers were deployed for eight minutes, and readings of CO>
concentration were taken every 30 seconds. Soil respiration fluxes were calculated based on the
change in CO2 concentration between three to eight minutes of the chamber deployment, using
the ideal gas law. Air temperature and air pressure required for the flux calculation used
measurements from the nearby (<1 km) eddy covariance instrumentations (see above). For each
flux measurement I also measured depth to frost table, water table position, soil moisture, and
soil temperatures at 5, 10, 20, and 40 cm. There were three occasions of flux measurements in
2020 and 2021, and two in 2022, for a total of 108 soil respiration measurements. For all eight
measurement occasions, I averaged all soil respiration rates for each site and applied repeated
measures ANOVA using the ‘rstatix’ package (Kassambara, 2021) in the R computing

environment (R Core Team, 2020).

4.2.5 Depth to Frost Table Position

I measured the depth to the frost table two to four times each year between 2019 and 2022,
including one occasion each year between mid-September and mid-October when the deepest
seasonal frost table position can be expected to occur (i.e., the active layer). An 80-point

sampling grid (10 rows x 8 columns) was established with 5 m spacing between points within
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peat plateaus covering 2,000 m? at each of the three sites. Depth to the frost table at each point
was measured using a 150 cm soil probe, and I noted when the depth to the frost table was >150
cm. At each point, I recorded the microtopography (hummock or hollow) and ground cover
(lichen, char, or Sphagnum). The presence of taliks (i.e., areas with continuously non-frozen peat
above the frost table, indicating permafrost degradation) was indicated when the depth to frost
table was >150 cm at the end of the season (Gibson et al., 2018). For example, at the 2007 Burn,
taliks were found at 76 out of 80 grid points at the end of the measurements in October 2022. A
representative measure of depth to the frost table for points without taliks was estimated by
applying a kernel density estimation (Gibson et al., 2018; Wessa, 2015). This central estimate of
depth to frost table measured in mid-September to mid-October represents the active layer for
non-talik points and thus indicate differences in cumulative annual ground heat flux if peat

properties (bulk density, soil moisture) are not different between sites.

4.2.6 Estimation of Combustion C Losses

I estimated combustion C losses only at 2019 Burn, given the long time since fire at 2007 Burn.
Combustion C losses were estimated for both above- and belowground, following the method
described by Walker et al. (2018). Two 2x20 m transects running north-south were randomly
placed within the burned peat plateaus of the 2019 Burn and Unburn. Stand age at the 2019 Burn
and the Unburn were assessed from tree rings of three basal tree discs from each site using the
CooRecorder software (Cybis Elektronik & Data AB, described in Maxwell & Larsson, 2021). In
each transect, I counted all trees and measured the diameters at breast height for trees >1.3 m and
at the base for smaller trees. Aboveground biomass and C losses were assessed using allometric
equations for black spruce stands according to Lambert et al. (2005), and 1 assumed total
combustion of foliage, branches, and bark and an average C content of 50% (Walker et al.,
2018). For all trees >1.3 m tall in each transect, I measured the distance between the top of the
highest adventitious roots to the peat surface. Belowground C loss at the 2019 Burn site also
required soil C content in the top 4.8 cm at the Unburn site. I collected 15 surface peat samples at
the Unburn, 4.8 cm thick and 5 cm diameter, which were dried (60°C for 84 hours) and then
combusted (550°C for 4 hours). The C content of the peat organic matter was assumed to be 45%
(Heffernan et al., 2020). Aerial imagery from the 2019 Burn allowed us to estimate that 50% of

the peat surface within 200 m from the tower with eddy covariance instrumentation had had soil
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combustion, while the other 50% of the site had singed Sphagnum moss which I assumed had no

soil C combustion.

Uncertainty (95% confidence intervals) of above-, belowground-, and total combustion C losses
at the 2019 Burn were estimated using a Monte Carlo simulation (10,000 iterations) which
accounted for the uncertainty of each factor. For the aboveground combustion losses, uncertainty
of biomass losses used 1.96 standard error based on the two transects (n=2), and an assumed
95% CI of biomass C content (50 £ 5%) based on literature (Walker et al., 2018). For
belowground combustion losses, uncertainty of depth of burn used 1.96 standard error based on
the two transects (n=2), uncertainty of peat bulk density used 1.96 standard error based on the
fifteen samples (n=15), and uncertainty of the peat C content used the reported 95% CI by
Heffernan et al. (2020) which was done at the same (Unburn) site.

4.2.7 Net CO:2 Balance over 20 Years after Fire

To estimate the impact of wildfire on the net CO,-C balance of permafrost peatlands over 20
years, [ accounted for both combustion CO» emissions during wildfire (above- and belowground)
and the difference in the annual NEE between a burned and unburned permafrost peatland. My
study measured NEE during years 1 to 4 (2019 Burn) and years 13 to 16 (2007 Burn) after
wildfire, and we used the 5-years-average NEE of -24 g CO;-C observed at the Scotty Creek
peatland complex (61.30°N, 121.30°W, AmeriFlux-ID: CA-SCC, see Helbig, Chasmer, Desai, et
al., 2017), located 300 km northwest of the 2019 Burn, to represent an unburned peat plateau
with similar vegetation and peat depth (Schulze et al., in prep.). I used linear interpolation for
missing NEE between the observed periods and assumed that NEE of a burned site returned to
pre-fire unburn NEE 20 years after the fire. Studies in the region have shown that the peat
plateau soil thermal regime returns to pre-fire conditions ~25 years after fire, and that vegetation
recovery at 20 years after fire includes the return of lichens and regrowth of young black spruce

trees (Gibson et al., 2018).
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4.3 Results

4.3.1 Eddy Covariance CO: Fluxes

I split the year into seasons for comparison of diurnal and daily patterns of NEE between the two
sites (Figure 4.2). During winter, I found no diurnal pattern and no difference between the sites
with NEE ranges of 0.24-0.33 pmol C m? s for 2019 Burn and 0.25-0.27 umol C m™ s’ for
2007 Burn (Figure 4.2a). Differences between the sites started around DOY 130, when 2007
Burn switched to a net daily CO; sink while 2019 Burn remained a net source throughout the
entire year (Figure 4.2b). During the summer, I found only a small difference in NEE between
the sites during nighttime with averages at midnight of 2.4 + 0.9 vs. 2.0 £ 0.9 pmol C m™ s™! at
2019 Burn and 2007 Burn, respectively. Differences during midday were much larger, NEE was
on average -1.9 £ 0.9 and -3.7 + 1.4 umol C m™ s for 2019 Burn and 2007 Burn, respectively.
The greatest daily CO> emissions occurred in fall when daytime CO uptake was light-limited,
but soils remained relatively warm (Figure 4.2b). I estimated that the average cumulative annual
NEE for years 1 to 4 after fire was +104 g C m? yr'!, while NEE for years 13 to 16 after fire was
-35 ¢ C m™ yr'!. Due to the proximity of both sites, PPFD and air temperature were very similar

over the measurement period (Figures 4.2¢ and 4.2d).
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m height at CA-LUT at 2007 Burn and CA-STR at 2019 Burn, respectively).

100




4.3.1 Soil Respiration

Soil respiration was lowest at the 2019 Burn site (average 1.15 umol C m? s!) followed by the
2007 Burn (1.58 pmol C m™ s™') and Unburn (1.79 pmol C m? s™!) (repeated measures ANOVA,
p = 0.045, F(2, 14) = 3.9) (Figure 4.3a). The 2019 Burn also had the weakest relationship
between soil respiration and soil temperature at 10 cm depth, while the Unburn had the strongest
relationship (Figure 4.3b). Eight measurement occasions over the three-year period were not
sufficient to assess differences between years, as the timing of measurements were not

comparable.
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Figure 4.3: Soil respiration as (a) boxplots of measurement means (n=8), above which letters indicate statistically
significant (p < 0.05) differences between sites, accounting for repeated measurements throughout the three growing
seasons 2020, 2021, and 2022 and in (b) dependence of soil temperatures at 10 cm depth measured with static dark
chambers at 2019 Burn, 2007 Burn, and Unburn (from left to right).
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4.3.2 Soil Thermal Regime

Compared to the Unburn, the 2019 Burn and 2007 Burn both had warmer soil temperatures at 20
cm depth, spatially more extensive taliks, and deeper active layer (Figure 4.4a). The 2019 Burn
and 2007 Burn had average soil temperatures at 20 cm that were 1.1 and 1.6°C warmer than the
Unburn throughout the study. The 2019 Burn and 2007 Burn had on average 43% and 95% of
the grid-points indicated as taliks (end of season thaw >150 cm), compared to 28% at the Unburn
site. The active layer depth of non-talik grid-points was shallowest for the Unburn (average 52
cm over 4 years) and was deepest for the 2007 Burn (~120 c¢cm), while the 2019 Burn had a
strong trend during the study, from 52 cm in year 1 (2019) to 89 cm in year 4 (2022) (Figure
4.4b).
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Figure 4.4: (a) Average soil temperatures at 20 cm depth displayed as difference to the Unburn mean soil
temperature on each measurement date (n=12, four measurements per stage and date). Error bars represent the
standard deviation of measurement occasion averages for each season (b) active layer depth for each growing season
(n=240, each stage is represented by an 80-point thaw depth grid). Error bars represent the standard deviations of 80
end-of-season-thaw-depth-measurements excluding taliks which turn unfrozen towards the middle of the growing
season (see Gibson et al., 2018). Low standard deviations for 2021 and 2022 at the 2007 Burn originate from the
exclusion of 95% of measurements (deeper than 150 cm).

4.3.3 Wildfire Carbon Losses

I estimated that the total combustion C loss at the 2019 Burn was 1,700 + 570 (95% CI) g C m™
of which 24% was due to aboveground combustion and 76% due to belowground soil
combustion (Table 4.1). The distance to peat at the 2019 Burn sites was 4.8 cm greater than the

Unburn, providing an estimate of the depth of soil combustion. This depth of burn represented
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the largest sources of uncertainty for belowground C losses, along with the assessment of burned

dry mass for aboveground C losses.

Table 4.1: Combustion carbon losses during the wildfire at 2019 Burn.

Aboveground Mean + 1.96SE (95% CI)
Burned dry mass (foliage, bark, branches) 790 + 340 g m™
Biomass C content! 50 = 5.0%
Aboveground combustion C loss 400+ 170 g C m

Belowground
Proportion ground area burned? 50+5.0%
Depth of burn 0.049 £ 0.017 m
Surface 0-5 cm peat bulk density 0.12+0.013 gcm™
Peat C content? 45+3.6%
Belowground combustion C loss 1,300 £ 540 g C m~

Total Combustion Losses 1,700 £ 570 g Cm?

!Assumption from Walker et al. (2018);
2Estimate and uncertainty based on drone imagery.
3Data from Heffernan et al. (2020).

4.3.4 Net CO:2 Balance over 20 Years after Fire

Based on the measured NEE for years 1 to 4 (CA-STR) and 12 to 16 (CA-LUT) after fire, I
estimated that a burned peat plateau will have a cumulative NEE over 20 years of +380 g C m™. I
assumed return to pre-fire conditions after 20 years (Figure 4.5a), and linear recovery of annual
NEE between the measured periods. The nearby unburned peatland at Scotty Creek had an
annual NEE of -24 g C m™, suggesting a cumulative NEE of -480 g C m™ over 20 years (Schulze
et al., in prep.). Hence the difference in NEE between a burned and an unburned peat plateau was
estimated to be 860 g C m™ over 20 years (Figure 4.5b). Thus, differences in NEE are about one
third (33%) of the combustion losses for the total impact of wildfire (67%) on the long-term

CO»-C balance of permafrost peatlands.
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4.4 Discussion

Here I investigated the effects of wildfire on the net CO»-C balance of two burned permafrost
peatland complexes in Northern Alberta using eddy covariance and compared both burned sites’
soil respiration and ground thermal regimes with a third, intact peat plateau area as an unburned
equivalent. During the wildfire, CO,-C combustion losses were large and in a similar range to
previous reports (e.g., Walker et al., 2018). In the immediate years after fire, ecosystem-scale
flux measurements of post-fire peatland NEE are rare and a high research need (Wilkinson et al.,
2023). Therefore, post-fire NEE has not often been considered when projecting the CO; balance
of permafrost peatlands. Our findings revealed large CO: losses in the years post-fire with a
positive NEE >100 g C m™ yr'!, mostly driven by limited CO> uptake by sparse revegetation
rather than increased soil respiration. However, we also observed the return of CO, uptake
similar to unburned permafrost peatlands already a decade after the wildfire. Lowered soil
respiration of burned peat plateaus was measured in the years post-fire compared to the Unburn,
suggesting a shift in prevalence from autotrophic and heterotrophic respiration of young surface

C to mostly heterotrophic respiration of deeper, older C post-fire.

My estimate of C combustion losses was similar to previous studies at comparable sites in the
Taiga Plains and distinguished between above- and belowground C combustion losses. My
combustion release estimate of 1.7 kg C m™ is below the median of 2.5 kg C m™ across different
Alaskan landcovers reported by Veraverbeke et al. (2015) and in the lower middle of the boreal
wildfire range from 0.5 to 4.0 kg C m™ (Moubarak et al., 2023; Rogers et al., 2014; Walker et al.,
2018, 2020). Unlike other ecosystems, peatland C combustion is often dominated by
belowground losses due to the high C density of peat and thus depends on the depth of burn, soil
moisture status, and organic layer depth (Turetsky et al., 2015; Walker et al., 2018). Further
north in the discontinuous permafrost zone of the Taiga Plains, combustion C losses of black-
spruce-dominated boreal forests widely varied from 0.1 to 9.3 kg C m™ with an average release
of 3.90 kg C m™ of which 90 % originated from belowground combustion (Walker et al., 2018).
Following Walker et al. (2018), my approach likely overestimates belowground combustion C
losses, as it measured the depth of burn using the highest adventitious root of wooden species
which can carry the fire deeper into the ground compared to unvegetated or mossy areas nearby.

Including different shallow-rooting vegetation as additional markers could have reduced this
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potential bias (Moubarak et al., 2023). Regarding aboveground CO> combustion losses, forest
structure and vegetation species composition are relevant to conclude on aboveground
combustion losses (Rogers et al., 2015; Walker et al., 2018). Although peatland C combustion
losses generally need to be determined on a regional scale due to small-scale variations in both
vegetation aboveground and soil composition belowground (Mack et al., 2011; Moubarak et al.,
2023; Walker et al., 2020), the study sites and my results can be assumed to be generally
representative for permafrost peatlands of the sporadic permafrost zone of the Taiga Plains

(Gibson et al., 2018, 2019).

Wildfires can affect the soil thermal regime and vegetation for multiple decades (Kdster et al.,
2017; Nossov et al., 2013). As there is no more shading of intact tree foliage, sunlight reaches
the peat surface still covered in black ash and the decreasing albedo results in enhanced ground
heat flux post-fire (Ackley et al., 2021; Randerson et al., 2006). As a result, soil temperatures
increase and the active layer deepens (Ackley et al., 2021; Li et al., 2023); both reflected in my
results (see Figure 4.4). Additionally, winter snowpack may be important for inhibiting the
freezing up of the soil in a burned peat plateau. Compared to unburned peat plateaus, Gibson et
al. (2018) previously reported around 4°C warmer soils at 40 cm depth and 90 cm deeper active
layers, accompanied by large drops in thaw depth due to talik formation (continuously thawed
soil layer; e.g., Ackley et al., 2021; Connon et al., 2018; Gibson et al., 2018; Nossov et al.,
2013). 20-30 years after fire, the soil thermal regime as well as accompanying vegetation either
fully recovers or both are irreversibly altered if accelerated permafrost thaw leads to ground
subsistence known as thermokarst, promoting a shift in vegetation from tree to moss dominance

(Jorgenson et al., 2013; Robinson & Moore, 2000).

Boreal peatlands and their often moss-dominated ground cover vegetation are characterized by
both slow nutrient cycling (Moore et al., 2005) and vegetation growth (Turetsky et al., 2010) due
to cold and wet conditions, particularly for peatlands underlain by permafrost (Schuur et al.,
2022). In permafrost-free bogs, colonizing moss species peaked in abundance in the first decade
after fire, whereas it took over three decades in permafrost peatlands, depending on fire severity
(Turetsky et al., 2010). Independent of fire severity, lichens take three decades to regrow on peat
plateaus within the study region (Bernier et al., 2011; Gibson et al., 2018). However, more

severe fires can cause higher nutrient losses in deeper ground (Jiang et al., 2017). Ash residues
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and acid pH further affect nutrient cycling post-fire (Liimatainen et al., 2014). However,
modelling results have suggested that the regrowth of vegetation is rather restricted by limited
photosynthetic capacity of sparse intact vegetation than a lack of nutrients in the years after fire
(Jiang et al., 2015). Higher inorganic loads of N and even more so P did not indicate a lack of
nutrients at burned sites compared to unburned ones (Neff et al., 2005; Schulze et al., 2023; van
Beest et al., 2019). In summary, fire severity has been found to affect post-fire succession in
upland forest sites (Johnstone et al., 2011; Shenoy et al., 2011) and peatlands without permafrost
(Morison et al., 2021), observations from permafrost peatlands suggest that fire severity is not a

strong determinant of post-fire succession (Kuosmanen et al., 2023; Mallon et al., 2016).

My results showed that the recently burned site had lower soil respiration when compared to
unburned peat plateaus. This aligns with previous studies (O’Donnell et al., 2009), of which
some included the 2007 Burn (Estop-Aragonés et al., 2018; Gibson et al., 2018). Lower soil
respiration at the burned sites was despite the much deeper organic layer depth of around 5.5
meters of the intact peat plateau (Heffernan et al., 2020), which would suggest lower respiration
rates compared to the sites with more shallow peat depths (Gibson et al., 2019). However, the
soil respiration from the recently burned peat plateau was not only lower than at the unburned
peat plateau equivalent; there was also only a weak correlation to soil surface temperatures
(O’Donnell et al., 2009; Schulze et al., 2023). Soil respiration rates at the burned peat plateaus
(also in Gibson et al., 2019) could be impacted by several factors, including the amount of fresh
surface labile C burned during the fire correlating with the depth of burn (Turetsky et al., 2011),
the degree of impact and recovery rate of plants (autotrophic respiration), lichen, and microbial
communities (heterotrophic respiration) (Xiang et al., 2014). Therefore, in the first few years
post fire, soil respiration was low, primarily because the top layer of peat and live vegetation was
combusted, and near-surface peat is much more labile than deeper peat (Estop-Aragonés et al.,
2018; Gibson et al., 2019). However, soil respiration gradually recovered when comparing the
year of the fire event (cf. Schulze et al., 2023) to the first three years post fire. Since the
correlation to topsoil temperatures is still weak in the first years after fire, the increase in overall
soil respiration at 2019 Burn is likely driven by a gradual deepening of the active layer and
warmer soil temperatures at depth, along with slowly increasing availability of fresh organic

matter originating from vegetation regrowth.
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Regarding the decade after wildfire, Gibson et al. (2019) found similar respiration rates of the
2007 Burn and a close-by peatland that burned in 2000, both lower than at the Unburn. In my
study however, there was no significant difference between 2007 Burn and the Unburn,
suggesting an almost complete recovery of ecosystem respiration 16 years post-fire. While partly
this could be due to vegetation recovery, autotrophic respiration and respiration based on root
exudates, previous studies at the 2007 Burn have shown that deep, old peat layers have a greater
contribution to the overall respiration (Estop-Aragonés et al., 2018; Gibson et al., 2019). This is
supported by the overall weaker correlation of soil respiration to topsoil temperatures at 10 cm
depth compared to the Unburn. In conclusion, the presence of taliks and warmer soils, in
combination with the low water table position in peat plateaus appear to enhance mineralization

of deep peat.

At the ecosystem scale, our eddy covariance data from both burned sites indicated that site
differences in NEE largely originated from GPP rather than ER, shown by the large difference in
day-time NEE between the two sites and no significant differences in soil respiration of burned
patches. A reduced ecosystem photosynthetic capacity upon wildfire appears obvious due to
major parts (at our sites ~50%) of the landscapes’ vegetation having burned off in the fire.
Therefore, in the immediate years post-fire, net CO> losses originate from a fire-induced and
sustained prevalence of ecosystem respiration over photosynthetic uptake by both limited
regeneration of Labrador tea on dry burned peat plateaus and unburned wetter areas with live
Sphagnum vegetation. The latter is important for many plant species throughout the entire boreal
landscape, enhancing the formation of fire refugia (Kuntzemann et al., 2023) and allowing plant
species to resettle on burned patches quickly after fire, as Sphagnum mosses even increase in
abundance long-term (Kuosmanen et al., 2023). If soil respiration of burned patches is not
significantly different and the contributions to NEE of unburned areas are assumed similar, the
recovered GPP by vegetation regrowth must be conclusively the main driver of the difference in

NEE between the two permafrost peatlands burned in 2007 and 2019, respectively.

Permafrost peatlands are large sources of CO> in the immediate years after fire and shift from
source to sink 16 years post fire. Generally, boreal uplands and lowlands largely vary in terms of
vegetation regrowth, permafrost degradation, and species decomposition post-fire (Jorgenson et

al., 2013; Mallon et al., 2016), all of which determine C accumulation (Quillet et al., 2013) and
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soil decomposition rates belowground (Turetsky, 2004). Permafrost-free bogs in Alberta returned
to C sinks 13 years after fire and remain overall C sinks under current fire return cycles due to
the regrowth of shrubs and mosses (Wieder et al., 2009). Kuosmanen et al. (2023) found that
mosses also recover quickly after fire in peatlands with sporadic permafrost and concluded that
fires may not have a long-term impact on the C function of peatlands. However, burned
permafrost peatlands had large NEE losses in the first few years, which is not the case for non-

permafrost peatlands.

My study is the first eddy covariance study of permafrost peatlands directly after the wildfire and
estimated the post-fire net CO; balance at losses of 380 g C m? over 20 years, likely with a
significant contribution of older C release from deeper layer along with talik formation and the
active layer deepening. Adding the combustion losses of 1,700 g C m™, I arrive at a difference of
2,560 ¢ C m? compared to the 20-years-NEE of an unburned peatland (-24 g C m? yr).
Robinson & Moore (2000) used peat core analyses down to White River Ash (35-40 cm depth),
suggesting that each time a peat plateau is affected by wildfire, its C accumulation rate is
reduced by ~2,000 g C m™? accounting for both combustion and post-fire soil mineralization.
Thus, my findings were about 1,000 g C m™ higher, mostly because losses from deeper peat
layers were accounted for in my approach in contrast to Robinson & Moore (2000). Post-fire
contribution of deeper soil respiration can reach up to a quarter (0.12 g C m™ d!) of the overall
soil respiration (Estop-Aragonés et al., 2018), driven by warmer soil temperatures at depth and
resulting active layer deepening under the burned soil surface (Gibson et al., 2018). Gibson et al.
(2019) projected losses of 500 g C m™ only from deeper soil layers over a timeframe of 25 years,
which is reintroduced to the atmospheric C cycle after being frozen for millennia (Walker et al.,
2019). When old, formerly inactive soil C from deeper layers is reintroduced to the atmospheric
C cycle via combustion during the fire (Turetsky et al., 2015) or decomposition post-fire (Estop-
Aragonés et al., 2018; Gibson et al., 2019), ‘legacy carbon’ from historic fire cycles can be
included (Walker et al., 2019) and be seen as ‘irrecoverable’ with implications for the global
climate (Goldstein et al., 2020). Increased contributions of deeper soil layers are also indicated
by our results, a) by the poor relationship between overall soil respiration and surface soil
temperatures and b) by the gradual deepening of the active layer across the recently burned

peatland in the immediate years after the fire.
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The impact of wildfire on the CO; balance likely dominates the impact on net radiative forcing —
with effects on albedo (Bernier et al., 2011; Chambers et al., 2005; D. Thompson et al., 2015)
and other trace gases (Moubarak et al., 2023) being minor in comparison. However, if future
wildfires cause complete permafrost thaw and transition into thermokarst bogs with high CHa
emissions, the net impact of wildfire will be substantially different. Combustion losses in
wildfire studies are commonly reported as overall C losses but are however dominated by CO-
(Moubarak et al., 2023). Regarding post-fire alterations of fluxes of GHGs, my study showed
major changes in the net CO; balance whereas CHs4 and N>O were found negligible for
permafrost peatlands in the study region (Schulze et al., 2023). Thus, the net CO; balance of
burned permafrost peatlands and their post-fire recovery strongly impact the future net radiative
balance of the entire Taiga Plains ecozone. As over one quarter of the ecozone has burned
already since 1965, wildfire is an equally important driver of tree cover loss in boreal forests as
permafrost thaw (Helbig, Pappas, et al., 2016). Gibson et al. (2018) have shown that wildfire can
even accelerate permafrost thaw, thus burned peat plateaus transition more often into
thermokarst bogs and fens instead of recovering to peat plateaus with permafrost. These
thermokarst landforms then have their own distinct GHG balances and albedo, possibly leading
to long-term productivity gains or losses and net cooling or warming effects (Randerson et al.,

2006; Rogers et al., 2014; Yue et al., 2013).

Previous research has often ignored immediate and short-term post-fire CO> losses due to a lack
of studies and data (Wilkinson et al., 2023), particularly across the permafrost region. Here, I
quantified the net CO2 losses of burned permafrost peatlands both during combustion and 20
years post-fire. Following research must consider both past fire history and future scenarios
including predicted decreases in snowpack, fire return intervals (Lyons et al., 2008; Potter et al.,
2020; Wieder et al., 2009), and rising number of lightning strikes (Bieniek et al., 2020; Chen et
al., 2021), starting even more wildfires with positive climate change feedback (Moubarak et al.,

2023).
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4.5 Conclusion

CO; post-fire losses of permafrost peatlands accumulate to half in magnitude as the combustion
CO; losses during fire and leads to reduced C storage compared to unburned peatlands. The
long-term loss of CO» from burned permafrost peatlands is similar to the effect of wildfire on
other boreal ecosystems which recover within the next decade after the fire. Nevertheless, my
findings suggest major changes in burned permafrost peat plateaus regarding the ground thermal
regime including warmer soil temperatures and a gradual deepening year by year. This is
accompanied by reduced soil respiration, indicating a shift in respiration from autotrophic and
heterotrophic young C to older, deeper C. Given the abundance of peat plateaus in western
Canada along with the intensifying fire regime, the post-fire NEE is crucial to account for, if we
are to understand the overall C balance of the region. This will be of particular importance given
the region’s extreme fire year 2023, which will lead to large CO> losses over the coming

decades.
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5. Summary, conclusions, and directions for future research

5.1 Summary of Findings

In my research, I examined the effects of wildfire and permafrost thaw on GHG exchange
between atmosphere and the peatland landscape of the Taiga Plains ecozone in northwestern
Canada. Wildfire and permafrost thaw transform the landcover of the peatland landscape and
alter environmental variables, that control the ecosystem release and uptake of the three
important GHGs, CO,, CH4, and N>O. What has remained enclosed in the dark underground for
millennia, could now be released as GHG into the atmosphere (‘Out of the Dark, into the Light”).

For burned peatlands, there are immediate GHG losses in the fire as well as in the years after the
fire. The recovery of vegetation and microbial communities is slow during succession, so that the
GHG balance is characterized by both the lack of C uptake by vegetation and reduced N>O
uptake by microbes. Overall reduced respiration is driven by losses of slowly increasing amounts
of labile C near the surface and increasing contributions of deeper soil C, as burned peat plateaus
experience a gradual active layer deepening towards the end of the growing season in the years
post-fire. For peatlands affected by thermokarst, there are also shifts in vegetation, caused by the
complete thaw of ground ice. The surface collapse results in a water table close to the surface

and warmer soils due to heat conductance, which enhances CH4 emissions and N>O uptake.

Chapter 2 focused on the plot-scale exchange of N>O following both wildfire and permafrost
thaw across three permafrost peatlands sites in northwestern Canada. In Eurasia, non-vegetated
palsas were major N>O hotspots, whereas | did not find bare burned peat plateaus to be N.O
hotspots in my study region. Still, burned peat plateaus had less N>O uptake than intact peat
plateaus, whereas thaw bog stages had enhanced N»>O uptake along with below-ambient N>O soil
gas concentrations. N2O uptake increased with higher soil temperature and moisture, which may
be even more enhanced under wetter and warmer climate in future. Like the rest of the
landscape, peatland ponds were mostly minor N>O sinks, regardless of active thermokarst at the
pond edge. One peatland pond with beaver activity within a twelve-year-old fire scar had
elevated NO;3™ concentrations and was thus identified a N2O hot spot. From a net radiative GHG
forcing perspective, the enhanced N>O uptake rates were negligible compared to the warming

caused by CH4 emissions, particularly from the wet thermokarst areas.
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In Chapter 3, differences in landscape-scale ecosystem fluxes of CO, and CH4 were associated
with different ratios of remaining intact peat plateaus in the landscape in a space-for-time
comparison between a sporadic and a discontinuous permafrost peatland. Landcover underlain
by intact permafrost are forested, in contrast to permafrost-free and treeless wetlands. Thus, the
landscape of the sporadic permafrost site characterized by a higher wetland-to-forest ratio had
higher CH4 as well as more negative NEE (CO» uptake). Higher GPP and ER were also related to
the higher contribution of peat plateaus to the landscape flux at the discontinuous permafrost site.
With ongoing climate change along with permafrost thaw, the discontinuous permafrost site will
evolve into a sporadic permafrost site with increased CH4 emissions and enhanced CO- uptake,

leading to increases in both C storage and net radiative warming.

In Chapter 4, I quantified the CO> balance of burned permafrost peatlands post-fire. A recently
burned permafrost peatland was a major source of CO,, with losses over 100 g C m™? yr'! in the
first years following the wildfire, whereas a fire recovery site (12 to 16 years post-fire) had
similar NEE (-35 g C m™ yr'!") compared to intact peatland sites. Both burned peatlands had
warmer soil temperatures and deeper active layers, which did not lead to higher soil respiration
rates. Soil respiration was thus apparently limited by the availability of fresh labile organic
material — much of which was lost to combustion during wildfire. Similarly, daytime NEE rates
were restricted to the CO; uptake by the sparse vegetation, particularly at the recently burned
site, which only recovered slowly in the first few years after the fire event. My study suggests
that post-fire CO; losses (i.e., the cumulative NEE over 20 years following wildfire) were half of
the C combustion losses during the fire, both aboveground and belowground. This needs to be

accounted for when we assess the impact of wildfire on GHGs in the boreal region.

From a C balance perspective, wildfire was the more relevant disturbance, with large CO; losses
resulting from both combustion and post-fire NEE during succession. Permafrost thaw had a
lesser influence on the NECB, where CO; uptake was counteracted by increased CH4 losses. In
contrast to the NECB, both wildfire and permafrost thaw caused increased net radiative
warming, driven by the increased CH4 emissions following thaw (Chapter 2 and 3) and CO;
losses post-fire (Chapter 4). The effects of N>O fluxes were negligible following both wildfire
and thermokarst disturbance (Chapter 2), when comparing their net radiative GHG forcing in

CO»-equivalents per area unit (Figure 2.7). Helbig, Pappas, et al. (2016) previously quantified
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the areal extents of both disturbances as equally important for changes in tree cover across the
Taiga Plains. My work suggests that wildfire and permafrost thaw are also equally important for

shifts in net radiative GHG forcing (Figure 5.1).
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Figure 5.1: Summary of findings: (a) Direction of change (downwards = flux decreases, upwards = flux increases)
of carbon dioxide (CO;), methane (CHa), nitrous oxide (N2O), latent heat (LE), and sensible heat (H) following
wildfire and thermokarst disturbance in permafrost peatlands of the Taiga Plains in comparison to intact peat
plateaus. Records of CO; and CH4 were taken from eddy covariance data, while N,O originates from static chamber
measurements. Diagram adapted from Estop-Aragonés et al. (2018). (b) Estimated annual carbon balances of four
permafrost peatland sites investigated in this thesis. * Export of dissolved organic carbon (DOC) was measured by
L. Thompson et al. (2023) at watershed outlets in the years 2017 to 2019 (c) Estimated net radiative greenhouse gas
forcing of four permafrost peatlands investigated in this thesis. Net radiative greenhouse gas forcing of N,O at Smith
Creek and Scotty Creek was estimated based off fluxes measured by static chamber measurements at peat plateaus
and mature bog (Figure 2.4) multiplied by their sustained global warming/cooling potentials (SGCP/SGWP) in
relation to the two sites’ landcover representation (Table 3.1).
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5.2 Directions for future Research

Future research can be undertaken in a variety of directions to build upon the findings of this
doctoral thesis. As this thesis mostly considered landscape transformation processes as indirect
effects of climate change, it is important to also consider the direct effects, such as alternating
precipitation patterns or warming. Due to further warming towards the end of the century,
Helbig, Chasmer, Desai, et al. (2017) suggested that higher air temperatures will increase ER and
reduce net CO> uptake of boreal peat landscapes. Thus, direct effects of climate change could

outweigh indirect effects of landscape transformation processes discussed in this thesis.

This work has not considered all potential landcover shifts equally. With ongoing permafrost
thaw throughout the peat landscape, more and more bog areas could hydrologically connect with
fens, receiving higher nutrient input. Amongst all landcover types of boreal peat landscapes
(introduced in Chapter 3), the fens are systematically understudied. However, fen CH4 emissions
are generally higher than bogs across the circumpolar region (Kuhn, Varner, et al., 2021). In
comparison to bogs, fens have higher nutrient loads, so that their uptake potential for NoO may
be limited. As a consequence of wide thaw across the peat landscape, more fen area may thus

impact the net radiative GHG balance the most.

Net radiative GHG balances must be based on the entire year including all four meteorological
seasons, but a lot of research including this thesis relied on growing season data. Albeit winter
fluxes outside the growing season period are generally smaller, the length of this period - almost
half of the year - is too long to be ignored. It is often the winter and fall season that determines
whether a site represents a C sink or source. According to results in Chapter 4, the time from
October to March accounts for about 57 % of the overall CO; losses. Using CO; soil flux sensors
during the non-growing season could be a way to cross-validate the magnitude of eddy
covariance fluxes during winter, where data records became patchy due to low solar power
supply (Chapter 4). Furthermore, our wildfire research was limited to the Lutose and Steen River
sites in northern Alberta. Before finalizing this thesis, the Scotty Creek site has burned by a
wildfire in fall 2022, which represents a unique opportunity given the ten years of pre-fire eddy

covariance measurements.

115



The amount of data years is equally important as the completeness of individual years. I have
observed high interannual variability of environmental variables, first and foremost the variation
in water table depth at Lutose, during my five years of fieldwork and during my data analyses in
Chapter 3. Climatic trends can only be identified with long-term environmental monitoring and
site maintenance. To yield long-term and continuous eddy covariance or chamber flux datasets,
highly qualified personnel are needed to run and maintain remote research sites in boreal
Canada. For this, future research should include local Indigenous skillsets, knowledge, priorities,
needs, and workforce. Ultimately, our research shall serve and benefit local northern
communities that are most affected by climate change and its accompanying disturbances,

wildfire and permafrost thaw.

In conclusion, I suggest tackling the above-mentioned weaknesses and shortcomings of my work
to build upon my colleagues’ and my own findings to conclude on the overall future net radiative
balance of permafrost peatlands across the Taiga Plains. This shall include different warming and
wildfire scenarios as well as all three important GHGs. Only in this way, we will be able to
arrive at a conclusive and complete projection of the future net radiative GHG forcing of the
permafrost peatlands of the Taiga Plains ecozone, which continues to transform from ‘out of the

dark, into the light’.
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Appendices

A.1. Supporting Information for Chapter 1

There is no need for supporting information for Chapter 1.

A.2. Supporting Information for Chapter 2

A.2.1. N20 Flux Measurements at Scotty Creek by Carolina Voigt

The area within the PVC collars was 0.054 m? at Scotty Creek, where each peatland stage was
represented by six collars. The chambers used at Scotty Creek had heights of 17 or 32 cm at
Scotty Creek (9.2 L and 17.3 L, respectively). Gas samples from Scotty Creek were analyzed at
the University of Eastern Finland using an Agilent 7890B GC (Agilent Technologies, Santa
Clara, CA), with an autosampler (Gilson Inc., Middleton, WI), an electron capture detector for
Nz0, a thermal conductivity detector for CO2 and a flame ionization detector for CHs. Two
certified standards were used for samples from Scotty Creek as follows: CH4 concentrations of
2.02 and 15 ppm, CO; concentrations of 398 and 3990 ppm, and N>O concentrations of 0.84 and
5000 ppm. Flux calculations were done in the same way as described in the main document.

To measure soil moisture contents at Scotty Creek, we used a HydroSense II probe (CS-658 and
HS2, Campbell Scientific, Logan, UT). Soil temperature at Scotty Creek was measured at 2, 5,
10, and 20 cm with a handheld thermometer (TM-80N with K-type thermocouple probe,
Tenmars Electronics, Taipei City, Taiwan). The same handheld thermometer was used to
measure air and chamber temperature at Scotty Creek. Regarding soil sampling at Scotty Creek,
the methods and data have previously been reported (Pelletier et al., 2017).
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Figure A2.1: (a, b, c, d) Aerial and (e, f) ground photos of sampling locations at (a, b) wildfire-affected and (c, d, e,
f) thermokarst-affected permafrost peatland complexes in the Taiga Plains ecozone, including all three permafrost
thaws transect (peatland stages in the order left to right: Peat Plateau, Plateau Edge, Young Bog, and Mature Bog) at
(c, d) Lutose, (e) Scotty Creek, and (f) Smith Creek
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Figure A2.2: Sampling scheme including peat landforms (=stages) and peatland ponds and chamber types used.
*The Peatland Pond L2 has situated in the middle of the 2007 Burn fire scar and had beaver activity as well
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Table A2.1: Overview of sampling occasions, activities (marked with ‘X’, GHG = greenhouse gas, PRS = plant
root simulators©) and locations including peatland stages: B19 = 2019 Burn, BO7 = 2007 Burn, P = Peat Plateau,
PE = Plateau Edge, YB = Young Bog, and MB = Mature Bog.

Date Site Peatland Stages/Ponds Activity
included GHG Soil gas | Pore- PRS
Flux water

2018-09-13 Scotty Creek P, PE, YB, MB X X
2019-04-13 Lutose P, PE, YB, MB X X
2019-04-14 Lutose B07 X X
2019-05-12 Lutose P, PE, YB, MB X X
2019-05-13 Lutose B07,L1,1L4 X X
2019-05-28 Smith Creek P, PE, YB, MB X X
2019-05-30 Smith Creek P, W1, W2 X X
2019-06-13 Lutose MB, YB X
2019-06-14 Lutose P, PE, YB,B07,L1, L4 X X
2019-06-17 Smith Creek P, PE, YB, MB X X
2019-06-17 Smith Creek W1, W2 X X
2019-07-11 Lutose L2 X X
2019-07-11 Lutose B07, P, PE, YB, MB In
2019-07-13 Smith Creek P, PE, YB, MB X X
2019-07-14 Smith Creek W1, W2 X X
2019-07-15 Smith Creek P, PE, YB, MB In
2019-07-17 Lutose B07 X X
2019-07-18 Lutose B19, P, PE, YB, MB, L4 X X
2019-07-18 Lutose B19 In
2019-07-19 Lutose L1 X X
2019-08-18 Lutose P, PE, YB, MB X X
2019-08-19 Lutose P, PE, YB, MB X
2019-08-20 Lutose B07, L2 X X
2019-08-20 Lutose B19,L1,14 X X
2019-08-21 Lutose P, PE, YB, MB Out
2019-08-23 Smith Creek P, PE, YB, MB X X
2019-08-24 Smith Creek W1, W2 X X
2019-08-25 Smith Creek P, PE, YB, MB Out
2019-08-26 Smith Creek P, PE, YB, MB X
2019-07-18 Lutose B19 Out
2019-09-27 Smith Creek P, PE, YB, MB X X
2019-09-28 Smith Creek W1, W2 X X
2019-09-30 Lutose P, PE, YB, MB X X
2019-10-01 Lutose L1,L2 X X
2019-10-02 Lutose B19, B07, L4 X X
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Table A2.2: Two-way ANOVA results, comparing porewater nutrient concentrations and supply rates among sites
(Lutose, Smith Creek), and among peatland stages (Peat Plateau, Plateau Edge, Young Bog, Mature Bog).

Df Sum Sq Mean Sq F-Value p-Value
Porewater NOs
Site 1 1,950 1,950 7.02 0.012*
Stage 3 1,280 425 1.53 0.226
Site:Stage 3 1,630 542 1.94 0.142
Residuals 33 9,190 279
Tukey HSD results Smith Creek < Lutose: 0.012*
Porewater NHq*
Site 1 182,000 182,000 3.37 0.075
Stage 3 70,400 23,500 0.434 0.730
Site:Stage 3 16,400 5,480 0.101 0.959
Residuals 33
Tukey HSD results n/a
Porewater PO
Site 1 6,280 6,280 2.01 0.166
Stage 3 47,800 15,900 5.09 0.005**
Site:Stage 3 11,500 3,840 1.26 0.316
Residuals 33 103,000 3,130
Tukey HSD results Plateau Edge > Mature Bog, p =0.032
Supply rate NOs
Site 1 0.200 0.190 0.013 0.909
Stage 3 188 62.6 4.48 0.012*
Site:Stage 3 63.3 21.1 1.51 0.237
Residuals 24 335 14.0
Tukey HSD results Young Bog < Mature Bog, p =0.017, Young Bog < Plateau Edge, p = 0.027
Supply Rate NH4*
Site 1 6,140 6,140 0.233 0.634
Stage 3 87,900 29,300 1.11 0.364
Site:Stage 3 145,000 48,500 1.84 0.167
Residuals 24 633,000 26,400
Tukey HSD results n/a
Supply Rate P
Site 1 0.210 0.210 0.005 0.945
Stage 3 98.9 323 0.769 0.523
Site:Stage 3 175 58.3 0.136 0.279
Residuals 24 1,030 429
Tukey HSD results n/a
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Table A2.3: One-way ANOVA results, comparing porewater nutrient concentrations and supply rates among
peatland stages (2019 Burn, 2007 Burn, Peat Plateau, Plateau Edge, Young Bog, Mature Bog), or among

disturbances (Intact, Thermokarst, Wildfire).

Df Sum Sq Mean Sq F-Value p-Value
Porewater NOs
Stage 5 1,420 284 0.923 0.475
Residuals 44 13,500 308
Tukey HSD n/a
Disturbance 2 81.0 40.3 0.127 0.881
Residuals 47 14,900 316
Tukey HSD n/a
Porewater NHy"
Stage 5 73,800 14,500 0.271 0.927
Residuals 44 2,400,000 54,500
Tukey HSD n/a
Disturbance 2 28,800 14,400 0.277 0.759
Residuals 47 2,440,000 51,900
Tukey HSD n/a
Porewater PO
Stage 5 7,840,000 1,570,000 6.05 <0.001***
Residuals 44 11,400,000 259,000
Tukey HSD 2019 Burn > Peat Plateau, p < 0.001, 2019 Burn > Plateau Edge, p = 0.001
2019 Burn > Young Bog, p <0.001, 2019 Burn > Mature Bog, p <0.001
Disturbance 2 5,990,000 2,990,000 10.6 <0.001***
Residuals 47 13,300,000 282,000
Tukey HSD Wildfire > Intact, p <0.001, Wildfire > Thermokarst, p <0.001
Supply Rate NOs
Stage 5 189 37.8 241 0.055
Residuals 36 564 15.6
Tukey HSD Young Bog < Mature Bog, p =0.043
Disturbance 2 16.5 8.24 0.437 0.649
Residuals 39 736 18.9
Tukey HSD n/a
Supply Rate NH+*
Stage 5 105,000 20,100 0.961 0.454
Residuals 36 806,000 21,800
Tukey HSD n/a
Disturbance 3 84,000 42,000 2.03 0.145
Residuals 39 806,000 20,700
Tukey HSD n/a
Supply Rate P
Stage 5 1930 386 2.32 0.063
Residuals 36 5980 166
Tukey HSD n/a
Disturbance 3 1690 845 5.30 0.009%**
Residuals 39 6220 160
Tukey HSD Wildfire > Intact, p = 0.011; Wildfire > Thermokarst, p = 0.023
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Table A2.4: Two-way ANOVA results, comparing collar average N>O, CHy and CO: fluxes among sites (Lutose,
Smith Creek), and among peatland stages (Peat Plateau, Plateau Edge, Young Bog, Mature Bog).

Df Sum Sq Mean Sq F-Value p-Value
N20 Fluxes
Site 1 0.000456 0.000456 0.576 0.455
Stage 3 0.00824 0.00275 3.47 0.032*
Site:Stage 3 0.00199 0.000662 0.835 0.488
Residuals 24 0.0190 0.000792
Tukey HSD results Plateau Edge > Mature Bog, p = 0.040
CHy Fluxes
Site 1 10.0 9.90 0.0470 0.831
Stage 3 651 2,170 10.1 <0.001***
Site:Stage 3 460 1,530 7.17 0.001**
Residuals 24 513 214
Tukey HSD results Young Bog > Peat Plateau, p = 0.002; Young Bog > Plateau Edge, p = 0.044

Mature Bog > Plateau Edge, p < 0.001; Mature Bog > Plateau Edge, p = 0.016
CO: Fluxes
Site 1 2,590,000 2,590,000 0.628 0.436
Stage 3 14,100,000 4,700,000 1.14 0.352
Site:Stage 3 34,500,000 11,500,000 2.79 0.062
Residuals 24 98,800,000 4,110,000
Tukey HSD results n/a

Table A2.5: One-way ANOVA results, comparing collar average N,O, CHy, and CO; fluxes among peatland stages
(2019 Burn, 2007 Burn, Peat Plateau, Plateau Edge, Young Bog, Mature Bog), or among disturbances (Intact,
Thermokarst, Wildfire).

Df Sum Sq Mean Sq F-Value p-Value
N2O Fluxes
Stage 5 0.0237 0.00474 6.96 <0.001***
Residuals 42 0.0286 0.000681
Tukey HSD results Plateau Edge > Mature Bog, p = 0.039
Disturbance 2 0.0210 0.0105 15.1 <0.001***
Residuals 45 0.0313 0.000695
Tukey HSD results Thermokarst < Intact, p = 0.010, Thermokarst < Wildfire, p <0.001
Intact < Wildfire, p = 0.050
CH, Fluxes
Stage 5 9,830 1,970 8.35 <0.001***
Residuals 42 9,900 236
Tukey HSD results Mature Bog > Peat Plateau, p < 0.001, Mature Bog > Plateau Edge, p = 0.035
Young Bog > Peat Plateau, p < 0.001
Disturbance 2 9,300 4,650 20.1 <0.00]1***
Residuals 45 10,400 232
Tukey HSD results Thermokarst > Intact, p < 0.001, Thermokarst > Wildfire, p <0.001
CO: Fluxes
Stage 5 69,200,000 13,800,000 3.79 0.006**
Residuals 42 154,000,000 365,000
Tukey HSD results 2019 Burn < Mature Bog, p =0.002, 2019 Burn < Plateau Edge
Disturbance 2 32,300,000 18,600,000 4.52 0.016*
Residuals 45 185,000,000 4,120,000
Tukey HSD results Wildfire < Intact, p = 0.050, Wildfire < Thermokarst, p = 0.022
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A.3. Supporting Information for Chapter 3

A.3.1. Energy balance
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Figure A3.1: Energy balance closures of (a) CA-SCC (Scotty Creek, sporadic permafrost) and (b) CA-SMC (Smith
Creek, discontinuous permafrost) over the measurement period from July 8, 2017, to September 21, 2022.
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Figure A3.2: Time series over the measurement period from July 8, 2017, to September 21, 2022 of available
gapfilled data for (a, ¢, ¢) CA-SCC (Scotty Creek, sporadic permafrost) and (b, d, f) CA-SMC (Smith Creek,
discontinuous permafrost) regarding net ecosystem exchange (NEE), methane (CHa), and air temperature
representative of other environmental variables.

168



-500

{
Py I—

A PPFD [pmol m-2 s-7]
o
—_—
SCC<SMC SCC>
o
4

-1000 .

-10- -1500

o
—
- -
o o

4]

SCC<SMC SCC>SMC~

A Air temperature 15 m height [°C]

o o & o
A

_/

7

‘—<‘>—7 ﬁ/ /
<+

5 on o

{]

{

{

]

{]

I

y

{

{]

{]

{]

0

=

|-

{]

154
(@) 4 ) u(f) 41,
z Z
f_-i 24 A
B ol
2 J 2
£ Y @)
EE I >
fa) vy
% =24 v
@]
< O .
v
4 " v
-4 -4+
2017 2018 2019 2020 2021 2022 5 Py 1 18 24
Year
Hour
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Figure A3.4: Seasonal (a, c) and diurnal (b, d) patterns of generalized annual energy fluxes + standard deviation of

(a, b) latent heat (LE), (b) sensible heat (H) flux from the two eddy covariance tower sites, Scotty Creek (SCC,
sporadic permafrost) and Smith Creek (SMC, discontinuous permafrost). Line intensity reflects data availability

across all years (July 2017 - September 2022, n=0-6).

170




A.4. Supporting Information for Chapter 4

A4.1.

Figure A4.1: Images of eddy covariance tower setup. Left: scaffolding structure at the 2019 Burn to bring high-
frequency instrumentation above the tree canopy. Right: tripod structure at 2007 Burn where most burned tree
remainders have fallen to the ground and regrowth of vegetation is still below 1 meter in height.

Figure A4.2: Drone images of sampled landscapes around the Lutose peatland complex, left: 2019 Burn with
distinct burned (black ashy areas) and unburned area (brown and green areas), middle: 2007 Burn where the
vegetation is still recovering more than a decade after the wildfire event, right: Unburn with intact black spruce
(Picea mariana) canopy.
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Table A4.1: Overview of installed instruments for meteorological and soil measurements at the two sites 2019 Burn

and 2007 Burn.

Environmental variable Manufacturer Instrument Replicates per site Height/depth in cm

Wind speed and direction Campbell CSAT3 1 2007 Burn: 210

Scientific 2019 Burn: 600

Precipitation Campbell TES25-M 1 2007 Burn: 240

Scientific 2019 Burn: 600

Air temperature Vaisala HMP45C212 1 2007 Burn: 210

2019 Burn: 600

Air pressure LI-COR LI-7200 CO2/H20 gas 1 2007 Burn: 210

Environmental analyzer 2019 Burn: 600

photosynthetically active Kipp & Zonen PAR Lite 1 2007 Burn: 240

radiation 2019 Burn: 600

Net radiation Kipp & Zonen NR Lite 1 2007 Burn: 150

2019 Burn: 150

Soil temperature Campbell 107 1 2007 Burn: -10

Scientific 2019 Burn: -10

Soil moisture Campbell 616-L 3 2007 Burn: -10

Scientific 2019 Burn: -10

Soil heat flux Hukseflux HFT3 1 2007 Burn: -10

Thermal Sensors 2019 Burn: -10

HFPO1 1 2007 Burn: -10

2019 Burn: -10
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