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Abstract

Peatland disturbance through drainage threatens to liberate large amounts of C stocks by
increasing emissions of carbon dioxide (CO2) from the soil. Restoration through re-wetting, on
the other hand, could play an important role in climate change mitigation or adaptation by
reducing CO; emissions and increasing the ability of peatland to sequester atmospheric COs.
However, this can come at the cost of increased CH4 emissions, an extremely potent greenhouse
gas, and therefore rewetting can lead to a biogeochemical compromise between CO; uptake and
storage, and CHj4 release. Currently, there is large uncertainty surrounding the extent of this
compromise in ecosystems at different stages of recovery and with differing environmental
conditions, making it difficult to predict how well these ecosystems are able to regain their
function as COz sinks following restoration. To assess the effect of re-wetting, I analysed eddy-
covariance flux measurements alongside environmental variables from sites that have undergone
different restoration techniques and consequently have different environmental conditions,
mainly water table height (WTH). By the end of the one-year study period, the site with a higher
water table, i.e., the wetter site, was a CO» sink, and the drier site was a CO; source. CH4
emissions were higher at the wetter site annually and in the growing season, and whilst both sites
had a positive radiative balance when calculated using sustained global warming potentials, the
wetter site had a lower radiative balance on both a 20- and 100- year time horizon than the drier
site, implying the importance of CO: sink status for climate benefits. These results emphasize the
role that WTH and soil temperature have on promoting or inhibiting CO2 and CH4 emissions,
and therefore can be used to inform management decisions and predict future trends in peatland

ecosystems undergoing restoration.
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Lay Summary

Peatlands are important ecosystems in the global carbon cycle as their soils are able to store vast
quantities of carbon. However, when soils in peatlands are disturbed via drainage, they dry can
release carbon dioxide (CO.) into the atmosphere, thus contributing to global warming. Scientists
have proposed re-wetting drained peatlands to reverse this effect and promote CO; uptake. This
can be an issue, because wet conditions often lead to increased emissions of methane (CH4), an
extremely potent greenhouse gas. This study presents results comparing two peatlands
undergoing restoration, one wetter, and one drier site, to determine the environmental conditions
that maximise CO; uptake and minimize GHG emissions, thereby determining which conditions

in restored peatlands are most beneficial for the climate.
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Chapter 1: Introduction

Peatlands are wetland ecosystems that in their natural state are not only large carbon (C)
reservoirs, storing a vast proportion of global soil C (Roulet, 2000), but also providers of a
multitude of other ecosystem services. To commodify the services provided by wetlands, the
global value is estimated to be 26.4 trillion dollars per year; more than 20% of the total value of
ecosystem services globally (Thorslund et al., 2017). Besides CO2 sequestration this includes
flood reduction, water filtration and wildlife habitat. Perhaps just as important, if not more so, is
the significant cultural role peatlands play in many Indigenous cultures around the world (Schulz
et al., 2019; Butler, C., 2019), a value often overlooked in the land and atmospheric sciences.
Despite these values and services, at least 25% of peatlands globally have been disturbed through
human activities such as land-use change, actions largely driven by economic growth (Page and
Baird, 2016). However, as plants, animals and soils are removed and altered through these
destructive activities, we observe shifts in ecosystem functioning and in particular, significant

disruption to C and greenhouse gas (GHG) dynamics (Moreno-Mateos et al., 2012).

When disturbance occurs in peatlands it generally results in the shift from anaerobic to aerobic
soil conditions (Abdalla et al., 2016), promoting decomposition of large soil C stores, and
enhancing carbon dioxide (CO2) emissions to the atmosphere (Fig. 1a & b). Drier soil also
increases fire risk, which leads to substantial CO; emissions (Loisel et al., 2020). In response to
increased COz emissions from the soil, scientists and policymakers propose restoration efforts,
e.g., rewetting drained peatlands, which enhances atmospheric CO> uptake and reduces CO»
emissions (Tuittila et al., 1999). In terms of climate benefits, the key goals of peatland

restoration include reinstating the C sink status, reducing GHG emissions, and returning the



environment to pre-disturbed conditions in terms of ecosystem functioning (Moreno-Mateos et
al., 2012). Restoration therefore plays an important role as a natural climate solution, aiding in
potential mitigation or adaptation to future change (Griscom et al., 2017). However, when
rewetting peatlands, we must also consider the impact on the emission of methane (CHa), a
potent GHG with a global warming potential (GWP) 28-34 times that of CO2 (Myhre, 2013).
This is because many peatlands, both natural and restored, are sources of CHy to the atmosphere

(Bridgham et al., 2013; Tan et al., 2019).



Natural peatlands

High water table >
anoxic soil
conditions

Some C enters
atmosphere as CH,

of plant biomass

= . ¥ E “‘ 2 ‘ 3 E 3 :
Inhibits Photosynthesis > C P
decomposition input to soil S
—~ \
-~
-~
~

P
~

Most C stays in the
soil rather being

convzrrlttzt:irt‘: (t‘-,?; and Besssmmmndl LARGE CARBON SINK

atmosphere

Disturbed peatlands

Lowered water
table = oxic soil
conditions

Allows Photosynthesis = C
decomposition input to soil

of plant biomass

CH, production
restricted

CO, enters the
atmosphere as a

byproduct of SMALL CARBON SINK

decomposition

Figure 1. Simplified conceptual diagram of the effect of water table on carbon dioxide (CO2) and

methane (CH4) dynamics in natural (a) and disturbed (b) peatlands.

Increased CH4 emissions in peatlands undergoing restoration, compared to drained peatlands, is

widely demonstrated (Petrescu et al. 2015) (Fig. 1a & b), and the large GWP potential associated
3



with CHy suggests a small increase could have serious implications for the climate (Yu et al.,
2017). How CH4 dynamics change over time in response to restoration and shifting
environmental conditions is still largely unknown. When considering the climate impacts of
GHGs, the rates of uptake and emission, as well as the difference in atmospheric lifetimes,
particularly CHy, relatively short-lived in the atmosphere, and CO, must be considered
(Balcombe et al., 2018). CO2 and CH4 production and uptake depends on both biological and
physical variables (Dean et al., 2018) that vary over a range of temporal scales (Hopple et al.,
2020), and therefore it is likely that the C sink status and GHG emissions will depend on the

stage the peatland is at in its recovery (Taillardat et al., 2020).

To understand how CO; enters and leaves the system (i.e., net ecosystem exchange [NEE]), we
must recognise the main processes of CO2 uptake and loss and consider some of the key drivers
of C dynamics in peatland ecosystems. Uptake of atmospheric CO2 via photosynthesis and
subsequent input of C into plant biomass (i.e., gross primary production [GPP]), and release via
ecosystem respiration (ER), both heterotrophic and autotrophic, are the two main processes that
determine NEE. Whilst not an exhaustive list, many biophysical factors including water table
height (WTH), soil temperature, vegetation type, and the interplay of these factors affect rates of
GPP, ER, and consequently NEE, as they influence both plant and microbial functioning (Loisel
et al., 2020). Changes in these factors therefore have the potential to influence the C sink or
source status of an ecosystem (Knox et al., 2015; Petrescu et al., 2015). Thus, examining the
response of COz fluxes in peatlands to physical and biological factors can uncover important

links and relationships which drive changes in C and GHG dynamics.



The predominant control of temperature on CO> fluxes is demonstrated widely in the literature
(S.C. Lee et al., 2017; Strack and Zuback, 2013). Additionally, it has been established that there
is an optimum temperature at which decomposing microbes work and respire CO> (Alster et al.,
2020). When temperatures are too low respiration is inhibited, and increasing temperatures drive
rates until they reach an optimum where we observe a plateau in the respiration rate (Carey et al.,
2016). In peatland ecosystems, the temperature effect on CO> fluxes is modulated by WTH in
that totally saturated soils suppress microbial activity, creating an anaerobic soil environment
and limiting C losses via respiration (Davidson and Janssens, 2006). When the water table drops,
creating aerobic soil conditions favored by some microbes, decomposition (and therefore
respiration rates) increase (Beyer et al., 2021). Besides directly influencing NEE, WTH and
temperature drive changes in plant species composition, affecting availability of C in the soil,
1.e., substrate for microbes, and therefore rates of CO; uptake and release (Couwenberg et al.,

2011; Lazcano et al., 2020).

Whilst the previous drivers of NEE have been physical properties of the ecosystem, the
vegetation community represents an important biological control. As well as being responsible
for autotrophic respiration, the vegetation community can alter the microbial respiration response
to soil moisture and temperature though litter characteristics, and below ground mechanisms
such as altered root activity and exudation (Almagro et al., 2009). Sphagnum mosses for
example, which are common in many natural peatland ecosystems (Page and Baird, 2016), play a
role in enhancing CO> uptake and promoting C storage (Nugent et al., 2018; Strakov4 et al.,
2010). However, shifts to an increase in vascular plant species, e.g. cotton grass (Eriophorum

vaginatum), which can occur in response to a decreasing WTH, promotes soil microbial activity,

5



and thus greater losses of CO> from the soil due to enhanced availability of labile substrate
(Dieleman et al., 2016; Gavazov et al., 2018). Despite promoting respiration, the presence of
vascular plant species has also been linked to a larger C sink potential because they have higher
rates of photosynthesis (Gavazov et al., 2018; Lazcano et al., 2020) suggesting the vegetation

community plays an important role in mediating CO; fluxes.

It’s well known that COz is a large determinant of the C budget of an ecosystem, but for
peatlands that are saturated for a large part of the year, CH4 is also an important component of
the C and GHG budgets, having a large effect on the global warming or cooling impact of
peatland. Two microbial processes govern the production and oxidation of CH4. Methanogenesis,
performed by archaea in anoxic zones of the soil is the mineralisation of organic matter leading
to the production of CH4, and methanotrophy is the oxidation of CHj4 in aerobic conditions by
bacteria that use CHy as their sole C and energy sources (Le Mer and Roger, 2001). Multiple
pathways facilitate the transport of CH4 through the soil to the atmosphere including ebullition
(gas bubbles), via aerenchyma in vascular plants, diffusion in the soil or water column, or lateral
movement across water ways as dissolved CH4 (Dean et al., 2018). As expected, these
mechanisms of CH4 production and transport respond to a suite of physical and biological

drivers.

As with NEE, temperature plays a dominant role in controlling CH4 flux dynamics (Knox et al.,
2015, 2016; Rinne et al., 2017). The temperature sensitivity of methanogenesis is higher than
methanotrophy, so a small change in temperature can lead to large effects on CH4 production (Le

Mer and Roger, 2001). This is concerning considering the warming temperatures associated with

6



climate change and therefore the potential for positive feedback to the global climate-C cycle.
However, the response of CH4 dynamics to temperature is highly dependent on hydrology, as
methanogenesis occurs in anaerobic environments (Dean et al., 2018). In fact, the role of WTH
has been described to work much like an on or off switch, suppressing or promoting CH4 release
when the water table is around 10 cm above the soil surface (Christensen et al., 2013).
Additionally, the WTH affects soil temperature by modulating the thermal properties of the soil,
and therefore ecosystems with a higher WTH are likely to have a higher thermal diffusivity (van
der Molen and Wijmstra, 1994), which will affect soil processes including methanogenesis. As
described earlier, changes in WTH and temperature within an ecosystem can alter plant
community composition, and therefore vegetation also plays an important role in mediating CH4

fluxes.

The interplay of physical environmental factors and the vegetation community, which is one of
the most significant drivers of CH4 flux (Vanselow-Algan et al., 2015), can significantly alter
production and release of CHs. The combination of a high WTH and herbaceous vegetation with
high root biomass and root exudates promotes methanogenesis through enhanced substrate
availability (Lazcano et al., 2020; Waddington and Day, 2007). Additionally, the presence of
vascular plants that contain aerenchymous tissue plays a role in facilitating the transport of CH4
from where it is produced in anaerobic soil conditions, up to the atmosphere, thereby promoting
emissions (Wilson et al., 2016a; Laanbroek, 2010). Conversely, oxidation of CHg, can also
occur as an effect of oxygen release from roots to the rhizosphere, (Laanbroek, 2010) and thus

vascular plants play a key role in mediating CH4 fluxes in peatland ecosystems.



Described above are the processes and key drivers that affect NEE and CH4 exchange within
natural peatlands. However, when these ecosystems are disturbed via draining for agriculture,
peat harvesting, or urban development (Abdalla et al., 2016; Anderson et al., 2016; Wilson et al.,
2016a), their functioning changes dramatically. Although land use change is associated with
commodities such as peat for fuel, or food such as cranberries and rice, these commodities will
eventually run out as farming can deplete organic matter (Bhatti and Tarnocai, 2009). Through
land use change we lose invaluable ecosystem services, e. g. flood reduction, water filtration and
potential for C sequestration (Page and Baird, 2016). Additionally, many peatlands have held
spiritual significance for Indigenous communities and have traditionally been a place for
harvesting, hunting and fishing (Schulz et al., 2019; Joosten, 2003; Burns Bog Overview, 2021).
Unfortunately, with land use change we see the cultural values disregarded and diminished in
society. In terms of GHG dynamics, whilst land use change can drive a decrease in CH4
emissions where the peatland has been drained (Abdalla et al., 2016; Petrescu et al., 2015), this is
usually accompanied by an increase in CO2 emissions and a loss of soil C, as aerobic conditions
promote ecosystem respiration (Beyer et al., 2021). When manipulation of the ecosystem via re-

wetting occurs in order to dampen this response, we again see a shift in C and GHG dynamics.

Re-wetting can occur through an active process, e.g., ditch-blocking to raise the water table, or
passively, e.g., through establishment of protected areas or being in close proximity to an
actively re-wetted area. Generally following re-wetting, CH4 emissions increase significantly
(Strack and Waddington, 2012), and inundation duration post re-wetting plays a key role in
influencing NEE (Zhao et al., 2019). Peatlands that are continuously inundated are likely to

become a source of CH4 to the atmosphere (Hemes et al., 2018), however, intermittent flooding

8



has led to significant decreases in CH4 emissions (Altor and Mitsch, 2006, 2008; Whalen, 2010).
WTH also plays a significant role in influencing the vegetation community. As the WTH can
vary throughout ecosystem development, this means that plant species composition can change
throughout the restoration process (Howie et al., 2009) and affect C and GHG dynamics.
Unsurprisingly, the recovery of plant communities post restoration is not a fast process, and it is
estimated that it takes on average 30 years to return to a pre-disturbed state (Moreno-Mateos et
al., 2012). Thus, COz and CH4 dynamics in recently restored or recovering wetlands are likely to
be substantially different to those in natural wetlands, with large interannual variations. It is also
important to note that as re-wetting is often associated with increased CH4 emissions, restoration
often leads to a biogeochemical compromise between CO; and CH4 emissions (Hemes et al.,
2018; Petrescu et al., 2015). With peatland restoration being used as a natural climate solution,
restoration management is vital, and by monitoring NEE and CH4 fluxes alongside key variables
that drive them within ecosystems undergoing different management, we can gain insight into

whether we are meeting restoration goals and inform future management.

In communicating restoration progress or success and informing management decisions, we need
to specify what we hope to achieve through restoration. Often there are both biodiversity and
climate objectives such as animal habitat, flood reduction and the reinstatement of a C sink
(Renou-Wilson et al., 2019; Wilson et al., 2009). Assessing and predicting how these factors will
respond to restoration over time can be complicated, especially for C and GHG dynamics as they
are controlled by variables such as vegetation and climate, which have large interannual
variability (Couwenberg et al., 2011). Consistent monitoring of individual ecosystems is needed

to assess restoration success as well as inform modelling efforts, as many current earth system



models have high uncertainty due to their coarse spatial resolution (Thorslund et al., 2017; Loisel
et al., 2020). To communicate findings that have climate implications to other scientists, policy
makers and land managers, global warming metrics such as the GWP, sustained global warming
potential (SGWP) and radiative forcing (Neubauer and Megonigal, 2015) are used to indicate the
relative radiative impacts of different GHGs (Neubauer, 2021). The time horizon over which
predictions of C and GHG dynamics are made can affect the radiative balance of the ecosystem,
and this, in combination with ecosystem development suggests that the climate effect of a

recovering peatland will fluctuate over time (Page and Baird, 2016).

Evidently, the response of NEE and GHG fluxes to biophysical drivers is complicated, as many
drivers, e.g., vegetation and hydrology, are inextricably linked, and vary over time. Changes in C
storage over the long-term are slow, implying the need for more long-term studies to evaluate
whether peatlands undergoing restoration are able to regain their C sink status, and match C
storage values for natural peatlands (Moreno-Mateos et al., 2012; Yu et al., 2017). Whether or
not the benefit of increased CO> sequestration and reduced emissions will outweigh the cost of
CH4 emissions in recovering peatlands in the long-term is still largely uncertain (Page and Baird,
2016). Enhancing our understanding of the drivers of GHG fluxes in peatlands undergoing
restoration and with differing environmental conditions will be extremely beneficial for
predicting future global C dynamics, improving management strategies to optimise C storage and
minimize GHG emissions, and finally, to return them as close as possible to peatland ecosystems

in a pre-disturbed state in terms of ecosystem function.
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This thesis aimed to assess C and GHG ecosystem responses to disturbance and restoration by
assessing continuous measurements of ecosystem-scale CO; and CH4 fluxes as well as key
environmental drivers in peatland sites with different environmental conditions. The study sites
are located in the Burns Bog Ecological Conservancy Area (BBECA) in Metro Vancouver, B.C.,
Canada, which is a temperate raised bog ecosystem. Different areas of the BBECA have
undergone a series of land-use changes including disturbance for agriculture and peat mining,
and more recently, restoration via re-wetting. Hence, the BBECA is a highly heterogeneous
environment with 24 ecosystem types that have been identified, mapped and described using
terrestrial ecosystem mapping methodologies (Hebda et al., 2000). Prior to active restoration of
the bog, abandonment and natural blockage of old ditches led to significant regeneration without
any intervention. Considering the variation in historical disturbances and restoration strategies,
GHG fluxes are likely to be quite variable throughout the bog. For this study I am comparing
GHG fluxes at two sites representing two different dominant ecosystem types in the bog, which
experienced different restoration strategies and consequently now differ in terms of vegetation
type and water levels. This has important implications for future land management, as well as
predicting peatland C cycle feedbacks. Specifically, I aimed to gain insight into how C and GHG
dynamics vary in previously disturbed peatland ecosystems in the BBECA which have
experienced different histories and restoration strategies, and consequently now differ in terms of
vegetation type and WTH. My key questions were: 1.) How do C and GHG dynamics in the
BBECA peatland vary with different environmental conditions? 2.) Which environmental
conditions maximise C uptake whilst minimizing GHG emissions; and 3.) To what extent is

enhanced CO; uptake offset by increased CH4 emissions?
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Chapter 2: Methods

2.1 Study area

2.1.1 First Nations acknowledgement

I would like to begin by acknowledging that my research takes place on the traditional, ancestral
and unceded territory of the x¥moaOk*oyom (Musqueam) people. I acknowledge, with gratitude
and respect, that [ am a guest on the lands and waters that the Musqueam people and their

ancestors have called home since time immemorial.

2.1.2 Land use history

Traditionally, the land now named Burns Bog, was used by the St6:10, Katzie, Kwantlen,
Semiahmoo, Tsawwassen and Musqueam First Nations for foraging, hunting and other cultural
practices (Burns Bog Overview, 2021), but has since gone through multiple stages of land-use
change. The Burns Bog Ecological Conservancy Area (BBECA) is a raised ombrotrophic bog
located on the Fraser River Delta, on the west coast of BC, Canada. It was established in 2005 to
conserve and restore the ecosystem functioning of this large coastal raised bog, which has
undergone significant disturbance. Currently, the BBECA covers 2,363 hectares, however, this is
only approximately half of the area historically occupied by the bog (Metro Vancouver, 2007).
The substantial decrease in size is due to encroachment from agricultural and industrial land use,
and the remaining bog area has undergone significant disturbance including peat mining,
development, agriculture, and fire, leaving only approximately 29% of the bog undisturbed
(Metro Vancouver, 2007). From the 1930s to the 1980s, peat extraction and cranberry farming
was facilitated in the bog through establishment of drainage ditches directing the outward flow of

water (Hebda et al., 2000). Drainage and subsequent drying of the bog increases peat
12



decomposition rates and promotes the establishment of larger, woody plants over bog-favouring
species, mainly Sphagnum mosses. To this day, the bog’s unique biodiversity and ecosystem
functioning is under threat from nearby development and a rapidly changing climate. In response
to these disturbances, since 2001, parts of the bog have undergone active restoration via ditch
blocking to raise the water table in the hopes of promoting Sphagnum growth, conserving the
unique ecological value of the bog, and reducing fire hazard. In others, natural regeneration has
been occurring without human intervention. Consequently, areas of the bog are undergoing
different management techniques and now differ in terms of vegetation type and water table

levels (Hebda et al., 2000).

2.1.3 Measurement sites

To assess the impacts of restoration on C and GHG dynamics, two sites in the bog that have
undergone different management and restoration approaches were chosen for the study (Fig. 2).
These sites represent two different dominant ecosystem types in the bog. Both sites are equipped
with eddy-covariance (EC) flux towers measuring GHG fluxes and meteorological variables.
Based on climate normals and averages from Environment Canada from 1981-2010, the bog has
an average annual temperature of 10.4°C and annual rainfall of 1189 mm (Environment Canada,

2020).
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Figure 2. Map of Burns Bog Ecological Conservancy Area (BBECA) with stars indicating locations of study

sites, CA-DBB and CA-DB2.

2.1.3.1 Burns Bog 1 (CA-DBB) “Actively rewetted site”

CA-DBB (49°07°45.49"N, 122°59°5.60"W) underwent peat harvesting between 1957 and 1963
using the Atkins-Durbrow hydropeat method (Heathwaite, 1993), and was rewetted in 2007 via
ditch-blocking (Howie et al., 2009). The closest ditch to the tower, which is 70-m away, was
blocked in 13 locations. During 2020, the water table height (WTH) ranged from -12.5 cm to

13.7 cm relative to the surface, and the annual mean WTH was 3.8 cm above the surface.

14



Throughout the year this site has areas of open water scattered throughout the landscape, likely
an effect of active re-wetting. The peat depth is 5.8 m (Chestnutt, 2015) and the vegetation
community is characterised by the sedge, white beak-rush (Rhynchospora alba), and Sphagnum
mosses (Fig. 3a). The 90% average cumulative EC flux footprint at CA-DB2 was entirely inside
the targeted area surrounding the tower during both the growing and non-growing season (Fig.

4a, ¢).
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Figure 3. The EC flux towers at CA-DBB (a) and CA-DB2 (b). Photos taken by Sara Knox (2019/20)
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Figure 4. Flux footprint climatology contours during the study period for the growing season (a) and non-

growing season at CA-DBB (c), and the growing season (b) and non-growing season at CA-DB2 (d).

2.1.3.2 Burns Bog 2 (CA-DB2) “Minimal re-wetted site”
CA-DB?2 is approximately 1.5 km southwest of CA-DBB (49°07°8.33"N, 122°59°42.54"W) and
underwent peat harvesting using the Atkins-Durbrow hydropeat method between 1930 and 1948.

The closest ditch to the tower, which is 350-m away, was blocked in only 2 locations, and this, in
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combination with the longer period of time it was abandoned after disturbance, drives an overall
lower WTH and different vegetation composition to CA-DBB. Despite the lack of active
rewetting, it is likely that active restoration at other locations in the bog has influenced water
table dynamics, and additionally, beaver presence and dam creation has had the potential to
create natural ditch blocking (Hebda et al., 2000). During 2020, WTH ranged from -39.9 cm to
16.5 cm relative to the surface. WTH at this site was overall lower than at CA-DBB, as indicated
by the annual mean WTH of -2.7 cm. Peat depth at CA-DB2 is approximately 4 m (Briggs,
1976). The vegetation community is characterised by Sphagnum mosses and white beak-rush, as
in CA-DBB, but there is also the presence of stunted lodgepole pine (Pinus contorta). This is a
vegetation community resembling that of the original, undisturbed bog (Hebda et al., 2000) (Fig.
3b). The 90% average cumulative EC flux footprint at CA-DB2 was entirely inside the targeted

area surrounding the tower during both the growing and non-growing season (Fig. 4b, d).

2.2 Meteorological and environmental measurements

Continuous meteorological and environmental variable measurements have been ongoing since
2014 at CA-DBB and October 2019 at CA-DB2. Sensors were positioned either directly on or
within 10 m of the EC flux tower. Short and longwave radiation, both incoming and outgoing,
were measured by a four-component net radiometer (CNR1, Kipp and Zonen, Delft, Holland) at
the 4.25-m height at CA-DBB and 3.0-m height at CA-DB2. Incoming and outgoing
photosynthetically active radiation (PAR) were measured by two quantum sensors (LI-190, LI-
COR Inc., Lincoln, NE, USA) at the 1.8-m height at CA-DBB and 3.0-m height at CA-DB2.
Precipitation was measured by an unheated tipping bucket rain gauge (TR-525 M, Texas

Electronics, Dallas, Texas, USA) installed at the 1.0-m height within 10 m of both towers. Air
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temperature (TA) and relative humidity (RH) were measured at the 2.0-m height on both towers
(HMP 35-C, Vaisala Oy., Helsinki, Finland). Soil temperature (TS) was measured within 5 m of
both towers over three replicate vertical profiles, which were then averaged, using thermocouples
(Type T). Vertical profile depths at CA-DBB were -0.05, -0.1, -0.3, and -0.5 m, and at CA-DBB,
+0.05, -0.05, -0.10, -0.3 m, with “+” indicating above the soil surface and “-” indicating below.
WTH was measured using a pressure transducer (CS400, Campbell Scientific Inc. (CSI), Logan,
UT, USA) relative to the soil surface, and soil volumetric water content (CS616, CSI) was
measured at a depth of 0.30 m, both within 5 m of the tower at each site. Soil heat flux was
measured using soil heat flux plates installed at 5-cm depth at three locations, which were then
averaged, at each site. The 3 locations were approximately 30 cm apart in a hummock, hollow,
and an intermediate location. Environmental variables were recorded every second at CA-DBB
and every 10 seconds at CA-DB2, and 30-minute averages were computed. Some gaps in the
data are expected due to energy constraints associated with solar power supply (i.e., cloudy
periods throughout winter). In total, 3% and 7% of the meteorological data was missing from

CA-DBB and CA-DB2, respectively.

2.3 Eddy-covariance measurements

The net exchange of CO2 and CH4 between the land surface and the atmosphere was estimated as
30-minute averages using the EC method. CO2 flux measurements have been ongoing since
2014, and CHs fluxes (FCH4) since 2015 at CA-DBB, and both CO2 and FCH4 since October
2019 at CA-DB2. Both sites have a similar set up and instrumentation, with the EC system
installed at the 1.8-m height at CA-DBB and at the 2.5-m height at CA-DB2. Flux measurements

are made using a sonic anemometer (CSAT-3, CSI), which measures wind velocity components
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in the longitudinal, transverse and vertical wind directions and sonic temperature, an enclosed-
path CO2/H20 infrared gas analyser (IRGA) (LI-7200, LI-COR Inc.), and an open-path gas
analyser to measure the partial density of CH4 (LI-7700, LI-COR Inc.). At both sites path
separation was measured from the centre of the measurement instruments. At CA-DBB the
northward path separation from the sonic anemometer for the LI-7700 is 0 cm, eastward
separation is 15 cm, and the vertical separation is 0 cm. At CA-DB2, the northward separation is
29 cm, eastward separation 11 cm, and vertical separation 0 cm. At CA-DBB the northward
separation of the sonic from the 7200 air sampling inlet funnel is 0 cm, eastward separation is 5
cm, and the vertical separation is 0 cm. At CA-DB2, the northward separation is 10 cm, eastward
separation 0 cm and vertical separation O cm. The EC method measures the exchange of
turbulent fluxes within the atmospheric surface layer, and thus allows an overview of flux
exchange at the ecosystem scale (Burba, 2010). Specifically, it measures the covariance of the
entity (e.g. COz or CHy) of interest and the vertical wind speed of circulating eddies. Both gas
analysers are connected to an LI-7550 analyser unit (LI-COR inc.) equipped with a SMARTflux
unit (Synchronization, Management, and Real Time Flux system, LI-COR inc.) Raw EC data
measured at 20 Hz are processed using the EddyPro software v7.0.6 to obtain 30-minute
averaged gas fluxes and related parameters. All fluxes are calculated by applying a double
coordinate rotation method, spike removal, block averaging, and time-lag removal by covariance
maximization (Moncrieff et al. 1997). Corrections were made for the effects of air density
fluctuations on the half-hourly covariance of CO2, CH4, and H>O fluxes (Webb et al. 1980).
Both the LI-7200 and the LI-7700 mirrors were cleaned once the signal strength threshold for the
LI-7700 reaches a value of 40 and were calibrated onsite every six weeks with a zero and span

gas.
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2.4 Filtering and gap-filling of CO: fluxes and FCH4

After calculating the fluxes, CO; and CHg4 flux values were filtered with low friction velocity (u+)
to constrain our analysis to turbulent conditions. Additionally, for the LI-7700, fluxes were
filtered out that were less that 20% of the signal strength (LI-7700 Instruction manual, 2020).
Using the R package REddyProc v 2.2.0, friction velocity thresholds (5%, 50% and 95% of
0.059 and 0.094 at CA-DBB and CA-DB2, respectively) were identified using a moving point
test (Papale et al., 2006) and the data were then filtered for each threshold (Wutzler et al., 2018).
Fluxes were further filtered for spikes in 30-minute mean densities, variances and covariances
with thresholds varying between sites and quality checked using the flagging system proposed by
Mauder and Foken (2006), where fluxes flagged as “2” were discarded from the dataset. Lastly,
fluxes from wind directions outside the footprint of interest of each site were filtered from the
data set and omitted from this analysis. For both sites, these were wind directions from 330° to
30°, to exclude wind passing through the tower from the north. After all QA/QC, missing CO>
flux values were 42% and 34% at CA-DBB and CA-DB2, respectively, which includes data that
were missing due to power limitations associated with inclement weather and low-light
situations. Gaps in CO; and latent and sensible heat fluxes were filled using the marginal
distribution sampling (MDS) method (Reichstein et al. 2005) with the REddyProc package
(Whutzler et al. 2018). Net CO» fluxes were partitioned into gross primary production (GPP) and
ecosystem respiration (RECO) using the night-time approach (Reichstein et al. 2005), also
implemented in REddyProc (Wutzler et al. 2018). For CHs, QA/QC resulted in missing CH4 flux
values of 55% and 47% at CA-DBB and CA-DB2, respectively, including missing data due to

power limitations associated with inclement weather and low-light situations. There are as yet no
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standards for gap-filling CH4 flux measurements and this is an active and ongoing area of
research (Nemitz et al. 2018). Gaps in CH4 fluxes were filled using a random forest as described
in Kim et al. (2020), as this approach was found to outperform MDS and other machine learning

approaches (i.e., support vector machine and artificial neural networks).

2.5 Uncertainty estimation of CO2 and FCH4

To estimate the uncertainty associated with the post-processing of fluxes, the REddyProc V.2.2.0
package was used (Wutzler et al. 2018). In this approach, bootstrapping of half-hourly EC
measurements generates 200 artificial replicates of the dataset with different sized data gaps and
a u- threshold estimate for each. Subsequently, lower, median, and upper (5%, 50%, and 95% of
the bootstrapping, respectively) estimates of u+ are determined and seasonal and annual NEE was
calculated for each u+ threshold. Random uncertainty was also calculated, although it was not
included in the total uncertainty due the values being negligible. NEE estimates were then
partitioned to obtain RECO and GPP for each u+ threshold, and the error and uncertainties were
estimated based on the confidence intervals (ClIs) determined from the bootstrapping (Wutzler et

al., 2018).

FCH4 uncertainty was estimated by generating 20 iterations of the gap filled timeseries and then
calculating the standard deviation and 95% CI of the cumulative sums for the annual and

seasonal time periods.

2.6 Energy balance closure

Energy balance closure (EBC) was calculated using daily (24-h) mean data as:
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EBC = (H + LE)/(R, — G)
where LE is the latent heat flux, H is the sensible heat flux, R, is net radiation and G is the soil

heat flux. EBC was 79% and 96% at CA-DBB and CA-DB2, respectively.

2.7 Environmental effects on COzand FCH4
The temperature sensitivity (Q10) of RECO and was estimated using using a linear fit between
the logarithmic transformation of mean daily RECO (InRECO) and soil temperature (7):

InRECO = A + bT

The temperature sensitivity of FCH4 was estimated using an exponential fit between mean daily
FCH4 and T:
FCH4 = ae®T

Where FCH4 is the measured mean daily InFCH4, T is mean daily TS and a and b are
parameters.
The Q10 values for CO2 and CH4 were then estimated as:

Q10C02 = 1%

Q10CH4 = e'oV
The relationship between GPP and PAR was investigated using a rectangular hyperbolic light

response curve derived from Michaelis-Menten kinetics (Frolking et al., 2006).

a X PAR X GPP,,,,

GPP =
a X PAR + GPP,,,,
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where a is the initial light response efficiency (umol CO; (umol photon)!), PAR is measured
photosynthetically active radiation (umol™! m? s™'), and GPPmax (umol™! m-2 s!) is the maximum

gross primary production with no light restriction.

A nonlinear regression model was used to assess the response of CHsto WTH, following the
equation by Turetsky et al., (2014):

(WTH — uR)?
(tR)?

FCH4 = FCH4 max Xexp [0.5 X

where FCH4 is the observed instantaneous CHg4 flux from EC measurements (mg CH4 m?2dh,
FCH4,,4, is the estimated maximum FCH4 at the optimal water position (mg CHs m2 d!), WTH
is expressed in cm, uR is the estimated optimal water table position for CH4 flux (cm), and R is

an estimate of the magnitude of the WTH amplitude (cm) (Turetsky et al., 2014).

2.8 NDVI

Normalized difference vegetation index (NDVI), an indicator of plant greenness, was estimated
from Landsat 8 satellite imagery obtained courtesy of the U.S. Geological Survey. The data were
processed using Google Earth Engine, and NDVI was extracted from the pixels that fell within
the flux footprint (Fig. 3). NDVI data were used to evaluate the photosynthetic capacity between
sites and how it changes over the year. It is also compared alongside GPP to assess whether
NDVI values were correlated with greater CO2 uptake. Due to satellite image availability which
varied between once every 1-3 weeks, gaps were filled using linear interpolation between dates.
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2.9 Data analysis

All data were analysed using R (version 4.0.1). Analyses were made over annual timescales, and
data was further divided into the growing and non-growing season, with differences between
annual and seasonal cumulative CO; and CH4 fluxes considered significant if there was no
overlap in the 95% ClIs and differences between environmental variables tested using the
Kruskal-Wallis test and a significance level of p < 0.05. The growing season was determined as 1
April until 30 September and the non-growing season 1 October until 31 March. To investigate
effects of environmental drivers on RECO, it was log transformed to better meet assumptions for
normality for use in subsequent regression modelling. To investigate effects of environmental
drivers on daily mean FCH4, it was transformed by first adding a constant of 8 mg CHs4 m™ day!
at CA-DBB and 20 mg CHs m2 day™!' at CA-DB2 to allow values of near 0 emissions, and then
log transformed to attain a normal distribution before further analysis (Olefeldt et al., 2013;
Turetsky et al., 2014). To determine differences in environmental variables and daily mean CO2
and CH4 fluxes between sites, I used analysis of covariance (ANCOVA) and to investigate how
environmental drivers affected COz fluxes and FCH4, I used stepwise linear regression. To
determine the GHG balance of the two sites I used sustained global warming potentials (SGWP)
to assess the relative radiative impacts of CH4 (Neubauer, 2021) over different time horizons.
SGWPs of 45 and 96 were used for CHs4 on a 100- and 20- year timeline respectively (Neubauer
and Megonigal, 2015) and values were calculated in units of g CO2-eq m2yr'!. The radiative
balance was calculated as follows:

Radiative balance = ((NEE — FCH4) X (%)) +((FeHa x (

16.04
12.01

) x sGwP)
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Where NEE is the cumulative annual NEE in g C m, FCH4 is cumulative annual FCH4 in g C
m2, SGWP is either 96 or 45 depending whether the radiative balance is being calculated on a

20- or 100- year time horizon, respectively.
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Chapter 3: Results

3.1 Environmental variables

Air temperature (TA) ranged from -7.5 °C and -7.6 °C in January 2020 to 22.7 °C and 21.3 °C in
August 2020 at CA-DBB and CA-DB2, respectively (Fig. 5a). TA at CA-DB2 was significantly
lower (p < 0.05) than at CA-DBB throughout the study period, with average annual air
temperatures being 1.1 °C lower. 10-year average annual climate data acquired from
Environment Canada and Climate Change (ECCC) at the nearest weather station to the site
(“Delta- Burns Bog”) indicates that CA-DBB was 0.4 °C higher and CA-DB2 was 0.65 °C lower
than the 10.2 °C 10-year annual average (Table 1). The two study sites differed from the 10-year
average consistently throughout the year, with the largest above average temperatures in the non-

growing season months from December to February (Fig. 5a).

Due to the close proximity of the study sites, precipitation (P) values were used from CA-DB2 to
represent both sites. In 2020, total cumulative precipitation ranged from 395.5 mm in the
growing season to 1099.9 mm in the non-growing season (Fig. 5b). 2020 experienced nearly a
20% higher cumulative annual rainfall than the ECCC 10-year average (Table 1). The largest
difference in rainfall was during the non-growing season, when Burns Bog experienced 211.6
mm more rainfall than the ECCC 10-year average, with the majority of this falling in January
(Fig. 5b). In the growing season, Burns Bog experienced 85.4 mm more precipitation than the

ECCC average, with the largest difference in May (Fig. 5b).
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study period in 2020 for CA-DB2, CA-DBB and the ECCC 10-year average.

Throughout the study period, soil temperature at the 5-cm depth (TS) ranged from 2.6 °C and 0.6
°C in January 2020 to 19 °C and 20.7 °C in July 2020 at CA-DBB and CA-DB2, respectively
(Fig. 6a). As with TA, TS was significantly lower (p <0.05) throughout the study period at CA-

DB2, with the average annual temperature being 0.9 °C lower than at CA-DBB (Table 1).

WTH ranged from -12.5 cm to 13.7 cm at CA-DBB and -39.9 cm to 16.5 cm at CA-DB2 (Fig.
6b). On average it was below the soil surface during the growing season, and above the surface

during the non-growing season for both sites (Table 1; Fig. 6b). The WTH range at CA-DBB
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was just under half of that at CA-DB2, implying CA-DB2 has stronger seasonality in inundation
than CA-DBB. Throughout the study period, WTH at CA-DB2 was significantly lower than
CA-DBB (p <0.05), being on average 6.5 cm lower annually, and up to 11.5 cm in the growing
season. Whilst still significantly lower during the non-growing season, the difference was much
less, being on average 2 cm lower at CA-DB2. Hence, the soil at CA-DB2 was overall drier than

at CA-DBB.

Vapour pressure deficit (VPD) ranged from an average of 0.10 kPa during the non-growing
season to 0.40 kPa during the growing season at both sites, and there was no significant

difference in the annual average VPD between sites (Table 1; Fig 6¢).

28



Site — CA-DB2 CA-DBB

a
O 207 A PIAY A
o = M v, 4 i\
= \0.; 15 \',J"A/ }\v/ /\ /\—\,\\\/ \"\«\/A“\V\J'\V»
35 %0
€T 10 A
O O
s e | \/\//V\/«W‘ -
3 i
b
e ks L AN
& E NS - \j\/
28 9
Pt
& 2-201
= c
-401
(o4
> ® | \
%e‘; 0.8 i A /.I [\‘“ /i\ “
&= N N, TN
P AL W /\/\/\rp‘
9% % Mt VAV m»\“ﬁ/” WA P T
g“ &6 WAL A M f’,\/\u\’» A I : Uy "‘M \ ah/ 74«‘“\»%\_ M
“Jan Feb  Mar Apr  May  Jun Jul Aug  Sep  Oct Nov  Dec

Month

Figure 6. Daily mean 5-cm soil temperature (a), water table height (WTH) relative to the soil surface, and

vapour pressure deficit (c) over the duration of the study period in 2020 for CA-DB2 and CA-DBB.

Mean NDVI was significantly lower (p<0.05) throughout the study at CA-DBB than CA-DB2
(Table 1; Fig. 7a). At CA-DB2, NDVI remained roughly the same throughout the year, being on
average 0.5. At CA-DBB, NDVI increased significantly (p < 0.05) from 0.47 in the non-growing

season to 0.53 in the growing season.

As the two sites are located only 1.5 km apart with little to no obstruction for incoming radiation,
incoming photosynthetically active radiation (PARin) was used from CA-DB2 to represent both

sites. Over the study period, total PARin ranged from 162.2 mol m month! in December to
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1373.2 mol m month™ in July (Fig. 7b). Total annual PARin was 9,166.2 mol m™, with 7,052.2
mol m~in the growing season and 2,177.6 mol m™ in the non-growing season (Table 1).

Site — CA-DB2 CA-DBB

0.65+

0.60+

0.551

NDVI

0.50+

0.45+

(o)}
o

B
o

%]
o

O.
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Incoming PAR (mol m 2 day )

Figure 7. Normalized difference vegetation index (a) and daily mean incoming photosynthetically active

radiation (b) over the duration of the study period in 2020 for CA-DB2
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Table 1. Annual and seasonal mean, or cumulative environmental variables for the two sites and the 10-year
Environment and Climate Change Canada average. * indicates statistically significant values (P < 0.05)

between CA-DBB and CA-DB2. Values in brackets indicate difference from ECCC 10-year average.

Site Annual Growing season Non-growing
season

TA (C)

CA-DBB 10.6 (0.4) 15.1 (0.3) 6.1 (0.6)

CA-DB2 9.5% (-0.65) 13.8% (-1.0) 5.3*% (-0.2)

ECCC 10-year 10.2 14.8 5.5

TS 5cm (C)

CA-DBB 11.5 15.8 7.3

CA-DB2 10.6* 15.4% 5.8%

Total cumulative precipitation (mm)

CA-DB2 1495 (297) 396 (85) 1100 (212)
ECCC 10-year 1199 310 888
WTH (cm)

CA-DBB 3.8 -0.4 8.1
CA-DB?2 2.7% -11.5% 6.1%
VPD (kPa)

CA-DBB 0.2 0.4 0.1
CA-DB2 0.3 0.4 0.1
PARin (mol m?)

CA-DB?2 9229.8 7052.2 2177.6
NDVI

CA-DBB 0.5 0.5 0.5
CA-DB?2 0.6* 0.6* 0.59%
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3.2  COz2 fluxes

The two sites differed significantly in their cumulative annual NEE in 2020. CA-DBB was a CO:
sink of 26.2 + 16.1 g C-CO, m™, whereas CA-DB2 was a CO; source (27.4 + 18.1 g C-CO, m™)
(Table 2; Fig. 8a). Both sites were CO» sinks in the growing season and COz sources in the non-
growing season (Table 2; Fig. 8b). In the growing season, daily mean NEE was -0.4 g C-CO2 m™
and -0.2 g C-CO2 m™2at CA-DBB and CA-DB2 (p = 0.01), respectively, and the cumulative
growing season sink strength at CA-DBB was over twice as strong (-74 + 5.8 g C-CO, m™) than
at CA-DB2 (-32.8 + 4.6 g C-CO, m™) implying CA-DBB had higher CO, uptake during the
growing season (Table 2). During the non-growing season, when both sites were net CO>
sources to the atmosphere, daily mean NEE was 0.3 g C-CO, m™ and 0.4 g C-CO, m™ at CA-
DBB and CA-DB2, respectively (p < 0.05). Consequently, in the non-growing season, CA-DB2
emitted 24% more CO; (60.2 + 7.3 g C-CO2 m™?), than CA-DBB (48.7 + 6.9 g C-CO, m™)
(Table 2). At CA-DB2, the weaker CO: sink strength in the growing season, coupled with

stronger source strength in the non-growing season led to CA-DB2 being a CO> source.
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Figure 8. Cumulative net ecosystem exchange of CO: (NEE) (a) and daily NEE (b) over the duration of the

study period in 2020 at CA-DB2 and CA-DBB.

When NEE is partitioned into its components, GPP and RECO, the drivers of the seasonal and
annual differences in NEE between sites becomes clearer. Annual GPP was 34% higher at CA-
DB2 (518.3 £ 11.1 g C-CO> m™) than CA-DBB (387.3 g + 39.4 C-CO, m?) (Table 2; Fig. 9a),
and this trend was similar in the growing and non-growing seasons. In the growing season, GPP

at CA-DB2 was 438.8 + 28.6 g C-CO» m2, which was 33% higher than CA-DBB, which was

329.6 + 28.2 C-CO, m™. The difference between sites became even more prominent in the non-
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growing season, with GPP 37% higher at CA-DB2 (79.5 + 16.15 g C-CO> m™) than at CA-DBB
(58.1 +£51.6 g C-CO, m) (Table 2; Fig. 9b). GPP peaked in June at CA-DBB (82.5 g C-CO, m’
2mon') and in July at CA-DB2 (95 g C-CO, m™mon’') However, despite higher rates of GPP,
CA-DB2 also had higher annual and seasonal RECO than CA-DBB, leading to RECO offsetting
CO2 uptake through GPP and thus resulting in CA-DB2 being a CO: source (Table 2; Fig. 10a).
Specifically, annual RECO was 51% higher at CA-DB2 (545.6 + 11.4 g C-CO, m™) than at CA-
DBB (361.5 +44.5 g C-CO2 m™) (Table 2). In the growing season, RECO was 59% higher at
CA-DB2 (406 + 27.6 g C-CO, m™?) than at CA-DBB (255.7 + 34 g C-CO, m™) and 32% higher
in the non-growing season (139.6 + 10.9 g C-CO, m? at CA-DB2 and 105.9 + 56.9 g C-CO> m™
at CA-DBB) (Table 2). Hence, CA-DB2 had higher RECO throughout the study period and there

was a larger relative difference in RECO between sites in the growing season.
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Figure 9. Cumulative gross primary productivity (GPP) (a) and daily GPP (b) over the duration of the study

period in 2020 at CA-DB2 and CA-DBB.
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Figure 10. Cumulative night time modelled ecosystem respiration (RECO) (a) and daily RECO (b) over the

duration of the study period in 2020 at CA-DB2 and CA-DBB.



3.3 FCH4

Annual CH; flux (FCH4) was higher at CA-DBB (12.8 + 0.6 g C-CHs m™) than CA-DB2 (11.8 +
1 g C-CHs m2) (Table 2; Fig. 11a). In the growing season, FCH4 was 28% higher at CA-DBB
(10.5 + 0.3 g C-CH4 m™) than at CA-DB2 (8.2 + 1.1 g C-CH4 m™) (Table 2; Fig 11b.) and daily
FCH4 increased throughout the growing season at both sites (Fig. 11b) with FCH4 peaking in
August at both CA-DBB (2.8 g C-CHs m?mon™) and CA-DB2 (2.3 g C-CHs m™). During the
growing season, daily mean fluxes were 57.3 mg C-CH4 m™ day™! and 44.7 mg C-CHs m™ day!
at CA-DBB and CA-DB2, respectively. In the non-growing season, FCH4 at CA-DB2 (3.6 £ 0.5
g C-CHs m?) was significantly higher than at CA-DBB (2.4 + 0.6 g C-CHs m™) (Table 2), and
daily mean fluxes were 12.8 mg C-CHs m™ day™! and 19.6 mg C-CHs m? day™' at CA-DBB and
CA-DB2, respectively. Within sites, non-growing season total FCH4 at CA-DB2 was just less
than half its growing season value; however, at CA-DBB it was less than a quarter of its growing
season value (Table 2). Thus, there is a greater increase in FCH4 between the non-growing

season and the growing season at CA-DBB than at CA-DB2.
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Figure 11. Cumulative methane flux (FCH4) (a) and daily mean FCH4 (b) over the duration of the study

period in 2020at CA-DBB and CA-DB2.
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Table 2 Annual, growing season, and non-growing season NEE, nighttime partitioned CO2 fluxes and FHC4

at CA-DBB and CA-DB2. * indicates statistically significant differences between sites. Values in brackets are

the 95% confidence interval.

Site Annual Growing season Non-growing season
NEE (g C-CO2 m?)

CA-DBB -26.2 (£ 16.1) -74 (£ 5.8) 47.8 (£ 6.9)
CA-DB2 274 (£18.1) * -32.8 (£4.6) * 60.2 (£ 7.3)

GPP (g C-CO2 m?)

CA-DBB 387.8 (£39.4) 329.6 (£ 28.2) 58.1 (£51.6)
CA-DB2 5183 (x11.1) * 438.8 (£28.6) * 79.5 (£ 16.5)

RECO (g C-CO2m?)

CA-DBB 361.5 (£ 44.5) 255.7 (£ 34) 105.9 (£ 56.9)

CA-DB2

5456 (x11.4)*

406 (+ 27.6) *

139.6 (£ 10.9)

FCH4 (g C-CHy m™)

CA-DBB
CA-DB2

12.8 (£ 0.6)
11.8 (1)

10.5 (£ 0.3)
82(x£1.1)*

24 (£0.6)
3.6(x£0.5)*

3.4 Radiative balance

Calculation of the GHG exchanges, when weighted by their sustained global warming potential

(SGWP), indicates that both sites had a positive radiative balance on both 20 and 100- year time

horizons. This is despite CA-DBB being a COx sink by the end of the study period implying that

the annual value of FCH4, when weighted by the SGWP, resulted in a positive radiative balance

for the site. As CHq has a shorter atmospheric lifetime, yet higher SGWP, on a 20-year time

horizon, the radiative balance of the sites is much higher than the 100-year time horizon (Table

3). On a 20-year time horizon, the radiative balance was 1501.3 + 139.9 g CO»-eq m™ yr'! and

1567 +193.2 g COz2-eq m2 yr'! at CA-DBB and CA-DB2, respectively, compared to 627.8 +
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96.9 g CO2-eq m?yr' and 764.9 + 125.8 g CO»-eq m? yr'! at CA-DBB and CA-DB2,
respectively, for the 100-year time horizon. In both scenarios CA-DB2 has a higher radiative
balance, despite having lower annual FCH4. As CA-DB2 was a COz source, this suggests that
maintaining COz sink status is vital in order to reduce the radiative balance, however, even with

COs; sink status, FCH4 as observed at CA-DBB will result in a positive radiative balance.

Table 3. Radiative balance (g CO2-eq m?yr) and contribution of NEE (g COz-eq m?yr') and FCHs4 (g CO:-
eq mZyr?) to the radiative balance on a 20-year and 100-year time horizon. A sustained global warming

potential for FCH4 of 96 was used for the 20-year time horizon and 45 for the 100-year time horizon.

Site 20-year time 100-year time NEE CH4
horizon horizon

CA-DBB 1501.3+139.9 627.8 £96.9 -143 £ 59 17.1£0.84

CA-DB2 567 +193.2 764.9 £125.8 57.1+£66.3 157+1.3

3.5 Environmental controls on CO: fluxes

3.51 RECO

At both sites, RECO increased with 5-cm soil temperature (TS) as expected, and the analysis of
covariance (ANCOVA) showed that the relationship between daily RECO and TS differed
significantly between sites (ANCOVA; p < 0.05). TS explained 65% and 91% of the variation in
RECO at CA-DBB and CA-DB2, respectively (Table 4; Fig 12a). Furthermore, the apparent
annual temperature sensitivity of RECO (Q10) was 10% higher at CA-DBB (3.3) than at CA-
DB?2 (3) (Table 4; Fig. 12a), implying a stronger temperature response at CA-DBB. When
analysed as a single response variable, WTH had a negative relationship to RECO at both sites,

whereby soil drying led to increased respiration. The effect of WTH on RECO differed
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significantly between sites (ANCOVA; p <0.05) and WTH explained more variation in RECO at

CA-DB2 (R* = 0.63; p < 0.05) than at CA-DBB (R? = 0.43; p < 0.05) (Table 4; Fig. 12b). By

comparing single linear models with one that included both variables, corrected Akaike

Information Criterion (AICc) indicated the best fit model for RECO at CA-DBB only included

TS, however, this was only slightly better than the model including both variables. At CA-DB2,

however, the model with the best fit, according to AICc, was the model that included both TS

and WTH (Table 4; Fig. 13a & b).

Site

20
5cm Soil temperature (°C)

5 10 15

CA-DB2 —=— CA-DBB

Figure 12. Daily mean night time modelled ecosystem respiration (RECO) response to 5-cm soil temperature

(a) and water table height (b) at CA-DB2 and CA-DBB. Lines represent linear regression between variables.
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Figure 13. Daily ecosystem respiration (RECO) response to 5-cm soil temperature and water table height at

(a) CA-DB2 and (b) CA-DBB.

42



Table 4. Regression model results and estimated Q10s for the response of logged ecosystem respiration to Scm
soil temperature (TS) and water table height (WTH). ™* indicates non-significant predictor variables.
Goodness of fit (R?), rooted mean square error (RMSE) with degrees of freedom (df) and AICc (Akaike

Information Criterion) are shown for each model.

Site Model R? RMSE (df) AICc Q10
CA-DBB
InRECO  =-1.64 +0.1(TS) 0.65 0.43 (364) 430.8 3.3
InRECO  =0.04 ™ —0.07(WTH) 0.43 0.6 (364) 6123
InRECO  =-1.58 + 0.12(TS) — 0.004(WTH)">  0.65 0.43 (363) 4323
CA-DB2
InRECO  =-1+0.11(TS) 0.91 02(364)  -1351 3
InRECO  =0.08 — 0.04(WTH) 0.63 0.4 (364) 3739
InRECO  =-0.83 + 0.09(TS) — 0.01(WTH) 0.92 0.18 (363)  -221.6

352 GPP

The GPP-PAR response was estimated for the growing season and non-growing season
separately for each site. In the growing season, the initial slope for the light response curve (o)
was 39% higher at CA-DB2 (0.025 pmol CO> (umol photon)™!) than CA-DBB (0.018 pmol CO;
(umol photon) '), which was expected considering the higher NDVI values throughout the year at
CA-DB2 (Table 5; Fig. 14a). Consegently, the maximum GPP (GPPnax), i.e. maximum CO»
uptake when there were no light limitation at CA-DB2 was approximately 30% higher (6.25
pumol ! m? s at CA-DBB and 4.81 umol ™! m™? s™! at CA-DB2) (Table 5; Fig. 14a). In the non-
growing season, o, was more similar between sites, 0.010 pmol CO2 (umol photon)!and 0.011

CO; pmol CO2 (umol photon)! at CA-DBB and CA-DB2, respectively and non-growing season
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GPPax Was 53% higher at CA-DB2 (2.81 umol™! m™ s'!) than at CA-DBB (1.84 umol' m?s!a

CA-DB2) (Table 5; Figure 14b).
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Figure 14. Rectangular hyperbolic light response curve for the growing season (a) and non-growing season

(b) at CA-DBB and CA-DB2.



Table 5. Coefficients and model parameters for the rectangular hyperbolic light response curve at each site in
the growing and non-growing season. a is the initial slope for the light response curve (umol CO2 (pmol
photon)!), GPPunay is the maximum GPP at light saturation (umol! m*2 s'!), RMSE (df) is the root mean

square error with degrees of freedom.

Site a GPPmax RMSE (df) Period

CA-DBB 0.018 4.81 1.57 (5212) GS
0.010 1.84 0.89 (3191) NGS

CA-DB2 0.025 6.25 1.42 (5344) GS
0.011 2.81 1.09 (3030) NGS

3.6 Environmental controls on FCH4

When assessing the response of FCH4 to individual environmental variables, TS, WTH and GPP
all explained more variation in FCH4 at CA-DBB than at CA-DB2 (Table 6). At both sites, TS
was significantly correlated with and promoted FCH4, and at CA-DBB, of the three predictor
variables, it explained the most variation in daily FCH4 (R?= 0.48, p<0.05). In contrast, at CA-
DB2, the FCH4 response to T'S was not as strong as at CA-DBB and it explained only 31% of
the variation in FCH4. Consequently, the temperature sensitivity (Q10) of FCH4 to TS was

higher at CA-DBB (Q10 = 1.59), compared to that CA-DB2 (Q10 = 1.21) (Table 7; Fig. 15a).

Simple linear regression revealed that both sites demonstrated a negative relationship between
FCH4 and WTH, whereby an increase in WTH led to a decrease in FCH4. More variation was
explained by this relationship at CA-DBB (R?= 0.47, p<0.05), than at CA-DB2 (R?= 0.37,

p<0.05) (Table 6; Fig. 15b), and for CA-DB2, WTH explained more variation than other
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individual variables. Using a non-linear response, however, reveals more about the relationship
between FCH4 and WTH. At CA-DBB, FCH4 increased as WTH rose to just below the soil
surface, where it peaked (Fmax) at -6.68 cm (115.89 mg CHsm day™') (Table 7). After this point,
further increases in WTH led to a decrease in FCH4 (Fig. 15b.). In contrast, at CA-DB2, Fax
was lower, at -29.32 cm (89.77 mg CHa4 m? day'l) (Fig 15b; Table 7). Thus, at both sites, the
estimated optimal WTH for Fnax was below the soil surface; however, it was approximately 4
times higher, i.e., wetter at CA-DBB than at CA-DB2. The non-linear model also revealed that
FCH4 occurred over a wider WTH range at CA-DB2 (24.01 cm) than CA-DBB (7.91 cm), as

indicated by the water table amplitude (tR) (Table 7).

When considering the effect of GPP alone, both sites demonstrated a significant positive
relationship with FCH4 (Table 6; Fig. 15¢). However, the effect of GPP was slightly stronger at
CA-DBB than at CA-DB2 and it explained more than twice the amount of variation at CA-DBB
(R?=0.34, p<0.05) than at CA-DB2 (R?= 0.16, p<0.05) (Table 6). This suggests that GPP plays a

more important role in driving FCH4 at CA-DBB than at CA-DB2 (Table 6; Fig. 15c).

For both sites, multiple linear regression models were also tested, and the best two and 3 variable
models were compared and ranked alongside the single linear models using AICc (Table 6). At
both sites, the model that included all three variables (TS, WTH, and InGPP), and a InGPP x TS
interaction term had the lowest AICc value and was therefore deemed the model that best
explained FCH4. This model explained 61% of the variation at CA-DBB, but only 43% at CA-

DB2. The next best model at both sites was one that included both TS and WTH. At CA-DBB
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the model included a TS x WTH interaction, however, at CA-DB2, there was no interaction

between TS and WTH (Table 6; Fig. 16a & b).
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Figure 15. Daily methane flux (FCH4) response to daily mean (a) 5-cm soil temperature, (b) water table

height (WTH), and daily GPP at CA-DB2 and CA-DBB.
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Table 6. Results from regression analysis on daily mean FCH4 throughout the study period for the response

of FCH4 (mg CHsm™ day™) to 5-cm soil temperature (TS) (°C), water table height (WTH) (cm), and natural

logarithm of GPP (InGPP) (g CO2 m day™). ™ indicates non-significant predictor variables. Goodness of fit

(R?), root mean square error (RMSE) with degrees of freedom (df) and AIC (Akaike Information Criterion)

are shown for each model. +8 and +20 are offsets for InFCH4.

Site Model R? RMSE AICc
(df)
CA-DBB
In (FCH4.5) =3.23 +1(InGPP) 034 0.8 657.9
(271)
In (FCH4.5) =3.90-0.1(WTH) 047 072 600.1
(272)
In (FCH4.5) =1.7+0.15(TS) 048  0.71 594.4
(272)
In (FCH4.5) =1.55+0.16(TS) + 0.08(WTH) — 057 0.64 543.1
0.009(TS*WTH) (270)
In (FCH4 .3) =3.16 — 1.46(InGPP) + 0.03(TS)™* —0.07(WTH)  0.61  0.61 517.8
+ 0.12(InGPP*TS) (268)
CA-DB2
In (FCH4:20) =3.36 + 0.48 (InGPP) 0.16  0.65 661.8
(332)
In (FCH4420) =2.9+0.07(TS) 031  0.59 598.5
(332)
In (FCH4 +20) =3.56 —0.03(WTH) 037  0.56 569.5
(332)
In (FCH442) =3.25+0.03(TS) — 0.02 (WTH) 039  0.55 555.6
(331)
In (FCH4 120) =3.15-0.52(InGPP) — 0.06(TS) — 0.22(WTH) + 043  0.54 542.5
0.01(InGPP*TS) ™* (429)
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Table 7. Estimated parameters for the non-linear FCH4 response to water table height and the estimated
temperature sensitivity of FCH4 (Q10). Fmax is the estimated maximum FCH4 at the optimal water table
position (mg CHsm™ day™), uR is the estimated optimal water table position for FCH4(cm), and tR is an

estimate of the water table amplitude (cm) and root mean square error (RMSE) with df.

Site Fmax (mg uR (cm) tR (cm) RMSE (df) Q10 RMSE (df)
CHsm? day™)

CA-DBB 115.89 -6.68 7.91 2492 (271) 1.59 0.59(272)

CA-DB2 89.77 -29.32 24.38 24.01 (331) 1.21 0.57(332)
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Figure 16. Daily mean log methane flux (InFCH4) response to soil temperature and water table height at CA -

DB2 (a) and CA-DBB (b).
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Chapter 4: Discussion

The overarching aim of this study was to investigate how C and GHG dynamics vary in restored
peatlands with different restoration strategies and environmental conditions, in particular, WTH.
I evaluated the extent to which enhanced CO- uptake was offset by CHs emissions following
restoration, and assessed environmental controls on NEE and its components, GPP and RECO,
and FCH4 to help identify which environmental conditions maximise C uptake whilst
minimizing GHG emissions. As WTH, TS and GPP are well-known to control C dynamics and
GHG exchange in peatlands (Olefeldt et al., 2017; Turetsky et al., 2014), they were used together
with CO; and CH4 fluxes to investigate these questions. As restoration techniques varied
between study sites, the two sites differed significantly in WTH, with CA-DBB undergoing
active re-wetting and CA-DB2 with minimal, mostly passive rewetting, and hence both sites also
differed in vegetation type. Consequently, CO2 and CH4 fluxes responded differently to other key

environmental variables, notably TS, and GPP, within each site.

4.1 CO:2budget and environmental effects on CO: fluxes

In 2020, cumulative NEE indicated that CA-DBB was a CO> sink (-26.2 + 16.1 g C-CO, m) by
the end of the study period; however, CA-DB2 was a CO> source on an annual basis (27.4 = 18.1
g C-CO, m?). At both Burns Bog sites, NEE is comparable to other temperate peatlands, both
rewetted and natural (Evans et al., 2021; Lund et al., 2009; Strilesky and Humphreys, 2012).
Both sites were growing season CO sinks with values of -74 + 5.8 g C-CO> m™ at CA-DBB and

-32.8 £4.6 g C-CO> m? , comparable to other rewetted peatlands (Waddington et al., 2010;
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Tuittila et al., 1999). In the non-growing season, both sites were CO2 sources to the atmosphere,
(47.8+6.9 g C-CO, m? and 60.2 + 7.3 g C-CO> m? at CA-DBB and CA-DB2, respectively), as
GPP decreased and was exceeded by RECO, an expected response during this period in
peatlands (Nugent et al., 2018; Lafleur et al., 2001). However, it’s important to note that
substantial interannual variability in NEE is expected due to variations in RECO and GPP which
will then affect CO; source or sink status of the ecosystem (Nugent et al., 2018; Lafleur et al.,

2003).

Partitioning of NEE into RECO and GPP revealed that the driving process leading to the overall
CO, budget differed between sites, following an expected trend considering the difference in
WTH between sites. At CA-DBB, GPP dominated NEE, likely an effect of the high WTH
throughout the year, supressing RECO (Pugh et al., 2018; Lund et al., 2009) and resulting in
higher net CO; uptake. Thus, annual RECO at CA-DBB was approximately 49% lower than at
CA-DB2. In contrast, at CA-DB2, RECO offset CO; uptake by GPP, leading to the site being a
CO:z source. Similar trends have been observed in both unrestored and some re-wetted peatlands
as drier conditions promote RECO (Rankin et al., 2018; Wilson et al., 2016b), and therefore
cancel out the effect of increased GPP. Whilst both sites had annual GPP values that fell into the
range of other northern peatlands (Lund et al., 2009), GPP was significantly lower throughout
the year at CA-DBB (387.3 + 39.4.4 ¢ C-CO2 m™) than at CA-DB2 (518.3 £ 11.1 g C-CO> m™).
As RECO was consistently higher at CA-DB2, this implies that RECO is offsetting the high GPP
rates and therefore reducing the CO; sink potential. Considering the higher rates of GPP, NDVI,
and thus vascular plant presence (Gavazov et al., 2018), coupled with drier soil conditions at

CA-DB2, the higher rates of RECO are likely due to enhanced autotrophic, as well as
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heterotrophic respiration due to the increase in labile substrate associated with plant productivity

(Bengtson et al., 2012; Davidson and Janssens, 2006).

As I was interested in identifying the environmental conditions to minimize GHG emissions and
maximize C uptake, two well-known drivers, soil temperature and WTH were used to assess
ecosystem CO» dynamics (Loisel et al., 2020). When comparing single predictor variables using
linear models, RECO had a strong positive relationship with TS at both sites, with TS explaining
65% and 91% of the variation in RECO at CA-DBB and CA-DB?2, respectively. This
temperature response is a well-established effect in peatland ecosystems (Lund et al., 2009). The
temperature sensitivity (Q10) and TS coefficient in the linear model revealed that the soil
temperature effect on RECO at CA-DBB was stronger than at CA-DB2, likely due to enhanced

thermal conductivity of the wetter soil at CA-DBB (Mikiranta et al., 2009).

As expected, RECO at both sites had a negative relationship with WTH, whereby a decrease in
WTH led to an increase in RECO. This response to WTH was similar at each site; however, it
explained 20% more variation in RECO at CA-DB2 than CA-DBB. Despite the significantly
higher RECO at CA-DB2, the response to WTH at both sites supports findings in other studies
that suggest re-wetting, even to different extents, as is the case at the two Burns Bog sites, is still
likely to have a climate benefit in contrast to not re-wetting (Renou-Wilson et al., 2019; Holl et
al., 2020). Moreover, sites that have not undergone re-wetting during post disturbance have been
associated with high CO- emissions for at least a decade after extraction is stopped (Nugent et

al., 2018).
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As well as models with single predictor variables, multiple linear regression including both TS
and WTH was used to assess RECO at the sites. At CA-DBB, the model with the best fit, as
determined by AICc, was the TS model, however the AICc value was not much lower than the
one including both TS and WTH. At CA-DB2, the model with the best fit for RECO included
both variables. Whilst the coefficients were similar for both sites, WTH was not significant for
CA-DBB, indicating that WTH plays a more important role in modulating the thermal
conductivity and therefore also the temperature response of RECO at CA-DB2, an effect that
was also observed by Mikiranta et al., (2009). Further, both sites had Q10 values that were
within the range of other temperate peatlands (Helfter et al., 2015; Silvola et al., 1996), and the
relationship between lower WTH and decreasing Q10 values (Table 4), which was observed in
this study, has been seen previously and explained by an increase in the ratio of heterotrophic to
autotrophic respiration (Helfter et al., 2015; Dorrepaal et al., 2009). Hence, RECO is likely to be
lower overall at CA-DBB because the WTH creates anaerobic conditions restricting both

autotrophic and heterotrophic respiration.

GPP and NDVI were significantly higher annually and in the growing season at CA-DB2 than at
CA-DBB. It’s likely that the large decline in WTH (approximately 17 cm) at CA-DB2 in the
growing season promoted plant growth (Pugh et al., 2018). A similar effect has been observed in
a rewetted peatland whereby drought triggered fast colonization by pioneer species (Beyer et al.,
2021). The GPP-PAR relationship demonstrates that both sites have GPPmax values within the
range of other northern bog sites (Frolking et al., 1998), however, CA-DB2 has higher light use
efficiency during the growing season, as indicated by the higher initial estimated slope (light use

efficiency [LUE, a]) and GPPnax. For both sites, the increase in o and GPPax follows the trend
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in NDVI between the non-growing season and the growing season, and both have similar GPPpax
values to other northern bog sites (Frolking et al., 1998). Despite the higher LUE and GPPax at
CA-DB2, it was still a CO; source by the end of the year and it’s important to consider that in a
warming climate it’s possible that GPP could be stimulated further, leading to an enhanced CO-
sink strength (Munir et al., 2015), or drive increased RECO (both heterotrophic and autotrophic)

leading to less C being sequestered in the longer term and loss of soil C (Limpens et al., 2008).

4.2 FCH4 budget and environmental controls on FCH4 emissions

Annual FCH4 was higher at CA-DBB than CA-DB2 (12.8 £0.61 g C-CHsm™2 yr-1 and 11.8 £+ 1
g C-CHs m? yr-1, respectively), and annual FCH4 values at both sites were within the range of
natural and rewetted northern peatlands (Wilson et al., 2016b; Abdalla et al., 2016). Growing
season FCH4 dominated the annual FCH4 budget at both sites due to warmer temperatures and
higher GPP associated with the growing season (Chu et al., 2014). FCH4 was significantly
higher at CA-DBB than at CA-DB2 in the growing season, but in the non-growing season, it was
significantly higher at CA-DB2 (3.6 + 0.5 g C-CHs m™) than at CA-DBB (2.4 £ 0.6 g C-CHs m
2). This may be due to the increase in WTH height at CA-DB2, which was on average 17.6 cm
higher in the non-growing season than the growing season, compared to an 8.5 cm increase at
CA-DBB. Thus, the higher observed fluxes at CA-DB2 during this period may be due to the fact
that drier ecosystems are typically more sensitive to shifts in WTH than wet ecosystems, and the
greater increase in WTH at CA-DB2 promoted higher FCH4 relative to CA-DBB (Olefeldt et al.,

2017).
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The key role of WTH, TS and GPP in FCH4 in peatlands has been widely demonstrated
(Olefeldt et al., 2017; Zhu et al., 2020; Knox et al., 2016). When comparing the effect of single
predictor variables on FCH4, TS explained the most variance (48%) and had the lowest AICc
value at CA-DBB, in line with previous studies that cite the strong control of temperature on
FCH4 (Pugh et al., 2018; McNicol et al., 2020; Olefeldt et al., 2017; Christensen et al., 2003; Lai
et al., 2014). However, at CA-DB2, TS explained just 31% of the variance, and was not the best
single predictor model. Further, the temperature sensitivity of FCH4 was higher at CA-DBB
(Q10 =1.59) than at CA-DB2 (Q10 = 1.21), which again, is in agreement with other studies
demonstrating that wetter ecosystems are more sensitive to changes in temperature than drier
ecosystems (Olefeldt et al., 2017), and along with overall warmer TS, potentially explains why

growing season FCH4 was so much higher at CA-DBB than at CA-DB2.

Whilst TS was the single environmental factor explaining most variance in FCH4 at CA-DBB, at
CA-DB2, WTH explained the most variance (37%) and had the lowest AICc values out of the
single predictor linear models. As mentioned previously, there is a difference between the
dominant controls of FCH4 in wet vs. dry ecosystems. For instance, multiple studies have
demonstrated that where the WTH is at or above the surface, temperature exerts the overarching
control; however, where WTH is generally below the soil surface, WTH exerts more control
(Olefeldt et al., 2017; Knox et al., 2019). Despite methanogenesis occurring in anaerobic
conditions (Dean et al., 2018), at both sites, a drop in WTH was associated with an increase in
emissions, an inverse relationship which has been observed previously in other northern
peatlands (Bellisario et al., 1999; Brown et al., 2014; Beyer et al., 2021; Lai et al., 2014). This is

likely due to the confounding effect of temperature, whereby the lower WTH in the growing
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season correlated with higher temperatures, which promoted FCH4, or a decrease in hydrostatic
pressure promoting ebullition leading to CH4 release (Beaulieu et al., 2018; Strack et al., 2006).
In contrast, when the WTH is higher, it is often associated with colder temperatures and
therefore methanogenesis is restricted. Whilst these relationships largely represent the seasonal
response of FCH4 to WTH, it is important to note on an annual timescale, the higher water table

at CA-DBB led to overall higher annual FCH4.

To better explain the relationship between FCH4 and WTH, it was modelled using a non-linear
function commonly used in the literature (Olefeldt et al., 2017; Turetsky et al., 2014). The non-
linear model allowed identification of the optimal WTH for maximum FCH4, which was below
the soil surface at both sites. At CA-DB2, maximum FCH4 (FCH4ax) was 89.77 mg C-CHy m?
day! and occurred when the WTH was -29.23 cm, and at CA-DBB, FCH4maxwas 115.89 mg C-
CH4m™ day! and it occurred when WTH was -6.68 cm, a WTH nearly four times higher than
CA-DB2. The higher FCH4max at CA-DBB is likely because the site is wetter, which means the
soil has a higher thermal admittance and therefore results in TS staying warmer for longer, thus
promoting FCH4 to a higher degree (Turetsky et al., 2008). Despite the difference between sites,
both report similar values to other northern peatlands, which implies there is substantial variation
in the response of FCH4 to WTH (Abdalla et al., 2016; Turetsky et al., 2014). In addition to
FCH4max and the WTH it occurs at, the non-linear model also reveals the WTH amplitude (tR),
indicating whether FCH4 occurs within a narrow or broad range. At CA-DB2, FCH4 occurred
over range that was twice as large as at CA-DBB. This is likely because at CA-DB2, there were
large WTH drawdowns that were associated with warmer temperatures in the growing season,

and additionally, the presence of hummocks and hollows at the site means the landscape is
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interspersed with anaerobic microsites even when the WTH is low. Thus, it is important to
consider that the relationship between WTH and FCH4 in peatlands that feature hummocks and
hollows, as in the Burns bog sites, should be extrapolated carefully as there is likely to be

substantial variation in WTH within a site due to microtopography (Bubier et al., 1993).

Whilst WTH and TS are clearly prominent drivers, the significant role of GPP in promoting
FCH4 has also been established (Chu et al., 2014). This relationship has explained approximately
half of the seasonal variation in FCH4 at a boreal peatland (Luan and Wu, 2014), and at CA-
DBB and CA-DB2, GPP had a positive correlation with FCH4, explaining 34% and 16% of the
variation in daily mean FCH4, respectively. This supports the role that photosynthesis and
vascular plant presence has in driving FCH4, which has been observed previously (Pugh et al.,
2018). This is potentially through the increased availability of substrate for methanogenesis (Lai
et al., 2014) or through transport via aerenchymatous vegetation (Whiting and Chanton, 1992).
Confirming the important role of GPP in driving FCH4, at both sites the best model as
determined by AICc was one that included WTH and a GPP x TS interaction. These
relationships, however, largely reflect the seasonal response of FCH4, whereby the decrease in
WTH leading to increased FCH4 is confounded by the TS effect, and do not reflect the effect of
WTH on annual FCH4, whereby CA-DBB, which had a higher WTH throughout the year, had

higher overall FCH4.

Interestingly, annual and growing season FCH4 was higher at CA-DBB than at CA-DB2, but not
in the non-growing season. During this period, FCH4 at CA-DB2 was significantly higher,

despite WTH and TS being significantly higher at CA-DBB. To explain the higher FCH4 in the
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non-growing season, there are multiple potential driving factors; 1.) FCH4 at CA-DB?2 is more
sensitive to shifts in WTH and the relative increase in WTH observed in the non-growing season,
being larger than that at CA-DBB, led to increased FCH4 (Olefeldt et al., 2017); 2.) Increased
vascular plant presence facilitated FCH4 transport (Le Mer and Roger, 2001); and 3.) It is
possible there was a role for priming, whereby similarly to RECO, higher GPP in the growing
season at CA-DB2 facilitated the availability of labile substrate available for methanogenesis,
ultimately leading to a hysteresis effect (McNicol et al., 2020), with FCH4 peaking later in the
growing season. To support the theory that growing season GPP promoted non-growing season
FCH4, Mc Nicol et al., 2020 found an approximately linear increase in FCH4 with GPP and also
identified that there was a hysteresis effect in that there were higher CH4 emissions during the
late growing season compared to the early growing season. Hysteresis in plant productivity and
CH4 emissions was also observed by Rinne et al., (2017) in a boreal oligotrophic fen. In the
current study there is also some evidence of hysteresis, with FCH4 peaking later in the growing
season than GPP, however as hysteresis wasn’t extensively examined, these results suggest

future work should investigate the response further.

4.3 Radiative balance

To assess the radiative balance of each site, annual CO2 equivalents were calculated whereby
FCH4 was weighted by its SGWP as specified by Neubauer and Megonigal (2015). In using this
metric, we are assuming that there are sustained emissions of CO2 eq. of GHGs, as opposed to a
single pulse, represented by the GWP metric. For both sites, the GHG balance was positive,
which is in line with other peatlands, both restored and natural (Taillardat et al., 2020; Petrescu

et al., 2015). The GHG balance was calculated on both 20- and 100- year time horizons, which
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captures the effect of CHj4 as an extremely potent GHG, especially on shorter time horizons. On
20- and 100- year time horizons the radiative balance of CA-DBB was 1501.3 £ 139.9 g COz-eq
m?2y!and 627.8 £ 96.9 g COx-eq m?y!, respectively, and 1567 + 193.2 g COz-eq m2y™! and
764.9 £ 125.8 g CO2-eq m?2y ™! at CA-DB2. Thus, despite having higher annual FCH4, the
radiative balance of CA-DBB was less positive on both the 100- and 20-year time horizon than
CA-DB2 and I can draw the conclusion, as others have, that long-term climate mitigation in
peatlands needs to focus on reducing the COz source strength since CHy is a short-lived gas
(Tiemeyer et al., 2020). However, reducing FCH4 is still important, especially in the shorter
term, considering its high SWGP. It should also be noted that calculation of the radiative balance
does not include other GHG fluxes, e.g. N20 (although this was observed to be negligible across
Burns Bog (A. Christen et al., 2016)), albedo or hydrologically exported fluxes. Additionally,
these data are only representative of the 2020 trends in CO> and CH4 dynamics and we would

expect substantial variation inter-annually.

4.4 Management implications and re-wetted peatlands in a future climate

Based on results in the current study I’ve identified that COz sink status is more important for the
ecosystem than minimizing FCH4 in terms of long-term climate benefits, as the 100-year
radiative balance was lower at CA-DBB, and thus has a smaller climate impact. This is due to
the long atmospheric lifetime of CO, which could affect the climate centuries down the line.
Thus, for future management when informing on how re-wetted peatlands can best be used as
natural climate solutions, trends observed here suggest the focus should be on reducing RECO,
i.e., prioritize WTH management for its effects on RECO as opposed to FCH4. However it will

still be important to still minimize FCH4 where possible and optimize the WTH so as to avoid
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the biogeochemical compromise associated with peatland rewetting (Hemes et al., 2018).
Additionally, as CA-DBB had a lower radiative balance on a 100-year time horizon than CA-
DB2, by emulating conditions of CA-DBB at CA-DB2, we could see a decrease in the radiative

forcing and therefore a climate benefit.

It has already been suggested that moderate re-wetting that raises the water table to 10 —20 cm
below the soil surface would be the best way to prevent peat loss, without driving substantial
CH4 emissions (Ojanen and Minkkinen, 2020), and results from this study support this. In the
growing season, when cumulative RECO is highest, at CA-DB2, the average WTH is -11.5 cm
and it decreases to approximately -40 cm. In contrast, at CA-DBB the average growing season
WTH is -0.4 cm, going down to -13 cm and RECO is lower. This suggests that the WTH at CA-
DB2 should be raised and maintained to approximately the WTH of CA-DBB to decrease
RECO, especially during the growing season. By maintaining this higher water table at CA-DB2,
it is likely that RECO may even continue to decrease with further time (Holl et al., 2020),
however a decrease in GPP has been observed in relation to increasing WTH in a northern
hemisphere fen (Pugh et al., 2018) and thus may have cancelling effects on the impact of reduced
RECO. However, when considering FCH4 as well, the non-linear response to WTH revealed that
FCH4 peaks at approximately -7 cm at CA-DBB, thus suggesting that whilst the WTH should be
raised at CA-DB2, at both sites it should not exceed approximately -7 cm, to avoid high FCH4.
These suggestions for WTH management, however, are only based on the trends observed in 1
year of study, and therefore substantial variability is expected due to interannual variation in

climate and CO; and FCH4.
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When making management decisions and predicting future trends in C and GHG dynamics in
these ecosystems, we must also consider what the future climate is predicted to be like. Zhu et
al., 2020 established that mean CH4 emissions increase as latitude decreases, implying that
moving towards a warmer climate will drive enhanced CH4 emissions from peatlands.
Additionally, as the climate warms, we will likely experience longer growing seasons, and
although GPP will likely increase, this will be partly offset by the increase in RECO (Lund et al.,
2009) and could also promote FCH4. Besides temperature, future trends in precipitation also
need to be considered, as this will have an important impact on modulating the WTH, especially
in ombrotrophic bogs. In Metro Vancouver, the climate is predicted to get warmer, and by 2050
it is likely we will experience an average annual increase in daytime temperatures of 2.9 °C
(Metro Vancouver, 2016). Additionally, we are predicted to experience wetter winters and drier
summers (Metro Vancouver, 2016). This implies that without active water table management, we
could see increased rates of RECO and FCH4 from these sites, ultimately leading to an increase
in the radiative balance, which could drive a positive feedback in the land C- climate cycle and
thus have a warming effect on the climate. Additionally, with warmer, drier summers, we are
likely to see an increase in wildfire events, which would be detrimental to the ecosystem,
destroying biodiversity and releasing large amounts of CO; into the atmosphere (Metro

Vancouver, 2016; Page and Baird, 2016).

As well as the management implications directly derived from the results in this study, it can’t go
without saying that involvement with First Nations groups in the management of the Burns Bog
sites, is lacking. With this in mind, multiple studies have demonstrated that nature conservancy is

often more successful in land that is looked after and controlled by the Indigenous people of the
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area (Frainer et al., 2020; Ogar et al., 2020). Thus, I think advocating for increased involvement
with the First Nations groups at Burns Bog would be a logical next step in management of the

site.

4.5 Study limitations and future work

The main limitation of this study is that it only represents one year of observations and
significant interannual variability in C and GHG dynamics is expected. For example, studies
have shown the shift towards a stronger COz sink with time since restoration, suggesting the two
Burns Bog sites may also head along this trajectory (Hambley et al., 2019). This variation is
something to keep in mind when extrapolating results and making suggestions for future
management. Another limitation is that WTH was only measured in one location, however both
sites featured hummocks and hollows, implying that the microtopography within a site is likely
to affect the WTH, and therefore extrapolation of results relating to WTH should be considered
carefully. Additionally, whilst GPP, NDVI and a priori knowledge of plant community
composition (Hebda et al., 2000) were used to communicate the greater vascular plant presence

at CA-DB2, no surveys were done at the sites during the study period to confirm this.

Considering there is likely to be high inter-annual variability, future work should focus on
investigating interannual variability in C and GHG dynamics within these sites, especially over
longer time frames. This will give a better idea of future trends in the radiative balance and
therefore better guidance for peatland restoration and management. Considering there was some
evidence of hysteresis, further investigation into the hysteresis effect of GPP and FCH4 would

also be beneficial to help predict future trends Finally, future work would also benefit from more
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comprehensive vegetation surveys and more in-depth consideration of how plant community

composition is affecting NEE and FCH4.
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Chapter 5: Conclusions

By comparing the two Burns Bog sites that underwent different restoration processes and
therefore had differing environmental conditions, in particular WTH, I was able to identify
differences in C and GHG dynamics, as well their driving factors. RECO was predominately
driven by TS at both sites, however there was also a significant role of WTH at CA-DB2, the
drier site. The main control on FCH4 differed between each site, with TS explaining more
variation in FCH4 at CA-DBB and WTH explaining more at CA-DB2, implying a difference
between the main driver of FCH4 at wet vs. dry sites. At CA-DBB, which had a higher WTH
throughout the study period than CA-DB2, annual FCH4 was greater, as expected. However, at
CA-DBB, net CO; uptake was also higher and therefore led to the site being a CO; sink and
having a lower GHG balance than CA-DB2. This was due to the consistently high WTH at CA-
DBB, which restricted COz loss (i.e., RECO) and permitted greater CO> uptake. In contrast,
higher rates of RECO than GPP at CA-DB?2 led to the site being a COz source. This suggests that
it is vital to maintain COz sink status, and therefore we should focus rewetting efforts on those
that reduce COz loss, i.e., reduce WTH drawdown. However, it is also important to ensure that
FCH4 emissions are minimized, to avoid the offsetting CO> uptake and resulting in a

biogeochemical compromise, which could also have dire consequences for the climate.

In a future climate that is predicted to be warmer and drier, it is likely that re-wetting disturbed
peatlands will have a climate benefit as opposed to not re-wetting due to reductions in RECO.
Therefore, re-wetting is likely to represent a beneficial natural climate solution. However, these
results suggest that restoring peatlands via re-wetting can still have variable results in terms of

radiative balance and climate effects, and by comparing re-wetted peatlands with different
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environmental conditions and at different restoration stages, we can identify those conditions that

will lead to the most beneficial effect for the climate.
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