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Abstract 

Peatland ecosystems are important as natural climate regulators for their capacity to store 

carbon over long-time scales. Carbon cycling in peatlands in the boreal ecozone of Canada has 

been more widely studied than the boreal shield of Ontario, where peat depths are thinner and 

peatlands spatially smaller. The reliance on fill and spill hydrologic connectivity makes the water 

table dynamics of peatlands in Ontario’s Eastern Georgian Bay (EGB) region of the Ontario shield 

ecozone sensitive to rain and drought periods. The drying of wetlands in the EGB region decreases 

moss productivity and increases the ecosystem’s vulnerability to wildfire through an increase in 

the water table depth. In an effort to understand how peatlands respond to interannual climate 

variability and wildfire, we examined the role of regional climate patterns on growing season CO2 

exchange from an Ontario shield peatland and completed a post-wildfire assessment of CO2 

exchange patterns in a recently burned peatland for the first and second year post-wildfire. Using 

the eddy covariance technique, we analyzed 5-years of growing season CO2 exchange data from 

2016 to 2020 from an unburned peatland and 2-years of growing season CO2 exchange data from 

a burned peatland (2019-2020) in EGB. Plot-scale CO2 exchange measurements were also 

completed within the burned peatland jointly with abiotic variables and vegetation community 

surveys. Water table depth was identified as an important variable to explain total summer CO2 

uptake (GPP) and net ecosystem exchange (NEE), where years of considerable rainfall maintained 

a water table near the peat surface and perpetuated high vegetation productivity. Summer total 

ecosystem respiration (ER) was greatly influenced by preceding winter and spring air temperature, 

with warmer winter air temperatures leading to summers of increased total ER. Warmer winter air 

temperatures also initiated water flow across the landscape, thus reviving plant and microbial 

activity following snow cover. These findings have important implications for the function of these 
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shallow Ontario shield peatlands in a warming climate, where decreased water availability with 

projected increased temperatures and evapotranspiration leaves peatlands at risk of a net loss of C 

over the summer with lower water table.  

In the burned landscape, there was lower GPP in the summer (2019) compared to the wet 

summer of 2020, however the burned landscape continued to act as a net CO2 sink for the summer 

season of both years. The rapid recovery of vegetation across the wildfire-disturbed landscape has 

important implications for the function of these peatlands over time, with the ability for continued 

carbon uptake and reinstating peat accumulation processes.  
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Chapter 1 - General Introduction 
 

1.1 Northern peatlands 

Northern peatlands are important ecosystems for long term carbon storage (Blodau et al., 2004; 

Clymo, 1987) storing an estimated 545 Pg of carbon (C) (Nichols and Peteet, 2019) globally, while 

covering only 2.8% of the global land area (Xu et al., 2018). The accumulation of large peat 

deposits in the northern hemisphere has occurred throughout the Holocene (Yu et al., 2010), where 

peat formation is facilitated by cool and permanently saturated peat allowing plant productivity to 

exceed ecosystem respiration and combustion (Clymo, 1987). This peat accumulation ecosystem 

function and peatland resilience to climate change and climate-mediated disturbances (e.g. 

drought, wildfire) are facilitated by a suite of hydrological, biogeochemical, and ecological 

processes and feedbacks (Clymo, 1987; Gorham, 1991; Waddington et al., 2015). 

 

The vertical structure of peatlands is largely controlled by water table position, separating the 

aerobic acrotelm zone from the anoxic, fully saturated catotelm layer (Clymo, 1984; Gorham, 

1991; Hilbert et al., 2000). Water table position is therefore a first order control on differential 

rates of decomposition, where saturation decreases decomposition (Benscoter, Vitt, et al., 2005; 

Clymo, 1984). On the surface of peatlands, vegetation community composition and their varying 

decay rates, acrotelm thickness, and in turn water table depth control the formation of 

microtopography (Belyea & Clymo, 2001; Belyea, 1996). Differences in the decomposability of 

Sphagnum species leads to an undulating formation of hummocks and hollows, where easily 

decomposable Sphagnum species results in greater decay rates creating low-lying hollows, and 

other Sphagnum species with lower decomposability creating elevated hummocks (Belyea, 1996). 
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This microtopography is responsive to changes in surface moisture content, where precipitation 

and changes in water storage often shifts the relative size of hummocks and hollows, adding to the 

self-regulatory feedbacks between carbon cycling and hydrology in peatlands (Waddington et al., 

2015). 

1.2 Peatland carbon cycling 

In peatland ecosystems, the primary carbon storage reservoirs are in peat and vegetation 

(Gorham, 1991). As mentioned earlier, peatlands tend to be net sinks for atmospheric CO2, through 

primary productivity of the moss and vascular plant community, which then locks in C into the 

peatland  through the process of peat formation (Clymo, 1984). Fluxes of CO2 from peatlands are 

a major component of the carbon cycle, and can be measured as net ecosystem exchange (NEE), 

which is the difference between gross primary productivity (GPP) from vegetation, and ecosystem 

respiration (ER) from autotrophic and heterotrophic respiration (Bubier et al., 2003; Lafleur et al., 

2001; Moore et al., 1998; Ryan and Law, 2005). NEE is the largest component of the net ecosystem 

carbon balance and has been the focus of studies to characterize peatland C exchange (e.g. Limpens 

et al., 2008; Lindroth et al., 2009; Lund et al., 2010). Fluxes of CH4 from peatlands tend to be 

several orders of magnitude smaller than NEE, therefore many studies focus on NEE to determine 

a net CO2 source or sink status for peatlands (Koehler et al., 2011; Moore et al., 1998). Fluvial 

carbon fluxes (DOC, DIC, POC, CH4) can also be important for a  peatland carbon balance, and 

the exchange of fluvial C fluxes with the atmosphere and surrounding ecosystem is largely 

controlled by hydrology of the peatland (Waddington and Roulet, 1997). Net CO2 flux from 

peatlands to the atmosphere is dictated by a suite of abiotic factors (i.e. temperature, moisture, 

photosynthetically active radiation) and biotic factors (i.e. moss and vascular vegetation cover) 
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(Frolking et al., 1998; Lloyd and Taylor, 1994; Orchard and Cook, 1983; Ryan and Law, 2005; 

Waddington et al., 2010) and will be discussed in detail below. 

 
Daily fluxes, growing season budgets, and annual budgets of CO2 for peatlands in the boreal 

region have been shown to range between sites and interannually (Lund et al., 2010; Roulet et al., 

2007; Strachan et al., 2016; Sulman et al., 2010; Teklemariam et al., 2010). Climatic variables 

affect C cycling in peatlands from daily (Peichl et al., 2014) to decadal time scales (Chimner et 

al., 2017). Interannual variability in CO2 exchange is reflected in the range of cumulative NEE 

measured over multiple years at sites, where Koehler et al. (2011) measured an annual net uptake 

range of 12.5 g CO2 m-2 to 84 g CO2 m-2 with the summer season having the greatest variation 

across years in an Atlantic blanket bog. Similarly, Roulet et al. (2007) estimated an annual NEE 

of – 2 g C m-2 to -112 g C m-2 at Mer Bleue peatland, and in the Hudson Bay lowlands, mean 

annual NEE was -52 g C m-2 and -80 g C m-2 for 5- years of monitoring at a fen and bog, 

respectively (Helbig et al., 2019). Daily CO2 fluxes from boreal peatlands tend to show net uptake 

over the summer, and zero or net emission in the winter, with early spring and late fall fluxes 

fluctuating, and annual CO2 balances depending on both winter and growing season 

meteorological conditions (Aurela et al., 2004; Peichl et al., 2014). Summer daily NEE is variable 

between sites and years. For example, Humphreys et al. (2006) measured a range in daily NEE 

across seven northern peatlands from -1.0 g C m-2 d-1 to -2.8 g C m-2 d-1 (net uptake), while Lund 

et al. (2010) measured mean daily NEE in July of -1.2 g C m-2 d-1.  Budgets of CO2 have been 

shown to be significantly related to peatland water table depth, where a shallow water table allows 

for greater cumulative CO2 uptake (Peichl et al., 2014; Strachan et al., 2016). 
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There are several key abiotic ecohydrological factors that have been identified as controlling 

peatland C cycling including air and peat temperature (Lafleur et al., 2005; Lloyd and Taylor, 

1994), soil moisture (Waddington & Roulet, 2000, Bubier et al. 2003), water table depth 

(Sonnentag et al., 2010; Strachan et al., 2016; Teklemariam et al., 2010), and light availability 

(Frolking et al., 1998), as well as interactive effects between them. Ecosystem respiration is a 

function of autotrophic and heterotrophic respiration, and an exponential increase in ecosystem 

respiration with increasing temperatures has been characterized by Lloyd & Taylor (1994). 

Enhanced C sequestration under increased temperatures has also been observed (Järveoja et al., 

2018), while conversely there may be increased respiration and decreased primary production from 

moisture limitations under warmer growing season conditions, contributing to decreased annual 

net CO2 uptake (Helbig et al., 2019). As mentioned earlier, water table depth is a key driver of 

peatland C fluxes, as peatland structure is highly dependent on saturated conditions to limit 

decomposition rates, and the composition of peatland vegetation is connected to water table 

dynamics (Limpens et al., 2008). Connection to the water table is important for the productivity 

of Sphagnum species, where photosynthetic capacity is greater with higher water table, in turn 

affecting peat accumulation rates (Bubier et al., 2003; Rydin and McDonald, 1985). The response 

of peatland CO2 exchange to the combination of warm and dry conditions has been widely 

documented and is highly variable, where changes in temperature and moisture have stimulated 

increased GPP (Roulet et al., 2007), decreased GPP (Aurela et al., 2007), increased ER (Cai et al., 

2010; Lund et al., 2010; Riutta et al., 2007), increased GPP and ER (Flanagan and Syed, 2011), as 

well as differential responses between bogs and fens (Adkinson et al., 2011). As mentioned earlier, 

light availability controls ecosystem productivity and it often does so through a rectangular-

hyperbola relationship, where plant productivity increases nonlinearly with increasing light levels 
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to a point of saturation (Frolking et al., 1998; Waddington and Roulet, 1996). This light response 

relationship varies seasonally and geographically (Frolking et al., 1998). Changes to light 

availability as a result of rainfall events may also be a contributing factor to creating decreased 

CO2 sink strength of a peatland (Nijp et al., 2015). These abiotic ecohydrological controls 

influence CO2 exchange collectively with vegetation composition and phenology being the key 

biotic controls in peatland C cycling.  

 

A recent emphasis on the biological drivers of peatland CO2 exchange has highlighted the role 

of vegetation community and phenology as controls on net ecosystem exchange, with abiotic 

factors acting secondarily (Armstrong et al., 2015; Järveoja et al., 2018; Koebsch et al., 2020; 

Peichl et al., 2018). The use of phenological indices have been identified as a key indicator of 

peatland CO2 exchange, in both natural and wildfire-disturbed peatlands (Humphreys et al., 2006; 

Järveoja et al., 2018; Morison et al., 2021). The seasonality of plant development over the warm 

season closely resembles the seasonal trend of NEE, where CO2 fluxes increase with air 

temperature trends and decrease following the onset of fall senescence (Järveoja et al., 2018). Plant 

functional traits are also an important component to consider in peatland ecosystems, where 

different plant functional types have differing biochemical and phenological traits contributing to 

the C cycle from photosynthetic capacity, C turnover in soils, and root exudates used for 

heterotrophic respiration (Ward et al., 2009). Moss-dominated areas may have lower ER and GPP 

than areas with high vascular vegetation cover (Armstrong et al., 2015; Humphreys et al., 2014; 

Riutta et al., 2007). Sphagnum moss communities photosynthesize at greater capacity when 

connected to the water table, within the top 30 cm of peat (Rydin and McDonald, 1985), indicating 

there is an inherent connection between biotic and abiotic ecohydrological controls on peatland 
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CO2 exchange. The role of peatland vegetation and interactions with abiotic controls is important 

to delineate how climate change will affect the essential carbon storage function of peatlands in 

different geographic regions.  

 

1.3 Peatland wildfires 

Wildfire is considered a major natural or anthropogenic disturbance that affects carbon cycling 

in northern peatlands (Turetsky et al., 2002, 2015). Increased frequency of wildland fire, intensity, 

and extent of affected areas are expected with future climate change (Bergeron and Flannigan, 

1995; Flannigan et al., 2005; Kasischke and Turetsky, 2006). Peatland wildfires typically burn 

through smouldering combustion (Rein, 2009), which pose several challenges for fire 

management, human and ecosystem health (Bowman and Johnston, 2005; Flannigan et al., 2013). 

With climate change and changes in wildfire frequency, there is concern peatlands may transition 

from net C sinks to net C sources in the near future (Bradshaw and Warkentin, 2015). Indeed 

wildfire in peatland ecosystems has the potential to release portions of the ‘legacy’ carbon stored 

in the peat to the atmosphere, converting peatlands from net C sinks to net C sources for a period 

of time following wildfire (Ingram et al., 2019; Turetsky et al., 2002, 2015; Wieder et al., 2009; 

Zoltai et al., 1998). Carbon is lost directly to the atmosphere through combustion of biomass during 

wildfire (Turetsky et al., 2002) and in the years following wildfire due to the loss of above ground 

biomass, changes in evapotranspiration, vegetation, and peat accumulation (Kettridge et al., 2019; 

Wieder et al., 2009; Zoltai et al., 1998).  

 

Burn severity and carbon loss has been associated with peat depth and moss species 

composition across a peatland (Benscoter and Wieder, 2003; Hokanson et al., 2016; Wilkinson et 
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al., 2020). Ecohydrological characteristics of Sphagnum moss may create differential burn severity 

across a peatland, where hummock-forming species with greater water retention are less vulnerable 

to burning, and there is greater C loss from hollows (Benscoter and Wieder, 2003; Hayward and 

Clymo, 1982; Rydin and McDonald, 1985). Singed fragments of the pre-fire vegetation 

community help with recovery and regeneration of microtopography (Benscoter et al., 2005; 

Wieder et al., 2009). A higher water table following wildfire promotes Sphagnum colonization in 

low lying areas where surface conditions are saturated and sufficient light is available (Thompson 

et al., 2014), reestablishing the carbon sequestration from atmosphere to ecosystem (Gray et al., 

2020; Morison et al., 2021). Peat depth has also been identified as a control on peat burn severity 

across peatlands, where shallower peat is more vulnerable to deeper, and more severe burning 

(Wilkinson et al., 2020), as is the case for shallow peatland margins versus the middle areas of 

peatlands with deeper peat (Hokanson et al., 2016).  

 

Post-fire carbon cycling has also been connected to peat burn severity (Morison et al., 2021), 

water table position (Kettridge et al., 2015), changes in nutrient availability (van Beest et al., 2019), 

and vegetation recolonization (Gray et al., 2020). Burn severity and post-fire hydrological 

conditions influence post-fire successional trajectories (Benscoter and Vitt, 2008; Kettridge et al., 

2015; Lukenbach et al., 2015).  Burn severity is highly heterogeneous on small spatial scales, 

influencing differential rates in vegetation colonization and the restoration of photosynthetic 

processes (Grau-Andrés et al., 2017). Changes in the vegetation community composition are 

greatest in the first 10 years following wildfire (Benscoter and Vitt, 2008), contributing to the 

recovery of peat accumulation (Benscoter et al., 2005) and long term carbon sequestration capacity 

of peatland ecosystems (Wieder et al., 2009; Zoltai et al., 1998). Vegetation community 
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complexity increases continuously due to interspecific competition (Benscoter and Vitt, 2008) 

until complete vegetation cover is recovered within approximately 20 years post-fire (Wieder et 

al., 2009; Zoltai et al., 1998). 

 
Post-wildfire CO2 exchange 
 

The post-wildfire trajectory of peatlands is critical to examine in order to predict the 

resiliency of peatland ecosystems to future climate change, which in turn brings about changes in 

the fire regime. Previous studies have evaluated the return of northern peatlands to C sinks 

following wildfire, however this has been estimated to occur more than 12 years following wildfire 

(Wieder et al., 2009). For a peatland to return to a C sink therefore relies on the re-establishment 

of moss species (Waddington et al., 2010; Waddington and Warner, 2001), which has been shown 

to be connected to burn severity and nutrient availability following wildfire (Morison et al., 2021; 

van Beest et al., 2019). Morison et al. (2021) found deeper burned areas to have rapid moss 

recolonization and greater mean GPP and ER than moderate and low severity areas, although NEE 

was comparable between the burned and unburned sites. Similarly, NEE between burned and 

unburned sites were attributed to vegetation recovery following wildfire in a temperate peatland 

(Gray et al., 2020). At the ecosystem-scale, a reduction in GPP and greater reduction to ER in a 

burned peatland still allowed for net carbon uptake, although of smaller magnitude than the 

unburned control site (Morison et al., 2020).  

 

Effects of wildfire on peatland structure 
 

The recovery of peatland microtopographic features following wildfire depends highly on burn 

severity (Benscoter et al., 2005; Benscoter and Wieder, 2003; Lukenbach et al., 2015). Burn 

severity may vary within a single peatland, owing to differences in pre-fire hydrogeological setting 
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(Lukenbach et al., 2015) and peat depth (Wilkinson et al., 2020). Differential burning of 

hummocks and hollows changes post-fire microtopographic development by promoting standing 

water in newly created hollows close to the water table, thereby favouring colonization of 

Sphagnum and other hollow species in the short term and more rapid peat accumulation in the long 

term (Benscoter et al., 2005; Benscoter and Vitt, 2008; Lukenbach et al., 2015). In cases where 

hummocks do not burn severely and remnant microtopographic features are present following 

wildfire, hummock species are often favoured to recolonize due to dry surface conditions 

(Benscoter and Vitt, 2008). Differences in the vegetation community composition between 

hollows, hummocks, and lawns will also likely create distinctly different peat properties and may 

affect CO2 fluxes (Benscoter et al., 2005; Thompson et al., 2014; Waddington et al., 2015).  

 

1.4 Boreal shield landscape 

The ecohydrological characteristics of peatlands in the Ontario shield region differ greatly 

from the boreal plains where many of the aforementioned depressions in the granitic bedrock 

facilitate the development of moss cushions and lichen mats on bedrock outcrops (Hudson et al., 

2021), moss dominated ephemeral wetlands, and Sphagnum-dominated peatlands (Devito et al., 

1989), interspersed with upland forest areas (Catling and Brownell, 1999). Peat depressions across 

the Ontario shield region vary in size, due to the controls on hydrologic conditions imposed by 

underlying bedrock (Didemus, 2016; Moore et al., 2021; Vu, 2019), facilitating differential peat 

accumulation rates and heterogeneous land-atmosphere exchange patterns throughout peatlands in 

the region (Catling and Brownell, 1999; Devito et al., 1989; Didemus, 2016; Waddington and 

Roulet, 2000). These boreal shield ecosystems are highly sensitive to water availability due to 

hydrologic connectivity between landscape units primarily through fill and spill dynamics (Spence 
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and Woo, 2003), relying on precipitation events to maintain water table levels. Moreover, given 

the boreal shield has less groundwater storage and groundwater flow than the boreal plains, the 

impact of wildfire burn severity is likely greater in the boreal shield. However, Wilkinson et al. 

(2020) estimated average C loss from an Ontario shield wildfire to be 1.61 kg C m-2, similar to 

other boreal plains wildfires (Benscoter and Wieder, 2003; Hokanson et al., 2016), and up to 98% 

of the peat profile burned in shallow peatlands (< 66 cm), suggesting peatlands of the Ontario 

shield may have similar post-wildfire recovery trajectories. There is limited further research 

surrounding boreal shield wildfire, and post-wildfire recovery in the rock barrens, which is where 

this study aims to fill the knowledge gap. 

 

1.5 Thesis objectives 

 
The objectives of this thesis are to (i) quantify growing season CO2 exchange in a peatland in 

the Canadian Shield rock barrens landscape, (ii) identify key controlling variables on the 

interannual variability of summer CO2 fluxes, (iii) investigate ecosystem recovery of CO2 

exchange processes post-wildfire, and (iv) identify key ecohydrological controls on plot-scale CO2 

exchange in an unburned and burned landscape. To address the first two objectives, we use 5-years 

of growing season CO2 exchange measurements using the eddy covariance technique from an 

undisturbed peatland in the Canadian Shield rock barrens region. Statistical analyses were used to 

identify key environmental variables contributing to interannual variability in total summer CO2 

exchange budgets (cumulative fluxes). To address the third and fourth objectives, we use 

ecosystem-scale CO2 measurements from a recently burned area of the rock barrens landscape for 

the growing season 1- and 2- years post-wildfire, and plot-scale measurements from the 2nd year 
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post-wildfire which were then used to determine the measured ecohydrological variables that may 

exhibit the greatest control on plot-scale NEE, GPP, and ER in a burned and unburned peatland 

using statistical analyses.  

  

There has been an increasing number of long-term datasets quantifying peatland CO2 

exchange, and this research extends the existing geographical range by providing a new long-term 

dataset for a peatland in the Canadian boreal shield region. We have captured the important first 

few years following a major wildfire disturbance in the Canadian boreal shield region, from which 

we can estimate the trajectory of ecosystem recovery. 
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Chapter 2 – Multi-year CO2 exchange in a boreal shield peatland, Ontario, 
Canada 

 
 
 
 

2.1  Abstract 

Peatlands in northern regions, including the Ontario boreal shield, are important 

ecosystems with a range of ecosystem functions and values, including being key carbon storage 

reservoirs and natural climate solutions. However, there is concern this long-term carbon storage 

is at risk due to climate change mediated drought as peatland CO2 fluxes have shown notable 

connections to ecohydrological variables, including water table depth. For example, while most 

peatland CO2 exchange studies have focused on deep peatlands that have been shown to be more 

resilient to drought, shallower peatlands may be more sensitive to interannual variability in 

micrometeorological conditions. The high hydrological connectivity of shallow peatlands in the 

Eastern Georgian Bay (EGB) Ontario shield to other components of the landscape are sensitive to 

fluctuating water tables throughout the growing season, closely following precipitation patterns. 

In order to better understand the response of boreal shield peatlands to meteorological conditions, 

we examined ecohydrological controls on CO2 fluxes with a focus on the summer season for five 

years, 2016 to 2020. We found GPP to be more variable from year to year compared to ER, and 

lower GPP fluxes in dry summer years. Daily water table depth was found to be a significant 

control on summer total NEE and GPP, where summers with substantial rainfall sequestered more 

total CO2 than dry summer years as the water table is maintained near the peat surface. These 

findings indicate meteorological trends around EGB play a key role in carbon uptake rates in 

peatlands throughout the landscape. For the region, warm and dry conditions are expected to 
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increase, with the possibility peatlands may become net carbon sources in the summer season of 

very dry years.  

2.2  Introduction 

Peatlands in northern regions are globally important ecosystems for long-term carbon 

storage (Blodau et al., 2004; Clymo, 1987), and have been identified as natural climate solutions 

through protection and restoration policies (Drever et al., 2021). While only covering 2.8% of the 

global land area and 17% of Canada, peatlands store approximately one-third of the global organic 

soil carbon pool (Gorham, 1991; Xu et al., 2018; Yu et al., 2010). The accumulation of large peat 

deposits in the northern hemisphere has occurred throughout the Holocene (Nichols and Peteet, 

2019; Yu et al., 2010), where peat formation is facilitated by permanently saturated conditions 

allowing for long-term storage of carbon (Clymo, 1987). The net carbon sink function of peatlands 

is a result of primary production exceeding decomposition and combustion C loss  (Clymo, 1987; 

Gorham, 1991). With climate change and changes in the wildfire disturbance regime (Flannigan 

et al., 2009), there is concern peatlands may transition from net carbon sinks to net carbon sources 

due to resulting changes in environmental conditions controlling primary production and 

ecosystem respiration in the near future (Turetsky et al., 2002, 2015).  

 

Annual, growing season, and daily fluxes of CO2 have been shown to be controlled by a 

range of climatic and environmental factors including temperature (Lund et al., 2010), water table 

depth (Sonnentag et al., 2010; Strachan et al., 2016), light availability (Frolking et al., 1998), and 

phenology (Kross et al., 2014; Peichl et al., 2015). These environmental and climatic variables 

affect carbon cycling on varying time scales, from decadal changes (Chimner et al., 2017) to 
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interannual (Fortuniak et al., 2021; Helbig et al., 2019; Roulet et al., 2007; Strachan et al., 2016), 

and daily (Peichl et al., 2014), as well as between sites (Humphreys et al., 2006; Lund et al., 2010). 

 

Water table depth controls several aspects of peatland structure and function. Water table 

depth and water availability are an important moderator to regulate the C balance of a peatland 

through the connection between water table depth, vegetation productivity, and decomposition 

rates (Rydin and McDonald, 1985; Waddington et al., 2015). A water table level near the peatland 

surface is important to maintaining saturated conditions that limit decomposition rates (Benscoter 

et al., 2005b; Clymo, 1984), and controls the volume of aerated peat, thereby limiting plant size 

and productivity (Gorham, 1991). The photosynthetic capacity of Sphagnum species depends 

strongly on water content, requiring a connection to the water table or frequent rain events (Bubier 

et al., 2003; Robroek et al., 2009), as desiccation may become a threat to Sphagnum species as the 

distance to water table increases (Rydin and McDonald, 1985). Vascular species have a lower 

dependency on water table depth, as rooting structures can extend deeper to a lower water table 

(Murphy and Moore, 2010). However, long-term changes in water table position may promote a 

change in peatland species distribution (Breeuwer et al., 2009; Moore et al., 2002). Water table 

depth has been established as a dominant control on growing season and summer CO2 budgets, 

where dry summers with a low water table have reduced cumulative net CO2 uptake (Aurela et al., 

2007; Bubier et al., 2003; Fortuniak et al., 2021; Moore and Knowles, 1989; Strachan et al., 2016). 

However, the response of peatland CO2 exchange to changes in water table depth have been found 

to be varied, where short-term changes in water table depth may stimulate greater ecosystem 

respiration (Bubier et al., 2003), while at the seasonal scale lower mean summer water table had 

lower GPP rates (Lund et al., 2012; Strachan et al., 2016) and increased ER (Aurela et al., 2007; 
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Lund et al., 2012). Given that climate change is expected to increase the frequency and length of 

summer droughts, peatlands are vulnerable to transition from net CO2 sinks to net CO2 sources 

given the previously mentioned ecohydrological controls (Fortuniak et al., 2021; Strachan et al., 

2016).  

 

Peatlands on the boreal shield landscape form in bedrock depressions on the landscape and 

are present at varying spatial scales interspersed within upland forest area (Catling and Brownell, 

1999). Peatlands on this landscape are especially prone to a fluctuating water table position, as 

these ecosystems rely on fill and spill connectivity and the water table within the peatland is 

therefore dependent on lateral inflow from adjacent upland areas (Spence and Woo, 2003). Robust 

autogenic feedbacks are amplified in deeper peatlands, resulting in intensified wet and dry periods 

on this landscape compared to peatlands in other hydrogeological settings (Devito et al., 1989; 

Waddington et al., 2015), and therefore may be more sensitive to climatic interannual variability. 

In the boreal shield, peatlands tend to be shallower than those in the boreal plains region, these 

shallower boreal shield peatlands may be more susceptible to drought conditions from water table 

drawdown below the peat profile and limited water storage (Dixon et al., 2017). Shallow peatlands 

in the boreal shield region therefore are more vulnerable to moisture stress from the disconnect 

between surface mosses and a sufficient water supply, with the potential to limit CO2 uptake from 

inhibited productivity by Sphagnum sp. during drought (Moore et al., 2021; Strack and Price, 

2009). As climate change is expected to bring increased temperatures and frequency of drought 

conditions, long-term CO2 uptake capacity of shallow boreal shield peatlands are not only at risk 

but may act as sentinels for change as their interannual CO2 exchange budgets are likely more 

extreme than the deeper and more expansive peatlands that have been more widely studied. 
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However, the response of peatland CO2 exchange to climatic interannual variability has not been 

widely studied in the boreal shield, as such, there is a need to estimate the growing season CO2 

exchange budget from relatively shallow boreal shield peatlands and evaluate the effects of 

meteorological interannual variability CO2 exchange processes in the boreal shield. 

 

In this study, we examine the inter-annual variability of NEE and its components (GPP and 

ER) throughout the growing season in a relatively shallow boreal shield peatland from 2016 to 

2020. By using five years of growing season data (May to October), we have captured a range of 

environmental conditions which has allowed for the investigation of environmental drivers of daily 

and total summer CO2 flux. Investigating the interannual variability in CO2 exchange for the 

growing season also comes with implications for vegetation community of the peatland with 

climate change and the indirect impacts on essential habitat for species at risk (Markle et al., 2020a; 

Smolarz et al., 2018). This work covers a new geographic range for studying interannual variability 

of peatland CO2 exchange, and will increase our understanding in how wetlands in the boreal 

shield region will respond to climate change.  
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2.3  Methods 
2.3.1  Study area 
 

The study site is located in a peatland within the open rock barrens landscape of the eastern 

Georgian Bay (EGB) region in Ontario, Canada and is in the Georgian Bay Biosphere, Mnidoo 

Gamii, a UNESCO biosphere situated within the Robinson-Huron Treaty of 1850 and the Williams 

Treaty of 1923, and located on Anishinabek territory. Ontario’s EGB region is located in the 

Ontario shield ecozone and is composed of a mosaic of moss cushions and lichen mats, moss-

dominated ephemeral wetlands, Sphagnum-dominated peatlands, and forested uplands of exposed 

granitic bedrock on the Canadian Boreal Shield (Markle et al., 2020b; Moore et al., 2019). The 

growing season is from May to September, inclusive, for this region. The regional 19-year (2002-

2019) mean (± s.d.) annual temperature is 6.6  ± 11.3 oC, with mean monthly air temperature in 

January of -8.5 oC and a mean monthly air temperature in July of 20.5 oC. Long-term annual 

cumulative precipitation totals 853 ± 251 mm, and the growing season rainfall long-term mean is 

452 ± 148 mm.  

 

The peatland area is 4800 m2 with a mean peat depth of 59 cm (Moore et al., 2021), and 

has hummock-hollow-lawn microtopography in some areas of the peatland. The vegetation 

community is comprised of mosses (Polytrichum strictum, Sphagnum palustre, Sphagnum fallax, 

Sphagnum cuspidatum), a variety of shrubs (Rhododendrom groenlandicum, Chamaedaphne 

calyculata), and a few scattered jack pine (Pinus banksiana).  

 

2.3.2 Instrumentation 
 

The standard eddy covariance (EC) technique was used to measure CO2 fluxes. Continuous 

fluxes of CO2 were measured simultaneously with wind velocity by an integrated three-
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dimensional sonic anemometer and open-path infrared gas analyzer (IRGASON, Campbell 

Scientific, Canada), along with fine wire thermocouple (FW10 Type E, Campbell Scientific, 

Canada). Instruments were mounted 7.8 m above the land surface and oriented at 285o. All 

measurements were recorded with a datalogger and data retrieved by telemetry (CR5000, 

Campbell Scientific, Canada). Wind direction measurements were corrected to align with cardinal 

directions. 

 

Supporting meteorological variables were measured at the tower. Incoming solar radiation 

was measured by a pyranometer (SP-Lite2, Kipp & Zonen, Netherlands) and net radiation was 

recorded by a net radiometer (CNR1, Kipp & Zonen, Netherlands). Photosynthetic photon flux 

density (PPFD) was calculated from incoming shortwave radiation using a conversion factor of 

2.3, the product of the fraction of incoming radiation that is photosynthetically active radiation 

(approx. 0.5) and a unit conversion factor. Air temperature and relative humidity were measured 

with a temperature and relative humidity probe (HMP60, Vaisala, Finland), while rainfall was 

measured using a tipping bucket rain gauge at the base of the tower (TE525M, Texus Electronics 

Inc., USA) and soil temperatures were measured in hummock and hollow microtopography at 

depths of 0.01, 0.05, 0.10, 0.15, 0.20, 0.50 m using copper-constantin thermocouples attached a 

rod inserted into the peat. Water table depth was measured every 15 minutes in the deepest part of 

the peatland to bedrock using Solinst levelogger pressure transducer (Solinst, Georgetown, ON) 

in 0.05 m diameter PVC wells. Photosynthetic photon flux density was calculated from incoming 

shortwave radiation  

 

2.3.3 Eddy covariance data 
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Using the eddy covariance technique, NEE data were collected from one peatland over 5 

years of the growing season, from May 1 to October 31 of 2016 to 2020. Net ecosystem exchange 

(NEE) of CO2 was derived from the sum of turbulent CO2 flux and the storage term at 10 Hz. 

Coordinate rotation, frequency response correction, density correction for temperature and 

humidity compensation (Webb et al., 1980), spike removal, and calculation of half-hourly fluxes 

were completed in an in-house Matlab script (Mathworks, USA).  

 

Flux data were further processed using the REddyProc package in R (R Core Team, 2020) 

for gap-filling, u* filtering, and flux partitioning (Wutzler et al., 2018). Vapour pressure deficit 

(VPD) was calculated from relative humidity and air temperature. Calculated NEE were filtered 

by a friction velocity threshold of 0.14 m s-1, derived according to Papale et al. (2006) representing 

the limit of turbulent conditions whereby below the threshold flux data may have large 

uncertainties due to low surface wind speed (Papale et al., 2006; Wutzler et al., 2018). This 

threshold was selected as this was the minimal velocity when the correlation with temperature 

from nighttime data, selected when the global radiation is below 20 W m-2, became weak or absent 

(Reichstein et al., 2005). Calculated NEE was gap filled using the marginal distribution sampling 

method and look up tables for incoming solar radiation (Rg), VPD, Tair, and mean diurnal course, 

whereby the number of days used in the algorithm increases until a window of more than 2 

datapoints is identified (Reichstein et al., 2005; Wutzler et al., 2018). The proportion of each year’s 

dataset identified as gaps prior to filling were 45% (2016), 48% (2017), 48% (2018), 43% (2019), 

45% (2020). The marginal distribution sampling method was then used to gap fill environmental 

conditions: Rg, Tair, and VPD. 
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Flux partitioning of NEE into GPP and ER was completed using daytime-based methods 

where a modified light-response curve that incorporates the temperature-respiration relationship is 

used to model NEE (Falge et al., 2001; Lasslop et al., 2010; Lloyd and Taylor, 1994). NEE is the 

difference between gross primary productivity (GPP) and ecosystem respiration (ER) (Eq 2.1): 

 NEE = GPP - ER (2.1) 
 

A detailed flux footprint analysis was completed using the Kljun et al. (2015) flux footprint 

prediction model in R. The footprint was overlain on the land classification map to determine the 

proportions of land classes within each half-hour flux footprint. A simple linear regression analysis 

was completed to determine the percent of the ‘peat’ land cover class within each half-hour 

footprint as a significant predictor of flux. 

 

Daily fluxes were calculated by converting the units of each half hourly measurement from 

µmol CO2 m-2 s-1 to g C m-2 d-1, fluxes were then summed for each day. Cumulative fluxes were 

calculated by adding successive daily flux together for a continuous period of time, for example 

from June 1 to August 31 for the summer season. For all measurements a negative flux indicates 

uptake by the ecosystem, and positive measurements indicate exchange from ecosystem to 

atmosphere. Uncertainty estimates from half hour and daily gap-filled data were used to quantify 

uncertainty in the cumulative flux estimates for the summer season (Liu et al., 2009; Moncrieff et 

al., 1996; Richardson et al., 2012). For this analysis, growing season is from May 1 to October 31, 

and the summer season is classified as June 1 to August 31.  

 

2.3.4 Analyses 
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2.3.4.1 Growing season length and carbon uptake period  
 

The growing season period was identified as the first day of seven consecutive days when 

Tair was above 5oC (Lund et al., 2010). The end of the growing season was defined as the first of 

seven consecutive days where Tair was below 5oC. To define the end of the carbon uptake period 

(CUP), a 10-day moving average on daily NEE was calculated (Fu et al., 2017). The moving 

average was then used to manually define the transition day from sink to source, whereby the end 

day of the CUP was selected if the moving average was a positive value (NEE changing from 

negative to positive, indicating net release to atmosphere) for more than 3 consecutive days.  

 

2.3.4.2 Multiple linear regressions 
 

We performed a similar multiple linear regression analysis to determine the main 

environmental variables contributing to cumulative flux for the summer season (June 1 to August 

31). The variables used in the analysis include: mean water table depth (m), mean summer air 

temperature (oC), cumulative precipitation (mm), total PPFD (µmol m-2), winter antecedent mean 

air temperature (January to April) (oC). Data for each year were modelled with a full model 

including all four variables as predictors. We identified variables from the significance in the full 

model (t-test, p<0.05). Following a backward elimination procedure, selected variables were 

included in a ‘reduced model’ which was compared to the full model using F-test statistic and AIC. 

The reduced model was further evaluated if results were not significant therefore the null 

hypothesis would be rejected (indicating the addition of extra variables did not improve model fit). 

Partial F-test on the selected model was conducted to evaluate whether specific variables included 

improved model fit (p>0.05). Multicollinearity within each selected model was evaluated using 

the variance inflation factor (VIF). 
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2.3.4.3 Light response 
 

Light response curves were estimated from the relationship between measured NEE (µmol 

m-2 s-1) and incoming PPFD (µmol m-2 s-1) using the nonlinear least squares analysis in R. The 

light response relationship was evaluated based on the rectangular hyperbola equation from 

Frolking et al. (1998) (Eq 2.2): 

 𝑁𝐸𝐸	 = 	
∝ 	𝑃𝑃𝐹𝐷	𝐺𝑃𝑃!"#
	∝ 𝑃𝑃𝐹𝐷	 + 𝐺𝑃𝑃!"#

+ 	R (2.2) 

where ∝ represents the quantum yield (initial slope), R is the y-intercept (or nighttime respiration 

value; µmol m-2 s-1), GPPmax is the maximum gross photosynthesis (µmol m-2 s-1). All variable 

parameters (∝, GPPmax) were determined through nonlinear least-square regression (nls) in R. 
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2.4  Results 

2.4.1 Environmental variables 
 

Mean daily air temperature from May to October for 2016 to 2020 ranged from 14.9 (2019) 

to 16.2 oC (2020) (Table 2.1). The region’s 19-year long-term mean air temperature for the growing 

season months is 15.7 ± 4.5 oC (Environment Canada, 2021). Mean monthly air temperatures 

varied, with the lowest peak summer air temperature occurring in July 2017, and greatest in July 

2018 (Figure 2.1). Cumulative rainfall for May 1 to September 30 exceeded the regional long-term 

average of 400.5 mm in 2017, 2019, and 2020 (Environment Canada, 2021). The greatest 

cumulative rainfall was 529.2 mm in 2017, with the lowest occurring in 2016 (373.5 mm) (Table 

2.1). Monthly rainfall varied between years, with the three years experiencing a dry summer from 

lower cumulative rainfall (2016, 2018, 2019) also having a substantial summer drought where 

water table position decreased continuously throughout summer months (Figure 2.1). Air 

temperature and rainfall anomalies calculated from the 18-year long term mean for each month 

did not often fall in the warmer and wetter category (Figure 2.2). Air temperature anomalies in all 

months of the 2016 growing season were low with all months experiencing drier than average 

rainfall, except August. All months in 2017 were colder and wetter than average, although a later 

fall onset is reflected in a warmer and drier October. In contrast, an early fall onset occurred in 

2020 with greater precipitation and cooler temperatures in August and September. In 2018, the 

growing season began warm and dry, becoming wetter in late summer and in early fall was colder 

and wetter than the average. All months of 2019 experienced cooler than average temperatures. 

The growing season water table position closely followed rainfall anomalies, with months of 

numerous rain events not experiencing large water table drawdown (Figure 2.1). 
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Mean daily water table depth reflects cumulative precipitation for each year (Figure 2.1b, 

c). For all years the trends in water table position follow a similar pattern in early spring until early 

June, where mean daily water table depth is less than 20 cm below the surface. Water table depth 

diverges after the beginning of June, with 2016, 2018, and 2019 experiencing a greater more rapid 

drying than other years. Water table position remaining in the surface 20 cm reflects years of 

greater cumulative rainfall than the long-term average and a greater rainfall rate in the summer 

months (2017 and 2020). 

Mean growing season PPFD varied between study years, with lowest incoming PPFD in 

2017 and greatest in 2019 (Table 2.1). Peak PPFD occurred in June for 2016 and 2020, and in July 

for 2017, 2018, and 2019 (Figure 2.3). 
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Figure 2.1: (A) Mean monthly air temperature (oC) from January to December, (B) cumulative 

precipitation (mm) from May to late September, (C) mean daily water table depth (m) for May to 

late October. Date for July 25 to August 13, 2018 were gap-filled using mean WT drawdown rate 

for 2018 growing season and the linear relationship between WT rise and rainfall event for the 

year. The colour of the line indicates the year as follows: 2016 – red, 2017 – blue, 2018 – orange, 

2019 – purple, 2020 – green. 
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Figure 2.2: Air temperature (oC) and rainfall (mm) anomalies (May-October) for 2016-2020 

compared to the 18-year average for the region (Environment Canada, 2021). Symbols denote 

months of the growing season and colours distinguish between years – 2016 – red, 2017 – blue, 

2018 – orange, 2019 – purple, 2020 – green.   



M.Sc. Thesis – R. McDonald;  McMaster University – School of Earth, Environment and Society 
  
 

 34 

Table 2.1: Mean air temperature, cumulative precipitation, mean daily water table depth, mean 

and maximum daily NEE for growing season, total summer NEE, CUP end day, mean PPFD for 

growing season, and growing season length for each year of the study. 

 2016 2017 2018 2019 2020 
Air temperature (oC) 16.1 15.4 15.8 14.9 16.2 
Cumulative rainfall (mm) 373.8 529.2 390.4 408.2 458.0 
Daily WTD (m) -0.274 -0.131 -0.236 -0.251 -0.121 
Mean daily NEE (g C m-2 d-1) -0.12 -0.84 -0.36 -0.45 -0.54 
Max daily NEE (g C m-2 d-1) -2.47 -3.10 -2.58 -2.58 -2.77 
Total summer NEE (g C m-2) (± s.d.) -10.8 

(55) 
-110.5 
(76) 

-27.6 
(55) 

-55.7 
(52) 

-99.0 
(58) 

End day of carbon uptake period (Julian day) 190 258 194 226 240 
Mean PPFD (µmol m-2 s-1) 894 757 845 952 839 
Growing season length (days of Tair > 5oC) 187 171 174 181 171 

 

 

Figure 2.3: (A) Mean diurnal cycle of PPFD (µmol m-2 s-1), (B) mean diurnal cycle of NEE 

(µmol m-2 s-1) for June, July, August, September of 2016-2020. 
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2.4.2 Growing season length and carbon uptake period  
 

Growing season length ranged from 171 days in 2017 and 2020, to 187 days in 2016, and 

the mean growing season length was 177 days (± 7 days). The growing season start days for 2016-

2020 were May 17 (2016, DOY: 138), April 22 (2017, DOY: 112), April 30 (2018, DOY: 120), 

May 3 (2019, DOY: 123), and April 25 (2020, DOY: 116) (Figure 2.4). The end of the growing 

season occurred on November 20 (2016, DOY: 325), October 10 (2017, DOY: 283), October 21 

(2018, DOY: 264), October 31 (2019, DOY: 304), and October 13 (2020, DOY: 287). Years with 

an early transition to daily source of CO2 coincided with longer growing season length. 

  

The transition from daily CO2 uptake to daily CO2 emission is described as the end of the 

carbon uptake period (CUP) (Fu et al., 2017), occurring on different days for each year of the study 

period from early July in 2016 to mid-September in 2017. The earliest transition to daily CO2 

emission occurred on July 8 (DOY: 190) in 2016, which was also the year with the latest start of 

the growing season and longest growing season length (Figure 2.4).  In 2017, the year with longest 

growing season length was also the year with latest CUP end. In 2018, 2019 and 2020 the CUP 

end occurred on June 13 (DOY: 164), August 14 (DOY: 226), and August 27 (DOY: 240), 

respectively.   
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Figure 2.4: Growing season start (GS start), growing season end (GS end), and carbon uptake 

period end (CUP end) dates for 2016 to 2020. Growing season is defined as the period of time 

when air temperature is above 5oC. Carbon uptake period end day is the day of transition from net 

daily sink of CO2 to net daily source of CO2. 
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2.4.3  CO2 exchange 
 
2.4.3.1 Daily flux 
 

Mean (± s.d.) daily growing season net uptake ranged from -0.12 (± 1.11) g C m-2 d-1 (2016) 

to -0.87 (± 1.04) g C m-2 d-1 (2017) and highest summer (JJA) net uptake ranged from -2.47 g C 

m-2 d-1 (2016) to -3.10 g C m-2 d-1 (2017) (Figure 2.5, Table 2.2). Maximum summer NEE occurred 

in June for all years, with the earliest peak NEE in 2018 on June 6 (DOY: 157) and latest occurring 

in 2017 on June 27 (DOY: 178). Mean daily growing season GPP ranged from -2.99 (± 1.41) g C 

m-2 d-1 (2019) to -3.65 (± 1.88) g C m-2 d-1 (2017). Maximum summer GPP was -8.25 g C m-2 d-1 

in June 2018, and lowest summer GPPmax of -6.00 g C m-2 d-1 in July 2018. Summer GPPmax 

occurred latest in 2018 (August 8, DOY: 220), while summer GPPmax occurred in June for 2017, 

2019 and 2020, and in July for 2016. Greatest summer ERmax occurred in 2016 of 7.24 g C m-2 d-

1, and lowest in 2018 of 5.50 g C m-2 d-1. ERmax occurred in latest in the year in August of 2017, 

2018 and 2020, July in 2016 and 2019. The transition day from net uptake to net release (negative 

to positive NEE) occurred earliest in the year in 2016 (July 8, DOY: 190) and 2018 (July 13, DOY: 

194), and latest in 2017 (September 15, DOY: 258) (Figure 2.5).  
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Table 2.2: Mean and maximum NEE, GPP, ER (g C m-2 d-1 ± s.d.) for each year from 2016 to 

2020 for growing season (May to October) and the summer season (June to August). 

 2016 2017 2018 2019 2020 
NEEGS,mean -0.12 (1.11) -0.84 (1.04) -0.36 (0.85) -0.45 (1.05) -0.54 (1.13) 
GPPGS,mean -3.21 (1.15) -3.65 (1.88) -3.27 (1.34) -2.99 (1.41) -3.39 (1.85) 
ERGS,mean 3.00 (1.46) 2.58 (1.44) 2.78 (1.23) 2.22 (1.16) 2.65 (1.56) 

NEEJJA,mean -0.12 (1.31) -1.20 (0.92) -0.30 (0.98) -0.61 (0.96) -1.08 (1.19) 
GPPJJA,mean -3.47 (1.16) -5.03 (1.35) -3.95 (1.01) -3.97 (1.14) -4.66 (1.13) 
ERJJA,mean 3.12 (1.30) 3.36 (1.16) 3.15 (1.03) 2.77 (1.02) 3.37 (1.28) 
NEEJJA,max -2.47 -3.10 -2.58 -2.58 -2.77 
GPPJJA,max -6.42 -8.25 -6.00 -6.64 -7.25 
ERJJA,max 7.24 5.66 5.50 5.91 6.25 

Transition to 
source (DOY) 

July 8 
(190) 

Sept 15 
(258) 

July 13 
(194) 

August 14 
(226) 

August 27 
(240) 
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Figure 2.5: Daily (A) net ecosystem exchange (NEE), (B) gross primary productivity (GPP), and 

(C) ecosystem respiration (ER) (g C m-2 d-1) from May to October for 2016 (red), 2017 (blue), 

2018 (orange), 2019 (purple), and 2020 (green). Boxes show the 25th and 75th percentiles; lines 

inside the boxes show the median. 
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2.4.3.2 Seasonal diurnal cycle 
 

Daytime maximum NEE was generally greater in 2017 and 2020 wet summers (Figure 

2.3). The early transition to a net daily CO2 source is reflected in a lower magnitude of daytime 

NEE in July of 2016 and 2018, while daytime net uptake remained greatest (most negative) and 

relatively constant for June to August in 2017 and 2020. Maximum daytime PPFD was observed 

in June for 2016 and 2020, and July for all other years, however the magnitude of maximum 

daytime PPFD was lower in 2017 than all other years. The more frequent rain events and 

possibility of greater cloud cover throughout the growing season of 2017 is reflected in a lower 

magnitude of daytime maximum PPFD for June and July. The differences in the diurnal cycle of 

NEE between years does not fully reflect the daily cycle of incoming light, and in combination 

with the light response relationship there are other environmental variables playing an important 

role in the CO2 exchange. 

 

2.4.3.3 Summer CO2 budget and environmental controls 
 

The interannual variability of cumulative summer fluxes (NEE, GPP, ER) were explained 

by a combination of environmental conditions including mean summer water table depth, summer 

air temperature, winter air temperatures (Jan-Apr), and summer cumulative rainfall. Average 

cumulative summer NEE was variable between years ranging from -10.8 g C m-2  in 2016 to -110.5 

g C m-2 in 2017, with a mean cumulative NEE flux of -60.7 ± 43 g C m-2 (Table 2.1; Figure 2.6). 

The site was a CO2 sink for all years for the summer period. Cumulative summer NEE and GPP 

were strongly related to average WTD (R2 = 0.76, p < 0.05; R2 = 0.9, p < 0.05) (Figure 2.7). 

Greatest cumulative summer NEE and GPP occurred in 2017, and lowest cumulative NEE and 

GPP were in 2016. Adding mean winter air temperatures to WTD as a predictor of NEE improved 
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the correlation (R2 = 0.92, p = 0.038, F: 25.06). Lowest air temperatures for the preceding winter 

occurred in 2016 and 2019, while similarly 2016 had the lowest cumulative summer NEE. The 

warmest winter air temperatures occurred in 2020, the same year is on the higher end of cumulative 

summer NEE range. Low winter air temperatures may sustain the snow pack longer, pushing the 

start of spring vegetation growth later into the year indicated by a later start to the growing season 

(Table 2.3). 

 

Cumulative summer GPP ranged from -319.5 g C m-2  in 2016 to -462.8 g C m-2 in 2017, 

with a mean cumulative GPP of -388.1 ± 57 g C m-2 for the five years (Figure 2.6) There was a 

strong, significant relationship between cumulative summer GPP and summer WTD (R2adj = 0.9, 

p = 0.009) (Figure 4.7), and the addition of summer air temperature, through multiple linear 

regression, increased predictive capacity of cumulative GPP (R2adj = 0.99, p = 0.003). 

 

Cumulative summer GPP ranged from 255.2 g C m-2  in 2019 to 310.2 g C m-2 in 2020, 

with a mean cumulative flux of 290.3 ± 22 g C m-2 for the five years (Figure 2.6). While no strong 

relationship between WTD with ER was found (Figure 2.7), there were relationships between 

cumulative ER, total summer rainfall, and winter air temperatures although not statistically 

significant (R2adj = 0.53, p = 0.236, F: 3.24) (Table 2.3). The absence of a relationship between 

WTD and ER may indicate a dominance of autotrophic respiration in total ER (Strachan et al., 

2016). 
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Figure 2.6: (A) Cumulative summer (JJA) net ecosystem exchange (NEE) (g C m-2), (B) gross 

primary production (GPP), and (C) ecosystem respiration (ER) for 2016 to 2020. Colours indicate 

year as follows: 2016 – red, 2017 – blue, 2018 – orange, 2019 – purple, 2020 – green. 

 

 

Figure 2.7: Cumulative flux (g C m-2) of (A) net ecosystem exchange (NEE), (B) gross primary 

productivity (GPP), and (C) ecosystem respiration (ER) for the summer period (months: JJA) as a 

function of mean water table depth (m) for the time period. Regression line fit using ordinary least 

squares linear model. Colours indicate year as follows: 2016 – red, 2017 – blue, 2018 – orange, 

2019 – purple, 2020 – green. 
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Table 2.3: Results of multiple linear regression modelling for cumulative summer (JJA) net 

ecosystem exchange (NEE), gross primary production (GPP), and ecosystem respiration (ER), 

showing the estimate, ± s.e., p-value of environmental variable tested and model parameters. 

 NEE GPP ER 
Intercept -179.20 ± 19.65 (0.012) -895.43 ±55.36 (0.004) 263.37 ±31.99 (0.014) 
Summer WTD 581.03 ± 101.01 (0.029) 471.08 ±24.18 (0.003)    
Winter Tair 8.98 ± 3.50 (0.13)    3.98 ±3.01 (0.317) 
Summer Tair    21.12 ±3.08 (0.021)    
Summer rain       0.14 ±0.11 (0.345) 
n 5   5   5   
R2

adj 0.923   0.994   0.528   
F-statistic 25.060   322.483   3.239   
p-value 0.038   0.003   0.236   
df 2.000   2.000   2.000   
AIC 41.810   32.637   44.915   
deviance 253.063   40.408   470.859   
*p-value in brackets. 
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2.4.3.4 Light response relationship 
 

The initial slope of the light response relationship, quantum yield (∝), was greatest in the 

wet summer year of 2017 (0.034 (± 0.0008)), and lowest in the dry summer of 2016 (0.016 (± 

0.0005)) (Table 2.4, Figure 2.8). In 2017, the steeper slope indicates measured NEE is greater in 

that year at comparable light levels (Figure 2.8). This may be an indication that more accessible 

water from the higher water table has allowed for vegetation to photosynthesize more efficiently. 

This is reflected in a greater GPPmax for the ‘wet’ summer years of 2017 and 2020, -14.4 (± 0.14) 

µmol m-2 s-1 and -16.7 (± 0.23) µmol m-2 s-1, respectively (Table 2.4). In years where water table 

depth was below 60 cm over the summer, there was a similar summer GPPmax of -11.4 (± 0.21) 

µmol m-2 s-1 and -11.8 (± 0.18) µmol m-2 s-1 for 2016 and 2018, respectively. 

 

Table 2.4: Net CO2 exchange model parameters for the summer (JJA) light response curve 

relationship (Frolking et al. (1998)) with standard errors given in brackets (GPPmax units are µmol 

CO2 m-2 s-1). 

 Year ∝ (± s.e.) GPPmax (µmol m-2 s-1 ± s.e.) 

2016 0.016 (0.0005) -11.4 (0.21) 

2017 0.034 (0.0008) -14.4 (0.14) 

2018 0.021 (0.0007) -11.8 (0.18) 

2019 0.017 (0.0005) -12.8 (0.21) 

2020 0.020 (0.0004) -16.7 (0.23) 
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Figure 2.8: Light response relationship between half-hourly NEE (µmol m-2 s-1) and PPFD (µmol 

m-2 s-1) using Frolking et al. (1998) equation for summer (JJA). Colours indicate year as follows: 

2016 – red, 2017 – blue, 2018 – orange, 2019 – purple, 2020 – green. 
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2.5  Discussion 

 
We expected the response of wet and dry conditions in the boreal shield peatlands to be 

amplified due to limited water storage on this fill and spill landscape and the generally shallower 

peat depth, which is reflected in the growing season CO2 fluxes, summer CO2 budget, and 

connection to climatic interannual variability. This multi-year dataset is the first for peatlands in 

the boreal shield region and outlines the connection between interannual variability in summer 

CO2 flux and water availability in the ecosystem. However, despite the expected greater sensitivity 

of boreal shield peatlands to wet and dry conditions, our daily and summer budget CO2 fluxes were 

of similar magnitude to recent studies of deeper peatlands in the boreal regions, including Helbig 

et al. (2019), Humphreys et al. (2006), Lund et al. (2010), and Piechl et al. (2014). Nevertheless, 

we also found there is a strong water table control on CO2 uptake by the peatland, similar to 

Strachan et al. (2016) and Sonnentag et al. (2010), where wet years have greater CO2 uptake than 

drier years. We also have found there is a connection between late winter and early spring 

temperatures with ecosystem respiration, similar to Piechl et al. (2014). This study shows the 

important connection between interannual climate patterns and CO2 uptake during the growing 

season by peatlands in the EGB and the boreal shield region.  

 
2.5.1 Eddy covariance CO2  uptake 
 

Our results show late winter and early spring environmental conditions may play a role in 

the timing of growing season start and the start of water table dynamics following winter freezing. 

We found a significant relationship between cumulative ER and winter air temperatures, warmer 

winter air temperatures have also been associated with an earlier start to the growing season (Kross 

et al., 2014) and connected to snow melt timing (Aurela et al., 2004). The combination of mild 
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winter air temperatures and earlier growing season start have been found to stimulate greater daily 

GPP and ER (Peichl et al., 2014), and greater peak summer NEE (Kross et al., 2014). Years with 

lower mean winter air temperatures (2016, 2019) had the latest start to the growing season (May 

17 (DOY 138) and May 3 (DOY 123) for 2016 and 2019, respectively) and transitioned from daily 

CO2 sink to source earlier than other years (July 8 (DOY 190) and August 14 (DOY 226), 

respectively). However, these years also had the longest growing season lengths and were on the 

lower end of cumulative NEE range for the summer season. Years with a mild winter had earlier 

growing season start and greater total summer CO2 uptake. An earlier start to the growing season 

and early snowmelt from warmer winter and early spring air temperatures allows for melt water 

contributions from the watershed to initiate an earlier fill and spill hydrological connectivity 

between the peatlands, ephemeral wetlands, upland bedrock and forested areas (Spence and Woo, 

2003). Hydrological connectivity between landscape units earlier in the spring results in earlier 

water table activity in the basin peatlands (Spence and Woo, 2003), and increasing water 

availability may allow spring vegetation productivity to commence earlier (Kreyling, 2010), 

shown in the observed greater daily GPP and ER for May and June. Years with a mild winter also 

coincided with growing seasons with no summer drought period, as the water table was maintained 

in the top of the peat profile throughout the growing season (2017 and 2020). Rainfall and 

temperature anomalies in southern Canada may be influenced by teleconnections, such as the 

Southern Oscillation, bringing milder and drier winters during El Niño events (Shabbar, 2006; 

Shabbar et al., 1997) and decreased temperatures in the summer of the El Niño year (Hu et al., 

2019). Although 2015-2016 and 2018-2019 were El Niño years, the winter and early spring air 

temperatures (JFMA months) of 2016 and 2019 were colder than other years of the study. 

Similarly, late growing season (September and October) of the 2018 El Niño experienced colder 
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than average temperatures, while the rest of the growing season of 2018 was warmer than average 

(Figure 2.2).  

 

The transition day from net CO2 uptake to net CO2 emission, or end of the carbon uptake 

period, at this site occurred earlier (August 10 ± 29 days) than the well-studied Mer Bleue peatland, 

which is located at similar latitude although farther east and transitioned from CO2 sink to CO2 

source around October 3 (Lafleur et al., 2003; Roulet et al., 2007). For all five years in this study, 

rainfall in September was greater than the long-term average, and all years experienced colder than 

average temperatures with the exception of 2016 (Figure 2.2). Although the variability of 

temperature and rainfall anomalies in October was greater than September, the colder and wetter 

environmental conditions in September may have triggered an early fall vegetation senescence, 

slowing the photosynthetic activity of vegetation in the ecosystem and enhancing ecosystem 

respiration leading to a shift from negative NEE to positive (Järveoja et al., 2018; Piao et al., 2008). 

Similar to Lafleur et al. (2003), we found years with a drier growing season to transition from net 

CO2 sink to net CO2 source earlier than other years of the study period. The earlier transition to a 

net CO2 source compared to other studies may also be a result of geographic location and the 

potential influence of eastern Georgian Bay on weather patterns in this region of the boreal shield.  

 

The interannual variability in meteorological variables did not considerably affect daily 

and cumulative ER between years, it appears the differences in summer NEE are more attributable 

to changes in summer GPP between years. There is also limited evidence of changes in ER as a 

result of WTD, considering the stronger relationship between winter air temperatures with 

cumulative summer ER. We found winter and early spring air temperatures to be an important 
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predictor of summer ER, where 2020 experienced the warmest pre-growing season air temperature 

and 2019 the coldest. The warm winter and spring of 2020, 2018 and 2017 may have induced an 

early snowmelt, allowing for the start of hydrological connectivity from water the rock barrens 

landscape and into the peatlands thereby increasing soil moisture, triggering the start of vegetation 

phenology (Kreyling, 2010). Warmer winters may also stimulate and earlier ramp up of ER as 

vegetation phenology progresses, through the inherent exponential relationship between 

temperature and ER (Lloyd & Taylor, 1994), where the warm winter allowed for greater total ER 

CO2 emission for the summer as these years had an earlier start to the growing season and the 

vegetation community may be in slightly different phenological stages.  

 

2.5.2 Water storage as control on CO2 fluxes 
 

Fill and spill hydrological dynamics are important in the boreal shield as peatlands on the 

rock barrens landscape are positioned in shallow bedrock basins, relying on precipitation and 

overland flow from upland areas to fill the peatland (Spence and Woo, 2003). This hydrological 

connectivity between landscape units usually decreases or ceases completely during periods of the 

growing season, leaving the ecosystem vulnerable to drought conditions. Throughout the growing 

season, water table dynamics follow similar trends in all study years, where the water table 

experiences small scale fluctuations in response to rain events while remaining in the top 30 cm 

of peat until the beginning of June and maintaining daily net CO2 uptake. Summer drought periods 

were experienced in 2016, 2018, and 2019, with the water table falling below 40 cm in the peat 

profile for a period of time in the summer season. In 2017 and 2020, the water table was maintained 

in the top of the peat profile throughout the summer because of large rain events throughout the 

summer. The occurrence of a summer drought period in two years of this study has shown there is 
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a significant relationship between water table depth and total summer NEE and GPP. The response 

of GPP to changes in water table depth have been varied. For example, Ratcliffe et al. (2019) 

observed no change in GPP to water table fluctuations, while there have been several occurrences 

of changes in GPP with changes in WT where lower WT would decrease GPP (e.g. Humphreys et 

al., 2014; Strachan et al., 2016; Sulman et al., 2010), and limited GPP at WT extremes (e.g. Peichl 

et al., 2014; Ratcliffe et al., 2019; Sonnentag et al., 2010). At our study site there was greater 

diurnal daytime CO2 uptake and cumulative summer GPP in non-drought years, while years with 

a summer drought had lower CO2 uptake in comparison to other studies (Sonnentag et al., 2010; 

Strachan et al., 2016). The relationship between CO2 exchange and WTD was more important at 

the seasonal scale than the daily scale for this study, similar to Bubier et al. (1998). Although there 

is greater cumulative ER in years with a wet summer, the relationship was not statistically 

significant with mean summer water table depth. Dry summers may also be associated with greater 

DOC export (Jager et al., 2009), and this area of research would be valuable to expand on in the 

boreal shield region. 

 

Vegetation productivity was more efficient in years with wet summers, as evidenced by a 

shift in the light response relationship in 2017 and 2020 (Figure 2.8), which also may have led to 

greater autotrophic respiration contribution to total respiration (Moore et al., 2002; Strachan et al., 

2016). Light response parameters for the summer season of each year demonstrate that vegetation 

communities are utilizing light for photosynthesis similarly to other peatland sites (Bubier et al., 

2003; Frolking et al., 1998; Humphreys et al., 2006; Ratcliffe et al., 2019; Sonnentag et al., 2010). 

Combining the results of the light response relationship with the diurnal cycle of PPFD (Figure 

2.3, 2.8), we did find evidence of enhanced light availability in the wet years that may be driving 
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differences in the light response relationship parameters. Differences in the interannual variability 

in light response parameters have been attributed to water availability in the ecosystem as a 

limiting factor for photosynthesis and similar to our results, warmer and drier years have been 

found to have lower alpha and GPPmax (Aurela et al., 2007). A water table closer to the surface of 

the peatland, and more specifically in the top 30 cm of peat provides optimal growing conditions 

for Sphagnum (Peichl et al., 2014; Rydin and McDonald, 1985), thus contributing to greater 

daytime uptake as the vegetation community has more efficient photosynthesis, and larger 

cumulative GPP during the summers where the water table did not fall below 30 cm depth.  

 

2.5.3 Implications for future climate change 
 

Boreal shield peatlands are unique in that they are shallower than other regions of the boreal 

and the hydrology of the ecosystem is highly connected to the surrounding landscape. Peatlands 

in the boreal shield may be more sensitive to climate interannual variability due to those 

characteristics, where peat depth plays an important role in the autogenic feedbacks of peatland 

ecosystems and thinner peat may be more susceptible to drought (Moore et al., 2021; Waddington 

et al., 2015). The responsiveness of boreal shield peatlands to climate may have important 

consequences for the ecosystem and landscape as a whole with a changing climate. 

 

Given that future climate change is expected to result in an increase in air temperature and 

precipitation, there is likely a greater potential to affect carbon cycling in peatland ecosystems 

(D’Orgeville et al., 2014; Mortsch and Quinn, 1996; Notaro et al., 2015; Tarnocai, 2006). These 

changes to the climate regime will contribute cascading effects on C cycling through changes in 
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growing season length, natural disturbance regimes, and vegetation community changes (Fenner 

et al., 2007).  

 

Increased temperatures may promote an earlier start to the growing season and extend the 

length of the growing season, and increase GPP but also be regulated by other environmental 

variables such as water and light availability thereby affecting net CO2 exchange (Aurela et al., 

2007; Nijp et al., 2015; Roulet et al., 2007). There have been observed increases in ER rates as a 

result of increased temperatures and changes in the vegetation community (Ward et al., 2013), and 

which may occur as a result of changes in climatic regimes in the future (Breeuwer et al., 2009; 

Walker et al., 2015). Increased winter air temperatures may increase the magnitude of total summer 

ER, as soils may not be subject to seasonal freezing and have a greater influence on total NEE than 

at present.  

 

Changes to the moss and vascular vegetation community composition are expected if there 

are long-term changes in the water table regime (Breeuwer et al., 2009; Moore et al., 2002; Strack 

et al., 2006). This would have direct effects on above and below ground biomass and productivity, 

thereby changing the total C flux and storage of the ecosystem (Moore et al., 2002). A shift in 

Sphagnum community composition may occur with climate change, to Sphagnum species 

dominating that are more tolerant to deeper water tables and drier surface conditions (Dieleman et 

al., 2015; McCarter and Price, 2014; Moore et al., 2021) and a greater proportion of vascular 

vegetation (Breeuwer et al., 2009; Fenner et al., 2007). A persistently low water table may have 

different effects across microform types, where hummocks may experience a reduction of 

Sphagnum moss cover and surface moisture as well as enhanced respiration, while the lowering of 
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the water table at hollows increased Sphagnum and vascular vegetation cover at hollows (Strack 

et al., 2006).  

 

Although there is a predicted increase in precipitation, greater evaporative water loss from 

peatlands is expected under a warming climate across the boreal region (Helbig et al., 2020) 

creating decreasing water availability for peatland ecosystems. This may leave the C stocks of 

peatlands vulnerable to release to the atmosphere naturally from limited photosynthesis, stimulated 

ecosystem respiration (Riutta et al., 2007), or due to natural disturbance, such as wildfire (Turetsky 

et al., 2002, 2015). This study provides an understanding of how the rock barrens peatland 

ecosystem may respond under a changing climate with a deeper water table regime. Moisture stress 

may decrease the productivity of the peatland vegetation community (Breeuwer et al., 2009; Moore 

et al., 2021). A deep water table leaves peatlands with an increased likelihood of ignition as a result 

of the disruption of hydroclimatic feedbacks in peat (Turetsky et al., 2015; Waddington et al., 

2015). Drier peat is more susceptible to deep burning (Wilkinson et al., 2020), and may experience 

increased fire severity (Nelson et al., 2021). The recovery of vegetation following wildfire will 

promote CO2 uptake by the vegetation community, although the return to a carbon sink is not 

expected until more than 10 years post-wildfire (Wieder et al., 2009).  
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Conclusion 

The relationship between CO2 exchange and water table depth is important in this landscape 

as peatlands throughout the rock barrens landscape are located in shallow bedrock basins, in that 

they are separated from regional groundwater and mainly rely on precipitation inputs and overland 

flow to maintain water storage function. This connection between CO2 exchange processes and 

peatland water availability suggests that peatlands in the Canadian boreal shield region may be 

vulnerable to losing their CO2 uptake capacity with climate change due to changes in precipitation 

frequency, greater increases in air temperature, and water loss through greater evapotranspiration. 

Further research on the full annual C budget of a boreal shield peatland would be important to 

characterize the sensitivity of different components of the C budget to meteorological interannual 

variability in Eastern Georgian Bay.  
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Chapter 3 – Post-wildfire CO2 exchange from a boreal shield peatland, 
Ontario, Canada 

 

 

3.1  Abstract 

Peatlands are globally significant carbon storage reservoirs, at risk of losing this long term 

carbon store due to a changing climate and increased natural disturbance, such as wildfire. Within 

the boreal biome, drier environmental conditions may lead to a cascade of effects including 

increased vulnerability to combustion and a loss of water table leading to the loss of CO2 uptake 

capacity from limited photosynthesis. Carbon cycling in a post-wildfire ecosystem may be altered 

due to the recovery of lost vegetation communities, and the potential for limited water availability 

and storage on the landscape. Rapid recovery of vegetation within boreal plains peatlands has been 

found to be essential for the recovery of C uptake capacity of the ecosystem, however post-wildfire 

recovery through CO2 exchange measurements have not been previously studied in the boreal 

shield region. In an effort to fill this knowledge gap, we quantify ecosystem- and plot-scale CO2 

exchange from and around a recently burned peatland within a >11,000 ha wildfire footprint on 

Eastern Georgian Bay. We used the eddy covariance technique to capture growing season CO2 

fluxes 1- and 2- years post-wildfire, and the chamber technique to measure plot-scale CO2 fluxes 

toward the end of the summer of the 2nd year post-wildfire. Within the two years post-wildfire, the 

burned site was a net CO2 sink, and the year with more frequent and greater rainfall had greater 

CO2 uptake and photosynthetic efficiency at both the burned and unburned control site. The 

responsiveness of boreal shield peatlands to wet and dry events, and the capacity to turn on and 
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off in response to water availability, indicates the sensitivity of these ecosystems to future climate 

change and the possibility of net CO2 loss during the summer depending on presence and severity 

of summer drought.  

3.2  Introduction 

Peatlands in northern regions have been accumulating carbon throughout the Holocene and 

are important ecosystems for long term carbon storage (Blodau et al., 2004; Clymo, 1987; Loisel 

et al., 2014). Peatlands store approximately one third of the global soil organic carbon pool, while 

covering only 2.8% of the global land area (Gorham, 1991; Xu et al., 2018). Climate change 

induced changes in temperature (Mortsch and Quinn, 1996), precipitation (D’Orgeville et al., 

2014; Notaro et al., 2015), increases in evapotranspiration (Helbig et al., 2020), and frequency of 

disturbance, such as wildfire, are expected to affect several processes within the ecosystem CO2 

budget (Morison et al., 2021, 2020; Turetsky et al., 2002).  Drier environmental conditions may 

lead to the loss of the capacity of the ecosystem to act as a carbon sink through decreased primary 

productivity (Aurela et al., 2007; Strachan et al., 2016), increased ecosystem respiration (Cai et 

al., 2010; Lund et al., 2010; Riutta et al., 2007), and increased likelihood of combustion (Thompson 

et al., 2019; Wilkinson et al., 2020).  

 

Wildland fire is a significant natural disturbance in the boreal region affecting northern 

peatlands (Turetsky et al., 2002). Increased frequency of wildland fire frequency, intensity, and 

extent of affected areas are expected with future climate change (Bergeron and Flannigan, 1995; 

Flannigan et al., 2005; Kasischke and Turetsky, 2006). Wildfire affects several ecosystem 

processes in peatlands including altering peat properties (Sherwood et al., 2013; Thompson and 

Waddington, 2013), essential for the ecosystem’s resilience and self-regulating ecohydrological 
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feedbacks (Waddington et al., 2015). There is evidence peatlands are resilient ecosystems capable 

of returning to a net carbon sink in approximately 13 years post-wildfire (Wieder et al., 2009). 

However, the loss of surface vegetation coupled with deep combustion of the peat profile and 

changes in water availability may leave peatland ecosystems at risk of transitioning from a carbon 

sink to a carbon source in the future through a change in the vegetation community (Kettridge et 

al., 2015; Turetsky et al., 2002, 2015).   

 

Wildfire affects C-cycling in peatlands through the instantaneous loss of C through 

combustion, the loss of above ground vegetation affecting primary production following fire 

(Turetsky et al., 2002), and below-ground changes to the peat structure and decomposition rates 

(Gray et al., 2020). In the boreal region, peatlands in Canada’s boreal plains have been estimated 

to recover after wildfire from carbon source back to carbon sink over 10 years post-fire (Weider 

et al. 2009). Rapid vegetation recovery post-fire is an important process to re-initiate carbon uptake 

for a recently burned peatland, and vegetation may re-colonize more rapidly following low severity 

fires (Gray et al., 2020). Sphagnum communities would be less affected by low severity fires due 

to their moisture-retaining function, thereby contributing to post-fire carbon uptake and 

recolonization of the ecosystem (Grau-Andrés et al., 2017). While water availability is important 

for peatland ecosystem function, specifically moss photosynthesis and peat formation, severe 

burning can increase evaporative loss from burned areas with the possibility of further limiting 

ecosystem productivity (Kettridge et al. 2019, Waddington et al. 2015). 

 

In the Canadian boreal shield region where the landscape is composed of heterogeneous 

rock barrens, peatlands formed in bedrock depressions on the landscape and are present at varying 
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spatial scales interspersed within upland forest areas (Catling and Brownell, 1999). These 

ecosystems are highly sensitive to water availability due to hydrological connectivity between 

landscape units primarily through the fill and spill process (Spence and Woo, 2003), relying on 

precipitation events to maintain the water table. Years with lower frequency and depth of 

precipitation events will not only leave these ecosystems with decreased carbon uptake capacity 

through lower primary production (Nijp et al., 2015; Strachan et al., 2016), but also may leave peat 

vulnerable to ignition and combustion from wildfire (Thompson et al., 2019). On the other hand, 

peatlands in the boreal shield have the potential for post-wildfire recovery faster than peatlands in 

the boreal plains considering the liberal water availability throughout early fall and spring (see 

Chapter 2). Although, there are no studies focused on the CO2 exchange in a boreal shield peatland 

immediately following wildfire. 

 

To fill this research gap, we quantify and compare the ecosystem-scale and plot-scale CO2 

fluxes 1- and 2- years post-fire in a burned and unburned a boreal shield peatland. To account for 

heterogeneity in the rock barrens landscape and peatland biogeochemistry, we use plot-scale CO2 

fluxes to identify key environmental controls over net ecosystem exchange and the component 

fluxes. We hypothesized primary production and ecosystem respiration would be lower at the 

burned peatland compared to the unburned peatland. Within the burned peatland, we hypothesize 

that differences in vegetation recovery post-fire due to a range of burn severity within the peatland 

will be reflected in a greater primary production and respiration in the middle, deep peat and lower 

burn severity areas. While in the shallow burned peatland margins, we hypothesize lower primary 

production and increased respiration will lead to positive NEE or net release. 
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3.3  Methods 
3.3.1  Study Area 
 

The two sites used in this study are located ~20 km (unburned) and ~80 km (burned) north 

of Parry Sound, ON, within the Georgian Bay Biosphere Mnidoo Gamii, a UNESCO Biosphere, 

situated within the Robinson-Huron Treaty of 1850 and the Williams Treaty of 1923, and located 

on Anishinabek territory. Ontario’s Eastern Georgian Bay (EGB) region, located in the Ontario 

shield ecozone, consists of a mosaic of moss cushions and lichen mats, moss-dominated ephemeral 

wetlands, Sphagnum-dominated peatlands, and forested uplands of exposed granitic bedrock on 

the Canadian Boreal Shield (Hudson et al., 2021; Markle et al., 2020b; Moore et al., 2019; 

Wilkinson et al., 2020). The burned site is located within the footprint of the Parry Sound 33 

wildfire which burned over 11,000 ha of the EGB rock barrens from July 18 to October 31, 2018. 

The eddy covariance tower at the burned site was set up in July 2019, and the unburned site was 

setup in June 2015. Regional 19-year (2002-2019) mean (± s.d.) annual temperature is 6.6 ± 11.3 

oC, with mean monthly air temperature in January of -8.5 oC and a mean monthly air temperature 

in July of 20.5 oC. Long-term annual cumulative precipitation totals 853 ± 251 mm, and the 

growing season rainfall long-term mean is 452 ± 148 mm.  

 

Vegetation community of the peatlands is comprised of a variety of shrubs (Rhododendrom 

groenlandicum, Chamaedaphne calyculata, Kalmia angustifolia), graminoid species (Cotton 

grass, Maianthemum trifolium), mosses (Polytrichum strictum, Sphagnum palustre, Sphagnum 

fallax, Sphagnum cuspidatum), and jack pine (Pinus banksiana). Tree species present in the upland 

forest area include tamararck (Larix laricina), black spruce (Picea mariana), white pine (Pinus 

strobus), and jack pine (Pinus banksiana). There is characteristic hummock-hollow 
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microtopography in the middle of the burned peatland, where hummock height ranges from 20 cm 

to 41 cm above the surrounding peat surface, with a mean hummock height of 31 cm (North 2021, 

unpublished). 

 

3.3.2  Ecosystem-scale measurements 
 
Eddy covariance CO2 exchange 
 

In accordance with the standard eddy covariance technique, 30-min CO2 fluxes were 

calculated throughout the summer growing season (May to October) in 2019 and 2020 at the 

unburned and burned sites. Continuous fluxes of CO2 were measured with wind velocity by an 

integrated three-dimensional sonic anemometer and open-path infrared gas analyzer (IRGASON, 

Campbell Scientific, Canada), along with fine wire thermocouple (FW10 Type E, OMEGA, 

Canada). Instruments were mounted 7.8 m above the land surface and oriented at 285o at unburned, 

and 11.25 m above the land surface at 300o at burned. Wind direction measurements were corrected 

to align with cardinal directions. All measurements were recorded on a CR5000 datalogger at the 

unburned and on a CR1000 at the burned site (Campbell Scientific, Canada).  

 

Environmental variables 
 

Environmental variables were measured simultaneously at the unburned tower, and a 

smaller meteorological tower was used to measure environmental variables at the burned site. 

Incoming solar radiation was measured by a pyranometer (SP-Lite2, Kipp & Zonen, Netherlands), 

and net radiation was recorded by a net radiometer (CNR1, Kipp & Zonen, Netherlands). 

Photosynthetic photon flux density (PPFD) was calculated from incoming shortwave radiation 

using a conversion factor of 2.3, the product of the fraction of incoming radiation that is 
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photosynthetically active radiation (approx. 0.5) and a unit conversion factor. Air temperature and 

relative humidity were measured with a temperature and relative humidity probe (HMP60, Vaisala, 

Finland). Precipitation was measured using a tipping bucket rain gauge (TE525M, Texus 

Electronics Inc., USA). Precipitation measurements for the burned area were taken from a site 

adjacent to the eddy covariance tower in 2019 and 2020. Water table depth (WTD) was measured 

every 15 minutes in the deepest part of the peatland to bedrock using Solinst levelogger pressure 

transducer (Solinst, Georgetown, ON) in 0.05 m diameter PVC wells. 

 

 
Eddy covariance data analysis 
 

Using the eddy covariance technique, NEE data were collected from two peatlands, one 

burned and one unburned, over the growing season (May to October) for 2019 and 2020. Net 

ecosystem exchange (NEE) of CO2 was derived from the sum of turbulent CO2 flux and the storage 

term at 10 Hz. Coordinate rotation, frequency response correction, density correction for 

temperature and humidity compensation (Webb et al., 1980), spike removal, and calculation of 

half-hourly fluxes were completed in an in-house Matlab script (Mathworks, USA).  

 

Flux data were then processed using the REddyProc package in R for gap-filling, u* 

filtering, and flux partitioning (Wutzler et al., 2018). Prior to processing, vapour pressure deficit 

(VPD) is calculated from relative humidity and air temperature. Calculated NEE was filtered by a 

friction velocity threshold of 0.14 m s-1, identified following Papale et al. (2006), representing the 

limit of turbulent conditions whereby below the threshold flux data may have large uncertainties 

due to low surface wind speed (Wutzler et al., 2018). This threshold was selected as this was the 

minimal velocity when the correlation with temperature from nighttime data, selected when the 
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global radiation is below 20 W m-2, became weak or absent (Reichstein et al., 2005). Calculated 

NEE was gap filled using the marginal distribution sampling method and look up tables for 

incoming solar radiation (Rg), VPD, Tair, and mean diurnal course, and the number of days used in 

the algorithm increases until a window of more than 2 existing datapoints is identified (Reichstein 

et al., 2005; Wutzler et al., 2018). Proportion of each site and year’s dataset identified as gap prior 

to filling were 43% (Unburned 2019), 45% (Unburned 2020), 61% (Burned 2019), 38% (Burned 

2020). Marginal distribution sampling method was then used to gap fill environmental conditions: 

Rg, Tair, and VPD. 

 

Flux partitioning was completed using daytime-based methods, a modified light-response 

curve that incorporates the temperature-respiration relationship is used to model NEE (Falge et al., 

2001; Lasslop et al., 2010). NEE is the difference between gross primary productivity (GPP) and 

ecosystem respiration (ER) (Eq 3.1). 

 NEE = GPP - ER (3.1) 

A detailed flux footprint analysis was completed using the Kljun et al. (2015) flux footprint 

prediction model in R and a land classification scheme for each study site. A simple linear 

regression analysis was completed to determine if percent of the peat land cover class within each 

half-hour footprint is a significant predictor of flux. 

  

Daily fluxes were calculated by converting the units of each half hourly measurement from 

µmol CO2 m-2 s-1 to g C m-2 d-1, fluxes were then summed for each day. Cumulative fluxes were 

calculated by adding successive daily flux together for a continuous period of time. For all 

measurements a negative flux indicates uptake by the ecosystem, and positive measurements 
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indicate exchange from ecosystem to atmosphere. Uncertainty estimates from half hour and daily 

gap-filled data were used to quantify uncertainty in the cumulative flux estimates for the summer 

season (Liu et al., 2009; Moncrieff et al., 1996; Richardson et al., 2012). For this analysis, growing 

season is from May 1 to October 31, and the summer season is classified as June 1 to August 31. 

 
3.3.3  Plot-scale measurements 
 
Static chamber CO2 measurements 
 

CO2 exchange at the plot scale were measured using the static chamber approach. At the 

unburned peatland, five circular collars (20.5 cm diameter) were permanently placed in areas of 

the peatland characterized with ‘shallow’ peat depth, and five collars were placed areas of the 

peatland with ‘deep’ peat depth. Locations were selected to have varied microtopography and 

vegetation cover. In the burned peatland, six identical collars were placed in three paired 

hummock-hollow locations in the middle of the peatland. Four collars were placed in the margin, 

where there is minimal microtopography. Collars were inserted into the peat one week prior to 

sampling. 

 

For each measurement, a clear plastic chamber (40.5 cm height, 20.5 cm diameter) was 

placed over each collar. Using a syringe, water was placed within the collar groove in order to 

create a seal with the chamber. A portable infrared gas analyzer (EGM-5, PP Systems) was used 

to measure CO2 concentration every 10 seconds for a total sample time of 2 minutes. To help 

regulate temperature changes inside the chamber, cold water was pumped through the spiral copper 

coil inside the chamber every three to five measurements and a battery-operated fan was located 

at the top of the chamber for air circulation. Three measurements were taken at each collar, 

representing full light, half light using a sheer shroud, and dark condition using an opaque shroud 
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for respiration. PAR was recorded using a handheld sensor (Apogee Instruments) simultaneously 

with CO2 concentration. Between each measurement, the chamber was removed from the collar to 

allow concentrations to return to ambient conditions. 

 

Peat temperature at 10 cm depth was measured prior to every CO2 measurement using a 

handheld temperature probe (Temp JKT Thermocouple Thermometer, Oakton Instruments), and 

volumetric water content was measured for the upper 6 cm depth using a handheld moisture probe 

(ML3 ThetaProbe Soil Moisture Sensor, Delta-T Devices). 

 

Chamber CO2 fluxes were calculated from the slope of the change in concentration over 

time. Fluxes with an R2 < 0.5 were flagged and assessed manually for uncharacteristic behaviour 

over the sample time and subsequently removed, resulting in the removal of 1% of data points. 

 

Vegetation surveys 
 

Vegetation surveys were conducted 2 years post-fire, in July of 2020. Within the middle 

and margin areas of the burned site, plots were selected based on previously conducted depth of 

burn surveys (Wilkinson et al., 2020).  Surveys were completed in 5 plots in the peatland middle 

and 5 plots in the peatland margin. Using a 1 m x 1 m quadrat, the total percent cover of bare peat, 

bare rock, litter, moss/lichen, and vascular plants were recorded. The percent cover of each species 

of moss, lichen, and vascular plants were also recorded. The dominant microform within each 

quadrat was classified (i.e. hummock, hollow, intermediate). Pre-fire peat depth data for each plot 

was previously recorded, and survey sites were selected at the unburned site using the range of 

pre-fire peat depth for margin and middle from the burned site.  
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Identical vegetation surveys were conducted within each CO2 collar after installation. Leaf 

area index (LAI) was quantified at each collar by counting total vascular leaves within the collar 

area for each month of flux measurements, similar to Strack et al. (2006). For each vascular species 

present in the collars, three individuals outside of the collars were selected, all leaves were counted 

and length and width dimensions were measured to calculate average surface area of the leaves 

using standard geometric shape of the leaf (e.g. ellipse) (Wilson et al., 2007). The average surface 

area was multiplied by the number of leaves in each collar, and divided by collar area to determine 

LAI (Strack et al., 2006).  

 

3.3.4 Analyses 
 

Analyses were completed in R, version 4.0.3 (R Core Team, 2020). Ecosystem-scale 

growing season daily CO2 fluxes were compared between sites and years using a Wilcoxon rank 

sum test, as the flux datasets for both sites did not meet the assumption of normality. The 

ecosystem-scale fluxes capture the general growing season from May 1 to October 31. When 

specified, portions of the analysis are focused only on the summer season, classified as the months 

of June, July, and August. At the plot-scale, to compare differences in CO2 fluxes and 

environmental variables, Kruskal-Wallis analysis of variance tests were completed on the data 

grouped by (1) site (burned/unburned) and (2) peat depth zone (shallow/deep). Statistical tests 

were deemed statistically significant to the p < 0.01 level. 

 

Light response 
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Light response curves were estimated from the relationship between measured NEE (µmol 

m-2 s-1) and incoming PPFD (µmol m-2 s-1) using the nonlinear least squares analysis in R. The 

light response relationship was evaluated based on the rectangular hyperbola equation from 

Frolking et al. (1998) (Eq 3.2): 

 𝑁𝐸𝐸	 = 	
∝ 	𝑃𝑃𝐹𝐷	𝐺𝑃𝑃!"#
	∝ 𝑃𝑃𝐹𝐷	 + 𝐺𝑃𝑃!"#

+ 	𝑅 (3.2) 

where ∝ represents the quantum yield (initial slope), R is the y-intercept (representing ecosystem 

respiration when there is no available light; µmol m-2 s-1), GPPmax is the maximum gross 

photosynthesis (µmol m-2 s-1). The initial conditions for ∝ and GPPmax specified within the nls 

function were 0.001 and 0.3, respectively, for plot-scale relationships and 0.01 and 5, respectively, 

for the ecosystem-scale relationships.  

 

Ecohydrological controls on plot-scale CO2 exchange 
 

Generalized linear mixed effects models (GLMM, lme4, Bates et al., 2015) were used to 

determine the effects of ecohydrological variables on plot-scale fluxes (NEE, GPP, ER). The NEE 

data was normally distributed, and while GPP and ER followed a gamma distribution (fit with 

gamma distribution and log link using glmer). We tested models with a combination of peat 

temperature, VWC, mean PPFD, and LAI, with plot number as a random effect to account for non-

independence of samples from the same plot. The models were compared using ANOVA, and 

model selection was based on Akaike’s Information Criterion, likelihood ratio test. Variance 

inflation factor indicating multicollinearity, correlation of fixed effects, and estimate size were also 

considered following model comparison and selection.  
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3.4  Results 
3.4.1  Environmental variables 
 

Mean air temperatures were lower in 2019 than 2020 for both sites. At the unburned site 

growing season (May to October) daily air temperature ranged from 2.8 to 24.6 oC in 2019, and -

1.34 to 25.3 oC in 2020, with mean daily air temperatures of 14.9 and 16.3 oC in 2019 and 2020, 

respectively. At the burned site, mean growing season air temperature was 15.8 and 16.9 oC in 

2019 and 2020, respectively. In comparison to the climate normal from the nearest Environment 

Canada weather station (Parry Sound Station, 79 km from burned site), mean daily air temperatures 

for the whole growing season were greater than the 19-year long-term average, with the exception 

of 2019 at the unburned site (Environment Canada, 2021). At both sites, all months experienced 

colder than monthly average temperatures, with the exception of June and July of 2020 which were 

warmer than average.  

 
Rainfall during the study period exceeded the long-term total growing season rainfall at the 

burned site for both years. At the burned site, total growing season rainfall was 508 mm for 2019, 

and 449 mm for 2020. Total growing season rainfall was greater at the unburned site than at the 

burned site for both years, where the unburned site accumulated 543 mm in 2019 and 481 mm in 

2020. The summer season, June to August, in 2019 was drier than 2020, where there are more 

frequent rain events in the summer of 2020 (Figure 3.1). In September, both years experienced 

colder than average temperatures.  

 

Water table dynamics closely followed daily rainfall throughout the growing season 

(Figure 3.1). The trends in water table depth were also similar between sites, although mean water 

table was deeper in 2019 than 2020 at both sites. Mean water table depth at the unburned site was 
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0.16 m and 0.10 m in 2019 and 2020, respectively. While at the burned site mean water table depth 

was 0.19 m and 0.12 m in 2019 and 2020, respectively. 2019 experienced a dry summer for the 

region, where water table depth fell below 0.4 m in August at both sites. In 2020, water table depth 

during the growing season was sustained by larger and more frequent rain events, markedly 

throughout the end of the summer season in July and August. These events kept the water table 

closer to the surface, in the top 20 cm of peat at the unburned site and in the top 40 cm of peat at 

the burned peatland. 

 

The daily diurnal cycle of PPFD follows a characteristic trend, and for both sites maximum 

PPFD occurred in July in 2019 and June in 2020. Mean growing season PPFD at the unburned site 

was greater in 2019 than 2020, while at the burned site mean growing season PPFD was similar 

between years (Table 3.1). 
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Table 3.1: Environmental variables for unburned and burned sites for 2019 and 2020, including 

daily CO2 fluxes from the eddy covariance towers. Winter air temperature data are missing for 

2020 at the unburned site, and winter of 2019 at the burned site. 

 
Unburned Burned 

 
2019 2020 2019 2020 

Tair (oC) 14.9 16.3 14.4 16.8 

January mean Tair (oC) -11.5 
  

-5.0 

July mean Tair (oC) 20.7 21.5 19.4 22.4 

Mean WTD (m) 0.16 0.10 0.19 0.12 

Total rainfall (mm) 531 481 368 380 

Mean PPFDGS (umol m-2 s-1) 1106 1020 1123 1125 

Mean NEEGS (g C m-2 d-1) -0.27 -0.54 -0.09 -0.79 

GS NEEmax (g C m-2 d-1) -2.54 -2.91 -1.69 -2.33 



M.Sc. Thesis – R. McDonald;  McMaster University – School of Earth, Environment and Society 
  
 

 77 

 

Figure 3.1: (A, B) Mean growing season daily air temperature (oC), (C, D) mean growing season 

daily water table depth (m), (E, F) daily rainfall (mm), (G, H) daily NEE (g C m-2 d-1), and (I, J) 

daily diurnal cycle of photosynthetic photon flux density (PPFD, µmol m-2 s-1) for a typical week 

of the growing season (July 1-7). Left column shows unburned site, right column shows burned 

site. Years are represented by colours: 2019 - purple, 2020 – green. 
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3.4.2  Vegetation composition  
 

Flux plots and general vegetation surveys were separated by peat depth into shallow and 

deep zones, and shallow zones were more severely burned and located in the margin of the 

peatlands (Wilkinson et al., 2020).  

 

In the flux collars, mean peat depth for both categories was greater at the burned site than 

the unburned site (Table 3.2). Peat depth at the unburned peatland ranged from 35.5 – 45.5 cm in 

the shallow zone and 57.2 – 87.0 cm in the deep zone. At the burned peatland, peat depth ranged 

from 43.1 cm to 115 cm across both shallow and deep zones. Moss, lichen, and vascular plants 

dominated the composition of flux plots at the unburned site, litter covered less than 5% of the 

plots, and no bare peat was present at the time of sampling. At the burned peatland, bare peat was 

more prevalent in the deep zone than the shallow zone, however more moss and litter was present 

in the shallow zones (Figure 3.3). There was a similar mean percent cover of vascular plants in the 

shallow and deep zones. 

 

In the flux collars, moss species at the unburned site was composed of Sphagnum fallax 

and Sphagnum palustre, and vascular plants in the flux collars was dominated by Chamaedaphne 

calyculata. In the burned peatland, moss species present included Sphagnum fallax and Sphagnum 

palustre, as well as Polytrichum strictum, Sphagnum papillosum, and singed Sphagnum at the deep 

flux plots only. The vascular species present at the burned site included Chamaedaphne calyculata 

in all plots, Epilobium angustifolium, Kalmia angustifolia, Kalmia polifolia, Maianthemum 

trifolium and Rhododendron groenlandicum. 

 



M.Sc. Thesis – R. McDonald;  McMaster University – School of Earth, Environment and Society 
  
 

 79 

Table 3.2: Mean vegetation characteristics (s.d.) for unburned and burned flux plots, separated 

by peat depth categories (shallow, deep). 

 Unburned  Burned  
 Shallow Deep Shallow Deep 
Peat depth (cm) 39.6 (4) 70.8 (12) 53.7 (10) 93.0 (22) 
Peat depth range (cm) 35.5 – 45.5 57.2 – 87.0 43.1 – 66.6 64.3 – 115.0 
% Bare peat 0 (0) 0 (0) 5.8 (7) 29.5 (27) 
% Moss/Lichen cover 78.9 (18) 79.5 (20) 52.8 (25) 34.5 (29) 
% Litter 2.1 (2) 3.5 (1) 17.7 (21) 10.1 (7) 
% Vascular 19.0 (18) 17.0 (19) 23.8 (31) 25.8 (11) 
LAI 0.64 (0.3) 0.90 (0.5) 0.51 (0.5) 1.17 (0.9) 

 



M.Sc. Thesis – R. McDonald;  McMaster University – School of Earth, Environment and Society 
  
 

 80 

 
Figure 3.2: Vegetation community composition from general vegetation surveys and flux plots, 

indicating the proportional cover of bare peat (light blue), litter (dark blue), moss and lichen (light 

green), and vascular species (dark green). Surveys were completed in July and August 2020.  
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3.4.3 Ecosystem-scale CO2 exchange 
 

Growing season NEE at the unburned site ranged from -2.53 g C m-2 d-1 to 3.05 g C m-2 d-

1 in 2019, and -2.91 g C m-2 d-1 to 2.84 g C m-2 d-1 in 2020. At the burned site in 2019 and 2020 

growing season daily NEE ranged from -1.69 g C m-2 d-1 to 2.40 g C m-2 d-1, and -2.33 g C m-2 d-

1 to 1.73 g C m-2 d-1, respectively. The magnitude of growing season mean daily NEE, GPP, and 

ER were greater at the unburned site than the burned site, and greater in 2020 than 2019 at the 

unburned site (Table 3.3, Figure 3.3). There were significant differences between the burned and 

unburned daily GPP in both years (2019: p = 1.10e-11, Wilcoxon V = 12259, n=153; 2020: p = 

6.68e-06, Wilcoxon V = 15180, n=153). The unburned site switches from net CO2 sink to source, 

end of carbon dioxide uptake period, earlier than at the burned site in both years of the study period. 

Unburned NEE changed from negative (uptake) to positive (emission) on August 14 in 2019 and 

August 27 in 2020. At the burned site, NEE changed from negative to positive on September 20 

in 2019 and September 27 in 2020. 
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Table 3.3: Growing season (May to October) mean daily net ecosystem exchange (NEE, g C m-2 

d-1), gross primary productivity (GPP, g C m-2 d-1), ecosystem respiration (ER, g C m-2 d-1) and 

summer maximum daily NEE, GPP, ER (g C m-2 d-1) for 1- and 2- years post-fire (2019 and 2020, 

respectively) for the unburned and burned sites. 

 Unburned Burned 
Growing season  2019 2020 2019 2020 
NEEmean -0.27 (1.01) -0.54 (1.25) -0.09 (1.08) -0.79 (0.84) 
GPPmean -3.28 (1.37) -3.45 (2.00) -2.05 (1.37) -2.60 (1.66) 
ERmean 2.53 (1.01) 2.82 (1.65) 2.53 (2.84) 1.82 (1.22) 
Summer (JJA)     
NEEmax -2.54 -2.91 -1.69 -2.33 
GPPmax -6.64 -7.25 -6.36 -5.74 
ERmax 5.91 6.78 18. 4.50 
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Figure 3.3: Growing season daily net ecosystem exchange (NEE), gross primary production 

(GPP), and ecosystem respiration (ER) in 2019 (purple) and 2020 (green) sites, for the unburned 

(light grey) and burned sites (black). Data included is from summed half hourly fluxes for May 1 

to October 31 of each year (Data starts July 2019 for the burned site). 
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Table 3.4: Results of paired Wilcox Rank sum test for daily NEE, GPP, ER by year between sites 

(n=153). 

Year Flux Statistic (W) p-value 
2019 NEE 12259 4.74e-01 
2020 NEE 10315 7.18e-02 
2019 GPP 16960 1.10e-11 
2020 GPP 15180 6.68e-06 
2019 ER 10679 1.85e-01 
2020 ER 7573 8.62e-08 

 
 
 
3.4.4 Burned cumulative fluxes for full year 
 

Cumulative NEE from July 2019 to October 2020 at the burned site decreases (greater 

uptake) from July throughout the summer months (Figure 3.4). The site carbon uptake period ends 

in October, indicated by the local minimum in September of 2019. The site resumes CO2 

accumulation in March, where following the local maximum in March cumulative NEE transitions 

to a declining slope indicative of the change from a net emission to net uptake of CO2 until the end 

of the study period in October 2020. ER continues at a similar rate throughout the winter months, 

showing the dominance of ER in NEE over the winter as GPP. Rate of GPP uptake slows around 

October/November, influencing the transition from negative NEE (net uptake) to positive NEE 

(net emission) at this time. Cumulative GPP slows to a proportion of peak summer GPP but 

continues to increase over fall and winter. The rate of CO2 uptake from GPP ramps up in the spring 

around April, and the increased slope in June is an indication of the transition from spring green-

up to summer photosynthesis.  
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Figure 3.4: Cumulative CO2 flux (g C m-2) from July 2019 to October 2020 for the burned site 

using daily flux data. Line type shows CO2 flux type: solid - NEE, dotted - GPP, dashed - ER. 
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3.4.5 Light response relationship 
 

The initial slope of the summer (JJA) light response relationship, quantum yield (∝), was 

greater for the unburned sites in both years of the study. For both sites, quantum yield was greater 

in 2020 than 2019 (Figure 3.5). Quantum yield was 0.017 (± 0.0005) in 2019 and 0.020 (± 0.0004) 

in 2020 at the unburned site, and 0.013 (± 0.0008) in 2019 and 0.013 (± 0.0002) in 2020 at the 

burned site. There is a greater magnitude of NEE and greater GPPmax at both sites in 2020 resulting 

in greater quantum yield, thereby shifting the light response relationship in comparison to 2019. 

At the unburned site, GPPmax was -12.8 (± 0.2) g C m-2 d-1 in 2019 and -16.7 (± 0.2) g C m-2 d-1 in 

2020. At the burned site, GPPmax was -12.8 (± 0.6) g C m-2 d-1 in 2019 and -13.9 (± 0.2) g C m-2 d-

1 in 2020. 

 
 

 
Figure 3.5: Ecosystem-scale light response relationship between half-hourly summer (months: 

JJA) net ecosystem exchange (NEE, µmol m-2 s-1) and photosynthetic photon flux density (PPFD, 

µmol m-2 s-1) for each site (left – unburned, right – burned)  and year (purple - 2019, green - 2020).  
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3.4.5 Plot-scale variables 
 

Peat temperatures were significantly greater at the unburned peatland, within both the deep 

and shallow peatland zones compared to the burned peatland (Kruskal-Wallis, p < 0.01; Table 3.6). 

In both peatlands, VWC was significantly greater in the shallow margins of the peatlands than the 

deep middle regions (p < 0.01; Table 3.5). In contrast, LAI was significantly lower in the shallow 

margins than the deep regions of both the unburned and burned peatlands (p < 0.01; Table 3.5), 

with greater moss, lichen, and litter cover than the deep region of the burned peatland (Figure 3.2).  

 
 
Table 3.5: Mean environmental variables and CO2 fluxes for plot-scale measurements and results 

from the Kruskal-Wallis analysis of variance test for significant differences between sites. 

 Unburned Burned KW test 
(H-statistic, p=value) 

Mean LAI 0.79 (0.4) 0.84 (0.8) 0.52, p=0.47 
Mean peat temperature (oC) 17.2 (3.8) 14.0 (3.1) 45.23, p<0.01 
Mean VWC (m3 m-3) 0.86 (0.2) 0.80 (0.3) 0.63, p=0.43 
Mean PPFD (µmol m-2 s-1) 756 (420) 811 (353) 1.6, p=0.2 
Mean NEE (g C m-2 d-1) -0.11 (0.1) -0.03 (0.2) 9.9, p<0.01 
Mean GPP (g C m-2 d-1) -0.29 (0.2) -0.32 (0.3) 0.13, p=0.7 
Mean ER (g C m-2 d-1) 0.19 (0.1) 0.28 (0.2) 17.0, p<0.01 
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Plot-scale CO2 exchange 
 

At the unburned site at the plot-scale, NEE ranged from net uptake of -0.52 g C	m-2 d-1 to 

net emission of 0.23 g C m-2 d-1. All mean fluxes (NEE, GPP, and ER) were greater at in the deep 

peat areas of the unburned peatland than the shallow margin areas, however only mean NEE in the 

deep zone was significantly different to NEE in the shallow zone (Kruskal-Wallis, p < 0.01; Figure 

3.6). Deep peat areas in the middle of the unburned peatland had a mean NEE of -0.14 g C m-2 d-

1 and  shallow margin areas mean NEE of -0.08 g C	 m-2 d-1 (Figure 3.6).  

 

At the burned site, NEE ranged from net uptake of -0.79 g C m-2 d-1 in the shallow margin 

to net emission of 0.64 g C m-2 d-1 in the deep middle. Shallow areas of the burned peatland margins 

had greater mean NEE (-0.06 g C m-2 d-1) compared to the deep peat areas (NEE: -0.02 g C m-2 d-

1),  and similar GPP across zones. Mean ER at the burned peatland was similar between zones and 

maximum ER fluxes were measured in the deep peat in the peatland middle (Table 3.5; Figure 

3.6). None of the fluxes were significantly different between shallow and deep zones of the burned 

peatland.  

 

Mean NEE and ER at the unburned peatland were significantly different to the burned 

peatland, with greater net uptake at the unburned site (more negative NEE) and significantly 

greater ER at the burned peatland (Table 3.5; p < 0.01).   
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Table 3.6: Summary data for plot-scale (± s.d.) measurements collected in August and September 

2020 at flux plots.  

 Unburned  Burned  
 Shallow Deep Shallow Deep 
Mean LAI 0.64 (0.3) 0.90 (0.5) 0.51 (0.5) 1.17 (0.9) 
Mean peat temperature (oC) 17.0 (3.5) 17.3 (4.1) 14.4 (2.9) 13.7 (3.1) 
Mean VWC (m3 m-3) 0.96 (0.1) 0.76 (0.3) 1.00 (0) 0.64 (0.4) 
Mean NEE (g C m-2 d-1) -0.08 (0.1) -0.14 (0.1) -0.06 (0.3) -0.02 (0.2) 
Mean GPP (g C m-2 d-1) -0.25 (0.1) -0.33 (0.2) -0.33 (0.3) -0.32 (0.3) 
Mean ER (g C m-2 d-1) 0.18 (0.1) 0.19 (0.1) 0.27 (0.1) 0.29 (0.2) 
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Figure 3.6: Plot-scale mean CO2 flux (g C m-2 d-1) by peat depth category: shallow peat within the 

peatland margins and deep peat in the middle of the unburned and burned peatland. Colours 

representing sites: blue – unburned, red – burned. Error bars showing ± standard error. 
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Light response relationship 
 

At the plot-scale, the slope of the light response relationship, the quantum yield, is greater 

for the burned plots than the unburned (Table 3.7). However GPPmax is greater at the unburned 

site. The differences in quantum yield between sites is the opposite at the plot-scale than the 

ecosystem-scale light response relationship. The light response relationship shows a similar 

relationship to the ecosystem-scale, where the curve is positioned lower (higher) at the burned site 

indicating the flux at saturation light levels is lower at the burned site than the unburned site (Figure 

3.7). When examining at the light response relationship with GPP, the relationship between sites 

is similar however GPP at the burned site has a greater range and variability at different light levels 

(Figure 3.7). There appears to be a difference in the ability to photosynthesize at low PAR levels. 

A lower asymptote with similar slope would indicate saturation occurs at lower light levels for the 

burned site than the unburned site. 

 

Table 3.7: Parameters for plot-scale light response curve using Frolking et al. (1998) rectangular 

hyperbola relationship for peatland ecosystems. 

 
Quantum yield (∝) GPPmax (g C m-2 d-1) 

Unburned 0.002 (± 0.0004) -0.42 (± 0.04) 

Burned 0.003 (±0.0016) -0.39 (± 0.06) 
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Figure 3.7: Plot-scale light response relationship from chamber-based flux measurements, 

showing the relationship between net ecosystem exchange (NEE, g C m-2 d-1) and photosynthetic 

photon flux density (PPFD, µmol m-2 s-1) for the (left, blue) unburned and (right, red) burned sites 

in August and September 2020. 
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3.4.6 Ecohydrological controls on plot-scale CO2 exchange 
 

Generalized linear mixed effects models with the three variables LAI, peat temperature, 

and mean PPFD were selected to predict NEE and GPP fluxes, as this model had the lowest AIC 

in both cases and the addition of variables passed the likelihood ratio test. Results from generalized 

linear mixed effects modelling suggest LAI is a significant control on NEE and GPP at the plot-

scale in the unburned site, showing the largest effect size (NEE: est = -0.18, stat = -4.47, p < 

0.001; GPP: est = 0.59, stat = 2.71, p = 0.007) (Table 3.8). Temperature and PPFD (light 

availability) were also identified as having a significant effect on unburned NEE and GPP. The 

combination of these three predictor variables and the inclusion of plot number as a random effect 

explained most of the variation in GPP (R2cond = 0.95, n = 128). Temperature was the main control 

on ER in the unburned peatland (est = 0.10, stat = 11.43, p < 0.001), and most of the variation in 

ER was explained by this variable and plot number (R2cond  = 0.97, n = 128, Figure 3.8). 

 

Results from the generalized linear mixed effects modelling suggest that at the burned 

peatland peat temperature was a significant control on NEE, GPP, and ER at the plot-scale (Table 

3.9). For burned NEE and GPP, peat temperature had the greatest coefficient (NEE: est = -0.02, 

stat = -4.10, p < 0.001; GPP: est = 0.14, stat = 15.68, p < 0.001), and for ER LAI exhibited the 

largest effect (est = 0.38, stat = 2.56, p = 0.010). The combination of temperature, PPFD, and plot 

number as a random effect explained a large portion of the variation in GPP (R2cond = 0.95, n = 

104). For ER, the combination of temperature, LAI, and a random effect of plot number explained 

a significant portion of the variance in ER (R2cond = 0.93, n = 112). 
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Table 3.8: Generalized linear mixed effects model parameters for unburned NEE, GPP, and ER 

from plot-scale flux measurements. 

 Variable Estimate Std. error Statistic p-value 
NEE Intercept -0.03 0.04 -0.58 0.5610 
 LAI -0.18 0.04 -4.47 < 0.0001 
 Temperature 0.01 0.00 2.78 0.0054 
 PPFD -0.00 0.00 -2.84 0.0045 
GPP Intercept -2.83 0.17 -16.55 < 0.0001 
 LAI 0.59 0.22 2.71 0.0068 
 Temperature 0.03 0.01 4.62 < 0.0001 
 PPFD 0.00 0.00 7.56 < 0.0001 
ER Intercept -3.68 0.23 -16.01 < 0.0001 
 Temperature 0.10 0.01 11.43 < 0.0001 

 
 

Table 3.9: Generalized linear mixed effects model parameters for burned NEE, GPP, and ER from 

plot-scale flux measurements. 

 
 Variable Estimate Std. error Statistic p-value 
NEE Intercept 0.44 0.12 3.81 0.0002 
 Temperature -0.02 0.01 -4.10 < 0.0001 
 PPFD -0.00 0.00 -3.80 0.0001 
GPP Intercept -4.59 0.41 -11.16 < 0.0001 
 Temperature 0.14 0.01 15.68 < 0.0001 
 PPFD 0.00 0.00 9.12 < 0.0001 
ER Intercept -2.55 0.25 -10.05 < 0.0001 
 LAI 0.04 0.01 2.98 0.0029 
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Figure 3.8: Plot-scale relationship between ecosystem respiration (ER, g C m-2 d-1) and peat 

temperature (oC), from chamber-based flux measurements in August and September 2020. 

Colours represent sites (unburned, blue; burned, red). 
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3.5 Discussion 

 
3.5.1  Post-wildfire CO2 exchange 
 

With almost two years of growing season CO2 exchange measurements at an unburned and 

burned site in the Canadian Shield rock barrens region, we can quantify post-wildfire recovery of 

CO2 exchange processes and assess the role of interannual variability in climatic variables on CO2 

exchange trends throughout the summer season. Water table dynamics throughout the growing 

season closely followed rainfall events, owing to the natural fill and spill hydrological dynamics 

and connectivity of the landscape (Spence and Woo, 2003). The similar diurnal cycle of PPFD and 

no discernable differences in VPD between sites indicates the two sites in this study are 

experiencing similar air masses (Figure 3.1). During the summer season (June, July, August) of 

2019, there was a considerable summer drying period at both sites, where the water table falls 

below 30 cm for more than a week (Figure 3.1). In 2020, more frequent and greater rainfall events 

throughout the summer season maintained the water table in the top 30 cm of the peat surface at 

the unburned peatland and top 40 cm of peat at the burned peatland. We have considered 2020 as 

a wet summer year and 2019 as a dry summer year when compared to the temperature and rainfall 

trends from the past five years at the unburned site, 2016 to 2020 (Chapter 2). 

 

Ecosystem-scale NEE fluxes were similar to the unburned and post-wildfire sites of 

Morison et al. (2020). Interannual variability in NEE and GPP fluxes followed similar trends 

between sites. At the unburned site, growing season mean NEE was not significantly different 

between years (Figure 3.3). In the dry summer year (2019) there was lower mean GPP and ER 

compared to the wet summer year at the unburned site. While drought in peatlands has been shown 

to affect either of the component fluxes, GPP and ER (Adkinson et al., 2011; Aurela et al., 2007; 
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Cai et al., 2010; Lund et al., 2010; Sonnentag et al., 2010; Strachan et al., 2016), in this region of 

the boreal shield there is evidence from interannual variability in CO2 exchange and climatic 

variables that GPP is more strongly affected by changes in water availability than other climatic 

factors (see Chapter 2). Greater photosynthetic efficiency in the wet summer of 2020 at the 

unburned site, indicated by the shift in light response relationship compared to 2019 (Figure 3.5), 

may have contributed to the increase in ER under wet conditions due to greater autotrophic 

respiration (Moore et al., 2002). Some areas of the burned peatland may experience greater light 

availability, due to the loss of canopy cover from the wildfire, however further research with 

greater spatial variability across the burned peatland and burned landscape would be helpful to 

investigate this further.  

 

At the plot-scale, burned NEE and GPP were slightly reduced compared to the unburned 

fluxes in both the shallow and deep zones of the peatland, similar to Morison et al. (2021). At the 

unburned site there was a significant change in LAI across the peatland zones, which was identified 

as a significant control on NEE. Although greater vascular cover was found in the deep middle of 

the burned peatland and mosses cover in the shallow margins, this relationship with LAI and NEE 

was not obvious in the burned peatland but was present for LAI and ER. Temperature was 

identified as having a significant control on all burned CO2 fluxes (NEE, GPP, and ER) and may 

be due to a shift in the nonlinear relationship between ER and temperature (Lloyd, Taylor, 1994), 

where at a given temperature ER at the unburned site is lower than the burned (Figure 3.8). There 

was also significantly greater ER at the burned site than the unburned site, which may be a result 

of greater autotrophic respiration and nutrient addition to the burned peatland following wildfire 

(Moore et al., 2002; Morison et al., 2021; van Beest et al., 2019). 
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The recovery of net C uptake post-wildfire in boreal peatlands has been shown to change 

from net source of C back to net sink of C about 13 to 20 years following wildfire (Wieder et al., 

2009), however some peatlands in this region will not recover the carbon lost before the next fire 

(Ingram et al., 2018). The growing season ecosystem-scale CO2 fluxes and short snapshot of late 

summer plot-scale processes from this study have shown the burned landscape to be a net CO2 

sink for the growing season and summer period 1- and 2- years post-wildfire. Considering the C 

loss from the PS33 wildfire (1.61 ± 0.97 kg C m-2, Wilkinson et al., 2020) and the total annual of 

C uptake from NEE of -50 g C m-2 (from July 2019 to June 2020), we can estimate the amount of 

C lost from peatlands in the wildfire has the potential to recover in about 32 years when accounting 

for only CO2 exchange, provided the burned peatlands stay wet. 

 

This rapid recovery to a CO2 sink, compared to the boreal plains, throughout the growing 

season may be a result of the unique structure and function of boreal shield peatlands. Peatlands 

in the boreal shield may be smaller and thinner than those in the boreal plains and are likely to be 

more responsive to wetting and drying throughout the growing season. These peatlands effectively 

turn on and off in response to water availability, reflected in decreased moss productivity during 

drought (Moore et al., 2021) and differences in total GPP rates in wet and dry summers (Chapter 

2). Uniquely, these boreal shield peatlands also hydrologically reset in the fall and spring, where 

winter conditions and snowmelt commence water movement on the landscape in the spring, 

keeping the water table closer to the peat surface into the start of the growing season. While this 

study has shown the vegetation recovery has progressed successfully in the first two years post-

wildfire, contributing to a net CO2 sink for a full year post-wildfire (July 2019 to 2020), a full 
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analysis of the post-wildfire C budget would be valuable given the role of water availability on 

peatland ecohydrological processes in this landscape. 

 

Plot-scale fluxes from this study are lower than other literature using a similar measurement 

design, however plot-scale measurements were completed towards the onset of fall senescence 

(late August, September) and were similar to Bubier et al. (1998). Temporal resolution of plot-

scale sampling was limited due to the COVID-19 pandemic restrictions; therefore, it would be 

valuable to continue this study design over the whole growing season.  

 

3.5.2  Environmental changes post-wildfire contributing to CO2 flux patterns 
 

Peat depth has been identified as a control on peat burn severity from the PS33 wildfire, 

with areas of deep peat experiencing lower severity burning than shallow peat areas (Wilkinson et 

al., 2020). These shallow peat areas which underwent severe burning were predominantly in the 

margins of the peatland, closest to upland open bedrock and forest areas. Hummock-hollow 

microtopography was not present in the margin of the burned peatland, however microtopography 

was identified in the middle of the burned peatland. Despite these differences in burn severity and 

microtopography, vegetation productivity (GPP) did not vary significantly across the peatland 

shallow (margin) and deep (middle) zones. At the ecosystem-scale, GPP followed similar trends 

with climatic variability observed at the unburned site across 1- and 2- years post-fire, and may be 

attributed to the rapid recolonization of the burned landscape by early successional bryophytes and 

vascular species across the range of burn severity observed. 
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Recolonization of the plant community post-wildfire resembled the observed differences 

in burn severity across the peatland.  Margins with deep burning had greater Polytrichum sp. 

regrowth,  which has been characterized as a pioneer species in peatlands post-wildfire (Grau-

Andrés et al., 2019; Maltby et al., 1990), than Sphagnum sp. The rhizoids of Polytrichum rigidly 

attach into peat soils, providing an important stabilization function for post-wildfire soils 

(Groeneveld and Rochefort, 2005). Polytrichum sp. have also been found to facilitate the growth 

of later successional vegetation, including Sphagnum sp. (Groeneveld et al., 2007), and we found 

Sphagnum shoots were interspersed within the Polytrichum cover in some of the flux plots in the 

2nd year post-fire. Continuous monitoring of Sphagnum recovery in the years following wildfire in 

this landscape is important as Sphagnum recovery is essential to return the peatland to a C sink 

following disturbance, such as mined peatland restoration (Waddington et al., 2010; Waddington 

and Warner, 2001).  

 

Intact, but singed, Sphagnum were present in the peatland middle, as well as a few fully 

intact hummocks that did not appear to be subjected to burning, however these intact hummocks 

were not monitored. The rapid recolonization of the burned peatland within the first two years 

post-fire may have been a result of the presence of areas of potential wildfire refugia, which has 

been described as areas where vegetation survives within the fire footprint at various spatial scales 

and thus allowing for vegetation dispersal into disturbed areas (Hylander and Johnson, 2010; 

Meddens et al., 2018; Robinson et al., 2013). The presence of wildfire refugia has been connected 

to wildfire intensity and is intrinsically heterogeneous (Hylander and Johnson, 2010).  
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Changes in the nutrient availability in a post-wildfire ecosystem may promote different 

rates of vegetation recolonization, as deeper burned areas have been associated with changes in 

nutrient availability, including increased phosphorus (P) and nitrogen (N) concentrations (Morison 

et al., 2021; van Beest et al., 2019). Increased P in the margins of wetlands within the PS33 wildfire 

footprint has been measured (Chow-Fraser, personal communication), however further research is 

needed to examine connections between vegetation colonization and biogeochemical changes 

post-wildfire in the rock barrens landscape. 

 
 
3.5.3  Implications for climate change 
 

The predicted increase in air temperature and precipitation with climate change in the 

Eastern Georgian Bay region may have significant effects on C cycling in this boreal shield rock 

barrens ecosystem (D’Orgeville et al., 2014; Mortsch and Quinn, 1996; Notaro et al., 2015). The 

increase in air temperature is expected to lead to water loss from the ecosystem through increased 

evaporation and evapotranspiration (Helbig et al., 2020). Increased temperatures may also promote 

a longer growing season, lengthening the summer season, resulting in changes to the magnitude 

of CO2 fluxes in the shoulder seasons (Lund et al., 2010). Under a warming climate, carbon in 

peatlands will be vulnerable to loss through changes in the proportion of GPP and ER contributing 

to NEE from interannual climatic variability (Wu and Roulet, 2014), through combustion loss 

(Turetsky et al., 2015; Wilkinson et al., 2020), and post-disturbance recovery (Morison et al., 2020; 

Wieder et al., 2009). Our results at the ecosystem-scale indicate these peatlands may be at risk of 

becoming net CO2 sources during the summer depending on the presence and severity of drought 

conditions keeping the water table low in the peat profile (Chapter 2). Drying conditions also leave 

peatlands susceptible to increased likelihood of ignition and increased fire severity (Nelson et al., 
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2021). The combination of drying and a change in the wildfire disturbance regime may aid in a 

shift in the vegetation composition of peatlands. Sphagnum species composition may shift to 

species that are more desiccant tolerant in response to periodic changes in water table depth 

(Breeuwer et al., 2009), and a full shift in the plant community composition to have greater 

variance and shrub or graminoid dominant over longer time scales of low water availability 

(Dieleman et al., 2015). As temperature exhibited a significant control on CO2 fluxes at the burned 

site, post-wildfire recovery in a warming climate may elevate the contribution of ER to NEE as a 

function of temperature and greater vascular vegetation cover.  
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Chapter 4 - General Conclusions 
 
 

Peatlands are present at varying spatial scales in the EGB rock barrens region of the eastern 

boreal shield ecozone and are important carbon sinks in northern landscapes. In the rock barrens 

of EGB, peat depths are thinner and peatlands may be smaller than other areas of the boreal biome. 

However, ecohydrological processes regulating peatland carbon uptake have shown to be similar. 

Peatlands on this landscape rely on fill and spill hydrological connectivity dynamics, in turn 

regulating water table dynamics through overland flow following rain events (Spence and Woo, 

2003). As such, the peatlands are highly responsive to changes in water availability, or wet and 

dry periods, and may also be shallow enough to lose their water table out of the peat profile during 

drought, reducing moss productivity (Moore et al., 2021) and leaving the ecosystem vulnerable to 

wildfire (Wilkinson et al., 2020). Climate change and drought may leave these peatlands 

unprotected from the loss of the significant C stocks in peat due to changes in water availability 

across this landscape. An understanding of interannual variability of CO2 exchange in boreal shield 

peatlands is fundamental research to evaluate the role of regional climate patterns on C uptake 

capacity of peatland ecosystems and has shown how these ecosystems resume ecohydrological 

processes following wildfire disturbance.  

 
In chapter 2, we present the first long-term CO2 dataset for a peatland in the boreal shield and 

EGB rock barrens region. We use 5-years of data for the growing season, from May to October 

inclusive, to elucidate the main climatic drivers of variability in summer CO2 exchange budgets. 

Using multiple linear regression modelling, we found total summer NEE and GPP to be strongly 

controlled by summer mean water table depth. The relationship between CO2 exchange and water 

table depth is important on this landscape as the peatlands are positioned in shallow bedrock basins, 
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largely separated from regional groundwater, and rely on precipitation and overland flow for 

maintaining water availability to vegetation and wildlife that inhabit these wetlands, including 

reptilian species at risk (Markle et al., 2020). We found summer total ER to be strongly influenced 

by the preceding winter and spring (January to April, inclusive) air temperature, indicating 

snowmelt in the spring increases water availability flowing between landscape units, stimulating 

vegetation productivity, autotrophic respiration, and warmer summer air temperatures. This 

connection between CO2 exchange processes and the water availability may leave peatlands in the 

boreal shield region vulnerable to losing the CO2 uptake capacity with climate change induced 

changes in precipitation frequency, greater increases in air temperature, and water loss through 

greater evapotranspiration (D’Orgeville et al., 2014; Helbig et al., 2021; Mortsch and Quinn, 1996; 

Notaro et al., 2015). Long-term changes to water availability may also promote changes to the 

vegetation community of the peatland, including a shift in Sphagnum spp. distribution and an 

increased proportion of vascular spp. (Breeuwer et al., 2009; Fenner et al., 2007). We suggest that 

further research on the full carbon balance of a boreal shield peatland would be important to 

characterize the sensitivity of different components of the C budget to meteorological interannual 

variability in Eastern Georgian Bay. 

 

In chapter 3, we monitored CO2 exchange in a wildfire-disturbed area 1- and 2- years post-fire 

at the ecosystem- and plot-scale. We found the burned site to be a net CO2 sink for the growing 

season, at both the ecosystem- and plot-scale. A snapshot of more than one continuous year of 

measurements, from July 2019 to October 2020, showed the burned site to also act as a net CO2 

sink from 1 to 2 years post-fire. Using what we learned from chapter 2, we could evaluate if 

interannual meteorological patterns affect the burned landscape similarly to the unburned site. We 
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found greater CO2 uptake in the summer deemed a “wet summer” (2020), and greater 

photosynthetic efficiency in the wet summer year at both the unburned and burned site. This 

analysis indicates the processes necessary for C uptake and subsequent storage of C in the peatland 

may commence in a recently burned peatland given adequate water availability and rapid 

vegetation recovery (Gray et al., 2020; Morison et al., 2021; Waddington et al., 2015). There was 

evidence of effective vegetation recovery of both vascular and moss spp. throughout the burned 

peatland, and may have been due to the presence of fire refugia and sufficient water availability 

on the landscape post-fire (Hylander and Johnson, 2010; Meddens et al., 2018). The vegetation 

functional groups varied by peat depth and burn severity, contributing to different rates of CO2 

exchange between the shallow and deep zones of the burned peatland. We would expect peatlands 

on this landscape to recover the amount of carbon lost by the wildfire within approximately 30 

years, given the rates of net CO2 uptake by the peatlands within the first 2 years post-wildfire. The 

connections to interannual climate variability and wildfire recovery have implications for a 

warming world, where we would expect greater temperatures and rainfall (D’Orgeville et al., 2014; 

Mortsch and Quinn, 1996; Notaro et al, 2015) and pronounced evapotranspiration (Helbig et al., 

2021), leading to decreased water availability. Drier peatlands are more vulnerable to combustion, 

and eventually may release more C to the atmosphere if vegetation recolonization and 

photosynthesis cannot commence to recover the C lost from the wildfire.   

In summary, this research expands the existing literature surrounding environmental controls 

on interannual variability in peatland CO2 exchange dynamics with a dataset from a new 

geographic range, as well as following disturbance. We found summer water table depth to be a 

limiting factor in total summer CO2 uptake, indicating if the water table is lower in the peat profile 

there is a disconnect between vegetation and water supply, thus limiting photosynthesis. This was 
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expanded further by considering this relationship in a recently burned peatland, and found the 

influence of water table and water availability still holds. The rapid recolonization of vegetation 

into the burned peatland advanced the CO2 uptake capacity of the ecosystem within the first two 

years post-wildfire. Our findings show water availability is a key element for peatlands on EGB 

rock barrens to sustain carbon uptake and storage, and vegetation recovery is an essential process 

for returning the burned peatland into a CO2 sink. For future research, an analysis of the full C 

budget of a Canadian shield peatland and in a post-wildfire setting would be useful for expanding 

this interannual climate variability analysis to other components of the C budget. Furthermore, the 

expansion of plot-scale flux measurements to the whole growing season would be useful to 

elucidate connections between environmental conditions, phenology, and C cycling in shield 

peatlands. 
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4.2 Appendix 

 
Photo of peatland study site used in Chapter 2 and “unburned” site in Chapter 3, taken August 
2020. 
 

 
Photo of peatland study site used in Chapter 2 and “unburned” site in Chapter 3, taken August 
2020. 
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Photo of “burned” peatland study site from Chapter 3, with the shallow peatland margin on the 
right side of the photo. Photo taken August 2020. 
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Photo overlooking “burned” peatland study site in Chapter 3 study, photo taken August 2020. 


