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Abstract  

 

Methane (CH4) emissions from Boreal-Arctic wetlands and lakes are likely to increase in 

a warming climate, and thus add to the atmospheric burden of greenhouse gases (GHG). 

However, there are large uncertainties in current estimates of CH4 emissions from northern 

ecosystems, and I have a limited understanding of the sensitivity of northern lake CH4 and 

carbon dioxide (CO2) emissions to warming and the thawing of perennially frozen ground (i.e. 

permafrost)- a critical gap in our ability to predict the future global atmospheric GHG budget. To 

address these knowledge gaps, I integrated meta-data analysis of CH4 fluxes from wetlands and 

lakes across the northern study domain with intensive, multi-year (2017-2019) field studies of 

lake biogeochemistry and GHG exchange across a 1600 km transect of western Canada.  

First, I compiled a comprehensive dataset of small-scale, ground-based CH4 flux data 

from 540 terrestrial sites (wetland and non-wetland) and 1247 aquatic sites (i.e. lakes), from 189 

studies (Chapter 2). The dataset was built in parallel with a novel, CH4-specific land cover 

dataset for the circumpolar north- the Boreal-Arctic Wetland and Lake Dataset (BAWLD), 

allowing for flux observations and spatial distribution of land cover features to be classified 

under the same criteria for the first time at a Boreal-Arctic scale. Most of the observed CH4 flux 

variability from terrestrial and aquatic ecosystems could be explained by a land cover 

classification system focused on splits in permafrost presence and hydrology in wetlands and 

lake size and genesis in lakes. Using land cover class as the main predictor variable, I arrive at a 

new estimate of annual CH4 emissions from the Boreal-Arctic region of ~36.5 Tg CH4 yr-1. This 

estimate is on the low end, but within similar ranges of annual emissions reported from other 

bottom-up studies and is closer to the total emission estimated by inverse models- suggesting 
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distinguishing between land cover class is an important step towards reconciling circumpolar 

emission estimates.  

 To further constrain current estimates of CH4 from northern lakes and assess potential 

changes in lake CH4 and CO2 emissions with warming and permafrost thaw, I measured seasonal 

GHG emissions from 20 peatland lakes across a climate and permafrost gradient in western 

Canada (Chapter 3). Both CO2 and CH4 emissions followed opposing trends across the gradient 

and were associated with different drivers. Less permafrost in the south was associated with 

greater hydrological connectivity, nutrient availability, and thus increased primary productivity 

and uptake of CO2. Conversely, positive trends in CH4 emissions were driven by higher 

temperatures towards the south and augmented by shifts in microbial communities. Using a 

space-for-time approach, the results show that net radiative forcing from altered GHG emissions 

of boreal peatland lakes this century will be dominated by increasing CH4 emissions and only 

partially offset by reduced CO2 emissions. The influence of permafrost thaw on lake productivity 

and reduced CO2 emissions, and the high-temperature sensitivity of CH4 emissions, are likely 

associated with characteristics of peatland lakes and the hydrology/landscape history of their 

surrounding landscape. 

 Finally, I examined the direct effects of permafrost thaw on CH4 and CO2 emissions from 

one peatland thaw lake in northern Alberta (Chapter 4). There was large spatial variation in CH4 

emissions across the lake with the highest ebullitive emissions from the thaw edge and the 

highest diffusive emissions from the thaw edge and stable edge. Ebullitive CH4 and CO2 from 

the thaw edge were older than the stable edge and lake center, signifying GHG’s from the thaw 

edge may be sourced from recently thawed permafrost carbon. While the age of CH4 emitted 

from the thaw edge is similar to other peatland thaw lakes, ebullitive CH4 emissions were an 
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order of magnitude higher than other lakes. This suggests not all peatland lakes have similar 

responses in GHG emissions to permafrost thaw and that other factors including local peat 

history/quantity and lake morphology must be considered.    

Together, the results of this thesis suggest that future research, including GHG emission 

models, should consider wetland and lake classes and regional variability when estimating 

current emissions and projecting changes in future emissions with warming. 
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1. General Introduction  

1.1 Boreal-Arctic methane emissions 

Methane (CH4) is a potent, climate-forcing trace gas (i.e. greenhouse gas) that is naturally 

emitted from wetlands and lakes, which are abundant in northern Boreal and Arctic regions 

(Lehner and Dohl, 2004; Messager et al. 2016). Accurate estimates of CH4 emissions from the 

north are acutely needed to assess the global impact of increasing emissions in response to 

warming and the thawing of perennially frozen ground (i.e. permafrost). Current estimates of 

CH4 fluxes from the Boreal-Arctic region (~>50º N) range between 21-77 Tg CH4 yr-1 

(Bastviken et al. 2011; McGuire et al. 2012; Zhu et al. 2013; Watts et al. 2014; Wik et al. 2016a; 

Tan et al. 2016; Walter Anthony et al. 2016;  Treat et al. 2018; Thompson et al. 2018; Peltola et 

al. 2019; Matthews et al. 2020; Saunois et al. 2020), and make up a significant but unconstrained 

portion of global wetland and freshwater fluxes (211-402 Tg CH4 yr-1; Saunois et al. 2020). A 

key disparity and source of uncertainty in emission estimates involves differences in estimates 

from bottom-up and top-down scaling approaches.  

Bottom-up estimates use process-based models or empirical, field-based chamber or eddy 

covariance flux measurements to extrapolate over a larger area (e.g. Wik et al. 2016 and Peltola 

et al. 2019). Top-down approaches use measurements of the atmospheric concentration of CH4 

and models of atmospheric transport to work backward to estimate net emissions across a region 

(e.g. McGuire et al. 2012, Thompson et al. 2018).  The two approaches should, in theory, provide 

similar emission estimates, yet rarely do. Bottom-up estimates of CH4 emissions from the arctic 

and sub-arctic are 2-3 times higher than top-down inversion model estimates and include high 

uncertainties (Saunois et al. 2020). Uncertainties and the likely overestimate of bottom-up 

emissions may stem from 1) inadequate land cover classifications (i.e. wetland and lake types)  

and spatial distribution maps 2) largely unknown patterns in lake fluxes within similar regions 

with varying climates or 3) from poor representations of mean flux estimates from individual 

lakes due to few measurements.  

The objective of this thesis is to examine current CH4 emissions from wetlands and lakes 

and assess the potential of future emissions from lakes at northern circumpolar, regional, and 

local scales. I start at the northern circumpolar scale and arrive at a new estimate of annual CH4 
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emissions for wetlands and lakes, while also exploring the major gaps in flux data and 

knowledge of CH4 in northern systems. In the subsequent chapters, I narrow in on the spatial 

scale, focusing on lake greenhouse gas (GHG) exchange from a previously understudied extent 

of western Canada. With each successive chapter, the spatial scale changes but I explore related 

questions centering on an overarching question- what is the current magnitude of CH4 

emissions from northern wetlands and lakes and how will emissions from lakes change with 

warming and permafrost thaw?   

1.2 Methane cycling in natural systems and dominant CH4-emitting 

characteristics 

A limitation of many currently available circumpolar-scale land cover databases and 

remote sensing products is a lack of differentiation among wetland and lake ecosystems that are 

known to have differing CH4 emissions. For both lakes and wetlands, the coarse grouping of land 

covers is partially driven by limitations in remote sensing (Melton et al. 2013), but also a lack of 

a uniform classification system for organizing wetland and lake types based on their CH4-

emitting characteristics. A key step to improving bottom-up estimates of CH4 emissions from the 

circumpolar north is to use a uniform framework for classifying distinct, CH4 emitting land cover 

classes and their associated flux magnitudes.  

Net CH4 flux to the atmosphere depends on a suite of physical and biological controls 

linked to microbial production and aerobic and anaerobic oxidation and is further impacted by 

the mode of transport to the atmosphere (Bastviken et al. 2004; Whalen et al. 2005).  Methane is 

transported to the atmosphere via plant-mediated transport through aerenchyma of certain 

vascular graminoids (i.e. Cyperaceae, including Carex spp. and Eriophorum spp.), via ebullition 

(CH4 bubbles), or by mixing in the water column from the source region to the air-water 

interface followed by diffusive flux across the air-water interface (Le Mer et al. 2001; Bastviken 

et al. 2004). While these basic underlying CH4 processes are the same across ecosystems, the 

dominance of different production, oxidation, and transport processes vary within and among 

wetlands and lakes, leading to a wide range of reported CH4 fluxes, including net uptake by some 

ecosystems. However, through the work of large scale flux syntheses, key controls on emissions 

across ecosystems have been identified (Olefeldt et al. 2013; Wik et al. 2016a; Treat et al. 2018).  
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For wetlands and non-wetlands (i.e. dry tundra and boreal uplands), CH4 fluxes are 

largely associated with permafrost conditions and hydrology (Olefeldt et al. 2013; Treat et al. 

2018) which, in turn, are linked to various controls on CH4 emission including soil temperature 

(Olefeldt et al. 2017), water table conditions (Moore et al. 1994; von Fischer et al. 2010), 

vegetation cover (Olefeldt et al. 2013, Treat et al. 2018), and organic matter availability (Wagner 

et al. 2003; Christensen et al. 2003). Lake CH4 emissions are highly influenced by lake 

morphology (Rasilo et al. 2015; Holgerson and Rayond, 2016), lake genesis (Wik et al. 2016a), 

and the closely linked underlying permafrost conditions (Walter et al. 2006), which are all 

associated with other key controls including sediment temperature (Wik et al. 2013), organic 

matter availability (Bastviken et al. 2004; Wik et al. 2018), lake trophic status (Del Sontro et al. 

2016), and the number of annual ice-free days (Wik et al. 2014). Thus, there are a handful of 

land cover characteristics for wetlands and lakes that can be used to partition the relative 

magnitude of CH4 emissions from different ecosystems across the landscape. The development 

of land cover databases that split ecosystems by these CH4-emitting characteristics and 

complimentary flux databases represents an important step towards constraining bottom-up 

estimates of Boreal-Arctic CH4 emissions and also estimating future emissions. In Chapter 2 of 

this thesis, I use a novel land cover model and comprehensive flux dataset, built around key CH4-

emitting land cover characteristics, to arrive at a new bottom-up estimate of CH4 emissions from 

the Boreal-Artic region.  

1.3 The influence of climate warming and permafrost thaw on lake GHG 

emissions  

Northern Boreal and Arctic regions have the potential for substantial positive feedbacks 

to climate warming due to polar amplification and large carbon stores. Northern soils store 

approximately one-third of the earth’s below ground carbon, with large quantities of this C 

stored in permafrost peatlands (Hugelius et al. 2020), unavailable for microbial decomposition. 

Increasing ambient air temperatures have led to accelerated rates of permafrost thaw and the 

release of this previously unavailable soil carbon to the atmosphere in the form of CH4 or carbon 

dioxide (CO2) (Schuur et al. 2008, Abbot et al. 2016; Walter Anthony et al. 2016). The physical 

effects of permafrost thaw, including active layer deepening, slumping, and subsidence have 

both localized and regional effects on lake biogeochemistry. Regional, or landscape-level, effects 
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of permafrost thaw include shifts in hydrological flow and wetland cover, with predictions of 

higher groundwater water connectivity and more wetlands with more thaw (Frey et al. 2009; 

Turetsky et al. 2019). Such changes in regional hydrology and wetland cover may alter the 

biogeochemical inputs lakes receive- including potentially more dissolved organic carbon 

(DOC), nutrients, and dissolved GHG’s- and thus may alter net GHG emissions from lakes. 

Localized effects of permafrost thaw on lakes include land slumping as ground ice melts creating 

inundated or highly saturated environments (i.e. thermokarst or “thaw” lakes)  conducive to 

anaerobic decomposition and the release of CH4 and CO2 (Walter et al. 2006; Schuur et al. 2008). 

Furthermore, GHG emissions from thaw lakes may be further accelerated due to the direct 

effects of warming on microbial activity (Yvon-Durocher et al. 2014). Understanding both the 

regional and localized effects of permafrost thaw, and the direct effects of warming, on GHG 

emissions from northern lakes is a crucial component towards our ability to assess the influence 

of climate warming on the global carbon budget.   

1.3.1 Permafrost thaw across the landscape  

In landscapes with widespread permafrost cover, deeper groundwater flow is constrained 

by the impermeable permafrost layer, forcing the surface hydrology to be dominated by near-

surface lateral flows (i.e. “supra-permafrost” flow; Walvoord and Kuryluk, 2016) and highly 

disconnected peatland patches that drain into isolated thaw depressions (Quinton et al. 2019). As 

permafrost thaws, the physical barriers to surface and groundwater flow dissolve, leading to a 

wetter and more hydrologically connected landscape, including the conversion of drier, elevated 

permafrost bogs to saturated, nutrient-rich, and higher CH4 emitting wetlands (Olefeldt et al. 

2013; Quinton et al. 2019). Hydrologically well-connected lakes often receive greater inputs of 

DOC, dissolved CH4 and CO2, nutrients from organic-rich peatlands (Laudon et al. 2011; Burd et 

al. 2018; Wauthy et al. 2017), and also higher inputs of terminal electron acceptors and base 

cations from mineral soils, potentially increasing pH levels (Frey et al. 2009, Walvoord et al. 

2012, Toohey et al. 2016). Increases in organic matter and nutrient delivery and within-lake 

productivity positively affect net CH4 emissions through enhanced substrate availability 

(Bastviken et al. 2004; Davidson et al. 2015; Del Sontro et al. 2016). Alternatively, excess 

terminal electron acceptors may inhibit CH4 production via competition with more 

thermodynamically favorable processes (Yu et al. 2016) or consumption of CH4 through 
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anaerobic CH4 oxidation (van Grinsven et al. 2020). Thus far, the influence of increasing 

hydrological connectivity on CH4 fluxes from northern lakes is not well constrained.  

Lake CO2 emissions are also influenced by hydrologic connectivity. Net CO2 exchange 

from lakes is controlled by a balance of CO2 uptake through within lake primary productivity 

and CO2 losses due to terrestrial inputs of DOC and dissolved CO2, internal heterotrophic 

respiration, and photodegradation (Karlsson et al. 2009; Weyhenmeyer et al. 2015; Bogard et al. 

2016; Nydahl et al. 2020). A well-connected lake may receive larger inputs of dissolved CO2 and 

DOC, thus increasing CO2 emissions through photodegradation and CO2 outgassing. However, 

higher connectivity may also lead to greater pH and nutrient input and therefore decrease CO2 

emissions through shifts in carbonate chemistry or increases in primary productivity, respectively 

(del Giorgio & Peters 1994; Lapierre & del Giorgio et al. 2012; Pacheco et al. 2014; Finlay et al. 

2015).  

Northern peatland lakes and boreal lakes are typically large net CO2 and CH4 sources, as 

they generally are small, have organic-rich sediments, are nutrient-poor, unproductive, and 

receive vast inputs of external, terrestrial dissolved organic carbon (DOC) and dissolved CO2 (la 

Pierre et al. 2015; Weyhenmeyer et al. 2015; Wik et al. 2016; Hastie et al. 2018; Serikova et al. 

2019). While both CO2 and CH4 emissions from lakes are predicted to increase with climate 

warming (Wik et al. 2016a; Hastie et al. 2018; Guo et al. 2020), the balance between internal 

warming (i.e. increased microbial activity and CH4 production) and external, thaw-driven factors 

that influence northern peatland lake CO2 and CH4 emissions are not well constrained. This is 

particularly true for peatland lakes in the Mackenzie River basin of western Canada, an 

understudied (concerning lake GHG emissions), but globally significant peatland region. In 

Chapter 3, I examine the influence of landscape-level permafrost thaw and warming 

temperatures on GHG emission from peatland lakes across a permafrost gradient throughout 

western Canada.   

1.3.2 Localized effects of permafrost thaw on lake GHG emissions  

Thermokarst lakes are well-documented hotspots of CH4 emission, particularly from 

actively thawing lake edges underlain by yedoma soils (i.e. Pleistocene aeolian soils with high 

content of poorly degraded organic matter; Walter et al. 2006; Walter Anthony et al. 2016; Dean 

et al. 2020; Walter Anthony et al. 2021). In yedoma systems, enhanced CH4 emissions from thaw 
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edges have been linked to the high lability and quantity of OM released from yedoma permafrost 

soils (Heslop et al. 2016; Douglas et al. 2020). These previous findings indicate that the response 

of CH4 emissions to permafrost thaw may be highly dependent on the history and quality of OM 

stored in the permafrost. However, yedoma soils are not widespread throughout the northern 

region (Strauss et al. 2017) and little is known about CH4 emissions from peatland thermokarst 

lakes, despite the widespread presence of peatlands across the northern landscape (Hugelius et al. 

2020; Olefeldt, Hovemyr, Kuhn, et al. 2021; Fig. 1.1).  

The quality and quantity of carbon stored in peatland permafrost differ from the fine, 

organic-rich loess carbon in yedoma deposits, potentially leading to different responses of CH4 

emissions from lakes upon thaw. Many permafrost peatlands formed through epigenetic 

processes wherein permafrost is initially absent, but the development of thick, peat layers 

eventually facilitates downward freezing into soils (Zoltai et al. 1993). As a result, much of the 

peat is exposed to microbial decomposition before freezing, potentially leading to more 

recalcitrant carbon that is not as easily mineralized post-thaw (Treat et al. 2016). However, the 

carbon content of peat can be much higher than yedoma deposits (Krüger et al. 2014), potentially 

leading to more carbon mineralization. Thus the response of CH4 emissions from peatland lakes 

to thaw is largely unknown. Given the widespread nature of permafrost peatlands throughout the 

north (Olefeldt, Hovemyr, Kuhn, et al. 2021), understanding the fate and magnitude of peatland 

permafrost carbon upon thaw is crucial to constraining the impact of climate warming on 

northern carbon emissions. Furthermore, many previous lake studies have been limited in spatial 

extent and temporal coverages, potentially leading to poor representation of mean emissions 

(Wik et al. 2016b; Jansen et al. 2020). In Chapter 4, I explore the influence of permafrost thaw 

on CH4 emissions from a small peatland lake in northern Alberta using high frequency spatial 

and temporal measurements.  

1.4 The Boreal and Taiga Plains of western Canada 

The Mackenzie River basin is a previously glaciated northern landscape in western 

Canada with abundant lakes (Messager et al. 2016) and peatlands, representing the third-largest 

peatland area in the north, after the West Siberian Lowlands and the Hudson Bay Lowlands (Fig. 

1.1; Hugelius et al. 2020; Olelfedt, Hovemyr, Kuhn, et al. 2021).  The region includes the Taiga 

Plains and Boreal Plains ecozones (herein referred to as the Interior Plains), an area that extends 
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from 70º N to 56º N. The region is characterized by generally flat topography, sedimentary 

bedrock overlain by thick, heterogeneous surficial geology (Geological Survey of Canada, 2014). 

The region has a relatively dry climate throughout, with mean annual precipitation between 300 

and 450 mm and mean annual runoff between 50 and 150 mm, but it has a large gradient in mean 

annual average temperatures (MAAT) between -8 and +2°C. Peatlands in the Interior Plains 

started developing shortly after deglaciation ~10,000 years ago, and today have 2-6 m deep peat 

deposits (Halsey, Vitt, and Bauer, 1998; Hugelius et al. 2020; Heffernan et al. 2020). Permafrost 

expanded southward after the Holocene thermal maximum and reached its maximum extent 

following the Little Ice Age, ~1,000 years ago (Pelletier et al., 2017). Outside of the continuous 

permafrost zone, permafrost is isolated to elevated peat plateaus (Zoltai et al. 1993). Permafrost 

conditions and heterogeneous glacial deposits strongly influence peatland hydrology and thus the 

hydrological connectivity of lakes to their surrounding landscape in this region (Quinton et al 

2019; Hokansson et al. 2019). These characteristics set the Interior Plains apart from the adjacent 

Taiga Shield, eastern Canadian Shield, and most of Scandinavia- all of which have typically thin 

overburdens and generally steeper topography, thus fewer peatlands and peatland lakes.  
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Figure 1.1. Northern circumpolar map including peatland and permafrost cover. The black 

outlines represent the Taiga (upper outline) and Boreal Plains ecozones. The yellow dots 

represent the study locations for Chapters 3 and 4. Peatlands include bogs, fens, and permafrost 

bogs extracted from Olefeldt, Hovemyr, Kuhn, et al. (2021). Permafrost distribution is from 

Brown et al. (2002).  

1.5 Objectives  

The main objective of this doctoral dissertation is to understand the current magnitude 

and potential sensitivity of CH4 emissions from northern wetlands and lakes to climate warming 

across regional to local spatial scales. The dissertation is divided into five chapters, including an 

introduction, three data chapters, and a conclusion. In Chapter 2, I arrive at a new bottom-up 

estimate of CH4 emissions for the northern Boreal and Arctic region using an extensive synthesis 

of all available flux data for the region, paired with a novel CH4-centric land cover model. In this 

chapter, I also establish the crucial weaknesses and gaps in currently available CH4 flux data and 

suggest avenues of future research that will help further constrain current emissions and also 
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better predict future changes in emissions. Chapter 2 sets the stage for Chapters 3 and 4 in which 

I explore, in detail, the potential effects of climate warming on CH4 and CO2 emissions from 

lakes across the Interior Plains. In Chapter 3, I assess the interactive effects of warming and 

landscape-level permafrost thaw and hydrological connectivity on CH4 and CO2 dynamics in 

lakes across a climate gradient throughout the Interior Plains. In Chapter 4, I zoom in further and 

explore the direct impacts of permafrost thaw on CH4 emissions from one peatland lake using 

high frequency spatial and temporal measurements. In my fifth and final chapter, I provide 

concluding statements for each chapter and their linkages on the magnitude of CH4 emissions 

from the Boreal-Arctic region and the potential impacts of climate warming and permafrost thaw 

on CH4 emissions from northern lakes. 
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2. BAWLD-CH4: A comprehensive dataset of methane fluxes 

from Boreal and Arctic ecosystems  
 

Abstract 

Methane (CH4) emissions from the Boreal and Arctic region are globally significant and highly 

sensitive to climate change. There is currently a wide range in estimates of high-latitude annual 

CH4 fluxes, where estimates based on land cover inventories and empirical CH4 flux data or 

process models (bottom-up) generally are greater than atmospheric inversions (top-down). A 

limitation of bottom-up approaches has been the lack of harmonization between inventories of 

site-level CH4 flux data and the land cover classes (i.e. ecosystem types) present in high-latitude 

spatial datasets. Here I present a comprehensive dataset of small-scale, surface CH4 flux data 

from 540 terrestrial sites (wetland and non-wetland) and 1247 aquatic sites (lakes and ponds), 

compiled from 189 studies. The Boreal and Arctic Wetland and Lake Methane Flux Dataset 

(BAWLD-CH4) was constructed in parallel with a compatible land cover dataset, sharing the 

same land cover classes to enable refined bottom-up assessments. BAWLD- CH4 includes 

information on site-level CH4 fluxes, but also on study design (measurement method, timing, and 

frequency) and site characteristics (vegetation, climate, hydrology, soil, and sediment types, 

permafrost conditions, lake area and depth, and our determination of land cover class). The 

different land cover classes had distinct CH4 fluxes, resulting from definitions that were either 

based on or co-varied with key environmental controls. Fluxes of CH4 from terrestrial 

ecosystems were primarily influenced by water table position, soil temperature, and vegetation 

composition, while CH4 fluxes from aquatic ecosystems were primarily influenced by water 

temperature, lake size, and lake genesis. Models could explain more of the between-site 

variability in CH4 fluxes for terrestrial than aquatic ecosystems, likely due to both less precise 

assessments of lake CH4 fluxes and fewer consistently reported lake site characteristics. Finally, 

I incorporated land cover class and mean annual temperature as predictor variables in empirical 

models, alongside the newly developed land cover distribution areas, to arrive at new bottom-up 

annual CH4 emission estimates of 30 (22.8-44) Tg CH4 yr-1 and 6.6 (3.1-9.1) Tg CH4 yr-1 for 

wetlands and lakes, respectively. 
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2.1 Introduction  

Methane (CH4) is a strong climate forcing trace gas that is naturally produced and emitted 

from wetlands and lakes, which are abundant in northern regions (Matthews and Fung 1987; 

Lehner and Doll et al. 2004; Messager et al. 2016). Current estimates of CH4 fluxes from the 

northern Boreal and Arctic region (~>50º) range between 9 and 53 Tg CH4 yr-1 from wetlands 

(McGuire et al. 2012; Zhu et al. 2013; Treat et al. 2018; Watts et al. 2014; Thompson et al. 2018; 

Peltola et al. 2019; Saunois et al. 2020) and between 12 and 24 Tg CH4 y
-1  from lakes 

(Bastviken et al. 2011; Wik et al. 2016a; Tan et al. 2016; Walter Anthony et al. 2016; Matthews 

et al. 2020; Saunois et al. 2020). Combined, CH4 emissions from northern ecosystems make up a 

significant but uncertain portion of global wetland and freshwater fluxes (211-402 Tg CH4 yr-1) 

(Saunois et al. 2020). One reason for the wide range of high latitude CH4 emissions estimates is 

the consistently lower estimates based on top-down approaches compared to bottom-up 

approaches. Top-down approaches use atmospheric observations of CH4 concentrations with 

atmospheric-inverse modeling frameworks to estimate regional CH4 budgets (e.g. , McGuire et 

al. 2012; Thompson et al. 2018) while bottom-up approaches merge land cover datasets and 

empirical CH4 flux inventories or process-based models to scale emissions at regional levels (e.g. 

Wik et al. 2016a; Treat et al. 2018; Peltola et al. 2019). A key issue for bottom-up approaches is 

the lack of differentiation among different wetland and lake types despite clear evidence 

indicating differences in both the magnitude and drivers of CH4 fluxes these classes (Olefeldt et 

al. 2013; Turetsky et al. 2014; Wik et al. 2016a). 

Net CH4 flux to the atmosphere depends on a suite of physical and biological controls 

linked to microbial production, oxidation, and transport via diffusion, ebullition, and plant-

mediated processes (Bastviken et al. 2004; Whalen et al. 2005). While the basic underlying CH4 

processes are the same across all ecosystems, the dominance of different production, oxidation, 

and transport pathways varies within and among terrestrial (wetlands and non-wetlands) and 

lentic open water aquatic ecosystems (lakes and ponds), leading to a wide range of reported CH4 

fluxes at the site level with differences of up to four orders of magnitude (Olefeldt et al. 2013; 

Wik et al. 2016a; Treat et al. 2018). Despite the wide range in reported CH4 fluxes, key over-

arching controls on emissions from wetland and aquatic ecosystems have been identified through 
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the work of syntheses (Olefeldt et al. 2013; Wik et al. 2016a; Treat et al. 2018), suggesting that 

different ecosystems can be partitioned based on a handful of key CH4-emitting characteristics.  

For terrestrial ecosystems, CH4 fluxes across the Boreal-Arctic region are primarily 

linked to permafrost conditions and hydrology (Olefeldt et al. 2013; Treat et al. 2018) which 

encompass other important controls on CH4 emissions. For example, permafrost condition and 

hydrology can be directly linked to water table position and redox conditions (Moore et al. 1994; 

Fischer et al. 2010; Olefeldt et al. 2017), which in turn influence plant composition (i.e. plant 

function types including graminoids, Sphagnum mosses, shrubs, and trees; Olefeldt et al. 2013; 

Bridgham et al. 2013), microbial community composition (McCalley et al. 2014),  productivity 

(Christensen et al. 2003), and organic matter availability (Wagner et al. 2003; Christensen et al. 

2003). Both permafrost condition and hydrology can further be used as an indication of soil 

temperature with typically colder conditions in drier soils and permafrost-dominated landscapes 

(Olefeldt et al. 2017). Methane fluxes are typically highest from graminoid-dominant wetlands 

like marshes and fens which are frequently inundated, which in turn enhances primary 

productivity (Ström et al. 2012), creates a soil habitat conducive to CH4-producing microbes 

(Woodcroft et al. 2018), and facilitates CH4 transport through aerenchymatous roots and stems 

(Chanton et al. 1993; Ström and Christensen, 2007).  Conversely, CH4 fluxes are typically low 

from permafrost bogs and bogs which tend to have colder (in the case of permafrost bogs) and 

drier soil conditions (Beylea and Baird, 2006; Anderson et al. 2011), are less conducive to the 

presence of graminoid species and promote the consumption of CH4 through oxidation (Bartlett 

et al. 1992; Moosavi and Crill, 1997). 

Methane fluxes from aquatic ecosystems (lakes and ponds) are highly influenced by lake 

morphology (Rasilo et al. 2015; Holgerson and Raymond, 2016; Preskienis et al. 2021) and lake 

genesis (Wik et al. 2016a), including permafrost conditions (Walter et al. 2006), which are 

associated with other key controls and CH4 fluxes. Lake morphology influences sediment 

temperature (Marinho et al. 2015), stratification and oxygen saturation (Riera et al. 1999), 

macrophyte presence (Wik et al. 2018), and turbulent transfer (MacIntyre et al. 2018). Lake 

morphology, permafrost condition, and lake genesis all determine organic substrate availability 

in sediments (Walter et al. 2006, Wik et al. 2016a) and trophic status (Bastviken et al. 2004; 

DelSontro et al. 2016). For example, peatland lakes and ponds, which form through degradation 
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and permafrost thaw processes in peatlands, are relatively high CH4 emitters (Matveev et al. 

2016; Kuhn et al. 2018; Burke et al., 2019). These waterbodies are underlain by organic-rich 

sediments and are typically small and shallow and less likely to be seasonally stratified, allowing 

for rapid sediment warming and carbon mineralization (Matveev et al. 2016). Glacial and post-

glacial waterbodies, on the other hand, have relatively low CH4 fluxes due to deeper water 

columns which limit ebullition, and also have mineral-rich sediments with typically less labile 

organic substrates (Schnurrenberger et al. 2003; DelSontro et al. 2016; Wik et al. 2016a). 

Therefore, while there are many physical and biogeochemical controls on aquatic CH4 fluxes, 

size and lake genesis can be useful proxies for many of these underlying factors.     

There are various methodologies used to measure surface CH4 fluxes from terrestrial and 

aquatic ecosystems. Two approaches used in both terrestrial and aquatic ecosystems include 

micrometeorological eddy covariance (EC) techniques and chamber measurement techniques. 

Eddy covariance measurements are collected at high temporal frequencies from towers and 

typically cover a footprint of 100-10,000 m2. The near-continuous nature of EC measurements 

provides valuable insight into the temporal patterns and drivers of CH4 fluxes, however, towers 

are geographically limited across the Boreal-Arctic region and it can be difficult to attribute flux 

transport pathways and specific source areas at fine spatial scales (Knox et al. 2019: Delwiche et 

al. 2021). Conversely, static chamber measurements cover small spatial areas that allow for 

detailed assessments of environmental controls on fluxes (Bäckstrand et al. 2008; Olefeldt et al. 

2013). Chamber-based methods quantify fluxes by calculating the change in chamber headspace 

concentration over a set time, which varies based on extraction methods (i.e. syringe, automated 

chamber, or portable gas analyzer). While chamber-based techniques have drawbacks, including 

surface disturbance, typically low sampling frequency, and high labor intensity, chambers are 

easily installed, can capture environmental controls of CH4 fluxes at a sub-meter scale, and are 

cheaper options compared to installing and maintaining EC towers. Thus, I focus mostly on 

chamber-based flux measurements in this synthesis because they have been performed at a large 

number of sites across the Boreal and Arctic region and represent more of the geographic 

variation across the region.  

In aquatic ecosystems, turbulence-driven modeling approaches, inverted funnels (i.e. 

bubbles traps), and ice bubble surveys (IBS) are additionally used to quantify CH4 fluxes. 

Modeling approaches calculate net hydrodynamic flux (herein referred to as diffusion) to the 
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atmosphere by determining the concentration of dissolved CH4 in the water column and an 

estimate of the gas transfer velocity k (see Sect. 2.2.4 for more information). Bubble traps 

capture the volume of bubble gas released from sediments; ebullitive flux can be estimated by 

using the concentration of CH4 found in the bubble (Wik et al. 2013). Finally, IBS are used to 

quantify the spatial abundance and types of bubble formations trapped within lake ice over the 

winter (Walter et al. 2010).  Importantly, these surface-based methods can be used to assess 

controls of CH4 exchange at scales of individual ponds, lakes, and portions of open-water 

wetlands, providing key insights into the environmental processes controlling CH4 flux to the 

atmosphere (Olefeldt et al. 2013; Wik et al. 2016a).    

Here I expanded, updated, and merged previous CH4 flux syntheses for northern wetlands 

(Olefeldt et al. 2013) and lakes (Wik et al. 2016a) to create a small-scale (sub-meter) surface-

based dataset for CH4 fluxes collected from 189 studies across the Boreal-Arctic region. The 

dataset was built in parallel with a novel, CH4-specific land cover dataset for the circumpolar 

north- the Boreal-Arctic Wetland and Lake Dataset (BAWLD; Olefeldt, Hovemyr, Kuhn et, al. 

2021), allowing for flux observations and spatial distribution of land cover features to be 

classified under the same criteria at a pan-Boreal-Arctic scale. This dataset provides an open 

platform for surface-based fluxes and associated environmental drivers from aquatic, wetland, 

and upland (i.e. non-wetland) ecosystems and can be utilized by both field researchers and the 

modeling community. Information in the dataset can be used to compare field results, identify 

new research opportunities, or build and test models. This dataset includes and uniformly 

classifies lake, wetland, and upland surface CH4 flux data for the circumpolar north. In this 

study, I show CH4 flux distributions and environmental drivers from various terrestrial (wetland 

and upland) and aquatic ecosystems, compare the results to previous CH4 flux syntheses, 

highlight key gaps in the data, and suggest future research directions.   

2.2 Dataset description and BAWLD land cover classification 

The dataset is composed of two components including 1) terrestrial ecosystems 

(vegetated wetland and non-wetland ecosystems) and 2) lentic aquatic ecosystems (lakes, ponds, 

and open water pools; hereafter referred to as “aquatic ecosystems”). This synthesis does not 

include lotic systems (streams and rivers), which are already synthesized in Stanley et al. (2015). 

The datasets for terrestrial and aquatic ecosystems are reported as separate components due to 
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differences between both the drivers of CH4 fluxes and data collection methods. The terrestrial 

dataset extends the work by Olefeldt et al. (2013), who compiled CH4 flux estimates for wetlands 

in the permafrost zones designated by Brown et al. (2002). My dataset expands on this initial 

work to include flux data from non-permafrost and non-wetland sites throughout the Arctic and 

Boreal region (Olson et al. 2001) and flux data from studies between 2012 and February 2020. I 

updated the initial dataset to include separate entries for individual sites that reported flux and 

water table data for multiple years. I expanded the number of site-year flux estimates in the 

original terrestrial dataset by 83% and expanded the number of independent studies by 86%, 

leading to a total of 555 warm-season (~May through October depending on the location) flux 

estimates and 121 studies (Fig. 2.1a). The aquatic dataset extends the work by Wik et al. (2016a) 

which is a compilation of CH4 flux data for lakes and ponds north of 50º N. I expand on this 

initial work to include studies between 2016 and February 2020. Additionally, I updated the 

original aquatic dataset to include the within-lake location for ebullition measurements and the 

equation used to model the gas velocity coefficient k. I expanded the number of lakes in the 

dataset by 71% and the number of studies by 66%, summing to a total of 1251 lakes and 68 

independent studies (Fig. 2.1b). Finally, each terrestrial and aquatic site was reclassified into a 

new land cover classification, further explained below.  
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Figure 2.1. Maps of the individual sites (orange circles) incorporated in BAWLD-CH4. a) 

Sites included in the terrestrial flux dataset. b) Sites included in the aquatic flux dataset. The 

number of “sites” in the terrestrial data set represents site-years, which in some cases represent 

multiple years of data from one site or data from the same site reported by different studies. 

“Sites” in the aquatic dataset represent the reported average fluxes for one or multiple lakes. In 

some cases, studies reported one mean value for multiple lakes, therefore the number of lakes 

and the number of sites are not the same. *Boreal-Arctic Region boundary from Olson et al. 

2001. Permafrost zones are from Brown et al. 2002. Continental shoreline base layers are from 

Wessel et al. 1996.   

2.2.1.0 Land cover classes in the Boreal Arctic Wetland and Lake Dataset  

Land cover classes in the Boreal and Arctic Wetland and Lake Dataset (BAWLD; 

Olefeldt, Hovemyr, Kuhn, et al. 2021) were chosen and defined to enable upscaling of CH4 

fluxes at large spatial scales. As such, we aimed to include as few classes as possible to facilitate 

large-scale mapping, while still having sufficient classes to allow separation among groups of 

ecosystems with similarities in hydrology, ecology, and biogeochemistry and therefore net CH4 
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fluxes. The BAWLD land cover classification is hierarchical; with four upland classes, five 

wetland classes, seven lentic aquatic classes, and three lotic aquatic classes. As mentioned 

previously, fluxes from lotic ecosystems (streams and rivers) have not been included in this 

dataset but are covered by Stanley et al. (2015).  

2.2.1.1 Wetland classes   

Wetlands are defined by having a water table near or above the land surface for sufficient 

time to cause the development of wetland soils (either mineral soils with redoximorphic features, 

or organic soils with > 40 cm peat), and the presence of plant species with adaptations to wet 

environments (Hugelius et al., 2020; Canada Committee on Ecological (Biophysical) Land 

Classification et al., 1997; Jorgenson et al., 2001). Wetland classifications for boreal and arctic 

biomes can focus either on small-scale wetland classes that have distinct hydrological regimes, 

vegetation composition, and biogeochemistry or on larger-scale wetlands that are comprised of 

distinct patterns of smaller wetland and open-water classes (Gunnarsson et al., 2014; Terentieva 

et al., 2016; Masing et al., 2010; Glaser et al., 2004). While larger-scale wetlands are easier to 

identify through remote sensing techniques (e.g. patterned fens comprised of higher elevation 

ridges and inundated hollows), our classification focuses on wetland classes due to greater 

homogeneity of hydrological, ecological, and biogeochemical characteristics that regulate CH4 

fluxes (Heiskanen et al., 2021).  

Several boreal countries identify four main wetland classes, differentiated primarily 

based on hydrodynamic characterization; bogs, fens, marshes, and swamps (Gunnarsson et al., 

2014; Canada Committee on Ecological (Biophysical) Land Classification et al., 1997; Masing et 

al., 2010). The BAWLD classification follows this general framework, but further uses the 

presence or absence of permafrost as a primary characteristic for classification and excludes a 

distinct swamp class, yielding five classes; Bogs, Fens, Marshes, Permafrost Bogs, and Tundra 

Wetlands (see Fig. 2.2 and Fig. 2.3). The swamp class was omitted due to the wide range of 

moisture and nutrient conditions of swamps, as well as the limited number of studies of swamp 

CH4 fluxes. We instead included swamp ecosystems in expanded descriptions of Bogs, Fens, and 

Marshes. The presence or absence of near-surface permafrost was used as a primary 

characteristic to distinguish between Permafrost Bogs and Bogs and to distinguish Tundra 



18 

 

Wetlands from Marshes and Fens. The presence or absence of near-surface permafrost is 

considered key for controlling CH4 emissions given its influence on hydrology, and for the 

potential of permafrost thaw and thermokarst collapse to cause rapid non-linear shifts to CH4 

emissions (Bubier et al., 1995; Turetsky et al., 2002; Malhotra and Roulet, 2015; Fig, 2.2 and 

Fig. 2.3). Finally, while some classifications include shallow (e.g. 2 m depth), open-water 

ecosystems within the definition of wetlands (Gunnarsson et al., 2014; Canada Committee on 

Ecological (Biophysical) Land Classification et al., 1997), we have included all open-water 

ecosystems without emergent vegetation within the lake classes (see below) due to the strong 

influence of emergent vegetation in controlling CH4 emissions (Juutinen et al., 2003).  

 

 

Figure 2.2. Conceptual diagram of the terrestrial land cover classes and their CH4-emitting 

characteristics including permafrost conditions, hydrology, organic layer depth, and 

associated nutrient and vegetation characteristics. Numbers within the brackets represent the 

interquartile (IQR) flux ranges. Arrows are scaled based on mean flux values. See Sect. 2.3.2 for 

a detailed breakdown of terrestrial fluxes. 
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Figure 2.3. Definitions of the five wetland classes in BAWLD along axes of moisture regime 

and nutrient regime.  

Bogs are described as ombrotrophic peatland ecosystems, i.e. only dependent on 

precipitation, and snowmelt for water inputs. Peat thickness is at least 40 cm, with maximum 

thickness > 10 m. The peat profile is not affected by permafrost, although in some climatically 

colder settings there may be permafrost below the peat profile. Bogs are wet to saturated 

ecosystems, often with small-scale (<10 m) microtopographic variability, with stagnant water 

and a water table that rarely is above the surface or more than 50 cm below the surface (Fig. 2.3). 

Bogs have low pH (<5), low concentrations of dissolved ions, and low nutrient availability 

resulting from a lack of hydrological connectivity to surrounding mineral soils. Vegetation is 

commonly dominated by Sphagnum mosses, lichens, and woody shrubs, and can be either treed 

or treeless (Beaulne et al., 2021). Our description of Bogs also includes what is commonly 

classified as treed swamps, which generally represent ecotonal transitions between peatlands and 

upland forests (Canada Committee on Ecological (Biophysical) Land Classification et al., 1997).  

Fens are described as minerotrophic peatland ecosystems, i.e. hydrologically connected 

to surrounding mineral soils through surface water or groundwater inputs. A Fen peat profile is 

at least 40 cm thick (Gorham et al. 1991), although maximum peat thickness is generally less 

than for bogs. The peat profile is not affected by permafrost. Fens are wet to saturated 
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ecosystems, with generally slow-moving water (Fig. 2.3). Fens have widely ranging nutrient 

regimes and levels of dissolved ions depending on the degree and type of hydrological 

connectivity to their surroundings, ranging from poor fens to rich fens. Vegetation largely 

depends on wetness and nutrient availability, where more nutrient-poor fens can have Sphagnum 

mosses, shrubs, and trees, while rich fens are dominated by brown mosses, graminoids (sedges, 

rushes), herbaceous plants, and sometimes coniferous or deciduous trees (e.g. willows, birch, 

larch, black spruce). Our description of Fens also includes what is commonly classified as 

shrubby swamps, which often are associated with riparian ecotones and lake shorelines.  

Marshes are minerotrophic wetlands with dynamic hydrology, and often high nutrient 

availability (Fig. 2.3). Vegetation is dominated by emergent macrophytes, including tall 

graminoids such as rushes, reeds, grasses, and sedges – some of which can persist in settings 

with >1.5 m of standing water. Marshes are saturated to inundated wetlands, often with highly 

fluctuating water levels as they generally are located along shorelines of lakes or coasts, along 

streams and rivers, or on floodplains and deltas. It is common for marshes to exhibit both flooded 

and dry periods. Dry periods facilitate the decomposition of organic matter and can prevent the 

build-up of peat. As such Marshes generally have mineral soils, although some settings allow for 

the accumulation of highly humified organic layers – sometimes indicating ongoing succession 

towards a peatland ecosystem. Salinity can vary depending on water sources, with brackish to 

saline conditions in some areas of groundwater discharge, or in coastal settings.  

Permafrost Bogs are peatland ecosystems, although the peat thickness in cold climates is 

often relatively shallow. Permafrost Bogs have a seasonally thawed active layer that is 30 to 70 

cm thick, with the remainder of the peat profile perennially frozen (i.e. permafrost). Excess 

ground-ice and ice expansion often elevate Permafrost Bogs up to a few meters above their 

surroundings, and as such, they are ombrotrophic and generally the wetland class with the driest 

soils (Fig. 2.3). Permafrost Bogs have moist to wet soil conditions, often with a water table that 

follows the base of the seasonally developing thawed soil layer. Ombrotrophic conditions cause 

nutrient-poor conditions, and the vegetation is dominated by lichens, Sphagnum mosses, woody 

shrubs, and sometimes stunted coniferous trees. Permafrost Bogs are often interspersed in a fine-

scale mosaic (10 to 100 m) with other wetland classes, e.g. Bogs and Fens. Common Permafrost 
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Bog landforms include palsas, peat plateaus, and the elevated portions of high- and low-center 

polygonal peatlands. 

Tundra Wetlands are treeless ecosystems with saturated to inundated conditions, most 

commonly with near-surface permafrost (Fig. 2.3). Tundra Wetlands can have either mineral 

soils or shallow organic soils, and generally receive surface or near-surface waters from their 

surroundings, as permafrost conditions preclude connectivity to deeper groundwater sources. 

Vegetation is dominated by short emergent vegetation, including sedges and grasses, with 

mosses and shrubs in slightly drier sites. Tundra Wetlands have a lower maximum depth of 

standing water than Marshes, due to the shorter vegetation. Tundra Wetlands can be found in 

basin depressions, in low-center polygonal wetlands, and along rivers, deltas, lake shorelines, 

and on floodplains in regions of continuous permafrost. Despite the name, limited wetlands with 

these characteristics (hydrology, permafrost conditions, and vegetation) can also be found within 

the continuous permafrost zone in boreal and sub-arctic regions (Virtanen et al., 2016).  

2.2.1.2 Upland and other classes    

Upland and other classes in BAWLD; Glaciers, Rocklands, Dry Tundra, and Boreal 

Forests, have in common that they are neither wetlands nor aquatic ecosystems. Glaciers are 

assumed to have neutral CH4 fluxes, however, to our knowledge there are no published studies 

with field data. Rocklands are also expected to have very low CH4 fluxes (Oh et al. 2020), 

potentially with more frequent CH4 uptake than release – however, there were very few sites that 

fit within this class (n=5), therefore these flux estimates were combined with Dry Tundra sites.  

The Dry Tundra class includes both lowland arctic tundra and alpine tundra; both treeless 

ecosystems dominated by graminoid or shrub vegetation. Dry Tundra ecosystems generally have 

near-surface permafrost, with seasonally thawed active layers between 20 and 150 cm depending 

on climate, soil texture, and landscape position (van der Molen et al., 2007; Heikkinen et al., 

2004). Near-surface permafrost in Dry Tundra prevents vertical drainage, but lateral drainage 

ensures predominately oxic soil conditions. A water table is either absent or close to the base of 

the seasonally thawing active layer. Dry Tundra is differentiated from Permafrost Bogs by 

having thinner organic soil (<40 cm), and from Tundra Wetlands by their drained soils (average 

water table position >5 cm below soil surface).  
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Boreal Forests are treed ecosystems with non-wetland soils. Coniferous trees are 

dominant, but the class also includes deciduous trees in warmer climates and landscape 

positions. Boreal Forests may have permafrost or non-permafrost ground, where the absence of 

permafrost often allows for better drainage. Overall, it is rare for anoxic conditions to occur in 

Boreal Forest soils, and CH4 uptake is prevalent, although low CH4 emissions have been 

observed during brief periods during snowmelt or following summer storms (Matson et al., 

2009), or conveyed through tree stems and shoots (Machacova et al., 2016). The Boreal Forest 

class also includes the few agricultural/pasture ecosystems within the boreal biome.      

2.2.1.3 Aquatic classes    

Lakes are in BAWLD considered to include all lentic open-water ecosystems (herein 

referred to as aquatic ecosystems), regardless of surface area and depth of standing water. It is 

common in ice-rich permafrost lowlands and peatlands for open-water bodies to have shallow 

depths, often less than two meters, even when surface areas are up to hundreds of km2 in size 

(Grosse et al., 2013). While small, shallow open-water bodies often are included in definitions of 

wetlands (Canada Committee on Ecological (Biophysical) Land Classification et al., 1997; 

Gunnarsson et al., 2014; Treat et al., 2018), we include them here within the lake classes as 

controls on net CH4 emissions depend strongly on the presence or absence of emergent 

macrophytes (Juutinen et al., 2003). Further classification of lakes in BAWLD is based on lake 

size and lake genesis, where lake genesis influences lake bathymetry and sediment 

characteristics (Fig. 2.4). Previous global spatial inventories of lakes include detailed information 

on size and location of individual larger lakes (Downing et al., 2012; Messager et al., 2016), but 

do not include open-water ecosystems <0.1 km2 in size, and do not differentiate between lakes of 

different genesis (e.g. tectonic, glacial, organic, and yedoma lakes). Small water bodies are 

disproportionately abundant in some high latitude environments (Muster et al., 2019), have high 

emissions of CH4 (Holgerson and Raymond, 2016), and therefore require explicit classification 

apart from larger water bodies. Furthermore, lake genesis and sediment type have been shown to 

influence net CH4 flux from lakes (Wik et al., 2016). In BAWLD we thus differentiate between 

large (>10 km2), midsize (0.1 to 10 km2), and small (<0.1 km2) lake classes, and further 

differentiate between three lake types for midsize and small lakes; peatland, yedoma, and glacial 

lakes (Fig. 2.4).  
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Figure 2.4. Conceptual diagram of the aquatic land cover classes. Key differences between 

the three overarching lake genesis “types” and their CH4-emitting characteristics are shown, 

including sediment type, permafrost conditions, and water column depth. Fluxes (interquartile 

ranges-IQR) for each class size within the overarching types are shown above the lakes for both 

diffusive and ebullitive transport pathways. Arrows are scaled based on mean flux values. See 

Sect. 3.3 for a detailed breakdown of aquatic fluxes. Large lakes are not shown. 

Small and Midsize Peatland Lakes are described as lakes with thick organic sediments 

that are mainly found adjacent to or surrounded by peatlands, or in lowland tundra regions with 

organic-rich soils. Small Peatland Lakes include the numerous small pools often found in 

extensive peatlands and lowland tundra regions, e.g. including the open-water parts of string fens 

and polygonal peatlands (Pelletier et al. 2014). Peatland Lakes generally form as a result of 

interactions between local hydrology and the accumulation of peat which can create open water 

pools and lakes (Garneau et al., 2018; Harris et al., 2020), but can also form in peatlands as a 

result of permafrost dynamics  Sannel and Kuhry, 2011; Liljedahl et al., 2016). As such, these 

lakes with thick organic sediments are often shallow and have a relatively low shoreline 

development index. Peatland lakes typically have dark waters with high concentrations of 

dissolved organic carbon.  

Small and Midsize Yedoma Lakes are exclusive to non-glaciated regions of eastern 

Siberia, Alaska, and the Yukon where yedoma deposits accumulated during the Pleistocene 

(Strauss et al., 2017). Yedoma permafrost soils are ice-rich and contain fine-grained, organic-rich 
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loess that was deposited by wind and accumulated upwards in parallel with permafrost 

aggradation, thus limiting decomposition and facilitating organic matter burial (Schirrmeister et 

al., 2013). Notable thermokarst features, including lakes, often develop when yedoma permafrost 

thaws, causing labile organic matter to become available for microbial mineralization (Walter 

Anthony et al., 2016). Small Yedoma lakes typically represent younger thermokarst features, 

whereas Midsized Yedoma Lakes represent later stages of thermokarst lake development. Small 

Yedoma Lakes are thus more likely to have actively thawing and expanding lake edges where 

CH4 emissions can be extremely high, largely driven by hot spot ebullition emissions (Walter 

Anthony et al., 2016; Fig. 2.4). Century-scale development of yedoma lakes can shift the main 

source of CH4 production from yedoma deposits to new organic-rich sediment that accumulated 

from allochtonous and autochthonous sources – resulting in such lakes here being considered as 

Peatland Lakes.  

Small and Midsize Glacial Lakes include all lakes with organic-poor sediments – 

predominately those formed through glacial or post-glacial processes, e.g. kettle lakes and 

bedrock depressions. However, due to similarities in CH4 emissions and controls thereof, we also 

include all other lakes with organic-poor sediments within these classes. Glacial Lakes typically 

have rocky bottoms or mineral sediments with limited organic content. Lakes in this class are 

abundant on the Canadian Shield and in Scandinavia but can be found throughout the boreal and 

tundra biomes. Many Glacial Lakes have a high shoreline development index, with irregular, 

elongated shapes. Generally, Glacial Lakes are deeper than lakes in the other classes, when 

comparing lakes with similar lake areas and are more likely to stratify seasonally than peatland 

lakes (Fig. 2.4).  

Large Lakes are greater than 10 km2 in surface area. Most Large Lakes are glacial or 

structural/tectonic in origin. Lake genesis is not considered for further differentiation within this 

land cover class. 

2.2.2 Terrestrial methane flux dataset     

The terrestrial CH4 flux dataset includes warm-season (~May-October depending on the 

location) fluxes and was compiled using data from studies published before February 2020. I 

identified relevant studies using 1) JStor™, Google Scholar™ and Web of Science™ searches 
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with the terms (peatland OR wetland OR bog OR fen OR marsh OR upland) AND (north* OR 

boreal OR arctic OR sub-arctic) AND (methane OR CH4 OR greenhouse gas*); 2) references 

from published studies; and 3) contributions of unpublished data (n=2). If multiple, yearly CH4 

flux and water table measurements were reported from one site or if multiple studies reported 

fluxes from the same site, the data were entered as separate individual lines and were considered 

each their own “site.” Sites that underwent manipulations (soil temperature, water table, 

nutrients, etc.) were not included in the dataset, however, any control or undisturbed sites 

included within manipulation studies were included. Sites that had recently experienced 

disturbance from thermokarst processes were included.  Winter flux measurements from 

terrestrial sites were excluded from this dataset (winter/ice-out emissions from aquatic 

ecosystems are included- see Sect. 2.2.3). I direct the reader to a comprehensive synthesis of 

seasonal winter estimates of CH4 emissions from northern terrestrial ecosystems is presented in 

Treat et al. (2018).  

The terrestrial dataset includes predominantly chamber measurements (n=519) at the sub-

meter scale which allows for a detailed representation of specific land cover types (i.e. one land 

cover type per chamber measurement). However, a handful of eddy covariance measurements 

were included if the authors could clearly partition fluxes based on specific land cover classes 

(n=36). For more information on EC-based CH4 synthesis, I direct the readers to the FLUXNET-

CH4 Community Product (Delwiche et al. 2021; Knox et al. 2019) and additional FluxNet 

resources (fluxnet.org). I grouped chamber measurements from specific studies by “Site”, which 

I defined as surfaces with similar vegetation composition (dominant, present, absent) and 

physical characteristics (including water table position, permafrost conditions, organic layer 

depth, soil moisture, and pH) within proximity to each other (typically 1 – 100 m radius). In most 

cases, chambers and sites were already classified by these standards, however, sometimes it was 

necessary to combine or split chamber measurements presented by the authors into our site 

classifications. By combining and splitting sites this way, I were able to classify sites into 

BAWLD land cover classes. Average daily warm-season fluxes were then calculated from the 

average CH4 flux from each site over the study’s measurement period.  

In addition to CH4 flux data, I extracted various site descriptors and categorical and 

continuous environmental variables (see Table 2.1 for detailed metadata and additional variables 
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not discussed here). For all sites, I included information on the site name (Site), location 

(LatDec/LongDec, Country), the months measurements were taken (SampMonths), the flux 

measurement method (Meth), the author’s description of the site (SiteDescrip), and vegetation 

composition. Most studies did not classify land cover types with similar BAWLD criteria, 

therefore I assigned BAWLD land cover classifications. Permafrost zone was assigned according 

to Brown et al. (2002). When reported by the authors, I also extracted continuous variables 

including Mean Annual Air Temperature (MAAT), Mean Annual Precipitation (MAP), growing 

season length, Net Ecosystem Productivity (NEP), Ecosystem Respiration (ER), Gross 

Ecosystem Photosynthesis (GPPPer), air temperature (TPer), soil temperature at 0-5 cm (TSoilA) 

and 5-25 cm (TSoilB), water table depth (WTAv), organic layer depth (Org), active layer depth 

(AL), pH, and soil moisture (SoilMoist), all averaged over the same period as the flux 

measurements. The categorical variables collected include absence or presence of permafrost 

within the top two meters (PfConA), permafrost thaw (PfTh), and vegetation composition 

(absent, present, dominant) for graminoid (Carex spp. and Eriophorum spp; referred to as 

“Sedge” in the dataset), sphagnum moss (Sphag), non-sphagnum moss (Moss), tree, and shrub 

species. Vegetation composition of the functional plant type was considered dominant if that 

type made up greater than 50% of the reported biomass or areal coverage or was one of only two 

species present at the site.  Trees were assigned as the dominant vegetation type if the canopy 

was described as closed. Gridded (0.5 by 0.5 degrees) climate variables including mean annual 

temperature (referred to as GRID_T) and mean annual precipitation (CD_Pcp_An) were 

extracted from WorldClim2 (http://www.worldclim.com/version2).  

 

Table 2.1. Attribute information for the terrestrial flux dataset.  

Column_Name Variable_Name Units_Info Description Controlled_Vocab 

RefID Reference ID - Number ID attached to independent publications  - 

Dataset Dataset Name Olefeldt, Kuhn Data entered originally included by Olefeldt et al 

or new data entered by Kuhn et al. All were 

updated to include additional information not 

include originally by Olefeldt et al.  

Olefeldt, Kuhn 

Reference Reference - Author name and year published - 

LatDec Latitude Decimal Degrees Coordinates given by the authors - 
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LongDec Longitude  Decimal Degrees  Coordinates given by the authors - 

Site  Site Name - Names of site provided by the authors - 

SiteID Shortened 

SiteID 

- An abbreviated version of the site name  - 

Country Country - Country where the research took place USA: United States, 

Canada, Russia, 

Sweden, Norway, 

Greenland, Finland 

ID Measurement 

location ID 

- Name of the individual plot  - 

Ecosystem Ecosystem 

Classification 

 
Short name for the ecosystem type described by 

the authors 

- 

SiteDescrip Site Description - A description of the site given by the authors - 

Class Land cover 

Class 

- BAWLD land cover classification Bog, Fen, Marsh, 

WetTundra (Tundra 

Wetlands), 

DryTundra, Boreal: 

Boreal Forest, 

PermBog = 

Permafrost bog  

Seas Season/s T, S,  F Seasons the measurements took place in  T: Thaw/spring, S: 

Summer, F-fall 

Year.P Publication 

Year 

Year Year the study was published - 

Year.M Measurement 

year/s 

Year Year/s the fieldwork took place - 

SampleDays Sampling Days Days Number of measurement days - 

Month.Numbers Number of 

sampling 

months 

Months The number of months in which sampling occurred - 

SampMonths Sampling 

Months 

- The months that sampling took place in Jn: June, J: July, A: 

August, S: 

September, O: 

October 

Meth Method C, E, CE Methane flux measurement method C: Chamber, E: 

Eddy Covariance  

Coll Collars  Number of 

collars 

Number of collars used to estimate the average 

methane flux at a site 

- 

Occ Occasions Flux 

measurements 

Number of times a flux was measured at an 

individual collar  

- 

GrowSL Growing Season 

Length 

Days Length of the growing season as reported by the 

authors 

- 

CH4An Annual Fluxes g m-2 yr-1 Annual methane fluxes as reported by the authors - 
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CH4Av Average daily 

methane fluxes 

mg CH4 m
-2 d-1 Average growing season methane fluxes - 

CH4Md Median daily 

methane flux 

mg CH4 m
-2 d-1 Median growing season flux, if reported by authors - 

CH4Mx Max daily 

methane flux 

mg CH4 m
-2 d-1 Maximum methane flux over the growing season, 

if reported by authors 

- 

NEPPer Net Ecosystem 

Primary 

Productivity 

g C m-2 yr-1 - - 

ERPer Ecosystem 

Respiration 

g C m-2 yr-1 - - 

GPPPer Gross 

Ecosystem 

Productivity  

g C m-2 yr-1 - - 

MAAT Mean Annual 

Temperature 

Celsius Meant Annual Temperature reported by the authors - 

MAP Mean Annual 

Precipitation 

mm Meant Annual Precipitation reported by the authors - 

TPer Air Temperature Celsius Reported air temperature at the time of the 

methane measurement 

- 

TSoilA Surface Soil 

Temperature 

Celsius  Temperature of the soil from 5-25 cm depths - 

TsoilB Deep Soil 

Temperature 

Celsius  Temperature of the soil below 25 cm - 

TSoilDepth Soil 

Temperature 

Depth 

cm Measurement Depth for TsoilB, if no deep temp 

reported, this depth represents TsoilB 

- 

WTAv Water Table 

Average 

cm Average water table depth over the growing 

season, positive values represent water above the 

soil surface 

- 

WTMax Water Table 

Max 

cm Max (highest) water table depth over the growing 

season, positive values represent water above the 

soil surface 

- 

WTMin Water Table 

Min 

cm Minimum (lowest)  water table depth over the 

growing season, positive values represent water 

above the soil surface 

- 

WTFluc Water Table 

Fluctuation 

cm Fluctuation of the  water table depth over the 

growing season (range between max and min) 

- 

SoilMoist Soil Moisture % Soil Moisture percentage  - 

SoilMostD Soil Moisture 

Depth 

cm Depth the soil moisture was measured - 

Org Organic Layer 

Depth 

cm Thickness of the organic layer - 
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AL Active Layer 

Depth 

cm Active layer depth at the time of measurement - 

Thaw Thaw Depth cm Thaw depth - 

PfReg Permafrost 

Region 

C, D, S, N Permafrost region where the study took place. 

Determined by mapping the coordinates over 

Brown et al. 1999 permafrost cover map 

N: No permafrost, 

S: 

Sporadic/Isolated, 

D: Discontinuous, 

C: Continuous  

PfConA Permafrost 

Present 

Y/N Permafrost present in the top 2 meters, reported by 

the authors 

Y: Yes, N: No 

PfTh Permafrost 

Thaw Present 

Y/N Permafrost thaw present, reported by the authors Y: Yes, N: No 

pH pH - Soil pH - 

Sedge Sedge A, P, D Sedge presence  A: Absent, P: 

Present, D: 

Dominant  

Sphag Sphagnum 

Cover 

A, P, D Sphagnum moss presence  A: Absent, P: 

Present, D: 

Dominant 

Moss Moss Cover A, P, D Non-sphagnum moss presence  A: Absent, P: 

Present, D: 

Dominant 

Trees Tree Cover A, P, D Tree presence A: Absent, P: 

Present, D: 

Dominant 

Shrubs Shrub Cover A, P, D Shrub presence A: Absent, P: 

Present, D: 

Dominant 

Grid_T Mean Annual 

Temperature 

(gridded) 

Celcius Gridded (0.5 by 0.5 degree) mean annual 

temperature from WorldClim2 

- 

TotalID Unique site ID - Unique ID used as the random factor in mixed 

model analysis  

- 

CD_Pcp_An Mean annual 

precipitation 

(gridded) 

mm  Gridded (0.5 by 0.5 degree) mean annual 

precipitation from WorldClim2 

 

BIOME Biome 11, 6 Biome as defined by Olson et al. 2001 and the 

World Wildlife Fund 

11: Tundra, 6: 

Boreal  
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2.2.3 Aquatic methane flux dataset     

The aquatic flux dataset includes ice-free season (~May-October depending on the 

location) and winter/ice-out fluxes and was compiled using data from studies published before 

February 2020. I identified new studies using 1) JStor™, Google Scholar™ and Web of 

Science™ searches with the terms (lake* OR pond*) AND (north* OR boreal OR arctic OR sub-

arctic) AND (methane OR CH4 OR greenhouse gas*); 2) references from published studies; and 

3) contributions of unpublished data (n =1). If multiple, yearly measurements were given for one 

site by the same study, I averaged the flux values (following the initial protocol taken by Wik et 

al. 2016a). If different studies reported fluxes from the same lake then these data were reported 

as separate entries. In instances where ice-free fluxes and storage/ice-out fluxes were reported for 

the same lake, those data were entered on separate lines, but the number of lakes was designated 

as NA for the winter measurement as to not add to the total lake count. I defined sites based on 

reported average CH4 fluxes. For example, some studies reported one average flux value for a 

group of lakes and this was considered one “site,” however, the number of lakes was noted.  

Studies that only reported CH4 concentrations and not a flux estimate were not included.  

Similar to the terrestrial dataset, the aquatic dataset focuses on small-scale measurement 

techniques that allow for flux estimates to be attributed to one specific land cover class. 

Therefore ice-free season diffusive fluxes included in this dataset were measured using dissolved 

CH4 concentrations and modeling approaches (n = 254) or floating chambers (n = 181), while 

ebullitive fluxes were measured by bubble trap (n = 187) or floating chamber (n = 34). Diffusive 

modeling approaches include an estimate of the gas transfer coefficient, k. Gas transfer velocity 

estimates are commonly calculated using equations established by Cole and Caraco (1998). 

However, more recent efforts with EC systems, chambers, and either calculation or measurement 

of the near-surface turbulence that enables flux across the air-water interface indicates that fluxes 

using Cole and Caraco’s (1998) wind-based model of gas transfer velocities underestimate fluxes 

from non-sheltered and some sheltered waterbodies by a factor of two to four (Heiskanen et al. 

2014; Mammarella et al. 2015; MacIntyre et al. 2020). Highly sheltered waterbodies, such as 

small lakes surrounded by trees, may be an exception and can have reduced mean lake k values 

(Markfort et al. 2010). While I do not recalculate fluxes in this synthesis, I indicate which k 

calculations were used so that future studies and can easily identify and recalculate fluxes when 
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required. Only a handful of eddy covariance (EC) measurements (n = 5) were included in the 

dataset. I included a limited number of EC measurements due to difficulties that most studies had 

in attributing the fluxes to lakes specifically. I classified all EC fluxes as diffusive fluxes as it is 

hard to separate between ebullition and diffusion within this measurement technique, however, 

for this reason, EC measurements were excluded from statistical analysis for ice-free season 

fluxes  

I further delineated aquatic fluxes by transport pathway including ebullition (bubbles), 

diffusion (hydrodynamic flux), and winter storage/ice-out flux. Ebullition and diffusion 

measurements were averaged over the ice-free season to represent a mean daily flux estimate 

across a lake. In some cases, if measurements were only taken from one zone of the lake (i.e. just 

lake edge or just lake center) I averaged the fluxes and assumed whole-lake fluxes. Some studies 

only reported a seasonal ice-free flux estimate. If they also reported the number of days in the 

ice-free season, I then calculated the average daily flux rate. Storage flux includes the annual 

release of CH4 that accumulates within and under the ice over the winter and includes estimates 

from ice bubble surveys (IBS). Our storage flux estimate does not include estimates of spring or 

fall circulation fluxes, wherein CH4 that is stored in the deep portion of the water column is 

released upon season turnover of the water column (Karlsson et al. 2013; Sepulveda-Jauregui et 

al. 2015). I also include an estimate of the ice-free season ebullition and diffusive fluxes if 

provided by the authors or if the authors provided the number of ice-free days. Note that flux 

measurements that include the transport of CH4 through littoral vascular plants were not included 

as aquatic fluxes, but as Marsh or Tundra Wetland fluxes within the terrestrial dataset. 

In addition to aquatic CH4 flux data, I also collected various site descriptors and 

categorical and continuous environmental variables (See Table 2.2 for detailed attribute 

information and additional variables not discussed here). For all sites I extracted information 

about the site name and location (latitude/longitude and country), the number of lakes for a 

reported flux estimate, sampling season (SEASON) and within lake sampling location 

(E.LOCATION), sampling pathway (PATHWAY), the general sampling dates 

(YEAR/MONTH) and the number of times sampled (D.DAYS/E.DAYS). When available, I 

added a column for the equation used to estimate the gas transfer velocity constant (k) using 

modeling approaches (K600_EQ). Categorical variables included lake sediment type 
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(BOTTOM), permafrost zone (PERMA.ZONE), presence of talik (TALIK), ecoregion 

(ECOREGION), and the original lake types outlined by Wik et al. (2016a) (LAKE.TYPE). 

BAWLD specific categorical variables include the overarching lake genesis type (TYPE), binned 

water body size (SIZE), and BAWLD land cover class (CLASS). When reported, I extracted the 

following continuous variables: surface area (SA), water body depth (DEPTH), water 

temperature (TEMP), dissolved organic carbon concentration (DOC), and pH. Gridded (0.5 by 

0.5 degrees) climate variables including mean annual temperature (GRID_T) and mean annual 

precipitation (CD_Pcp_An) were extracted from WorldClim2 

(http://www.worldclim.com/version2). 

Table 2.2. Attribute details for the aquatic fluxes dataset.  

Column_Name Variable_Name Units_Info Description Controlled_Vocab 

ID Row ID Numbers Unique identifier for individual rows   

NUM  Study number - Number ID for independent publications  - 

STUDY Reference - Author name and year published - 

DATASET Dataset WIK, KUHN Data entered originally included by Wik et al 

or new data entered by Kuhn et al.   

WIK, KUHN 

YEAR Publishing year - Year the study was published  - 

COUNTRY Country  - Country where the research took place USA: United States, 

Canada, Russia, Sweden, 

Norway, Greenland, 

Finland 

SITE Lake name - Names of the lakes provided by the authors - 

NUMBER.LAKES Number of 

Lakes 

- Number of lakes represented by the flux value 

presented  

- 

LAT Latitude Decimal Degrees Coordinates given by the authors - 

LONG Longitude  Decimal Degrees  Coordinates given by the authors - 

ECOREGION Ecoclimate 

Region 

CB,SB,ST,AT Ecoclimatic regions as define by Olson et al. 

2001  

CB: Continental Boreal, 

SB: Subarctic boreal, 

ST: Subarctic tundra, 

AT: Arctic tundra  

PERMA.ZONE Permafrost Zone N,S,D,C Permafrost region where the study took place. 

 Determined by mapping the coordinates over 

Brown et al. 1998 permafrost cover map 

N: No permafrost, S: 

Sporadic/Isolated, D: 

Discontinuous, C: 

Continuous  

LAKE.TYPE Lake Type BP,PP,GP,T,U Lake type originally outlined by Wik et al. 

2016 

BP: Beaver Pond, PP: 

Peatland Pond, GP: 

Glacial/post-glacial, T: 
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Thermokarst, U: 

Unspecified  

BOTTOM Bottom 

Sediment Type 

M,O,P,Y,U Sediment type as described by the authors M: Minerogenic, O: 

Organic, P:Peat, 

Y:Yedoma, 

U:Unspecified 

TALIK Talik Present Y,N Is a talik present under the lake Y: Yes, N: No 

SA Water body 

surface area 

km2 Surface area reported by authors or 

determined by GIS if only the coordinates 

were given 

- 

DEPTH Water body 

depth 

meters  Mean lake depth reported by the authors; if 

mean was not reported, then the max was 

used  

 

SEASON Sampling Days Ice free, Winter The time of the year the sampling took place. 

"Winter" includes winter ice surveys and ice-

out measurements 

Ice-free, Winter 

 

YEAR.S Sampling 

year(s) 

year The year or years the sampling took place  

MONTH Sampling 

Months 

Month names The month or months the sampling took place September, October, 

November, etc  

PATHWAY Method D,E,S The transport pathways measured D:Diffusion, E: 

Ebullition, S:Storage, 

DE: 

Diffusion/Ebullition, DS: 

Diffusion/storage 

D.METHOD Diffusive 

measurement 

method 

CH,WS,EC The measurement method for diffusion CH: Floating Chamber, 

WS: Water Sample, EC: 

Eddy Covariance 

K600_EQ K600 equation - Equation used to estimate the piston gas 

velocity coefficient (k) when calculating 

diffusive fluxes  

- 

K_REF K600 reference  - Citation for the k 

equation used 

E.METHOD Ebullition 

measurement 

method 

BT, WS,IS The measurement method for ebullition BT: Bubble trap, CH: 

Chamber, IS: Ice survey 

E.LOCATION Ebullition 

measurement 

location 

C,E,W Location of the reported ebullition 

measurement 

C: Center, E: Edge, W: 

Whole lake estimate 

S.METHOD Storage/ice out 

measurement 

method 

BT,IS,WS The measurement method for storage/Ice out BT: Bubble trap, WS: 

Water sample, IS: Ice 

survey 

D.DAYS Diffusive 

measurement 

days 

Days Number of individual days diffusion was 

measured at the same lake 

- 
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E.DAYS Ebullition 

measurement 

days 

Days Total number of days a bubble trap was set to 

measure ebullition 

- 

LENGTH Field sampling 

campaign length 

Days The duration of the field sampling campaign 

for each lake 

- 

CH4.D.FLUX Diffusive fluxes mg CH4 m
-2 d-1 Mean daily diffusive fluxes - 

CH4.E.FLUX Ebullitive fluxes mg CH4 m
-2 d-1 Mean daily ebullitive fluxes - 

SEASONAL.D Seasonal 

Diffusive flux 

grams m-2 yr-1 Total diffusive fluxes over the season. Only 

included if the authors reported this value or 

the number of ice-free days  

- 

SEASONAL.E Seasonal 

Ebullitive 

Fluxes 

grams m-2 yr-1 Total ebullitive fluxes over the season. Only 

included if the authors reported this value  

- 

SEASONAL.S Seasonal 

Storage/ice-out 

grams m-2 yr-1 Below ice methane storage released upon ice-

out in the spring 

- 

IBS Ice Bubble 

Storage Fluxes 

grams m-2 yr-1 Ice-bubble methane storage released upon 

ice-out  

- 

TEMP Water 

Temperature 

Celsius Water temperature as reported by the authors - 

DOC Dissolved 

Organic Carbon 

mg L-1 DOC concentrations as reported by the 

authors 

- 

PH PH - Water column pH as reported by the authors - 

ICEFREE.DAYS Number of Ice 

free days 

Days Number of ice-free days as reported by the 

authors 

- 

CLASS Lake landcover 

class 

LL, MGL, MPL, 

MYL, SGL, SPL, 

SYL 

BAWLD land cover class type (includes size 

and lake origin type) 

LL: Large Lakes, MGP: 

Midsize glacial, MPL: 

Midsize Peatland, MYL: 

Midsize Yedoma, SGL: 

Small glacial, SPL: 

Small peatland, SYL: 

Small Yedoma 

SIZE Categorical 

waterbody size 

S, M, L BAWLD land cover size class only S: Small (<0.1km2), M: 

Midsize (0.1-10 km2), L 

(>10 km2) 

TYPE Land cover class 

type only 

Y, P, G BAWLD land cover lake origin type only G- Glacial, P- Peatland, 

Y- Yedoma  

CD_Pcp_An Mean annual 

precipitation 

(gridded) 

mm Gridded (0.5 by 0.5 degrees) mean annual 

precipitation from WorldClim2 

- 

BIOME Biome 11, 6 Biome as defined by Olson et al. 2001  11: Tundra, 6: Biome 

GRID_T Mean annual 

temperature 

(gridded) 

Celcius Gridded (0.5 by 0.5 degrees) mean annual 

temperature from WorldClim2 
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NOTES Notes on the 

data 

- Miscellaneous notes on the data   

 

2.2.4 Statistics      

All statistical analyses were performed in R statistical software (Version 1.1.383; www.r-

project.org). I tested for significant relationships between log-transformed warm-season 

(terrestrial sites) or ice-free season (aquatic sites) average CH4 fluxes and several covariates 

using a combination of linear regression and linear mixed-effects models when necessary (R 

Package 3.3.3; Lme4 Package; Bates et al. 2014). To include sites with CH4 uptake or near zero 

fluxes I added a constant of 10 (terrestrial fluxes) or 1 (aquatic fluxes) before log transformation. 

Mixed-effects modeling was used when a given model included sites with multiple yearly 

measurements or if multiple studies reported fluxes from the same site (R “nmle” package; 

Pinheiro et al., 2017). In these cases, site ID was included as a random effect in the analysis to 

help account for lack of independence across repeated measurements and to weight potential 

biases (Treat et al. 2018). Almost no studies in the terrestrial or aquatic datasets provided 

information on all of the variables, therefore, individual statistical analyses have different sample 

sizes, however, the same subset of data was used to select the best performing mixed models (n = 

206 and n = 149 for the terrestrial and diffusive aquatic mixed models, respectively). The 

significance of individual predictor variables in the mixed models was evaluated using forward 

model selection. Model performance was conducted using size-corrected Akaike information 

criterion (AICc; “AICcmodavg” package; Mazerolle & Mazerolle, 2017), wherein a decrease in 

AICc by 2 or more as an indication of a superior model (as in Olefeldt et al. 2013 and Dieleman 

et al. 2020). All models were tested against each other and the null model. The null model only 

included the random effects. Non-parametric Tukey’s HSD post-hoc tests were performed to 

assess differences in median fluxes among sub-categories if the overall model was determined 

significant. All aquatic diffusive and ebullitive fluxes were analyzed separately. Eddy covariance 

flux estimates for aquatic ecosystems (n = 5) were not included in the statistical analysis since 

ebullitive and diffusive fluxes could not be partitioned. I modeled the temperature dependence 

(Q10) of CH4 following Rasilo et al. (2015). 

http://www.r-project.org/
http://www.r-project.org/
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2.2.5 Scaling  

To spatially extrapolate CH4 emissions across the Arctic-Boreal study domain, I used 

empirical models with gridded (0.5˚ by 0.5˚) climate variables and land cover classes (Olefeldt, 

Hovemyr, Kuhn, et al. 2021) as fixed variables and individual site as a random factor to account 

for repeated measures. I did not include CH4 exchange from upland environments (Dry Tundra 

and Boreal Forests) due to low sample sizes from those classes. For wetlands, I used a two-step 

empirical modeling approach: first, I modeled soil temperature (TsoilB) using the interactive 

relationship between MAAT and average water table (WTAv) for each class (Eq. 2.1):  

Equation 2.1: TSoilB = MAAT*WTAv 

 

To model warm-season wetland CH4 fluxes I then used the calculated soil temperature 

and land cover class as predictor variables (Eq. 2.2):  

Equation 2.2: logCH4 = Class + TSoilB  

 

For diffusive emissions from aquatic ecosystems over the ice-free season, I modeled 

fluxes based on the relationship between lake class and gridded MAAT (Eq. 2.3). Ebullitive 

emissions were not explicitly modeled using empirical relationships due to the low performance 

of those models, therefore, I used the relationship between diffusive and ebullitive emissions 

from lakes that reported both transport pathways (0.51 of total emissions are from ebullition; 

similar approach taken by Wik et al. 2016a and Matthews et al. 2020).  

Equation 2.3: logCH4(diffusion) = Class + MAAT  

 

Model performance was tested using a cross-validation approach by which I left out a 

subset of data, re-ran the model, and then compared the model output verse the withheld 

observed soil temperature (Fig. A.2.3a), wetland fluxes (Fig. A.2.3b), or aquatic diffusive fluxes 

(Fig. A.2.4). The wetland flux model performed better (R2 = 0.77) than the aquatic model (R2 = 

0.39) during the validation tests. Model performance is explored in more detail in Sect. 2.4.1.  

The empirical models were built to estimate daily flux values. To extrapolate over the 

warm-season or ice-free season I estimated the number of warm-season and ice-free days based 
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on gridded climate data. For the number of warm-season days, I used a simplified approach 

wherein I took the months with positive mean temperatures and multiplied them by 30. In some 

grid cells, there were no months with positive mean temperatures. In those cases, I assumed the 

minimum number of warm-season days was 30. To calculate the number of ice-free days, I used 

an equation provided by Weyhenmeyer et al. (2011) which uses an arc cosine relationship 

between MAAT and the yearly temperature range to estimate the number of ice-free days. The 

arc cosine relationship does not hold for regions where the daily temperatures are below zero for 

less than 55 days or longer than 310 days (Weyhenmeyer et al. 2011). In these cases, I used a 

simplified approach based on the number of months with mean temperatures above zero and set 

the minimum number of ice-free days to 30.  

To quantify uncertainty for the warm-season or ice-free season estimates of CH4 

emissions I used a Monte Carlo approach (as in Dieleman et al. 2020). First, I established the 

95% confidence intervals (CI) for coefficients within the empirical models using a bootstrap 

command (“bootMer”, 1000 stimulations). I then generated a random number from a normal 

distribution within this CI range for each co-efficient in each grid cell. I then repeated this 

process 200 times leading to 200 matrices (23469 X 200 elements). For the wetland emissions, 

this was repeated for both soil temperature and flux, thus soil temperature also randomly varied 

within each cell as the flux model coefficients varied. I assumed additive uncertainty between the 

estimated flux and estimated area for each class as the two uncertainties are unrelated. Thus, the 

final output includes the average emission estimate over the 200 simulations and the lower and 

upper bounds represent the 95% CIs multiplied by the respective 95% CIs for the area. Because 

each class has a coefficient in the scaling model, individual class emissions and uncertainty were 

also calculated.  I also compared the model uncertainty to the area uncertainty by multiplying the 

central model estimate times the low and high area uncertainty estimates and comparing that to 

the uncertainty associated with just the model output (i.e. area was held constant).  

To estimate total annual emissions I estimated winter emissions from wetlands make up 

20% of the total annual emissions (Treat et al. 2018) and winter/ice-out emissions from aquatic 

ecosystems make up 23% of annual emissions (Wik et al. 2016a). I assumed these calculations 

introduced the same percent of uncertainty and added it accordingly.  
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2.2.6 Limitations    

Due to limitations of the studies where data were extracted from, some parts of the annual 

period are not considered in the dataset.  Thus this dataset focuses on small-scale, surface-based 

spatial patterns in CH4 fluxes associated with specific land cover classes and does not represent 

temporal patterns in fluxes. For both terrestrial and aquatic datasets, I extracted data on the 

average CH4 fluxes over warm periods or ice-free periods. While I do include an estimate of 

winter/ice-out fluxes from aquatic ecosystems, the dataset does not include autumnal turnover 

fluxes from aquatic ecosystems, which may represent a substantial portion of annual emissions 

(Ferndandez et al. 2014; Klaus et al.  2018). Nor do I include shoulder season or winter fluxes 

from terrestrial ecosystems, which can represent substantial components of the annual flux (Treat 

et al. 2018; Zona et al. 2016). Furthermore, the data extraction methods were not designed to 

assess inter-annual changes in fluxes as this dataset compiles the data of multiple studies over a 

large range of years (1986-2020). Despite data limitations, the datasets represent an important 

step forward regarding the spatial variability in fluxes among different land cover types.  

2.3.0 Results  

2.3.1 Summary statistics     

In total, I extracted 555 site-year CH4 estimates from terrestrial (wetland and non-

wetland) ecosystems. The majority of reported fluxes (site-years) were from Canada and 

Greenland (34%), followed by Russia (27%), Alaska (25%), and Scandinavia (14%) (Fig. 2.1a). 

Terrestrial fluxes followed a bimodal distribution, split by net positive fluxes (82% of all 

reported fluxes) and net uptake or zero-emission (18% of all reported fluxes; Fig. 2.5a). The 

median number of measurement days per site-year flux for chamber measurements was 10 and 

the median number of collars per site measurement was five (Fig. 2.6a). Of the site-year fluxes 

reported from aquatic ecosystems, there were 441 diffusive estimates and 175 ebullitive ice-free 

season estimates, and 125 estimates of winter/ice-out fluxes (including storage, winter ebullition, 

or ice bubble surveys). Aquatic sites were distributed throughout the Boreal-Arctic region (Fig. 

2.1b). Diffusive fluxes showed a unimodal distribution, while ebullition showed bimodal peaks 

near 100 and 0 mg CH4 m
-2 d-1 (Fig. 2.5b, 2.5c).  The median number of measurement days per 

site-year flux was three and 15 for diffusion and ebullition, respectively (Fig. 2.6b; 2.6c).  

Winter/ice-out fluxes were reported as annual estimates and are shown in Table 2.5. 
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Figure 2.5. Histograms of site-specific average CH4 fluxes. a) Terrestrial fluxes. b) Aquatic 

diffusive fluxes. c) Aquatic ebullitive fluxes. Grey bars represent net zero or net uptake fluxes. 

 

 

Figure 2.6. Histograms for the number of sampling days contributing to the average warm-

season or ice-free season flux value. A) Terrestrial flux sampling days. B) Aquatic diffusion 

flux sampling days. C) Aquatic ebullition sampling days. The orange dotted lines in panels b and 



40 

 

c represent the number of recommended sampling days needed to arrive at a flux estimate within 

20% accuracy (11 days for diffusion and 39 days for ebullition; Wik et al. 2016b).   

2.3.2 Correlations with terrestrial methane fluxes 

Of the continuous variables, water table (WTAv) and soil temperature (TSoilA at 5-25 

cm) were significantly and linearly correlated with log CH4 (WTAv: χ
2 = 121,   P < 0.0001, R2m 

= 0.28, df = 380; TSoilA: χ2 = 54.6, P < 0.0001, R2 = 0.21, df = 283; Fig. 2.7) and gross primary 

productivity (GPP) was logarithmically correlated with CH4 (χ
2 = 5.8, P = 0.016, R2m = 0.15; df 

= 56; Fig. 2.7). However, given the relatively low sample size for GPP (n = 57), I do not include 

GPP in mixed model analyses. The temperature sensitivity (Q10) for all terrestrial emissions was 

2.8 (Table A.2.1). Of the categorical variables, there was no difference between the different 

permafrost zones (χ2  = 0.88, P = 0.83, df= 539), but CH4 fluxes were higher from sites without 

permafrost present in the top two meters (χ2  =16.37, P < 0.0001, df = 482; Fig. 2.8). For 

vegetation composition, sites dominated by shrubs had lower fluxes than those sites with shrubs 

present or absent (χ2  = 34.66, P <0.001, df = 2; Fig. 2.8). The strongest relationship between 

vegetation composition and CH4 flux was emergent graminoid cover. Sites with dominant 

graminoid composition had higher fluxes than sites where graminoids were present or absent (χ2  

= 148.95, P < 0.0001, df = 2; Fig. 2.8). The best explanatory model for terrestrial CH4 emissions 

was an additive model that included site-level predictors of water table, soil temperature, and 

graminoid cover alongside the broader classification of land cover class (R2m = 0.69; P <0.0001, 

df = 224; Table A.2.2). There was no effect on model performance using interactive effects 

(DeltaAICc = 0.84), however, the R2m did increase to 0.73 (Table A.2.2). Notably, on their own, 

individual models with just the site-level predictors or with just land cover type explained close 

to the same amount of variation in CH4 fluxes (R2m = 0.55 and 0.54, respectively). Methane 

uptake fluxes, when analyzed separately, were positively correlated with thaw depth (i.e. more 

uptake with greater thaw depths; R2m = 0.55, χ2  = 19.61, P < 0.0001, df = 22; Fig. A.2.1). No 

other continuous variables were correlated with CH4 uptake, however, sites, where shrubs were 

present, had significantly higher uptake than sites where shrubs were absent or dominant (Tukey 

PostHoc, P < 0.001 for both, df = 2; Fig A.2.2). 
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Figure 2.7. Relationships between site-averaged warm-season CH4 flux and environmental 

variables. Environmental variables include water table, soil temperature at 5-25 cm depth, active 

layer depth, latitude, air temperature, organic layer thickness, ecosystem respiration (ER), gross 

primary productivity (GPP), and soil pH. Regression lines and R-square values are shown for 

significant relationships. Note the log scale. Log CH4 flux was linearly related to water table and 

soil temperature and was logarithmically related to GPP (dotted line). Points below the red 

dotted line represent net uptake fluxes. * P <0.05 ** P < 0.01 *** P < 0.001 
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Figure 2.8. Warm-season terrestrial CH4 fluxes classified by categorical variables. Orange 

dots represent the arithmetic mean flux values and black lines represent median flux values. 

Boxes represent 25th and 75th percentiles. The number of sites for each category is represented in 

the column to the right (n) and statistical differences among the categories are indicated by the 

letters (Sig), wherein subcategories with the same letters are not significantly different. 

Permafrost zones are from Brown et al. 2002. Permafrost condition represents the presence of 

permafrost in the top 2 meters as reported by the authors. See text for definitions used to classify 

vegetation cover. Outlier fluxes greater than 380 are not shown. 

There were significant differences in fluxes among the BAWLD terrestrial land cover 

classes (χ2 = 253. 69, P < 0.001, df = 6; Fig. 2.9a, Table 2.3). Median fluxes were highest from 

Marshes, Tundra Wetlands, and Fens (mean water table = +2, -0.4, and -6 cm, respectively). 

Median fluxes from Bogs were lower than the Marshes, Tundra Wetlands, and Fens, but higher 

than Permafrost Bogs, Dry Tundra, and Boreal Forests. Permafrost Bogs were the only wetland 

class that fell into the lowest emitting group of classes. However, the frozen and elevated nature 

of Permafrost Bogs typically leads to lower water table conditions more similar to Dry Tundra 

and Boreal Forests (mean water table = -22, -15, and -40 cm, respectively). However, it must be 
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noted that in most Boreal Forest sites the water table is not in the top two meters, therefore water 

table is not commonly measured or reported. The mean water table depth presented here is likely 

an over estimate that represents wetter Boreal Forest sites that had measurable water tables in 

the top two meters. Boreal Forest ecosystems were the only class to have negative median CH4 

flux for the entire class (net uptake). Permafrost Bogs and Dry Tundra classes also included net 

uptake site-year CH4 estimates (n= 17 and 31, respectively). One Wetland Tundra site in the 

Canadian High Arctic showed net CH4 uptake for one of the three years it was measured 

(Emmerton et al. 2014). Notably, the apparent temperature sensitivity of CH4 flux from the drier 

terrestrial sites (Boreal Forest, Dry Tundra, and Permafrost Bogs: Q10 = 3.7) was higher than 

from the wet terrestrial sites (Marshes, Tundra Wetlands, Bogs, and Fens; Q10 = 2.8).  

Table 2.3. Characteristics of BAWLD terrestrial classes based on environmental variables. 

The number of sites (site years) and contributing studies are shown for each class. Also shown 

are the mean, median, and quartiles for site average CH4 flux, water table, soil temperature 

between 5 and 25 cm (TSoilB), sedge cover, pH, ecosystem respiration (ER), and gross primary 

productivity (GPP). *In some cases one study contributed flux data for multiple classes.  

  Boreal 

Forest 

Dry 

Tundra 

Permafrost 

Bog 
Bog Fen 

Tundra 

Wetlands 
Marsh 

Sites  30 63 81 87 109 109 33 

Studies*  15 30 34 36 33 47 20 

CH4  Mean -1.1 3.83 7.79 43.45 79.61 81.54 171.61 

Flux Median -0.4 -0.01 2.32 24.55 54 65 106.00 

(mg CH4 m
-2 d-1) 25th -0.87 -1.09 0 6.92 20 34 70.50 

 75th -0.17 2.4 6.9 57.35 107.20 99.30 200 

Water  Mean -38.37 -14.67 -22.16 -12.65 -5.98 -0.40 2 

Table Median -42.50 -14.50 -20 -11 -5 0 0 

(cm) 25th -50 -19.50 -37.25 -20 -10 -5 -3.5 

 75th -25.3 -8.3 -10.3 -5 -1 4 5 

 n 6 30 62 67 91 91 23 

TSoilB Mean 9.4 4.7 5 10.7 11.6 5.6 11.6 

(ºC) Median 10 3.85 4.2 11.24 12 5 11 
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 25th 8.8 2 2.5 9.2 9.5 3.6 8.8 

 75th 11 6.7 6.9 12.20 13.4 7.4 15 

 n 14 20 53 51 60 59 17 

Average Dom 0% 17%  14%  23%  61%  61%  91%) 

Sedge Cover Pres 27%  59%  53%  49%  34% 38%  9%  

 Absent 73%  28%  21%  28%  5% 1%  0%  

 n 26 54 78 82 107 105 32 

pH Median 4.2 5.8 4.9 4.9 6.7 6.1 5.8 

 n 9 12 11 29 42 25 10 

ER Median 2.3 1.5 1 1.6 1.93 1.4 3.25 

(g C m-2 yr-1) n 6 18 55 20 14 27 5 

GPP 

(g C m-2 yr-1) 

Median - 2.2 1.6 7.4 15.5 2.4 3.4 

n - 3 9 13 17 11 2 

 

 

Figure 2.9. Relationship between CH4 flux and BAWLD land cover classes. A) Terrestrial 

fluxes per each class. B) Aquatic fluxes including diffusion and ebullition per each class. Orange 

dots represent the arithmetic mean flux values and black lines represent median flux values. 
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Boxes represent 25th and 75th percentiles. Outlier fluxes over 380 are not shown. The letters 

represent significant differences in fluxes among classes. Similar letters indicate no significant 

difference.  

2.3.3 Correlations with aquatic methane fluxes 

Diffusive CH4 fluxes from aquatic ecosystems were negatively correlated with the 

continuous variables logged surface area (χ2  =73.0, P < 0.0001, R2m = 0.20, df = 235; Fig. 

2.10a), logged waterbody depth (χ2  =23.5, P < 0.0001, R2m = 0.09, df= 275; Fig. 2.10b), latitude 

(F = 54.6, P < 0.0001, R2 = 0.13, df = 361; Fig. 2.10c), and positively correlated with DOC (F = 

71.7, P < 0.0001, R2 = 0.21, df = 261; Fig. 2.10d) and water temperature (F = 57.2,  P <  0.001, 

R2 = 0.19, df = 236; Fig. 2.10e). The apparent Q10 for diffusive emissions was 4.3 (Table A.2.1). 

Diffusive CH4 fluxes were highest from the sporadic permafrost zone (χ2 = 17.2, P = 0.002, df = 

3; Fig. 2.11). Furthermore, diffusive fluxes were significantly higher from small lakes compared 

to midsize and large lakes (χ2 = 30.5, P < 0.0001, df = 2; Fig. 2.11) and from lakes with 

peaty/organic-rich sediments compared to lakes with Yedoma and Glacial sediment types (χ2 

=103.9, P < 0.0001, df = 2; Fig. 2.11). The best explanatory model for diffusive CH4 fluxes was 

an additive model including an interaction between lake surface area (continuous) and type (i.e. 

overarching lake genesis) alongside water temperature as predictor variables (F = 14.9, P < 

0.0001, adj.R2 = 0.41, df = 149; Table A.2.3). Land cover class on its own explained 25% of the 

flux variation (F = 22.8, P < 0.0001, df = 149).  

Ebullitive CH4 fluxes from aquatic ecosystems were positively correlated with logged 

DOC (F = 12.25, P = 0.0008, adj.R2 = 0.14, df = 71; Fig. 2.10d) negatively correlated with 

surface area (F = 13.88, P = 0.0003, adj.R2 = 0.08, df = 164; Fig. 2.10a) and latitude (F = 5.38, P 

= 0.02, adj.R2 = 0.03, df = 160; Fig. 2.10c) and were weakly correlated with water temperature 

(F = 5.55, P = 0.02, adj.R2 = 0.06, df = 67; Fig. 2.10e). The apparent Q10 for ebullitive emissions 

was 2.4 (Table A.2.1).  There was no apparent relationship with lake depth and ebullitive fluxes 

(F = 0.02, P = 0.91, df = 151; Fig. 2.10b). There were no differences in ebullitive emissions 

between the permafrost zones with the exception of lower ebullitive emissions from the 

continuous zone compared to the sporadic zone  (Tukey’ HSD,  P <0.001; Fig. 2.11). Similar to 

diffusive fluxes, ebullitive fluxes were higher from the small lake classes compared to midsize 
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lakes (Wilcoxon Rank Sum, P = 0.0006, note that Large lakes did not have a large enough 

sample size (n=1) to be included in the post-hoc analysis). Finally, ebullitive fluxes were 

similarly higher from Peatland and Yedoma lakes compared to Glacial lakes (Tukey’ HSD, P = 

0.006 and 0.001, respectively). The best explanatory model for ebullitive fluxes using a subset of 

the data with complete information for predictor variables of interest (i.e. SA, SITE, CLASS, 

SIZE, DOC, TYPE, LAT, GRID_T) included just water body surface area (continuous) as a 

predictor variable (F = 19.85, P = 0.0001, adj.R2 = 0.21, df = 68).    

 

Figure 2.10. Relationships between site-averaged ice-free diffusive and ebullitive CH4 fluxes 

(note the log scale) and environmental variables. Environmental variables include surface 

area, waterbody depth, latitude, dissolved organic carbon (DOC) concentration, water 

temperature, and pH. Regression lines and R-square values are shown for significant 

relationships. Log diffusive CH4 flux was linearly related to surface area, depth, latitude, water 

temperature, and DOC. Log ebullitive fluxes were linearly related to surface area, latitude, DOC, 

and water temperature. * P <0.05. ** P < 0.01. *** P < 0.001. 
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Figure 2.11. Ice-free season diffusion (left) and ebullitive (right) aquatic CH4 fluxes as 

described by categorical variables. Orange circles represent mean flux values. The number of 

sites for each category is represented in the column to the right (n) in the representative colors 

for diffusion (light blue) and ebullition (dark blue). The letters (Sig) indicate statistical 

differences among the categories. Lake Size represents binned surface areas for < 0.1 km2 

(Small), 0.1 – 10 km2 (Midsize), and > 10 km2 (Large). Lake Type represents the BAWLD 

classification of waterbody types including Peatland, Yedoma, and Glacial lakes. Fluxes higher 

than 380 are not shown. 

There were clear differences in diffusive CH4 fluxes among the aquatic class types, but 

few differences were observed for ebullitive fluxes. Diffusive fluxes were higher from the 

Peatland and Yedoma lake classes (both small and midsize), associated with organic-rich 

sediments, compared to mineral-rich glacial and large lakes (χ2 = 119.8, P < 0.001, df = 6; Fig. 

2.9b; Table 2.4). While ebullition fluxes appear to follow a similar trend to diffusive fluxes, the 

only significant difference was between Small Yedoma lakes and Midsize Glacial lakes (Tukey’ 

HSD, P < 0.001; Fig. 2.9b). However, the lack of statistical differences found for ebullition 

between lake classes may in part be due to fewer and more variable ebullition measurements 

compared to diffusion (Table 2.4). Reported winter/ice-out emission estimates (including storage 

flux and Ice Bubble Survey (IBS) flux) were scarce in comparison to reported ice-free season 

emissions. Small Glacial Lakes and Midsize Glacial Lakes had the most reported winter ice-out 
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emission estimates (n= 20 and 31, respectively). Average winter emissions (storage flux + IBS) 

generally were lower than annual estimates of ice-free diffusive and ebullitive emissions (Table 

2.5); however, statistical tests were not performed across all of the classes due to low sample 

sizes from some of the classes. Winter ebullition estimates (i.e. direct ebullition emission to the 

atmosphere from seeps during the ice-cover winter season) were not included in winter emission 

sums because of the non-uniform spatial nature of these emission types (Sepulveda-Jauregui et 

al. 2015; Wik et al. 2016a), but are shown in Table 2.5. In the future, more estimates of winter 

emissions from aquatic systems are needed to more accurately estimate total annual emissions.  

Table 2.4. Characteristics of the BAWLD aquatic classes based on CH4 and environmental 

variables. The number of sites and contributing studies are shown for each class and flux 

pathway. Also shown are the mean, median, and quartiles for site average diffusive and 

ebullitive CH4 flux, waterbody surface area, water body depth, and dissolved organic carbon 

concentrations (DOC). *In some cases one study contributed flux data for multiple classes and 

pathway types. One ebullition outlier point (flux = 1815 mg CH4 m
2 d-1) was excluded from the 

Midsize Glacial class as it was influenced by beaver activity (Sepulveda-Jauregui et al. 2015). 

  
Large 

Lakes 

Midsize 

Glacial 

Small 

Glacial 

Midsize 

Yedoma 

Midsize 

Peatland 

Small 

Peatland 

Small 

Yedoma 

Studies*  7 23 15 18 13 39 6 

Lakes* D  168 447 52 7 43 400 17 

Lakes* E  1 34 19 38 26 50 34 

Diffusive Mean 8.6 9.5 10.5 12.3 39.1 61.2 57.8 

CH4 Flux 

(mg CH4 m
-2 d-1) 

Med 3.8 5.1 5.8 6.8 18.4 16.4 30.5 

25th 1.1 2.4 1.1 3.4 11.0 9.1 20.5 

 75th 12.2 12.3 8.6 16.5 42 101.6 49.7 

 n 11 68 55 6 24 218 14 

Ebullitive Mean 0 24.12 22.1 46.8 54.0 85.6 95.9 

CH4 Flux 

(mg CH4 m
-2 d-1) 

Med 0 1.65 13.3 7.5 45.1 22.5 78.3 

25th 0 0 3.4 1.8 20.8 3.2 49.1 

 75th 0 15.4 26.5 70.1 80.5 89.4 113.8 

 n 1 35 19 15 7 57 33 

Surface Mean 52.9 1.2 0.03 1.2 1.03 0.0123 0.03 
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Area (km2) Med 42.6 0.5 0.02 0.56 0.25 0.002 0.02 

25th 17 0.2 0.01 0.32 0.13 0.0001 0.008 

 75th 48.4 1.4 0.05 1.2 0.48 0.01 0.04 

 n 16 106 61 16 24 201 48 

Depth (m)  Mean 21.4 7.7 4.6 4.7 2.0 1.2 4.9 

 Med 15.6 4.6 3.15 2.8 1.4 1 4.3 

 25th 9 1.8 2.5 2.1 1 0.5 2.6 

 75th 26.5 11.4 6.7 4.8 1.6 1.7 6 

 n 13 90 46 16 17 178 49 

DOC Mean 7.7 7.3 13.4 7.8 12.0 20.3 23.2 

(mg L-1) Med 8 4.6 7.6 4.7 10.6 16.6 16.3 

25th 5.9 3.2 4.2 4.0 8.4 11.0 14.9 

 75th 8.1 8.1 11.3 4.8 11.3 25.8 35.3 

 n 11 62 33 8 17 162 11 

  

Table 2.5. Winter fluxes, including storage, ice bubble storage (IBS), and winter ebullition 

for each class type. Annual estimates of ice-free diffusion and ebullition are included for 

comparison. ** Winter ebullition from constant seeps not included in sum winter/ice-out 

emissions. 

Class Annual Flux (g 

CH4 m
-2 yr-1) 

Storage Ice Bubble 

Storage 

Winter Ebullition 

(Seeps)** 

Ice-free Diffusion Ice-free 

Ebullition 

Small Peatland 

Lakes 

Mean (n) 1.3 (4) 1.3 (4) 9.5 (4) 10.50 (97) 12.61 (38) 

 Median 1.5 1.5 2.3 4.50 5.50 

 25th 0.8 0.8 1.7 1.62 1.26 

 75th 1.9 1.9 10.1 12.10 14.33 

Small Glacial 

Lakes 

Mean (n) 1.3 (14) 1.3 (14) 1.1 (6) 0.78 (46) 4.72 (8) 

 Median 0.5 0.5 1.2 0.70 4.95 

 25th 0.1 0.1 0.7 0.13 3.98 

 75th 2.6 2.6 0.6 1.14 7.52 

Small Yedoma 

Lakes 

Mean (n) 0.4 (6) 0.4 (6) 2.3 (10) 6.18 (11) 11.14 (16) 

 Median 0 0 1.1 3.20 3.70 

 25th 0 0 0.4 2.70 1.50 

 75th 0.5 0.5 3.8 5.70 14.55 

Midsize 

Peatland Lakes 

Mean (n) 0.9 (1) 0.9 (1) 1 (1) 4.02(6) 6.47 (4) 

 Median - - - 2.85 6.04 

 25th - - - 1.65 3.85 

 75th - - - 5.63 8.66 

Midsize Glacial 

Lakes 

Mean (n) 0.3 (19) 0.3 (19) 0.4 (12) 1.59 (54) 3.37(21) 

 Median 0 0 0.3 0.6 0.92 

 25th 0 0 0.1 0.26 0.35 

 75th 1.7 1.7 0.5 1.41 1.7 



50 

 

Midsize 

Yedoma Lakes 

Mean (n) 1.2 (3) 1.2 (3) 0.2 (3) 1.71 (5) 6.12 (5) 

 Median 0.6 0.6 0.2 1.10 2.10 

 25th 0.5 0.5 0.15 0.50 0.70 

 75th 1.7 1.7 0.25 2.00 11.80 

Large Lakes Mean (n) 0 (4) 0 (4) - 1.38 (9) - 

 Median 0 0 - 0.8 - 

 25th 0 0 - 0.25 - 

 75th 0 0 - 1.3 - 

  

2.3.4 Joint analysis of terrestrial and aquatic fluxes  

I performed a joint analysis of fluxes from both the aquatic and terrestrial datasets with 

regional predictor variables (Class, MAAT, MAP, Permafrost Zone, and Biome) using mixed 

models to assess the potential for universal drivers across all Boreal-Arctic ecosystems. The best 

model included Class and MAAT (χ2 = 345.6, P < 0.0001, R2m = 0.47, df = 18: Table A.2.4). 

However, Class alone explained 44% of the variation in fluxes (compared to 47% in the best 

model; Table A.2.4), suggesting that ecosystem classification based on CH4 emitting 

characteristics, alongside corresponding spatial extent, is one of the most important variables to 

consider when scaling CH4 fluxes across the Boreal-Arctic region.  

2.3.5 Upscaled methane fluxes   

I used empirical models together with gridded climate variables and land cover 

distributions (Olefeldt, Hovemyr, Kuhn, et al. 2021) to estimated warm-season and ice-free 

season CH4 emissions across the Boreal-Arctic region. Average CH4 emissions from wetlands 

were 24.7 (18.5-35.7) Tg CH4 yr-1 (Table 2.6) and average CH4 emissions from aquatic 

ecosystems were 5.1 (3.7-7.7) Tg CH4 yr-1 (Table 2.6). Total annual emissions (including winter 

and ice-out emission estimates) were 30 (22.8-44) Tg CH4 yr-1 for wetland and 6.6 (3.1-9.1) Tg 

CH4 yr-1 for aquatic ecosystems. The largest source of CH4 for wetlands over the warm-season 

was from Fens (9.9 Tg CH4 yr-1) and the lowest source was Permafrost Bogs (1.1 Tg CH4 yr-1; 

Fig. A.2.5). Geographically, emissions were highest from West Siberian Lowlands, Hudson Bay 

Lowlands, and the southern Taiga Plains of western Canada where wetlands are most prominent 

(Fig. 2.12a; Hugelius et al. 2020). Aquatic diffusive emissions were highest from Small Peatland 

Lakes (1.14 Tg CH4 yr-1) and Large/Midsize Glacial Lakes (together = 1.03 Tg; Fig. A.2.6). 

Ebullitive emissions (paint by numbers) were highest from Small and Midsize Peatland Lakes 

(~1.7 and ~1.3 Tg CH4 yr-1 each). Geographically, emissions were highest from the West 
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Siberian Lowlands, where Small Peatland Lakes are abundant, and the Canadian Shield where 

glacial lakes are present at a high density (Fig. 2.12b; Messager et al. 2016).  

Uncertainty from the wetland empirical models (~4 Tg CH4 yr-1) was less than the 

associated uncertainty from the land cover area (~13 Tg CH4 yr-1), suggesting the land cover area 

is less constrained than flux estimates. Within the wetland classes, the highest model uncertainty 

(i.e. flux uncertainty) was from Fens (~ 2 Tg CH4 yr-1; Fig. A.2.5). For aquatic ecosystems the 

highest model uncertainty was from Small Peatland Lakes (~ 0.3 Tg CH4 yr-1) and Midsize 

Glacial Lakes (~0.14 Tg CH4 yr-1; Fig.  A.2.6).  

Table 2.6. Annual CH4 emission estimates from Boreal-Arctic wetland and aquatic 

ecosystems. 

Study Domain (latitude) Tg CH4 year-1 Notes 

Aquatic (bottom-up)    

Walter et al. 2007 >45 25.3 (15-36) Only 1.1 Tg from diffusion  

Bastviken et al. 2011 >50 13.4   

Wik et al. 2016 >50 16.5 (7.5-25.5)  

Tan et al. 2015 >60 11.86   

Matthews et al. 2020 >50 15.8 (13.8-17.7)  

This study (ratio) ~>50-55 6.6 (3.1-9.1) Moving southern boundary 

This study (PBN ebullition) ~>50-55 10.1 (5.7-14.5) Moving southern boundary 

Wetlands (bottom-up)    

Treat et al. 2018 >40 37 (30-43)  

Peltola et al. 2019 >45 38, 31, 32 3 outputs from 3 different wetland cover 

maps 

Zhu et al. 2016 >45 44-54.7  

Watts et al. 2015 >45 53  

This study  ~>50-55 30 (22.8-44) Moving southern boundary 

Inverse model (top-down)    

Thompson et al. 2018 >45 33.6 Doesn’t explicitly include lakes 

Bruhwiler et al. 2014 >47 23 Doesn’t explicitly include lakes 

Spahni et al. 2011 >45 28.2 (26-30.4) Doesn’t explicitly include lakes 
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Figure 2.12. Average warm-season and ice-free CH4 emissions across the Boreal-Arctic 

region. a) Warm-season wetland CH4 fluxes. b) Ice-free aquatic CH4 fluxes (includes both 

ebullition and diffusion). Note the different scales between panel a and panel b. The flux rates 

refer to the total unit area in a grid cell in grams of CH4.  

2.4.0 Discussion  

2.4.1 Flux variation largely explained by land cover classes  

In this review, I assessed the controls on CH4 emissions from 189 studies across 

terrestrial and aquatic ecosystems in the Boreal-Arctic region. A central component to this study 

was the inclusion of new land cover classes split by CH4-emitting characteristics common across 

terrestrial and aquatic ecosystems, respectively. Terrestrial classes were split by permafrost 

conditions and hydrology (and vegetation and nutrient conditions therein) whereas aquatic 

classes were split by size and lake genesis (i.e. type). I found that much of the observed CH4 flux 

variability from terrestrial and aquatic ecosystems could be explained by this land cover 

classification system (Fig. 2.9). When modeling fluxes for both aquatic and terrestrial 
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ecosystems together with regional-level predictors (variables assigned to sites based on the 

gridded product including Biome, Permafrost Zone, MAAT, and MAP) land cover class 

explained most of the variation (44%) with statistically significant, but small contributions in 

explained variation from gridded MAAT (3% of 47% total variation explained; Table A.2.2). 

This suggests that differences in land cover classes are the most important consideration for 

estimating CH4 flux at this scale, with some influence of MAAT.  

For terrestrial fluxes alone, land cover class as a predictor variable explained 55% of the 

flux variation. Site-level predictors, including water table, temperature, and vegetation conditions 

explained 54% of the variation in the fluxes when analyzed separately.  The best model for 

terrestrial fluxes included these site-level variables and land cover class and explained 69-73% of 

the variation (depending on additive or interactive effects; Table A.2.2). This model likely 

performed better than land cover class on its own because the extra information added from the 

continuous soil temperature and water table variables captured the variation in these conditions 

within each class. While permafrost presence came out as a non-significant term in the best 

model (Table A.2.2), the effects of permafrost presence and absence, including confounding 

temperature effects, were already intertwined into the land cover classes.  

For aquatic ecosystems, the best models for diffusive and ebullitive fluxes contained 

different predictor variables. The best model for diffusive fluxes explained 41% of CH4 flux 

variability and included an interactive effect between surface area and lake type (Peatland, 

Yedoma, and Glacial) and water temperature. Land cover classes (i.e. lake types split by small 

and medium categorical sizes) did not come out as significant in this model because the 

continuous variable of surface area captures the size variation within each lake type. However, 

land cover class modeled on its own explained 25% of the flux variation. The significant effect 

of surface area is consistent with previous global synthesis efforts that found small water bodies 

tend to have higher CH4 fluxes likely due to the compounding effects of higher substrate 

availability and warmer temperatures compared to larger water bodies (Holgerson and Raymond, 

2016; DelSontro et al. 2018). Notably, previous synthesis efforts also found that water body 

depth was a significant predictor variable of diffusive fluxes (Wik et al. 2016a, Li et al. 2020). 

While depth did not come out as significant in my model, the effect of waterbody depth is taken 

into account with the lake types and areas embedded within. For example, I found diffusive 



54 

 

fluxes are typically higher from Peatland lake types compared to Glacial lakes, which have 

average depths of 1.6 meters and 6.7 meters, respectively. Waterbody depth is also an important 

factor contributing to water body temperature (i.e. warmer waters in shallower waterbodies), thus 

the effect of waterbody depth may also be confounded with that of the temperature variable. 

The best model for ebullition contained waterbody surface area as a predictor and 

explained 21% of the variation in the fluxes. Previous synthesis efforts have linked ebullition 

fluxes to both temperature (Aben et al. 2017) and waterbody depth (Wik et al. 2016a). The weak 

or absent relation with temperature and depth here is not surprising especially given the broad 

depth range of the lakes evaluated, nor contradicts the previously observed relationships, because 

it is likely that the temperature and depth influence is clearer over time and space, respectively, 

in each specific system. In this dataset, such patterns may be masked by differences in 

measurement strategies (i.e. number of measurements per season or measurement distributions 

over the lake) or among overall system characteristics. It is also possible the effects of depth are 

confounded with surface area as the two metrics are highly correlated (Fig. A.2.7).  While this 

dataset represents one of the largest collections of ebullitive emissions from northern lakes so 

far, this emission pathway is still largely underrepresented and waterbody depth and temperature 

are not always reported with the flux estimates. Furthermore, I collected information on surface 

water temperature for this dataset because it was the most widely available temperature metric. 

Sediment temperature is a better metric to collect in hand with ebullition due to production and 

transport directly from the sediments (Aben et al. 2017; Wik et al. 2013). Future studies should 

work to report sediment temperature and water column temperature alongside their flux 

measurements. 

2.4.2 Annual estimates of methane from northern wetland and aquatic 

ecosystems   

The annual estimates (warm-season + winter) of wetland CH4 emissions (~30 Tg CH4 yr-

1) and lake CH4 emissions (~6.6 Tg CH4 yr-1) are on the low end but within similar ranges of 

annual emissions reported from other bottom-up studies (average = ~40 and ~17 Tg CH4 yr-1 for 

wetlands and aquatic ecosystems, respectively; Table 2.6). The total annual estimate of CH4 

emissions (~36.6 Tg CH4 yr-1; wetland + aquatic) is closer to the total emission estimated by top-
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down models (23-33.6 Tg CH4 yr-1; Table 2.6) compared to the average of previous bottom-up 

estimates (~57 Tg CH4 yr-1). While the domain sizes for each literature estimate differ slightly, I 

suggest my lower annual estimates are associated with distinguishing between wetland and 

aquatic land cover classes. Previous scaling estimates included fewer wetland or lake classes (for 

example Watts et al. 2016 and Wik et al. 2016a), potentially leading to higher average emissions. 

For the few studies that do incorporate distinct wetland and lake types (Treat et al. 2018, 

Matthews et al. 2020), wetlands and aquatic ecosystems are not explicitly included in the same 

land cover maps. Lower annual emissions found in my study may be linked to the incorporation 

of wetland and aquatic land covers within the same model, thus reducing the change of “double-

counting” or over counting emissions through confounding wetland or aquatic areas (Thornton et 

al. 2015). Lower emissions from aquatic ecosystems may also be linked to the empirical 

modeling approach. My model may not be able to capture higher emissions from aquatic 

ecosystems and does not explicitly model ebullitive emissions, which can make up to 77% of 

total CH4 emissions from yedoma lakes (Walter et al. 2008). However, my approach of using a 

ratio of diffusion to ebullition is similar to the most recent approaches (Wik et al. 2016a; 

Matthews et al. 2020).  

Despite generally lower annual estimates using this new bottom-up approach, my 

estimate is still higher than top-down model estimates, suggesting there are more sources of 

uncertainty not accounted for in my approach and/or in the top-down modeling approaches. 

Additional sources of uncertainty from the bottom-up perspective may include the accuracy of 

measured field fluxes and the land cover area. The accuracy of field measurements is discussed 

in more detail in Sect 2.4.3. While BAWLD is the best available wetland and aquatic ecosystem 

area database product currently available at this scale, it consists of relatively low spatial 

resolution (0.5 by 0.5 degree grid cells) and the percent land cover area was determined by 

expert assessment. Emission uncertainty may be more constrained as remote sensing products 

and the ability to identify distinct wetland and aquatic land cover areas improve. Furthermore, 

top-down models rely on a priori information provided by bottom-up estimates and the same 

land cover models (Saunois et al. 2020). Inverse model emission estimates may more closely 

resemble ours if the same land cover maps and a priori information are used. Additional 

uncertainties from top-down modeling approaches include stable isotope signature sources, 

tower locations, or estimates of CH4 oxidation rates in the atmosphere (Saunois et al. 2020). 
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Finally, I did not include CH4 uptake from upland environments (i.e. Boreal Forests, Dry 

Tundra, and some Rocklands) in my annual estimate due to low sample sizes from those 

ecosystems. Recent work suggests uplands in the Boreal-Arctic region could uptake ~9 Tg CH4 

yr-1 (Oh et al. 2020). If I assume the sink capacity is 9 Tg CH4 yr-1, my annual estimate is ~27.6 

Tg CH4 yr-1 which is much closer to inverse model estimates. However, CH4 uptake across the 

Boreal Arctic region is still highly uncertain and more field measurements from Boreal Uplands, 

Dry Tundra, and Rocklands are needed.  

2.4.3 Directions for future research   

While my small-scale, surface CH4 flux datasets for northern ecosystems are the most 

extensive datasets compiled to date for the Boreal-Arctic region, I identified key gaps in the data 

and areas of improvement that future studies should focus on. While the geographical gaps 

represented in Figure 2.1a suggest widespread geographic under-representation of terrestrial 

ecosystems, especially across central Russia and the Canadian Territories of Nunavut and 

Northwest Territories, these regions are comprised primarily of Boreal Forest and Dry Tundra 

ecosystems, respectively (Fig. 2.13e, 2.13g). Study sites for many of the other land cover types, 

for example, Bogs and Fens, were relatively well distributed across the Boreal and Arctic region 

(Fig. 2.13a, 2.13b). However, to assess how well or poorly represented a land cover class is, 

class area and flux magnitude must also be considered (Fig. 2.14a).  For example, Fens are a 

high-emitting land cover class and are spatially abundant, leading to a high total flux 

contribution across the study region (~41%, Fig. 2.14a), however, the relative number of Fen 

sites represented in the available literature is not proportional to the total flux contribution 

(~26%). This, alongside the large spread of reported flux magnitudes (Fig. 2.9a) and the 

calculated uncertainty from the scaling exercise, suggests future studies should focus on Fens to 

better constrain the flux magnitude. Conversely, Permafrost Bogs are low contributors to the 

total wetland flux (~4%) and are well represented throughout the literature (~19%), suggesting 

fewer direct flux measurements are needed from these ecosystems.  
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Figure 2.13. Geographical distribution and flux frequencies and for each terrestrial class. 

Relative land cover for each type is represented in green on the map. Site locations are 

represented by orange circles. Some circles represent more than one land cover site. Note the log 
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scale for CH4 flux. Land cover distributions from Olefeldt, Hovemyr, Kuhn et al. 2021. 

Histograms of non-transformed flux data can be found in Fig. A.2.8.  

 

 

Figure 2.14. Relative total flux contribution (mean flux*total class area) for each land cover 

shown with the relative contribution of flux measurements for each class. A) Wetland 

classes. B) Aquatic classes. The bars represent the percent of total flux contribution and percent 

of reported flux sites for each class. Aquatic flux contributions represent average ebullition + 

average diffusion fluxes.   

For aquatic ecosystems, there are key data gaps in geography and flux pathway 

representation with relatively few measurements of ebullition and ice-out fluxes compared to 

diffusive fluxes. Geographically there are very few flux measurements from lakes in the western 

Canadian Shield (Fig. 2.1b), despite this region containing the most lakes per unit area 

throughout the north (Messager et al. 2016). This data gap is further highlighted by very few flux 

estimates from Large lakes and Midsize-Glacial lakes, which are numerous throughout the 

western Canadian Shield (Fig. 2.15a, 2.15d). Notably, Large lakes are the least represented of all 

of the aquatic classes (~2.4% of measurements), but could potentially contribute ~17% of the 

total flux, mostly from diffusive emissions. Interestingly, uncertainty calculations from the 

scaling model suggest Small Peatland Lakes have the highest flux uncertainty, despite being well 

represented (~42% of measurements and 37% of potential total flux contribution). Conversely,  
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Midsize Peatland lakes had the second-highest model uncertainty and are under-represented 

(~5% of measurements) compared to their estimated flux contribution (~28%).  

 

 

Figure 2.15. Flux frequencies and geographical distribution for each aquatic class. Relative 

land cover for each class type is represented in blue on the map. Site locations are represented by 
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orange circles. Note the log scale for CH4 flux. Land cover distributions from Olefeldt, 

Hovemyr, Kuhn et al. 2021. Histograms of non-transformed flux data are shown in Fig. A.2.9.  

 

There are fewer ebullition measurements compared to diffusive flux measurements from 

aquatic ecosystems (21% and 79% of ice-free fluxes, respectively). Average ebullitive fluxes 

were greater than diffusive estimates for all of the land cover classes except Large Lakes (Fig. 

2.7b), and thus represent an important component of total CH4 fluxes from these systems, 

however, none of the models performed in this study could explain a large amount of the 

variation in ebullitive fluxes. More ebullition measurements, across all the land cover classes, 

will help to constrain our understanding of CH4 transport mechanisms and drivers. However, it is 

important to note that more representative ice-free season flux estimates are needed for both 

ebullition and diffusion. Wik et al (2016b) suggest that ~11 diffusive day flux measurements and 

~39 ebullition day flux measurements are required to calculate a mean ice-free flux estimate 

within 20% of the true value. 86% of diffusive estimates were under the recommended 11-day 

mark and 58% of ebullition estimates were below the recommended 39-day mark (Fig. 2.5b, 

2.5c). Jansen et al. (2020) posit that an even higher frequency of sampling is required (14-22 

days and 135 days for diffusion and ebullition, respectively). Under-sampling potentially reduces 

the accuracy of mean CH4 flux estimates leading to the relatively poor fitness and explanatory 

power of the aquatic regression analysis in this study compared to the terrestrial models’ 

performances. This is especially true for ebullitive emissions, which were poorly explained by 

the reported predictor variables available for this dataset. Calculation of mean ice-free fluxes 

from a greater number of flux measurements is an important step forward towards better 

constraining CH4 fluxes from aquatic ecosystems. Finally, there are very few flux estimates for 

lakes over the shoulder seasons and winter/ice-out compared to the ice-free season (Table 2.5). 

While shoulder season flux estimates, including autumnal turnover, were not included in this 

dataset, winter/ice-out measurements make up only 7% of all aquatic flux measurements 

collected. Winter/ice-out emissions could potentially contribute a significant portion of annual 

fluxes from aquatic ecosystems (Karlsson et al. 2013; Sepulveda-Jauregui et al. 2015) and 

therefore represent an important gap in CH4 flux data.  
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2.5.0 Conclusions  

Methane fluxes from northern ecosystems represent an important component of the 

global CH4 cycle (Saunois et al. 2020). BAWLD-CH4 is a comprehensive flux dataset that 

uniquely represents flux data from both terrestrial and aquatic ecosystems across the Boreal-

Arctic region. BAWLD-CH4 has many potential applications including benchmarking for 

process-based models, empirical scaling models and informing future research directions. 

Importantly, I show that land cover class, split by CH4-emitting ecosystem characteristics, is a 

significant flux predictor variable across terrestrial and aquatic ecosystems and I suggest that 

future studies should scale CH4 emissions based on CH4-emitting land cover characteristics. I 

show that while land cover class explains most of the flux variation for wetland and aquatic 

ecosystems when analyzed jointly, both types of classes are sensitive to MAAT. My annual 

estimates of wetland CH4 emissions (~30 Tg CH4 yr-1) and lake CH4 emissions (~6.6 Tg CH4 yr-

1) are on the low end, but within the range, of annual emissions reported from other bottom-up 

studies (averages = ~40 and ~17 Tg CH4 yr-1 for wetlands and aquatic ecosystems, respectively), 

but are still higher than averaged top-down estimates (~28 Tg CH4 yr-1). Finally, I found that a 

higher percentage of terrestrial CH4 fluxes could be explained by land cover class and site-level 

variables than for diffusive and ebullitive fluxes from aquatic ecosystems (73% vs 41% and 

21%, respectively). Under-sampling of aquatic ecosystems is likely responsible for the lower 

explained variation observed in my models compared to terrestrial ecosystems. Future studies 

should increase the number of sampling days for both diffusive and ebullitive fluxes as well as 

capture the potential for season turnover and CH4 release from aquatic ecosystems to arrive at 

more representative ice-free CH4 flux estimates from the Boreal-Arctic region.  
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3. Permafrost and climate strongly influence CH4 and CO2 

emissions from peatland lakes  
 

Abstract  

Changing greenhouse gas (GHG) emissions from northern lakes due to warming and permafrost 

thaw may become a globally significant climate feedback. Here, I monitored seasonal GHG 

emissions from 20 peatland lakes across a 1,600 km transect in western Canada. From 

continuous permafrost to warmer non-permafrost regions, I observed a shift from source to sink 

for carbon dioxide (CO2) emissions and an 8-fold increase of methane (CH4) emissions. Trends 

in CO2 and CH4 emissions were driven by different processes. Less permafrost was associated 

with greater hydrological connectivity, nutrient availability, and thus increased primary 

productivity and uptake of CO2. Conversely, trends in CH4 emissions were driven by 

temperatures but augmented by shifts in microbial communities and dominant anaerobic 

processes. The results suggest that the net radiative forcing from altered GHG emissions of 

boreal peatland lakes this century will be dominated by increasing CH4 emissions and only 

partially offset by reduced CO2 emissions. 
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3.1 Introduction  

Small lakes emit globally significant amounts of carbon dioxide (CO2) and methane 

(CH4) to the atmosphere (Holgerson and Raymond, 2016; Wik et al. 2016a; Hastie et al. 2018), 

yet the sensitivity of emissions to climate change is poorly constrained. Fueling the 

biogeochemistry of small lakes are the relatively warm and organic-rich sediments in shallow 

waters, and the inflow of nutrients, dissolved gases, terminal electron acceptors, and organic 

matter from the surrounding landscape (Lapierre and del Giorgio et al. 2012; Wik et al. 2016a; 

DelSontro et al. 2016; Waulthy et al. 2018). Small, shallow lakes with organic-rich sediments are 

abundant across northern peatlands, which cover ~3% of the global land surface (Hugelius et al. 

2020; Olefeldt, Hovemyr, Kuhn, et al. 2021). Arctic amplification has caused temperatures in 

northern peatland regions to increase much faster than the global average, and these regions are 

furthermore experiencing rapid permafrost thaw (Olefeldt et al. 2016; Treat and Jones, 2018). To 

understand the climate sensitivity of peatland lake CO2 and CH4 emissions it is thus necessary to 

account for both the direct effects of warming and the indirect effects arising from increased 

hydrological connectivity following permafrost thaw (McKenzie et al. 2021).  

Lake CH4 and CO2 emissions are both influenced by the direct effects of climate 

warming on microbial activity. For CH4, increasing temperatures influence both CH4 production 

(methanogenesis) and oxidation (methanotrophy), but effects on methanogenesis generally 

dominate and result in high sensitivity of the net CH4 emissions (Yvon-Durocher et al. 2011; 

Yvon-Durocher et al. 2014). Temperature sensitivity of net CH4 emissions is however often 

assessed within individual ecosystems, e.g. seasonally, and it is uncertain whether this sensitivity 

reflects spatial differences among lakes at broad geographical scales. Heterotrophic respiration 

and net emission of CO2 are also temperature-dependent (Gudasz et al. 2010; Kosten et al. 2010), 

but relationships between lake net CO2 emissions and temperatures are often less clear than for 

CH4 (Sobek et al. 2005; Lapierre et al. 2015). While most boreal peatland lakes are net sources 

of CO2 (Lapierre et al. 2015; Weyhenmeyer et al. 2015, Hastie et al. 2018), net CO2 emissions 

are influenced not only by respiration but also by CO2 uptake through primary productivity, 

which in turn is influenced by nutrient availability and water column light conditions (Lapierre & 

del Giorgio et al. 2012; Pacheco et al. 2014).   
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Permafrost thaw in peatland regions may have additional indirect effects on lake CO2 and 

CH4 emissions through several processes. Thaw opens both shallow and deep groundwater 

connections, bringing water to lakes with high concentrations of dissolved organic matter 

(DOM), nutrients, and weathering products, respectively (Frey et al. 2009; Laudon et al. 2011). 

Within-lake primary productivity increases with greater nutrient availability, often associated 

with groundwater inputs but can be inhibited if concentrations of dissolved organic carbon 

(DOC) causes substantial light attenuation (Ask et al. 2009; Bogard et al. 2020). Delivery of 

dissolved CO2 and CH4 produced in surrounding organic soils can also cause high lake emissions 

(Weyhenmeyer et al., 2015; Payton et al. 2015), while connectivity to deeper groundwater may 

increase pH and reduce lake CO2 emissions through pH-driven changes in carbonate equilibrium 

(Finlay et al. 2015). Higher CH4 emissions may also be driven by the availability of labile 

organic matter, supplied from the surrounding landscape, littoral emergent vegetation, or from 

within-lake primary productivity (Bastviken et al. 2004; Davidson et al. 2015; Del Sontro et al. 

2016; Emilson et al. 2018). Further, shorter ice-free days may increase annual CH4 emissions 

(Guo et al. 2020). Conversely, increased delivery of terminal electron acceptors, e.g. sulfate and 

iron, may inhibit methanogenesis (Sivan et al. 2011: Yu et al. 2016). Indirect effects of climate 

warming through permafrost thaw may thus either enhance or dampen the direct effects of 

climate warming leading to hitherto unclear climate feedbacks from a broader scope than just 

temperature effects.  

3.2 Lake greenhouse gas emissions across a permafrost transect 

I monitored CO2 and CH4 emissions during two ice-free seasons from 20 shallow lakes 

across a 1,600 km permafrost transect within the Interior Plains of western Canada (Fig. 3.1). 

Lakes were clustered at four sites, with five lakes per site. All lakes were surrounded by 

peatlands, had thick organic sediments, and ranged in size between 0.4 and 10 ha. Diffusive gas 

emissions were sampled using floating chambers between 7 and 12 times over two ice-free 

seasons, with two or three individual flux measurements at each lake visit. Sampling started 

shortly after ice-off (~May/June) and ended just before ice-on (~September/October). Ebullition 

of CH4 was measured at a subset of twelve lakes, three per site, using inverted funnel bubble 

traps. Ebullition was measured three to five times at each lake and included three traps set near 

the lake edge and three in the lake center. Water chemistry was assessed during each lake visit, 
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and included measurements of pH, water temperature, specific conductivity, and dissolved 

oxygen, along with sampling and subsequent analysis of dissolved organic carbon (DOC), light 

absorbance at 254 nm (A254), nutrients, major ions, and Chlorophyll-a (Chla) all taken from the 

surface of the water column. Shotgun metagenomic sequencing was used to examine microbial 

community functions in the top 15 cm of near-shore sediments in all lakes, focusing on genes 

involved in methanogenesis and methanotrophy.  

The Interior Plains of western Canada represents a unique opportunity to use a space-for-

time approach to assess climate sensitivity of lake CO2 and CH4 emissions, as the region has 

broadly similar surficial geologies throughout the whole transect. The region is characterized by 

generally flat topography, sedimentary bedrock overlain by thick, heterogeneous surficial 

geology (Geological Survey of Canada 2014), and widespread peatlands with abundant lakes 

(Fig. 3.1 inset). The region has a relatively dry climate throughout, with mean annual 

precipitation between 300 and 450 mm and mean annual runoff between 50 and 150 mm, but it 

has a large gradient in mean annual average temperatures (MAAT) between -8 and +2°C (Table 

A.3.1). Peatlands in the Interior Plains started developing shortly after deglaciation ~10,000 

years ago, and today have 2-5 m deep peat deposits (Halsey, Vitt, and Bauer, 1998; Hugelius et 

al. 2020). Permafrost expanded southward after the Holocene thermal maximum and reached its 

maximum extent following the Little Ice Age, ~1,000 years ago (Pelletier et al., 2017). 

Permafrost conditions strongly influence peatland hydrology and thus the hydrological 

connectivity of lakes to their surrounding landscape in this region (Quinton et al 2019). 

Widespread permafrost precludes deeper groundwater flow but also blocks shallow flow paths 

and much peatland runoff enters hydrologically isolated depressions rather than connecting with 

lakes (Vitt et al. 2000; Quinton et al 2019). Consequently, with less permafrost in warmer 

climates, there is increased connectivity of lakes with the surrounding peatlands, while lake 

position in the landscape determines the potential for regional groundwater recharge or discharge 

(Hokansson et al. 2019).  
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Figure 3.1. Locations of study lakes within the Interior Plains of western Canada. The 

Interior Plains study region is outlined with a black line and is comprised of the Taiga Plains 

(north) and Boreal Plains (south, largely permafrost free) ecozones. Permafrost zones are 

indicated by blue shadings (Brown et al. 2002). Five lakes were monitored for seasonal 

greenhouse gas emission at each study location, indicated by orange circles. The distribution of 

peatlands within both the study region and the broader circumpolar region is shown in the top 

right inset, showing that the study region is one of the major northern peatland regions (Olefeldt, 

Hovemyr, Kuhn, et al. 2021). The bottom right photos show one lake from each study location, 

with all lakes surrounded by treed peatlands. 

I found that lakes in regions with less permafrost and warmer climates had lower CO2 

emissions, or even CO2 uptake, and much higher CH4 emissions, than lakes further north (Fig. 

3.2a, Fig. 3.2b). Lakes in warmer climates also had higher pH, concentrations of base cations, 

DOC, phosphate (PO4
3-), and Chla. Between-lake variability also increased from colder to 

warmer climates for both CO2 and CH4 emissions, and water chemistry (Fig. A.3.1). While CO2 

and CH4 emissions both varied with latitude, they were only weakly related to each other (Fig. 

A.3.2). Below I explore the distinct drivers of CO2 and CH4 emissions, and use the information 
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to project future emissions and the net radiative forcing resulting as a feedback to climate 

warming under different RCP scenarios. 

 

Figure 3.2. Trends in magnitude and variability of lake greenhouse gas emissions across 

permafrost zones. Emissions of a) diffusive CO2 and b) CH4 were measured during the early, 

mid, and late open water season from five lakes each within the continuous (Cont.), 

discontinuous (Disc.), and sporadic (Spor.) permafrost zones, as well as south of the permafrost 

region (None). Boxplots indicate the 25th, median, and 75th percentiles of emissions, and the 

yellow diamonds indicate the average emissions. Different letters above the boxplots for CH4 

indicate statistically significant differences between permafrost zones, accounting for repeated 

measurements throughout the season (see Methods and Table A.3.2). Diffusive and ebullitive 

CH4 flux significant differences are presented separately. Positive CO2 fluxes represent a net 

sources while negative fluxes represent a net sink of CO2 from the atmosphere. Outlier CO2 

fluxes below -800 and about +1000 mg C m-2 d-1 are not shown. Methane fluxes have not been 

corrected for diel variation in this figure (See Methods). 

3.3 Connectivity, primary productivity, and CO2 emissions 

 My study shows that climate change is likely to reduce peatland lake CO2 emissions, as 

its positive effects on primary productivity appeared greater than effects on respiration across the 



68 

 

transect. I attribute this result primarily to indirect effects of climate through increased 

hydrological connectivity of lakes to the surrounding landscape. Across the transect, diffusive 

CO2 emissions were lower for lakes with higher concentrations of Chla, which also were lakes 

with higher DOC, light absorbance, PO4
3-, and pH (Fig. 3.3a). These water chemistry attributes 

are characteristic of near-surface water in nutrient-rich groundwater-connected peatlands (i.e. 

fens) that are relatively more widespread in discontinuous and non-permafrost zones (Vitt et al. 

2000; Wood et al. 2015; Fig. 3.4). While there was a trend of decreasing CO2 emissions in 

warmer climates, a structural equation model (SEM) highlighted that this link was mediated 

through effects on lake water chemistry (R2 = 0.78, Fisher’s C = 12.9, P = 0.40; P > 0.05 = good 

fit; Fig. 3.3b). In the SEM, I hypothesized that higher MAAT allows for less permafrost and 

increased lake connectivity with groundwater-fed peatlands, raising lake DOC, phosphate, and 

pH, which in turn increases primary productivity, indicated by higher Chla (Engel et al. 2020), 

and shifts the carbonate equilibrium from CO2 to bicarbonate, both causing reduced CO2 

emissions. Notably, CO2 emission from ebullitive fluxes did not follow a strong north to south 

trend but emissions were generally higher from the non-permafrost zone than the continuous 

zone (Fig. A.3.3b), suggesting a potential link between temperature and sediment respiration. 

However the magnitude of ebullitive CO2 fluxes was minor compared to diffusive emissions 

(~7% of the total flux for lakes where both pathways were measured), likely due to the high 

solubility of CO2 in water, and did not change the latitudinal trends or net sink/source capacity of 

individual lakes.  



69 

 

 

Figure 3.3. Influence of lake water chemistry and lake characteristics on greenhouse gas 

emissions across permafrost zones.  a) Redundancy analysis (RDA) ordination plot for CO2 

and CH4 emissions, where explanatory variables include water chemistry variables along with 

maximum lake depth and mean annual air temperature (MAAT). The RDA shows that lake CO2 

and CH4 fluxes were not correlated, with CH4 emissions associated with lake depth, water 

temperature, and mean annual air temperature, while CO2 emissions were more closely 

associated with higher concentrations of nutrients, DOC, and chlorophyll a. Base_Cations 

represents the molar sum of Ca, Mg, and Na. Potassium (K) is shown on its own as it followed a 

dissimilar trend to the other cations. Circle symbols indicate individual lakes, colored by 

permafrost zonation. Structural equation models were constructed individually for b) CO2 and c) 

CH4. Arrows with solid lines and asterisks represent statistically significant pathways (p values = 

* <0.05, ** <0.01, *** <0.001), while dotted lines represent non-significant pathways. The 

values by each arrow represent standardized model coefficients, indicating post positive and 

negative relationships. Goodness of fit (Fisher’s C values) were 12.90 and 4.85, respectively for 

the CO2 and CH4 models, while P values were 0.40 and 0.30. P values > 0.05 indicate that model 

structure does not differ from that expected by the data.  

My findings of decreasing diffusive CO2 emissions from lakes with higher DOC 

concentrations contrast most other boreal lake surveys (LaPierre et al. 2015; Weyhenmeyer et al. 

2015). Previous studies have shown strong positive relationships between lake DOC 
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concentrations and CO2 emissions, suggesting that greater connectivity to terrestrial sources of 

DOC either enhances lake respiration and/or suppresses primary productivity through light 

attenuation, resulting in higher net CO2 emissions (Ask et al. 2012; LaPierre et al. 2015). I 

speculate that the difference between my results and previous studies stems from the inclusion 

solely of small peatland lakes with relatively high DOC concentrations (range 17-50 mg L-1). 

Other surveys include lakes of various origin and size, and thus lakes with much lower DOC 

concentrations (e.g. Ask et al. 2012; LaPierre et al. 2015). For the peatland lakes in this study, it 

is possible that further elevated DOC concentrations in warmer climates have limited additional 

influence on respiration or primary productivity – while co-varying increases in nutrient 

availability drive greater primary productivity. This study thus suggests that peatland lake CO2 

emissions are likely to respond to climate change in a different way than other lake types, such as 

deeper lakes in Shield regions of Canada and Scandinavia.  

3.4 Temperature sensitivity, microbial ecology, and CH4 emissions 

 Both ebullitive and diffusive CH4 emissions were greater in warmer climates, with 

emissions from lakes in the non-permafrost zone being ~8 times greater than emissions from 

lakes in the continuous permafrost zone throughout the ice-free season. Between-lake variability 

in CH4 emissions was also greatest in the sporadic and non-permafrost zones (Fig 3.2b). 

Ebullitive emissions represented ~28% of the total C emissions from lakes where it was 

measured; a fraction that did not vary systematically across the transect. Ebullitive CH4 

emissions were generally highest in spring, while diffusive emissions were highest during 

summer or fall (Fig. A.3.3d and A.3.3c; Table A.3.3). Higher MAAT and water temperature 

were strongly related to higher diffusive CH4 emissions, while higher base cation concentrations, 

decreasing lake depth, and lower concentrations of iron were weakly associated with higher 

emissions (Fig. 3.3a). The lack of a strong relationship between diffusive CH4 emissions and 

lake size and depth, as is often found (Holgerson and Raymon, 2016), was not surprising as all 

studied lakes were relatively small, shallow (Table A.3.4), and likely non-stratified seasonally. 

The SEM analysis showed a significant relationship of MAAT with water temperature, which in 

turn influenced diffusive CH4 emissions (R2 = 0.67, Fischer C = 4.3, P = 0.3; Fig. 3.3c; see 

Methods). The apparent temperature sensitivity (Q10) of diffusive CH4 emissions across the 

transect to changes in water temperature was 16, substantially higher than the Q10 of ~4 that is 
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commonly found for the direct temperature response of CH4 emissions within individual 

ecosystems (Yvon-Durocher et al. 2014).   

 

 

Figure 3.4 Influence of climate and permafrost conditions on greenhouse gas emissions 

from peatland lakes. Lakes in the continuous permafrost zone were found to be net sources of 

CO2 and had low CH4 emissions, while lakes outside the permafrost region were CO2 sinks and 

had high CH4 emissions. The absence of permafrost allows for increased hydrological 

connectivity to the surrounding landscape, potentially both deeper flow-paths through mineral 

soils and near-surface flow-paths through the surrounding peatlands. In this study, I found that 

lakes outside the permafrost region had generally higher pH and higher concentrations of ions, 

nutrients, and chlorophyll-a – suggesting that elevated primary productivity (PP) outweighs 

respiration (R) in lakes outside the permafrost region. Lake diffusive CH4 emissions were 

primarily linked to lake water temperatures and were 8-times greater south of the permafrost 

boundary compared to within the continuous permafrost zone. 
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The high apparent temperature sensitivity of CH4 emissions across the transect suggests 

the observed direct response to water temperature was amplified by additional factors, possibly 

shifts in microbial communities, redox conditions, or substrate quality (Rasilo et al. 2015). Of 

these, I found the least support for increasing CH4 emissions being driven by shifts in substrate 

quality. Greater lake primary productivity in warmer climates was hypothesized to increase the 

availability of labile substrate for methanogenesis (Sepulveda-Jauregui et al. 2018), but I found 

only a weak relationship between CH4 emissions and Chla (Fig. 3.3a). Permafrost thaw was also 

hypothesized to increase the availability of labile substrates through thermokarst lake expansion. 

However, visual evidence of ongoing thermokarst lake expansion was found in all permafrost 

zones, and the highest CH4 emissions were found in the non-permafrost zone. Lastly, it is 

possible that shifts in surrounding wetland and littoral vegetation towards denser, taller emergent 

macrophyte species in warmer climates could provide external sources of labile organic 

substrates and dissolved CH4 to the lake (Emilson et al. 2018), although I did not observe any 

apparent links between shoreline vegetation and CH4 emissions.  

Several lines of evidence instead suggested that shifts in redox conditions and microbial 

communities contributed to the high climate sensitivity of CH4 emissions. My assessment of 

microbial functional gene abundances showed that warmer climates were associated with a 

preferential increase of the methanogenesis marker methyl coenzyme A reductase (mcrA) over 

the methanotrophy markers, methane monooxygenase subunit A (mmoX), and particulate 

methane monooxygenase (pmoA) (Fig. 3.5). While gene abundances do not necessarily correlate 

with microbial activity (Freitag and Prosser, 2009), this trend was similar to that of observed 

CH4 emissions (Fig. 3.2b). A lower abundance of mcrA in the northern lakes may be reflective 

of a temperature effect, wherein methanogenesis is suppressed under colder conditions. 

However, I also found evidence suggesting suppression of methanogenesis in the continuous 

permafrost zone through greater dominance of more thermodynamically favourable iron 

reduction. Lakes in the continuous permafrost zone trended towards higher concentrations of 

iron (Fe) in the water (Table A.3.4), and higher abundances of Fe(III) reduction marker genes 

(decaheme cytochromes) in sediments (Fig. A.3.4a). These conditions could also promote 

anaerobic CH4 oxidation (Ettwig et al, 2016).  Higher normalized counts of genes involved in 

iron acquisition and metabolism in colder climates were furthermore associated with a shift in 

enzymatic composition from hydrogenotrophic and acetoclastic methanogenesis towards the 
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stoichiometrically less productive methylotrophic form (Teh et al, 2007; Fig. A.3.4b). The 

mechanisms driving higher dissolved iron and abundances of decaheme cytochromes within the 

continuous permafrost zone is unclear, but the negative relationship between lake iron, pH, and 

base cation concentrations suggests that hydrological connectivity to deeper groundwater sources 

is important (Fig. 3.3a).  

 

Figure 3.5. Trends in methane-related functional genes among permafrost zones. a) Relative 

abundance of the a) methanogenesis marker mcrA (methyl coenzyme A reductase) and 

methanotrophy markers b) mmoX (methane monooxygenase subunit-A) and c) pmoA 

(particulate methane monooxygenase) increased moving south along the transect. Boxplots 

represent median and quartile ranges for samples taken from each lake once mid-summer 2019 

from the continuous (Cont.), discontinuous (Disc.), and sporadic (Spor.) permafrost zones, as 

well as south of the permafrost region (None). Note the different y-axis scales. Differences are 

not statistically significant, likely due to low sample sizes (n=5 for every zone except the 

discontinuous zone where n=4). 

Similar to lake CO2 emissions, this study suggests that peatland lake CH4 emissions are 

likely to respond to climate change differently from other lake types; likely with a higher climate 

sensitivity driven by increasing CH4 production in organic-rich sediments. Greater climate 

sensitivity of peatland lakes is noteworthy as their current CH4 emissions currently are higher 

than emissions from most other boreal lake types (Kuhn et al. 2021). I note however that the 

observed CH4 emissions in this study (average diffusion = 27 mg CH4 m
-2 d-1 and ebullition = 11 

mg CH4 m
-2 d-1) were in the low range of what has been reported previously for boreal peatland 
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lakes (diffusive interquartile range [IQR] = 9-101 mg CH4 m
-2 d-1, ebullitive IQR = 3-89 mg CH4 

m-2 d-1; Kuhn et al. 2021). Furthermore, the latitudinal trends in GHG emissions were more 

pronounced than found from lakes in other northern regions (Sepulveda-Jauregui et al. 2016; 

Serikova et al. 2019) Differences in lake CH4 emissions between major peatland regions may be 

due to landscape characteristics and Holocene history which influence water chemistry and 

organic matter quality, but differences can also be due to climate and measurement methods 

(including timing, placement, and number of measurements). My study implements a 

methodology that constrains seasonal diffusive and ebullitive CH4 fluxes from a large number of 

lakes across a permafrost transect – yielding robust findings.  

3.5 Future peatland lake GHG emissions and net radiative forcing 

I used an atmospheric perturbation radiative forcing model to assess the relative 

importance of projected shifts in peatland lake CO2 and CH4 emissions within the Taiga Plains 

region until 2100 (Frolking et al. 2006). This model considers the larger radiative forcing 

efficiency of CH4 compared to CO2 (Myhre et al. 2013), and the shorter atmospheric lifetime of 

CH4 (Allen et al. 2018), however it does not account for current and future changes in carbon 

sedimentation rates (e.g Lundin et al. 2015). I assumed that emissions and the number of ice-free 

days will change linearly with increasing temperatures, based on the trends observed across the 

transect (Fig. A.3.4), and assessed changes in emissions based on the RCP Scenarios 2.6 and 4.5, 

adjusted for temperature amplification in the Taiga Plains (Fig 3.6a; IPCC, 2013; Government of 

the Northwest Territories, 2018). Peatland lakes <10 km2 in size cover ~260,000 km2 within the 

Taiga Plains (Olefeldt, Hovemyr, Kuhn, et al. 2021) and were estimated to emit 0.20 ± 0.08 Tg 

CO2-C y-1 and 0.048 ± 0.01 Tg CH4-C y-1 under the current climate. Emissions of CO2 were 

estimated to decrease, on average, by 16.5% and 68% under the RCP 2.6 and 4.5 scenarios, 

respectively (Fig. 3.6b), while CH4 emissions increased by 31% and 121%, respectively (Fig. 

3.6b). Overall, increasing CH4 emissions dominated the net radiative forcing under both RCP 

scenarios. Increasing CH4 emissions added, on average, 5 and 15 fW m-2 by 2100 under RCP 2.6 

and 4.5, respectively, which was only partially offset by reduced CO2 emissions equivalent to -1 

and -2 fW m-2, respectively, when compared to the no-warming scenario (Fig. 3.6c).  
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Figure 3.6. Net radiative forcing due to changing CO2 and CH4 emissions from Taiga Plains 

peatland lakes under RCP 2.6 and 4.5 scenarios. a) The global RCP 2.6 and 4.5 temperature 

scenario pathways for the 21st century have been multiplied by a factor of three to account for 

Arctic amplification in the Taiga Plains, western Canada (Government of the Northwest 

Territories, 2018). b) Modelled current and future CO2 and CH4 emissions and total emissions 

(CO2 + CH4) from peatland lakes on the Taiga Plains. Error bars represent 95% confidence 

intervals from the model output. c) The 21st-century radiative forcing resulting from altered lake 

CO2 and CH4 fluxes under the RCP 2.6 and 4.5 scenarios. Radiative forcing is referenced to the 

year 2020. A scenario of no warming is included, under which the net radiative forcing is only 

influenced by lake CO2 emissions while steady CH4 emissions are in equilibrium with the 

atmosphere. Radiative forcing due to altered lake CO2 and CH4 emissions is expressed as 10-15  

fW divided by the total lake area of the Taiga Plains. The shaded areas represent the standard 

deviations from the flux models. Under both the RCP 2.6 and 4.5, I find that the net radiative 

forcing is dominated by increasing CH4 emissions and only partly offset by reduced CO2 

emissions.   
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This study shows that climate change is likely to cause reduced CO2 emissions but 

greatly increased CH4 emissions from boreal peatland lakes over ice-free periods. My projections 

of future peatland lake CO2 and CH4 emissions are limited to the ice-free season, and rely on a 

space-for-time approach with inherent assumptions, but are likely to be robust. Further data are 

required for an assessment of ice-out emissions in the region; several studies have shown that 

ice-out emissions generally scale with emissions from the ice-free season (Wik et al. 2016a). 

Furthermore, I acknowledge that my measurements represent day-time conditions and that night-

time conditions may lead to higher respiration in some lakes and may alter the net ice-free 

estimates of CO2 exchange (Gómez-Gener et al. 2021). However, the results still highlight key 

mechanistic differences between CO2 and CH4 dynamics in lakes across the study region. Water 

chemistry and microbial community data allowed for the identification of processes likely 

responsible for the observed, and opposing CH4 and CO2 emissions trends along the transect. I 

showed that peatland lake CO2 and CH4 emissions were driven by different processes and thus 

not strongly inter-correlated. Both the direct effect of warming and the indirect effect of 

permafrost thaw was important, where the absence of permafrost in warmer regions allowed for 

greater variability in lake hydrological connectivity and thus also greater variability in CO2 and 

CH4 emissions. The influence of permafrost thaw on lake productivity and reduced CO2 

emissions, and the extremely high-temperature sensitivity of CH4 emissions, are likely associated 

with characteristics of peatland lakes and the hydrology of their surrounding landscape. While 

further data from other major peatland regions are needed to support my findings, my study 

strongly suggests that peatland lakes, which make up 18% of all northern lake area (Olefeldt, 

Hovemyr, Kuhn,s et al. 2021), need to be considered separately from other lake types when 

assessing the impact of climate change on future greenhouse gas emissions.  

3.6 Methods 

3.6.1 Sampling sites 

The studied region includes Taiga Plains and Boreal Plains ecozones of the Interior 

Plains in boreal western Canada, an area that extends from 70º N to 56º N. This region 

encompasses the lands of the Metis, Dene Tha', Woodland Cree, Big Stone Cree in Alberta and 

the lands of the Inuvialuit Settlement Region, Gwich'in Settlement Area, and the Dehcho of the 

Northwest Territories.  The region is characterized by thick peat deposits and generally flat 
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topography (Zoltai et al. 1993; Hugelius et al. 2020) and has a subhumid to dry and cool climate. 

The region was previously glaciated and is dominated by glacial and glaciolacustrine surficial 

geologies (Government of Canada 2014). Across the latitudinal transect, the ecosystems include 

similar tree species including aspen (Populus tremuloides), balsam poplar (Populus balsamifera), 

white spruce (Picea glauca), jack pine (Pinus banksiana), larch (Larix laricina), and black 

spruce (Picea mariana).  

I sampled 20 lakes located in four sites within the study region (Fig. 3.1), spanning across 

different climatic and permafrost zones (Table A.3.4). At each site, I chose five study lakes that 

had surface areas between 0.3 to 10.1 hectares (ha). Physical characteristics for each lake can be 

found in Supplementary Table 3. Sampling took place at all sites during the ice-free seasons in 

2018 and 2019. I designed the sampling campaigns to capture seasonal patterns at each site from 

just after ice-out to just before ice on. Each lake was sampled a minimum of 7-12 times to get a 

statistically accurate representation of annual diffusive greenhouse gas emissions (Wik et al. 

2016b). At the northernmost site of Fort McPherson, each lake was sampled 7-9 times due to 

logistical limitations of getting to the sites. Exact sampling dates can be found in the metadata 

(https://doi.org/10.7939/DVN/LF4WDG).  

3.6.2 Water sampling  

Surface water chemistry was measured from a boat at the location of flux measurements 

and the center of the lakes. At each lake, I sampled dissolved CH4 concentrations using a 

headspace method (Karlsson et al. 2013) and measured dissolved oxygen, specific conductivity, 

pH, and temperature in the top 10 cm using a handheld water monitor (Yellow Springs 

Instrument ProDO). Water samples for dissolved organic carbon (DOC), total dissolved nitrogen 

(TN), and specific ultraviolet absorbance (SUVA254) were sampled from the center of the lake 

following protocols outlined in Burd et al. 2018. Concentrations of DOC and TN were measured 

by a TOC-L combustion analyzer with a TNM-L module (Shimadzu, Kyoto, Japan). SUVA 

absorbance at 254 nm was measured from 200 to 700 nm (UV-1280, UV-VIS 

Spectrophotometer, Shimadzu Corporation, Japan) and was corrected by Milli-Q water blanks. I 

calculated SUVA by first correcting decadal absorbance at 254 nm (cm-1) for interference by Fe 

as outlined by Weishaar et al., (2003).  
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Water samples for ion concentrations were filtered and frozen on the day of sampling and 

kept frozen until analysis. Anions were measured using Ion chromatography (Dionex Ion 

chromatography DX 600, Thermo Fisher Scientific, US). Cations were measured by ICP-OES 

(iCAP6300 Duo, Thermo Fisher Scientific, US). Samples for Chlorophyll-a analysis were 

collected using opaque Nalgene bottles. Duplicate samples for each lake were refrigerated and 

vacuum filtered on the day of collection using 47-mm diameter, ethanol-rinsed GF/F filters 

Grade GF/F, Whatman). The filters were then placed in petri dishes, wrapped in aluminum foil, 

and were frozen immediately until analyses at the University of Alberta Biogeochemical 

Analytical Service Laboratory using a Shimadzu RF-1501 spectrofluorophotometer.  

3.6.3 Microbial sampling 

Between 28 July and 31 August 2019, I collected three top layer (~15 cm) sediment 

samples from the edge of each lake where flux measurements were taken. Samples were pooled 

per lake and DNA was extracted in duplicate from 0.65 g dry sediment per sample using the 

DNeasy PowerSoil kit (QIAGEN N.V., Hilden, Germany). Sequencing libraries were prepared 

from 250 ng DNA per sample with the NEBNext Ultra II FS DNA Library Prep kit according to 

the manufacturer’s instructions (New England Biolabs, Ipswich, MA, USA). Samples were 

sequenced paired-end (300 cycles) using a NextSeq 500/550 High Output Kit v2,5 (Illumina, Inc, 

San Diego, CA, USA). Contamination was negligible, as assessed with both negative (nuclease-

free water) and positive (ZymoBIOMICS Microbial Community Standard, Zymo Research 

Corporation, Irvine, CA, USA) controls. I estimated the abundance of functional marker genes 

involved in methanogenesis: methyl coenzyme A reductase (mcrA) and methanotrophy: methane 

monooxygenase subunit A (mmoX) and particulate methane monooxygenase (pmoA), expressed 

relative to the total number of SILVA 16S hits for each sample with GraftM (Boyd et al, 2018). 

Whole-metagenome functional profiling relative to the SEED database (used to identify 

decaheme cytochrome genes and methanagenesis enzyme composition data) was performed with 

SUPER-FOCUS (Silva et al, 2015), and reads were normalised using the geometric mean of 

pairwise ratios (Chen et al, 2018). I were unable to extract enough DNA sample from one lake in 

the discontinuous zone (W1) to perform analysis.  

3.6.4 Greenhouse gas fluxes  
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Methane and CO2 fluxes were measured with small, lightweight chambers (volume = 

13.55 L, area = 0.062 m2), covered in reflective tape to keep the inside of chambers from 

warming. All chamber measurements were taken on the edge of the lakes 1-2 meters from the 

shore to avoid littoral vegetation. While there is evidence for both under- and over-estimating 

lake fluxes based on near shore measurements (Shilder et al. 2013; Matveev et al. 2016), all of 

the study lakes were surrounded by black spruce trees near the lake edge, providing similarly 

sheltered wind conditions and comparable environments for comparison across the transect. The 

chambers were connected to a portable greenhouse gas analyzer (Los Gatos Research, 

California) in a closed path that recorded the linear change in GHG concentrations within the 

chamber over time. On each sampling occasion, 3-4 chamber flux measurements of 2-5 minute 

durations were taken and then averaged to estimate daytime flux estimate. Typically, each lake 

was measured on 1 to 3 days per trip and 7-12 days total.  Fluxes were calculated using linear 

regression (slope) of the change in GHG gas concentration (ppm) inside the chamber over time 

and the ideal gas law, air temperature, and atmospheric pressure at the time of sampling 

(Equation 1). Negative slopes for CO2 measurements were interpreted as CO2 uptake. CH4 slopes 

with R2 less than 0.90 were excluded in the daytime average slope calculations.  

Equation 1: 𝐹𝑙𝑢𝑥 = 𝑆 ∗ (
𝑃∗𝑉

𝑅∗𝑇∗𝐴
) ∗ 𝑀 ∗ 𝐶 

where 𝑆 is the slope from the linear change in gas concentrations within the chamber over time 

(atm minute-1), 𝑃 is barometric pressure (atm), 𝑅 is the universal gas constant (L atm K-1 mol-1), 

V is the volume of the chamber (L), 𝑇 is the average air temperature inside the chamber (K),  A is 

the area of the chamber (m-2),  M is the molar mass of the CH4 or C-CO2 (mol mg-1) and 𝐶 is a 

conversion factor to convert from per minute to per day.  

I measured ebullitive CH4 and CO2 fluxes using bubble traps. The traps were built using 

inverted funnels (area = 0.073 m2) equipped with a syringe and stopcock. Due to the intense and 

time-consuming nature of installing and sampling bubble traps in remote locations, three out of 

five lakes at each site were equipped with bubble traps, including three traps along the lake edge 

and three traps in the lake center. Water column depths below the traps ranged from 0.5 meters 

(L5/L1 edges) to 2.5 meters (W1/F2 centers; Table A.3.4). Traps were set at the beginning of 

each trip and were sampled 2-4 days later. Accumulated gas bubbles were collected manually 
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using syringes, and the gas volume was recorded. To obtain the concentrations of the bubbles I 

reset the traps and disturbed the sediments, immediately collecting 30 ml of sample volume, 

stored in 20 ml glass vials sealed with rubber septa. This was done to avoid any potential errors 

associated with oxidation effects on gases that sit in the traps over the 2-4 day period. Samples 

were analyzed within one to two weeks after collection at the University of Alberta using a SRI-

8610C gas chromatograph equipped with an FID detector. I calculated the ebullitive flux as 

outlined by Wik et al. (2013).  

3.6.5 Upscaling 

I estimated current lake CH4 and CO2 emissions from the Taiga Plains by multiplying the 

area of small and midsized peatland lakes from the Boreal Arctic Wetland and Lake Database 

(BAWLD; Olefeldt, Hovemyr, Kuhn, et al. 2021) by the mean CH4 and CO2 flux specific to the 

MAAT reported for each 0.5 x 0.5 degree grid cell of the database and the number of ice-free 

days. Daytime diffusive CH4 emissions were multiplied by a diel correction factor (0.70) to 

account for diel patterns in CH4 emissions between day and night (i.e. “24-hour fluxes”; Sieczko 

et al. 2020).  Mean CH4 and CO2 emissions and the number of ice-free days were calculated 

based on linear relationships between mean annual temperature, CH4 or CO2 flux, and ice-free 

days observed across the latitudinal transect (Fig. A.3.5). Total mean CH4 emission (diel 

corrected diffusion+ ebullition) was used in upscaling. Carbon dioxide emissions were not 

corrected for nighttime-factor, but evidence suggests diel patterns in CO2 respiration are less, 

bordering negligible for darker, DOC-rich waters (Gómez-Gener et al. 2021) so diel patterns are 

likely minimal for the lakes that are positive CO2 emitters. Furthermore, daylight hours across 

the transect are long, with closer to full days of sunlight throughout most of the summer period in 

the northern sites. Thus, applying the diel factor for daily CH4 emissions is likely a conservative 

estimate. Though I do acknowledge that the lakes that experience net uptake of CO2 during the 

daytime may be small sinks at nighttime- especially for periods closer to fall and spring. I only 

scaled across grid cells within the Taiga Plains that were within the temperature MAAT range of 

the study and not the entire extent of the Interior Plains. See Data Availability for information on 

the land cover database.  
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3.6.6 Radiative forcing  

I used a radiative forcing model that applies simple impulse-response functions and 

assumed the same warming potential timeframes for CH4 and CO2 as outlined in Joos et al. 

(2013). I modeled the carbon pools for CH4 and CO2 and mixed atmosphere assumptions 

following the methods and code by Gunther et al. (2020). While CH4 was modeled as one pool 

with a simple exponential decay rate, CO2 was split into five pools with varying decay rates 

(Frolking et al. 2006). I did not consider climatic effects of CO2 from CH4 oxidation per Myhre 

et al. 2013. I compared the radiative forcing trajectories under two global temperature change 

scenarios (RCP 2.6 and RCP 4.5; IPCC's AR5). To account for the effects of Arctic temperature 

amplification observed across the Northwest Territories, I multiplied the projected changes in 

average global temperatures for each RCP by three, which is more conservative than the most 

recent analysis by the Government of the Northwest Territories which suggest that the region 

could be warming four times faster (NWT Government, 2018). I did not include RCP scenario 

8.5 because the projected temperature increases are greater than the range of temperatures 

experienced across the study transect (range = 9 ˚C; Table A.3.1).  Prior to 2020, I performed a 

simplified model spin-up, starting in 1900 (as in Turetsky et al. 2020). In the spin, we applied 

current CO2 and CH4 fluxes at a constant rate over a 120 year period (Fig. A.3.6). The purpose of 

the simplified model spin-up is to bring the model close to an equilibrium point (Turetsky et al. 

2019). I then used the year 2020 as a reference point for changes in instantaneous net radiative 

forcing (Helbig et al. 2017). The model accounts for future changes in CO2 and CH4 emissions 

and the number of ice-free days associated with warming (Fig. A.3.5). Uncertainty for the 

radiative forcing model was calculated based on one standard deviation of the scaling model 

coefficients.  

3.6.7 Statistical analysis  

All statistical analyses were performed in R statistical software (Version 3.8, RStudio 

Inc, www.r-project.org). Predictor variables for all models were log-transformed for statistical 

analyses except water temperature, DOC, and pH. Daytime GHG emission comparisons between 

zones were performed using mixed effects models (R Package 3.3.3; Lme4 Package Bates et al. 

2019) with the fixed effect of Permafrost Zone and random effects of individual lake to account 
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for repeated measures, and season to account for variation in emissions between early, mid, and 

late-season emissions (Fig. A.3.3; Table A.3.3). Each mixed model for CO2, diffusive CH4, and 

ebullitive CH4 was compared to the respective null model, which only included the random 

effects, using ANOVA. Individual pairs were then compared using a post-hoc, non-parametric t-

test (Barroti adjustment). For simple linear regression, structural equation modeling (SEM), and 

redundancy (RDA) analysis, we used mean values over the entire sampling period and excluded 

three outlier lakes from analysis in the SEM. The outlier points include lakes L2, L5, and W4 

(See Table A.3.4 for more information on lake IDs). The lakes were designated as outliers due to 

extreme differences in nutrient concentrations, solute chemistry, and CO2 emissions, respectively 

(Fig. A.3.7). The RDA was performed using the vegan package's rda() function with CO2 and 

diffusive CH4 emission set as the response variables. Methane and CO2 fluxes were log-

transformed to normalize the data. Finally, changes to the functional composition of microbial 

communities were tested using permutational multivariate analysis of variance with vegan’s 

adonis2 function based on a Euclidean distance matrix. 

I used structural equation models (SEMs) to quantify the direct and indirect effects of 

MAAT on environmental variables and average daytime CO2 and CH4 emissions (R Package, 

piecewiseSEM; code adapted from St. Pierre et al. 2019). The SEM defines causal links between 

variables of interest through a system of predefined interconnected linear equations (Shipley et 

al. 2009). It then tests the significance of individual paths and the entire model as a whole. The 

significance of individual paths is determined by a P-value < 0.05. However, the model as a 

whole is defined as a good fit if P > 0.05 from a Fisher’s test of directed separation, as this 

means that the proposed model structure adequately captures the variability in the model 

variables and the designated paths (Shipley et al. 2009). Designated model paths must be 

supported by known links between variables based on prior work. For CO2, the links and 

associated references are 1) Chla (as a proxy for productivity) and CO2 (Engel et al. 2020), 2) 

phosphate and lake productivity (Carpenter et al. 2001; Schindler et al. 2009), 3) DOC and 

productivity (Kissman et al. 2013; Klug et al. 2002), and 4) MAAT and phosphate and DOC 

(Laudon et al. 2012; Weyhenmeyer and Karlsson, 2009). For CH4, the links and prior work 

included 1) water temperature and CH4 flux (Zeikus et al. 1976; Yvon-Durocher et al. 2014; Del 

Sontro et al. 2016), 2) water temperature and lake depth (Fang and Stefan, 1999), and c) MAAT 



83 

 

and water temperature (Schneider et al. 2010). Iron was not included in the CH4 SEM because 

clear links between permafrost zone and higher dissolved iron could not be established.  
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4. Extreme methane emissions from a peatland thermokarst lake 

edge driven by millennial-aged peat and released through ebullition 

 

Abstract  

Peatland lakes are abundant across the northern boreal region and are sources of methane (CH4) 

and carbon dioxide (CO2) fluxes. Warming at high latitudes has led to accelerated rates of 

permafrost thaw and subsequent carbon fluxes from thaw impacted lakes. I examined the effects 

of permafrost thaw on CH4 and CO2 fluxes from one peatland lake in the discontinuous 

permafrost location of western Canada. Average CH4 fluxes were 41 ± 14 mg CH4 m
-2 d-1 and 

114 ± 77 mg CH4 m
-2 d-1 for diffusion and ebullition, respectively. The highest ebullitive fluxes 

were from the thaw edge (236 ± 61 mg CH4 m
-2 d-1) and the highest diffusive fluxes were from 

the thaw edge and stable edge (~57 and 46 mg CH4 m
-2 d-1, respectively). CO2 was a minor 

component of total ebullitive fluxes (~7%) and diffusive measurements suggest the lake is a net 

sink of CO2. Radiocarbon (14C) analysis of the sediment bubbles showed that 14C-CH4 from the 

thaw edge is older (~1211 14C years BP) than the stable edge and center (modern and 102 14C 

years BP, respectively), suggesting the CH4 from the thaw edge is largely sourced from old 

permafrost carbon. Radiocarbon ages for CO2 were similar to 14C-CH4 ages across the lake 

locations. My results suggest small peatland lakes throughout western Canada may be hotspots 

for CH4 fluxes, particularly ebullitive fluxes, and that permafrost thaw may further enhance 

ebullitive fluxes and the release of old carbon from thaw edges. 
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4.1 Introduction 

Small peatland lakes are globally important sources of greenhouse gases (GHG), methane 

(CH4), and carbon dioxide (CO2) (Holgerson et al. 2016; Wik et al. 2016a; Serikova et al. 2018). 

Peatland lakes are particularly abundant throughout the circumpolar north where organic-rich 

northern boreal peatlands are abundant (Messager et al. 2016; Hugelius et al. 2020; Olefeldt, 

Hovemyr, Kuhn, et al. 2021; Muster et al. 2019). Greenhouse gas fluxes from northern peatland 

lakes are expected to increase as temperatures warm, leading to higher microbial activity and the 

thawing of perennially frozen ground (i.e. permafrost), which makes previously stored organic 

matter (OM) available for decomposition (Walter Anthony et al. 2018). However, there are still 

large uncertainties related to the magnitude of annual CH4 fluxes from northern lakes (Wik et al. 

2016a; Saunois et al. 2020; Kuhn et al. 2021); especially in regard to the magnitude of CH4 

emissions from thermokarst peatland lakes. Some of the uncertainty can also be attributed to 

poor representation of flux estimates through limited sampling frequencies and spatial 

representation across lakes (Wik et al. 2016b; Jansen et al. 2020; Kuhn et al. 2021). Few studies 

provide both temporally and spatially high-resolution flux data for small, organic-rich peatland 

lakes (Kuhn et al. 2021).    

Methane is predominantly produced in the sediments of lakes through the microbial 

breakdown of OM and is transported from lake sediments to the atmosphere through plant-

mediated diffusion, ebullition (CH4 bubbles), or diffusion from the water column to the 

atmosphere (Bastviken et al. 2004). In lakes without emergent vegetation, ebullition often 

accounts for the majority of CH4 fluxes (Walter Anthony et al. 2016; Wik et al. 2016a) and is 

predominately controlled by OM availability, water depth, sediment temperature, solar radiation, 

and changes in pressure (Wik et al. 2013; Del Sontro et al. 2016; Aben et al. 2017). However, 

estimates of ebullitive fluxes are poorly represented for most lakes, particularly peatland lakes 

(Kuhn et al. 2021), due to the time-consuming and labor-intensive ebullition measurements (see 

Wik et al. 2013 and Wik et al 2016b). While diffusive CH4 fluxes are generally easier to measure 

in the field and are therefore more commonly measured (Kuhn et al. 2021), diffusion alone is 

likely under-represents net CH4 fluxes because most CH4 diffusing through the sediment and 

water column does not make it to the atmosphere, and is instead consumed through CH4 

oxidation and converted to CO2 (Bastviken et al. 2002). Further, diffusive fluxes are often 
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sourced from different parts of the sediment compared to ebullitive fluxes (Gonzales Moguel et 

al. 2021). Diffusive CH4 fluxes reaching the atmosphere are largely controlled by water column 

depth and turbulence across the water-atmosphere interface (MacIntyre et al. 2020). To 

accurately represent the magnitude of CH4 fluxes from lakes, both ebullition and diffusion 

should be considered.  

Carbon dioxide is also emitted to the atmosphere from northern lakes and is 

predominantly sourced from the breakdown of terrestrial OM and inputs of inorganic carbon (i.e. 

dissolved CO2) from surrounding terrestrial ecosystems (Prairie and Cole 2009; Weyhenmeyer et 

al. 2015). However, internal lake production of CO2 through anaerobic respiration, autotrophic 

respiration, or the oxidation of CH4 can dominate CO2 evasion in some northern lakes (Bogard et 

al. 2019). Lakes with higher nutrient statuses can also sequester CO2 from the atmosphere 

through primary productivity facilitated by pelagic algae or benthic macrophytes (Del Georgio 

and Peters, 1994; Pachecho et al. 2014). Net evasion of CO2 from lakes thus depends on the 

balance of external inputs of inorganic carbon, within-lake respiration, and primary productivity. 

Most boreal peatland lakes are oligotrophic and receive large inputs of terrestrially derived pCO2 

and thus are considered to be net sources of CO2 (Weyhenmyer et al. 2015; Hastie et al. 2018).  

Rapid warming in northern ecosystems is causing accelerated rates of permafrost thaw, 

leading to the development of thermokarst lakes and the expansion of lakes already present 

across the landscape (Olefeldt et al. 2016; Turetsky et al. 2019; Walter Anthony et al. 2021). 

Permafrost thaw along lake edges mobilizes previously frozen soil OM into lakes, where it is 

subsequently inundated and then potentially mineralized and released to the atmosphere as CH4 

or CO2 (Walter et al. 2006; Schuur et al. 2008). Thermokarst lakes have been well documented 

as hot spots of CH4 and CO2 flux derived from old permafrost carbon, particularly from actively 

thawing lake edges with yedoma sediments (i.e. Pleistocene Aeolian soils with high content of 

poorly degraded organic matter; Walter et al. 2006; Tank et al. 2009; Walter Anthony et al. 

2016; Dean et al. 2020; Walter Anthony et al. 2021). High CH4 fluxes from yedoma thaw lakes 

have been linked to the high bioavailability of OM in the sediments and the underlying, carbon-

rich loess permafrost soils (Heslop et al. 2015), resulting in millennial old CH4 release, as 

determined through from radiocarbon dating techniques (Schuur et al. 2016). Studies in non-

yedoma permafrost soils also indicate that the response of CH4 and CO2 fluxes and age of carbon 

emitted to permafrost thaw is highly dependent on the history and quality of OM stored in 
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permafrost (Treat et al. 2016; Elder et al. 2018; Estop-Aragonés et al. 2020). The distribution of 

yedoma and non-yedoma soils in the landscape may be thus important to accurately represent 

lake GHG fluxes following thaw. Yedoma lakes are not widespread throughout the northern 

region (~3.5 % of all northern lake area; Olefeldt, Hovemyr, Kuhn et, al. 2021), but account for 

most studies on thaw effects on lake GHG fluxes (e.g. Walter et al. 2006; Walter et al. 2010; 

Walter Anthony et al. 2018; Heslop et al. 2020; Dean et al. 2020, etc.). In contrast, little is 

known about GHG fluxes and 14C ages from peatland thermokarst lakes despite peatland lakes 

covering ~18% of the northern aquatic landscape (Olefeldt, Hovemyr, Kuhn et, al. 2021). Of the 

handful of studies that have looked at 14C ages of GHGs and carbon in peatland thaw lakes and 

ponds, ebullitive CH4 tends to be older than ebullitive CO2 and diffusive CH4 and CO2, but 

younger than lake dissolved and particulate organic carbon (Bouchard et al. 2015; Matveev et al. 

2016; Gonzalez Moguel et al. 2021; Prėskienis et al. 2021). However, given the heterogeneity of 

peatland formation and composition across the north (Hugelieus et al. 2020), there is a need for 

more studies from peatland lakes and ponds to better constrain the magnitude of CH4 emissions 

and the potential effect of permafrost thaw on the release of old carbon.  

This study focuses on a small peatland lake in the southern Taiga Plains region of 

western Canada wherein a large portion of the permafrost has developed epigenetically and has a 

cyclical lifetime of aggradation and degradation (Zoltai et al. 1993; Pelletier et al. 2017; 

Heffernan et al. 2020). During epigenetic aggradation, permafrost is initially absent, but shifts in 

the climate towards cooler conditions and the development of thick peat layers eventually 

facilitate downward freezing into the soil (Zoltai et al. 1993). As a result, deeper, older peat is 

present long before permafrost develops and peat is thus exposed to microbial mineralization for 

hundreds to thousands of years before freezing. Therefore, epigenetic processes may lead to 

more recalcitrant, less labile (i.e. a lower “quality” of carbon) OM, mainly in the form of 

sphagnum mosses, that is not as easily mineralized post-thaw (Treat et al., 2014; Heffernan et al. 

2020), potentially leading to lower CH4 fluxes from peatland thaw lakes compared to yedoma 

lakes. Alternatively, despite a potentially lower OM quality in permafrost peatlands, the large 

quantity of OM made available for mineralization in peatlands may favor high CH4 fluxes post-

thaw (Krüger et al. 2014). In summary, our understanding of the consequences of permafrost 

thaw on the magnitude of CH4 fluxes from peatland lakes remains highly unconstrained.  
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Here I assessed the spatial and temporal patterns of CH4 and CO2 fluxes from a small 

peatland lake in the discontinuous permafrost location of the Taiga Plains. I focus on the 

comparison of fluxes from the center of the lake with two edge locations, including a lake edge 

with active thermokarst and one which showed no signs of recent thermokarst. I hypothesized 

that CH4 and CO2 fluxes across the entire lake would be relatively high compared to other 

northern lakes due to the lake’s relatively small size, shallow water column, and thick, organic-

rich peat sediments. I further hypothesized that net fluxes of CH4 and CO2 would be higher and 

sourced from older carbon at the lake’s thaw edge due to the mobilization of “old” (i.e. 

centennial- to millennial-aged carbon), previously frozen OM made recently available for 

microbial processing through permafrost thaw. To address my hypotheses, I combined 

measurements of CH4 and CO2 ebullition and diffusion across the entire lake extent over three 

ice-free seasons with sediment concentration profiles, sediment macrofossil analysis, ex-situ 

potential CH4 and CO2 production incubations and, 14C dating to estimate the age of CH4 and 

CO2 released through ebullition across the lake.  

4.2 Methods  

4.2.1 Site Description 

The study lake (“Eli”) is located near Lutose, Alberta, Canada (59.5°N, 117.2°W; Fig. 

4.1.a) in the discontinuous permafrost zone of the Mackenzie River Basin in the Taiga Plains 

ecozone (Brown et al., 2002; Heginbottom, Dubreuil, and Harker, 1995). The general study 

region encompasses the lands of the Metis and Dene Tha'.  The mean annual temperature of the 

region is -1.8 C and the mean annual precipitation is ~391 mm (Climate-Data.org, 2021), 

comprising a sub-humid and cool climate. The study region is characteristic of the broader Taiga 

Plains Ecoregion (Government of the Northwest Territories, 2007), wherein peatland complexes 

are comprised of a mosaic of elevated permafrost peat plateaus dominated by black spruce 

(Picae mariana), Labrador tea shrubs (Rhododendron groenlandicum), and lichens (Cladonia 

spp.) which are adjacent to saturated, permafrost free wetlands and lakes. Peat initiation occurred 

~10,000 years ago (Pelletier et al. 2017). Permafrost in the local area is isolated to peat plateaus 

and developed between 1000 and 2000 years ago (Loisel et al., 2014; Pelletier et al., 2017; 

Heffernan et al. 2020). The average peat depths in the region vary from 2-6 m (Vitt, Halsey, and 

Zoltai, 2000). Furthermore, peatland lakes are abundant throughout the Taiga Plains landscape 



89 

 

(Olefeldt, Hovemyr, Kuhn, et al. 2021) and there is evidence that many of these lakes are 

expanding due to thermokarst activity (Coleman et al. 2015). 

Eli Lake is a small (surface area = 0.005 km2; Fig. 4.1b) and shallow (water depth = 1 m) 

lake underlain by limnic (i.e. sediment composed of OM from terrestrial inputs and 

autochthonous production) and peat sediments (i.e. peat that formed before the development of 

the lake). The lake is bordered by elevated peat plateaus underlain by permafrost and also by 

wetland vegetation (i.e. carex and eriophorum spp.) in some locations. Where the lake is 

bordered directly by elevated peat plateaus, physical slumping of the shoreline is observed. 

Benthic, non-emergent, macrophytes are present sporadically throughout the lake.  

 

Figure 4.1. Study location. a)  Study location in the southern Taiga Plains ecozone. b) Aerial 

photo of Eli Lake. The lake sampling locations are indicated in white text with white arrows. 

Inter. = Intermediate location. The white arrow and N symbol represent the orientation of the 

photo. The surface area of the lake is 0.005 km2. The small blue object near the southern edge of 

the lake is a kayak for scale. Permafrost extent from Brown et al. 2002. Continental borders base 

layer from Wessel et al. 1996 

4.2.2 Flux measurement timeframe 

Sampling took place over the ice-free periods in 2017, 2018, and 2019. In 2017, sampling 

started in May and ended in early September for a total of 10 diffusive CH4 sampling days and 

seven ebullitive sampling times (24 days of bubble trap deployment in total). In 2018 there were 
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three sampling campaigns (May, July, August) for six diffusive CH4 and CO2 sampling days and 

three ebullitive sampling points (10 days of bubble trap deployment in total). In 2018, diffusive 

CH4 fluxes were not measured from the intermediate lake location (between the thaw edge and 

center location, see Sect. 4.2.3). In 2019 there were three additional sampling campaigns in May, 

June, and September in which only diffusive CO2 and surface water chemistry were measured 

(six diffusive CO2 sampling days). For statistical analysis, the September sampling trip in 2017 

and the one day of September samples from 2019 were included with the August trips. In August 

2017, the thaw edge was sampled less frequently than the other lake locations due to shallow 

water depths limiting access to the bubble traps from the kayak or shoreline without disturbing 

the sediments. A detailed sampling schedule can be found in the appendix (Table A.4.1).   

4.2.3 Ebullitive fluxes 

A sampling transect was established across the lake in 2017. The transect included four 

locations: a thaw-impacted thermokarst edge (“thaw edge”), an intermediate location between 

the thaw edge and center, the lake center, and a stable edge where the lake is bordered by 

wetland vegetation (predominantly sedges) instead of permafrost peat plateau and associated 

vegetation (predominantly shrubs and black spruce trees). The thaw edge was identified by signs 

of permafrost thaw including slumping and tilted trees next to the adjacent permafrost plateau. 

Three inverted funnels (“bubble traps”; polyethylene, area = 0.073 m2) and three floating 

chambers (volume = 13.55 L, area = 0.062 m2) were deployed in each of the four lake locations 

to measure ebullitive and diffusive fluxes, respectively. The bubble traps and floating chambers 

were accessed via kayak or shoreline. Ebullitive fluxes (bubble fluxes) were measured following 

Wik et al. (2013). Traps were set at the beginning of each trip and were sampled 2 to 4 days 

later. Accumulated gas from bubbles was collected manually using syringes, and the gas volume 

was recorded. To measure the CH4 and CO2 concentrations of the bubbles I reset the traps and 

disturbed the sediments, immediately collecting 30 mL of gas sampled, stored in 20 mL glass 

vials sealed with rubber septa. This procedure aimed to avoid any potential errors associated with 

oxidation effects on gas samples that remain in the traps over the 2-4 day collection period. 

Concentrations of CH4 and CO2 in the bubble samples were collected once a month, therefore in 

some instances, bubble gas concentrations were not measured on every sampling occasion (Table 

A.4.1). Gas samples were analyzed within seven days after collection at the University of 
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Alberta using a SRI-8610C gas chromatograph equipped with an FID detector. To obtain CH4 

and CO2 ebullition rates, the bubble gas concentrations were applied to the volume of bubbles 

collected over the sampling period (Wik et al. 2013). 

4.2.4 Net CH4 fluxes and diffusive fluxes  

I measured diffusive fluxes from the lake using two approaches- floating chambers and 

dissolved CH4 concentration-based estimates. Floating chambers were used to measure diffusive 

and net CH4 fluxes (Bastviken et al. 2004). The chambers were deployed and sampled after 20-

28 hours. This was done once or twice per sampling trip. The floating chambers were not 

equipped with bubble shields (Jansen et al. 2019) and thus collected CH4 from both diffusion and 

ebullition (i.e. “net” emissions). To separate the contributions of ebullitive and diffusive flux in 

the chambers, I calculated the experimentally derived piston gas exchange velocities (k600 values; 

Jahne et al. 1987). k600 values that were two times higher than the minimum calculated k600 value 

were considered to be impacted by ebullition (Bastviken et al. 2004; see below for more 

information on k600 calculations).   

I modeled diffusive CH4 flux using dissolved CH4 concentrations at the surface of the 

water column, the dissolved gas concentration at equilibrium with atmospheric CH4, and an 

estimate of the k600 value This method avoids the contribution of ebullition and estimates k600 

values based on wind speed following Cole and Caraco (1998; eq. 4.1). 

Equation 4.1: 𝑘600 = 2.07 + 0.215 ×  𝑈10
1.7 

Where k600 is the gas exchange coefficient (cm hr-1) and U10 is the wind speed (m s-1) at a 10 m 

height. Notably, the meteorological station wind meter on the study lake is positioned at two 

meters, therefore a conversion factor was used to scale wind speed from two to 10 meters (Smith 

et al. 1985). Wind speeds were averaged over three-hour and then over 24-hour periods. A 

detailed description of the wind-based modeling approach used, including converting between 

k600 and specific kCH4 values can be found in Laurion et al. (2011).  

Diffusive CO2 fluxes were directly measured in 2018 and 2019 with a small, lightweight 

chamber (volume = 13.55 L, area = 0.062 m2), connected to a portable greenhouse gas analyzer 

(Los Gatos Research, California) in a closed path that recorded the linear change in CO2 
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concentrations within the chamber over time. The chambers were covered in reflective tape to 

prevent warming in the chambers. Due to the limitations of deploying the instrument at the 

center of the lake diffusive CO2 fluxes were only measured at the thaw edge and stable edge, 

approximately 0.5 to 1 meters from the shore to avoid littoral vegetation. On each sampling 

occasion, I took 3-4 individual chamber flux measurements of 2-4 minute duration and then 

averaged them to estimate daily flux. Typically, the first 30 seconds and last 30 of the fluxing 

period were discarded due to the disturbance to the surface water when placing and picking up 

the chamber. Fluxes were calculated using linear regression (slope) of the change in headspace 

CO2 gas concentration (atm) inside the chamber over time and the ideal gas law, air temperature, 

and atmospheric pressure at the time of sampling (Equation 2). Negative slopes and fluxes for 

CO2 measurements are reported as CO2 uptake by the lake while positive slopes and fluxes 

indicate CO2 flux to the atmosphere.  

Equation 2: 𝐹𝑙𝑢𝑥 = 𝑆 ∗ (
𝑃∗𝑉

𝑅∗𝑇∗𝐴
) ∗ 𝑀 ∗ 𝐶 

Where 𝑆 is the slope from the linear change in gas concentrations within the chamber over time 

(atm minute-1), 𝑃 is barometric pressure (atm), 𝑅  is the universal gas constant (L atm K-1 mol-1), 

V is the volume of the chamber (L), 𝑇 is the average air temperature inside the chamber (K),  A is 

the area of the chamber (m-2),  M is the molar mass of C-CO2 (mol mg-1) and 𝐶 is a conversion 

factor to convert from minutes to days (i.e. 1/1440). All CH4 fluxes are presented in mg CH4 

(molecular weight = 16.04 mg mmol-1) and all CO2 fluxes are presented in mg carbon (molecular 

weight = 12.01 mg mmol-1) 

4.2.5 Water chemistry and meteorological measurements    

Surface water chemistry was measured from a kayak at each location within the lake. At 

each location, I measured dissolved oxygen, specific conductivity, pH, and temperature in the 

top 10 cm of the water column using a handheld water monitor (Yellow Springs Instrument 

ProDO). Water samples for dissolved organic carbon (DOC) and total dissolved nitrogen (TN) 

were sampled from the center of the lake and filtered in the field (0.7 µm; Grade GF/F, 

Whatman) and acidified with 20% HCl to reduce the pH below two and prevent further 

microbial activity (Burd et al. 2018). The samples were stored in amber bottles to prevent 

photodegradation and were kept at 4 ºC until analysis. Concentrations of DOC and TN were 
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measured by a TOC-L combustion analyzer with a TNM-L module (Shimadzu, Kyoto, Japan. 

Water samples for ion concentrations were filtered and frozen on the day of sampling and kept 

frozen until analysis. Anions (Cl-, PO4
3-, SO4

2-, NO3
-) were measured using Ion chromatography 

(Dionex Ion chromatography DX 600, Thermo Fisher Scientific, US). Cations (Na+, Mn2+, K+, 

Ca2+, Fe3+, NH4
+) were measured by ICP-OES (iCAP6300 Duo, Thermo Fisher Scientific, US). 

All ions were measured in 2018 and 2019 and only Cl- and SO4
2- were measured in 2017. Water 

samples for chlorophyll-a (Chla) analysis were collected from the center of the lake in 2018 and 

2019 using opaque Nalgene bottles. Duplicate samples for each lake were refrigerated and 

vacuum filtered on the day of collection using 47-mm diameter, ethanol-rinsed GF/F filters 

(Whatman). The filters were then placed in Petri dishes, wrapped in aluminum foil, and were 

frozen immediately until analyses at the University of Alberta Biogeochemical Analytical 

Service Laboratory using a Spectrofluorophotometer (Shimadzu RF-1501).  

Samples for dissolved CH4 and dissolved inorganic carbon (DIC: sum of CO3
 2-, HCO3

-, 

H2CO3; i.e. DIC) concentrations were collected from the surface of the water from each lake 

location one to two times per sampling trip. I collected five mL of water using a six mL plastic 

syringe and was injected into a pre-prepared 10 mL vial (Wheaton) with 20 uL of 20% HCl 

(Karlsson et al. 2010). The vials were stored upside down at room temperature until analysis of 

the headspace gas concentrations which occurred no later than seven days after sampling. 

Dissolved gas concentrations were then calculated following Henry’s Law (Sander et al. 2015).  

Continuous bi-hourly measurements of sediment temperatures (°C) were recorded using 

loggers (Hobo 8k Pendant Onset Computer, Bourne, MA, USA) installed at five and 50 cm 

sediment depths in the thaw edge, stable edge, and center in 2017. Loggers from the stable edge 

malfunctioned in June 2017 and are therefore not included in any analysis. Meteorological 

variables were recorded onsite from a floating weather station (Hobo RX3000 Remote 

Monitoring weather station) over both the 2017 and 2018 open-water seasons. The weather 

station was equipped with Hobo Smart Sensors (Onset Computer, Bourne, MA, USA). Air 

temperature and air pressure were recorded every five minutes using a Hobo 12-bit Temperature 

Smart Sensor (S-TMB-M002) and Hobo Pressure Sensor (S-BPB-M002). Photosynthetically 

active radiation (PAR) was measured every five minutes using a Hobo Photosynthetic Light 

Smart Sensor (S-LIA-M003). Finally, the wind speed was measured every five minutes using a 
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Hobo Wind Smart Sensor (S-WSB-M003). Both wind speed and PAR sensors were placed two 

meters above the water-air interface. All measurements were aggregated to daily averages in 

post-processing. 

Relative lake depths were measured in March 2017 by drilling into the ice along a 

transect from the thaw edge to the center lake location and then at the stable edge and measuring 

the length of the ice and water column.  

4.2.6 Sediment porewater CH4 concentrations  

Porewater samplers were used to measure dissolved concentrations of CH4 in the lake 

sediments and were installed in the thaw edge, center, and stable edge. The samplers are 60 cm 

long and consist of 60 chambers of five mL each at one cm resolution. The chambers were filled 

with deionized water and covered with a permeable membrane before installation. A full 

description of the samplers can be found in Hesslein (1976). Upon installation, ~10 cm of the 

sampler was kept above the sediment-water interface and reached a depth of ~50 cm below the 

sediment-water interface. The samplers were installed in June and August of 2017 and 2018 and 

were left to equilibrate for 3-4 weeks. In 2017 the samplers were installed on June 20th and 

sampled on July 14th and then were reset and sampled again on August 9th. In 2018 the samplers 

were installed on June 14th, 2018, and were sampled on July 5th, 2018. The samplers were 

installed a second time from July 5th to August 12th, 2018. Dissolved porewater CH4 

concentrations were sampled by extracting two mL of porewater from a single porewater 

chamber using a needle and syringe. Sample extraction was repeated at two cm depth intervals. 

Water samples were injected into six mL glass vials, pre-flushed with nitrogen, and acidified 

with 20 µL of 20% HCl. To measure porewater CH4 concentrations at deeper sediment depths, 

multilevel piezometers (MLPs; Beer and Blodau, 2007) were installed at the thaw edge, center, 

and stable edge in May of 2017 and then were sampled seven weeks later in July 2017. The 

MLPs consisted of eight to 15 segments, each containing a 12 ml crimped vial with deionized 

water and permeable membrane (0.2 µm) to allow for diffusion of solutes in the vial. Dissolved 

CH4 samples were extracted directly from the vials by extracting two mL of porewater and 

injecting it into pre-acidified vials, similar to the porewater sampling technique. The MLPs were 

installed at depths between 70 and 170 cm. Sample analysis and determination of CH4 

concentrations were performed as described above for the surface water samples.   
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4.2.7 Radiocarbon analysis  

Bubble samples were collected in July and August of 2018 for 14C-CH4 analysis. Samples 

were collected directly from the bubble traps and were injected into pre-prepared glass vials 

equipped with rubber septa following the same protocol described above. Three samples were 

collected from the thaw edge, center, and stable edge for a total of nine samples. Methane and 

CO2 concentrations in each vial were measured at the University of Alberta and then the vials 

were shipped to the National Environmental Isotope Facility (NEIF) in the United Kingdom. 

Samples were prepared to graphite at the NEIF Radiocarbon laboratory and sent to the Scottish 

Universities Environmental Research Centre (SUERC) AMS laboratory for 14C analysis 

(Allocation No. 2128.1018) following protocols described by Garnett et al. (2016). Unique lab 

codes for each sample can be found in Table A.4.2. Due to low concentrations of CO2 in many of 

the bubble samples, radiocarbon data were only reported for three samples from the thaw edge 

and one sample from the stable edge. Water samples for 14C and stable carbon isotope (δ13C) 

analysis of DOC and DIC were collected from the center of the lake with a hand pump at a water 

depth of 0.5 to 1 meters. Water samples were filtered on-site with a 0.7 m pre-baked glass fiber 

filter and storing the filtered water in pre-baked and acid-washed 1L vials. Samples were 

analyzed at the A. E. Lalonde AMS Laboratory in Ottawa, Canada following protocols 

established by Crann et al. (2017) and St-Jean et al. (2017). Radiocarbon data are expressed in 

fraction modern (fM) which is the 14C to 12C ratio in the sample relative to that of the oxalic 

acid-1 standards (Stuiver and Polach, 1977 and as in Elder et al. 2018) and as conventional 

radiocarbon ages (years BP, where 0 BP = AD 1950) at the ±1σ level (as in Gonzalez Moguel et 

al. 2021).  

4.2.8 Lake peat sediment cores and macrofossil analysis  

Lake peat sediment cores were taken from the center of the study lake during ice-cover in 

March 2017 and from the stable and thaw edges of the lake in March 2018 to determine organic 

layer depth and to investigate the site history through macrofossil analysis. A manual ice auger 

was used to drill through the ice, and a Russian peat corer (4.5 cm inner-diameter, Eijkelkamp, 

Giesbeek, Netherlands) was used to take sediment cores in 50 cm increments. To account for 

disturbance of the upper few centimeters of each core, an 10 cm overlap was achieved by coring 
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alternately between two holes, ~20 cm apart, to a depth of 380 cm at the lake center and ~200 cm 

at the edges. Cores were frozen upon extraction and were kept frozen until analysis. Each 50 cm 

core section from the center core was further segmented at 2 cm intervals, and macrofossils were 

analyzed every 10 cm. The samples were prepared by thawing and diluting with deionized water 

and filtered through a 150 µm sieve to remove any particles too small to identify. Macrofossil 

analysis was carried out following the protocols described by Mauquoy et al. (2010) as in 

Heffernan et al. (2020). Data analysis was performed in the C2 program for ecological and 

paleo-ecological data analysis and visualization (Juggins, 2003) to create a stratigraphic diagram. 

The transition from limnic sediment to peat sediment in the cores at the thaw edge, lake center, 

and stable edge were visually assessed in the field immediately upon extraction based on changes 

in color and humification (Fig. A.4.4). The transitions in the center core were additionally 

determined by shifts in vegetation composition and bulk density of the samples. 

4.2.9 Surface sediment cores and incubations   

Surface sediment cores (i.e. limnic sediments) were taken from the edges and center of 

each lake in July 2017 using a gravity corer (UWETEC). Depths of the surface cores ranged 

from 20-45 cm depending on water depth and success of corer deployment. Cores were sectioned 

in the field at two cm increments and immediately placed in bags (WhirlPack), closed with no air 

bubbles, and placed in a cooler until they could be frozen at -18 C approximately 1 to 2 hours 

post coring.  In the lab, sectioned cores were thawed and then homogenized at depths 0-4 cm and 

10-14 cm. Peat sediments from the deep cores were homogenized at depths of 20-30 for the thaw 

edge, 60-70 cm for the stable edge, and 70-80 cm for the lake center to capture the peat sediment 

just below the limnic sediment transition. Additional peat sediments were homogenized from 

100-110 cm and 190-200 cm depths at all locations. After sediments were homogenized, three 

subsets of 20-30 grams of wet sediments from each depth were added to 37.5 mL glass jars 

(Wheaton). Nitrogen-degassed Millipore water was then added to each jar until half of the total 

volume of the jar was filled. Jars were covered in tinfoil, capped with rubber septa (Wheaton), 

and crimped close. Two needles attached with two-way stopcocks were inserted into the rubber 

septa for headspace gas sample extraction. 

 Prior to the start of the incubation measurements, each jar was shaken and then flushed 

with nitrogen for one minute repeating this procedure three times to degas as much oxygen as 
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possible and arrive at an anoxic state. The time was recorded after the first headspace gas sample 

was taken. The jars were sampled at 0 (start of the experiment), 1, 2, 3, 7, 10, and 14 days. At 

each sampling occasion, the jars were shaken for 30 seconds and left to sit for another 30 

seconds to allow porewater gas to fully equilibrate with the headspace. One mL of nitrogen was 

injected and mixed into the headspace using a syringe attached to one of the stopcocks and then 

1 mL of headspace sample was extracted using a syringe attached to the other stopcock and the 

sample was directly injected into the gas chromatogram. Methane production rates were 

calculated using the nitrogen dilution-corrected slope of headspace concentrations over the 

sampling period and are expressed in micrograms of CH4-C or CO2-C per gram of dry weight 

(gdw) sediment sample. In between sampling occasions, the jars were kept in dark conditions at 

a controlled temperature of 14˚C.   

4.2.10 Statistical analysis  

All statistical analyses were performed using R software (Version 1.1.383, RStudio Inc, 

www.r-project.org). Differences in daily CH4 fluxes among the lake locations and months were 

performed using mixed effects models (R Package 3.3.3; Lme4 Package; Bates et al. 2015). 

Methane fluxes were log-transformed before analysis to fit assumptions of normality. Lake 

location and sampling month were set as fixed effects in their respective models. Individual 

bubble traps and chambers were set as random effects to account for repeated measures. Each 

mixed model was compared against the respective null model, which only included the random 

effects, using analysis of variance (ANOVA; “anova” command). Individual pair relationships 

were then determined using a post-hoc, non-parametric t-test (Barroti adjustment). I used 

Kruskal-Wallis rank-sum tests to examine the temporal variation of fluxes within each lake 

location among months and to test for differences between modeled CH4 diffusive fluxes and 

chamber fluxes and differences in diffusive CO2 exchange between the stable and thaw edge. 

Follow-up pairwise relationships were examined using post hoc Dunn’s test with Bonferri 

method (dunn.test package; Dinno, 2017).  To examine the relationship between environmental 

variables and CO2 and CH4 flux, fluxes within each location were averaged daily as water 

chemistry was only measured at one spot within each location on the sampling day. Correlations 

between CH4 and CO2 fluxes and environmental variables (air temperature, water temperature, 

conductivity, pH, air pressure, dissolved oxygen, PAR) were performed across the entire lake 

http://www.r-project.org/
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extent using nonparametric Kendall correlation tests. Based on the Kendall’s Tau (Ʈ) value, 

correlations were classified as weak (± 0.1-0.30), moderate (± 0.3-0.5), or strong (± > 0.5) 

(Cohen et al. 2013 as in Burke et al. 2019). Positive (+) Ʈ values represent a positive relationship 

with flux and negative (-) Ʈ values represent a negative relationship with flux. Relationships 

between CH4 flux and sediment temperature were assessed using linear models (R Package 

3.3.3; Lme4 Package; Bates et al. 2015). Unless otherwise noted, results are presented as the 

average ± one standard deviation. Output from statistical tests are presented in Tables A.4.3 

through A.4.7.  

4.3 Results 

4.3.1 Sediment and water chemistry characteristics 

Both organic-rich limnic and peat sediments were found throughout the three meters deep 

core at the lake center (Fig. 4.2a,b; Fig. A.4.1). Below three meters, the sediments transitioned to 

a mineral deposit of clay and silt composition. Macrofossil analysis suggests the center of the 

lake was initiated as an open-water wetland before transitioning to various fen stages and then 

into its current limnic state (limnic sediment thickness ~70 cm; Fig. 4.2a,b). At the stable edge, 

limnic sediments were ~60 cm thick. The thaw edge has the thinnest limnic sediment layer (~20 

cm), indicating ongoing lake expansion (Fig. 4.2a,b).  

 

Figure 4.2.  a) Conceptual diagram of Eli lake and b) water column and sediment profiles. 
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Water chemistry metrics show Eli is a mesotrophic lake with relatively high 

concentrations of DOC (44.3 mg L-1) and ammonium (NH4
+; 36.4 µg L-1) and moderate levels of 

phosphate (PO4
3-) and chlorophyll-a (Chla; Table 4.1). The average surface water pH over the 

study period was 7.5 but reached as high as 8.7. Average conductivity and dissolved sulfate 

(SO4
2-) concentrations were 358.9 µS cm-1 and 29.9 mg L-1, respectively (Table 4.1). The 

average water column DIC concentration was 8.9 mg L-1.  

Table 4.1. Average (± one standard deviation) surface water characteristics (2017-2019) 

from the center of the lake. 

DOC 

(mg L-1) 

TN 

(mg L-1) 

DIC  

(mg L-1) 

pH Cond 

(µS cm-1) 

PO4
3--P 

(µg L-1) 

SO4
2--S 

(mg L-1) 

NH4
+-N 

(µg L-1) 

Chla 

(µg L-1) 

44.3   

(10.0) 

1.7  

(0.4) 

8.9 

(3.7) 

7.5  

(0.5) 

358.9 

(65.6) 

7.5 

 (2.5) 

29.9  

(14.5) 

36.4  

(8.2) 

7.9  

(5.2) 

 

4.3.2 Methane fluxes  

The average ebullitive CH4 flux for Eli Lake was 124 ± 77 mg CH4 m
-2 d-1 (average and 

one standard deviation among the four locations). Ebullitive fluxes varied across lake locations 

and were highest at the thaw edge with 236 ± 61 mg CH4 m
-2 d-1 (χ2 = 25.78, P < 0.001, df = 3; 

Fig. 4.3a; Table A.4.3). There was a trend of decreasing ebullitive fluxes from the edges to the 

center of the lake where the water column is deepest (depth = 1 m) and the average flux was 62 ± 

34 mg CH4 m
-2 d-1 (Fig. 4.3a, Table 4.2). This pattern is consistent with the volume of bubbles 

collected at each lake location (Fig. 4.4c). The average CH4 concentration from the bubble 

samples across all lake locations was 42 ± 13% (n=121). Bubble CH4 concentrations were not 

statistically different among the four lake locations (χ2 = 3.93, P = 0.27, df =3) but the highest 

concentration was measured at the thaw edge (62% CH4) and the lowest at the lake center (11% 

CH4; Fig. 4.4a). When combining all lake locations over the study period, there was no effect of 

month on ebullitive CH4 flux (χ2 = 2.56, P =0.046, df =3). I also found no significant effects of 

month when analyzing each lake location individually (Table A.4.4). However, ebullitive fluxes 

clustered around high values when sediments were warmest in July at the thaw edge and had an 

increasing trend during the ice-free season at the stable edge (Fig. A.4.2).  
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Table 4.2. Summary results (± one standard deviation) for GHG fluxes at each lake 

location. E_flux = ebullitive flux. D_flux = diffusive flux. [CH4] = dissolved CH4 concentration. 

 

 

 

Location Water 

depth 

(m) 

D_flux 

(mg CH4 m-2 

d-1) 

E_flux 

(mg CH4 m-

2 d-1) 

Chamber 

flux 

(mg CH4 m-

2 d-1) 

[CH4] 

(uM) 

E_flux 

(mg C-

CO2 m-2 

d-1) 

D_flux 

(mg C-CO2 

m-2 d-1) 

Thaw Edge 0.3 57.4  

(22.8) 

236.4  

(60.6) 

199.5 

(115.4) 

7.1 

(3.1) 

9.9 (60) -79 (191) 

Intermediate 0.7 36.6  

(21.3) 

107.4  

(56.1) 

158.3  

(72.2) 

5.2 

(3.0) 

5.3 (56) - 

Center 1 24.2  

(13.2) 

61.9 

 (33.87) 

130.17 

(87.1) 

3.5 

(1.7) 

2.3 (34) - 

Stable Edge 0.4 46.1  

(28.2) 

92.67 

(95.68) 

157.7 

 (62.4) 

5.0 

(3.7) 

8.5 (96) -126 (211) 
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Figure 4.3. Methane fluxes across the lake locations. a) Ebullitive fluxes. b) Diffusive fluxes. 

Boxplots represent the median and quartile ranges. The black circles represent the average and 

the small grey circles represent individual measurements. Different letters above the boxplots 

indicate significant differences among the lake locations. 

The average diffusive CH4 flux from the lake was 41 ± 14 mg CH4 m
-2 d-1 and ranged 

between 5 and 81 mg CH4 m
-2 d-1. Diffusive fluxes were significantly higher at the thaw edge 

and stable edge compared to the intermediate and center locations (χ2 = 27.68, P < 0.001, df =3; 

Fig. 4.3b; Table A.4.3). I found no effect of month on diffusive fluxes when combining all lake 

locations (χ2 = 4.81, P = 0.19, df =3). Temporal patterns were variable for each location but 

diffusive fluxes were usually higher in July at the edges (Fig A.4.2). 
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Figure 4.4. Bubble concentrations of a)  CH4 and b) CO2, and c) volumetric bubble fluxes 

for individual bubble traps. Boxplots represent the median and quartile ranges. The grey 

circles represent the average. Note the different scales for bubble CH4 and CO2 concentrations. 

The average chamber flux across the lake locations was 161 ± 29 mg CH4 m
-2 d-1. 

Chamber measurements were significantly higher than diffusive fluxes when compared across 

the whole lake and within each lake location (χ2 = 76.86, P < 0.001, df =1). This difference 

indicates that chamber measurements are more representative of net CH4 fluxes than what would 

be accounted for only by diffusive as shown by the large influence of ebullition in the 

measurements. Approximately 30% of estimated K600 values from the chamber measurements 
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were twice as high as the minimum calculated K600 value, indicative of ebullition. I found a 

minimal influence of lake location on chamber fluxes (χ2 = 8.65, P = 0.03, df =3), with the only 

significant difference found between the intermediate and center locations (293 and 152 mg CH4 

m-2 d-1, respectively; Fig. 4.5a). Chamber fluxes varied temporally (χ2 = 28.11, P < 0.001, df =3) 

and were highest in June and July (Fig. 4.5b; Table A.4.4).  

 

Figure 4.5. Methane fluxes from chamber measurements across the different lake locations 

(a) and over the sampling months (b). Boxplots represent the median and quartile ranges. The 

black circles represent the average and the small grey circles represent individual measurements. 

Different letters above the boxplots indicate significant differences among lake locations and 

months. 
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4.3.3 Carbon dioxide fluxes  

The average ebullitive CO2 flux was 6.4 ± 7.3 mg CO2-C m-2 d-1, which represents a 

minor fraction of the total carbon (mg C m-2 d-1) flux from bubbles (~7%). Average bubble CO2 

concentrations were 2.64% ± 1.84% (n = 121; Fig. 4.4b). Bubble CO2 concentrations were 

weakly related to lake location (χ2 = 8.97, P = 0.03, df =3) with the only significant differences 

between the center and stable edge (Z-value = 3.04, P = 0.013; Table A.4.5). However, lake 

location was a significant factor influencing ebullitive CO2 fluxes (χ2 = 21.3, P < 0.001, df =3) 

with the lowest fluxes at the center and without statistical differences between the edges and the 

intermediate location (Fig. 4.6a; Table A.4.6). Ebullitive CO2 fluxes had an increasing trend over 

the open water season with the highest average fluxes in July and August/September that 

statistically differed from May (Fig. 4.6b; Table A.4.6).  
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Figure 4.6. Ebullitive CO2 fluxes across the lake locations (a) and over the sampling months 

(b). Boxplots represent the median and quartile ranges. The black circles represent the average 

and the small grey circles represent individual measurements. Different letters above the 

boxplots represent significant differences among lake locations or sampling months. 

The stable edge and thaw edge were usually net sinks in terms of diffusive CO2 exchange 

(-126 ±  211 and –79 ± 191 mg CO2-C m-2 d-1, respectively) and were not statistically different 

from each other (χ2 = 0.45, P = 0.50, df =1; Fig. 4.7a). Average CO2 exchange was negative (net 

uptake) for all months but, the median flux was positive in August (i.e. net source) when most 

diffusive CO2 measurements took place (Fig. 4.7b). Statistical differences between months were 

not performed due to low sample sizes in June (n =1 for stable and thaw edge).  
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Figure 4.7. Diffusive CO2 fluxes across lake locations (a) and over the sampling months (b). 

Negative values represent the net uptake of CO2 from the atmosphere. Boxplots represent the 

median and quartile ranges. The black circles represent the averages and the small grey circles 

represent individual measurements. The dashed line represents the source or sink cutoff. The flux 

units represent mg of carbon in CO2. 

4.3.4 Flux correlations with environmental variables 

Diffusive and ebullition CH4 fluxes weakly correlated with the daily average 

environmental and meteorological parameters. Diffusive CH4 flux was moderately correlated 

with water temperature (Ʈ = 0.30, P = 0.002) and weakly correlated with air pressure (Ʈ = -0.28, 

p = 0.003; Table A.4.7). The strongest correlation was between chamber fluxes and PAR (Ʈ = 

0.46, P = 0.0001), suggesting high incoming solar radiation could increase net CH4 fluxes but 

this correlation was not observed with ebullitive and diffusive fluxes. Sediment temperatures 

were generally 5°C colder at the center of the lake compared to the thaw edge (May-August 

average; Fig. 4.8), however, sediment temperature did not significantly correlate with any of the 

measured fluxes when tested across both lake locations (Fig. 4.8). Ebullitive CO2 fluxes did not 

correlate with any of the environmental variables measured in this study (Table A.4.7). Diffusive 

CO2 fluxes were moderately but not significantly correlated with conductivity (Ʈ = 0.35, P = 

0.08).   
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Figure 4.8. Sediment temperature vs a) CH4 ebullition, b) CH4 diffusion, and c) CH4 

chamber fluxes. Error bars represent one standard deviation. No standard deviations are 
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presented for diffusive fluxes.  Black text represents linear regression output for fluxes across 

both lake locations. 

4.3.5 Porewater concentrations  

Dissolved sediment porewater CH4 concentrations showed a relatively consistent profile 

among sampling times (i.e. months) and lake locations, sharply increasing within a few cm 

below the sediment and showing a much weaker gradient between depths ⁓10 to 50 cm (Fig. 

4.9). Further down concentrations generally increased slightly as observed from profiles using 

the MLPs down to ⁓150 cm (Fig. A.4.5). A potentially faulty deployment of the sampler in the 

center may have lead to reduced concentrations between 0 and 20 cm in August 2018. The 

profiles showed lower concentrations and little variation among lake locations in 2017, 

especially in July and except for higher values with depth at the center in August. Concentrations 

were generally higher and there were greater differences among lake locations in the 2017 MLP 

profile (Fig. A.4.5) and in the 2018 surface sediments with higher values in the thaw edge (640 

to 800 µM; 5-50 cm depths) compared to the other locations during July 2018 (480 to 650 µM 

for the same depth range).  
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Figure 4.9. Dissolved concentrations of CH4 in the sediment porewater.  Plots represent 

measurements taken for CH4 in 2017 (a, b) and 2018 (c,d).   

4.3.6 Potential production rates from incubations 

I found a consistent pattern across all lake locations of declining CH4 production rates 

with sediment depth and highest rates at 0-4 cm followed by 10-14 cm depths (Fig. 4.10a). 

Production rates at 0-4 cm depths were generally higher in the stable edge sediments (6.1 ± 0.7 

µg CH4-C gdw-1d-1) compared to the center (4.2 ± 1.4 µg CH4-C gdw-1d-1) and thaw edge (4.1 ± 

1.2 µg CH4-C gdw-1d-1) but these differences were not statistically significant (P = 0.15, F = 2.7, 

df = 2). Production rates at 10-14 cm were significantly higher at the stable edge (ANOVA; P = 

0.003, F = 18.5, df = 2). At nearest depths below the transition from limnic to terrestrial 
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sediment, production rates were highest at the thaw edge (0.06 µg CH4-C gdw-1d-1) compared to 

the stable edge and the center (0.0009 and 0.0006 µg CH4-C gdw-1d-1, respectively; P = 0.005, F 

= 14.9, df = 2). However, the transition from limnic to peat sediments at the thaw edge was 

considerably more shallow (~20 cm) compared to the stable edge (~60 cm) and center (~70 cm). 

While all lake locations showed similar patterns of declining production rates with depth, the 

deepest samples (190-200 cm) showed rates an order of magnitude higher at the thaw edge (5e-4 

± 1e-4 µg CH4-C gdw-1d-1) compared to the center and stable edge (P  = 0.002, F = 23.2, df = 2; ; 

Fig. 4.10c). Potential CO2 production rates followed the same trend with depth as for CH4 and 

were of a similar magnitude at the 0-4 cm (1.6 to 5.3 µg CO2-C gdw-1d-1; Fig. A.4.3) leading to 

CO2:CH4 production ratios between 0.4 and 1.3.  

 

Figure 4.10. Potential CH4 production rates in the sediments.  a) Depth profile of productions 

rates. b) Production rates at 100 cm sediment depths. c) Production rates at 200 cm sediment 

depths. Error bars represent one standard deviation. Different letters indicate significant 

differences among lake locations. The absence of letters indicates no significant difference in 

production rates. Gdw = grams dry weight. 

4.3.7 Radiocarbon  

Analysis of CH4 released as bubbles showed a lower 14C content at the thaw edge (0.86 ± 

0.004 fM) compared to the stable edge (>1.00 fM) and lake center (0.99 ± 0.005 fM; Fig 4.11). 

Radiocarbon ages of CH4 bubbles were modern in the stable edge, 1211 14C years before present 
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(BP) in the thaw edge on average, and ranged from modern to 102 14C years BP at the center 

(Fig. 4.11, Table A.4.2). Radiocarbon ages and fM values of CO2 from bubbles at the thaw edge 

(0.84 fM, 1420 years BP) and stable edge (0.996 fM, 50 14C years BP) were similar those of CH4 

(Table A.4.3; Fig. 4.11). Water column DIC was modern (1.00 fM) while DOC had the lowest 

fM (0.62 fM) and the older 14C age (3804 14C yrs BP) of all measured samples (Table A.4.2; Fig. 

4.11). Stable carbon isotope values (δ13C) were approximately -4‰, for DIC and -26.9‰ for 

DOC. 

  

Figure 4.11. Fraction modern carbon for CH4 and CO2 bubbles, water column DIC, and 

water column DOC. Error bars represent the minimum and maximum fM values reported, 

including analytical uncertainty. Corresponding mean 14C ages are shown next to samples with 

pre-modern fM values.  Notice the y-axis break. The average estimated carbon ages are 

presented next to each point. Yrs BP = 14C years before present (1950 AD). 
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Table 4.3. Summary results for 14C ages and fM carbon at each lake location. fM = fraction 

Modern (1.00 = 1950 AD). Mod = modern 14C age. Parenthesis correspond to the ± uncertainty 

ranges also shown in Fig. 4.11.  

 

 

4.4 Discussion  

In this study, I monitored CH4 and CO2 fluxes from a small, thaw-impacted peatland lake 

(Eli Lake) for three ice-free seasons. Spatial variation within the lake was the primary control on 

CH4 flux variability, rather than temporal variation and associated environmental variables. 

Ebullitive CH4 fluxes were highest from the thaw edge while diffusive CH4 fluxes were highest 

from the thaw edge and stable edge. Ebullitive CO2 fluxes were a minor component of the total 

bubble carbon release while negative diffusive CO2 measurements suggest the lake is a net sink 

of CO2 during the ice-free period. Radiocarbon analysis of the bubbles showed that CH4 and CO2 

at the thaw edge had lower fM values than the stable edge and center, implying the gases include 

a substantial contribution from old permafrost carbon. Below I expand on my findings of the 

magnitude and controls on CH4 and CO2 fluxes from the study lake and explore the potential 

connections between permafrost thaw, old carbon, and GHG fluxes.  

4.4.1 Spatial variability of methane fluxes  

Location within the lake was a stronger indicator of the magnitude of CH4 fluxes than 

any of the environmental variables measured over time (i.e. water chemistry and meteorological 

variables).  Ebullitive CH4 fluxes were highest from the thaw edge while diffusive fluxes were 

Location 14C-CH4 

(year BP) 

CH4 fM 

 

14C-CO2 

(year BP) 

CO2 

fM 

 

Thaw Edge 1211 

(180) 

0.86 (0.02) 1420 0.84 

Intermediate - - - - 

Center 102 

(87) 

0.99 (0.01) - - 

Stable Edge mod 1.01 (0.01) 50 

(65) 

0.996 (0.008) 
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highest from the two edge locations where the water depths were also the shallowest. Higher 

diffusive fluxes from the edges may be due to limited oxidation occurring in shallower water 

columns or due to differences in OM availability with higher terrestrial inputs near the lake shore 

(Del Sontro et al. 2016). Warmer temperatures at the lake edges, as I found for the thaw edge, 

may also drive higher CH4 production rates in the surface sediments. Net CH4 fluxes (chamber 

measurements), were positively correlated with PAR across all locations, suggesting some effect 

on net fluxes could arise from incoming solar radiation with sunny days potentially causing 

higher temperature. Similar observations have been reported in lakes in northern Sweden (Wik et 

al. 2014). While I collected limited data, sediment temperature was not a strong predictor of CH4 

release even though fluxes were generally higher where sediment temperatures were warmer 

(Fig. 4.8). The lack of a strong relationship between sediment temperature and flux within each 

lake location suggests that CH4 release is more strongly controlled by differences in temperature 

or OM availability occurring between lake locations than by temporal variation in temperature 

within each lake location (Praetzel et al. 2020).  

4.4.2 Sources of methane production 

Potential CH4 production rates derived from incubations of the surface sediments (0-4 cm 

and 10-14 cm) did not correlate with observed spatial patterns in ebullitive fluxes. Production 

rates were generally higher at the stable edge than at the thaw edge at the surface (Fig. 4.10). 

Higher production rates in the stable edge surface sediments may be related to the presence of 

sedge species along the shoreline, which release highly labile organic acids in the form of root 

exudates (Ström et al. 2012). The addition of labile, and contemporary OM from sedges into the 

adjacent sediments could explain both higher production rates and the strong modern signature 

of the carbon age in ebullitive samples at the stable edge (See Sect. 4.4.3; Table 4.2). Together, 

the lower surface sediment production rates (incubations) and higher ebullitive fluxes at the thaw 

edge compared to the stable edge suggest CH4 emissions from the thaw edge must be produced 

by additional sources beyond the surface sediments. 

Concentrations of dissolved CH4 in thaw edge sediments were generally higher than the 

other lake locations (Fig. 4.9a), despite lower potential CH4 production rates in the surface 

sediments. This suggests CH4 production occurs deeper in the thaw edge sediment column or 

that dissolved CH4 enters the lake from outside sources. While recently thawed deep peat at the 
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thaw edge may be more recalcitrant than surface OM inputs at the stable edge (Treat et al. 2016), 

it may be comparatively more labile than similarly deep sediment (peat) at the other lake 

locations. For example, sediment OM at 200 cm depths had more time to decompose at the other 

lake locations compared to the thaw edge given the more recent frozen conditions (Heslop et al. 

2015), thus potentially leading to lower production rates. Incubation results support this 

reasoning about OM lability as I found greater potential CH4 production rates from the thaw 

edge at 200 cm depths (Fig. 4.10c) compared to the center and stable edges. While these rates at 

depth are much lower compared to rates at the surface, there is also much more OM available at 

depth (1-2.5 meters) than at the surface sediments (i.e. high production likely limited to top 5-20 

cm; Pratetzel et al. 2020). However, incubations were performed at 14ºC which is likely a higher 

temperature than that experienced in situ in deep sediments, and the influence of this relatively 

high temperature on CH4 production must also be considered (Hopple et al. 2020). Alternatively, 

dissolved CH4 might enter the lake from the adjacent plateau active layer (Olid et al. 2021; 

Pacheco et al. 2014) or be produced at and transported from the permafrost-active layer interface 

(Douglas et al. 2020) to the lake sediments. Under both deeper sediment production and external 

active layer/permafrost transport scenarios, CH4 produced and emitted from the thaw edge may 

be sourced from older, recently thawed permafrost carbon. Evidence of old carbon emissions 

from the thaw edge is supported by radiocarbon dating discussed in the following section. 

4.4.3 Old carbon from lake thaw edge   

I found that the CH4 bubbles emitted from the thaw edge had a lower fraction modern 

(fM) than bubble samples from the rest of the lake locations (Fig. 4.11). The presence of old 14C-

CH4 (~0.86 fM and ~1211 14C years BP) in the thaw edge bubbles suggests some CH4 is partially 

sourced from older, recently thawed permafrost carbon. Notably, there are no sedges at the thaw 

edge, thus it is also possible that the lower fM carbon at that location is due to less modern 

carbon inputs. However, the center of the lake also lacks sedges and aquatic plants and had 

higher fM carbon and more modern 14C age in the bubbles compared to the thaw edge, 

suggesting the old signal I observed at the thaw edge is not solely driven by lack of modern 

sources. The fM and age of 14C-CH4 ebullitive samples from the thaw edge are within the range 

of 14C-CH4 ages reported from thermokarst peatlands and non-yedoma thermokarst lakes in 

eastern Canada and the north slope of Alaska (modern-5000 14C years BP), but older than CH4 
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emitted from thermokarst bogs (Estop-Aragonés et al. 2020). For further context, peat initiation 

in the study region occurred ~9,000 years (Heffernan et al. 2020).  14C-CO2 ages closely 

mirrored the ages of 14C-CH4 (~0.84 fM and ~1400 14C years BP), signifying CO2 in the bubbles 

may be derived from either oxidation of CH4 (Elder et al. 2018) or that CH4 and CO2 are sourced 

from similarly aged substrate and anaerobic production pathways. Modern ages of CH4 and CO2 

bubbles from the stable edge are likely due to the latter as opposed to oxidation, as the ratios of 

CO2:CH4 potential production rates are close to 1 (Fig. A.4.3), indicating methanogenesis is the 

dominant anaerobic pathway (Corbett et al. 2015).  

Radiocarbon ages of DIC in the water column were modern while 14C-DOC ages were 

old (~3800 14C years BP), suggesting that much of the DOC is derived from carbon fixed before 

permafrost aggradation in the local area (Heffernan et al. 2020). Modern-aged 14C-DIC in the 

water column suggests DIC is sourced from the dissolution of atmospheric CO2, respiration of 

modern carbon fixed within the water column, or from terrestrial inputs of modern pCO2 (Del 

Georgio and Peters, 1994; Ask et al. 2009). Fixation of modern atmospheric CO2 is supported by 

the net uptake of diffusive CO2 fluxes measured by floating chambers (Fig. 4.7). Furthermore, 

the 𝛿13C value for DIC was -4‰, which is relatively enriched and is consistent with the 

dissolution of atmospheric CO2 being the primary source (Bade et al. 2004), but it could also 

point to fractionation as a result of either autotrophic or heterotrophic respiration (Bade et al. 

2004). Interestingly, the oldest observed radiocarbon ages were from water column DOC (Fig. 

4.11). The 14C-DOC age observed in this study closely resembles reported ages of DOC in the 

porewaters of peat plateau active layers (Tanentzap et al. in review), as the water table often 

follows the active layer and is exposes older peat (up to ~4000 years old) to oxic conditions 

(Quinton et al. 2019). This suggests the DOC in the lake is primarily derived from terrestrial 

sources. The 14C-DOC sample also had a 𝛿 13C value of -26.9‰, which indicates terrigenous 

origin (Karlsson et al. 2003). The observations of older DOC compared to CH4 and CO2 are also 

in line with previous peatland thaw lake studies (Gonzales Moguel et al. 2021).  

While age mixing models are required to fully partition C age sources, the much older 

DOC ages relative to the rest of the carbon species measured in this study suggests that CH4 and 

CO2 produced within the lake sediment bubbles are not derived from the old fraction of DOC, 

although I cannot rule this out. Old DOC may flocculate and become part of the lake sediment 
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and then subsequently be mineralized (Downing et al. 2008; Tranvik et al. 2009), however, under 

this scenario I would expect older ages of CH4 and CO2 across the entire lake extent, not just the 

thaw edge. Methane and CO2 could be derived from a slightly younger and more labile fraction 

of the DOC. While this study is limited by a small sample size of radiocarbon measurements it is 

also enhanced by the variety of forms of carbon represented through ebullitive CH4 and CO2, and 

water column DIC and DOC, which are rarely measured simultaneously (Estop-Aragonés et al. 

2020; Gonzales Moguel et al. 2021). To draw more definitive conclusions about the contribution 

of old permafrost carbon to net CH4 fluxes from lakes, additional radiocarbon samples should be 

taken from potential source materials (i.e. permafrost, active layer peat, limnic sediments), 

particulate organic carbon, and dissolved CH4 samples.  

4.4.4 Influence of local and regional characteristics on lake CH4 fluxes 

The average CH4 flux over the sampling period was 41 ± 14 mg CH4 m
-2 d-1 and 124 ± 77 

mg CH4 m
-2 d-1 for diffusion and ebullition, respectively. The average ebullition fluxes are on the 

higher end of reported estimates for small peatland lakes (< 0.01 km2) across the north (ebullition 

IQR = 23-89; Kuhn et al. 2021) while diffusive fluxes are on the low end of reported fluxes 

(diffusion IQR = 38-94 mg CH4 m
-2 d-1; Kuhn et al. 2021). Ebullitive to diffusive flux ratios 

from the stable edge are similar to the ratios observed across peatland lakes (~50% ebullition; 

Kuhn et al. 2021). Interestingly, the thaw edge was dominated by ebullitive fluxes (76% of net 

fluxes) which is similar to observations from actively thawing yedoma lake edges (79%; Walter 

et al. 2016), suggesting there is a common link between permafrost thaw and CH4 transport 

pathway. Conversely, thermokarst peatland lakes in eastern Canada and northern Sweden 

reported a much lower ebullitive to diffusive ratios (~15% for northern Sweden; Burke et al. 

2019; Kuhn et al. 2018 and 14% for eastern Canada; Matveev et al. 2016). Differences in lake 

morphology, local peat development, and regional landscape characteristics could lead to 

observed differences in flux magnitude and dominant transport pathway between my study lake 

and other peatland thaw lakes (Kuhn et al. In Review). The relationship between CH4 fluxes and 

these characteristics is explored in detail below in the context of the available literature. 

Differences in lake morphology may lead to differences in CH4 production and flux 

among peatland lakes. Eli Lake is shallow with a maximum depth of one meter at the center and 

a relatively flat bathymetry (Fig. 4.2a) while, for example, the peatland lakes studied in eastern 
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Canada have generally greater depths (~2 m), stratified conditions, and steeply sloping sides 

(Matveev et al. 2016). Shallower water column depths in Eli Lake could results in generally 

warmer sediments both at the surface and deeper, thus increasing CH4 production (Yvon-

Durocher et al. 2014), while also creating non-stratified water-column conditions more 

conducive to ebullition (Bastviken et al. 2004). Sediments beneath shallow waters also 

experience less hydrostatic pressure and a higher sensitivity to changes in air pressure, compared 

to deeper waters, which may lead to a higher volume of bubbles released (Wik et al. 2013; 

Langenegger et al. 2019). Differences in bathymetry and surface area could also influence 

terrestrial carbon sediment loading, with higher loading rates in steeper lakes and smaller thaw 

ponds leading to potentially more labile carbon at the center of the lake and higher diffusive 

fluxes (Matveev et al. 2016; Holgerson and Raymond, 2016).  

Furthermore, differences in landscape characteristics between the Taiga Plains and 

shield-dominated regions (i.e. landscapes underlain by Precambrian rock) could drive differences 

in lake water biogeochemistry and carbon cycling. The Taiga Plains is characterized by thick 

peat deposits, heterogeneous glacial deposits, and generally flat topography, which is associated 

with complex groundwater hydrology which can lead to higher nutrient concentrations in lakes 

connected to groundwater sources (Hokansson et al. 2019). For example, Eli is a mesotrophic to 

eutrophic lake with groundwater influence as indicated by high specific conductivity (Table 4.1). 

The shield regions of eastern Canada and Scandinavia have thin soils, undulating topography and 

thus abundant lakes with more mineral-rich sediments and generally less groundwater and 

peatland interactions (see Couture et al. 2012 and Houle et al. 2014) and lower concentrations of 

solutes and nutrients (Matveev et al. 2016; Kuhn et al. 2018; Table A.4.8). Lakes throughout the 

Taiga Plains thus receive higher relative concentrations of solutes, OM, and nutrients from 

surrounding terrestrial ecosystems, compared to lakes in shield regions, potentially leading to 

higher trophic status, sedimentation rates, and associated CH4 production and flux across the 

entire lake extent. The higher trophic status of Taiga Plains lakes may also lead to more CO2 

uptake, as observed in the CO2 fluxes from the edges of Eli Lake (Fig. 4.7). However, notably, 

the high DOC concentrations and generally darker waters of the lake suggest within-lake primary 

productivity (CO2 uptake) is occurring in the top few cm of the water column.  
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Finally, assuming the study lake and the peatland lakes reported in other northern 

peatland studies are representative of lakes in their respective regions, I can speculate that local 

peat history and OM depth may lead to differences in CH4 emissions between peatland lakes. Eli 

Lake is underlain by over three meters of organic-rich limnic and peat sediments (Fig. 4.2b) and 

there are up to 6 meters of peat in the surrounding permafrost peatlands (Heffernan et al. 2020). 

Despite the importance of sediment OM quality and depth for CH4 emissions (Wik et al. 2018), 

few studies report organic sediment depths for northern peatland lakes to compare with. 

Measurements of the surrounding peat depths in peatland complexes in eastern Canada and 

Scandinavia, where similar peatland lakes have been studied (e.g. Matveev et al. 2016, Rasilo et 

al. 2016, Burke et al. 2019; Kuhn et al. 2018), are only 1-3 meters deep (Fillion et al. 2014; 

Pellitier et al. 2007; Malmer & Wallen, 1996). Assuming sediment OM depths in peatland lakes 

are related to surrounding terrestrial peat depth, differences in local peat depths may be the 

reason why I observed differences greater ebullitive emissions than in other studies. Thicker 

limnic sediments and peat sediments in the study lake could provide more substrate for CH4 

production and ebullition. Furthermore, many of the peatland lakes in eastern Canada and 

Scandinavia are surrounded by small permafrost peatland mounds that formed 200-400 years ago 

(Matveev et al. 2016; Malmer & Wallen, 1996), compared to more spatially extensive permafrost 

plateaus in the Taiga Plains that formed ~1500 years ago (Heffernan et al. 2020; Loisel et al., 

2014; Pelletier et al., 2017). Differences in permafrost history may lead to differences in OM 

lability due to decomposition of peat during non-frozen periods i.e. peatlands that developed 

permafrost more recently may have more recalcitrant OM (Treat et al. 2016) and thus lakes with 

such OM may have lower CH4 production and emissions (Douglas et al. 2020). Future research 

should work towards assessing the links between permafrost history, peat/limnic sediment 

quality and quantity, and CH4 emissions from peatland thaw lakes.   

4.5 Conclusion 

In this study, I measured spatial and temporal CH4 and CO2 emissions from a small 

peatland thaw lake. I paired GHG emission data with physiochemical variables, sediment 

profiles, ex situ incubations, and radiocarbon dating to investigate key controls on GHG 

emissions. Strong and differing spatial correlations of ebullitive and diffusive CH4 fluxes across 

the lake highlight the need for high spatial resolution of flux measurements and further suggests 

that whole lake estimates extrapolated from flux measurements taken at the edge may lead to 
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overestimates of net emissions. Ebullitive CH4 emissions from the study lake accounted for most 

carbon gas released from the lake, similar to yedoma thaw lakes, and were much higher than 

ebullitive emissions from peatland thaw lakes in eastern Canada and Scandinavia. This suggests 

not all peatland lakes are similar in regard to CH4 emissions characteristics and that other factors 

including local peat history, morphology, regional land cover characteristics, and trophic status 

must also be considered. Finally, I found the oldest CH4 and CO2 emitted via ebullition at the 

thaw edge suggesting old carbon may be sourced from recently thawed permafrost. My results 

suggest small peatland lakes throughout western Canada and similar landscapes may be hotspots 

for CH4 emissions, particularly through ebullitive emissions, and that permafrost thaw may 

further enhance ebullitive emissions and the release of old carbon from thaw edges.  
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5. Summary, conclusions, and directions for future research 

5.1 Summary of findings  

Northern wetlands and lakes represent an important but unconstrained globally 

significant source of CH4 emissions, and emissions are projected to increase with climate 

warming. Through the first component of this research, I used a novel land cover model and 

parallel flux database to arrive at a new bottom-up estimate of CH4 emissions from wetlands and 

lakes in the Arctic-Boreal region. In the second component of this research, I show that climate 

warming and permafrost thaw will influence both CH4 and CO2 emissions from northern 

peatland lakes. More broadly, the results show that land cover, including different wetland and 

lake types and regional landscape features, have unique CH4-emitting characteristics and 

potentially divergent responses in emissions to climate warming.  

The results in Chapter 2 indicate that CH4 emissions are closely tied to land cover. Using 

distinct wetland and aquatic land cover classes may reduce bottom-up estimates of annual CH4 

emissions. Fluxes of CH4 from terrestrial ecosystems were primarily influenced by water table 

position, soil temperature, and vegetation composition- thus, wetlands with high water tables and 

dense sedge cover, including Marshes, Fens, and Permafrost Wetlands, had the highest CH4 

fluxes.  Methane fluxes from aquatic ecosystems (lakes) were primarily influenced by water 

temperature, lake size, and lake genesis (i.e., type). Therefore, CH4 fluxes were generally highest 

from small, organic-rich peatland and yedoma lakes. The best explanatory model for terrestrial 

CH4 emissions was an interactive model that included site-level predictors of water table, soil 

temperature, and graminoid cover alongside land cover class (R2m = 0.73). The best model for 

diffusive aquatic emissions explained 41% of the variation and included an interaction between 

surface area and lake type alongside water temperature. The best model for ebullitive aquatic 

emissions explained considerably less flux variation at 25%, with surface area as the only 

significant predictor variable. When including terrestrial and aquatic ecosystem fluxes alongside 

regional-scale predictor variables (i.e., land cover class, MAAT, MAP, Permafrost Zone, and 

Biome), land cover class was suggested to be the most important predictor variable (explaining 

44% out of the total 47% variability). 
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 My annual estimates of wetland CH4 emissions (~30 Tg CH4 yr-1) and lake CH4 

emissions (~6.6 Tg CH4 yr-1) are on the low end, but within the range, of annual emissions 

reported from other bottom-up studies (averages = ~40 and ~17 Tg CH4 yr-1 for wetlands and 

aquatic ecosystems, respectively), but are still higher than averaged top-down estimates (~28 Tg 

CH4 yr-1). Discrepancies in annual emissions may be linked to the accuracy of field fluxes, land 

cover area uncertainty, CH4 uptake, or top-down model uncertainties such as prior estimates, 

tower locations, isotope tracers, or estimates of CH4 oxidation rates in the atmosphere (Saunois et 

al. 2020).   However, more direct comparisons with similarly masked areas are needed to 

compare across studies properly. Future research directions are explored in more detail in Sect. 

5.2.  

Chapter 3 builds on the need for a more accurate representation of current CH4 fluxes 

from northern lakes and investigates the potential response of both CH4 and CO2 emissions to 

climate warming using a space-for-time approach. The results show that CH4 and CO2 varied 

along a climate/permafrost gradient across western Canada but had opposing trends and 

associated drivers. Methane emissions increased moving south along the gradient and were 

driven primarily by temperature and augmented by shifts in microbial communities. Conversely, 

CO2 emissions decreased moving south, with net uptake of CO2 in the southern-most lakes, 

associated with less permafrost cover and greater hydrological connectivity, nutrient availability, 

and within-lake primary productivity. Using radiative forcing models projected to 2100, I 

examined the effect of opposing responses of CH4 and CO2 to climate warming. I found that 

increasing CH4 emissions added, on average, 5 and 15 fW m-2 by 2100 under RCP 2.6 and 4.5, 

respectively, which was only partially offset by reduced CO2 emissions equivalent to -1 and -2 

fW m-2, respectively, when compared to the no-warming scenario. The influence of permafrost 

thaw on lake productivity and reduced CO2 emissions, and the high-temperature sensitivity of 

CH4 emissions, are likely associated with characteristics of peatland lakes and the 

hydrology/landscape history of their surrounding landscape. While further data from other major 

peatland regions are needed to support my findings, my study strongly suggests that peatland 

lakes need to be considered separately from other lake types when assessing the impact of 

climate change on future GHG emissions. 
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While the landscape-level effects of permafrost thaw on GHG emissions are explored in 

Chapter 3, in Chapter 4, I assess the direct effects of permafrost thaw on emissions due 

associated with thermokarst processes and also explore the spatial variability of CH4 emissions 

across one lake. While the release of old permafrost carbon has been well-documented from 

yedoma lakes (for example, Walter et al. 2006; Dean et al. 2020; Walter Anthony et al. 2021), 

little is known about the magnitude and age of carbon released as a consequence of permafrost 

that in peatland lakes. Spatial variation in fluxes across the lake was the primary control on CH4 

emissions compared to temporal and environmental controls. The highest ebullitive emissions 

were from the thaw edge (236 ± 61 mg CH4 m
-2 d-1) and the highest diffusive emissions were 

from the thaw edge and stable edge (~57 and 46 mg CH4 m
-2 d-1, respectively) with lower 

emissions from the center for both transport pathways. I show that ebullitive CH4 and CO2 

emissions from the thaw edge are sourced from older carbon (~1211 14C years BP) compared to 

elsewhere in the lake (~modern 14C ages), potentially indicating the release of previously stored 

permafrost carbon. Notably, CO2 was only a minor component of total ebullitive fluxes (~7%) 

but was as old or older than bubble CH4 ages, which differs from other peatland thaw lake 

studies which found modern CO2 ages in the bubbles (Gonzales-Moguel et al. 2021). 

Furthermore, diffusive CO2 measurements show the lake is a net sink of CO2, suggesting modern 

CO2 is not emitted from the lake during the ice-free period. My results suggest small peatland 

lakes throughout western Canada may be hotspots for CH4 emissions, particularly through 

ebullition, and that permafrost thaw may further enhance ebullitive emissions and the release of 

old carbon from thaw edges.  

5.2 Future research directions 

The results presented in this thesis help towards constraining bottom-up emissions 

estimates of CH4 and CO2 from wetlands and lakes across the Boreal-Arctic region and towards 

assessing the impact of climate warming on lake GHG emissions. My findings suggest CH4 

emissions are strongly associated with land cover classes and that CH4 emissions from peatland 

lakes are likely to increase with warmer temperatures and accelerated permafrost thaw, while 

CO2 emissions from peatland lakes might decrease. Given anthropogenic CH4 emissions are 

projected to correspond to temperature increases above 3˚C, there is an urgent need for large 

reductions in global CH4 emissions to meet the temperature targets set by the Paris agreement 
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(Collins et al., 2013; Nisbet et al., 2019). Therefore, it is also a research priority to constrain the 

magnitude of natural CH4 emissions, including from northern latitudes, and assess how natural 

emissions might change with climate warming to constrain the total annual CH4 budget and set 

realistic reduction goals. Below I suggest potential directions for future research to constrain 

current GHG emissions estimates from the Boreal-Arctic region and to better assess how 

emissions may change with warming. 

In Chapter 2, through empirical model exploration of the controls on CH4 fluxes, 

including a scaling exercise across the entire study domain, I highlighted key gaps in the current 

CH4 flux data. First, I show that empirical models performed better for terrestrial fluxes than 

aquatic diffusive and ebullitive fluxes. I suggest poor model performance for fluxes from aquatic 

ecosystems is, in part, linked to under-sampling, which potentially reduces the accuracy of mean 

CH4 flux estimates leading to the relatively poor fitness and explanatory power of the aquatic 

regression analysis. Future studies should aim to measure diffusive and ebullitive emissions 

more times over the ice-free season as outlined in Wik et al. 2016b and Jansen et al. 2020. 

Furthermore, my synthesis focused on ice-free and warm-season emissions only with rough 

estimates of ratios between winter/ice-out emissions and warm-season emissions. Winter/ice-out 

and shoulder season emissions represent a potentially significant portion of the annual aquatic 

and terrestrial CH4 budget (Karlsson et al. 2013; Sepulveda-Jauregui et al. 2015; Zona et al. 

2016; Treat et al. 2018); thus, future research should focus on these less commonly studied 

seasonal periods. Finally, to compare my results directly against other bottom-up and top-down 

model estimates, the domains should be masked to similar areas, and the inverse models should 

use my estimate as a priori information and BAWLD as the land cover map.  

While I show that scaling emissions by CH4-specific land cover classes reduces estimates 

of annual CH4 emissions compared to previous bottom-up estimates, I highlight specific 

ecosystems that are less constrained through uncertainty analysis of individual classes. The least 

constrained classes include Fens, Small Peatland Lakes, and Large/Midsize Glacial Lakes, which 

had the highest variability in their model coefficients. The classes were also under-represented 

when comparing their potential flux contributions and the number of associated measurements 

(except Small Peatland Lakes, which were well represented by the number of measurements). I 

suggest future flux-based studies focus on these land cover classes to constrain uncertainty of 

annual emission estimates.  



124 

 

Lastly, while I do not scale CH4 exchange from upland environments (i.e., Dry Tundra, 

Boreal Forests, and Rocklands) due to low sample sizes, the range of fluxes reported suggest 

upland environments could be sinks or small sources of CH4 throughout the year. Given the vast 

area covered by upland ecosystems, minor differences in estimated fluxes from these areas could 

make a big difference in the annual CH4 budget across the Boreal-Arctic region and potentially 

lead to similar bottom-up and top-down estimates if incorporated into bottom-up models. Recent 

process-based modeling efforts suggest Boreal-Arctic uplands are a large net sink of CH4 (~ -9 

Tg yr-1; Oh et al. 2019). However, ground-based studies in these ecosystems are limited. I 

suggest the best path towards constraining CH4 emission from upland environments is to install 

more eddy covariance towers in these areas instead of using chambers. Eddy covariance towers 

may better capture the potential variability in the sink or source capacity from uplands while 

capturing better representations of the entire ecosystem output (i.e., potential uptake or release of 

CH4 from large trees are not included in chamber measurements; Pangala et al. 2015).  

In Chapter 3, I show that CH4 and CO2 emissions from peatland lakes may have opposing 

responses to climate warming and permafrost thaw, with higher CH4 emissions and potentially 

more uptake of CO2. The strong association between warmer temperatures and increasing CH4 

emissions from peatland lakes agrees with previous findings based on laboratory studies and 

field studies across different regions (e.g. Yvon-Durocher et al. 2014; Aben et al. 2017). My 

results further affirm that future studies can rely on this temperature relationship to project 

emissions with climate warming. Interestingly, my findings of decreasing CO2 emissions from 

peatland lakes with warming do not match findings from lakes in different northern regions (e.g. 

Bogard et al. 2016; Hastie et al. 2018). The results of these other studies suggest all northern 

boreal lakes are and will continue to be net sources of CO2 (see Hastie et al. 2018). Here I show 

that some boreal peatland lakes are sinks of CO2 during the ice-free seasons, and more lakes may 

become sinks as permafrost thaws and hydrologic connectivity shifts. I suggest the differences in 

CO2 exchange observed in my study lakes compared to other northern lakes are associated with 

landscape history, groundwater connectivity, and nutrient delivery. Future research should 

examine the role of geological substrate and potential shifts from surface water to groundwater 

on lake nutrient status and CO2 exchange.  
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In Chapter 4, I show that CH4 emissions from a small peatland lake are relatively high 

and vary over space with the highest emissions from the permafrost thaw edge. Radiocarbon 

dating suggests that ebullitive emissions from the thaw edge are sourced from older, potentially 

recently thawed permafrost OM. I found the ages of CH4 found in the bubbles is similar to other 

peatland thermokarst lakes (Estop‐Aragonés et al. 2020), but the magnitude of ebullitive 

emissions is much greater (Burke et al. 2019; Matveev et al. 2016) and more similar to yedoma 

thermokarst lakes (Walter et al. 2008). While in Chapter 2 I show that CH4 emissions from most 

peatland lakes act more similarly to one another than they do to yedoma or glacial lakes, I do not 

explicitly compare thermokarst lakes. The results from Chapter 4 suggest differences in the 

magnitude of ebullitive emissions observed between the peatland thaw lake in my study and 

other peatland thaw lakes may be linked to lake morphology, sediment OM quality/quality, and 

landscape history. Thus, I suggest moving forward that researchers incorporate landscape 

history, sediment OM quality and depth, and lake morphology when measuring CH4 emissions.  

To summarize, in Chapter 2, I demonstrate that Boreal-Arctic ecosystems can be split by 

overarching CH4-emitting landscape characteristics, leading to a bottom-up estimate of annual 

CH4 emissions closer to estimates provided by inverse models (i.e., top-down approaches). In 

Chapters 3 and 4, I show that climate warming and permafrost thaw will lead to more CH4 

emissions from peatland lakes but potentially less CO2 emissions. In these chapters, I also 

demonstrate that the magnitude and climate response of CH4 emissions from peatland thaw lakes 

may differ across regions depending on lake morphology, organic matter quality/quantity, and 

landscape history/composition. Together, these findings suggest that future research, including 

GHG emission models, should consider wetland and lake types and regional variability when 

estimating current emissions and projecting future emissions with warming. A state-factor 

approach outlined by Tank et al. (2020), which considers regional topography, permafrost 

extent/content, and parent material substance and history, is one example of a framework that 

could be used towards more unified approaches to assessing the role of regional and local 

variability in determining GHG emissions from peatland lakes. More generally, collaborative 

and coordinated field campaigns should utilize similar methodologies and ideological 

frameworks across diverse geographical locations and ecosystem types, with a particular focus 

on the under-represented and less constrained ecosystems outlined above.  
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Appendices  
 

A.1. Supporting information for Chapter 1.  

There is no supporting information for Chapter 1.  

A.2. Supporting information for Chapter 2.  

All data for Chapter 2 are available at the Arctic Data Center: 

https://doi.org/10.18739/A27H1DN5S.  

 

Figure A.2. 1. Correlation between thaw depth and CH4 uptake. Positive numbers represent 

net uptake from the atmosphere. Colors represented different ecosystem classes. Neutral (i.e. 

zero) fluxes were not included in the regression analyses. 

https://doi.org/10.18739/A27H1DN5S
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Figure A.2. 2. Boxplots of CH4 uptake as a factor of shrub cover. Positive numbers represent 

net uptake from the atmosphere. Orange dots represent mean uptake within a given category. P = 

Present; D = Dominant; A = Absent. Neutral fluxes (i.e. zero) were not included in the boxplots.  

 

 

Figure A.2. 3. Model cross-validation output for a) soil temperature and b) wetland CH4 

fluxes.   
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Figure A.2. 4. Model cross-validation output for aquatic diffusive CH4 fluxes.  LAL = Large 

Lakes. MGL = Midsize Glacial Lakes. MPL = Midsize Peatland Lakes. MYL = Midsize Yedoma 

Lakes. SGL = Small Glacial Lakes. SPL = Small Peatland Lakes. SYL = Small Yedoma Lakes. 
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Figure A.2. 5. Warm-season emissions for each wetland class and their associated model 

uncertainty (does not include the uncertainty from individual class areas).   
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Figure A.2. 6. Ice-free season diffusive emissions for each aquatic class and their associated 

model uncertainty (does not include the uncertainty from class areas). LAL = Large Lakes. 

MGL = Midsize Glacial Lakes. MPL = Midsize Peatland Lakes. MYL = Midsize Yedoma Lakes. 

SGL = Small Glacial Lakes. SPL = Small Peatland Lakes. SYL = Small Yedoma Lakes. 
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Figure A.2. 7. Relationship between waterbody surface area and water column depth.   
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Figure A.2. 8. Non-transformed flux frequencies across the terrestrial land cover classes. A 

constant of 10 was added to include CH4 uptake.   
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Figure A.2. 9. Non-transformed flux frequencies across the aquatic land cover classes. 
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Table A.2. 1. Temperature sensitivities of CH4 fluxes (Q10 values) across terrestrial and 

aquatic ecosystem classes. Individual classes without Q10 values did not have significant 

relationships with temperature when analyzed on their own or did not have a large enough 

sample size (minimum n = 15). 

Class or group of classes Q10 

All terrestrial class 2.88 

“Wet” terrestrial classes (Marshes, Tundra 

Wetlands, Fens, Bogs) 

2.82 

“Dry” terrestrial classes (Dry Tundra and 

Boreal Forest, Permafrost Bogs) 

3.71 

Marshes - 

Tundra Wetlands 2.57 

Fens 1.99 

Bogs 3.39 

Permafrost Bogs - 

Dry Tundra 2.63 

Boreal Forest - 

All aquatic classes diffusion 4.27 

All peatland lakes diffusion 2.63 

All yedoma lakes diffusion 3.89 

All glacial lakes diffusion - 

All aquatic class ebullition 2.40 
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Table A.2. 2. Model selection for terrestrial CH4 emissions. “Site” represents the best model 

using site-level predictor variables (biophysical variables measured directly by the authors). 

“Region” represents the best model using predictor variables that can be attributed across larger 

spatial scales and extracted from gridded or mapped products. Tests with “site and region” 

represent the model models that include both site level and regional level predictors. The null 

model includes only the random effect of SiteID. The best models for each test represented here 

were picked through forward model selection. K = number of fixed terms the model, AICc = 

size-corrected Akaike information criterion, DeltaAICc = change in AICc between a given 

model and the best model, AICcwt = AICc weights indicating the probability a given model is 

the most parsimonious model in the group of models tested, R2m = marginal R2 for the fixed 

terms for mixed models. R2c = conditional R2 for fixed and random terms for mixed effects 

models. See main text for explanation of fixed effects short names. Non-significant fixed terms 

that were tested include MAAT, MAP, Permafrost Zone, Permafrost Presence or Absence, and 

Biome. TsoilB = soil temperature at 5-25 cm. WTAv – average water table position. Sedge = 

graminoid cover. 

Variable 

modeled 

Test Fixed effect K AICc DeltaAICc AICcwt R2m/R2c 

Terrestrial 

Log.CH4.Flux 

(n=206) 

Site*region TsoilB*Class+ 

WTAv*Class 

+ Sedge 

25 98.87 0  0.73/0.83 

 Site + 

region 

TsoilB + 

WTAv+ 

Sedge + Class 

13 99.70 0.84  0.69/0.81 

 Site TsoilB + 

WTAv+ 

Sedge 

7 131.20 32.34  0.54/0.78 

 Region Class 9 172.77 73.91  0.55/0.71 

 Null - 3 275.8 176.92  0/0.72 
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Table A.2. 3. Model selection for aquatic diffusive CH4 emissions. “Site” represents the best 

model using site-level predictor variables (biophysical variables measured directly by the 

authors). “Region” represents the best model using predictor variables that can be attributed 

across larger spatial scales and extracted from gridded or mapped products. Tests with “site and 

region” represent the model models that include both site level and regional level predictors. The 

null model was run as follows lm(log.CH4.flux) ~1. The best models for each test represented 

here were picked through forward model selection. K = number of fixed terms the model, AICc 

= size-corrected Akaike information criterion, DeltaAICc = change in AICc between a given 

model and the best model, AICcwt = AICc weights indicating the probability a given model is 

the most parsimonious model in the group of models tested, R2m = marginal R2 for the fixed 

terms for mixed models. R2c = conditional R2 for fixed and random terms for mixed effects 

models. See main text for explanation of predictor variable short names. Non-significant 

predictor terms that were tested include MAP, Permafrost Zone, DOC, Biome, waterbody depth, 

and Class). SA = waterbody surface area. TYPE = overarching lake type by lake genesis. TEMP 

= measured water temperature. GRID_T = gridded mean annual temperature. LAT = latitude. 

Variable 

modeled 

Test Predictor variable K AICc DeltaAICc AICcwt Adj 

R2 

Aquatic 

diffusion 

Log.CH4.Flux 

(n=149) 

Site*Region log10(SA)*TYPE 

+ TEMP 

8 162.5 0 0.79 0.41 

 Site log10(SA) + 

TEMP 

4 165.8 3.3 0.94 0.36 

 Site + 

Region 

log10(SA) + 

TEMP + GRID_T 

7 167.5 5.0 1.0 0.38 

 Region GRID_T + TYPE 

+ LAT 

6 201.7 39.2 1.0 0.35 

 Null -  3 215.1 52.6 1.0 - 
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Table A.2. 4. Joint analysis of terrestrial and aquatic warm-season/ice-free emissions. The 

best models for each test represented here were picked through forward model selection. K = 

number of fixed terms the model, AICc = size-corrected Akaike information criterion, 

DeltaAICc = change in AICc between a given model and the best model, AICcwt = AICc 

weights indicating the probability a given model is the most parsimonious model in the group of 

models tested, R2m = marginal R2 for the fixed terms for mixed models. GRID_P = gridded 

mean annual precipitation. GRID_T = gridded mean annual temperature. 

Variable 

modeled 

Fixed effect K AICc DeltaAICc AICcwt R2m 

Log.CH4.Flux 

(n=793) 

Class + 

GRID_T  

17 959.8 0 0.64 0.47 

 Class + 

GRID_T + 

Biome 

18 961.6 1.83 0.25 0.47 

 Class + Grid_T 

+ Permafrost 

Zone 

21 963.3 3.53 0.11 0.47 

 Class + 

GRID_P + 

Permafrost 

Zone 

21 977.3 17.5 0 0.46 

 Class + 

GRID_P 

17 979.5 19.7 0 0.44 

 Class + 

Permafrost 

Zone 

20 994.4 34.7 0 0.46 

 Class 16 996.4 36.6 0 44 

 Null  3 1276.7 316.9 0 - 
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A.3. Supporting information for Chapter 3 

Data used in Chapter 3 are available at the University of Alberta Libraries' Dataverse network 

(https://doi.org/10.7939/DVN/LF4WDG).  

 

Figure A.3. 1. Correlation matrices for lake variables overaged over the whole sampling 

period. Variables include average diffusive carbon dioxide flux (CO2_flux), average diffusive 

methane flux (CH4_flux), water temperature (H2O_Temp), absorbance at 254 nm (A254), 

chlorophyll a (CHL.A), percent dissolved oxygen (DO_Per), PH, total dissolved nitrogen (TDN), 

potassium (K), specific conductivity (Cond), base cations (Na+ + Ca2+ + Mg2+; Base_Cat), 

latitude (LAT), total dissolved iron (Fe), dissolved organic carbon (DOC), dissolved phosphate 

(PO4.P), max lake depth (Max_Depth), lake surface area (SA), mean annual air temperature 

(MAAT). 
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Figure A.3. 2. Average daytime log CO2 emissions vs average daytime log diffusive CH4 

emissions (large circles). Small dots represent individual daytime measurements. CO2 points on 

the left of the red line represent net uptake from the atmosphere. Methane emissions have not 

been corrected for diel variation. 
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Figure A.3. 3. Seasonal emission patterns. a) Daytime CO2 exchange. b) Daytime diffusive 

CH4 emissions and c) daytime ebullitive CH4 emissions. Measurements were performed during 

the daytime between 8:00 and 18:00. Methane emissions have not been corrected for diel 

variation.  Note the different units for CH4 and CO2 fluxes and the different y-axis scales. 
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Figure A.3. 4. Linear models used for scaling. (a) Average 24-hour CH4 emissions (corrected 

for diel changes; Sieczko et al. 2020) for each permafrost zone verse mean annual air 

temperature (MAAT). (b) Average daytime CO2 emissions and mean annual air temperature. (c) 

The relationship between the number of ice-free days and mean annual temperature in each 

region. The points represent the mean of the average flux for each of the five lakes over the study 

period in each permafrost zone. Error bars in a and b represent standard deviation between the 

five lakes while the error bars in c represent the largest variation in ice-cover days overserved 

over the 3 years (+/- 14 days). 
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Figure A.3. 5. Decaheme cytochrome abundances and methanogenesis enzymes. A) 

Normalised abundance of iron reduction markers MtrA and MtrD (decaheme cytochromes) and 

homologues within each permafrost zone. Cont. = Continuous. Disc. = Discontinuous. Spor. = 

Sporadic. B) Methanogenesis enzymes shift with both iron acquisition and metabolism genes and 

aquatic base cation concentrations. I visualized methanogenesis enzyme composition with a non-

metric multidimensional scaling (NMDS) ordination fitted with 2 axes (stress = 0.04). 

Environmental variables were superimposed using the envfit() function in the vegan package 

(Oksanen et al, 2019). Points are individual enzymes classed under Subsystem 3 function: 

Methanogenesis in SEED and have been coloured according to whether they were associated 

with methylotrophic or other forms of methanogenesis. The green methylotrophic enzyme points 

fall along the iron acquisition/metabolism and base cations vector (arrows). The blue 

acetoclastic/hydrogentrophic points cluster away from the vectors towards the 0.0 axes markers. 

This indicates that methylotrophic enzymes are correlated with iron acquisition and metabolism 

and base cations, suggesting that communities shift from acetoclastic/hydrogenotrophic 

methanogenesis to methylotophic methanogenesis in the presence of high iron concentrations.   
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Figure A.3. 6. Simple model spin up for the radiative forcing model. Emission rates were 

held constant between 1900 and 2020 to arrive at a relative baseline for 2020 and the changes in 

emissions thereafter. The figure in the main text was referenced to the year 2020 and reflects the 

relative changes in radiative forcing from the year 2020 on. Radiative forcing units are per m-2 

lake area. fW = 10-15 Watts. 
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Figure A.3. 7. Outlier lakes. a) Log phosphate (PO4

3-) vs log CO2 emissions plus 200 (lake 

averages from the entire sampling period) which highlights L2 (sporadic zone) as an outlier with 

high phosphate concentrations. High nutrient concentrations in this lake may be linked to the 

presence of a beaver. b) Log base cations (Na+ + Ca2+ + Mg2+) vs log daytime CH4 emissions 

(sampling period averages) which highlights L5 (sporadic zone) as an outlier with high base 

cation concentrations. High ion concentrations in this lake likely indicate this lake receives direct 

input from a groundwater spring. c) Log Chla vs log CO2 emissions plus 650 (whole period 

averages) which highlights W4 (discontinuous zone) as an outlier with extreme CO2 uptake 

unrelated to Chla concentration. Note that W4 is not shown in panel a because it is out of the 

range of the frame.  

 

Table A.3. 1. Climatic and peat characteristics of each study site in the study region.  

Location  
+Ave. Annual 

Temp (C) 

+Precipitation 

(mm) 
*Permafrost zone 

Approximate peat 

depth (m)  

Utikuma (U) 1.6 386 None 2 

Lutose (L) -1.0 372 Sporadic 4-5 

Wrigley (W) -4.1 388 Discontinuous 2-3 

Fort McPherson 

(F) 

-7.3 298 Continuous 2 

+Government of Canada *Cryospheric Information Network 
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Table A.3. 2. Differences in daytime emissions between the four permafrost zones using mixed 

model ANOVAs. 

Response Factor df P-value  Group n Level  

Log Diffusive 

methane 

Permafrost 

Zone 

4 1.086e-10 Continuous  A 

    Discontinuous  B 

    Sporadic  C 

    None  C 

       

Log Ebullitive 

methane 

Permafrost 

Zone 

4 0.0002 Continuous  A 

    Discontinuous  B 

    Sporadic  AC 

    None  BC 

       

Diffusive 

carbon dioxide  

Permafrost 

Zone 

4 0.27 Continuous  - 

    Discontinuous  - 

    Sporadic  - 

    None  - 
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Table A.3. 3. Non-parametric post-hoc test for seasonal differences in CH4 and CO2 

emissions. E = early season (May or early June). M = mid-season (June-early August). L = Late 

august through September. 

Response Zone Pair Estimate SE df P-value  

       

Log diffusive 

methane 

Continuous E~M -1.11 0.288 164 0.009 

  E~L 0.058 0.313 167 1 

  M~L -1.17 0.313 167 0.013 

 Discontinuous E~M -1.17 0.281 164 0.0029 

  E~L -0.586 0.294 164 0.69 

  M~L -0.584 0.249 164 0.44 

 Sporadic E~M -1.03 0.290 164 0.0236 

  E~L -0.64 0.339 164 0.76 

  M~L -0.38 0.270 164 0.95 

 None E~M -0.301 0.298 164 0.99 

  E~L 0.43 0.441 164 0.99 

  M~L -0.74 0.379 164 0.72 

       

Log ebullitive 

methane 

Continuous E~M 0.62 0.668 30 0.99 

  E~L -0.03 0.668 30 1 

  M~L -0.65 0.668 30 0.99 

 Discontinuous E~M 1.15 0.501 30 0.49 

  E~L 2.18 0.578 30 0.028 

  M~L -1.03 0.501 30 0.65 

 Sporadic E~M 1.58 0.578 30 0.25 

  E~L 1.86 0.668 30 0.23 

  M~L -0.27 0.578 30 1 

 None E~M 0.36 0.555 30 0.99 

  E~L 1.68 0.668 30 0.36 

  M~L -1.32 0.555 30 0.44 

       

Diffusive 

carbon dioxide 

Continuous E~M -187.16 155 163 0.98 

  E~L -208.30 155 163 0.97 

  M~L 21.14 155 163 1 

 Discontinuous E~M 275.30 153 163 0.81 

  E~L 134.62 159 163 0.99 

  M~L 140.68 135 163 0.99 

 Sporadic E~M -313.04 165 167 0.76 

  E~L -353.81 194 167 0.80 

  M~L 40.76 151 163 1 

 None E~M 547.70 161 164 0.038 

  E~L 213.85 238 163 0.99 

  M~L 333.85 204 163 0.89 
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Table A.3. 4. Physical and chemical characteristics averaged over the entire sampling period for each lake. F = Fort Simpson. 

W = Wrigley. L = Lutose. U = Ursa. C = Continuous. D = Discontinuous. S = Sporadic/isolated. N = no permafrost. Depth = max lake 

depth. Area = lake surface area. CH4_eb = daytime CH4 ebullition flux. CH4_dif = daytime diffusive CH4 flux. CO2_flux = daytime 

diffusive carbon dioxide flux. Negative values represent uptake. [Fe] = dissolved iron in the lake surface waters.  mrcA =  a) methyl 

coenzyme A reductase abundance and methanotrophy marker. pmoA = particulate methane monooxygenase. mmoX =  methane 

monooxygenase subunit-A. Silva reads can be found by following the data availability links provided.  

Lake 

ID 

Perm 

Zone 

Lat 

(dec) 

Lon (dec) Dept

h (m) 

Area 

(ha) 

CH4_eb 

(mg CH4 

m-2 d-1) 

CH4_dif 

(mg CH4 

m-2 d-1) 

CO2_fl

ux 

(mg C 

m-2 d-1) 

[Fe] 

(mg 

L-1) 

mrcA  pmoA  mmoX 

abund 

F1 C 67.47346 -134.69 1.2 5.8 3.2 7.5 124.4 0.47 292 32 13 

F2 C 67.45098 -134.762 2.5 0.95 - 4.3 203.7 0.66 158 8 4 

F3 C 67.47738 -134.705 >3 0.55 0.4 2.6 672.8 0.82 109 15 6 

F4 C 67.3705 -134.856 1.5 2 - 5.6 44.7 0.10 29 8 5 

F5 C 67.35743 -134.83 2 8.9 0.3 6.1 120.4 0.21 51 39 21 

W1 D 63.15164 -123.25 3 4.2 4.3 16.7 170.4 0.19 - - - 

W2 D 63.15134 -123.254 1.1 1 9.8 20.0 244.3 0.19 353 22 21 

W3 D 63.14579 -123.25 0.8 0.5 - 25.6 768.2 0.43 153 33 7 

W4 D 63.16055 -123.271 1.75 12 36.6 12.7 -600.1 0.03 402 17 3 

W5 D 62.87401 -123.163 1.5 3.8 - 12.6 603.1 0.05 156 27 10 

L1 S 59.48023 -117.183 1 0.4 22.4 78.3 -125.5 0.06 149 24 12 

L2 S 59.44539 -117.268 2.5 2.7 12.2 28.8 234.9 1.85 138 52 50 

L3 S 59.22571 -117.463 1.2 9.2 - 41.3 48.7 0.07 209 23 5 

L4 S 59.48396 -117.181 0.8 0.3 - 86.4 118.2 0.09 386 29 12 

L5 S 59.35342 -117.315 0.75 1.9 0.3 10.4 -51.9 0.06 9 1 1 

U1 N 55.98267 -115.193 2 10.1 15.6 41.9 -172.5 0.20 295 10 7 

U2 N 56.01082 -115.366 0.8 0.3 11.8 71.7 43.1 0.04 341 40 23 

U3 N 56.00957 -115.353 1.5 8.2 - 12.2 -146.2 0.12 192 42 23 

U4 N 56.07421 -115.477 0.85 0.7 - 10.3 5.8 0.06 219 29 5 

U5 N 56.02335 -115.375 1.5 2.9 17.8 47.4 -79.7 0.11 157 142 41 
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Supporting information for Chapter 4. 

Data used in Chapter 4 are available at the University of Alberta Dataverse (https://doi.org/10.7939/DVN/WUDIRK).   

 

Figure A.4. 1. Stratigraphic diagram based on macrofossil analysis of the core from the center of Eli Lake. Sphagnum to 

LigRoot expressed as a relative percentage; items expressed as the number found per sample; bulk density expressed as gcm-3. 

Transitions and zones are determined by shifts in vegetation composition and density. Stages of development classified as shallow 

open water wetland (SOWW)/marsh, fen with internal shifts from rich to poor, and current aquatic (i.e. limnic). Int Fen = intermediate 

fen. Aer = above-ground vegetation parts. Root = below-ground vegetation parts. Sed = sedge spp. Eric = Ericaceous spp. Lig = 

Unidentified wood. Carex = carex spp. Larix = larix laricina. Chara = Chara spp. Picea = Picea mariana. Eleocharis = Eleocharis 

spp. Mtrifoliata =   Meyanthus Trifoliata.
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Figure A.4. 2. Monthly patterns in a) ebullitive CH4 fluxes and b) diffusive CH4 fluxes. Sep 

= September.  
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Figure A.4. 3. Potential production rates of CO2 in the sediments.  a) Depth profile of 

production rates. b) Production rates at 100 cm sediment depths. c) Production rates at 200 cm 

sediment depths. Error bars represent one standard deviation.  

 

 

Figure A.4. 4. Examples of the different lake sediment types. a) Compact and less humified 

peat sediment from deeper sediment depths and b) highly humified, loose limnic sediments from 

the surface. 
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Figure A.4. 5. Porewater CH4 concentrations from the MLP samplers deployed in 2017.
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Table A.4. 1. Sampling timeframe. TE= Thaw Edge, M = Intermediate, C = Center, SE = Stable Edge. Note- in 2017 only Cl- and 

SO4
2- were measured. 

 

Measurement 
2017 2018 2019 

5/20 5/24 6/2 6/18 6/20 7/2 7/3 7/18 8/1 8/3 8/18 9/12 5/19 5/21 7/3 7/5 8/12 8/16 6/22 8/30 9/1 

Concentration/CH4 
Diffusive flux 

TE, 
M,  
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

 M, 
C, 
SE 

 M, 
C, 
SE 

TE, 
C, 
SE 

TE, 
C, 
SE 

TE, 
C, 
SE 

TE, 
C, 
SE 

TE, 
C, 
SE 

TE, 
C, 
SE 

      

Ebullitive flux   

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

  

TE, 
M, 
C, 
SE 

  

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

  

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

  

TE, 
M, 
C, 
SE 

  

TE, 
M, 
C, 
SE 

  

TE, 
M, 
C, 
SE       

Bubble 
concentrations 

  

TE, 
M, 
C, 
SE 

  

TE, 
M, 
C, 
SE 

  

TE, 
M, 
C, 
SE 

  

TE, 
M, 
C, 
SE 

    

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

  

TE, 
M, 
C, 
SE 

  

TE, 
M, 
C, 
SE 

  

TE, 
M, 
C, 
SE       

Chamber flux  

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

            

      

DOC    C   C    C      C C   C   C   C C C C 

IONS   C   C    C      C C   C   C   C C C C 

YSI  

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

 M, 
C, 
SE 

 M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
M, 
C, 
SE 

TE, 
SE 

TE, 
SE 

TE, 
SE 

Sediment Temps  
TE, 
C 

TE, 
C 

TE, 
C 

TE, 
C 

TE, 
C 

TE, 
C 

TE, 
C 

TE, 
C 

TE, 
C 

TE, 
C 

TE, 
C 

TE, 
C 

            
      

Chla                            C   C   C C C C 

Sediment CH4 
Concentrations 

              
 TE, 
C, 
SE 

    
TE, 
C, 

SE  
       

TE, 
C, 
SE 

 
TE, 
C, 
SE       

Diffusive CO2 flux 
                        

TE, 
SE 

TE, 
SE 

TE, 
SE 

TE, 
SE 

TE, 
SE 

TE, 
SE 

TE, 
SE 

TE, 
SE 

TE, 
SE 
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Table A.4. 2. Radiocarbon analysis of sediment CH4 and CO2 bubbles. TE = Thaw edge. SE = Stable edge. C = Center. 

Publication 

Code 

Sample 

Identifier Gas %Modern 

%Modern 1 σ 

error 

Radiocarbon Age 

(years BP) 

Radiocarbon 

Age 1 σ 

uncertainty 

CO₂ 

volume 

(ml) 

δ¹³C-

VPDB‰ 

SUERC-90522 

ELI.2018-08-16-

TE-a CH4 CH4 85.95 0.38 1,216 35 4.84 -63.2 

SUERC-90523 

ELI.2018-08-16-

TE-b CH4 CH4 87.97 0.41 1,029 37 7.17 -62.4 

SUERC-90524 

ELI.2018-07-05-

TE CH4 CH4 84.14 0.39 1,388 37 8.41 -63.7 

SUERC-90528 

ELI.2018-08-16-

C-a CH4 CH4 98.00 0.45 162 37 6.34 -67.4 

SUERC-90529 

ELI.2018-08-16-

C-b CH4 CH4 99.49 0.46 41 37 6.64 -65.0 

SUERC-90530 

ELI.2018-07-05-

C CH4 CH4 100.28 0.46 n/a n/a 3.64 -60.3 

SUERC-90531 

ELI.2018-08-16-

SE-a CH4 CH4 100.17 0.46 n/a n/a 11.98 -64.6 

SUERC-90532 

ELI.2018-08-16-

SE-b CH4 CH4 101.74 0.47 n/a n/a 6.50 -67.1 

SUERC-90533 

ELI.2018-07-05-

SE CH4 CH4 100.64 0.46 n/a n/a 9.37 -65.0 

UCIAMS-

225376 

ELI.2018-08-16-

TE-b CO2 CO2 83.8182 1.71 1420 170 0.11 n/a 

UCIAMS-

225377 

ELI.2018-08-16-

SE-a CO2 CO2 99.3905 0.78 50 70 0.19 n/a 

UCIAMS-

225378 

ELI.2018-08-16-

SE-b CO2 CO2 100.1327 0.89 n/a n/a 0.16 n/a 

UCIAMS-

225379 

ELI.2018-07-05-

SE CO2 CO2 99.362 0.71 50 60 0.21 n/a 
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Table A.4. 3. Linear mixed model output for CH4 fluxes as a factor of lake location. Levels 

with different letters indicate significant differences among the lake locations. 

Response Factor df X square P-value Zone Level  

Log Ebullitive 

CH4 flux 

Zone 3 25.78 1.06e-05 Thaw Edge A 

     Intermediate B 

     Center B 

     Stable Edge B 

       

Log Diffusive 

CH4 flux 

Zone 3 23.69 2.9e-05 Thaw Edge A 

     Intermediate B 

     Center AB 

     Stable Edge A 

       

Log CH4 

Chamber flux  

Zone 3 8.64 0.034 Thaw Edge AB 

     Intermediate B 

     Center AC 

     Stable Edge AB 
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Table A.4. 4. Linear mixed model output for CH4 fluxes and bubble concentrations across 

the entire lake extent as a factor of sampling month. Levels with different letters indicate 

significant differences in fluxes between months. 

Response Factor df X square P-value Month Level  

Log Ebullitive 

CH4 flux 

Month 3 2.55 0.46 May - 

     June - 

     July - 

     August/Sep 

 

- 

Log Diffusive 

methane flux 

Month 3 4.12 0.25 May - 

     June - 

     July - 

     August/Sep 

 

- 

Log Chamber 

flux  

Month 4 28.02 3.6e-06 May AC 

     June AB 

     July B 

     August/Sep 

 

C 

CH4 bubble 

concentration  

Month 4 12.18 0.007 May A 

     June AB 

     July B 

     August/Sep 

 

AB 
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Table A.4. 5. Linear mixed model output for CH4 fluxes within each lake location as a 

factor of sampling month. Levels with different letters indicate significant differences in fluxes 

between months. 

Response Location Factor df X square P-value Month Level  

Log 

Ebullitive 

CH4 flux 

Thaw 

edge 

Month 3 2.42 0.49 - - 

 Mid   4.98 0.17 - - 

 Center   4.43 0.22 - - 

 Stable 

Edge 

  7.7 0.05 - - 

Log 

Diffusive 

CH4 flux 

Thaw 

edge 

Month 3 2.28 0.52 - - 

 Mid   3.47 0.32 - - 

 Center   6.65 0.08 - - 

 Stable 

Edge 

  2.00 0.57 - - 

Log CH4 

Chamber 

flux  

Thaw 

edge 

Month 3 6.86 0.08 May ABC 

 Mid   10.21 0.02 June ABC 

 Center   5.36 0.15 July AB 

 Stable 

Edge 

  8.53 0.05 August/Sep 

 

AC 
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Table A.4. 6. Linear mixed model output for ebullitive CO2 fluxes and bubble 

concentrations across the entire lake extent as a factor of lake location and sampling 

month. Levels with different letters indicate significant differences in fluxes between locations 

and months. 

Response Factor df X square P-value Zone Level  

Log Ebullitive 

CO2 flux 

Zone 3 21.38 8.77e-05 Thaw Edge A 

     Intermediate A 

     Center B 

     Stable Edge A 

       

Log Ebullitive 

CO2 flux 
Month 3 18.78 0.0003 May A 

     June AB 

     July B 

     August/Sep B 

       

CO2 bubble 

concentrations 

Zone 3 8.97 0.030 Thaw Edge AB 

     Intermediate AB 

     Center B 

     Stable Edge A 

CO2 bubble 

concentrations 

Month 3 18.78  May A 

     June AC 

     July BC 

     August/Sep BC 
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Table A.4. 7. Output from Kendall’s correlation tests. Correlations were classified as weak (± 

0.1-0.30), moderate (± 0.3-0.5), or strong (± > 0.5). See text for short name definitions. Bolded 

lines represent significant correlations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Response Predictor z/t-value P-value Tau Strength 

      

Ebullitive CH4 

flux 

Air pressure 0.71 (Z) 0.48 0.08 weak 

 PAR 0.37 (Z) 0.71 0.05 weak 

 Water Temp 1.24(Z) 0.21 0.15 weak 

 DO 380 (T) 0.08 0.21 weak 

 Conductivity 280 (T) 0.35 -0.11 weak 

 pH 0.22 (Z) 0.83 0.03 weak  

Diffusive CH4 

flux 

Air pressure -2.92 (Z) 0.003 -0.28 weak 

 PAR 0.47 (Z) 0.63 0.05 weak 

 Water Temp 3.07 (Z) 0.002 0.30 moderate 

 DO (mg L-1) 1.63 (Z) 0.10 0.15 weak 

 Conductivity -2.00 (Z) 0.044 -0.19 weak 

 pH -2.1 (Z) 0.035 -0.20 weak 

Chamber CH4 

flux 

Air pressure 1.08 (Z) 0.28 0.12 weak 

 PAR 3.84 (Z) 0.0001 0.46 moderate 

 Water Temp -0.08 (Z) 0.93 -0.009 weak 

 DO   0.65 -0.05 weak 

 Conductivity 0.15 (Z) 0.88 0.017 weak 

 pH 1.86 (Z) 0.06 0.21 weak 

Ebullitive CO2 

flux 

Air pressure 1.13 (Z) 0.26 0.15 weak 

 PAR 0.96 (Z) 0.34 0.13 weak 

 Water Temp 0.34 (Z) 0.74 0.04 weak 

 DO  225 (T) 0.81 -0.03 weak 

 Conductivity 253 (T 0.49 0.09 weak 

 pH -1.63 (Z) 0.10 -0.21 weak  

Diffusive CO2 

flux 

Air pressure -0.05 (Z) 0.96 -0.01 weak 

 PAR - - - - 

 Water Temp 42 (T) 0.75 -0.08 weak 

 DO  44 (T) 0.91 -0.03 weak 

 Conductivity 0.35 (Z) 0.08 0.35 moderate 

 pH 0.25 (Z) 0.23 0.25 weak  
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Table A.4. 8. Comparison of average water chemistry characteristics across peatland ponds 

and lakes. DOC = dissolved organic carbon. Cond = conductivity. 

Study Location Average 

surface area 

(m2) 

DOC 

(mg L-1) 

pH Cond 

(µS cm-1) 

Matveev et 

al. 2016 

Eastern 

Canada 

500 11 < 6.6 50  

 

Kuhn et al. 

2018 

 

Northern 

Sweden 

 

50 

 

40 

 

5 

 

55 

 

This study 

 

Western 

Canada 

 

5000 

 

44 

 

7.5  

 

359 
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Table A.4. 9. 2018 and 2019 diffusive CO2 fluxes and associated water chemistry variables. CO2_D_flux = diffusive CO2 flux. 

Water Temp = Water Temperature. DOC = Dissolved Organic Carbon. TN = Dissolved Total Nitrogen. Cond = Conductivity. 

Location Date CO2_D_flux 

(mg CH4 m-2 d-1) 

Water 

Temp 

(C) 

DOC 

(mg L-

1) 

TN 

(mg L-1) 

pH Cond 

(µS cm-

1) 

PO4
3--P 

(mg L-1) 

SO4
2--S 

(mg L-1) 

NH4
+-N 

(mg L-1) 

Chla 

(µg L-1) 

Stable  5/19/2018 - 21.2 - - 8.05 293.3 - - - - 

Thaw  5/19/2018 51.76345559 22.4 - - 7.35 294.2 - - - - 

Stable  5/20/2018 -47.26600321 21.4 36.18 1.36 7.76 315.8 7.75 33.46 0.00076 13.53 

Thaw  5/20/2018 -280.200476 21.5 - - 7.3 316.6 - - - - 

Stable  7/3/2018 -56.32148194 20.6 - - 7.58 268 - - - - 

Thaw  7/3/2018 -424.783864 22 - - 7.6 270.1 - - - - 

Stable  7/5/2018 -271.9256918 20.7 44.68 1.74 7.97 283.4 4.90 26.27 0.01252 2.54 

Thaw  7/5/2018 -21.9318614 20.3 - - 7.86 287.8 - - - - 

Stable  8/12/2018 43.98261481 24.1 - - 8.05 441.5 - - - - 

Thaw  8/12/2018 48.31038795 20.5 - - 7.83 369.5 - - - - 

Stable  8/16/2018 17.16547536 23.3 56.62 2.10 8.66 446.9 9.93 60.66 0.00306 11.55 

Thaw  8/16/2018 150.4107731 22.3 - - 8.28 441.5 - - - - 

Stable  6/22/2019 -460.2119681 16 52.25 2.63 8 450 6.67 18.21 1.44 2.1 

Thaw  6/22/2019 -119.6040459 20 - - 8 450 - - - - 

Stable  8/30/2019 128.1548701 15.1 62.81 2.97 8.15 500 6.47 19.12 2.75286 - 

Thaw  8/30/2019 86.88422612 15.3 - - 8.24 505.4 - - - - 

Stable  9/1/2019 -357.6733975 18 - - 9.09 499.6 - - - 60 

Thaw  9/1/2019 -197.7140003 21.2 - - - - - - - - 

 


