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Abstract 
Freshwater lakes are often natural sources of greenhouse gases (GHGs) such as 

carbon dioxide (CO2) and methane (CH4) to the atmosphere, and therefore it is important 
to examine carbon and nutrient cycling in these complex ecosystems. Stable isotopes of 
carbon, nitrogen, and hydrogen are incredibly useful tools for providing information on 
lake processes. The overarching objective of this thesis is to use stable isotopes to examine 
how carbon, in its many forms, is partitioned between the atmosphere, sediments, and 
the pelagic zone of small, oligotrophic, Canadian Shield lakes. 

Lakes receive large external, terrestrial inputs of organic matter (OM). These OM 
inputs alter and change the physical and chemical parameters of lakes and exist in both 
the dissolved (DOC) and particulate (POM) forms. In order to examine the ways in which 
OM inputs can affect lake ecosystems, I took monthly samples during the ice-free season 
of a suite of stable isotope and biogeochemical parameters in a series of nine lakes along 
DOC gradient. The DOC gradient represents varying inputs of terrestrial OM. There is 

seasonality in terms of DIC concentrations, pCO2 values, and d13C-DIC values, across the 
DOC gradient. Across the suite of lakes, higher DOC concentrations show more negative 

d13C-DIC values. This may indicate that in lakes with higher inputs of terrestrial OM that 

these inputs exert control over the values of d13C-DIC and d13C-CO2, and therefore lake 
POM and surficial sediments.  

Terrestrial OM can also control the relationships between DOC, DIC, POM, and 
lake sediments. I examined the terrestrial contamination of POM using two different 
methods. I first corrected for the terrestrial fraction of POM using C:N ratios and 

estimated d13C and d15N values for phytoplankton. Bulk, uncorrected d13C and d15N-POM 
values are more positive than values corrected using this method. I also physically size 
separated POM. For each method, two different terrestrial end members were used- DOC 
and terrestrial vegetation. No significant differences were found between size fractions. 

However, in terms of C:N ratios, the C:N ratio of the 10<x<20 µm fraction was 
significantly higher (one-way ANOVA, p= 1.62 x 10-5, F= 13.99) than the other size 
fractions, perhaps due to a higher number of terrestrial particles falling into the size 
range.  

There can be confounding issues when using d13C values to parse allochthonous 
and autochthonous sources in lake ecosystems due to seasonal changes in pH, DIC 
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concentration, shifts in phytoplankton species composition, and the carbon species used 
in photosynthesis (CO2, HCO3

-).  It can be advantageous to use additional isotopes, such 

as stable hydrogen isotopes (d2H). I measured d2H-DOM values in a subset of six lakes 
and four headwater boreal streams. DOM in both streams and lakes does not reflect the 
autochthonous OM but is also substantially modified from terrestrial vegetation. 
Therefore, there are ultimately issues with this approach as neither terrestrial endmember 

is accurately represented by d2H-DOM values.  
I also used stable carbon and hydrogen isotopes to examine dissolved CH4 in 

boreal lakes. Most lake studies measure d13C-CH4 alone, and in those that do measure 

d2H-CH4, the values are much different from the small, soft water, oligotrophic lakes 

studied in this thesis. I took samples of d13C-CH4 and d2H-CH4 throughout the water 
column in fourteen different lakes. These values show that lake CH4 above the 
thermocline does not originate from the atmosphere. The sampled CH4 does not clearly 
fall into the suggested diagnostic ranges for either methanogenesis pathway, and is 
isotopically different from literature values. The range in hypolimnion CH4 isotopic 
values was found to be much more constrained compared to epilimnion values, 

particularly in terms of d2H-CH4 values. Therefore, there is a need for further research on 
other CH4 processes, such as anaerobic CH4 oxidation.  

The data presented in this thesis demonstrates the complex nature of the lake 
carbon cycle. There is a need to better define terrestrial endmembers, and current 
methods may not be sufficient to determine allochthonous and autochthonous OM 
inputs. Further, isotopic values of CH4 illustrate the need for further investigation of lake 
CH4 dynamics.  
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 Introduction 
 
1.1 Carbon Cycle  

Carbon is an essential element to all life on earth. The global carbon cycle 
characterizes the exchange of carbon through the atmosphere, ocean, and terrestrial 
environment (Cole et al. 2007). Carbon dioxide (CO2) and methane (CH4) are naturally 
produced through both abiotic and biotic reactions. However, due to anthropogenic 
disturbances such as combustion of fossil fuels and land use change, there has been 
drastic increases in both CO2 and CH4 over the last 200 years (Dlugokencky et al. 1994, 
Falkowski et al. 2000). Atmospheric concentrations of CO2 are currently greater than 400 
ppm, far above pre-industrial revolution concentrations of 280 ppm (National Oceanic 
and Atmospheric Administration 2019a). CH4 concentrations have risen from 0.72 ppm 
to 1.86 ppm today (Intergovernmental Panel on Climate Change 2014, National Oceanic 
and Atmospheric Administration 2019b). As climate change continues to alter global 
carbon dynamics, there is a need for investigation of how these changes will affect the 
environment.  

In addition to the aforementioned major global carbon reservoirs, inland 
freshwaters also play a significant role in the global carbon cycle (Cole et al. 2007, Battin 
et al. 2009, Tranvik et al. 2009). It has been estimated that at a minimum 1.9 Pg C y-1 is 
transferred from land to freshwater (Cole et al. 2007). This carbon flux cannot be ignored; 
therefore, freshwaters need to be considered a major source in the global carbon cycle.  

The world’s surface area consists of approximately 1 % freshwater. Freshwater 
occupies about 9 % of Canada’s total area (Natural Resources Canada 2005, Battin et al. 
2009). Canada’s vast water resources therefore play a significant role in the global carbon 
cycle.  

This thesis will focus on small Canadian shield lakes. Small lakes are innumerable 
on the Canadian shield and physically and biogeochemically differ from large lakes 
(Downing 2010). Globally, these small but mighty ecosystems are essential for 
biogeochemical cycling and are key players in the carbon cycle, despite their size (Cole et 
al. 2007, Read and Rose 2013).  
 
 

1 
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1.2 Aquatic carbon 
1.2.1 Organic matter and dissolved organic carbon  

Organic matter (OM) greatly influences lake metabolism (De Kluijver et al. 2014). 
Lakes receive OM inputs from their terrestrial surroundings, profoundly affecting these 
freshwater ecosystems. OM is a driver of ecosystem function and exists in both 
particulate and dissolved fractions (Cole et al. 2006, Bartels et al. 2012). Inputs of OM from 
terrestrial systems can change the function of lakes by darkening or “browning” water 
(Craig et al. 2017) and subsidize food webs by providing nutrients to the system (Cole et 
al. 2006). When OM inputs are altered, lakes are susceptible to both physical and chemical 
changes, such as changes in the depth of the mixed layer, temperature, and light 
penetration. These changes result in fundamental alterations in lakes, therefore affecting 
not only aquatic ecosystems as a whole, but also aquatic organisms and biogeochemical 
cycles (Steinberg et al. 2006) 

OM inputs are controlled by catchment hydrology, wetland area, and soil 
characteristics (Findlay and Sinsabaugh 2003). The drainage ratio of a lake has been 
shown to have a positive relationship with lake colour in boreal lakes (i.e. terrestrial OM 
input) (Schindler 1971, Rasmussen et al. 1989), illustrating that water residence time and 
catchment characteristics are key controls on OM in lakes.  

Terrestrial OM originates from plant tissues and is processed by soil microbes 
before entering lakes (Solomon et al. 2015). Due to the variations in its original material 
and soil conditions during processing, OM consists of numerous and diverse compounds 
and is difficult to concisely define (Solomon et al. 2015). Forms of OM are commonly 

defined by filtration through a 0.45 µm filter (Evans et al. 2005). In the filtration process, 
the filtrate is the dissolved fraction of OM (DOM), whereas the solid material collected 
on the filter is the particulate organic matter (POM) (Kennedy et al. 1974, Danielsson 1982, 
Liu et al. 2007, Mostofa et al. 2009). Typically, DOC is the element of DOM that is 
measured (Evans et al. 2005, Solomon et al. 2015). It is composed of complex organic 
molecules with a large range in molecular weights, ranging from less than 100 Daltons to 
greater than 300,000 Daltons (Thurman 1985). These complex compounds attenuate UV-
A, UV-B, and visible light leading to brown or tea-coloured water (Jones 1992, Solomon 
et al. 2015). Thus, lakes with higher OM concentrations have increased light attenuation 
(Stubbins et al. 2014), which provides less water volume for photosynthesis to take place 
(Solomon et al. 2015, Creed et al. 2018). Lakes with higher concentrations of terrestrial 
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OM have different thermal structures than lakes with lower concentrations, because light 
does not penetrate as deeply into the water column (Solomon et al. 2015). This prevents 
hypolimnion waters from increasing in temperature (Creed et al. 2018). 

In addition to terrestrial inputs of OM, OM is derived from in-lake primary 
production. The production of autochthonous OM occurs through photosynthesis, and 
can be conducted by phytoplankton communities, macrophytes, or periphyton 
communities at the base of aquatic food webs (Likens 1975, Rantakari and Kortelainen 
2008).  POM can be used as a proxy to represent autochthonous OM (algae) (Gu et al. 
2011). Allochthonous OM inputs have also been shown to be important for nutrient and 
energy flow (Cole et al. 2011, Bartels et al. 2012, Karlsson et al. 2012, Tanentzap et al. 2017). 
The concentration of DOM in boreal lake systems is one determinant of productivity 
(Solomon et al. 2015).  

 
1.2.2 Dissolved inorganic carbon   

The main forms of dissolved inorganic carbon (DIC) in small Canadian shield 
lakes are CO2, bicarbonate (HCO3

-), and carbonate (CO3
2-) (Equation 1.1.1). The dominant 

form of DIC depends on lake pH values, lake temperature, and lake pressure (Figure 1.2).  
 

Equation 1.1                               [DIC]= [CO2] + [HCO3
-] + [CO3

2-] 

 
The main sources of DIC to freshwaters are diffusion from the atmosphere (CO2 

(g)) and carbonate minerals (Wetzel 2001a, Cole 2013a). However, the Canadian shield is 
widely composed of metamorphosed granite and as such does not have high amounts of 
calcium carbonate minerals (Renwick 2009). This low calcium content leads to the 
Canadian shield’s characteristic softwater, oligotrophic lakes (Renwick 2009). Thus, 
carbonate minerals are not a significant source of DIC to Canadian shield lakes. Many 
processes in the aquatic carbon cycle transform DIC (Figure 1.1). For instance, DIC can 
be formed through photodegradation of DOC (Mostofa et al. 2013). DIC can also be 
transformed to POC or DOC via photosynthesis, respiration, and degradation (Herczeg 
1987).  
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1.2.3 Sediments 
 Sediments are a critical component of the lake carbon cycle. Lakes emit greenhouse 
gases (GHGs), such as CH4 and CO2, to the atmosphere. These GHGs are cycled back into 
the biosphere on a relatively short time scale (Mendonça et al. 2017). In comparison, 
through sequestration, a significant amount of carbon (approximately 0.6 Pg C yr-1) is 
stored in lake sediments (Battin et al. 2009, Tranvik et al. 2009). The carbon captured in 
lake sediments is effectively removed from this shorter atmospheric cycle, and while 
stored in sediments becomes a part of the carbon cycle at geological time scales 
(Kortelainen et al. 2004, Mendonça et al. 2017). In this way, lake sediments act as a 
significant carbon sink.   
 Once OM reaches lake sediments, it has one of two fates. It can be utilized by 
microbes and mineralized to CO2 or CH4, or it can be buried (Sobek et al. 2009, Chmiel et 
al. 2016). Thus, lake sediments do not only store carbon, but also contribute to lake 
metabolism (Guillemette et al. 2017). One factor that influences the fate of OM is its origin 
(allochthonous or autochthonous). Allochthonous OM inputs represent the main source 
of OM to lake sediments (Meyers and Ishiwatari 1993, Guillemette et al. 2017). This is 
likely because autochthonous OM is more readily metabolized by microbes (Wetzel 
1995), In lakes with higher terrestrial OM inputs (i.e. a higher DOC concentration), there 
will be a greater proportion of terrestrial carbon captured in sediments (Mendonça et al. 
2017).  
 
1.2.4 Methane 

CH4, a powerful GHG, is a key form of carbon in both global and lake carbon 
cycles. Lakes are a natural source of CH4 to the atmosphere, contributing 6-16 % of all 
natural CH4 emissions (Borrel et al. 2011). CH4 production, or methanogenesis, in lakes is 
mediated by anoxia, temperature, and type of substrate (Rudd and Hamilton 1978, 
Strayer and Tiedje 1978, Liikanen et al. 2003). 

Methanogenesis takes place in anoxic waters and is a process by which organic 
matter is decomposed (Grey 2016). It was previously thought that methanogenesis and 
methanotrophy (CH4 consumption) did not play a significant role in the carbon cycle 
(Grey 2016). However, research has shown that CH4 can be a carbon source in lakes for 
both planktonic and benthic organisms (Deines et al. 2009). Through CH4 production and 
consumption, CH4 can support lacustrine food webs (Cole 2013b), and has been produced 
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both in the oxic water column of lakes (Bogard et al. 2014) and under oxic laboratory 
conditions in several cyanobacteria strains (Bižić et al. 2020). CH4 and carbon derived 
from CH4 present an important link between the pelagic zone, benthic zone, and lake 
sediments (Deines et al. 2009, Bogard et al. 2014, Grey 2016).  

 

1.3 Food webs and basal resources  
A food web is a representation of the transfer of energy and nutrients among 

trophic levels (Lindeman 1942). Food webs are a key concept in ecology, and are highly 
complex due to the spatial variability of their components: nutrients, detritus, and 
organisms (Polis et al. 1997) (Figure 1.3). Primary producers, or photoautotrophs, fix CO2 
to produce complex organic molecules via photosynthesis (Lindeman 1942). This primary 
production in ecosystems provides nutrients to organisms at higher trophic levels (Post 
2002). The base of the food web (i.e. basal resources) can be defined as the combined 
primary production in a system and is where organisms acquire their nutrients (Post 
2002, Karlsson et al. 2012). In order to understand organisms at higher trophic levels, like 
fishes, there is a need to understand the processes at the base of the food web.  

In addition to photosynthesis producing autochthonous carbon, terrestrial organic 
matter inputs in the form of DOC also play an important role in lake food webs. This is 
because in most lakes, respiration exceeds primary production, meaning that they are net 
heterotrophic (del Giorgio and Williams 2007). Heterotrophic microbes are able to use 
allochthonous carbon as an energy source (Guillemette et al. 2016). Bacterial respiration 
of allochthonous carbon could act as a “dead end” for this carbon due to the fact that it 
becomes part of the microbial loop, and thus does not reach organisms at higher trophic 
levels (Tranvik 1992). While this respired allochthonous carbon may not be incorporated 
into the food web by higher consumers, microbes are able to use it as a carbon source, 
thus allochthonous carbon can support heterotrophic production in lakes.  

DOC also affects food webs due to its physical properties. As previously discussed, 
dark, tea-coloured lakes attenuates both visible and ultraviolet radiation differently than 
clear water lakes and as such less photosynthetically active radiation (PAR) can penetrate 
the water column (Jones 1992, Schindler et al. 1997). Due to this, DOC is a key control on 
primary production (Karlsson et al. 2009). Changes in the amount of photosynthesis 
occurring in a lake affect the food web because if less photosynthesis is taking place, less 
autochthonous OM will be produced, affecting the food web.  
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Since DOC absorbs visible and ultraviolet radiation, this can change the vertical 
thermal structure of the water column (Fee et al. 1996). Light is extinguished at shallower 
depths in high DOC lakes, leading to shallower thermocline depths (Solomon et al. 2015). 
This stratification is often quite stable (Read and Rose 2013, Palmer et al. 2014), reducing 
the degree to which vertical mixing can occur (Imberger 1998, MacIntyre et al. 2006). 
Changes in light and heat penetration affect food webs further due to changes in 
availability of suitable habitat (Solomon et al. 2015).  
 
1.4 International Institute for Sustainable Development Experimental Lakes Area  

The International Institute for Sustainable Development Experimental Lakes Area 
(IISD-ELA) is located in southeast of Kenora in Northwestern Ontario (49°400 N 93°450 
W), Canada on the Canadian Shield. IISD-ELA is an ideal location to investigate the role 
of the base of the food web on the lake carbon cycle. Aquatic research at IISD-ELA allows 
for the study of scientific questions at a whole ecosystem level without the limitations of 
laboratory studies (Johnson and Vallentyne 1971).  

The climate at IISD-ELA is continental, with a mean annual air temperature of 2.2°C 
and mean annual precipitation of 689 mm (McCullough and Campbell 1993). Soils are 
topped with Sphagnum or Polytrichum moss species (Venkiteswaran 2008). While 
Sphagnum moss can reach depths greater than 0.5 m in low relief areas, rocky uplands are 
often bare, with exposed granite bedrock or forested islands (Schindler et al. 1996, 
Lamontagne et al. 2000). Wetlands are typically ombrotrophic bogs or fens containing 
peat which can be more than 10 m deep (Schindler et al. 1996). Typical vegetation includes 
Labrador tea (Ledum groenlandicum), leather leaf (Chamaedaphne calyculata), jack pine 
(Pinus banskiana), trembling aspen (Populus tremuloides), white birch (Betula papyrifera), 
black spruce (Picea mariana), balsam fir (Abies balsamea), and red pine (Pinus resinosa) 
(Mead 2017). Refer to Brunskill and Schindler (1971) for more information regarding the 
geography of IISD-ELA.  

This project is part of a larger study at IISD-ELA called Photons to Fish (PHISH). The 
PHISH project is aimed at determining drivers of fish productivity. In order to 
understand what controls fish productivity in ecosystems, it is imperative to understand 
the base of the food web supporting higher consumers.  
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1.5 Stable isotope analysis  
Stable isotopes are a powerful tool used to trace ecosystem processes. An isotope is 

an atom of an element with a different number of neutrons but the same number of 
protons. For example, stable isotopes of carbon, nitrogen, and hydrogen are 12C, 13C, 14N, 
15N, 1H, and 2H (Table 1.1).   

These differences in atomic mass cause changes in the vibrational energy of the 
nucleus, therefore affecting both bond strength and reaction rate (Sulzman 2020). Due to 
this, two isotopes of the same element are quantitatively different and therefore are in 
different pools, or molecules, during chemical reactions (Sulzman 2020).  

Rates of reactions are different for each isotope, and variations in the ratio between 
heavy and light isotopes (e.g. 2H/1H) result in isotope effects, or fractionation (Farquhar 
et al. 1989). Typically, the lighter and more abundant isotope (12C, 14N, 1H) is favoured 
during reactions. An isotopic ratio mass spectrometer (IRMS) measures the isotopic ratio 

of a sample. This ratio is reported relative to a standard in delta (d) notation in permil 
units (‰) (Equation 1.2).  

 

Equation 1.2                            𝛿 = 5 !!"#$%&

!!'"()"*)
− 16 

   
These slight, naturally occurring differences in stable isotope ratios from 

fractionation can be measured and used in both biogeochemical and ecological 

applications (Middelburg 2014). For instance, carbon and nitrogen stable isotopes (d13C 

and d15N) are used widely in food web studies to  trace feeding and energy flow pathways 

(d13C; Perkins et al. 2014) and to determine the trophic position of organisms (d15N; Post 
2002). This is because an organism’s diet is reflected in its isotopic ratio (DeNiro and 
Epstein 1978, 1981).  

However, in order to interpret stable isotope values in food web studies, it is 
imperative to accurately measure the isotopic values of the base of the food web 
(Woodland et al. 2012). Information regarding an organism’s trophic level or carbon 

source cannot be gained by solely measuring its d13C and d15N values (Post 2002),  due to 

seasonal fluctuations in the d13C and d15N values of basal resources (Zohary et al. 1994, 
Cabana and Rasmussen 1996). Therefore, without the context provided by baseline 
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isotopic values, any variation in d13C and d15N values of consumers cannot be 

distinguished between temporal changes in the d13C and d15N values of the base of the 
food web or changes in trophic level and carbon source (Post 2002). The stable isotopic 
values at the base of the food web incorporate the isotopic values of various carbon 
sources, and these values are transferred up the food web (Figure 1.4). 

Using additional isotopes alongside d13C and d15N can further explain food web 
processes and dynamics in aquatic ecosystems. For instance, stable hydrogen isotopes 

(d2H) provide information regarding allochthonous versus autochthonous energy 
sources (Doucett et al. 2007, Karlsson et al. 2012), methanogenesis pathways (Whiticar 
1999), and CH4  subsidies in food webs (Deines et al. 2009, Vander Zanden et al. 2016). 
Hydrogen incorporated into the OM of aquatic vegetation and algae originates from 

environmental water (Hondula et al. 2014). Typically, d2H values for aquatic 
photoautotrophs are 160-170 ‰ more negative than the surrounding water (Doucett et 

al. 2007, Solomon et al. 2011). In terrestrial plants, it has been observed that d2H values 

are more similar to environmental water d2H values (Hondula et al. 2014). This is due to 
transpiration, wherein evapotranspiration causes plant 2H to be preferentially retained in 

plant OM over 1H, yielding more positive d2H values (Roden and Ehleringer 1999). d2H 
values can therefore be used in a variety of ecological applications due to the large 

differences in d2H values between aquatic and terrestrial photosynthesis.  

  d2H values are also advantageous when used in conjunction with d13C to determine 
the role of CH4 in the lake carbon cycle. Biogenically produced CH4 has more negative 

d13C and d2H values with respect to carbon dioxide, plant material, and environmental 
water (Woltemate et al. 1984, Peterson and Fry 1987). These distinctly negative values are 
characteristic of biogenic CH4, and therefore can be used to determine if CH4 has been 
consumed and thus contributes to aquatic food webs (Deines et al. 2009, Jones and Grey 

2011, Grey 2016). d2H and d13C values of CH4 can also be used to track CH4 production 
and consumption and these isotopic values can identify the pathway of CH4 formation 
(CO2 reduction or acetate fermentation) (Whiticar 1999). CH4 and carbon derived from 
CH4 can therefore be easily traced through ecosystems because it is intrinsically labelled 

by characteristically negative d13C and d2H values compared to other basal resources.    
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1.6 Thesis objectives  
In order to improve understanding of biogeochemical cycles and their role in 

aquatic ecosystem functioning, continued work is required in the areas of both carbon 
and nutrient flows into ecosystems and through food webs (Middelburg 2014). By 
determining the respective contributions of terrestrial and aquatic carbon to the food 
web, the ways in which nutrients are transferred throughout food webs and support 
consumers at higher trophic levels will be better understood.  This project will focus on 
the dynamics of the isotopic values at the base of the pelagic food web in a suite of boreal 
lakes, their seasonal variations, and the drivers of these changes in both particulate and 
dissolved fractions of OM.  

The goal of my thesis is to examine and assess the controls on the isotopic values 
that are captured by the base of the food web and sediments in small, oligotrophic 
Canadian Shield lakes across a DOC gradient of 3.3- 12 mg/L. This goal will be achieved 
via the following objectives:  

1. Examine the seasonal trends of DIC concentration, pCO2, d13C-DIC, and 

d13C-CO2 values and their relationship with and control on the isotopic 
values of pelagic carbon basal resources (POM) across a lake DOC gradient 
(Chapter 2).  

2. Assess the terrestrial contamination of lake surface POM across a lake DOC 

gradient using two different methods: (1) estimating the d13C and d15N 
values of phytoplankton by correcting for the terrestrial fraction of POM 
using C:N ratios, (2) the physical size separation of POM (Chapter 2).  

3. Determine the relationship between the d13C and d15N values of lake surface 
POM and those of surficial lake sediments across a lake DOC gradient 
(Chapter 2).  

4. Examine the d2H-DOM values in a series of Canadian Shield lakes and 
streams in comparison to the allochthonous and autochthonous end 
members (Chapter 3).  

5. Evaluate the use of d2H-DOM values as a method for separating 
allochthonous and autochthonous inputs to food webs (Chapter 3).  
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6. Examine and define the range of d13C-CH4 and d2H-CH4 in fourteen boreal 
lakes, over four broad categories: deep anoxic bottom lakes, shallow anoxic 
bottom lakes, majority oxic lakes, and polymictic lakes (Chapter 4).  

7. Compare the observed d2H-CH4 and d13C-CH4 values to atmospheric values 
and predictions of sources based on literature values for both surface and 
deeper water column CH4 (Chapter 4).  

8. Assess the potential roles of methanogenic pathway and CH4 oxidation in 
controlling CH4 isotopes (Chapter 4).  
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Figure 1.1 Simplified lake carbon cycle. Adapted from (Schiff, unpublished, Bastviken et 
al. 2004). 

 
 
 
 
 
 



 12 

 
Figure 1.2 Bjerrum plot of the carbonate system at 25°C.  
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Figure 1.3  Simplified lake food web. Methane oxidizing bacteria= MOB.  
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Table 1.1 Abundances of carbon, nitrogen, and hydrogen stable isotopes. 

Element Isotope Abundance 
Carbon 12C 98.9 % 
 13C 1.1 % 
Nitrogen 14N 99.6 % 
 15N 0.4 % 
Hydrogen 1H 99.9 % 
 2H 0.02 % 
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Figure 1.4 Ranges in d13C values in the base of the food web measured in this thesis. These 
values are an assimilation of d13C-DIC, d13C-DOM, d13C-CH4, and d13C-POM values and 
are transferred up the food web to higher consumers.  
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 The control of terrestrial organic matter on lake carbon cycling along a 
DOC gradient 

2.1 Introduction 
A food web is a representation of the transfer of energy and nutrients among 

trophic levels (Lindeman 1942). Food webs are composed of organisms ranging from 
primary producers and bacteria, to higher consumers and predators. It can be challenging 
to analyze and disentangle these complicated relationships, particularly at the basal level. 
The base of the food web (i.e. basal resources) is defined as combined bacterial and 
primary production in an ecosystem (Karlsson et al. 2012) that supplies nutrients (e.g. 
carbon, nitrogen) for organisms at higher trophic levels (Post 2002). This chapter will 
examine how terrestrial organic matter inputs exert control over lake basal resources 
using stable isotope analysis.  

As a direct consequence of concerns about the effects of climate change and land 
use change on watersheds, there is growing scientific interest about whether inputs from 
the terrestrial environment or lake primary productivity drive the function and 
production of freshwater ecosystems (Cole et al. 2002, Jansson et al. 2007, Rantakari and 
Kortelainen 2008, Seekell et al. 2015). The view that terrestrial carbon inputs of organic 
matter (OM) could support food webs in aquatic ecosystems has been subject to debate 
(Cole 2013b, Finstad et al. 2014, Tanentzap et al. 2017, Jones et al. 2018). 

Physical characteristics of lakes and their catchments regulate DOC 
concentrations. For instance, catchment area:lake area (drainage ratio), proportion of 
wetlands, proportion of upstream lakes, watershed slope, and lake area (Rasmussen et 
al. 1989, Kortelainen 1993, Xenopoulos et al. 2003). Terrestrial OM is washed into lakes as 
water moves from the landscape, through vegetation, and finally infiltrates the soil 
(Findlay and Sinsabaugh 2003). DOC that reaches lakes is typically recalcitrant, having 
been thoroughly processed by soil bacteria during transport (Brett et al. 2009, Guillemette 
et al. 2016), and thus it is not as easily metabolized compared to autochthonous carbon. 
Terrestrial OM inputs can be larger than autochthonous production in lakes (Cole et al. 
2002, 2011, Pace et al. 2011, Karlsson et al. 2015), and accordingly, allochthonous carbon 
tends to make up a larger proportion of the lake DOC pool than autochthonous carbon. 
This is especially the case in small, oligotrophic lakes such as those on the Canadian 
shield (Tranvik et al. 2009).  

Microbes may also preferentially metabolize autochthonous carbon over 
allochthonous carbon (Guillemette et al. 2016). In some cases, where microbes utilize 
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terrestrial carbon, this carbon does not move up the food web to other consumers (Cole 
et al. 2002, Jones et al. 2012). Terrestrial OM also lacks important nutrients and fatty acids 
(Tanentzap et al. 2017). For these reasons, terrestrial OM may not provide meaningful 
support for lake food webs due to being of lower quality compared to autochthonous 
carbon (Brett et al. 2017).  

Conversely, terrestrial OM may be beneficial to lake production and function. 
Allochthonous carbon can support heterotrophic production in lake ecosystems (Bartels 
et al. 2012, Karlsson et al. 2015). In cases where lakes are net heterotrophic, there must be 
some utilization of external inputs to the system (i.e. terrestrial OM) in order for there to 
be more respiration than primary production (Jones et al. 1999, Cole et al. 2011). Solomon 
et al. (2011) found that 20-80 % of lake zooplankton biomass was supported by terrestrial 
resources across four lakes with varying DOC concentrations and light regimes, 
suggesting that terrestrial carbon is a nutrient subsidy. A nutrient subsidy is a donor-
controlled resource (e.g. terrestrial OM) from one habitat that increases the productivity 
of a recipient habitat (Polis et al. 1997). Therefore, terrestrial OM may subsidize aquatic 
food webs.  

The positive effects of DOC concentration (shielding organisms from harmful UV 
rays, energy source) may outweigh the negative effects (decreased photosynthetically 
active radiation, changes in thermal structure) until a threshold concentration is reached 
(Finstad et al. 2014). It has been suggested that such a threshold concentration would be 
approximately 10 – 14 mg/L (Solomon et al. 2015). There are conflicting results as to 
whether the role of terrestrial OM is beneficial or harmful, and therefore further research 
is needed to elucidate the role of allochthonous carbon in freshwater lake food webs.  

d13C and d15N are extensively used in stable isotope analysis, particularly in food 

web studies (Post 2002, Middelburg 2014, Vander Zanden et al. 2016). Measuring d13C 
values not only provides information about energy flows in food webs, but also allows 
researchers to examine changes and fluxes in lake carbon cycles and in both inorganic 
and organic carbon pools (De Kluijver et al. 2014). In order to understand and interpret 

the d13C and d15N values of higher consumers, there is a need to understand the processes 

at the base of the food web. However, because of the seasonal variability of d13C and d15N 
values in aquatic ecosystems, these values can be difficult to determine. POM is typically 
used as a proxy for algae (i.e. the base of the food web) (Gu et al. 2011). However, POM 



 18 

is not solely composed to algal material, and is a combination of terrestrial material, 
bacteria, detritus, etc. (Mostofa et al. 2009). One solution to this problem is to physically 
separate the algal material from bulk POM in order to isolate a more representative 
sample of basal resources (Zohary et al. 1994, Bade et al. 2006). 

d13C values are useful because primary producers take up 12C preferentially over 
13C during photosynthesis, so primary producers (e.g. algae) will have a lower d13C value 
compared to the inorganic carbon source (Bade et al. 2006). This is because 12CO2 is fixed 

slightly faster than 13CO2. There are also differences between the d13C values of aquatic 

and terrestrial vegetation. The d13C values of aquatic primary producers are dependent 

on the d13C-DIC values. d13C-DIC values are variable, and the equilibrium fractionation 
between the two dominant forms of DIC in lakes (HCO3

- and CO2) is about -9 ‰ (O’Leary 
1988). Therefore, the isotopic value of carbon fixed through photosynthesis reflects the 
isotopic value of the carbon source, and its associated transformations. Due to this, 

terrestrial vegetation (C3) d13C are typically between -28 to -26 ‰ (Peterson and Fry 1987), 

whereas algal d13C values lie between -35 and-25 ‰ (Grey et al. 2000).  
There are three potential destinations for organic carbon inputs to lakes: storage, 

mineralization, or transport (Hanson et al. 2011). This chapter uses stable isotopes to 
examine these reservoirs of organic carbon across a gradient of DOC concentrations. DOC 
concentrations (terrestrial OM) in some European and North American freshwaters have 
increased in recent years, and are likely to continue to do so (Evans et al. 2005, Monteith 
et al. 2007). Proposed reasons for rising DOC concentrations in surface waters include 
reduced acid deposition, increasing temperatures, and land use change (Evans et al. 2005, 
Mattsson et al. 2005, Monteith et al. 2007). As temperatures continues to rise with climate 
change, this raises the question; how will increasing DOC concentrations affect our lakes, 
and in particular small Canadian shield lakes?   

There are over 1,000,000 lakes on the Canadian shield, providing critical ecosystem 
services to Canadians. In order to preserve these valuable freshwater ecosystems, it is 
imperative to continue to research the interaction between terrestrial and aquatic 
environments. Therefore, the objectives of this chapter are as follows:  

1. Examine the seasonal trends of DIC concentration, pCO2, d13C-DIC, and 

d13C-CO2 values and their relationship with and control on the isotopic 
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values of pelagic carbon basal resources (POM) across a lake DOC gradient. 
2. Assess the terrestrial contamination of lake surface POM across a lake DOC 

gradient using two different methods: (1) estimating the d13C and d15N 
values of phytoplankton by correcting for the terrestrial fraction of POM 
using C:N ratios, (2) the physical size separation of POM.  

3. Determine the relationship between the d13C and d15N values of lake surface 
POM and those of surficial lake sediments across a lake DOC gradient.  

2.2 Material and methods  
2.2.1 Study Sites 
 This project is part of a larger study at IISD-ELA called Photons to Fish (PHISH), 
which is aimed at determining factors affecting fish productivity along a DOC gradient 
(3.3 – 12 mg/L) in nine lakes (Figure 2.2). This DOC gradient is partly a result of differing 
quantities of terrestrial OM. Fourteen lakes and four streams were sampled for this thesis 
across the 2018 and 2019 field seasons (Figure 2.1). A summary of physical and chemical 
parameters of the study lakes can be found in (Table 2.1).  

 
2.2.2 Field sampling 
 Throughout the 2018 field season (May-September), water column profiles of 
PHISH lakes were sampled using a gear pump on a monthly basis for a suite of water 
chemistry and stable isotope parameters. Samples were taken at 2-5 m intervals 
throughout the water column.  

 Samples for DIC concentration and d13C-DIC analysis were collected in 12 mL 
exetainers with no headspace and were preserved by injecting a saturated solution of 

ZnCl2. DOC concentration samples were filtered using a Whatman 0.45 µm syringe tip 
filter and collected in 40 mL amber glass vials and stored at 4°C. For POM isotope 
analysis, 1 L of water was collected and filtered through a Whatman QM-A quartz filter 

(pore size 2.2 µm) using a vacuum pump. Filters were frozen and subsequently shipped 
to the University of Waterloo for analysis. pH samples were collected in 15 mL PET 
containers with a Hach HQ40d meter and IntelliCALTM PH301 probe.  

d13C-DOM and d15N-DOM samples were filtered using Whatman 0.45 µm syringe 
tip filters, collected in 250 mL glass serum bottles with a small headspace, capped with 
rubber stoppers, and acidified using 6 mol/L HCl at the IISD-ELA field station in order 
to lower the pH to approximately 3.  
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 In March of 2018, L223 and L224 were freeze cored to collect sediment from the 
hypolimnion. All remaining lakes were cored at the deepest depth in July and August of 
2018 using a gravity corer. Sediment cores were sectioned in the field, then frozen and 
shipped to the University of Waterloo for analysis.  
 
2.2.3 Laboratory and stable isotope analysis 

Isotopic analysis for stable C and N isotopes was conducted at the University of 

Waterloo Environmental Isotope Laboratory. d13C-sediment and d15N-sediment analysis 
was conducted by first freeze drying sediments, then homogenizing the sediment using 
a ball mill, then weighed into Elemental Microanalysis D1002 tin sample cups (Elemental 

Analysis Ltd., UK). 13C-POM and d15N-POM analysis was conducted by drying the frozen 

Whatman QM-A quartz filters (pore size 2.2 µm), then folded into Elemental 

Microanalysis D1002 tin sample cups (Elemental Analysis Ltd., UK). d13C-DOM and d15N-
DOM samples were freeze dried and weighed into Elemental Microanalysis D1002 tin 
sample cup (Elemental Analysis Ltd., UK). 

d13C-POM, d15N-POM, d13C-DOM, d15N-DOM, d13C-sediment and d15N-sediment 
samples were analyzed by EA-CF-IRMS using a Carlo Erba Elemental Analyzer and 
folding into an Elemental Microanalysis D1002 tin sample cup (Elemental Analysis Ltd., 

UK) (CHNS-O EA1108) coupled with a Delta Plus (Thermo) IRMS (d13C precision ± 0.2‰, 

d15N precision ± 0.3‰).  
DIC concentration and stable isotope samples were prepared by acidifying, then 

equilibrating the headspace. Samples were then analyzed by GC-CF-IRMS using an 
Agilent 6890 GC coupled to an Isochrom isotope ratio mass spectrometer (IRMS: 

Micromass UK) (d13C precision ± 0.3‰). DOC concentration analysis was conducted 

using a Shimadzu Total Organic Carbon (TOC-L) analyzer (precision ± 0.3 mg C/L).  
   

2.2.4 Estimating the d 13C and d 15N values of phytoplankton by correcting for the terrestrial 
fraction of POM 
 Estimations of algal d13C and d15N values (d13CA, d15NA) were calculated by 

correcting for the terrestrial fraction (fT) of POM.  fT was calculated using the C:N ratio 
of POM, algae, and a terrestrial end member (Equation 2.1), as outlined in (Francis et al. 
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2011, Yang et al. 2014, Tonin 2019). fT, d13CA, and d15NA was estimated for each lake using 

mean seasonal C:N ratio, d13C-POM, and d15N-POM values. 

 
Equation 2.1                                              𝜙"	 =	

(%:'+,-	(	%:'/	)
(%:'0(	%:'/)

 

C:NPOM was measured directly from surface bulk POM samples. C:NA represents the C:N 
ratio of phytoplankton. A C:NA of 6.8 was used (Vuorio et al. 2006, Yang et al. 2014, Tonin 
2019). Two terrestrial end member values were used for the terrestrial C:N value (C:NT)  
(Table 2.2). Firstly, the C:N of DOC (measured directly) was used as the C:NT. The C:N 
of terrestrial vegetation at IISD-ELA was also used as the C:NT (Boudreau 2000).  

 Using the two calculated fT values, two different estimations of phytoplankton 

d13C and d15N values were determined using Equation 2.2 and Equation 2.3 (Francis et al. 
2011, Yang et al. 2014). Both the stable isotopic values of DOC (measured directly) and 

terrestrial vegetation (values from Tonin (2019)) were used for the d13CT and d15NT values.  
 

Equation 2.2                                       𝛿*+𝐶, =	
-12%+,-	(	./0	×	-12%01	

(*	(	/0)
 

 

Equation 2.3                                     𝛿*2𝑁, =	
-13'+,-	(	./0	×	-13'0	×	3.+1	

(*	(	/0	×	3.+)
 

 

In addition to the calculation of fT, d13CA, and d15NA from bulk POM samples, the 
same methodology was applied to each of the size fractions for the size separated POM 
samples.   
 

2.2.5 Size separation of POM  
 In order to attempt to isolate a solely algal sample of POM, physical size separation 
of POM was conducted. Lake surface water (approximately 0.25 m) was filtered through 
Nitex mesh sieves in descending order of mesh size (Table 2.3). These methods are based 
on those in Zohary et al. (1994) and Bade et al. (2006). The size fractions were selected 
according to Zohary et al. (1994) and Bade et al. (2006), as well as with examining IISD-
ELA phytoplankton community data (Dr. Megan L. Larsen, personal communication). 
Size separation was conducted in July 2019 in L626, L239, L304, and L470 to represent a 
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subset of the DOC gradient, and thus varying degrees of terrestrial OM inputs (5.1 – 12 
mg/L).  

In the field, 20 L of surface water was pumped through stackable 100 µm, 53 µm, 

and 20 µm sieves into a carboy. The 100 µm sieve pre-screened for any large terrestrial 
detritus and zooplankton, so material captured on this sieve was discarded. Material on 

the 53 µm and 20 µm sieves was collected by gently rinsing sieves with RO water from a 
wash bottle into clean 250 mL Nalgene bottles.  A separate 1 L sample of bulk water was 

reserved and sieved through the 100 µm screen, then onto a QM-A filter via a vacuum 
pump.  

 The 20 L carboy sieved to 20 µm was brought back to the IISD-ELA station and the 

53<x<100 µm and 20<x<53 µm size fractions were collected on a QM-A filter (2.2 µm) 

using a vacuum pump. From the carboy, water was filtered through a 10 µm sieve to 

capture the 10<x<20 µm fraction, then collected on a QM-A filter (2.2 µm) via a vacuum 
pump.  

Using a gear pump, the 20 µm carboy water was pumped through a high capacity 

10 µm disposable filter capsule (Geotech, USA), then filtered through a QM-A filter using 

a vacuum pump. The filtrate from the 2.2<x<10 µm size fraction was then filtered through 

a Whatman GF/F glass microfibre filter to capture the 0.7<x<2.2 100 µm fraction. Once 
filtration on each size fraction was complete, samples were frozen and shipped to the 

University of Waterloo for d13C-POM and d15N-POM analysis (methods outlined above). 

For the L304 0.7<x<2.2  µm size fraction, not enough material was recovered on the filter 
for stable isotope analysis.  
 

2.2.6 Calculating the percentage of DOC composed of algal material  
The percentage of DOC composed of algal, or autochthonous material, was 

calculated using the methodology and empirical relationships outlined in Bade et al. 
(2007) (Equation 2.4). Bade et. al (2007) suppose an exponential relationship between the 
percentage of algal DOC and the ratio of colour at 440 nm to chlorophyll a (chl a) 
concentration. This equation assumes that as chl a concentrations decrease and colour 
increases, a smaller proportion of DOC would be composed of algal material (Bade et al. 
2007).  
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Chl a measurements were conducted at the IISD-ELA field station. Samples were 

collected on Whatman GF/C filters (pore size 1.2 µm), frozen, and analyzed 
fluorometrically. Colour is expressed as the absorbance coefficient at 440 nm wavelength 
(a440), and is a measure of lake DOC concentration, and therefore also allochthonous 
carbon availability  (Carpenter et al. 2005, Pace et al. 2011). Chl a is an indicator of lake 
primary productivity and thus also an indicator of autochthonous carbon (Carpenter et 
al. 2005, Pace et al. 2011).  

 

 Equation 2.4                               % algal DOC = 56.36 x e(-3.73 x [colour:chl a])	  

 

Spectral absorbance (Ag) samples were collected alongside monthly DOC concentration 
samples in 40 mL amber glass vials. Spectral absorbance was measured using a Cary 100 
UV-Vis spectrophotometer. In a 1 cm quartz cuvette, samples were scanned at 5nm 
intervals from 200-800 nm. Samples were then corrected based on the absorbance of 

NANOpure water (≥ 18.2mW-cm). Using (Equation 2.5) (Xiao et al. 2013), absorbance 

spectra were normalized to absorbance coefficients (m-1) (ag). Monthly a440 values for each 
PHISH lake were averaged to provide a seasonal colour value for each lake’s surface 
water.  

 

Equation 2.5                                                     ag= !.#$#%g
$.$&

 

 
2.2.7 Statistical analysis and calculations 
 Linear mixed-effects models were calculated using the “lme4” package version 

1.1-21 (Bates et al. 2015). Partial pressure of CO2 (pCO2) and d13C-CO2 values were 
calculated using the “isocalc” package version 1 using measured values for water 
temperature, pH, and DIC concentration (Henderson, 2018). Drainage ratio was 
calculated by dividing the whole catchment area (km2) by the area of open water in the 
catchment (km2).  
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2.3 Results  
2.3.1 Seasonal trends in d 13C-DIC, calculated d 13C-CO2, d 13C-POM, and d 15N-POM values 

In the PHISH lakes, DIC concentration is highest earliest in the season for all lakes 
except L164, and L470 (Figure 2.3). L164 and L470 have high DOC concentrations. It 
appears that DIC concentrations stabilize in the ice-free season. This pattern can also be 
observed in surface pCO2 values (Figure 2.4), wherein the highest pCO2 values are 
observed in May. pCO2 values are also above atmospheric equilibrium for most lakes, 

indicating that these lakes are supersaturated (Figure 2.4). Calculated d13C-CO2 values 
(Figure 2.5) show that all lakes, regardless of DOC concentration, are out of equilibrium 

with the atmosphere in terms of d13C-CO2 values. These values ranged between -10.6 ‰ 

to -21.5 ‰. Surface d13C-CO2 values are more negative earlier in the ice-free season. No 
relationship was found between the percent saturation of CO2 in the surface water of the 

PHISH lakes and the calculated d13C-CO2 values (R2= -0.028, p= 0.7005) (Figure 2.6).  

In terms of d13C-DIC, the most negative values are observed earliest in the season 

(Figure 2.7). There is seasonality in the DIC concentrations, pCO2 values, and d13C-DIC 

values in the PHISH lakes. Across lakes, d13C-DIC values vary by 14.2 ‰ over the ice-free 
season (Figure 2.7). Further, lakes with lower DIC concentrations and lower pCO2 values 

have higher DOC concentrations. d13C-DIC values are negatively correlated with DOC 
concentrations (Figure 2.8) (R2= 0.73, p= 0.0020).  

A large range (9.4 ‰) in d15N-POM was observed (Figure 2.9A). The most negative 

d13C-POM values (Figure 2.9B) are observed earlier in the summer, similar to d13C-DIC.  

d13C-POM values follow the same trend as d13C-DIC values because POM consists partly 
of algae, and thus the isotopic values of POM reflect the carbon source used in 
photosynthesis. However, the opposite trend is observed in L470, the lake highest on the 

DOC gradient (Figure 2.9B). Over the course of the 2018 ice-free season, d13C-POM values 
across the PHISH lakes varied by 8 ‰ (Figure 2.9B). The C:N ratios of POM in the PHISH 
lakes ranged between 8.2 to 16.3 over the 2018 field season (Figure 2.10). The lakes in May 
have a C:N ratio of approximately 10, with the exception of L470.  

2.3.2 Relationship between d 13C-POM, d 13C-CO2 and DOC concentration  
 POM is a mixture of terrestrial OM and autochthonous OM. Because of this, it is 
expected that the isotopic signal of POM is controlled both by pCO2 (and thus the 



 25 

photosynthetic fractionation factor, eC) and terrestrial contamination (e.g. DOC 
concentration). However, the degree to which each variable controls the POM signal, 
depends on the physical and chemical characteristics of lakes, as well as phytoplankton 
growth dynamics.  

d13C-POM values are weakly and negatively correlated with surface pCO2 values 

(Figure 2.11). d13C-CO2 values and d13C-POM values have a significant and positive 
relationship (R2=0.377, p= 8.55 x 10-5) (Figure 2.112C). No correlation was found between 
DOC concentration and pCO2 (R2= 0.029, p= 0.158) (Figure 2.12A). There was also a 

significant negative relationship between DOC concentration and d13C-CO2 values 
(Figure 2.12B). Further, as DOC concentration increases, the C:N ratio of POM decreases 
(R2= 0.74, p= 0.0038) (Figure 2.13).   

 

2.3.3 Estimating the terrestrial fraction of POM and calculating d 13C and d 15N values of 
phytoplankton 

Using Equation 2.1, fT was estimated using two different end members commonly 
used as proxies for allochthonous carbon- DOC and terrestrial vegetation (Table 2.2). For 

each lake, when DOC was utilized to calculate fT of POM, fT was higher than when 

terrestrial vegetation was used (Figure 2.14). L373 had the highest estimated fT out of all 
the lakes, for both end member corrections. Further, the two different end members used 

to calculate fT values for the PHISH lakes are significantly different (Welch’s two sample 
t-test, df=10.8, t= 7.22, p= 1.90*10-5).  

Using the calculated fT of POM, the d13C and d15N values of phytoplankton (d13CA, 

d15NA) were estimated from Equation 2.2 and Equation 2.3. d13CA and d15NA values with 
no end member correction are the mean, surface, bulk POM values for each lake. 
Uncorrected, bulk POM values are more negative than each of the corrected values, with 
the exception of L626 (Figure 2.15). It appears that when using terrestrial vegetation to 

estimate d13CA and d15NA, d15N values are slightly more positive when compared to bulk 

POM (Figure 2.15). When DOC was used as an end member, the d13C values are more 

negative when compared to bulk POM (Figure 2.15). DOC has d13C and d15N values more 

similar to calculated d13CA and d15NA values for each lake. The stable isotopic values for 
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terrestrial vegetation are much more negative than those of the PHISH lakes with respect 

to d15N values. L626 has very positive calculated d13CA and d15NA values (Figure 2.15).  

The relationship between the estimated d13CA values and calculated d13C-CO2 
values was examined (Figure 2.16). For the most part, higher DOC lakes have more 

negative calculated d13C-CO2 values. The estimated d13CA values are more negative than 
the two terrestrial end members (DOC, terrestrial vegetation), with the exception of L626. 

These estimated values for phytoplankton fall within a range of reported eC values (eC= 

10, eC=15, eC= 20) (Bade et al. 2006, Mohamed and Taylor 2009, Wilkinson et al. 2013b), 
even those of L626 which are considerably more positive than the other PHISH lakes.  
 

2.3.4 Size separation of POM  
In order to determine the degree to which terrestrial contamination occurs in bulk 

POM, POM was size separated. The goal of physically size separating POM is to examine 
the differences between bulk POM and subsequently smaller size fractions. Most algal 

species present in unamended IISD-ELA lakes should fall into the 2.2<x<10 µm and the 

10<x<20 µm size fractions.  The size separated POM from L626 had the most positive d15N 

and d13C values across all size fractions with the exception of the d15N value for the 

2.2<x<10 µm size fraction (Figure 2.18). The POM C:N ratios of the 10<x<20 µm size 
fraction are markedly higher than the remaining size fraction for all lakes (Figure 2.19). 

No significant differences were found between size fraction classes for d13C or d15N values 
(Figure 2.18) (one-way ANOVA, p>0.05). However, there were significant differences in 
between size fractions for C:N ratios (one-way ANOVA, p= 1.62 x 10-5, F= 13.99) (Figure 
2.19).  A Tukey’s post-hoc test was conducted to determine pairwise differences between 

the size fractions, and showed that the mean C:N ratio for the 10<x<20 µm size fraction 
for all lakes is significantly different from all other size fractions  (Figure 2.20).  

The fT of POM for each size fraction was also calculated using Equation 2.1 with 
two different terrestrial end members- lake DOC and terrestrial vegetation (Table 2.2). 

Similar to the estimates of fT in bulk POM, the use of DOC as an end member estimates 

a higher fT. This is the case for each size fraction (Figure 2.21).  In each lake, the 10<x<20 

µm size fraction has the highest estimated fT, for both end members (Figure 2.21). Using 
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these estimations of fT, the d13CA and d15NA values were calculated. The end member 

corrections did not greatly alter the d13CA or d15NA values of each size fraction.  
 

2.3.5 Calculating percent algal DOC  
Another important aspect to examine is what parameters set the “signal” of DOC. 

DOC can be composed of autochthonous and allochthonous OM, however the amount of 
terrestrial or in-lake material that makes up DOC can change. Since DOC can be 

allochthonous or autochthonous, the  d13C values of various types of OM at IISD-ELA 
across various terrain classifications (lake, soil, upland streams, vegetation, wetland 
streams, wetland pond) (Figure 2.23) were examined. Of all classifications, vegetation 

d13C values have the largest range (9.8 ‰).  
The percentage of DOC comprised of algal material was calculated by using an 

empirical equation ( Equation 2.4) from Bade et al. (2007). This equation is derived from 
the exponential equation fit to empirical spectral absorbance (a440), chl a, and DOC 
concentration data from 32 lakes in the Northern Highland Lake District (Bade et al. 
2007).  

Overall, the calculated percent algal DOC in the PHISH lakes ranged from 0.02 % 
to 28.2 % (Figure 2.24A). For the most part, the calculated lower percent algal DOC values 
were found in lakes with higher DOC concentrations (Figure 2.24A). This trend also 
applies to DOC concentration, because higher DOC lakes have a higher a440 value due to 
their dark colour, and therefore a larger colour:chl a ratio. According to this empirical 
relationship, lakes with higher DOC concentrations (L470, L164, L658) have the lowest 
percentage of autochthonous material comprising DOC (Figure 2.24A). 

There is no apparent relationship between d13C-DOM values and calculated algal 
DOC content (Figure 2.24B).  (R2= -0.092, p= 0.47). There is a small range in surface water 

d13C-DOM values, ranging from -26.7 ‰ to -28.5 ‰.  

In contrast, there is a slight positive relationship between d13C-POM values and 
calculated algal DOC (Figure 2.24C).  (R2=0.37, p= 0.048). The average seasonal surface 

water d13C-POM values occupy a larger range of -26.9 ‰ to -31.9 ‰. As the average 

surface d13C-POM values increased, so did the percentage of algal DOC (Figure 2.24C). 
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2.3.6 Relationship between DOC concentration and lake drainage ratio 
One characteristic of lakes that sets the signal of DOC is residence time. Since not 

all of the PHISH lakes are headwater lakes (Table 2.1), lake drainage ratio was used 
instead of water residence time. No relationship was found between either drainage ratio 

and DOC concentration (R2= 0.126, p= 0.168) (Figure 2.25A) and drainage ratio and d13C-
DOM values (R2= -0.0552, p= 0.471) (Figure 2.25B).  

 
2.3.7 d 13C values, d 15N values, and C:N ratios of surficial sediments  

Another important relationship is that of surficial sediments and POM, and it is 
important to investigate how this relationship changes across a DOC gradient. Sediment 

from deeper core sections have more positive d15N and d13C values than those shallower 

in the sediment core. d13C-sediment values ranged by 6.5 ‰ and d15N sediment values 

ranged by 3.7 ‰ across all lakes and sediment cores (Figure 2.26). For both d15N and d13C 
values, the sediment core from L303 are consistently more positive than the other lakes 

(Figure 2.27). Using a linear mixed-effects model, the effect of DOC on the d13C-sediment 
values at depth within the sediment core was examined. There was no significant effect 
shown (p = 0.53) (Figure 2.28).  There was also no significant relationship between the 

surface sediment d13C values and d13C-POM values (R2= -0.0612, p=0.532) (Figure 2.29A) 
or between the C:N ratios of POM and surface sediments (Figure 2.29B). Across the 
sediment cores, C:N ratios ranged from 11.5-16.9, with higher C:N ratios observed in 
deeper core sections (Figure 2.30). 
  

2.4 Discussion  
2.4.1 Seasonal trends of DIC concentration, pCO2, d 13C-DIC, and d 13C-CO2 values and their 
relationship with and control on the isotopic values of POM  

DIC concentration is highest earliest in the season for all lakes with the exception 
of L164 and L470 (Figure 2.3). Processes taking place under ice, such as decomposition 
and respiration, cause DIC to accumulate (Striegl et al. 2001). After ice-off, the trapped 
DIC will equilibrate with the atmosphere. This causes the pattern observed in the data, 
where the highest DIC concentrations occur in May, then decrease, and subsequently 
level off over the season.  
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Surface pCO2 values are also highest earlier in the year and most lakes are 
consistently above atmospheric saturation (Figure 2.4). The lakes are also out of 

equilibrium with the atmosphere in terms of their calculated surface d13C-CO2 values 
(Figure 2.5), and no relationship was found between percent saturation of CO2 in the 

surface water of the PHISH lakes and the d13C-CO2 values (R2= -0.028, p= 0.7005) (Figure 

2.6).  
Lakes tend to be sources of CO2 to the atmosphere (Cole et al. 1994, Tranvik et al. 

2009), due to the respiration of allochthonous carbon by bacteria (Jansson et al. 2012). 
Supersaturated waters may then indicate a commensal relationship between 
heterotrophic microbes and phytoplankton (Jansson et al. 2012). In fact, DOC, and 
therefore terrestrial OM, has been shown to be a significant control on lake pCO2 (Sobek 
et al. 2005). However, no significant relationship was found between DOC concentration 
and pCO2 in the PHISH lakes. This may be due to differences in lake catchment 
characteristics, such as residence time, as observed by Whitfield et al. (2009).  

Both  d13C-DIC and calculated d13C-CO2 values show that earlier in the season, 
values are more negative (Figure 2.5) (Figure 2.7). After ice-off, due to equilibration with 

the atmosphere the lighter isotope (12C) will be lost first, thus increasing the d13C-DIC and 

d13C-CO2 values. d13C-DIC values also ranged by 14.2 ‰. This is a smaller range than 
reported in Finnish lakes (27.3 ‰) (Striegl et al. 2001) or the Northern Highlands Lake 

District (29.0 ‰) (Bade et al. 2004). These ranging values in d13C-DIC show the intricacy 
of the reactions within the lake carbon cycle, and how due to differences in lake 
hydrology, these reactions can vary greatly (Striegl et al. 2001).  

 For the PHISH lakes, lakes with more negative d13C-DIC values have higher DOC 
concentrations (R2= 0.77, p=0.0011) (Figure 2.8). Therefore, there are processes occurring 

in lakes with higher DOC concentrations that cause the d13C of the DIC to be more 
negative. For instance, CO2 produced from the respiration of allochthonous OM (DOC) 

has a  d13C value similar to its source (Chomicki 2009). As DOC is respired, CO2 is 

produced, thereby increasing the DIC concentration. The d13C-CO2 produced from 

respiration will be lower than the atmospheric d13C-CO2 value of -8.4 ‰(Chomicki 2009, 
Keeling et al. 2017). Therefore, with higher DOC concentrations, more respiration can 

occur, making d13C-DIC values more negative (Figure 2.8).  
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Over the course of the 2018 ice-free season, d13C-POM (Figure 2.9B) values vary 
up to 8 ‰, illustrating that the use of a single POM value in food web studies is 
unrealistic. This variation is due to changes in the carbon source used in photosynthesis. 
As primary productivity increases in the summer, phytoplankton deplete 12C-DIC, 

leading to more positive d13C-POM values. However, as previously discussed, POM is 
not solely composed of algal material. A weak negative correlation was found between 

d13C-POM and pCO2 (Figure 2.11).  The pCO2 of surface waters is the carbon source that 
algae (a component of POM) are using for photosynthesis.  

The d15N values of small, freshwater organisms at low trophic levels have been 

shown to vary considerably (Cabana and Rasmussen 1996, Syväranta et al. 2008). d15N 
values of phytoplankton, and therefore POM, should relatively indicate the inorganic 

nitrogen source (Syväranta et al. 2008). d15N-POM varied by approximately 9 ‰ in the 
PHISH lakes (Figure 2.9A), again exemplifying the breadth of seasonal variations at the 

base of the food web. This is in the upper end of the range of seasonal d15N-POM values 
(1.5 ‰ to 8.5 ‰) in oligotrophic lakes presented by Gu (2009). Higher ranges in seasonal 

d15N-POM has been found in eutrophic lakes, where POM is mostly algal material, and 
therefore can reflect changes in the environment (Gu 2009). Conversely, smaller ranges 
can be observed in oligotrophic lakes because in these environments POM consists more 
of allochthonous material (i.e. non-living) (Gu 2009).  

The C:N ratios of the POM in the PHISH lakes varied seasonally. The C:N ratio of 
algae has previously been reported as 6.8 (Vuorio et al. 2006, Yang et al. 2014), and the 
C:N ratio of terrestrial OM is typically >20 (Meyers 1994). The POM C:N ratio in various 
IISD-ELA lakes have been reported to range between 11.8-16.0 (Hecky et al. 1993, Turner 
et al. 1994). The POM ratios of the PHISH lakes vary between 8.2 and 16.3. This perhaps 
indicates that the surface POM is a mixture of algal and terrestrial OM.  

The mean surface DOC concentration is negatively correlated with the mean molar 
C:N ratio of POM (Figure 2.13). As previously mentioned, the C:N ratio of terrestrial 
material is >20, and algae have a C:N ratio between 4-10 (Meyers 1994), and it has been 
reported in freshwater as 6.8 (Vuorio et al. 2006, Yang et al. 2014). Therefore, it is expected 
that in lakes with higher terrestrial OM inputs (i.e. a higher DOC concentration), the POM 
would have a higher C:N ratio. However, as DOC is photolyzed, the C:N ratio decreases 
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(Chomicki 2009). This may be why decreasing C:N ratios are observed with increasing 
DOC concentrations (Figure 2.13). If there were no allochthonous OM contribution to 
POM, then the C:N ratio of POM would only reflect that of autochthonous material. L470 
was not included in the linear regression between mean surface DOC concentration and 
mean C:N ratio of POM, as it is an outlier. L470 likely does not follow this relationship 
because of its very short residence time (Table 2.1).  

The calculated pCO2 values of the PHISH lakes have no significant relationship 
with DOC concentrations (R2= 0.029, p= 0.158) (Figure 2.12A). However, there is a 

significant, negative relationship between DOC concentrations and calculated d13C-CO2 
values (R2= 0.175, p=8.99 x 10-3) (Figure 2.12B). As surface DOC concentrations increase, 

the d13C-CO2 values become increasingly negative. This indicates that the PHISH lakes 

with higher DOC concentrations are more depleted in their d13C-CO2 values.  

d13C-POM values are weakly and negatively correlated with surface pCO2 values 

(Figure 2.11). There is also a significant, positive relationship between calculated d13C-

CO2 values and d13C-POM values (R2=0.377, p= 8.55 x 10-5) (Figure 2.12C). Since algae is a 
component of POM, the isotopic values of the carbon source used in photosynthesis 
should be reflected in the values of POM, depending on the degree to which algal 
material comprises POM.  

 
2.4.2 Assessing the terrestrial contamination of lake surface POM  

The fT of POM was calculated using Equation 2.1 using either DOC or terrestrial 
vegetation as terrestrial end members (Table 2.2). Two different end members were used 
in these calculations because terrestrial vegetation and DOC are both commonly used as 
terrestrial end members (terrestrial vegetation: (Cole et al. 2002, Pace et al. 2004, Caraco 
et al. 2010, Wilkinson et al. 2013a, 2013b, Guillemette et al. 2016); DOC: (Kritzberg et al. 
2004, Bade et al. 2007, Guillemette and del Giorgio 2012)). In addition, DOC and terrestrial 
vegetation are sometimes assumed to be the same (Grosbois et al. 2020).  

For each PHISH lake, the fT was estimated to be higher when DOC was used as 
the end member correction (Figure 2.14). These estimations are calculated using an 

algebraic mixing model which calculates fT from the C:N ratios of bulk POM, 

phytoplankton, and terrestrial organic matter (Equation 2.1). Estimating the fT of POM 
allows for the correction of terrestrial POM, which has a large C:N ratio (Table 2.2). The 
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fT values calculated using DOC and terrestrial vegetation as terrestrial end members are 
significantly different (Welch’s two sample t-test, df=10.8, t= 7.22, p= 1.90*10-5). 
Differences in these estimations are likely due to the large differences between the C:N 
ratios of DOC and terrestrial vegetation (Table 2.2). This is because terrestrial primary 
producers are nutrient starved, and therefore terrestrial plant tissues have been shown to 
have C:N ratios three times higher than lake particulate matter (Elser et al. 2000). The C:N 
ratio of terrestrial vegetation at IISD-ELA used in this thesis is approximately twice that 
of the C:N ratio of DOC (Table 2.2).  

Once fT was calculated for each lake, this value was used to calculate an estimation 

of the d13C and d15N values of phytoplankton (d13CA, d15NA) that are corrected for fT. POM 

is a mixture of autochthonous and allochthonous material, therefore by calculating fT, an 

approximation for d13CA and d15NA can be determined. This was done using the two 

different estimations for fT (DOC and terrestrial vegetation). The d13CA and d15NA values 
with no end member correction are the mean, surface, bulk POM values for each lake 
(Figure 2.15).  

With the exception of L626, each lake has more negative d13CA and d15NAvalues 

when an end member correction is applied. The positive calculated d13CA and d15NA values 
for L626 can be attributed to the fact that its uncorrected POM value is more positive than 
the end member values of both DOC and terrestrial vegetation (Figure 2.15). The 

estimated d13CA and d15NA values are an attempt to correct bulk POM for the large C:N 
ratio of terrestrial organic matter, whether terrestrial vegetation or DOC is used as an end 

member. When DOC is used for the end member correction, d13CA values are more 
negative than the uncorrected values, as well as those corrected with the terrestrial 

vegetation end member. This is because the d13C of DOC is more positive than 
phytoplankton (Figure 2.15). Therefore, using this method removes the influence of DOC 

and results in d13CA values that are more negative than the bulk POM.   

The relationship between calculated d13C-CO2 values and estimated d13CA was 

examined (Figure 2.16). When the d13CA values are estimated using DOC as the terrestrial 

end member, the values are more negative. All of the calculated d13CA values (both 

uncorrected and corrected) fall between a range of literature eC values (Bade et al. 2006, 
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Mohamed and Taylor 2009, Wilkinson et al. 2013b) and the mean d13C values for terrestrial 
vegetation and DOC. This suggests that the POM is a mixture of both allochthonous and 
autochthonous material.  

The d15NA values are generally mixed and cluster around the d15N value of DOC 

(Figure 2.15). However, the d15N of terrestrial vegetation is much more negative than that 
of DOC. Consequently, when using terrestrial vegetation as the terrestrial end member, 

the d15NA values are shifted to be more positive (Figure 2.15). Both of these terrestrial end 
members are commonly used in literature and are sometimes assumed to have the same 

isotopic values. While these assumptions may hold for the d13C values of terrestrial end 

members (approximately -27 ‰), this is not the case for the d15N values (Figure 2.15, 

Figure 2.17). The mean value of d15N-DOC is 2.0 ‰ compared to the mean d15N value of 
terrestrial vegetation, -5.5 ‰ (Table 2.2).  

The d15N values of terrestrial vegetation are more negative compared to the d15N 
values of DOC (Figure 2.17). This is because of nitrogen limitation in the boreal forest 
(Maynard et al. 2014). While DOC originates from the terrestrial environment and 
therefore represents an allochthonous carbon source to lacustrine ecosystems, it is altered 
through reactions in the stream and lake carbon cycle (photolysis, microbially 
degradation, sedimentation). DOC is also already altered before reaching the lake. Due 
to these transformations, DOC is a mix between autochthonous and allochthonous 

material, and it is more similar to lake POM in terms of C:N ratios , d13C values, and d15N 
values (Table 2.2, Figure 2.15).  

Size separation of POM was undertaken in order to examine the stable isotopic 
values of POM at various size fractions. By isolating POM into different sizes (Figure 
2.18), the goal is to obtain a more accurate algal sample and to determine the role of 
contamination by terrestrial OM in POM. However, no significant differences were found 

in terms of d13C (one-way ANOVA, p= 0.979, F= 0.144) and d15N values (one-way 
ANOVA, p= 0.459, F= 0.978) between the different size fractions (Figure 2.18).  As stated 
in Marty and Planas (2008), while physical separation of algae from bulk POM may be 
the ideal method, in many ecosystems using smaller and smaller mesh sizes means that 
particles of various sizes that are not of interest may attach themselves to algae, 
confounding isotopic values. This was also a concern in Bade et al. (2006). Problems may 
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also arise if algal communities are diverse, which most communities are (Marty and 
Planas 2008). Zohary et al. (1994) showed that bulk POM samples were not sufficient in 

providing in depth insight into the d13C values at the base of the pelagic food web, due to 
seasonal changes in phytoplankton species, demonstrating that size separation of POM 

to obtain algal d13C values is viable in cases where a less complex view of a food web is 
needed.  

However, there are significant differences in size fractions for C:N ratios (one-way 
ANOVA, p= 1.62 x 10-5, F= 13.99) (Figure 2.19). A post-hoc Tukey test showed that 

between size fractions for all lakes, the mean C:N ratio for the 10<x<20 µm size fraction 
is significantly different from all other size fractions (Figure 2.20).  

 One potential reason for the increase in C:N ratios for the 10<x<20 µm size fraction 

(Figure 2.19, Figure 2.20) is that pollen also falls between 10 and 20 µm. As previously 
stated, The C:N ratio of algae has been shown to be 6.8 (Vuorio et al. 2006, Yang et al. 
2014), and the C:N ratio of POM and IISD-ELA has been reported in the range of 11.8- 
16.0 (Hecky et al. 1993, Turner et al. 1994), whereas the C:N ratio of terrestrial OM is 
typically >20 (Meyers 1994). Therefore, since a higher C:N ratio was observed, it is 
plausible that there may be a higher degree of terrestrial contamination in the 10<x<20 

µm size fraction.  
Typical terrestrial vegetation at IISD-ELA includes Labrador tea (Ledum 

groenlandicum), leather leaf (Chamaedaphne calyculata), jack pine (Pinus banskiana), 
trembling aspen (Populus tremuloides), white birch (Betula papyrifera), black spruce (Picea 
mariana), balsam fir (Abies balsamea), and red pine (Pinus resinosa). Coniferous trees such 
as jack pine, black spruce, balsam fir, and red pine have pollen grains that average 

approximately 58 µm, 89 µm, 119 µm, and 63 µm in diameter respectively (Bassett et al. 
1978). However, deciduous trees and shrubs such as white birch, Labrador tea, leather 

leaf, and trembling aspen have pollen grains that average 28 µm, 28.4 µm, 32.6 µm, and 

27.5 µm respectively (Bassett et al. 1978, Crompton and Wojtas 1993, Sawara 2007). As the 
pore sizes on the mesh sieves used are nominal, it is plausible that some of the deciduous 

and shrub pollen is captured in the 10<x<20 µm size fraction, thereby increasing the C:N 
ratio of this fraction (Figure 2.19).  
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Further, Preston et al. (2008) showed that in an oligotrophic temperate lake in 
Wisconsin, USA, 55 % of aerial terrestrial particulate organic carbon deposition input 
occurred far from shore (>12m), and 39 % of total terrestrial particulate carbon deposited 

was less than 153 µm (Preston et al. 2008). These particles also had a similar range in C:N 
ratios (6-22) as observed in this thesis (7.6-17.9) (Figure 2.19), indicating that perhaps 
some material captured in size separation is deposited airborne terrestrial particulate 
organic carbon (Preston et al. 2008). 

Similarly to the mean bulk POM of each PHISH lake, the fT for each of the size 
separation fractions was calculated (Equation 2.1). For each size fraction, when DOC was 

utilized as the terrestrial end member, fT was estimated to be much larger (Figure 2.21). 

For all lakes and both terrestrial end members, the 10<x<20 size fraction has the highest 

estimated fT (Figure 2.21). Alongside the significant differences in C:N ratios (Figure 2.19, 

Figure 2.20), this may also illustrate that this size fraction has some terrestrial 
contamination.  

d13CA and d15NA values were then calculated using fT (Equation 2.2) (Equation 2.3) 
(Figure 2.22). Upon correcting the size separated POM with the terrestrial end members, 

the d13CA and d15NA values are not changed drastically.  Perhaps this is because due to the 
size separation of POM, the samples were already physically “corrected” for terrestrial 
contamination. 

A d13C value of -27 ‰ is commonly used to represent terrestrial plants (Marshall 
et al. 2008). While DOC is of terrestrial origin, it is heavily processed before finally 
reaching lakes. Therefore, the stable isotope values of DOC do not equate to that of 

terrestrial material as is sometimes assumed (Grosbois et al. 2020). The d13C range for 

terrestrial vegetation is also quite large compared to that of the d13C values for DOC in 
lakes (Figure 2.23).  
 As previously discussed, the percentage of DOC comprised of autochthonous 

material (algae) was estimated using  Equation 2.4 from Bade et al. 2007. This equation 
supposes that colour:chl a ratio and percent algal DOC have a positive relationship, and 
is derived from the empirical relationships observed in 32 lakes located in the Northern 
Highlands Lake District by Bade et al. (2007).  
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Higher a440 values are associated with higher DOC concentrations (Cuthbert and 
del Giorgio 1992). Allochthonous DOC is typically darker in colour than autochthonous 
DOC due to humic compounds (Meili 1992). In addition to being associated with darker 
water colour, high DOC concentrations have also been shown to decrease primary 
production (Ask et al. 2012), and with lower primary production, it is expected that chl a 
concentrations should also decrease. Therefore, it follows that as a440 values increase, so 
should colour:chl a ratios.  
  According to Equation 2.4, the higher DOC lakes (L470, L164, L658) have a much 
lower calculated percentage of algal material than the low DOC lakes (Figure 2.24A), 
likely because higher DOC concentrations can indicate a higher proportion of terrestrial 
OM. Allochthonous carbon constitutes a larger proportion of surface water DOC in the 
PHISH lakes with higher DOC concentrations. Similarly, in humic and polyhumic 
Swedish boreal lakes, which are dark in colour, it has been shown that the majority of the 
organic carbon consists of allochthonous material (Meili 1992). 

 There was no relationship shown between d13C-DOM values and calculated 
percent algal DOC (Figure 2.24B). One potential reason  for this is that there is a large 
range of water residence times present in the PHISH lakes (Table 2.1) (Figure 2.3), 

perhaps altering the d13C-DOM values.  

 It is then unexpected that there is a slight positive relationship between d13C-POM 
values and calculated percent algal DOC (Figure 2.24A) (R2=0.37, p<0.05). As the 

calculated percentage of DOC comprised of algal material increased, so did d13C-POM. 

Surface DOC concentration also increased along this trend. In higher DOC lakes, d13C-
POM values are more negative and algal material comprises a negligible percentage of 

total DOC. Wilkinson et al. (2013b) show using d13C values of POM and DOM that DOM 
is composed of allochthonous material, whereas POM is composed of a mixture of 
autochthonous and allochthonous material.  

In contrast, lower DOC lakes have more positive d13C-POM values, and a much 
higher proportion of their DOC is made up of autochthonous material. Previous studies 

have shown that phytoplankton d13C values can range from -35.2 ‰ to -18.4 ‰ in a series 
of 24 lakes across the United Kingdom (Grey et al. 2000), and from -34.9 ‰ to -19.6 ‰ in 
10 lakes in the Northern Highlands Lake District, USA (Wilkinson et al. 2013b, Yang et 
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al. 2014). One may expect that lakes on the low end of the DOC gradient would 

demonstrate a high proportion of algal material in their DOC and have a d13C-POM value 

closer to that of the end member. However, the entire range of d13C-POM shown in Figure 

2.9 encompasses the previously established range of d13C values of phytoplankton.  
 The PHISH lakes did not have a significant relationship between either drainage 

ratio and DOC concentration or drainage ratio and d13C-DOM (Figure 2.25). Drainage 
ratio takes into account upstream lakes within each catchment, as opposed to water 
residence time. DOC loading should increase alongside drainage ratio, because lakes 
with larger drainage ratios have more upstream lakes in their catchments. Further, it is 
expected that lakes with large drainage ratios have higher flushing rates, lower loss of 
DOC, and thus higher concentrations of DOC (Sobek et al. 2007). However, as previously 
mentioned, no relationships were found between drainage ratio and DOC concentration 

or d13C-DOM values. Similarly, in a global survey of 7500 lakes, drainage ratio was not 
an important predictor of DOC concentration (Sobek et al. 2007). Xenopolous et al. (2003) 
expected that drainage ratio would be a key predictor of DOC concentration, however, 
did not find this to be the case. In contrast, Schindler (1971) found that drainage ratio was 
significantly related to water colour (i.e. DOC concentration) in 14 IISD-ELA lakes. This 
relationship was also expected because lake colour, and thus DOC concentration should 
be proportional to the area of terrestrial drainage per unit of lake area, or drainage ratio 
(Schindler 1971). Perhaps these relationships do not apply in this case because the PHISH 
lakes are not all headwater lakes (Table 2.1).  

 
2.4.3 The relationship between the d 13C-POM and d 15N-POM values andd 13C-sediment and  
d 15N-sediment values  

Terrestrial OM is the main source of OM to lake sediments (Hall et al. 2018), and 
this material can act as an energy source for microbes (Meyers and Ishiwatari 1993). As 

sediments undergo diagenesis, the d13C and d15N values are altered, and therefore will be 
distinct from those of the original OM (Meyers and Ishiwatari 1993). For most lakes in 

this study, deeper sediment core sections have more positive d13C and d15N values (Figure 

2.26). One reason for the heavier d13C values deeper in the cores is diagenesis, which 
preferentially loses 12C (Flinn 2012). As OM is degraded, residual OM is enriched in the 

heavier isotopes, increasing d13C and d15N (Meyers and Ishiwatari 1993). Since OM is more 
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easily degraded in oxic conditions than in anoxic conditions, oxygen concentration affects 
the isotopic values of sediments (Lehmann et al. 2002). If OM undergoes a greater degree 

of diagenesis within the water column, then d13C and d15N values once the OM reaches 
the sediment will be affected (Teranes and Bernasconi 2000).  

No relationship was found between d13C-POM values and surface d13C-sediment 

values (R2= -0.0612, p= 0.532) (Figure 2.29A). The d13C values of OM buried in sediment 

is dictated by the quantities of allochthonous and autochthonous OM, the d13C-DIC 
values, primary production rates, and respiration rates (Meyers and Teranes 2001). Many 

processes can affect the d13C values of OM between its source and its burial, however, the 
main process is degradation as the particles settle to the sediment surface (Meyers and 
Ishiwatari 1993). Once the OM has reached the sediment surface, it is further oxidized 
and degraded as a carbon source for microbes (Meyers and Ishiwatari 1993). Therefore, 

while one may expect that pelagic d13C-POM values should be correlated with d13C-
sediment values, this is not the case due to degradation of OM during burial and settling. 
Similarly, there was no relationship between the C:N ratio of POM and surficial 

sediments (Figure 2.29B). Like d13C and d15N values, C:N ratios of sediment are altered 
by deposition (Gälman et al. 2009).  

There are two important considerations in interpreting the C:N ratios of 
sediments, firstly, the C:N ratio of the material being deposited, as well as the proportions 
of allochthonous and autochthonous material being deposited. Meyers et al. (1995) 
showed that the C:N ratios of white spruce (Picae glauca) that had undergone diagenesis 
differed from that of unburied wood, however that these differences were not enough to 
negate the contrast between the high C:N ratio of terrestrial OM and the lower ratio of 
aquatic OM. In all cores, the deeper sections have higher C:N ratios (Figure 2.30). OM 
that is more nitrogen-rich is of algal origin and is lost first in freshly deposited material, 
affecting C:N ratios (Herczeg 1988). As previously stated, the C:N ratio of algae is 
approximately 6 and can range between 4-10, compared to that of terrestrial OM which 
is >20 (Meyers 1994, Vuorio et al. 2006, Yang et al. 2014). The POM C:N ratio in IISD-ELA 
lakes is in the range of 11.8- 16.0 (Hecky et al. 1993, Turner et al. 1994). The lowest C:N 
ratio shown at the sediment water interface (0-0.5) from the cored lakes is 11.5 in L626 (a 
low DOC lake), and the highest C:N ratio is from L222 and is 15.9 (a high DOC lake).  
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As terrestrial inputs increase with increasing DOC concentration, we may expect 

to see a more terrestrial “signal” in the d13C values of lake sediments. In order to 
investigate this, a linear mixed effects model was used. This model investigated the effect 

of DOC on d13C-sediment values at depth within sediment cores at each lake sampled. 
However, no significant effect was shown (p= 0.18) (Figure 2.28). Variation can be 
observed within the sediment cores for each lake, as opposed to across the DOC gradient 
(Figure 2.28).  

One potential issue with this approach is that as diagenesis occurs, the d13C values 
of sediments change (Meyers and Ishiwatari 1993), and therefore it may be difficult to 
gain insight into whether the source of the sediment OM is autochthonous or 
allochthonous. It may be expected that at depth, the ratio of preserved algae:DOC would 
be preserved in the sediment, and that this ratio would change with DOC concentration 
in oligotrophic lakes. For instance, Tonin (2019) showed that at higher DOC 
concentrations, the basal production that occurs is conducted to a greater degree by 
heterotrophic bacteria respiring terrestrial OM, as opposed to autotrophic primary 
production. Therefore, with increasing DOC concentration, more terrestrial OM should 
be preserved in the sediment, and at lower DOC concentrations, more algal material 
should be preserved, relative to each other.  However, this was not observed (Figure 
2.28).  

Some studies have shown the importance of terrestrial OM to lake sediments. For 
instance,  Hall and collegaues (2018) found that at IISD-ELA, over a 40-year period in 
L239, more DOC was buried in sediments than was evaded as CO2 or lost via the outflow. 
In regard to autochthonous OM, it has been shown that in surficial sediments in a suite 

of Florida lakes, d13C values were a function of primary production (chl a) (Gu et al. 1996). 
These studies show that autochthonous settling particles are preferentially degraded in 
lake sediments.    

 
2.5 Conclusions  

Upon examination of the seasonal trends in the basal carbon resources of the 
pelagic zone in the PHISH lakes at IISD-ELA, it is clear that there is seasonality in terms 

of DIC concentrations, pCO2 values, and d13C-DIC values across the DOC gradient. 
Surface DIC concentrations and pCO2 values are higher earlier in the year due to off-
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gassing to the atmosphere after ice-off. Subsequently, the PHISH lakes were above 
atmospheric saturation for the duration of the summer. High DOC lakes (L164, L470) 
behave somewhat differently than lower DOC lakes. This may be due to their shorter 
residence times. Due to higher amounts of OM there may be more respiration occurring 

producing d13C- CO2 values that are more negative than the atmosphere (Chomicki 2009).  
Due to these seasonal variations in pCO2 and DIC concentrations, there are 

concomitant variations in d13C-CO2 and d13C-DIC, which thus alter d13C-POM and d15N-
POM values seasonally. The C:N ratios of POM in the PHISH lakes also varied seasonally 
and showed that the surface water POM is likely a mix of allochthonous and 
autochthonous material. Lower POM C:N ratios were observed in higher DOC lakes. This 
is unexpected due to the high ratios of terrestrial material (Meyers 1994). This unexpected 
trend may be due to the photolysis of DOC, which reduces the C:N ratio (Chomicki 2009). 

Two different methods were used to assess terrestrial contamination of surface 

water POM. First, the fT values of POM were calculated and corrected for using two 
common different terrestrial end members- lake DOC and terrestrial vegetation. By using 

DOC as the terrestrial end member, the fT of POM was consistently estimated to be higher 

than when using terrestrial vegetation. Through using the calculated fT values, 

phytoplankton d15N and d13C (d15NA and d13CA) were estimated. When DOC is corrected 

for, the  d13CA values are more negative compared to bulk POM values by an average of 

0.489 ‰. When terrestrial vegetation is used, the d13CA values decrease by 0.0497 ‰ on 

average. These small changes in d13CA values show that the correction for the terrestrial 
fraction of POM may not in fact be necessary.  

The physical size separation of POM showed no significant differences between 

size fractions for d13C and d15N values. However, there were significant differences shown 
in terms of C:N values between size fractions, perhaps due to airborne inputs of terrestrial 

particulate matter. Further, the 10<x<20 µm size fraction was shown to be significantly 
different (one-way ANOVA, p= 1.62 x 10-5, F= 13.99) from the remaining size fractions, as 

well as having the highest calculated fT values.  While in theory the physical isolation of 

solely algal carbon is the best way to determine the  d13C value of algae, it is not always 
viable, as shown in this chapter. Due to the time-consuming nature of the physical 
separation of POM and lack of conclusive results, perhaps other methods of isolating 
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algal d13C values are more appropriate. However, in order to exclude large terrestrial 
debris and zooplankton, it may be worthwhile to undertake bulk POM pre-screening 

using a sieve of approximately 100 µm.  
According to the calculated percentage of algal material composing DOC 

(Equation 2.1), the DOC in high DOC lakes may be composed of less algal material than 
in low DOC lakes due to higher colour, and therefore likely higher inputs of terrestrial 
OM. Additional work could be conducted in regard to DOC composition and dynamics 
using further absorbance and fluorescence analysis (Fellman et al. 2010).  

In this chapter, d15N and d13C values of surficial sediments and their respective C:N 

ratios are shown. Deeper core sections have more positive d15N and d13C values and 
higher C:N ratios indicating the effects of diagenesis on deposited OM. No relationship 

was found between the surface d13C values of sediment and lake DOC concentrations. 
This is unexpected since it has been shown that there is a higher degree of basal 
production conducted by heterotrophic bacteria respiring terrestrial OM. As such, with 
increasing DOC concentration, there should be more terrestrial OM preserved in surface 
sediments.  

One limitation to this study is that I examine only pelagic carbon resources, 
thereby not considering any benthic production.  However, the research presented in this 
chapter could also be used as baseline stable isotope data for studies concentrating on 
larger consumers at IISD-ELA. In the future, the reactions within the lake carbon cycle 
must be considered when looking at the implications of climate change on freshwater 
ecosystems. 
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Figure 2.1 Map of IISD-ELA showing the fourteen lakes sampled as part of this research 
project. PHISH project lakes: L164, L223, L224, L239, L373, L442, L470, L626, L658. Size 
separation lakes: L626, L239, L304, L470. d2H-DOM lakes sampled: L373, L239, L222, 
L221, L227. d2H-DOM streams sampled: U8, NWIF, EIF, NEIF.  

 

Sources: Esri, HERE,
Garmin, Intermap,
increment P Corp.,
GEBCO, USGS, FAO,
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Table 2.1 Summary of mean physical and chemical parameters of sampled lakes, 
including lake order, lake area, lake volume, maximum depth (Zmax), residence time, DOC 
concentration, and whether the lake is sampled as part of the PHISH project. Residence 
time calculated as the average theoretical water renewal time (years) by dividing lake 
volume (m3) by estimated outflow (m3).  

Lake DOC 
(mg/L) 

Lake 
order 

Lake 
Area 
(ha) 

Lake 
Volume 
(m3) 

Zmax 
(m) 

Estimated 
Outflow 
(m3) 

Residence 
time 
(years) 

PHISH 
lake? 

 

L224 3.3 2 25.9 3005000 27.4 239899 12.5 Yes  
L373 3.9 1 27.3 2941000 21 198316 14.8 Yes  
L223 4.7 3 27.3 1951000 14.4 639730 3.0 Yes  
L626 5.1 4 25.9 1772000 11.3 954674 1.9 Yes  
L442 6.2 2 16 1303000 16 396141 3.3 Yes  
L239 7.0 1 56.1 5910000 30.4 967813 6.1 Yes  
L303 7.6 1 9.9 150000 2.5 133113 1.1 No  

L304 7.9 1 3.6 115000 6.7 64957 1.8 No  
L227 8.3 1 34.4 221000 10 84641 2.6 No  

L658 8.9 1 8.4 546473 13.5 140249 3.9 Yes  

L222 9.4 1 16.4 600000 5.8 502680 1.2 No  

L164 9.2 32 20.3 1002000 7 12174554 0.2 Yes  

L221 11 2 9 189100 5.7 201761 0.9 No  
L470 12 4 6 33000 2 412626 0.1 Yes  
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Figure 2.2 DOC gradient (3.3 – 12 mg/L) present in the nine PHISH lakes. DOC 
concentrations represent the mean surface DOC concentration (n= 52) over the 2018 field 
season (May-September). Error bars represent +/- one standard deviation. Lakes in this 
figure and in all preceding figures are presented in order of ascending DOC 
concentration. 
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Table 2.2 End members used to correct for the terrestrial fraction of POM and calculate 
the d13C and d15N values of phytoplankton.  

End member C:N ratio d13C d15N 
Terrestrial vegetation 62.0 ± 24.2 (n=25)a -29.7 ± 1.03 (n=27)b -5.5 ± 1.6 (n=27)b 

DOCc 30.2 ± 7.3 (n=13)c -27.9 ± 0.39 (n=13)c 2.0 ± 1.3 (n=13)c 

 
a Mean C:N ratio of terrestrial vegetation at IISD-ELA (Boudreau 2000). 
b Mean d13C and d15N values of terrestrial vegetation (Tonin 2019). 
c Mean DOC C:N ratio, d13C, and d15N values from surface water values of 13 IISD-ELA 
lakes (this thesis).  
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Table 2.3 Summary of size fraction, rationale, and filter used to capture material for size 
separation.  

 

 
 
 
 
 

Size fraction (µm) Rationale Filter (pore size µm) 
x< 100  By pre-screening with 100 

µm mesh, zooplankton 
and other large particles 
will be excluded. 
 

QM-A (2.2) 

53< x < 100  Collect material on 53 µm 
mesh. 

QM-A (2.2) 

20< x < 53 Collect material on 20 µm 
mesh. Collect water 
screened through 20 µm 
mesh in a carboy. 

QM-A (2.2) 

10< x <20  Collect material on 10 µm 
mesh. 

QM-A (2.2) 

2.2< x <10 Using large capacity 
capsule filter, pump the 
carboy of water sieved to 
20 µm down to 10 µm. 
Filter water sieved to 10 
µm through a QM-A filter.  

QM-A (2.2) 

0.7< x <2.2 Capture bacterial portion/ 
picoplankton by using 
filtrate from previous size 
fraction and filtering 
through a GF/F.  

GF/F (0.7) 
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Figure 2.3 Surface DIC concentration (µM) in the PHISH lakes over the 2018 ice free 
season.  
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Figure 2.4 Calculated surface pCO2 values (µatm) in the surface of the PHISH lakes over 
the 2018 ice free season. Red dashed line indicates atmospheric equilibrium (370 µatm).  
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Figure 2.5 Calculated d13C-CO2 values for the PHISH lakes throughout the 2018 ice free 
season.  
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Figure 2.6 Relationship between percent saturation of surface water CO2 and calculated 
surface d13C-CO2 values in the PHISH lakes.  

R2= -0.028  
p= 0.7005 
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Figure 2.7 Surface d13C-DIC values for the PHISH lakes throughout the 2018 ice-free 
season.  
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Figure 2.8 Relationship between the mean summer (June-September) surface d13C-DIC 
values and mean summer (June-September) surface DOC concentration (mg/L) of the 
PHISH lakes in the 2018 ice-free season.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

R2= 0.73 
p= 0.0020 
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Figure 2.9 A. Surface d15N-POM values for the PHISH lakes throughout the 2018 ice-free 
season. B. Surface d13C-POM values for the PHISH lakes throughout the 2018 ice-free 
season.  

 

A 

B 
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Figure 2.10 Surface molar POM C:N ratios for the PHISH lakes throughout the 2018 field 
season.  



 55 

 
Figure 2.11 Relationship between calculated surface pCO2 values and surface d13C-POM 
values in the 2018 ice-free season. Dashed red line indicates atmospheric equilibrium.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

R2= 0.18 
p= 0.0049 
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Figure 2.12 A. Relationship between pCO2 and DOC concentration (mg/L) in the 2018 ice-
free season. Dashed red line indicates atmospheric equilibrium. B. Relationship between 
d13C-CO2 and DOC concentration (mg/L) values in the PHISH lakes in the 2018 ice free 
season. C. Relationship between d13C-CO2 values and d13C-POM values in the PHISH 
lakes in the 2018 ice-free season.  

 
 

R2= 0.0291 
p= 0.158 
 

R2= 0.175 
p= 8.99*10-3 

 

R2= 0.377 
p= 8.55*10-5 

 

A 
 

B 
 

C 
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Figure 2.13 Relationship between surface mean summer (June-September) molar C:N 
ratio of POM and surface mean summer (June-September) DOC concentration (mg/L) in 
the PHISH lakes in the ice-free season in 2018.  L470 was not included in the linear 
regression.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

R2= 0.74 
p= 0.0038 
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Figure 2.14 Estimated terrestrial fraction (fT) in mean, surface, bulk POM from the ice-
free season for the PHISH lakes calculated from Equation 2.1 (𝜙"	 =	

(%:'+,-	(	%:'/	)
(%:'0(	%:'/)

). 
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Figure 2.15 Estimated surface d13C and d15N values of phytoplankton (d13CA, d15NA) 
calculated from Equation 2.2 (𝛿*+𝐶, =	

-12%+,-	(	./0	×	-12%01	
(*	(	/0)

) and Equation 2.3 (𝛿*2𝑁, =

	-
13'+,-	(	./0	×	-13'0	×	3.+1	

(*	(	/0	×	3.+)
) respectively. Values where no end member correction is 

applied represent mean, surface, bulk POM samples for each lake from the 2018 ice-free 
season.  

 
 



 60 

 
Figure 2.16 Relationship between the mean calculated d13CO2 values for the 2018 ice-free 
season and estimated d13C values of phytoplankton (d13CA). d13CA values were calculated 
from Equation 2.2 (𝛿*+𝐶, =	

-12%+,-	(	./0	×	-12%01	
(*	(	/0)

) and Equation 2.3 (𝛿*2𝑁, =

	-
13'+,-	(	./0	×	-13'0	×	3.+1	

(*	(	/0	×	3.+)
) respectively. Values where no end member correction is 

applied represent mean, bulk POM samples for each lake. The solid black line represents 
mean of d13C value of DOC in the sampled lakes. The solid, horizontal dark green line 
represents the stable isotopic values of terrestrial vegetation (Boudreau 2000, Tonin 2019). 
The eC values used are the same as those utilized by Wilkinson et al. (2013b) and are based 
on various reported eC in (Bade et al. 2006, Mohamed and Taylor, 2009). 
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Figure 2.17 Relationship between surface d15N2 and d15N-DOM values of sampled lakes 
and streams. The black dashed line represents the mean surface d5N value of DOC in the 
sampled lakes. The green dashed line represents the mean d5N of terrestrial vegetation 
(Boudreau 2000, Tonin 2019). 
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Figure 2.18 A. Surface d15N values for size separated (µm) POM. B. Surface d13C values 
for size separated (µm) POM. For this figure and all preceding size separation figures, 
size fractions are presented in descending order.  
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Figure 2.19 C:N ratios (molar) for surface size separated (µm) POM. Ranges for pollen 
grains of typical coniferous (Bassett et al. 1978) and deciduous (Bassett et al. 1978, 
Crompton and Wojtas 1993, Sawara 2007) species present at IISD-ELA. Terrestrial 
material typically has a C:N ratio >20 (Meyers 1994).  
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Figure 2.20 Pairwise differences between mean surface C:N ratios for each size fraction 
(µm). Lakes are combined for each size fraction. Letters A and B indicate that there is no 
statistical significance in molar C:N ratios within the group, but there are statistically 
differences between letter groups. Error bars represent +/- one standard deviation.  
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Table 2.4 Ranges of d13C, d15N, and C:N ratio in size separated POM.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Size fraction (µm) d13C value range d15N value range C:N ratio (molar) range 

x< 100 (Bulk) 8.12 3.60 3.35 
53< x < 100 9.42 2.43 2.53 
20< x < 53 10.66 3.87 2.25 
10< x <20 5.72 5.14 7.89 
2.2< x <10 4.46 2.91 1.20 
0.7< x <2.2 4.03 1.44 2.98 
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Figure 2.21 Estimated terrestrial fraction (fT) in surface size separated POM for A. L626, 
B. L239, C. L304, D. L470, calculated from Equation 2.1 (𝜙"	 =	

(%:'+,-	(	%:'/	)
(%:'0(	%:'/)

).  

A L626 B L239 C L304 D L470 



 67 

 
Figure 2.22 Estimated d13C and d15N values of surface phytoplankton (d13CA, d15NA) for 
size separated POM, calculated from Equation 2.2 (𝛿*+𝐶, =	

-12%+,-	(	./0	×	-12%01	
(*	(	/0)

) and 

Equation 2.3 (𝛿*2𝑁, =	
-13'+,-	(	./0	×	-13'0	×	3.+1	

(*	(	/0	×	3.+)
) respectively.. The black dashed line 

represents the stable isotopic values of surface DOC. The green dashed line represents 
the stable isotopic values of terrestrial vegetation (Boudreau 2000, Tonin 2019).  



 68 

 
Figure 2.23 Historical ranges of d13C-DOM across different terrain classifications at IISD-
ELA. Lake, wetland stream, and wetland pond data was taken from surface water. Soil 
data represents the range of d13C values across soil layers at IISD-ELA. Vegetation data 
encompasses a range of species typical at IISD-ELA. Additional data for soil, upland 
streams, vegetation, wetland streams, and wetland ponds from (Boudreau 2000, 
Ferguson 2000, Baril 2001, Venkiteswaran 2008).  

 
 

n= 13 

n= 36 

n= 5 

n= 17 
 

n= 3 

n= 3 
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Figure 2.24 A. Percent of DOC comprised of algal material as calculated by  Equation 2.4 
(% algal DOC = 56.36 x e(-3.73 x [colour:chl a])). B. Relationship between the calculated percentage 
of algal DOC and d13C-DOM values in PHISH lake surface water. C. Relationship between 
the calculated percentage of algal DOC and d13C-POM values in PHISH lake surface 
water.  

 
 
 
 
 
 

R2= -0.092 
p= 0.59 
 

R2= 0.37 
p= 0.049 
 

A 
 

B 
 

C 
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Figure 2.25 A. Relationship between DOC concentration (mg/L) and drainage ratio in 
the PHISH lakes. B. Relationship between surface d13C-DOM values and drainage ratio 
in the PHISH lakes.  

 
 
 
 
 
 
 
 

A B 
R2= 0.147 
p= 0.168 

R2= -0.0552 
p= 0.470 
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Figure 2.26 A. d15N-sediment values. B. d13C-sediment values. For this figure and all 
preceding sediment figures, darker colours indicate deeper core sections.  

 
 
 

A 

B 
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Figure 2.27 Relationship between d15N-sediment values and d13C-sediment values.  
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Figure 2.28 Relationship between DOC concentration (mg/L) and d13C-sediment values. 
Results of a linear mixed-effects model show that there is no significant the effect of DOC 
on the d13C-sediment values at depth within the sediment core.  

 

p= 0.53 
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Figure 2.29A. Relationship between d13C-POM values and surface d13C-sediment values. 
B. Relationship between the C:N ratio of POM and C:N ratio of surface sediments.  

R2= -0.0612 
p=0.532 

 

R2= -0.00595 
p=0.357 
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Figure 2.30 Molar C:N ratios for sediment cores.  
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 Partitioning terrestrial and aquatic energy flows using d2H values 

 
3.1 Introduction  
 Stable carbon isotopes are widely used to provide information on ecosystem 
processes and dynamics. One such application is examining the use of terrestrially 
derived (allochthonous) and in-lake derived (autochthonous) carbon. There can be 
isotopic differences between aquatic and terrestrial vegetation that allow for the use of 

d13C values in order to determine if allochthonous carbon is preferentially used over 
autochthonous carbon in aquatic ecosystems (Grey et al. 2001). However, there are many 

cases where the d13C values of allochthonous material cannot be distinguished from 

autochthonous material and/or there are large, seasonal fluctuations in the d13C values 
(Bade et al. 2006, Doucett et al. 2007, Karlsson et al. 2012, Wilkinson et al. 2013b). If lakes 
are dominated by inputs of allochthonous dissolved organic matter (DOM) from the 

terrestrial environment, then the d13C values of terrestrial material cannot be 
differentiated from DOM (Wilkinson et al. 2013b, Yang et al. 2014).  Another complication 

is that the d13C values of phytoplankton change on seasonal timescales due to changes in 
pH, dissolved inorganic carbon (DIC) concentration, species composition, and the form 
of DIC used in photosynthesis (HCO3

- and CO2 (aq) (Fry and Sherr 1989, Goericke et al. 
1994).  Therefore, it is advantageous to use additional stable isotopes, especially in the 

aforementioned cases where d13C values between carbon sources do not differ enough 
(Hondula et al. 2014, Vander Zanden et al. 2016).  

Stable hydrogen isotopes (d2H)  can provide information regarding allochthonous 
versus autochthonous energy sources (Doucett et al. 2007, Karlsson et al. 2012), 
methanogenesis pathways (Whiticar 1999) and CH4 subsidies in food webs (Deines et al. 

2009, Vander Zanden et al. 2016). Measuring d2H is advantageous due large d2H values 
in sources generated by the large relative mass difference between 1H and 2H (Doucett et 
al. 2007, Deines et al. 2009).  

Allochthonous and autochthonous organic matter (OM) are characterized by two 
end members: organic matter from phytoplankton and terrestrial sources. The hydrogen 
incorporated into the organic matter of aquatic vegetation and algae originates from 
environmental water (i.e. the water surrounding the organism). The water utilized in 
photosynthesis for aquatic plants and algae originates from environmental water, and 
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since the lighter isotope (1H) is preferentially used  over the heavier isotope (2H), the d2H 
value of aquatic plant OM is typically much more negative (160-170 ‰) than the 
surrounding water (Doucett et al. 2007, Solomon et al. 2011, Hondula et al. 2014). In 
terrestrial plants, transpiration causes plant matter to retain the heavier isotope (2H), 

yielding more positive d2H values than aquatic primary producers (Roden and Ehleringer 

1999, Doucett et al. 2007, Hondula et al. 2014). The d2H values of plants vary, depending 
on the fractionation during the biosynthesis of different tissues (lipids, proteins etc.) 
(Smith and Epstein 1970, Sessions et al. 1999, Solomon et al. 2009, Soto et al. 2013). These 

large differences in d2H values between aquatic and terrestrial OM illustrate how 
hydrogen stable isotopes can circumvent some of the problems that arise with stable 
carbon isotopes when distinguishing between autochthonous and allochthonous carbon 
sources (Karlsson et al. 2012, Wilkinson et al. 2013b). 

Particulate organic matter (POM) in lakes can be composed of terrestrial material, 
algal material, bacteria, and detritus (Mostofa et al. 2009). Therefore, POM in lakes 

naturally has a range in d2H values between its terrestrial and aquatic sources illustrating 

the advantages of the use of d2H values. The terrestrial end member is often defined by 
taking the average of stable isotopic values of vegetation sources from the catchment 
(Cole et al. 2002, Pace et al. 2004, Caraco et al. 2010, Solomon et al. 2011, Wilkinson et al. 
2013a, 2013b, Guillemette et al. 2016); Table 3.1, Table 3.2) 

However, the majority of allochthonous organic carbon that enters lakes is not 
terrestrial vegetation. POM represents less than 10% of terrestrial organic matter inputs 
to lakes (Wetzel 2001b, Kortelainen et al. 2006). Literature estimates of allochthony 

therefore may be overestimated because the d2H values of terrestrial vegetation are more 
positive than aquatic OM.   

Most terrestrial organic carbon enters freshwater lakes as DOM (Schindler et al. 
1997), and DOM represents the largest portion of organic carbon in most lakes. While 
allochthonous DOM does originate from the terrestrial environment, it is the result of 
extensive microbial processing. DOM can be transformed through the various reactions 
within the lake carbon cycle (i.e. sedimentation, photodegradation, and respiration).  

There is a need to define end members in aquatic systems, particularly the 
terrestrial end member which has previously been misidentified due to overestimating 
the direct inputs of vegetation (e.g. leaves). In this case, the terrestrial end member can 
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be defined as the DOC entering lakes via inflow streams- the importance of DOC inputs 
from streams to boreal lakes have been shown by Hall et al. (2018)  where 60-75% of lake 
water inputs came from three inflow streams. Therefore, the goal of this chapter is to:  

1. Examine the d2H-DOM values in a series of Canadian Shield lakes and streams in 
comparison to the allochthonous and autochthonous end members.  

2. Evaluate the use of d2H-DOM values as a method for separating allochthonous 
and autochthonous inputs to food webs.  

 
3.2 Methods  
3.2.1 Study sites  

Six boreal lakes (L373, L239, L222, L221, L470, L227) and four small headwater 
boreal streams (U8, NWIF, EIF, NEIF) were sampled in the 2018 and 2019 (L227) field 
seasons at the International Institute for Sustainable Development Experimental Lakes 
Area (IISD-ELA). These lakes represent a subset of the lake DOC gradient studied in 
Chapter 2. A summary of physical and chemical parameters of the study sites can be 
found in Table 3.3. L227 is an experimentally eutrophied lake, and nutrients have been 
added in various N:P ratios since 1969 (Hecky et al. 1994). 

 
3.2.2 Field sampling  

d13C-DOM and d15N-DOM  samples were filtered using Whatman 0.45 µm syringe 
tip filters, collected in 250 mL glass serum bottles with a small headspace, capped with 
rubber stoppers, and acidified using 6 mol/L HCl at the IISD-ELA field station in order 

to lower the pH to approximately 3. Water for d2H-DOM samples was collected in 2 L 
Nalgene bottles at surface depths in a subset of lakes along the DOC gradient (L373, L239, 

L222, L221, L470, L227) and in several streams (U8, NWIF, EIF, NEIF), filtered to 0.45 µm  
with Whatman membrane filters, frozen, and shipped to the University of Waterloo for 
analysis.  

d13C-DIC samples were collected in duplicate in 60 mL glass serum bottles with no 

headspace and rubber stoppers. They were then preserved with approximately 5 µL of 

100% v/v ZnCl2/ 1 mL of lake water. d2H-H2O samples were collected in the field to 0.45 

µm using Whatman syringe tip filters into 30 mL Nalgene bottles with no headspace to 
prevent evaporation. Samples were subsequently shipped to the University of Waterloo 
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for analysis. pH samples were collected in 15 mL PET containers with a Hach HQ40d 
meter and IntelliCALTM PH301 probe. 

 
3.2.3 Laboratory and stable isotope analysis 

Isotopic analysis for stable C isotopes, as well as analysis for d2H-H2O was 

conducted at the University of Waterloo Environmental Isotope Laboratory. d13C-DOM 

and d15N-DOM samples were freeze dried and weighed into Elemental Microanalysis 
D1002 tin sample cup (Elemental Analysis Ltd., UK) and analyzed by EA-CF-IRMS using 
a Carlo Erba Elemental Analyzer and folding into an Elemental Microanalysis D1002 tin 
sample cup (Elemental Analysis Ltd., UK) (CHNS-O EA1108) coupled with a Delta Plus 

(Thermo) IRMS (d13C precision ± 0.2‰, d15N precision ± 0.3‰). d2H-H2O samples were 
analyzed by laser absorption spectrometry (LAS) using a Los Gatos Research (LGR) 

Liquid Water Isotope Analyser (LWIA), model T-LWIA-45-EP (precision d2H = ± 0.8 ‰). 
DOC concentration analysis was conducted using a Shimadzu Total Organic Carbon 

(TOC-L) analyzer (precision ± 0.3 mg C/L).  

d2H-DOM samples were first freeze dried at the University of Waterloo then 
analyzed at the University of Ottawa Ján Veizer Stable Isotope Laboratory for non-
exchangeable H using a Thermo Scientific thermal conversion elemental analyzer 

(TC/EA) (via a Confo IV) with a Costech Zero-blank autosampler (d2H precision ± 2‰), 

following (Doucett et al. 2007). d2H-DOM samples of L373, L239, L222, L221, U8, EIF, 
NEIF, and NWIF were taken in the 2018 field season and L227 was sampled in July 2019. 
DIC concentration and stable isotope samples were prepared by acidifying, then 
equilibrating the headspace. Samples were then analyzed by GC-CF-IRMS using an 
Agilent 6890 GC coupled to an Isochrom isotope ratio mass spectrometer (IRMS: 

Micromass UK) (d13C precision ± 0.3‰). DOC concentration analysis was conducted 

using a Shimadzu Total Organic Carbon (TOC-L) analyzer (precision ± 0.3 mg C/L).  

d13C-CO2 values were calculated using the “isocalc” package version 1 using 
measured values for water temperature, pH, and DIC concentration (Henderson, 2018). 

The d2H value of phytoplankton was estimated similar to Tonin (2019) using d2H= 160.9 

‰  ±17 (Wilkinson et al. 2013b). The mean d2H-H2O for lake water at IISD-ELA was 

calculated by taking the average of d2H-H2O for 28 different IISD-ELA lakes. Precipitation 
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d2H-H2O values for IISD-ELA were obtained from the International Atomic Energy 
Agency (IAEA) and World Meteorological Organization (WMO) Global Network of 
Isotopes in Precipitation (GNIP) database (IAEA and WMO 2020). 

3.3 Results  
3.3.1 d 2H-DOM, d 13C-DOM, and d 15N-DOM values of lake and inflow streams 
 The six lake d2H-DOM values ranged between -127 ‰ to -104 ‰ (Figure 3.1) and 

the four stream d2H-DOM values ranged between -117.5 ‰ and -94.8 ‰ (Figure 3.1). 

Lake water d2H-H2O values had a mean value of -70.2 ‰ (Figure 3.1). Stream d2H-H2O 

values determined using the GMWL for IISD-ELA are approximately -55.1 ‰. Lake d13C-

DOM values ranged between -28.0 ‰ and-27.2 ‰ (Figure 3.3). Stream d13C-DOM values 

ranged between -28.7 ‰ and -26.9 ‰ (Figure 3.3). d15N-DOM values for lakes ranged 
from 0 ‰ to 1.8 ‰ and between -2.12 ‰ and -0.15 ‰ for streams (Figure 3.5).  
 

3.3.2 d 2H, d 13C, and d 15N values of terrestrial vegetation and phytoplankton  
The mean d2H and d13C values of terrestrial vegetation from around the PHISH 

lakes at IISD-ELA were determined to be -187 ‰ and -29.7 ‰ respectively by Tonin 

(2019). Lake and stream DOM have more positive d2H-DOM values than the pooled 

terrestrial vegetation d2H value of -187.6 ‰ (n = 27), (Tonin 2019) (Figure 3.1, Figure 3.2). 

The mean d13C value of terrestrial vegetation at IISD-ELA was found to be -29.7 ‰ (Tonin 

2019) was more negative than the d13C-DOM values, which ranged between -26.9 ‰ 
(Figure 3.3).  

 The calculated mean phytoplankton d2H value (Tonin 2019) is more negative than 

surrounding lake water d2H-DOM (Figure 3.1, Figure 3.2). Phytoplankton d2H values are 

also more negative than zooplankton d2H values, as determined by (Tonin 2019) (Figure 

3.1, Figure 3.3).  

 Plotting d13C-DOM versus d13C-CO2 using three different apparent fractionations 

(eC) reported in Bade et al. 2006 and Mohamed and Taylor 2009) as shown in (Wilkinson 

et al. 2013b), results in three trend lines. However, d13C-DOM values of lakes and streams 

do not vary with d13C-CO2 values (Figure 3.4). Lake and stream values are more positive 

than the  d13C value of terrestrial vegetation at IISD-ELA. The lack of a trend of d13C-DOM 
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values with d13C-CO2 values is similar to the lack of a trend between d2H-DOM values 

and d2H-H2O values (Figure 3.2). For both lakes and streams, d2H-DOM values and d13C-

DOM values are relatively constant along the range in d2H-H2O values and  d13C-CO2 

values respectively.  

 d15N-DOM values of lakes and streams are more positive than the mean terrestrial 

vegetation value (-5.5 ‰, (Tonin 2019)). This is particularly true for lake d15N-DOM 
values (Figure 3.5).  

 
3.4 Discussion  
3.4.1 Comparing isotopic values of lake and stream DOM, terrestrial vegetation, and 
phytoplankton 

The terrestrial end member is frequently defined by taking the stable isotopic value 
of vegetation from the catchment, and calculating the mean value (Cole et al. 2002, Pace 
et al. 2004, Caraco et al. 2010, Solomon et al. 2011, Wilkinson et al. 2013a, 2013b, 
Guillemette et al. 2016); see Table 3.1, Table 3.2).  

However, this approach ignores the contributions of DOM to lake ecosystems and 
elicits the question of what should actually be considered terrestrial, when the majority 
of terrestrial organic carbon enters freshwater lakes as DOC (Schindler et al. 1997).   

The key assumption in using d2H-DOM to separate allochthonous and 
autochthonous OM is that the terrestrial end member can be obtained by using vegetation 
from the catchment, even though most terrestrial inputs to lakes enter as DOM. Thus, 
determinations of allochthonous OM based on the incorporation of vegetation alone 
assume that only vegetation is being consumed, not the microbial community that is 
gaining energy from DOM that may be allochthonous in origin.  

Since most of terrestrial organic carbon enters lakes as DOM (Schindler et al. 1997), 
it is composed of mostly terrestrial material (Jones 1992, Solomon et al. 2015). This is 

shown in IISD-ELA lakes and streams, because d13C-DOM values in the studied lakes and 

streams did not vary with calculated d13C-CO2 values (Figure 3.4). If the DOM was 

autochthonous in origin, it would change with d13C-CO2 as DOM from phytoplankton 

should (Wilkinson et al. 2013b). This also applies to d2H-DOM and d2H-H2O values 

(Figure 3.2), since d2H-DOM do not vary along the trendline plotted with eH. If DOM was 
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comprised of phytoplankton, the d2H-DOM values would vary in this predictable manner 
(Figure 3.2).  

Additionally, DOM samples from L227, an experimentally eutrophied lake with 
two annual phytoplankton blooms with high phytoplankton biomass and chlorophyll a 
concentrations (Higgins et al. 2018), should be composed of more autochthonous OM. 
L227 also has a long residence time (Figure 3.6), which is typically associated with lower 
terrestrial DOM loading (Zwart et al. 2017). Yet, L227 DOM is similar to the DOM from 

the oligotrophic lakes, as shown by d2H-DOM and d13C-DOM values (Figure 3.2, Figure 

3.4). This shows that lake DOM is dominantly comprised of terrestrial OM, even in a 
eutrophic lake.  

Differences between allochthonous and autochthonous OM can also be observed 

through d15N values. d15N-DOM values of lake and stream DOM are more positive than 
those of terrestrial vegetation (Figure 3.5). The boreal forest is nitrogen limited (Maynard 
et al. 2014), whereas in aquatic systems, nitrogen limitation can be circumvented due to 
nitrogen fixating species (Schindler et al. 2008). The nitrogen starved terrestrial 

environment causes the much more negative d15N values observed in vegetation. Thus, it 

is not accurate to equate lake DOM to terrestrial vegetation, as shown through d15N values 
(Figure 3.5). 

 
3.4.2 Separating allochthonous and autochthonous inputs to food webs 

Once allochthonous DOM reaches lakes, it is further transformed by 
microbiological (Tranvik 1992) or photodegradation (Findlay and Sinsabaugh 2003) 
processes. Through extensive abiotic and biotic in-soil and in-lake processing, it is 
apparent that while DOM is formed in the terrestrial environment, it is altered by the 
carbon cycle.  

This is clear because if no transformation of terrestrial OM occurred, DOM d13C, 

d2H, and d15N values would be very similar to vegetation. However, this is not the case. 

d13C-DOM values do not vary with d13C-CO2 values, indicating that DOM is not 

autochthonous in origin (Figure 3.4). d2H-DOM values show that in addition to not being 
autochthonous, lake DOM is distinct (i.e. more positive) from terrestrial vegetation 

(Figure 3.2). d15N-DOM values further support this finding (Figure 3.5). Using d2H values 
in lake food web studies should then allow for the identification of terrestrial inputs 
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(Doucett et al. 2007), as long as terrestrial inputs are viewed as DOM rather than 
vegetation.  

 
3.5 Conclusion  

DOM in these boreal lakes and streams does not reflect the autochthonous OM 
sources (unlike (Wilkinson et al. 2013b)), but is substantially modified from terrestrial 

vegetation, as shown by d2H-DOM values. Therefore, the stable isotopic values for 
terrestrial vegetation cannot be used to assess terrestrial contribution of lake DOM to food 
webs. While terrestrial material is the precursor to DOM, they are not the same because 
of microbial action, photodegradation, and other reactions within the lake carbon cycle.  

In conjunction, d13C, d2H, and d15N values show that lake and stream DOM does 
not come from an autochthonous source, while at the same time, it is distinct from 
terrestrial vegetation. It is clear that DOM is not the same as terrestrial vegetation and 
what is considered the terrestrial end member depends on the context of what the author 
wants to be considered terrestrial. In boreal systems, it is more accurate to use stable 
isotopic values of DOM, rather than catchment vegetation, as an allochthonous end 
member.  
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Table 3.1 Literature d2H values for terrestrial and phytoplankton end members.  

d2H-
terrestrial 

(‰) 

±SD 
(‰) 

d2H-H2O  
range 
(‰) 

d2H-  
phytoplankton 

range 
(‰) 

d2H-terrestrial  
source 

Reference 

-129.8 13.7 -86.7 to 
-61.7  

-254.2 to  
-224.5 

Forest soils (n=5, 
different depths 

including litter), peat 
soils (n=3), 

Sphagnum plants 
(n=4), fresh leaf and 
needle mixes (n=4, 

several tree species). 

(Berggren et 
al. 2014)  

-147.2 4.8 -106.8 to  
-80.5 

-277.3 to 214.3 Grass, mesquite, 
tamarisk, willow, 

and leaf litter (n= 31).  

(Doucett et al. 
2007) 

-117.6 12.23 -39.9 to  
-30.2 

-206.9 to -197.2 Fresh leaves from 
Acer spp. and 

Liriodendron tulipfera 
L. (n=8). 

(Emery et al. 
2015) 

-134.5 11.4 -97.9 to  
-94.3 

-233.7 Humus layer of 
dominant vegetation 

(spruce(n=3), 
pine(n=2), mire 

(n=3)). 

(Karlsson et 
al. 2012) 
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-129.5 15.2 -51.6 to 
-40.1 

-204.3 to -194.6 Pooled leaf material 
(n=18) collected 

from Acer saccharum, 
Acer rubrum, Betula 
alleghaniensis, Abies 

balsamea, Picea 
mariana, Tsuga 

canadensis, 
Thuja occidentalis. 
Authors note that 
these values are 

indistinguishable 
from lake DOM and 
groundwater (n=4).  

(Solomon et 
al. 2011, 

Wilkinson et 
al. 2013b) 

-173.2 to  
-117.6 

0.4 
to 

15.2 
 

-89.8 to  
-30.42 

-167.9 to -266.9 Leaf litter of 
dominant terrestrial 
plants, soil OM, or 

fresh leaves. 

(Tanentzap et 
al. 2017) 

-187.6 11.2 -76.9 to 
-64.9 

-239.9 to -225.0 Pooled leaf material 
(n = 27) collected 

from Pinus banksiana, 
Picea mariana, Larix 

laricina, Betula 
papyrifera. 

(Tonin 2019) 
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Table 3.2  Literature d2H-DOM values in lakes, rivers, reservoirs, and streams, and 
whether the values were measured directly as DOM or assumed.  

Study site 
type 

d2H-DOM 
range (‰) 

Measured 
or 

Assumed 

d2H-H2O 
range (‰) 

n Reference 

Lakes -154 to -123 Measured 
 

-86.7 to -61.7 18 (Berggren et 
al. 2014) 

Lakes -130a  Assumed -51.6 to 
-40.1 

4 (Solomon et 
al. 2011) 

Lakes -173 to  
-118b 

Assumed -89.8 to  
-30.42 

147 (Tanentzap et 
al. 2017) 

Lakes  -127 to 110 Measured 
 

-78.4 to -66.4  6 This study 

Lakes -151 to -102 Measured 
 

-80.0 to -42.0 39 (Wilkinson et 
al. 2013b) 

Reservoirs -129 to -94.2 Measured 
 

-39.9 to -30.2 10 (Emery et al. 
2015) 

Streams -118 to -94.8 Measured -55.06c 4 This study 
      

aPooled leaf material (n=18) collected from Acer saccharum, Acer rubrum, Betula 
alleghaniensis, Abies balsamea, Picea mariana, Tsuga canadensis, and Thuja occidentalis. 
Authors note that these values are indistinguishable from lake DOM and groundwater 
(n=4). 
b Leaf litter of dominant terrestrial plants, soil OM, or fresh leaves. Authors note that these 
values are indistinguishable from lake DOM inputs.  
c Estimated based off of the GMWL for IISD-ELA (Gibson et al. 2017).  
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Table 3.3 Summary of physical and chemical parameters of sampled lakes and streams, 
including lake order, lake area, lake volume, maximum depth (Zmax), residence time, and 
DOC concentration on the sampling day. Residence time calculated as the average 
theoretical water renewal time (years) by dividing lake volume (m3) by estimated outflow 
(m3). 

Lake DOC 
(mg/L) 

Lake 
order 

Lake 
Area 
(ha) 

Lake 
Volume 
(m3) 

Zmax 
(m) 

Estimated 
Outflow 
(m3) 

Residence 
time 
(years) 

 

L373 4.0 1 27.3 2941000 21 198316 14.8  
L239 7.0 1 56.1 5910000 30.4 967813 6.1  
L227 15.5 1 34.4 221000 10 84641 2.6  
L222 8.7 1 16.4 600000 5.8 502680 1.2  
L221 10.9 2 9 189100 5.7 201761 0.9  
L470 12.1 4 6 33000 2 412626 0.1  
U8 28.3 - - - - - -  
EIF 26.8 - - - - - -  
NWIF 32.8 - - - - - -  
NEIF 59.9 - - - - - -  
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Figure 3.1 d2H-DOM values of the sampled set of lakes and streams, and the average 
pooled d2H value of terrestrial vegetation (Tonin 2019). The mean zooplankton and 
phytoplankton values was taken from the d2H values were calculated for 8 IISD-ELA 
lakes (Tonin 2019). The mean lake water d2H-H2O value is an average of 28 IISD-ELA 
lakes. Mean stream water d2H-H2O is an average of the 4 IISD-ELA streams measured in 
this study. Mean precipitation was calculated using historical d2H-H2O values from IISD-
ELA from the GNIP database (n= 157) (IAEA and WMO 2020). 
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Figure 3.2 d2H-DOM values and d2H-H2O values of the sampled set of lakes and streams. 
The black line represents the mean d2H value of terrestrial vegetation at IISD-ELA (Tonin 
2019). Phytoplankton d2H values are represented by the green line and calculated using 
eH= 160.9, as determined by Wilkinson et al. (2013b).  
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Figure 3.3 d2H-DOM and d 13C-DOM values of the sampled set of lakes and streams, as 
well as the average pooled terrestrial vegetation from the PHISH lakes (Tonin 2019). The 
mean zooplankton values was taken from the d 2H values were calculated for 8 IISD-ELA 
lakes (Tonin 2019). The green box indicates the potential range in d13C and d2H 
phytoplankton values (Tonin 2019).  
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Figure 3.4 d13C-DOM values and calculated d13C-CO2 values of the sampled set of lakes 
and streams. The black line represents the mean d13C value of terrestrial vegetation at 
IISD-ELA (Tonin 2019). Phytoplankton estimated d13C values estimations are represented 
by the three green lines. The eC values used are the same as those utilized by Wilkinson 
et al. (2013b) and are based on various reported eC in (Bade et al. 2006, Mohamed and 
Taylor, 2009).  
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Figure 3.5 Paired plot of d2H-DOM, d13C-DOM, and d15N-DOM data. Terrestrial 
vegetation, phytoplankton, and zooplankton values are from (Tonin 2019).  
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Figure 3.6 Relationship between 2H-DOM and water residence time in the lake DOM 
samples.  
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 Determining CH4 dynamics using d13C-CH4 and d2H-CH4 values in 
Canadian Shield lakes 

4.1 Introduction 
Methane (CH4) is a key player in global greenhouse gas (GHG) budgets with 25 

times greater warming potential than carbon dioxide (CO2) on a 100-year time scale 
(Battin et al. 2009, Lehours et al. 2016). Although CH4 is naturally produced, emissions 
have dramatically increased in the past century. Atmospheric CH4 concentrations have 
risen from 0.72 ppm in preindustrial times to 1.86 ppm today (May 1, 2019) 
(Intergovernmental Panel on Climate Change 2014, National Oceanic and Atmospheric 
Administration 2019b), attributed to enhanced anthropogenic activities such as fossil fuel 
combustion, agriculture, waste management, and land use change (Walter et al. 2007, 
Kirschke et al. 2013, Saunois et al. 2016). To estimate these anthropogenic effects, it is 
important to investigate the processes responsible for CH4 production and consumption 
in the natural environment.  
 CH4 production, or methanogenesis, is conducted by archaea. Methanogenesis is 
the terminal degradation process of organic matter in anoxic freshwater (Biagini et al. 
1998). Methanogens are typically obligate anaerobes meaning that most cannot withstand 
high oxygen (O2) concentrations and live under reducing conditions (Eh < -200 mV) 
(Whiticar 1999, Venkiteswaran and Schiff 2005). This is because methanogenesis is 
dependent on the F420-hydrogenase enzyme complex, which is unstable at high 
concentrations of O2, nitrate (NO3

-), or nitrite (NO2
-) (Schönheit et al. 1981). However, 

production of CH4 has recently been observed in the oxic zone by cyanobacteria and as a 
result of other unknown processes (Donis et al. 2017, Bižić et al. 2020) 
  There are two main biogenic pathways of methanogenesis: acetate fermentation 
and carbonate reduction. Generally, methanogens are classified by their respective 
pathway of methanogenesis and carbon substrate. Acetate fermentation, or acetoclastic 
methanogenesis, (Equation 4.1) utilizes non-competitive substrates. Non-competitive 
substrates are those that not energetically favourable for other microbes (Whiticar 1999). 
Acetate fermentation has been thought to be the dominant methanogenesis pathway in 
freshwater sediments (Whiticar et al. 1986). 
 

Equation 4.1                                 CH3COOH ® CH4 + CO2 
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In contrast, carbonate reduction (Equation 4.2) utilizes competitive substrates, or 
substrates more effectively used by other microbes. Carbonate reduction is the dominant 
methanogenesis pathway in marine sediments with low sulfate (SO4

2-) concentrations. In 
these environments, SO4

2- reducing bacteria (SRB) become less active and cannot 
outcompete methanogens (Whiticar 1999). Carbonate reduction can occur in freshwater 
environments when other substrates are depleted and thus the bicarbonate pool can be 
used as a substrate for methanogens (Whiticar 1999). 
 

Equation 4.2                            CO2 + 8H+ + 8e- ® CH4 + 2H2O 

 
Once CH4 is produced, it can be used as an energy source for methanotrophs in 

CH4 oxidation or can be emitted to the atmosphere (Bastviken et al. 2003). CH4 oxidation 
can occur aerobically, whereby energy is generated from the oxidation of CH4 by O2 to 
produce CO2 and H2O. CH4 oxidation can also occur anaerobically where SO4

2- is the final 
electron acceptor. More recently, anaerobic oxidation of CH4 has been found in other 
environments, but the electron acceptors and pathways remain unknown (Martinez-Cruz 
et al. 2018).  

Globally, oxidation is a sink for CH4 (Kirschke et al. 2013), however, many natural 
aquatic ecosystems are sources of CH4 to the atmosphere (Kirschke et al. 2013). For 
instance, it is estimated that freshwater lakes are the second largest natural source of CH4 
to the atmosphere (Sieczko et al. 2020). Lakes emit CH4 via diffusion, ebullition, and flux 
from emergent vegetation (Sanches et al. 2019). Small lakes, such as the boreal lakes 
examined in this study, store large amounts of carbon and therefore are important in the 
carbon cycle and in terms of regional carbon fluxes (Cole et al. 2007). Small lakes have 
been shown to have high rates of CH4 and CO2 emissions per unit area (Bastviken et al. 
2004, DelSontro et al. 2018).  

Lake surface CH4 is a source of CH4 to the atmosphere (Bastviken et al. 2004). 
Therefore, if the source of lake CH4 cannot be identified, the source of a portion of 
atmospheric CH4 cannot be identified. In a mixed or poorly stratified lake, the majority 
of CH4 that reaches the sediment-water interface is oxidized by aerobic methanotrophs 
and can be subsequently incorporated into the food web (Grey 2016). In stratified lakes 
with anoxic bottom waters, CH4 reaches the oxic-anoxic boundary in the water column 
where it is mostly consumed by aerobic methanotrophs, which can be consumed by 
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zooplankton and feed higher trophic levels (Grey 2016). However, it is important to note 
that not all CH4 is consumed, as a portion of lake CH4 flux can be lost to the atmosphere 
through ebullition and diffusion (DelSontro et al. 2016).  

CH4 concentration in surface water is a function of methanogenesis, 
methanotrophy, rates of methane fluxes within the lake, and rates of fluxes between the 
lake and the atmosphere (Bastviken et al. 2004). CH4 concentrations are so low in the 
mixed water column because methanogenesis is an anoxic process (Whiticar 1999). In 
order for methane production to occur, low O2 concentrations are imperative because 
methanogens are obligate anaerobes (Whiticar 1999, Venkiteswaran and Schiff 2005). 
Therefore, in order for high rates of methane production, low oxygen concentrations are 
necessary. It has been shown that low CH4 concentrations are observed in conjunction 
with high O2 saturation in a variety of lake types (Juutinen et al. 2009). Any CH4 has 
diffused from anoxic waters below or from anoxic sediment and will be diffused to the 
atmosphere.  

Zooplankton have been shown to consume methanotrophic, or CH4-oxidizing 
bacteria and archaea (Taipale et al. 2008, Schilder et al. 2015).  In the past, it was thought 
that CH4 did not escape to the oxic zone and remained in anoxic sediments and in the 
bottom, anoxic waters of lakes. Recent work has shown that CH4 can be produced in the 
oxic water column (Bogard et al. 2014) and that CH4 can also be consumed in the anoxic 
zone. CH4 provides a connection between the benthic and pelagic zones of lakes and can 
potentially play an important role in the overall lake food web (Deines et al. 2009, Grey 
2016). CH4 derived carbon in lake food webs can be reflected at all trophic levels, from 
the base (e.g. algae) to higher consumers (e.g. fish). The stable isotopic values of CH4 can 
illustrate the importance of CH4 to the lake carbon cycle and potentially to lake food webs 
(Figure 4.1).  

CH4 produced by methanogens has lower d13C and lower d2H values with respect 
to CO2, plant material, and surrounding lake water (Woltemate et al. 1984, Peterson and 
Fry 1987). These negative values are characteristic of biogenic CH4, and therefore can be 
used to determine if CH4 has been consumed and thus if methanotrophs contribute to 
aquatic food webs (Deines et al. 2009, Jones and Grey 2011, Grey 2016).  

The two main pathways of methanogenesis have characteristic ranges in d13C and 

d2H values. Typically, CH4 produced by acetate fermentation (Equation 4.1) has d13C 
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values of -70 ‰ to -50 ‰ whereas CH4 produced by carbonate reduction (Equation 4.2) 

has d13C values of -110 to -60 ‰ (Whiticar 1999).  CH4 produced by acetate fermentation 

typically has d2H values of -400 ‰ to -250 ‰, and CH4 produced by carbonate reduction 

has d2H values of -250 ‰ to -150 ‰ (Whiticar et al. 1986, Schoell 1988, Whiticar 1999). 

These notably low d2H values are due to large fractionation of hydrogen during CH4 
production, especially via acetate fermentation (Whiticar 1999).  

The d2H-CH4 values may be dependent on the isotopic composition (d2H-H2O) of 
environmental water (Waldron et al. 1999). The hydrogen in CH4 is derived from 
formation water for the carbonate reduction formation pathway (Equation 4.2) (Pine and 
Barker 1956, Daniels et al. 1980). Similarly, it has been shown that in shallow, low sulfate 
environments, that the isotopic values of hydrogen incorporated into CH4 produced from 
acetate fermentation also depends on the isotopic values of the formation water (Waldron 
et al. 1999). Laboratory incubation experiments by Waldren et al. (1999) approximated 

that 50% of variation in d2H-CH4 values in shallow, subsurface, freshwater could be 

explained by d2H-H2O values.  

 In CH4 oxidation, the residual CH4 pool more positive in d13C-CH4 and d2H-CH4 

because 12C is used preferentially over 13C. Fractionation factors for CH4 oxidation are eC= 

4-30 ‰ and eH= 95-285 ‰ (Whiticar 1999). Fractionation factors in boreal reservoirs for 

d13C-CH4 have been reported in a much tighter range of 18.6 to 21.4 ‰ (Venkiteswaran 
and Schiff 2005).  

It is common to measure only d13C-CH4, however measuring d2H-CH4 can provide 
information pertaining to the biogenic production pathway, and can further separate 
oxidation from a change in methane formation pathway (Whiticar 1999). Most work 

utilizing d2H values of CH4 in aquatic ecosystems focuses on large, deep, and 
permanently anoxic tropical lakes (Pasche et al. 2011); large, deep, and permanently ice 
covered lakes (Wand et al. 2006); arctic lakes (Cadieux et al. 2016); temperate wetlands 
(Hornibrook et al. 1997, Sugimoto and Fujita 2006, Alstad and Whiticar 2011); and 
northern terrestrial wetlands (Chasar et al. 2000, Chanton et al. 2006) (Table 4.1). These 
environments are markedly different from the small, soft water, and oligotrophic lakes 
characteristic of the Canadian Shield. These small boreal lakes are important to the global 
carbon cycle due to the large amount of carbon they store and high rates of both CH4 and 
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CO2 emissions (Bastviken et al. 2004, Cole et al. 2007, DelSontro et al. 2018). Further, large 

datasets including d2H-CH4 values are lacking in current literature (Conrad 2005), and 

there is a lack of information particularly on the d2H values of methanotrophs themselves 

(Grey 2016), as well as fractionation factors for d2H-CH4 in methanogenesis and CH4 
oxidation.  

 To study the use of d13C-CH4 and d2H-CH4 in understanding CH4 dynamics in 
small boreal lakes, fourteen lakes were selected at the International Institute for 
Sustainable Development – Experimental Lakes Area (IISD-ELA). These fourteen lakes 
span a dissolved organic carbon (DOC) gradient of 3.3 mg/L – 12 mg/L and represent 
varying mixing regimes.   
 
In Chapter 4, I aim to:  

1. Examine and define the range of d13C-CH4 and d2H-CH4 values in fourteen 
boreal lakes, over four broad categories: deep anoxic bottom lakes, shallow 
anoxic bottom lakes, majority oxic lakes, and polymictic lakes.  

2. Compare the observed d13C-CH4 and d2H-CH4 values to atmospheric values 
and predictions of sources based on literature values for both surface and 
deeper water column CH4 

3. Assess the potential roles of methanogenic pathway and CH4 oxidation in 
controlling CH4 isotopes.  

 

4.2 Material and methods  
4.2.1 Study Sites 

The fourteen selected lakes (Table 4.2) are located at the IISD-ELA, a research station 

located on the Canadian shield in northwestern Ontario (49°40`N, 93°44`W) (Figure 1).  
The lakes were sorted into groups based on if their water columns were deep and anoxic 
at the bottom, shallow and anoxic at the bottom, oxic, or polymictic.  

Four different lakes fall into the deep lakes with anoxic bottoms group: L223, L224, 
L227, and L442, characterized by being greater than 6 m in depth and having anoxia 
develop in their bottom depths (“anoxic deep lakes”: L223, L224, L227, L442). Similarly, 
three lakes are characterized by being shallower than 6 m in depth and having anoxia 
develop in their bottom depths (“shallow lakes”: L221, L222, L304). The remaining lakes 
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are termed “oxic” (L164, L239, L373, L626, and L658) and are characterized by having a 
water column that is mostly oxic with the exception of the bottom one or two depths and 
are not stratified. Lastly, two polymictic lakes were examined in this study (L303 and 
L470; permanently mixed and has no hypolimnion).  

 
4.2.2 Field sampling 

Each lake was sampled midsummer in 2018 for a suite of water chemistry and 
stable isotope parameters. Full lake water column profiles were sampled at the maximum 
depth using a gear pump. Depending on the depth of the lake, samples were taken at 2-
5 m intervals throughout the water column.  
 As part of IISD-ELA’s long term ecological research (LTER) program, temperature 
profiles were taken biweekly for L239, L373, L442, and L224 using an RBR sonde. As such, 
LTER temperature profiles were used for these lakes. For PHISH project lakes, monthly 
temperature profiles were taken using an EXO II water-quality sonde. For lakes not 
sampled as part of the LTER program or the PHISH project, separate temperature profiles 
were taken during sampling.  
 L227 is an experimentally eutrophied lake, and nutrients have been added in 
various N:P ratios since 1969 (Hecky et al. 1994). Sonde profiles were taken biweekly in 
L227 using an RBR sonde.  

Samples for CH4 concentration and CH4 stable isotope analysis were collected in 
60 mL glass serum bottles with no headspace, then preserved by injecting a saturated 
solution of ZnCl2. Samples for DOC concentration analysis were collected in 40 mL amber 

glass vials. Using Whatman QM-A quartz filters with a nominal pore size of 2.2 µm, 
particulate organic matter (POM) isotope samples were collected, frozen, and shipped 
back to the University of Waterloo. pH samples were collected in 15 mL PET containers 
with a Hach HQ40d meter and IntelliCALTM PH301 probe. 

 

4.2.3 Stable isotope analysis and calculations 
 d13C-CH4 and d2H-CH4 analysis was undertaken at the Environmental 

Isotope Laboratory at the University of Waterloo. Samples were prepared by using the 
headspace equilibrium method, where serum bottles were injected with helium 
simultaneously as water was removed, then gently shaken to ensure equilibration 
between the gas and liquid phase. Concentrations could then be calculated using Henry’s 
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Law. The headspace was analyzed by GC-CF-IRMS using an Agilent 6890 GC coupled to 

an Isochrom isotope ratio mass spectrometer (IRMS: Micromass UK) (d13C precision ± 0.3 

‰, d2H precision ± 5 ‰, detection limit 1 ppm CH4). d2H-H2O samples were analyzed by 
laser absorption spectrometry (LAS) using a Los Gatos Research (LGR) Liquid Water 

Isotope Analyser (LWIA), model T-LWIA-45-EP (precision d2H precision ± 0.8 ‰). DOC 
concentration analysis was conducted using a Shimadzu Total Organic Carbon (TOC-L) 

analyzer (precision ± 0.3 mg C/L). d13C-POM analysis was conducted by drying frozen 
Whatman QM-A quartz filters and analyzed by EA-CF-IRMS using a Carlo Erba 

Elemental Analyzer (CHNS-O EA1108) coupled with a Delta Plus (Thermo) IRMS (d13C 

precision ± 0.2‰). d13C-POM values are not available for the L221 and L304 profiles. d13C-
DIC samples were prepared by acidifying, then equilibrating the headspace. Samples 
were then analyzed by GC-CF-IRMS using an Agilent 6890 GC coupled to an Isochrom 

isotope ratio mass spectrometer (IRMS: Micromass UK) (d13C precision ± 0.3‰). 

d2H-DOM samples were first freeze dried at the University of Waterloo then 
analyzed at the University of Ottawa Ján Veizer Stable Isotope Laboratory for non-
exchangeable H using a Thermo Scientific thermal conversion elemental analyzer 

(TC/EA) (via a Confo IV) with a Costech Zero-blank autosampler (d2H precision ± 2‰), 

following (Doucett et al. 2007). d2H-DOM samples of L373, L239, L222, and L221 were 
taken in the 2018 field season and L227 was sampled in July 2019. DIC concentration and 
stable isotope samples were prepared by acidifying, then equilibrating the headspace. 
Samples were then analyzed by GC-CF-IRMS using an Agilent 6890 GC coupled to an 

Isochrom isotope ratio mass spectrometer (IRMS: Micromass UK) (d13C precision ± 0.3‰).  

 d13C-CO2 values were calculated using the “isocalc” package (version 1) using 

measured values for water temperature, pH, and DIC concentration, and measured d13C-

DIC (Henderson, 2018). d13C-CO2 values could not be calculated for L304, L470 2m, L442 
15m, and L164 6 m.  
 Thermocline depths were calculated using the R package “rLakeAnalyzer” 
version 1.11.4.1 (Winslow et al. 2019).  In order to assess the potential role of CH4 
oxidation in controlling CH4 isotopes, the R package “rayleigh” version 0.1.3 was used 

(Venkiteswaran 2019). A set of seven calculated carbon fractionation factors (e)  ranging 
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from -21.4 ‰ to -14.0 ‰ were used to estimate the d2H-CH4 and d13C-CH4 values of 

oxidized CH4 produced from hypolimnion values (Venkiteswaran and Schiff 2005). A e= 
-190 ‰ for hydrogen was estimated from the mean of the range of suggested values in 
Whiticar (1999). 

Keeling plots are often used to examine the diffusion fluxes between the 
atmospheric concentration of a gas and a source (Pataki et al. 2003, Nickerson and Risk 
2009). Keeling plots are underpinned by two assumptions; (1) only two gas components 
are examined and (2) the isotopic values of the two gas components does not change over 
the course of the observation (Pataki et al. 2003). Keeling plots also assume linearity, 
however, these diffusive processes are non-linear processes in non-steady state 
environments (Nickerson and Risk 2009). In this thesis, a Keeling plot were used to 
identify difference between lake CH4 and atmospheric CH4.  

 
4.3 Results   
4.3.1 CH4 Concentrations  

The mean concentration of CH4 in the well mixed water column is 0.76 µM, 

compared to the atmospheric value of 0.077 µM, or ten times supersaturated. At this level 
of supersaturation, isotopic exchange with the atmosphere is a very small effect (Thuss 
2008). Lakes that developed anoxia in their hypolimnia had the highest CH4 
concentrations (Figure 4.7). 

 

4.3.2 Epilimnion CH4 isotopes  
Surface d13C-CH4 values for all lakes ranged between -67.2 ‰ and -39.4 ‰, while 

d2H-CH4 ranged between -323 ‰ and -121 ‰ (Figure 4.3, Figure 4.4). Atmospheric d13C-
CH4 has a value of -47.2 ‰ (Rice et al. 2016), which falls within this range. In comparison, 

d2H-CH4 values in the well mixed water column are much more negative than the 
atmosphere (-95.0 ‰; (Rice et al. 2016)), ranging between -323 ‰ and -121 ‰. These 

isotopic values are accompanied by low CH4 concentrations (<2 µM CH4 with the 
exception of one outlier) (Figure 4.9).  
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4.3.3 Metalimnion CH4 isotopes  
 In most lakes across the oxic, and deep and shallow anoxic bottom lakes the d2H-

CH4 and d13C-CH4 values in the middle of the water column are more positive than the 
surface or bottom depths (Figure 4.3, Figure 4.4). This is not the case for the two 
polymictic lakes (Figure 4.3, Figure 4.4).  
 

4.3.4 Hypolimnion CH4 isotopes 
The d2H-CH4 values at the bottom depths of each lake that develops an anoxic 

hypolimnion ranged between approximately -350 ‰ and -300 ‰ (Figure 4.3). Anoxic 

hypolimnion d13C-CH4 values ranged between approximately -76.6 ‰ and -41.9 ‰ 

(Figure 4.4). The most negative d2H-CH4 and d13C-CH4 values were also found where the 

CH4 concentrations were highest (Figure 4.11). In lakes with oxic bottoms, d13C-CH4 and 

d2H-CH4 values were similar to the surface values (Figure 4.3, Figure 4.4).  

In the shallow lakes with anoxic bottoms, the d13C-CH4 values stay relatively 
consistent throughout the water column, in the -50 ‰ range  (Figure 4.4). However, these 
values decrease compared to the surface, reaching up to -76.6 ‰ at the bottom of L442 
and -74.4 ‰ at the bottom of L221 (Figure 4.4).  
 Lakes with an oxic water column and an oxic hypolimnion have extremely low 
CH4 concentrations throughout their water columns, with the exception of the bottom the 

L658 (Figure 4.7). At the bottom of L658, where the d13C of CH4 is -70.5 ‰. This value is 
accompanied with high CH4 concentrations (Figure 4.7) low O2 concentrations (Figure 
4.8), indicating that there is CH4 production occurring.  
   

4.3.5 Lake d 2H-H2O and d 2H-DOM values  

Lake d2H-H2O values in this study ranged between -72.6 ‰ and -63.7 ‰. Where 

d2H-CH4 values are available, literature values of d2H-H2O values for environmental 
water range from -282 ‰ to -36.7 ‰ (Table 4.1). There is not a strong relationship 

between the lake d2H-H2O values and d2H-CH4 values in the studied lakes or in the 

literature values (Figure 4.13, Table 4.1). The d2H-DOM values in a subset of lakes exhibit 
a small range, varying from -127.2‰ to -103.9 ‰. There is also not a strong relationship 

between d2H-DOM and d 2H-CH4 values (Figure 4.13).   
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4.3.6 d 13C-DIC, d 13C-CO2 and d 13C-POM values  
d13C-DIC values ranged from -24.53 ‰ to 1.17 ‰ (Figure 4.5).  Calculated d13C-CO2 

values ranged from -28.5 ‰ to -8.55 ‰ (Figure 4.11). d13C-POM values ranged from 
(Figure 4.6).  

More negative values for both d13C-CO2 and d13C-CH4 can be found at deeper 

depths (Figure 4.11A). At higher CH4 concentrations, more negative d13C-CO2 values are 

observed, however, the highest CH4 concentration (987 µM, L227 10 m) has a d13C-CO2 

value of -14.0 ‰ (Figure 4.11B). Low CH4 concentrations exhibit a large range of d13C-CO2 

values (Figure 4.11B).  The calculated d13C-CO2 values do not fit the range of fractionation 

factors (e= 4, e= 17, e= 30) suggested by Whiticar (1999) (Figure 4.11A).  

Surface d13C-DIC values are approximately the same for each lake (Figure 4.5). 

Surface d13C-POM values are approximately – 30 ‰ for most lakes (Figure 4.6). This is 

shown in Figure 4.12, where negative d13C-POM values are associated with negative d13C-

CH4. There is a relationship between d13C-DIC and d13C-POM values in the lakes (p= 
7.27*10-3, R2= 0.336) (Figure 4.10).  

 

4.3.7 Seasonal CH4 dynamics and CH4 isotopes in L227 and L442 
CH4 concentrations are low in the surface for each month, then much higher in the 

hypolimnion (Figure 4.16E). The highest hypolimnion CH4 concentrations were found in 
September 2018 (Figure 4.16E). The hypolimnion is anoxic for May, July, and September 
of 2018 (Figure 4.16F). 

Most negative d2H-CH4 values in L227 occur in September, rather than earlier in 

the ice-free season (Figure 4.15A). This is also the case for d13C-CH4 values In May and 

June at 4 m, the d13C of CH4 is approximately -20 ‰, whereas in September the 4 m  d13C-

CH4 values reaches -66.9 ‰. (Figure 4.15B). d13C- DIC values follow roughly the same 
trend for each month, however, September appears to have more positive values than 

May and June (Figure 4.15C). Surface d13C-POM values are approximately -23 ‰ in June 
and September, but more negative (approximately -29 ‰) in May (Figure 4.15D).  

Surface CH4 concentrations are identical in all three months, and concentrations 
increase deeper in the water column (Figure 4.15E). The highest CH4 concentrations were 
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observed in September (Figure 4.15E). For June and September, L227 is anoxic below the 
thermocline, whereas the water column is oxic in May (Figure 4.15F). 

 The seasonal changes in d2H-CH4, d13C-CH4, d13C-DIC, d13C-POM, CH4 
concentration, and O2 concentration in L442 were also explored in May, July, and 

September 2018. The most negative values for d2H of CH4 are at 17 m of L442 at 

approximately -300 ‰ in each month (Figure 4.16A). Surface d2H-CH4 is also 
approximately -300 ‰ in July and September, however, the surface value in May is -237.4 

‰ (Figure 4.16A). A d2H-CH4 value outlier is observed for September at 9 m, where the 

d2H-CH4 value is -39.7 ‰.  A similar pattern can be observed in d13C-CH4 values for L442 

in the ice-free season (Figure 4.16B). July and September d13C-DIC values are very similar 

to each other (Figure 4.16C). In contrast, the May d13C-DIC values are more negative in 

the surface (Figure 4.16C). d13C-POM values for July and September are very similar in 
the surface (approximately -30 ‰) and follow the same relative trend deeper in the water 
column, with the July values being more negative compared to the September values. 

May d13C-POM values are more negative in the surface (-35 ‰) and are generally more 
positive at deeper depths (Figure 4.16D).  
 

4.3.8 Theoretical Rayleigh fractionation of hypolimnion CH4 and determination of methanogenesis 
pathway 
 The CH4 in this suite of lakes is not atmospheric (Figure 4.18, Figure 4.19).  The 
high concentration, hypolimnion CH4 for the most part does not fall within the acetate 
fermentation or carbonate reduction pathway (Figure 4.19). While these values are within 

range for the acetate fermentation pathway in terms of their d2H-CH4 values, this is not 

the case for their d13C-CH4 values, which are more negative (approaching -80 ‰).  
 Above the thermocline, select CH4 samples fell within the range of acetate 
fermentation (Figure 4.18), while no samples were found in the range of carbonate 
reduction methanogenesis given by Whiticar (1999) (Figure 4.18) .   

When examining all CH4 data, only two samples fall within the diagnostic range 
for carbonate reduction methanogenesis, L223 9 m and L227 6 m (Figure 4.19). In contrast, 
some of the CH4 for the whole water column falls within the range for acetate 
fermentation methanogenesis.  
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The relationship between calculated d13C-CO2 values and d13C-CH4 values show 

that most CH4 falls above the range of e for CH4 oxidation suggested by Whiticar (1999).  

 
4.4 Discussion  
4.4.1 Epilimnion CH4 isotopes and CH4 processes  
 

Although the data do not represent a true mixing scenario between atmospheric 
CH4 and lake CH4, Keeling plots can still show fundamental differences between these 
two CH4 pools. There are two important source values for biogenically produced CH4- 

environmental water and atmospheric CH4. Atmospheric CH4 has a d2H-CH4 value and a  

d13C-CH4 value of -95.0 ‰ and -47.2 ‰ respectively (Rice et al. 2016).   Particularly in the 

case of d2H-CH4 values, it is apparent that atmospheric CH4 is not consistent with lake 
surface CH4 and that it is not a CH4 source to lake surface water. Atmospheric CH4 has a 

more positive d2H-CH4 value than the values observed above lake thermoclines (Figure 

4.9D). While surface water d13C-CH4 values may be similar to atmospheric CH4, the 
concentration of surface water is 1-2 orders of magnitude higher than the atmosphere and 

the d2H-CH4 values are much more negative. Therefore, lake CH4 is distinct from 
atmospheric CH4.   

Since lakes are supersaturated in CH4 during the ice-free season, and the d13C-CH4 

and d2H-CH4 values show that lake CH4 does not originate from the atmosphere, the 

source of epilimnion CH4 are called into question. Epilimnion d13C-CH4 values are quite 
similar across lake groups (Figure 4.18). This is because above the thermocline, CH4 fluxes 
from the sediment are well mixed with surface water in the ice free season (Bastviken et 
al. 2008, Juutinen et al. 2009). CH4 is either consumed by methanotrophs at the sediment 
water interface (Bastviken et al. 2002) or released to the atmosphere via diffusion 

(Bastviken et al. 2004).  However, d13C-CH4 values are more positive than one would 
expect from oxidized hypolimnion CH4 (Figure 4.18).  

The range in epilimnion d2H-CH4 values (Figure 4.18) indicate that oxidation is not 
the only potential process responsible for CH4 concentrations in the epilimnion. For 
instance, oxic water column methanogenesis (Bogard et al. 2014, Khatun et al. 2019). 
However, Bogard et al. (2014) posit that their sampled CH4 originated from the acetate 
fermentation pathway, whereas the CH4 sampled in this thesis do not clearly fall within 
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this diagnostic range. In three Arctic lakes, extremely positive d2H-CH4 and d13C-CH4 
values (>0 ‰) were found under ice and in open water (Cadieux et al. 2016a). These 
values indicate very efficient methanotrophs that can fractionate C and H to a very high 
degree and were also associated with low CH4 concentrations (Cadieux et al. 2016a). 
Epilimnion CH4 from the IISD-ELA lakes studied does not show this degree of oxidation. 
Therefore, there is a large range of CH4 isotopic values possible in freshwater 
environments.  

During the midsummer, the surface layer would be well mixed and at relative 
equilibrium with the atmosphere. This is because phytoplankton are taking up DIC from 

the surface of the lake, and as shown by the d13C-DIC values, the DIC in each lake is fairly 
similar. 
 
4.4.2 Hypolimnion CH4 isotopes and processes  

Hypolimnion d13C-CH4 and d2H-CH4 values are similar across lakes (Figure 4.3, 

Figure 4.4; d13C-CH4 within 32.7 ‰, d2H-CH4 within 250.6‰), and suggests that that 
across lake groups, CH4 processes in the hypolimnion are similar, likely due to CH4 

escaping from anoxic sediments. In terms of d13C-DIC values, there are more negative 
values in the hypolimnion (Figure 4.5) because of organic matter (OM) degradation 
(Herczeg 1987). This was also the case in 32 small European lakes (Rinta et al. 2015). When 
stratified, the hypolimnion is essentially isolated from the rest of the lake, building up the 
products of OM degradation (Herczeg 1987).  In addition, CH4 oxidation will produce 

negative d13C-DIC values (Whiticar et al. 1986, Whiticar 1999).  
The hydrogen atoms of CH4 originate from either water or acetate (organic matter) 

(Woltemate et al. 1984, Whiticar 1999, Chanton et al. 2006). During carbonate reduction 
methanogenesis, all four hydrogen atoms come from water, whereas during acetate 
fermentation methanogenesis, three hydrogen atoms come from  a methyl (CH3) group, 
with the remaining hydrogen atom supplied by water (Whiticar et al. 1986). This is what 

causes the large ranges in possible d2H-CH4 values for biogenic CH4. Therefore, the d2H-

H2O values of formation water are one controlling factor that determines the d2H-CH4 
values of CH4.  

d2H-H2O values are important for CH4 isotopes because they dictate the d2H-CH4 

value, especially in the case of carbonate reduction. d2H-H2O values for IISD-ELA lakes 
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are at the higher end of the range of observed values in literature (Table 4.1). These more 

negative d2H-CH4 values compared to formation water are characteristic to biogenic CH4 
(Woltemate et al. 1984). However, only two hypolimnion samples fell within the 
suggested ranges for carbonate reduction (Figure 4.19) and there was no strong 

relationship found between d2H-H2O values and d2H-CH4 values (Figure 4.13). Therefore, 

in the case of the IISD-ELA lakes studied, d2H-H2O values do not play a large role in 

dictating d2H-CH4 values.  

d2H-CH4 values from Lake Kivu, a meromictic African Rift lake (maximum depth 
of 485 m) has a large portion of its CH4 produced via carbonate reduction below 260 m, 
whereas in shallower depths acetate fermentation is more dominant (Pasche et al. 2011), 

based on d13C-CH4 values. This was also found in Lake Untersee, where carbonate 

reduction accounts for 90-100 % of methanogenesis (Wand et al. 2006). In these lakes, d2H-

H2O values play a larger role in determining d2H-CH4 values as they are meromictic, 
meaning that they are permanently stratified. This is in direct contrast to the suite of IISD-
ELA lakes sampled for this study in which only a subset seasonally stratify. However, 
studies have shown that when stratified, IISD-ELA lakes can be compared to large 
meromictic systems such as Lake Kivu (Schiff et al. 2017). Studies of peat porewaters 
(Hornibrook et al. 1997, Chasar et al. 2000, Chanton et al. 2006, Alstad and Whiticar 2011) 
show that at depth, carbonate reduction methanogenesis is dominant, compared to 
acetate fermentation in the surface. The above studies outline the reason for the change 
of pathway with depth as deeper peat is differences in the type of organic matter 
substrates for methanogenesis. Therefore, the lake values in this study do not show the 
transition between methanogenesis pathway at depth. 

Although DOM could provide a substrate in the anoxic, DOM rich hypolimnion 

at IISD-ELA, there is no clear relationship between d2H-DOM and d2H-CH4 (Figure 4.14). 

The d2H-H2O values are not highly variable for these lakes (Figure 4.13) and therefore do 

not account for the variation in d2H-CH4.  It has previously been established that there is 
a need for additional research on the fractionation of hydrogen isotopes between organic 
matter, acetate, CH4, H2, and H2O (Chanton et al. 2006). Without estimates of the 
fractionation factor between organic matter and CH4 in acetate fermentation, it is hard to 

determine the role of d2H-DOM values on d2H-CH4 values. It is also important to note that 
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many hypolimnion CH4 samples fall outside of the suggested diagnostic range for acetate 
fermentation (Figure 4.19).  
 

4.4.3 Examination of isotopic values of CH4 oxidation   
A theoretical, closed system, Rayleigh fractionation was assumed using a range of 

eC values (Venkiteswaran and Schiff 2005) and the mean eH found in Whiticar (1999) to 

calculate d2H-CH4 and d13C-CH4 values of residual CH4 after oxidation. The mean d13C-
CH4 value of metalimnion/hypolimnion source CH4 in 14 Canadian Shield lakes in 
Quebec was found to be -72.5 ‰ (Thottathil et al. 2018), compared to -72.3 ‰ in this 

study. Most low concentration CH4 samples fall above the line for eC= 21.4. This may 

suggest that the eC value in these systems may be >21.4. CH4 oxidation is limited by CH4 
concentration (i.e. methanogenesis) (Thottathil et al. 2019), illustrating that CH4 oxidation 
is accompanied by low CH4 concentrations. These more positive values of CH4 can be 
found in the middle of the water column, at the anoxic/oxic boundary, as this is where 
CH4 oxidation occurs (Rudd et al. 1974, Kankaala et al. 2013, Blees et al. 2014, Oswald et 
al. 2015, Zigah et al. 2015) (Figure 4.3, Figure 4.4).  

Evidence of methanotrophy at intermediate depths in lakes with anoxic bottoms 

is also shown by d13C-CH4 values. For instance, at L227 4m the d13C-CH4 value is -17.9 ‰ 
alongside relatively low CH4 and O2 concentrations.  There are several samples which 

may be the residual CH4 from CH4 that has been highly oxidized, with d2H-CH4 values 

>-100 ‰, the highest being at L442 9m, with d2H-CH4 = -39.0 ‰. This indicates that 
between 75 % and 90 % of that CH4 has been oxidized (f= 0.25 to 0.1) (Figure 4.17). CH4 
oxidation often takes place in the middle of the water column, near the thermocline, and 
thus may be the cause of the more positive values (Figure 4.3, Figure 4.4). This means 
that in the case of the stratified lakes studied in this thesis, it is likely that the CH4 
produced in the hypolimnion diffuses to the anoxic/oxic boundary, and is oxidized by 
methanotrophs (Blees et al. 2014, Vachon et al. 2019). 
 

4.4.4 Seasonal progression of 13C-CH4 and d2H-CH4 values in two stratified boreal lakes 
The seasonal progression of two deep boreal lakes that develop anoxia, L227 and 

L442, was examined. Through the ice-free season, as the lake becomes more and more 
stratified, the thermocline deepens. Summer stratification of boreal lakes causes distinct 
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chemical gradients, for instance CH4 concentrations are higher later in the ice free season 
and O2 is lower later in the season for both L227 and L442 deeper in the water column 
(Figure 4.15, Figure 4.16). Juutinen et al. (2009) showed that in a suite of 207 Finnish lakes, 

lake CH4 storage was higher during stratification, and variations in DIC and d13C-CH4 

values have been found to have been a consequence of stratification in 32 European lakes 
(Rinta et al. 2015). When lakes are strongly stratified, there is higher CH4 storage (Vachon 
et al. 2019). Therefore, not only can methanogenesis take place in lake sediment, but also 
in the anoxic hypolimnion of lakes such as L227 and L442. This results in the seasonal 
trends present in the lakes.  

The seasonal progression of these two lakes shows that the d2H-CH4 and d13C-CH4 

values are more negative in September (Figure 4.15, Figure 4.16). More negative d13C-CH4 

values were found with high CH4 concentrations, while more positive d13C-CH4 values 
were found with lower CH4 concentrations (Rinta et al. 2015). These highly negative 
values observed in L227 and L442 may be due to the timing of high CH4 concentrations.  

Higher in the water column in L227, less negative d13C-CH4 values are observed in May 
and June (Figure 4.18B) as methanotrophs use 12C over 13C during CH4 oxidation (Barker 
and Fritz 1981). In two northern temperate stratified lakes, Paul and Peter Lake, these 

increases in d13C-CH4 in the middle of the water column can also be observed over the ice 
free season between May and September (Bastviken et al. 2008). Similarly, more positive 

d2H-CH4 values in L227 and L442 are likely from residual CH4 after CH4 oxidation 
occurring at the anoxic/oxic boundary, as exhibited by the O2 profile (Figure 4.16). Along 
the sediment water interface, the anoxic/oxic boundary is typically where CH4 oxidation 
occurs due to low O2 concentrations and high CH4 concentrations (Rudd et al. 1974, 
Kankaala et al. 2013, Blees et al. 2014, Oswald et al. 2015, Zigah et al. 2015). In addition, 
L227 is eutrophic, and therefore high CH4 concentrations are likely due to the large 
availability of OM (Jones and Grey 2011). In one study, it was estimated that 90 % of the 
CH4 produced in the summer in L227 did not leave the anoxic hypolimnion (Rudd and 
Hamilton 1978).  

 
4.4.5 Potential incorporation of CH4 in the food web shown through d 13C-POM values  

Many studies have shown that through CH4 oxidation metabolism, CH4 can be 
incorporated into lake food webs (Bastviken et al. 2003, Kankaala et al. 2006b, 2006a, 
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Deines et al. 2007, Jones et al. 2008, Rask et al. 2010, Jones and Grey 2011, Sanseverino et 
al. 2012, van Duinen et al. 2013, Agasild et al. 2014, 2018, Schilder et al. 2015, Grey 2016). 

This process is traced through the distinctive negative d13C values from biogenic CH4. In 
short, methanotrophs are consumed by benthic macroinvertebrates or zooplankton, and 
this CH4 derived carbon is incorporated into the food web (Grey 2016) (Figure 4.1). 
Additionally, the CO2 produced in CH4 oxidation may be utilized by phytoplankton, 
which are then consumed by zooplankton (Grey 2016). The latter of these two routes may 

explain the more negative d13C-POM values observed at intermediate depths in L227 and 
L222, where CH4 oxidation would be occurring. Another example of the potential 
incorporation of the CH4 signal is in hypolimnion POM in L224 (Figure 4.6). 

 

4.5 Conclusions 
This chapter provides baseline data of d13C-CH4 and d2H-CH4 values in small, 

oligotrophic, Canadian Shield lakes. While d13C-CH4 values for similar environments are 

quite abundant in the literature, this is not the case for d2H-CH4 values.  
The CH4 in the well mixed water column, above the thermocline, is distinct from 

atmospheric CH4. Particularly, the d2H-CH4 values of lake CH4 are much more negative 
compared to those of atmospheric CH4, indicating in-lake processes dictate the CH4 
balance. In general, quantifying processes that control CH4 production and consumption 
can provide information about diagenesis in environments, such as lakes (Whiticar 1999).  
Since CH4 is an important GHG, it is critical that it is understood, particularly in 
environments such as boreal lakes. Indeed, it has been shown that small, boreal lakes, 
have larger CH4 fluxes per unit area compared to large lakes (Juutinen et al. 2009).  

Upon examination of the four, broad lake groups, it is clear that each group has 
unique characteristics in terms of CH4 dynamics. Both the deep anoxic and shallow anoxic 
lake groups behaved similarly, with high concentrations of CH4 in the anoxic 

hypolimnion with similar and very negative d13C-CH4 and d2H-CH4 values. The lakes with 
a majority oxic water column had for the most part consistent isotopic values throughout 
the water column, as well as low CH4 concentrations and high O2 concentrations. 
Comparably, the polymictic lakes also had consistent values across variables throughout 
the water column. Most lakes, with the exception of the polymictic group, showed some 
evidence in the isotopic values of CH4 oxidation occurring at the anoxic/oxic boundary.  
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Two seasonally stratified lakes were studied throughout the ice-free season. CH4 
dynamics in L227 and L442 showed that later in the season, CH4 concentrations increased. 

Broadly, this was accompanied by more negative d13C-CH4 and d2H-CH4 values. 
 In assessing the potential roles of methanogenic pathway and CH4 oxidation in 
controlling CH4 isotopes, it became clear that the sampled CH4 does not fall clearly into 
either the acetate fermentation or carbonate reduction pathway as described in the 
literature. Further, oxidation does not appear to be the only factor at work, particularly 

in the epilimnion. This is evidenced by the highly variable range in epilimnion d2H-CH4 

values.  
The consumption of CH4 through oxidation by methanotrophs decreases the 

amount of CH4 that is emitted to the atmosphere (Bastviken et al. 2008) and as such the 
CH4 dynamics of boreal lakes are compelling with respect to global climate change. It is 
important to note that aerobic methane oxidation is not only controlled by CH4 
concentration, but by many factors that can vary within lakes (Thottathil et al. 2019) that 
were not explored in this thesis. It is also important to note that this thesis only discussed 
diffusive CH4 flux.  

To continue this work, the role of anaerobic methane oxidation in boreal lakes 
should be examined, as this process is currently not well known. However, this has 
recently been found to be wide spread in lake sediments (Martinez-Cruz et al. 2018) and 
in boreal lakes (Schiff et al. 2017). Further, these lakes presented data from midsummer, 
representing only a snapshot in time in terms of the biogeochemical processing that 
occurs all year in lakes, including under ice. 
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Figure 4.1 Simplified diagram of CH4 dynamics in two types of lakes, unstratified 
(representing the oxic and polymictic lakes in this study) and stratified (representing the 
deep and shallow lakes with anoxic bottoms in this study) adapted from (Grey, 2016). 
MOX = CH4 oxidation. This also shows how CH4 derived carbon can enter the food web 
through CH4 oxidation.  
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Table 4.1 Literature values of d13C-CH4 and d2H-CH4 for various ecosystems. – indicates 
that mean d2H-H2O values were not given.  

Sample  
name 

(location) 

Sample type d13C-CH4 
range (‰) 

d2H-CH4 
range (‰) 

d2H-H2O 
mean 
(‰) 

n Reference 

Ombrotrophic 
bog (Northern 

Alberta, 
Canada) 

Porewater -78 to -68   -348 to -248 -80.4 17 (Alstad and 
Whiticar 2011) 

Minerotrophic  
Fen 

(Southeastern 
Ontario, 
Canada) 

Porewater -75 to -66 -375 to -275 -134 27 (Alstad and 
Whiticar 2011) 

EVV Upper 
Lake (Eastern 

Greenland) 

Water 
column 

-69.0 to -50 -370 to -150 -91.5 8 (Cadieux et al. 
2016b) 

Teardrop Lake 
(Eastern 

Greenland) 

Water 
column 

-35.0 to 7.40  -325 to 250 -96.5 9 (Cadieux et al. 
2016b) 

Pontentilla 
Lake (Eastern 

Greenland) 

Water 
column 

(under ice) 

-65.0 to -34.0 -375 to 2.00 -97.4 10 (Cadieux et al. 
2016b) 

EVV Upper 
Lake (Eastern 

Greenland) 

Water 
column 

(under ice) 

-72.2 to -71.3 -385 to -350 - 6 (Cadieux et al. 
2016) 

Teardrop Lake 
(Eastern 

Greenland) 

Water 
column 

(under ice) 

-59.1 to -56.3 -350 to -305  - 6 (Cadieux et al. 
2016) 

Pontentilla 
Lake (Eastern 

Greenland) 

Water 
column 

(under ice) 

-38.4 to -69.4  -388 to 29 - 16 (Cadieux et al. 
2016) 

Turnagain Bog 
(Alaska, USA) 

Porewater -75.0 to -62.9 -351 to -308 -122 9 (Chanton et al. 
2006) 

Fen 62 (Alaska, 
USA) 

Porewater -86.0 to -82.2 -330 to -346 -132 2 (Chanton et al. 
2006) 

Bonanza Mix 
(Alaska, USA) 

Porewater -55.1 -390 -138 1 (Chanton et al. 
2006) 

Beaver Sports 
Hallow 

(Alaska, USA) 

Porewater -56.9 to -56.6 -394 to -365 -145 2 (Chanton et al. 
2006) 

Smith Lake 
Carex (Alaska, 

USA) 

Porewater -50.5 -362 -136 1 (Chanton et al. 
2006) 
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UAF Bog 
(Alaska, USA) 

Porewater -52.3 -377 -145 1 (Chanton et al. 
2006) 

Discontinuous 
permafrost 

(Alaska, USA) 

Porewater -66.2 to -65.5 -384 to -393 -157 2 (Chanton et al. 
2006) 

Fen 67 
(Alaska, USA) 

Porewater -66.2 -394 -161 1 (Chanton et al. 
2006) 

Galbraith Lake 
(Alaska, USA) 

Porewater -67.2 to -62.9 -388 to -372 -146 
 

2 (Chanton et al. 
2006) 

Imnavaiat 
Creek 

(Alaska, USA) 

Porewater -65.9 to -63 -379 to -367 -152 2 (Chanton et al. 
2006) 

Pipeline 70 Fen 
(Alaska, USA) 

Porewater -57.8 -363 -148 1 (Chanton et al. 
2006) 

Franklin Bluff 
Fen (Alaska, 

USA) 

Porewater -62.8 to -58.1 -369 to -366 -135 2 (Chanton et al. 
2006) 

Fen (Northern 
Minnesota, 

USA) 

Porewater -67.9 to -58.8  -302 to-276 - 7 (Chasar et al. 
2000) 

Bog crest 
(Northern 
Minnesota, 

USA) 

Porewater -67.6 to -66.1 -263 to -287 - 10 (Chasar et al. 
2000) 

Point Pelee 
Marsh 

(Southern 
Ontario, 
Canada) 

Porewater -72.3 to -48.2 -320 to -183 -43.3 17 (Hornibrook et 
al. 1997) 

Sifton Bog 
(Southern 
Ontario, 
Canada) 

Porewater -72.3 to -48.2 -67.5 to -49.6 -66.6 20 (Hornibrook et 
al. 1997) 

Radar Lake 
(Western 

Alaska, USA) 

Ebullitive 
flux 

-60.3 to -55.2 -381 to  
-360 

- 6 (Martens et al. 
1992) 

Tundra Lake  
Ridge 

(Western 
Alaska, USA) 

Ebullitive 
flux 

-62.9 to -57.4 -383 to  
-361 

- 6 (Martens et al. 
1992) 

Pingo Pond 
(Western 

Alaska, USA) 

Ebullitive 
flux 

-63.5 to   
-58.0 

-371to  
-326 

- 7 (Martens et al. 
1992) 
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Lake ABLE 
(Western 

Alaska, USA) 

Ebullitive 
flux 

-61.6 to -58.4 -361 to  
-323 

- 5 (Martens et al. 
1992) 

Lake Kivu 
(Republic of 
Rwanda and 

the Democratic 
Republic of the 

Congo) 

Water 
column 
(anoxic 

hypolimnion 
only) 

-61.0 to -32.0 -225 to -190 - 12 (Pasche et al. 
2011) 

Mizorogaike 
Pond (Kyoto, 

Japan) 

Ebullitive 
flux 

-76.2 to -52.8  -371 to -254 -36.7 24 (Sugimoto and 
Fujita 2006) 

Lake Untersee 
(Eastern 

Antarctica) 

Water 
column 

(under ice) 

-51.5 to -31.0 -409 to -164 -282 6 (Wand et al. 
2006) 

IISD-ELA 
Lakes 

(Northwestern
Ontario, 
Canada) 

Water 
column 

-76.6 to -10 -353 to -39.1 -68.3 94 This study 
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Table 4.2 Summary of mean physical and chemical parameters of sampled lakes 
including lake order, lake area, lake volume, maximum depth (Zmax), residence time, DOC 
concentration, whether the lake is sampled as part of the PHISH project, and lake group. 
Residence time calculated as the average theoretical water renewal time (years) by 
dividing lake volume (m3) by estimated outflow (m3).  

Lake DOC 
(mg/L) 

Lake 
order 

Lake 
Area 
(ha) 

Lake 
Volume 

(m3) 

Zmax 
(m) 

Estimated 
Outflow 

(m3) 

Residence 
time 

(years) 

PHISH 
lake? 

Group 

L224 3.3 2 25.9 3005000 27.4 239899 12.5 Yes Anoxic 
bottom 

deep 
L373 3.9 1 27.3 2941000 21 198316 14.8 Yes Oxic 
L223 4.7 3 27.3 1951000 14.4 639730 3.0 Yes Anoxic 

bottom 
deep 

L626 5.1 4 25.9 1772000 11.3 954674 1.9 Yes Oxic 
L442 6.2 2 16 1303000 16 396141 3.3 Yes Anoxic 

bottom 
deep 

L239 7.0 1 56.1 5910000 30.4 967813 6.1 Yes Oxic 
L303 7.6 1 9.9 150000 2.5 133113 1.1 No Polymictic 

L304 7.9 1 3.6 115000 6.7 64957 1.8 No Anoxic 
bottom 
shallow 

L227 8.3 1 34.4 221000 10 84641 2.6 No Anoxic 
bottom 

deep 
L658 8.9 1 8.4 546473 13.5 140249 3.9 Yes Oxic 
L222 9.4 1 16.4 600000 5.8 502680 1.2 No Anoxic 

bottom 
shallow 

L164 9.2 32 20.3 1002000 7 12174554 0.2 Yes Oxic 
L221 11 2 9 189100 5.7 201761 0.9 No Anoxic 

bottom 
shallow 

L470 12 4 6 33000 2 412626 0.1 Yes Polymictic 
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Figure 4.2 Map of IISD-ELA showing the fourteen lakes sampled as part of this research 
project. 

 

Sources: Esri, HERE,
Garmin, Intermap,
increment P Corp.,
GEBCO, USGS, FAO,
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Figure 4.3 Midsummer d2H-CH4 values of sampled lakes by group; A. Anoxic deep 
lakes, B. Anoxic shallow lakes, C. Majority oxic lakes, D. Polymictic lakes. Missing 
values indicate that samples were below CH4 concentration detection limit.  

A B C D 
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Figure 4.4 Midsummer d13C-CH4 values of sampled lakes by group; A. Anoxic deep 
lakes, B. Anoxic shallow lakes, C. Majority oxic lakes, D. Polymictic lakes.  

  

 

A B C D 
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Figure 4.5 Midsummer d13C-DIC values of sampled lakes by group; A. Anoxic deep lakes, 
B. Anoxic shallow lakes, C. Majority oxic lakes, D. Polymictic lakes.  

 

A B C D 
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Figure 4.6 Midsummer d13C-POM values of sampled lakes by group; A. Anoxic deep 
lakes, B. Anoxic shallow lakes, C. Majority oxic lakes, D. Polymictic lakes. d13C-POM 
values are not available for L304 and L221.  

 

A B C D 
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Figure 4.7 Midsummer CH4 concentrations of sampled lakes by group; A. Anoxic deep 
lakes, B. Anoxic shallow lakes, C. Majority oxic lakes, D. Polymictic lakes.  
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Figure 4.8 Midsummer O2 concentrations of sampled lakes by group; A. Anoxic deep 
lakes, B. Anoxic shallow lakes, C. Majority oxic lakes, D. Polymictic lakes.  
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Table 4.3 Summary of general results of 2018 midsummer d2H-CH4 values, d13C-CH4 

values, d13C-DIC values, d13C-POM values, CH4 concentration (µM), and O2 concentration 
(µM) for the sampled suite of lakes. 

* d13C-POM values not available for L221 and L304 

 

 

 

 

 

 

 

Group Lakes d2H- 
CH4 

d13C- 
CH4 

d13C- 
DIC 

d13C-
POM CH4 (µM) O2 (µM) 

Anoxic 
bottom deep 

L223, 
L224, 
L227, 
L442 

More 
positive 
values in 
metalimnion 
(meta), most 
negative 
values in 
hypolimnion 
(hypo) 

Most 
negative 
values in 
hypo 

Epilimnion 
(epi) values 
approximately 
the same for 
each lake, 
most negative 
values in hypo 

Most 
negative 
values in 
hypo 

<1 ppm in epi, 
≥50 ppm in 
hypo 

Anoxic in 
hypo 

Anoxic 
bottom 
shallow 

L221, 
L222, 
L304 

More 
positive 
values in 
meta, most 
negative 
values in 
hypo 

Most 
negative 
values in 
hypo 

Epi values 
approximately 
the same for 
each lake, 
most negative 
values in hypo 

Consistent 
throughout 
water 
column* 

<1 ppm in epi, 
≥3 ppm in 
hypo 

Anoxic in 
hypo 

Oxic L164, 
L239, 
L373, 
L626, 
L658 

Most 
negative 
values in 
hypo 

Relatively 
consistent 
throughout 
water 
column  

Epi values 
approximately 
the same for 
each lake, 
most negative 
values in hypo 

Relatively 
consistent 
throughout 
water 
column  

<1 ppm 
throughout 
water column, 
except L658 
with ≥15 ppm 
in hypo 

Oxic for 
most of 
water 
column 

Polymictic L303, 
L470 

Consistent 
throughout 
water 
column 

Consistent 
throughout 
water 
column 

Consistent 
throughout 
water column 

Consistent 
throughout 
water 
column  

≤2 ppm Oxic 
water 
column 
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Figure 4.9A. Relationship between d13C-CH4 values and CH4 concentration in the well 
mixed water column above the thermocline. B. Relationship between d2H-CH4 values and 
CH4 concentration in the well mixed water column above the thermocline. C. Keeling plot 
of d13C-CH4 values and the inverse of CH4 concentration in the well mixed water column 
above the thermocline (y= 0.014x-50.7, R2= -0.3121). D. Keeling plot of d2H-CH4 values 
and the inverse of CH4 concentration in the well mixed water column above the 
thermocline (y= 0.606x -246, R2= -0.0323).  

 
 
 
 
 
 
 
 
 

B A 

C D 
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Figure 4.10 Relationship between d13C-DIC values and d13C-POM values in the suite of 
samples lakes.  

 
 

R2= 0.336 
p= 7.27*10-3 
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Figure 4.11A. Relationship between calculated d13C-CO2 values and d13C-CH4 values. 
Dashed line represents e= 4, solid line represents e= 17, dotted line represents e=30. e 
values based on the range for methanotrophy published in Whiticar (1999). B. 
Relationship between calculated d13C-CO2 values and CH4 concentration.  

 

A B 
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Figure 4.12A. Relationship between midsummer d13C-CH4 and d13C-POM values. B. 
Relationship between midsummer CH4 concentrations and d13C-POM values.  
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Figure 4.13 Relationship between d2H-H2O values and d2H-CH4 values. The line 
represents e= 160, the direct use of water-hydrogen in the carbonate reduction pathway 
(Whiticar 1999). Note that the surface d2H-H2O value for each lake was assumed to remain 
constant for the whole water column.  
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Figure 4.14 Relationship between d2H-DOM values and d2H-CH4 values in a subset of 
the sampled lakes.  d2H-DOM values were taken at the surface and assumed for the 
entire water column.  
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Figure 4.15 Seasonal progression of A. d2H-CH4, B. d13C-CH4, C. d13C-DIC, D. d13C-POM, 
E. CH4 concentration, and F. O2 concentration for L227. Dashed lines indicate thermocline 
depth for each month and the colour of each line corresponds with its respective month.  
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Figure 4.16 Seasonal progression of A. d2H-CH4, B. d13C-CH4, C. d13C-DIC, D. d13C-POM, 
E. CH4 concentration, and F. O2 concentration for L442. Dashed lines indicate thermocline 
depth for each month and the colour of each line corresponds with its respective month.  
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Figure 4.17  Rayleigh fractionation plot of theoretical CH4 oxidation of initial d2H-CH4 

and d13C-CH4 values. Residual d2H-CH4 and d13C-CH4 values after CH4 oxidation were 
calculated assuming a closed system Rayleigh fractionation. Values in boxes represent 
the fraction (f) of CH4 remaining after oxidization.  
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Figure 4.18 Crossplot of d2H-CH4 and d13C-CH4 values above the thermocline for all lakes. 
Size represents CH4 concentration throughout the water column. Diagnostic ranges of the 
acetate fermentation and carbonate reduction methanogenesis pathway from (Whiticar 
1999).  
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Figure 4.19 Crossplot of d2H-CH4 and d13C-CH4 values throughout the water column for 
all lakes. Size represents CH4 concentration throughout the water column. Diagnostic 
ranges of the acetate fermentation and carbonate reduction methanogenesis pathway 
from (Whiticar 1999).  
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5. Conclusions, Implications, and Future Research  

5.1 The control of terrestrial organic matter on lake carbon cycling along a DOC 
gradient 

Over the summer of 2018, surface samples of DIC concentration, pH, POC, PON, 

d13C-DIC, d13C-POM and d15N-POM were taken on a monthly basis for each of the PHISH 

lakes. Using this data, C:N ratios of POM, pCO2 and d13C-CO2 values were also calculated.  
 Surface DIC concentrations were higher earlier in the year because decomposition 
and respiration cause accumulation under ice (Striegl et al. 2001). After ice-off, the lakes 
can then equilibrate with the atmosphere. Similarly, surface pCO2 were higher earlier in 
the season. The PHISH lakes were above atmospheric saturation after ice-off, perhaps 
indicating a high rate of respiration of allochthonous carbon by bacteria (Jansson et al. 
2012). No significant relationship was found between DOC concentration and pCO2 

values. However, there is a significant relationship between DOC concentration and d13C-

DIC values. This is likely due to the production of more negative d13C-CO2 during the 
respiration of DOC.  

 Both d13C-POM and d15N-POM values varied throughout the ice-free season. The 
C:N ratios of POM in the PHISH lakes also varied seasonally, with values indicating a 
mix between allochthonous and autochthonous material. In lakes with higher DOC 
concentrations, POM C:N ratios were found to be lower. This is unexpected, because 
terrestrial material has a higher C:N ratio (Meyers 1994). In lakes with higher DOC 
concentrations, there are more terrestrial inputs and therefore POM C:N ratios should 
increase with DOC concentrations. One potential reason for this is as DOC is photolyzed, 
the C:N ratio decreases (Chomicki 2009).  
 To more closely examine the control of terrestrial OM on the carbon cycle in the 
PHISH lakes, three approaches were taken: (1) the physical size separation of POM, (2) 

estimating the d13C and d15N values (d13CA, d15NA)  of phytoplankton by correcting for 
terrestrial fraction of POM, (3) calculating the percentage of DOC composed of algal 
material.  
 POM samples were not only collected in bulk, but also collected along a series of 
size fractions in order to physically separate different components of POM and obtain a 

more “algal” sample. No significant differences were found between the d13C and d15N 
values of each size fraction, perhaps due to detrital particles attaching themselves to 
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algae. However, significant differences were found between the molar C:N ratios of the 
size fractions (one-way ANOVA, p= 1.62 x 10-5, F= 13.99), and a post-hoc Tukey test 

showed that the 10<x<20 µm size fraction is significantly different from all other 
fractions. This may be because of the deposition of airborne particulate organic carbon, 
such as pollen.  

 Before estimating d13CA and d15NA values, the terrestrial fraction (fT) of POM was 
calculated using two different commonly used terrestrial end members: DOC and 
terrestrial vegetation. These calculations show that when DOC is used as the end 

member, fT is higher than when terrestrial vegetation is used. d13CA values are therefore 

calculated to be more negative than bulk values when DOC is used to correct for fT, with 

the exception of L626. On average, using DOC to correct for fT decreased d13CA values by 

0.489 ‰, compared to a decrease of 0.0497 ‰ when using terrestrial vegetation. d13C-
DOC values are more positive than those of phytoplankton, so when removing the 

influence of DOC, the resulting d13CA values are more negative than bulk POM.  
 These calculations were also undertaken using the results from the size separation 

experiment. Similarly, using DOC as an end member to estimate fT for size separated 

POM also showed higher fT values than when terrestrial vegetation was used. The 

10<x<20 µm size fraction had the highest estimated fT values for all lakes and both 
possible end members. It is conceivable that some terrestrial material was captured in 

this size fraction, causing higher fT values. This is also supported by the results of the C:N 
ratio of this size fraction. When correcting the size separated POM using the terrestrial 

end members, the  d13CA and d15NA values are not changed drastically.  
 Lastly, the algal percentage of DOC was estimated using lake colour and 
chlorophyll a (chl a) concentrations, following the methodology and empirical 
relationship outlined in Bade et. al (2007). The PHISH lakes with higher DOC 
concentrations are estimated to have a much lower calculated percentage of algal material 
than lakes with lower DOC concentrations. This is because allochthonous carbon likely 
represents a larger portion of DOC in high DOC lakes than in low DOC lakes, which may 
have DOC comprised of more algal material. The calculated percent algal DOC had no 

relationship with d13C-DOM values, but had a slight, positive relationship with d13C-POM 
values.  
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Another approach that would help clarify the role of DOC on basal carbon 
resources would be to combine stable isotope data with methods to investigate DOC 
composition (e.g. fluorescence, absorbance, LC-OCD) to provide more insight into 
terrestrial versus aquatic origin of OM.  
 Sediment cores were taken at the deepest depth of each of the lakes. Since 
terrestrial OM is the main source of OM to lake sediments (Meyers and Ishiwatari 1993, 
Hall et al. 2018), it was expected that there would be relationships between sediment and 
the OM that is deposited there. However, no significant relationships were found 

between surficial sediments and epilimnetic d13C-POM values or C:N ratios. The effect of 

DOC concentration on d13C values of sediment with depth was tested using a linear 
mixed-effects model, and no significant relationship was found across the DOC gradient. 
One reason for the lack of relationships between OM and sediments is alterations on OM 
both in the water column (Teranes and Bernasconi 2000) and in the sediments (Meyers 
and Ishiwatari 1993). 
 This thesis examined only the pelagic zone of small, oligotrophic, soft water 
Canadian Shield lakes, therefore excluding the contributions of benthic primary 
production (i.e. periphyton) to the lake carbon cycle.  
 
5.2 Partitioning terrestrial and aquatic energy flows using d2H values 
 For this chapter, the d2H values of DOM were measured in a subset of six lakes, as 

well as four small headwater boreal streams. d13C-DOM and d15N-DOM values were also 

measured. These values were compared to the average pooled d2H value of dominant 
vegetation at IISD-ELA, measured by Tonin (2019). The studied lakes have varying 

degrees of terrestrial OM inputs. d2H-DOM values did not vary with d2H-H2O values 

along the eH trendline, as it would if comprised of autochthonous (i.e. phytoplankton) 

OM. In addition, d13C-DOM values did not fluctuate alongside calculated d13C-CO2 

values. This also shows that DOM is not made up of autochthonous OM, as the d13C 

values of phytoplankton would vary with eC.  

To further show this, d2H-DOM values in L227 were measured. L227 is a lake that 
has been experimentally eutrophied in various nutrient regimes since 1969 and has two 
annual phytoplankton blooms (Higgins et al. 2018). L227 also has a long residence, which 
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is typically associated with lower amounts of DOM loading (Zwart et al. 2017). Therefore, 
it was expected that L227 should have DOM samples that appear to be more 

autochthonous. d2H-DOM and d13C-DOM values show that the DOM in L227 is similar 
to the DOM from the oligotrophic lakes sampled.  

 d15N-DOM values can also aid in separating allochthonous and autochthonous 

inputs to food webs. The d15N-DOM values of lakes and streams are more positive than 
the mean terrestrial vegetation value. The discrepancy between the terrestrial vegetation 
value and the lake and stream values is because of differences in the nitrogen cycling of 
the terrestrial versus the aquatic environment. 

 By using d2H-DOM values with d13C-DOM and d15N-DOM values, it is clear that 
the DOM in these IISD-ELA lakes and streams is neither strictly autochthonous or 
allochthonous in origin. However, while DOM may originate from the terrestrial 
environment, it is heavily processed and thus not identical to terrestrial vegetation. 
Therefore, while the terrestrial end member is typically defined as the average of stable 
isotopic values of vegetation sources from the catchment (Cole et al. 2002, Pace et al. 2004, 
Caraco et al. 2010, Solomon et al. 2011, Wilkinson et al. 2013a, 2013b, Guillemette et al. 
2016), this is not entirely accurate. In boreal systems, choosing DOM as the terrestrial end 
member is more appropriate. To further expand on this research, examining how 

terrestrial and aquatic energy flow is partitioned using d2H values should be undertaken 
across different aquatic ecosystems and at different times of year.   
 
5.3 Determining CH4 dynamics using d13C-CH4 and d2H-CH4 values in Canadian Shield 
lakes  
 Fourteen lakes were sampled once throughout the water column, midsummer 
during the 2018 field season. Both the shallow and deep lakes with anoxic bottoms had 
similar characteristics, with high concentrations of CH4 in the anoxic hypolimnion 

alongside negative d13C-CH4 and d2H-CH4 values. The polymictic and oxic lakes had fairly 
consistent values throughout the water column.  
 The water column above the thermocline across all lakes was quite similar, due to 
the fact that it is well mixed. In some lakes that developed anoxic hypolimnia, more 
positive isotopic values were observed in the middle of the water column, which is 
indicative of CH4 oxidation (Whiticar 1999).  
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 In two lakes, L227 and L442, full water column profiles were taken three times in 
the ice-free season. Later in the 2018 field season, CH4 concentrations increased. These 

higher CH4 concentrations were associated with more negative d2H-CH4 and d13C-CH4 

values at deeper depths. In the future, lake sampling under ice could aid in further 
understanding CH4 dynamics and emissions. A of lack CH4 data in northern, ice covered 
lakes has been identified in the literature (Denfeld et al. 2018).  
 By examining the well mixed water column, above the thermocline, it is clear that 
surface water CH4 is different from atmospheric CH4. While surface CH4 concentrations 

are low and the d13C-CH4 values are similar to atmospheric CH4, the d2H-CH4 values are 
much more negative. Keeling plots of surface CH4 data show that this CH4 does not 
originate from the atmosphere.  
 Other aquatic systems in the literature are quite different in terms of CH4 dynamics 
compared to the studied lakes. Only two CH4 samples fell within the diagnostic ranges 
for the carbonate reduction methanogenesis pathway (Whiticar 1999), whereas this 
pathway was shown to be more dominant in meromictic lakes (Wand et al. 2006, Pasche 
et al. 2011). Acetate fermentation appeared to be the more dominant pathway of CH4 
production, likely due to the abundance of organic matter in the hypolimnion that could 
be used as a substrate. Since acetate fermentation is the more prevalent methanogenesis 
pathway, the isotopic values of organic matter are a key control on the isotopic values of 
CH4.  

A portion of CH4 found in the studied lakes appears to be oxidized at the 
anoxic/oxic boundary. A theoretical Rayleigh fractionation was assumed to examine 
what the potential isotopic values of oxidized hypolimnion CH4. With oxidation, residual 

CH4 has increasingly positive d2H-CH4 and d13C-CH4 values. These more positive values 
were associated with low CH4 concentrations. However, epilimnion CH4 was shown to 
be distinct from residual oxidized CH4, and therefore has a distinct source.  

Climate change is increasing DOC loading to fresh waters in Europe and North 
America (Evans et al. 2005, Monteith et al. 2007, Clark et al. 2010). This has many 
consequences, one being changes in lake thermal structure (Solomon et al. 2015). Changes 
in thermocline depth have been shown to alter access by organisms to CH4 derived 
carbon (Rask et al. 2010). Further, as it has been established that CH4 contributes to lake 
food webs (Bastviken et al. 2003, Kankaala et al. 2006a, 2006b, Deines et al. 2007, Jones et 
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al. 2008, Rask et al. 2010, Jones and Grey 2011, Sanseverino et al. 2012, van Duinen et al. 

2013, Agasild et al. 2014, 2018, Schilder et al. 2015, Grey 2016), d13C-CH4 and d2H-CH4 

values provide a valuable tool to understand how CH4 dynamics can affect food webs.  
In order to better assess and quantify methanogenesis pathway, it would be 

advantageous to conduct incubation experiments to determine a more accurate range of 

possible fractionation factors for d2H in CH4 oxidation. Pairing stable isotope data for CH4 
with metagenomic data would also be beneficial in better defining CH4 dynamics in 
Canadian Shield lakes by shedding light on the mechanisms associated with aerobic 
methane oxidation (Tsuji 2020).  

Other important factors on the control of CH4 in lake ecosystems are piston 
velocity and temperature (Bastviken et al. 2004), thus examining lake morphometry may 
help explain patterns in CH4 production, consumption, and diffusion to the atmosphere.  
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Appendix A. Individual midsummer lake profiles for d2H-CH4, d13C-CH4, d13C-DIC, 
d13C-POM, CH4 concentration, and oxygen concentration. 

 

 
Figure A1. d2H-CH4, d13C-CH4, d13C-DIC, d13C-POM, CH4 concentration, and O2 
concentration profiles for L164, midsummer 2018. Dashed line indicates thermocline 
depth. 
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Figure A2. d2H-CH4, d13C-CH4, d13C-DIC, CH4 concentration, and O2 concentration profiles 
for L221, midsummer 2018. Dashed line indicates thermocline depth. 
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Figure A3. d2H-CH4, d13C-CH4, d13C-POM, CH4 concentration, and O2 concentration 
profiles for L222, midsummer 2018. Dashed line indicates thermocline depth.  
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Figure A4. d2H-CH4, d13C-CH4, d13C-POM, CH4 concentration, and O2 concentration 
profiles for L223, midsummer 2018. Dashed line indicates thermocline depth.  
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Figure A5. d2H-CH4, d13C-CH4, d13C-POM, CH4 concentration, and O2 concentration 
profiles for L224, midsummer 2018. Dashed line indicates thermocline depth. Missing 
values indicate that samples were below CH4 concentration detection limit. 
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Figure A6. d2H-CH4, d13C-CH4, d13C-POM, CH4 concentration, and O2 concentration 
profiles for L227, midsummer 2018. Dashed line indicates thermocline depth. Missing 
values indicate that samples were below CH4 concentration detection limit. 
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Figure A7. d2H-CH4, d13C-CH4, d13C-POM, CH4 concentration, and O2 concentration 
profiles for L239, midsummer 2018. Dashed line indicates thermocline depth.  
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Figure A8. d2H-CH4, d13C-CH4, d13C-POM, CH4 concentration, and O2 concentration 
profiles for L303, midsummer 2018. L303 is a polymictic lake and therefore does not have 
a thermocline.  
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Figure A9. d2H-CH4, d13C-CH4, CH4 concentration, and O2 concentration profiles for L304, 
midsummer 2018. Dashed line indicates thermocline depth. Missing values indicate that 
samples were below CH4 concentration detection limit. 
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Figure A10. d2H-CH4, d13C-CH4, d13C-POM, CH4 concentration, and O2 concentration 
profiles for L373, midsummer 2018. Dashed line indicates thermocline depth. Missing 
values indicate that samples were below CH4 concentration detection limit. 
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Figure A11. d2H-CH4, d13C-CH4, d13C-POM, CH4 concentration, and O2 concentration 
profiles for L442, midsummer 2018. Dashed line indicates thermocline depth.  
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Figure A12.d2H-CH4, d13C-CH4, d13C-POM, CH4 concentration, and O2 concentration 
profiles for L470, midsummer 2018. L470 is a polymictic lake and therefore does not have 
a thermocline.  
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Figure A13.d2H-CH4, d13C-CH4, d13C-POM, CH4 concentration, and O2 concentration 
profiles for L626, midsummer 2018. Missing values indicate that samples were below CH4 
concentration detection limit. Dashed line indicates thermocline depth. 
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Figure A14.d2H-CH4, d13C-CH4, d13C-POM, CH4 concentration, and O2 concentration 
profiles for L658, midsummer 2018. Dashed line indicates thermocline depth. Missing 
values indicate that samples were below CH4 concentration detection limit. 

 
 
 


