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Abstract 

Freshwater lakes and reservoirs are key components of the global carbon cycle. 

Dissolved organic matter (DOM) is an important water quality characteristic that regulates 

physical, chemical, and biological functions in these systems. Elevated DOM quantity, measured 

as dissolved organic carbon (DOC) concentration, and changes in DOM source and composition 

(DOM quality), create challenges for water managers already facing deteriorating sourcewater 

quality due to cultural eutrophication, climate-related uncertainty, and water scarcity. High DOC 

and variable DOM quality are a concern to drinking water treatment plants owing to their effects 

on disinfection byproduct formation, added costs for removal, and risks of bacterial regrowth in 

water distribution systems. In highly managed drinking water reservoirs like Buffalo Pound 

Lake, Canada, in the Great Plains of North America, understanding the effects of water source, 

climate, and in-lake water chemistry on DOM quantity and quality is of particular concern. 

Inflows to this reservoir are dominated by water releases from a large upstream reservoir (Lake 

Diefenbaker) with episodic influxes of runoff from the local catchment. Sourcewater variability 

to Buffalo Pound Lake depends on local hydroclimate, which fluctuates through periods of 

extreme wet and dry conditions. Long-term analyses demonstrated large fluctuations  

(> 10 mg L–1) in monthly DOC concentrations over a 30-year period, and revealed the 

importance of flows from Lake Diefenbaker and the local catchment, and in-lake nutrient (total 

phosphorus and ammonium) and solute (sulfate) chemistry, on driving DOC in Buffalo Pound 

Lake. On a shorter timescale, measurements of DOM quantity and quality along the length of the 

lake, and across four open-water seasons when Lake Diefenbaker was the primary water source, 

clearly illustrated the role of internal production on altering DOM quantity and quality from lake 

inflow to outflow. We observed increases in DOC of up to 1–2 mg L–1 from the Buffalo Pound 

Lake inflow to outflow in all years, and several DOM quality metrics suggested a shift toward 

autochthonous DOM production as water transited through the reservoir. In dry years with 

greater water residence times, these patterns suggest that long, narrow Buffalo Pound Lake may 

act similar to a slow-moving river with respect to internal DOM production and processing. This 

work advances efforts to disentangle long-term drivers of DOC and understand DOM quality 

dynamics in this shallow eutrophic reservoir and across freshwater systems globally. Our results 

provide a foundation for DOM quantity and quality forecasting in Buffalo Pound Lake and will 

inform the design of an ongoing $325M upgrade to the Buffalo Pound Water Treatment Plant.
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Chapter 1: General introduction 

1.0 Introduction 

Dissolved organic matter (DOM), often measured as dissolved organic carbon (DOC), is 

an important water quality characteristic that regulates the structure and function of lake and 

reservoir ecosystems (Prairie, 2008). Organic matter (OM), predominantly formed via 

photosynthesis either within a water body (autochthonous) or on land and transported to a water 

body (allochthonous), is a critical energy source in lake ecosystems and fundamental to lake 

productivity and metabolism of aquatic organisms (Wetzel, 2001a). In addition, the light-

absorbing properties of dissolved organic compounds trap and re-emit solar energy within the 

water column of lakes, affecting thermal structure, stratification, and mixing patterns, which in 

turn influence nutrient cycling and the distributions of dissolved gases and aquatic plants, 

animals, and microorganisms (Wetzel, 2001a). 

In lakes and reservoirs used as drinking water sources, elevated DOM concentrations 

(i.e., DOM quantity) and changes in DOM colour and composition (i.e., DOM quality) can be 

problematic, and are a major concern for drinking water treatment plants. At high DOM levels, 

water treatment is more challenging, necessitating costly DOM removal during pre-treatment 

(Cooke and Kennedy, 2001) and other actions to limit harmful disinfection byproduct (DBP) 

formation (Williams et al., 2019) and bacterial regrowth in water distribution systems 

(LeChevallier et al., 1996). Managing DBPs in drinking water supplies and designing effective 

water treatment facilities requires understanding the range and nature of both catchment and in-

lake DOM quantity and quality. 

 Multiple factors influence DOM quantity and quality at broad spatial and temporal 

scales, including limnology, climate, hydrology, land cover, and land-use. Widespread changes 

in DOM in lakes in the Northern Hemisphere have led to a search for common drivers of these 

changes (e.g., Pagano et al., 2014; Temnerud et al., 2014; Winterdahl et al., 2014). Instead of 

common drivers, these studies have revealed a complexity of contributing factors, including 

climate change, and altered hydrochemistry coupled with changes in land-use and acid 

deposition history. This research will show, for the first time in the Canadian Prairies, that a suite 

of hydroclimatic and water quality observations can be used to characterize long-term and spatial 

variation of DOM quantity and quality in a eutrophic prairie reservoir (Buffalo Pound Lake, SK, 

the drinking water source for one quarter of the province’s residents). I will use water quality 
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data from the Buffalo Pound Water Treatment Plant (BPWTP), and flow data and four years of 

open-water season DOM spatial surveying by the SK Water Security Agency (WSA). Detailed 

characterization of DOM quantity and quality through long-term and spatial analyses will inform 

reservoir management and treatment plant design, provide a basis for DOM prediction in the 

Buffalo Pound Lake watershed, and contribute to a deeper understanding of DOM dynamics and 

changes in sourcewater quality in freshwater lakes of the Canadian Prairies. This work is 

codesigned with the BPWTP and will help inform design of a planned $325M plant upgrade with 

a goal of ensuring treatment is robust to anticipated future DOM variability. 

This introductory chapter reviews the connections between lakes and reservoirs and their 

watersheds, DOM quantity and quality, water treatability, and long-term DOM change. The 

chapter begins with a discussion of the importance of DOC in supporting the function of 

freshwater lakes and reservoirs. Next, DOM sources in terrestrial and aquatic environments, and 

DOM composition from these sources is reviewed. Then, the various spatial and temporal 

controls on DOM entering lakes and reservoirs and the environmental drivers of long-term trends 

in DOC concentration are detailed. Following this, the role of DOM in drinking water treatment 

is discussed. Canadian Prairie lake DOM quantity and quality with a focus on Buffalo Pound 

Lake is also described. The chapter ends with the significance and rationale of this research, and 

the objectives of the two manuscript-style data chapters that comprise this work. 

 
1.1 The role of DOC in lakes and reservoirs 

1.1.1 Dissolved organic carbon: A master variable 

Lakes and reservoirs occupy a small fraction of Earth’s surface but serve a 

disproportionately large role in the global carbon (C) cycle. Inland waters, including lakes and 

reservoirs, cover ~3% of Earth’s continental land area (Downing et al., 2006) but the extent of C 

transformations in these systems is similar in magnitude to that of terrestrial and marine 

ecosystems. Inland waters receive C from terrestrial environments and actively transform, 

transport, or store it (Tranvik et al., 2009), while also fixing C from the atmosphere directly. 

Carbon emissions to the atmosphere from inland waters are proportional to global terrestrial net 

ecosystem production, and the rate of organic C burial in lake and reservoir sediments exceeds 

that of the ocean floor on a per area basis (Tranvik et al., 2009). Aside from C buried in 

sediments over millennia, DOC in the water column represents the largest organic C store of 

lakes and is integral to the physical, chemical, and biological properties that govern aquatic 
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ecosystems (Prairie, 2008). In this way, DOC is considered a master variable; it dictates the 

quantity and spectral properties of light reaching aquatic organisms, affects lake thermal regime 

and physical structure, influences the metabolic activity of aquatic organisms and ecosystems, 

impacts the fate of nutrients, and affects mobility, reactivity, and bioavailability of metals and 

organic contaminants (Prairie, 2008). 

 

1.1.2 Characterization of organic matter in lakes and reservoirs  

Organic matter in lake ecosystems is derived from allochthonous (produced in the 

catchment) and autochthonous (produced in the lake) sources. This OM is typically divided into 

dissolved and particulate fractions based on particle size. Dissolved organic matter is a complex 

mixture of organic compounds (including nitrogen, i.e., dissolved organic nitrogen (DON), 

phosphorus (DOP), and other elements) that pass through filters, with a 0.45 µm filter commonly 

used to operationally differentiate dissolved from particulate OM. Similar to DOM, the 

particulate fraction of OM is chemically complex, but dominated by C (POC). On the whole, the 

total OM pool is typically comprised of at least ~50% C by mass (Pagano et al., 2014) hence 

DOC is the dominant component of OM reaching most natural surface waters (Thurman, 1985; 

Weishaar et al., 2003). Ratios of DOC to POC in eutrophic lakes and reservoirs are typically in 

the range of 5:1 to 6:1 but fluctuate with season and depth (Wetzel, 2001b). Total organic C 

(TOC, the sum of DOC and POC) is the combined pool, accounting for all organic C forms 

found in the water column. 

Leaching of degraded OM from the terrestrial landscape is the major source of 

allochthonous DOC in freshwaters (Pagano et al., 2014). Organic C that is not stored in soil and 

living plant and animal cells or respired from terrestrial environments is exported via overland 

flow, streamflow, or groundwater flow as DOC (or POC) to receiving water bodies (Aitkenhead-

Peterson et al., 2003; Schlesinger and Bernhardt, 2013). Allochthonous DOC inputs often 

dominate the DOC pool of lakes (Aitkenhead-Peterson et al., 2003) and drive aquatic ecosystem 

metabolism (Schlesinger and Bernhardt, 2013).  

Autochthonous DOM, produced internally via photosynthesis within freshwater 

ecosystems, can also be an important DOM source. Together, phytoplankton and macrophytes 

are the major contributors of autochthonous DOM in freshwater systems (Bertilsson and Jones, 

2003). This autochthonous DOM is an important reduced or labile C source, available as an 
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energy source to heterotrophs (Bertilsson and Jones, 2003). When algae die, organic substances 

are released into the water column as dissolved compounds or particulate detritus, an important 

secondary source of DOM. Herbivore grazing of phytoplankton can also be a significant source 

of secondary DOM within the water column (Lampert, 1978). Finally, actively growing 

phytoplankton cells also contribute DOM to the water column in lakes and reservoirs through 

extracellular release of these compounds. In all cases, DOM of phytoplanktonic origin is either 

directly available as an energy source for heterotrophic microorganisms, or available for biotic 

and abiotic transformations (Bertilsson and Jones, 2003). While algae are typically the dominant 

autochthonous DOM source, in productive lakes with large littoral zones, macrophytes can be 

important, potentially being the dominant autochthonous DOM source (Bertilsson and Jones, 

2003). 

 

1.1.3 Properties of DOC 

Dissolved organic C is a complex mixture of aromatic (low C to hydrogen (H) ratio) and 

aliphatic (high C:H) compounds (Pagano et al., 2014). The composition of DOC is largely a 

function of its source in the environment. Allochthonous DOC is often comprised of high 

molecular weight (MW), aromatic, coloured humic and fulvic acids exported from upstream soils 

and wetlands, whereas autochthonous DOC of microbial or planktonic origin is generally low 

MW, protein-like, and contains more degradable materials (i.e., is less coloured with more non-

humic, aliphatic compounds; Aitkenhead-Peterson et al., 2003; Schlesinger and Bernhardt, 

2013). Humic substances are typically high MW, refractory aromatic compounds containing 

amide, carboxyl, ketone, hydroxyl/phenolic, and other functional groups that are relatively 

resistant to decay. Humins and humic acids make up the bulk of humic substances and can be 

categorized by MW, solubility, and structure. Fulvic acids are the lowest MW organic acids of 

the DOM pool, typically made up of carboxylic and phenolic groups and soluble at all pH levels. 

Humic acids are larger than fulvic acids, soluble at pH > 2, and contain more phenolic and 

aromatic groups with long aliphatic chains. Humins, the largest class of humic substances, are 

insoluble across the pH spectrum. Non-humic substances (carbohydrates, proteins, lipids, 

pigments) are generally low MW, labile, highly soluble, and non-structural molecules and make 

up a small portion of the DOC pool in lakes because they are consumed rapidly by fungi and 

microbes prior to hydrological export.  
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The molecular properties of DOC regulate its interactions with other chemicals in the 

environment. For example, the chemical properties of DOC (i.e., its quality) influence the 

solubility and mobility of toxic metals, including mercury (Ravichandran, 2004), copper 

(Ashworth and Alloway, 2007), and lead (Klaminder et al., 2006). These same properties permit 

DOC removal during water treatment using coagulants like Al3+ (Exall and Vanloon, 2000) and 

have important implications for the formation and effective removal of harmful disinfection 

byproducts during water treatment (Williams et al., 2019).  

 
1.2 Controls of DOC amount in lakes and reservoirs 

1.2.1 Catchment controls on concentration 

The range in DOC concentrations of inland waters is hierarchically regulated. In a study 

of 7,514 lakes across 6 continents, Sobek et al. (2007) found that climatic and topographic 

characteristics determine the possible range of DOC concentrations at regional scales, whereas 

catchment and lake properties dictate DOC concentrations in individual lakes. Regional climate 

characteristics like mean annual temperature have been linked to DOC concentrations in boreal 

streams (Laudon et al., 2011) and lakes (Weyhenmeyer and Karlsson, 2009). Catchment DOC 

inputs to lakes are highly correlated with precipitation and annual runoff, thus DOC loading (the 

sum of all DOC export to a lake) is regulated by local hydrology, climate, and landscape features 

(Pace and Cole, 2002; Porcal et al., 2009). At the landscape scale, allochthonous DOC leached 

from terrestrial soils is transported to streams and lakes, and the amount of DOC leached from 

soils is determined by soil moisture, production of soil organic C, and flow path from soil to 

stream or lake (Clark et al., 2010; Sobek et al., 2007). 

Several physiographic properties of a watershed influence lake DOC concentration, 

including watershed slope and topography (Sobek et al., 2007; Xenopoulos et al., 2003), land-use 

(Williams et al., 2010; Wilson and Xenopoulos, 2009), hydrological connectivity and wetland 

area (Dillon and Molot, 1997; Kortelainen, 1993; Laudon et al., 2011; Schiff et al., 1997), and 

drainage ratio (catchment:lake area). Within lakes, allochthonous DOC inputs and autochthonous 

DOC production contribute to the DOC pool. Lake area, morphometry, and water residence time 

as well as internal loss and transformation (e.g., mineralization to CO2 and sedimentation) 

processes also influence and dictate DOC concentration (Algesten et al., 2004; Casas-Ruiz et al., 

2021; Cole et al., 2007; Finlay et al., 2010).   
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1.2.2 Temporal variation in DOC concentration 

Seasonal cycles influence DOC concentrations in many freshwater systems, and are often 

linked to changes in biological DOC production and hydrological export (Clark et al., 2010). The 

largest source of DOC variation in some lakes in cold regions occurs intra-annually, with DOC 

inputs peaking during spring snowmelt despite biological DOC production peaking in summer 

(Buffam et al., 2007; Clark et al., 2010; Laudon et al., 2004). High precipitation storm events can 

also affect DOC fluxes to lakes. In organo-mineral soils during high precipitation events and 

during snowmelt, for example, DOC is mobilized as its flow path shifts from baseflow through 

the mineral soil layer (where DOC is retained) to stormflow conditions through the organic soil 

and litter layers (where DOC is produced), resulting in greater DOC flux during storm discharge 

(Clark et al., 2010). However, lake DOC concentrations do not always increase with high DOC 

loading events if dilution effects are greater than the amount of DOC exported (Clark et al., 

2007). Inter-annual variations in rainfall can also account for much among-year DOC variability 

by heightening seasonal differences between wet and dry years (Clark et al., 2010). The seasonal 

and inter-annual variation in lake DOC concentrations is often one to two orders of magnitude 

greater than the long-term change in DOC at decadal time scales (Clark et al., 2010). 

 

1.2.3 Long-term trends in DOC concentration 

Rising DOC concentrations, beginning in the late 1980s, have been observed in many 

lakes and streams of Europe and eastern North America. Much of the debate about the rise in 

DOC in these systems has focused on climatic factors, including rising atmospheric temperature 

and CO2 concentrations, as well as shifts in precipitation patterns and frequency of extreme 

storm events. For example, rising temperatures and atmospheric CO2 concentrations can promote 

greater primary production, resulting in the accumulation of degrading biomass and an increase 

in the DOC pool of an ecosystem (Pagano et al., 2014). Variable precipitation patterns and 

associated changes in wet/dry periods can also affect DOC concentrations by altering the water 

balance of a region (Jane et al., 2017). Changes in precipitation patterns, frequency of extreme 

precipitation events, and annual streamflow variability have also been reported as drivers of 

increasing DOC trends (Eimers et al., 2008b). Others have argued that declining anthropogenic 

sulphur (S) emissions beginning in the 1980s have been the cause for rising DOC concentrations 

in streams and lakes of Europe and North America (Monteith et al., 2007). More stringent 
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international air quality regulations have led to reduced sulfate (SO4
2–) acidification of terrestrial 

systems and freshwaters across eastern North America, and central and northern Europe. 

Observational and experimental evidence from lakes, streams, and peat soils in the United 

Kingdom (UK) suggests a strong link between increased DOC solubility in freshwaters with 

declining soil water acidity and ionic strength (Evans et al., 2006). Most of the variance in lake 

and stream DOC concentrations in these systems was explained by concomitant declining trends 

in anthropogenic S emissions and sea-salt loading from the late 1980s to early 2000s, while the 

effects of trends in precipitation and atmospheric temperature and CO2 were less apparent. 

Conversely, SO4
2– deposition rates were not related to annual DOC concentrations over a 21-year 

(1978–1998) period in nine softwater oligotrophic boreal lakes in Ontario, Canada (Hudson et 

al., 2003). Unlike the UK streams and lakes described in Evans et al. (2006), these lakes showed 

little evidence of an increasing or decreasing trend in DOC concentrations despite declining 

SO4
2– deposition over the study period. Variation in DOC concentrations in these lakes was 

instead attributed to patterns in solar radiation (mean daily ice-free total photosynthetically 

available radiation: PAR) and winter (December to March) precipitation. Clark et al. (2010) 

argue that such discrepancies between studies can be attributed to regional differences in acid 

deposition loading and catchment characteristics that affect sensitivity to changes in acidity and 

therefore the magnitude of DOC change with declining S deposition. Likewise, a large-scale 

study of 522 acid-affected lakes and streams in North America and Europe provided multiple 

lines of evidence for declining S deposition as the dominant driver of rising DOC concentrations 

in these systems between 1990 and 2004 (Monteith et al., 2007). Over this period DOC 

concentration trends could not be explained by trends, or lack thereof, in seasonal and annual 

stream hydrology or air temperature, or atmospheric nitrogen deposition (measured as stream or 

lake nitrate (NO3
–) concentration). Monteith et al. (2007) further argue that rising CO2 

concentration cannot explain simultaneous increasing and decreasing DOC trends in different 

regions. Instead, declining S deposition in acidified regions increases DOC concentration 

through two possible mechanisms: 1) by increasing soil pH, which increases soil OM solubility 

and thus export as DOC and 2) by reducing the ionic strength of soil solution, which lowers the 

concentrations of SO4
2–, Ca2+, Mg2+, and Al3+ ions that work to suppress DOC flux from soils 

(Monteith et al., 2007). It is thus differences in buffering capacity of soils (catchment sensitivity 

to acid deposition) that likely accounts for the variation in DOC trends across regions with 
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similar patterns of deposition. While DOC concentration trends are widespread, this does not 

always amount to changes in DOC flux over the same period and at finer regional scales, 

suggesting that hydrology also plays a key role in regions with a history of ecosystem 

acidification (Eimers et al., 2008b). 

Long-term DOC trends are also being observed in regions with no history of 

anthropogenic acidification. Instead, climate change may be driving shifts in lake DOC 

concentrations at broad regional scales. As noted above, inter-annual variation in DOC 

concentrations is typically much greater than long-term changes in DOC. However, long-term 

trends in DOC concentration that are lower in magnitude than seasonal or inter-annual variation 

may still be associated with important changes in DOM quality. Higher precipitation in boreal 

regions is expected to increase allochthonous DOM inputs to streams and lakes through increases 

in runoff (Eimers et al., 2008a). Rising annual temperatures in the Canadian Arctic are melting 

permafrost, altering vegetation distributions, and, consequently, flow paths, soil residence times, 

and terrestrial carbon cycling in the Yukon River basin (Striegl et al., 2005). The result has been 

declines in DOC export to lakes because a larger fraction of DOC has begun infiltrating and 

decomposing in the active soil layer as permafrost soils melt, rather than more rapid transport to 

streams and lakes. For hardwater lakes of the Great Plains in Canada and the United States, 

where water levels are often maintained by meltwater from winter precipitation, declining winter 

snow packs may reduce allochthonous DOM influxes (Finlay et al., 2010). Given the widespread 

occurrence of changing DOC quantity, and the importance of DOC quality to its behaviours, 

changing sources of DOC that regulate concentrations may also influence the chemical nature of 

freshwater DOC.  

 
1.3 Drinking water treatability and DOC 

Lakes and reservoirs are used as drinking water and municipal water supplies in many 

parts of the world. Elevated DOC concentrations and changes in DOC colour and quality can be 

problematic and pose challenges for drinking water treatment (Williamson et al., 2016). Water 

must be treated for human consumption to remove contaminants and toxic substances and 

manage microbes. At high DOC levels water treatment is impaired by costly increases in 

coagulant loads required for pre-treatment DOM removal (Cooke and Kennedy, 2001) and 

coliform regrowth in distribution systems (LeChevallier et al., 1996). Untreated DOC can also 
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contribute to poor taste and odour problems (Matilainen et al., 2011). When chlorine reacts with 

DOC during water treatment, the compounds that comprise DOC can act as precursors for a suite 

of harmful DBPs with potentially carcinogenic and mutagenic properties (Chow et al., 2003). 

Disinfection byproduct formation is a major concern for drinking water utilities and a threat to 

human health (Williams et al., 2019). Prolonged exposure to DBPs in chlorinated drinking water 

supplies may be linked to increased risk of bladder cancer, miscarriage, and genetic 

polymorphism (Hrudey and Fawell, 2015; Li and Mitch, 2018; Wagner and Plewa, 2017). 

During water treatment, DBPs form when chemical disinfectants, such as chlorine or ozone, used 

to kill pathogens, react with source water DOC (Deborde and von Gunten, 2008; Lavonen et al., 

2013; Li and Mitch, 2018). In chlorinated drinking water supplies, trihalomethanes (THMs) and 

haloacetic acids (HAAs) are two of the most common DBP classes, though over 700 DBPs have 

been identified (Lavonen et al., 2013). Bromide present in source waters can also be incorporated 

into DBPs, forming brominated THMs (Deborde and von Gunten, 2008; Heeb et al., 2014). In 

Canada, four THM and five HAA compounds are federally regulated, with total THM and HAA 

maximum acceptable concentrations (MAC) set at 100 and 80 µg L–1, respectively (Health 

Canada, 2006, 2008). To mitigate potentially harmful THM and HAA formation in drinking 

water supplies, drinking water utilities often add pre-treatment steps to reduce DOC 

concentrations, including alum additions to promote coagulation and flocculation, making 

treatment more expensive (Cooke and Kennedy, 2001; Pagano et al., 2014).  

Understanding the DOM molecular components that contribute to THM and HAA 

formation is critical to safe and effective water treatment. Inexpensive approaches for estimating 

required pre-treatment DOC removal include absorbance metrics like specific DOC absorbance 

at 254 nm (SUVA254), an average absorptivity measure for the suite of molecules comprising 

DOM in a water sample that is often used as a surrogate measurement for DOC aromaticity 

(Traina et al., 1990; Weishaar et al., 2003). This metric is known to be useful for estimating 

coagulant loads needed for DOC removal because it is an effective indicator of humic DOC  

(Randtke, 1999), but is less adept at predicting DOC reactivity with common disinfectants like 

chlorine (Li et al., 2000; Reckhow et al., 1990) and ozone (Westerhoff et al., 1999). Predicting 

DOM chemical reactivity is made difficult by the intrinsic complexity of the organic compounds 

that comprise DOM (Weishaar et al., 2003). Measurements from more than 100 surface waters in 

the conterminous United States showed that SUVA254 is a weak universal indicator of THM 



 

 
10 

  

 

 

formation potential for whole water samples, but can still be a useful proxy for waters where 

DOC is known to be comprised mainly of humic substances (Fram et al., 1999; Weishaar et al., 

2003). Results from these studies suggest that non-aromatic compounds that are not UV 

absorbent can contribute to THM formation and that some compounds that contribute to overall 

absorbance are inert with respect to THM formation. While allochthonous DOC is generally 

associated with THM and HAA formation (Golea et al., 2017; Lavonen et al., 2013; Wang et al., 

2017; Yang et al., 2015), autochthonous DOC, particularly that derived from algal blooms, can 

also produce high levels of these DBPs (Chen et al., 2008; Liao et al., 2017). Understanding finer 

scale changes in DOM composition and how they link to specific DBP formation is critical for 

drinking water treatment (Williams et al., 2019). To achieve this, more advanced techniques to 

characterize the DOM pool, including DOM absorbance and fluorescence excitation and 

emission (EEM) scans, have been developed with the intent, in part, to determine ideal timing for 

chlorination during water treatment where the availability of DOM precursors is reduced to a 

point of minimal DBP formation (Williams et al., 2019). In the Canadian Prairies where water 

quality is (often naturally) poor in multiple regions, including Buffalo Pound Lake, water 

treatment plants face multiple challenges of local changes to DOM (e.g., eutrophication and algal 

blooms, cyanobacterial toxins, waterborne pathogens; Schindler and Donahue (2006)) in addition 

to considerable variation in sourcewater DOM quantity and quality. Optimizing treatment 

operations to effectively remove DOM and limit DBP formation is a pressing issue for water 

managers in the region and is a major focus in plans for an ongoing $325M upgrade to the water 

treatment plant at Buffalo Pound Lake. In Buffalo Pound Lake, THM and HAA formation has 

been linked to specific portions of the DOM pool (Williams et al., 2019). Further study of 

Buffalo Pound Lake DOM quantity and quality can help the BPWTP target and remove portions 

of the DOM pool that are linked to specific chlorinated and brominated DBPs.  

 
1.4 Lake DOC in the Great Plains of North America 

In the Canadian prairies, DOM/DOC research has largely focussed on saline lakes where 

DOC concentrations can exceed 150 mg L–1 (e.g., Arts et al. 2000; Osburn et al. 2011; Waiser 

and Robarts 2000) with less attention given to freshwater lakes (Arts et al., 2000). In a study of 

20 saline and 24 freshwater lakes and wetlands in Saskatchewan, Arts et al. (2000) found that for 

systems with similar DOC concentrations, light tended to penetrate deeper in saline lakes and 
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wetlands than in freshwater systems in both the ultraviolet-A (UV-A; 320–400 nm) and UV-B 

(280–320 nm) regions of the electromagnetic spectrum. This contrast was attributed to 

differences in DOM composition between saline and freshwater lakes, particularly in its 

chromophoric properties. Endorheic saline lake DOC was highly bleached, degraded, and old, 

resulting in relatively clear waters despite high DOC concentrations, whereas freshwater DOM 

was younger, more humic, and less degraded. A case study of one of these systems, saline 

Redberry Lake and its major freshwater inflow Oscar Creek, found a similar relationship 

between DOC concentration and DOM quality (Waiser and Robarts, 2000). Seasonal DOC 

concentrations in Oscar Creek were much lower (14.9 mg L–1) than Redberry Lake (35 mg L–1) 

but lake water was clear despite allochthonous DOM inputs from highly coloured Oscar Creek 

being the dominant DOM source. Compositional differences between inflow and lake DOM 

were also evident. Water from Oscar Creek had more aromatic, coloured DOM, whereas 

Redberry Lake water had lower molecular weight, less coloured DOM signatures resembling 

autochthonous production despite chlorophyll a (Chl a) concentrations of 0.7 µg L–1 over the 

study period. Water residence time in this endorheic lake is long (20 years) and 14C dating 

confirmed that a portion of the lake DOC was at least 700 years old. Waiser and Robarts (2000) 

thus concluded that differences in DOM composition between lake water and water from the 

inflow were a product of increased light attenuation and photobleaching in Redberry Lake 

caused by prolonged processing compared to Oscar Creek, resulting in clear lake water and 

DOM that resembles that of autochthonous origin. 

There is a need to better understand the relative importance of fluvial DOC sources for 

both DOC quantity and quality in Buffalo Pound Lake, the drinking water source for one quarter 

of the population of Saskatchewan, Canada. Water levels in the reservoir are maintained by 

water releases from upstream Lake Diefenbaker, with this source water representing the 

dominant water input to Buffalo Pound Lake. Catchment flows are comparatively small and 

intermittent, yet terrestrial DOM has been shown to dominate the DOM pool in Buffalo Pound 

Lake (Williams et al., 2019). Previous work to quantify catchment DOC inputs to Buffalo Pound 

Lake was constrained by lack of DOC concentrations in inflowing rivers and estimates of 

overland flow and groundwater influx (Finlay et al., 2010). In addition to water source, long-

term changes and variation in DOM quantity and quality in Buffalo Pound Lake have yet to be 

characterized and require further study of both catchment and in-lake drivers of change over 
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multi-year time scales. Moreover, while DOM both entering and within lakes in Saskatchewan 

has been shown to be of the more allochthonous coloured, aromatic, humic, refractory type (Arts 

et al., 2000; Waiser and Robarts, 2000), seasonal and inter-annual variation in DOM quantity and 

quality in the Buffalo Pound Lake watershed have not been studied extensively. A deeper look 

into DOM signatures spanning multiple open-water seasons will enhance our understanding of 

DOM sources, and processing of terrestrial and in-lake derived DOM. Detailed study of long-

term change and considerable inter-annual variability in DOM quantity and quality in Buffalo 

Pound Lake will enhance our understanding of dynamics in this watershed heavily impacted by 

agricultural activity and support effective drinking water treatment by the BPWTP. 

 

1.5 Significance and research rationale 

The factors that drive surface water DOC concentration and DOM quality in the 

Canadian prairies is a major knowledge gap. Few studies have assessed long-term change in 

freshwater DOC concentrations in the region (e.g., Finlay et al., 2010), or investigated the 

climatic, hydrological, or in-lake drivers of this change. Research that assesses freshwater DOM 

quality over multiple open-water seasons is likewise sparse in this region. The investigations 

presented in this study aim to address each of these knowledge gaps by looking at the drivers of 

change in DOC concentration over a 30-year period, and by assessing patterns in whole-lake 

DOM quality over four open-water seasons. Buffalo Pound Lake is a highly managed system 

with tightly controlled water levels and variable flow sources (the local catchment and upstream 

mesotrophic Lake Diefenbaker), each likely to have unique DOM quality signatures. Flows into 

Buffalo Pound are a product of management and climate, and also dependent on climatic change; 

cycles of extreme drought and years with abundant precipitation drastically change the 

hydrology of the region and in turn can impact water quality (McGowan et al., 2005; Painter et 

al., 2022a). Measurements of DOC concentration and in-lake water chemistry from 1990–2019 

collected by the BPWTP, and records of streamflow from Lake Diefenbaker, the local 

catchment, and the inflow to Buffalo Pound Lake over this period, offer an excellent opportunity 

to assess variation in DOC concentration and uncover the relationship between DOC 

concentration, in-lake water chemistry, and the effects of flow management in this system. 

Longitudinal DOM quality measurements collected by the WSA over four open-water seasons 
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likewise invite a deeper look into the sources, transformations, and cycling of DOM in Buffalo 

Pound Lake.  

Collectively, studying the dynamics of DOC concentration and DOM quality in the 

Canadian prairies will 1) enhance our understanding of the drivers and mechanisms of change in 

DOM in a region not impacted by SO4
2– deposition or previously studied in-depth, thus adding a 

unique perspective to the literature on long-term DOC change; 2) broaden our understanding of 

the way DOM is cycled in shallow eutrophic reservoirs; and 3) benefit water managers in the 

region, particularly the BPWTP, by unraveling the impacts that flow management can have on 

water quality, and ultimately aid in optimizing water treatment operations, present and future 

watershed planning, and inform flow management decision-making.  

 

1.6 Thesis structure and research objectives 

This introduction is followed by two manuscript chapters (Chapters 2 and 3), each with 

several objectives. These manuscript chapters are followed by a general discussion and 

conclusions chapter (Chapter 4), which summarises the main findings of each chapter and their 

connections, describes some of the limitations of this work, discusses opportunities for future 

research on this topic, and provides an overview of some of the broader impacts of this work. 

Following this section is a list of references. Supporting information for each manuscript chapter 

follows in Appendices A and B. Here, the objectives of Chapters 2 and 3 and their respective 

titles are presented. 

Chapter 2: The importance of autochthonous DOM production in Buffalo Pound Lake, 

Saskatchewan across a series of dry years  

• Objective 1: Quantify DOC concentration and assess DOM quality at sites spanning from 

near the inflow to the outflow of Buffalo Pound Lake over four open-water seasons to 

determine if and how DOM patterns change as water moves through the reservoir 

• Objective 2: Investigate the seasonal and interannual variation in DOC concentration, and 

allochthonous and autochthonous sources, production, and processing of DOM along the 

length of the lake 

Chapter 3: Extreme variation in DOC and the importance of climate and flow source 

• Objective 1: Quantify long-term variation in DOC concentration in Buffalo Pound Lake 

over a 30-year period (1990–2019) encompassing both wet conditions and severe drought 
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• Objective 2: Investigate predictor–response relationships between DOC concentration, 

flows from upstream Lake Diefenbaker and the local catchment, and a suite of in-lake 

water chemistry parameters 
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Chapter 2: The importance of autochthonous DOM production in Buffalo 

Pound Lake, Saskatchewan across a series of dry years  

Anthony A. P. Baron1, Colin J. Whitfield1,2, Clayton J. Williams3, John-Mark Davies1,4, Helen 

M. Baulch1,2 

1School of Environment and Sustainability, University of Saskatchewan, Saskatoon, 

Saskatchewan, Canada. 

2Global Institute for Water Security, University of Saskatchewan, Saskatoon, Saskatchewan, 

Canada 

3Department of Environmental Studies and Science, Saint Michael’s College, Colchester, 

Vermont, USA 

4Saskatchewan Water Security Agency, Saskatoon, Saskatchewan, Canada 

 
2.0 Abstract 

The compositional characteristics (i.e., quality) of dissolved organic matter (DOM) are 

increasingly recognized as integral to water quality monitoring programs. In addition to 

dissolved organic carbon (DOC) concentration and its specific absorbance at 254 nm (SUVA254), 

understanding DOM quality dynamics in drinking water reservoirs can inform drinking water 

treatment by providing insight into disinfection byproduct formation (e.g., Williams 2019). 

Using linear models, we clearly demonstrate shifts in DOC concentration and DOM quality 

along the length of Buffalo Pound Lake, Canada, a shallow eutrophic reservoir in the semi-arid 

Great Plains of North America, over four open-water water seasons (2016–2019). We assessed 

seasonal differences in DOC concentration, DOM quality, and water quality (chlorophyll a, 

turbidity, photosynthetically-available radiation (PAR) extinction coefficients, and Secchi depth) 

to understand intra-annual changes in the lake that may be associated with spring snowmelt and 

summer cyanobacterial blooms, and found no seasonal differences in DOC concentration or 

DOM quality, despite significant differences in other water quality parameters. Across all years 

we observed significant trends in DOC concentration, SUVA254, and several DOM quality 

metrics (spectral slope from 275–295 nm [S275–295], fluorescence index [FI], humification index 

[HIX], and freshness index [β:α]) from the lake inflow to the lake outflow. Most notably, DOC 

concentrations increased 1–2 mg L–1 along the length of the lake, with concurrent decreases in 

SUVA254 and shifts in S275–295, FI, HIX, and β:α that suggest a tendency towards increasing 
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autochthony nearer the lake outflow. Inflows to the lake during our study were primarily from a 

larger mesotrophic reservoir upstream (Lake Diefenbaker) with minimal runoff from the local 

catchment. Our findings highlight the important role of in-lake processing of DOM and 

autochthonous sources as water moves from inlet toward the Buffalo Pound Water Treatment 

Plant near the lake outlet, which will help the Buffalo Pound Water Treatment Plant continue to 

provide safe drinking water and inform water treatment operations.  

 

2.1 Introduction 

Despite their importance for drinking water supply systems, drinking water reservoirs 

face multiple threats arising from the ways humans have transformed global water resources. 

Anthropogenic activities that degrade reservoir water quality include nutrient pollution from 

urban and agricultural activities, and release of pollutants through industrial or urban effluents, 

while altered timing and quantity of inflows can have indirect effects. Several studies have 

demonstrated strong associations between human activity and dissolved organic matter (DOM) 

composition, particularly in urban areas and agricultural watersheds (Williams et al., 2016; 

Wilson and Xenopoulos, 2009). Variability in DOM quantity and quality has important 

implications for lake and reservoir water quality and provision of ecosystem services such as 

drinking water (Williams et al., 2019; Williamson et al., 2016). In addition to dissolved organic 

carbon (DOC) concentrations that have traditionally been observed, there is increasing 

recognition of the need to monitor DOM quality dynamics in systems where drinking water is 

sourced (Jane et al., 2017; Williams et al., 2019). In particular, changes in DOM source, 

composition, and reactivity driven by variable water sources (e.g., from an upstream reservoir 

versus local catchment runoff) can affect the type and quantity of disinfection byproduct 

formation during water treatment (Croue et al., 1999; Williams et al., 2019), even in the absence 

of significant changes in DOC concentration (Kraus et al., 2011).  

Dissolved organic matter in drinking water reservoirs is divided into two groups based on 

origin: allochthonous, of terrestrial origin and delivered via riverine inflows or catchment runoff, 

and autochthonous, or internally-produced DOM. Autochthonous DOM sources include 

phytoplankton and macrophytes, bacterial DOM production, and DOM released from bottom 

sediments (Bertilsson and Jones, 2003; Kraus et al., 2011). Allochthonous and autochthonous 

DOM typically differ in their chemical make-up, which facilitates assessments of DOM source, 
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composition, and reactivity via optical measurements such as fluorescence spectroscopy. For 

example, autochthonous DOM contains no lignin, a component inherent in terrestrial plant-

derived DOM. Internally-produced DOM also tends to be lower in aromatic content and higher 

in aliphatic content than allochthonous DOM, and generally has a lower C:N ratio because it is 

often sourced from phytoplankton (Aiken et al., 1992; Kraus et al., 2011; Mash et al., 2004; 

Rostad et al., 1997).  

Several factors influence variability in DOM quantity and quality in lakes and reservoirs, 

and at varying timescales (Howard et al., 2021). These include precipitation and runoff patterns 

(Sedro and Melack 2012), rates of photodegradation (Cory and Kling, 2018; Osburn et al., 2011) 

and microbial processing (Fasching et al., 2014), seasonal changes in water temperature 

(Dinsmore et al., 2013; Gudasz et al., 2010) and dissolved oxygen (Bastviken et al., 2004), the 

balance between DOM uptake and extracellular release by plankton (Romera-Castillo et al., 

2010; Tittel and Kamjunke, 2004; Zhang et al., 2009), and other landscape features such as 

agricultural intensity, water flow paths, and the presence of wetlands in the catchment (Dillon 

and Molot, 1997; Frost et al., 2006; Larson et al., 2014; McDowell and Likens, 1988; Williams 

et al., 2016; Wilson and Xenopoulos, 2008; Xenopoulos et al., 2003). Nonetheless, controls on 

DOM quality have not been investigated to the same extent in arid and semi-arid systems 

compared to boreal and temperate watersheds. For lakes and reservoirs where allochthonous 

DOM inputs may vary at interannual scales owing to water management or climate cycles, 

characterizing within reservoir DOM patterns can help to identify potential system behaviour 

under different water regimes, and inform drinking water treatment and watershed management. 

This study investigates DOM quantity and quality at sites spanning from near the inflow 

to the outflow of a reservoir on the semi-arid Great Plains of North America (Buffalo Pound 

Lake, Canada). Our objective was to investigate if and how the amount of DOM and its 

compositional patterns change as water moves through this long, narrow reservoir. We used four 

years of DOC concentration and DOM optical spectroscopy measurements to understand 

variation in DOM amount, and allochthonous and autochthonous sources, production, and 

processing of DOM throughout Buffalo Pound Lake. We hypothesized that autotrophic 

production by algae and macrophytes would lead to an increase in DOC concentration nearer the 

outflow of the lake while also shifting the DOM pool from more aromatic, terrestrial-like 

signatures to more aliphatic, recently produced autochthonous-like signatures from inflow to 
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outflow. In addition to longitudinal DOM changes, we also assessed interannual variability, and 

seasonality by comparing spring (April–June) and summer (July–September) DOM quantity and 

quality. By examining interannual, seasonal, and longitudinal differences in DOM quantity and 

quality in Buffalo Pound Lake, we aimed to characterize important sources of DOM and how in-

lake influences affect DOM in this reservoir to inform approaches to treatment of drinking water 

sourced here.  

 

2.2 Methods 

2.2.1 Study site 

Buffalo Pound Lake is a shallow eutrophic multipurpose drinking water reservoir in 

southern Saskatchewan, Canada, that services ~25% of the province’s population (Figure 2.1). 

The middle of the lake is located at approximately 50.65127º N, 105.508225º W, in the semi-arid 

Great Plains of North America. In addition to providing source drinking water, the lake is also 

home to a Saskatchewan provincial park and is a popular spot for fishing, boating, swimming, 

and other recreation. Short, warm summers and long, cold winters define the climate in this 

region, where annual average temperature is ~3ºC (Haig et al., 2021). While mean annual 

precipitation is 320 mm (McGowan et al., 2005) there is considerable interannual variation, and 

both wet and dry climatic cycles are common. Buffalo Pound Lake is long and narrow (~29 km 

by 1 km), with a mean depth of 3 m (max depth 5.6 m). In 1939, this natural lake was impounded 

to raise water levels by damming the Qu’Appelle River near the confluence with the Moose Jaw 

River. The lake has a storage capacity of 9x107 m3 (BPWTP, 2021), and an agricultural 

catchment with nutrient-rich soils drains to the lake (Hammer, 1971). High nutrient influxes and 

internal loading promote the formation of perennial cyanobacterial blooms, and contribute to 

poor water quality in the lake (Painter et al., 2022a). Water levels in the lake are tightly 

controlled, and inflows to the lake are dominated by releases from the Qu’Appelle River Dam 

from upstream mesotrophic Lake Diefenbaker reservoir. Mean annual water releases from Lake 

Diefenbaker ranged from 1.8–4.8 m3 s–1 between 2015–2020 (BPWTP, 2021), and reflect 

variability in local climate and hydrology. Between Lake Diefenbaker and Buffalo Pound Lake, 

water transits a 35 km channelized section of the Qu’Appelle River, bypasses a small marshy 

lake (Eyebrow Lake), then transitions to a more natural, meandering 62 km stretch of the 

Qu’Appelle River before entering Buffalo Pound Lake (Painter et al., 2022a).  
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Figure 2.1. Map of Buffalo Pound Lake, Saskatchewan, Canada, highlighting its gross (grey) and 

effective (green) drainage areas, including upstream Lake Diefenbaker and the Qu’Appelle River. The 

middle of the lake is located at 50.65127º N, 105.508225º W. Red diamonds denote Water Survey of 

Canada streamflow gauging stations in the Buffalo Pound Lake watershed with complete or reconstructed 

records over the study period (see Section 2.4.1 and Table B.1). The inset map of Canada was plotted 

using the R package mapcan (McCormack and Erlich, 2019). Gross and effective drainage area shapefiles 

were obtained from the Prairie Farm Rehabilitation Administration (PFRA). Lake and river geospatial 

data were retrieved through the Government of Canada’s Open Government License (Statistics Canada, 

2006, 2011). 

 
 



 

 
20 

  

 

 

 
Figure 2.2. Map of Buffalo Pound Lake including parts of its gross (grey) and effective (green) drainage 

areas. Diamond symbols represent 8 locations along the length of the reservoir sampled by WSA in this 

study. Site geographic information is presented in Table 2.1. 
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Table 2.1. Sampling locations, geographic coordinates, and distances along Buffalo Pound Lake relative 

to the approximate downstream location of the lake inflow. See also Figure 2.2. 

Site Abbreviation Latitude Longitude 
Distance from approximate lake 

inflow (km) 

Lake Inflow B1.7 50.7356 –105.6265  1.7 

Upstream Causeway  B3.8 50.7219 –105.6014 3.8 

Below Causeway B5.2 50.7116 –106.5878 5.2 

Opposite South Lake B9.0 50.6830 –106.5591 9.0 

Opposite Sun Valley  B13.0 50.6562 –106.5206 13.0 

Opposite Parkview B19.8 50.6178 –106.4438 19.8 

WTP Intake B25.2 50.5865 –106.3842 25.2 

Above Outlet B29.1 50.5726 –106.3303 29.1 
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2.2.2 Field sampling and laboratory analyses 

To characterize DOM quantity and quality throughout the length of the system bulk 

surface water samples were collected at 11 sites stretching from the near the inflow of the lake to 

the outflow. Each site was sampled approximately monthly during the open water season (March 

to October; 3 times in 2016 and 6 times in each of 2017, 2018, and 2019). Sites near the inflow 

to Buffalo Pound Lake and upstream of a causeway on the lake are located close together relative 

to the width and length of the lake. To reduce overlap between sites near the inflow and 

causeway we took the average of each parameter and geographic coordinates of three inflow 

sites and two causeway sites, reducing the number of sites reported hereafter from 11 to 8, and 

herein we refer to the 8 remaining as “locations” (Table 2.1, Figure 2.2, with more information 

on rationale in Appendix A).  

Water samples were collected using a standard Van Dorn discrete sampler at 1 m depth, 

unless the lake depth at a given site was < 1.3 m, in which case samples were collected at 0.5 m 

depth. Once collected, samples were transferred to laboratory-supplied bottles and held in a 

cooler with blue ice until back at the WSA lab in Regina, Saskatchewan or at the Global Institute 

for Water Security lab in Saskatoon, Saskatchewan then stored overnight in a fridge (4ºC). The 

following day, samples for chlorophyll a (Chl a) were sent from the WSA lab to the Roy 

Romanow Provincial Lab (RRPL, Regina, Saskatchewan) while samples for analysis of DOC 

and TDN concentrations, and analysis of DOM fluorescence spectroscopy were shipped 

elsewhere from the Global Institute for Water Security lab in Saskatoon (details follow). 

Water samples for analyses of DOC concentration, DOM excitation and emission 

matrices (EEM), and total dissolved nitrogen (TDN) were filtered through 0.45 µm nylon 

membrane syringe filters (AMD Manufacturing) into 40 mL amber glass scintillation vials with 

septa or Teflon lined caps. DOM/TDN samples were acid sparged prior to combustion using a 

Shimadzu TOC-L analyzer equipped with a TNM-L module (Badr et al., 2003). Samples were 

analyzed with the inclusion of a 5-point calibration curve with concentrations ranging from 1–10 

mg C L–1 from potassium hydrogen phthalate and 0.5–5 mg N L–1 from NO3
–. Nicotinic acid was 

used as a check standard. Ultraviolet–Visible (UV–Vis) fluorescence and absorbance DOM 

scans were done in-laboratory using a Horiba Aqualog EV–Vis benchtop fluorimeter/ 

spectrophotometer combination. In 2016 and 2017, EEM samples were analyzed at the State 

University of New York in Brockport, New York, USA. Samples from 2018 and 2019 were 



 

 
23 

  

 

 

analyzed at the University of Vermont in Burlington, Vermont, USA. The same scanning set up 

and data processing was used on both machines (in Brockport and Burlington), and all data were 

instrument- and baseline-corrected to ensure standardization and comparability (Hansen et al., 

2018; Jaffé et al., 2008). Dissolved organic matter light absorbance scans were made from 200–

800 nm at 3 nm intervals. At the same time, fluorescence excitation (200–800 nm at 3 nm 

interval) and emission (245.6–825.8 at 2.33 nm interval) matrix scans were made, with both 

absorbance and fluorescence scans measured at a fixed 5 nm bandpass and 1 s integration time. 

Minor differences in baseline and turbidity among samples were corrected by blank subtracting 

absorbance measurements then subtracting the mean absorbance from 700–800 nm. Instrument 

performance was checked daily by running a Milli-Q water blank. Standard recommendations 

and order of operations were used to correct sample EEMs for inner filter effects and instrument 

bias (Cory et al., 2010b; Murphy et al., 2010; Williams et al., 2010). Sample EEMs were 

normalized to Raman Units (RU) using the area under the Raman peak from the daily Milli-Q 

blank scan (Lawaetz and Stedmon, 2009). Corrected EEMs and absorbance spectra were linearly 

interpolated at a 1 nm interval prior to calculating optical DOM indexes. In 2017 and 2018, two 

samples in each year did not meet QA/QC standards (i.e., showed evidence of contamination) 

and were excluded from statistical analyses.  

In addition to DOM quantity and quality, several other parameters were measured during 

the study period. Turbidity (in nephelometric turbidity units, NTU) was measured in situ using a 

YSI EXO1 field meter with an optical turbidity sensor. The turbidity sensor was calibrated or 

checked against standards weekly using 0 and 124 NTU calibration solutions. Secchi disc depth 

(ZSD, in m) and the photosynthetically-available radiation (PAR) extinction coefficient (kT, in m–

1) were used to measure water transparency. A LI-COR field meter with an LI192 2π sensor 

mounted to a lowering cage was used to measure PAR. Light profiles were constructed by 

measuring PAR at half-metre intervals from the lake surface to just above the sediment surface, 

or to a depth where measured PAR was < 1% of surface PAR. Care was taken to ensure 

consistent ambient light, and included measuring PAR in the air immediately prior to and 

immediately after measuring each light profile. Where pre- and post-measurements differed > 

10% the PAR profile was remeasured. Extinction coefficients (m–1) were determined using the 

slope of the linear regression for the relationship between the natural log of PAR versus depth 

(Kirk, 1994). Chlorophyll a concentrations (µg L–1) were analyzed at the RRPL, accredited for 
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chlorophyll analysis by the Canadian Association for Laboratory Accreditation. Bulk water 

samples were filtered using low vacuum through a 0.45 µm nitrocellulose filter. Chlorophyll a 

was analyzed on pigments extracted from the filter with 90% acetone then vortexed to obtain a 

slurry. To ensure sufficient pigment extraction, slurries were steeped for at least two hours but 

less than 24 hours. The slurries were transferred to a holmium oxide glass cuvette with 1 cm path 

length and absorbance was measured at 630, 647, and 750 nm using a Hack DR/4000 UV-VIS 

spectrophotometer. Chlorophyll a concentrations were calculated using the Jeffrey and 

Humphrey (1975) trichromatic equation. 

Streamflow records from gauges at the outflow of Lake Diefenbaker (QLD), within the 

local catchment (QLC), and directly upstream Buffalo Pound Lake (QBP) were used to understand 

sourcewater variation between 2016 and 2019. Water levels in this reservoir are tightly managed 

to maintain depth to within ± 10 cm of seasonal water level targets. In drier years and during 

winter months water levels are maintained via water releases from upstream mesotrophic Lake 

Diefenbaker, the dominant water source to Buffalo Pound Lake. In wetter years and during 

spring snowmelt, runoff from the local catchment can be an important water source. Chapter 3 

provides a complete description of these data and methods. Briefly, gauging stations below Lake 

Diefenbaker, above Buffalo Pound Lake, and at one tributary (Ridge Creek) provided daily-

averaged flow (m3 s–1) for the full duration of this study (Figure 2.1). A second local catchment 

tributary, Iskwao Creek, was gauged until 2006, and the 2007–2019 period was estimated using 

non-linear regression based on a training data set of Ridge Creek flows from 1972–1992. 

Combined flows from the local catchment (QLC) represent the sum of flows from Ridge Creek 

and Iskwao Creek, and their subsequent scaling up to the effective drainage area—the area of the 

catchment that may entirely contribute runoff during a flood with a two-year return period 

(Godwin and Martin, 1975)—of Buffalo Pound Lake as an estimate of all gauged and ungauged 

runoff sources to the lake.  

 

2.2.3 Calculations and data analysis 

2.2.3.1 Fluorescence spectroscopy 

To make DOC concentration-independent comparisons across sampling locations, 

carbon-normalized (specific) UV absorbance at 254 nm (SUVA254) was calculated by dividing 

the absorbance of filtered water samples at 254 nm (A254, in absorbance unit [AU] cm–1) by DOC 
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concentration. Spectral slopes were calculated for two wavelength ranges (S275–295 and S350–400), 

and a spectral slope ratio (SR) was determined by dividing S275–295 by S350–400 (Helms et al., 

2008).  

Eight fluorescence peaks were normalized to DOC concentration [e.g., spA (excitation at 

260 nm/emission at 540 nm [ex260/em540]) and spT (ex275/em340)] and four peak ratios (e.g., Peak 

A:Peak T and Peak C:Peak M), measured in RU L mg–1, were used as proxies for DOM 

composition (Table 2.2). Three fluorescent DOM compositional indexes—fluorescence index 

(FI) (Cory et al., 2010b; Cory and McKnight, 2005; McKnight et al., 2001), humification index 

(HIX) (Ohno, 2002; Zsolnay et al., 1999), and freshness index (β:α) (Huguet et al., 2009; Parlanti 

et al., 2000; Wilson and Xenopoulos, 2009)—were also calculated to investigate DOM 

composition and source (Table 2.2). 
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Table 2.2. Common absorbance fluorescence optical measurements used to characterize DOM composition and used in this study. Table adapted 

from Hansen et al. (2016, 2018) and references therein. 

Measurement 
Description 

Calculation Purpose Interpretation 

Absorbance  

SUVA at 254 nm (SUVA254) 

in L mg-C–1 m–1 

Absorption coefficient at 254 nm 

divided by DOC concentration 

Measure of aromaticity Higher values are typically 

associated with more aromatic 

DOC  

Spectral slopes (S275–295
 and 

S350–400) in nm–1 

Nonlinear fit of an exponential 

function to the absorption 

spectrum over the wavelength 

range 

Indicators of DOM source, 

reactivity, and molecular weight 

Higher S values typically 

associated with low molecular 

weight DOM and/or decreasing 

aromaticity 

Spectral slope ratio (SR) S275–295 divided by S350–400 Indicator of DOM source, 

reactivity, and molecular weight 

Negatively correlated with DOM 

molecular weight; irradiation 

generally increases SR 

Fluorescence 

Specific fluorescence at 

various peaks (SpA, SpB, 

SpC, SpD, SpE, SpM, SpN, 

SpT) in RU L mg-C–1 

Fluorescence at a given excitation-

emission pair divided by DOC 

concentration 

Fluorescence per unit carbon used 

as DOM compositional indicators 

Normalizes fluorescence peaks to 

DOC concentration; SpA, SpC, 

SpE, SpM, and SpD are associated 

with humic-like materials whereas 

SpB, SpN, and SpT are associated 

with fresh-like materials 

Peak ratio (A:T) Ratio of Peak A (ex260/em450) to 

Peak T (ex275/em340) intensity 

Measure of humic-like 

(recalcitrant) versus fresh-like 

(labile) fluorescence 

Higher values associated with 

greater humic-like materials  
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Table 2.2. Common absorbance fluorescence optical measurements used to characterize DOM composition and used in this study. Table adapted 

from Hansen et al. (2016, 2018) and references therein. 

Fluorescence    

Peak ratio (C:A) Ratio of Peak C (ex340/em440) to 

Peak A (ex260/em450) intensity 

Measure of the relative amount of 

photosensitive humic-like DOM 

fluorescence 

Higher values associated with a 

greater proportion of 

photosensitive humic-like 

materials 

Peak ratio (C:M) Ratio of Peak C (ex340/em440) to 

Peak M (ex300/390) intensity 

Measure of the amount of 

diagenetically-altered (blue-

shifted) fluorescence 

Higher values associated with 

more blue-shifted fluorescence  

Peak ratio (C:T) Ratio of Peak C (ex340/em440) to 

Peak T (ex275/em340) intensity 

Measure of humic-like 

(recalcitrant) versus fresh-like 

(labile) fluorescence 

Higher values associated with 

greater humic-like materials  

Fluorescence index (FI) Ratio of 470 nm and 520 nm 

emission wavelengths at excitation 

370 nm 

Identifies relative proportions of 

terrestrial and microbial sources to 

the DOM pool 

Higher values associated with 

more microbial DOM sources  

Humification index (HIX) Area under the emission spectra 

435–480 nm divided by the peak 

area 300–345 nm + 435–480 nm at 

excitation 254 nm 

Indicator of humic substance 

content or extent of DOM 

humification 

Higher values associated with 

greater humification 

Freshness index (β:α) Ratio of emission intensity at 380 

nm divided by the maximum 

emission intensity between 420 nm 

and 435 nm at excitation 310 nm 

Indicator of recently produced 

fresh-like DOM 

Higher values indicate greater 

proportion of fresh DOM  
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2.2.4 Statistical analyses 

Statistical analyses, including paired t-tests and correlations, were performed in R (R 

Core Team, 2022). The ggplot2 package (Wickham 2016) was used for data visualization. Visual 

inspection of histograms and quantile–quantile plots, and the Shapiro–Wilk test (rstatix package, 

shapiro_test function, Kassambara, 2021; Shapiro and Wilk, 1965) were used to evaluate 

normality, where a p > 0.1 indicated ~normal distribution (Royston, 1995). Parameters with 

significant Shapiro–Wilk’s W values (p < 0.1) were log-transformed to reduce skew. Levene’s 

test (car package, leveneTest function, Fox and Weisburg, 2019; Levene, 1960) was used to 

assess homogeneity of variance. 

Paired-sample Student’s t-tests (rstatix package, t_test function, Kassambara, 2021; 

Student, 1908) were run to investigate seasonal (spring and summer) differences in mean values 

of water quality (turbidity, ZSD, kT, Chl a, TDN), DOC concentration, and compositionally based 

DOM absorbance and fluorescence optical parameters (SUVA254, S275–295, FI, HIX, β:α). Spring 

and summer groups were split between samples collected April–June and July–September, 

respectively, to have approximately equal n in each group. The paired-sampled t-test assumes 

samples are dependent, normally distributed, and have no extreme outliers; this was confirmed 

prior to analysis. Cohen’s d was used to measure effect size, or the magnitude of the difference 

between each group, for significant (p < 0.05) t-test runs. Effect size is calculated as (M1 – M2) / 

s, where M1 and M2 are the means of the two groups and s is the standard deviation of all 

measurements. Effect size values range from small (0.2), medium (0.5), large (0.8), to very large 

(1.3) (Cohen, 1988). Significant t-test p-values were corrected using the false discovery rate 

(FDR) approach (Benjamini and Hochberg, 1995). The FDR quantifies the expected proportion 

of all positive (false and true) tests that reject the null hypothesis (µ1 = µ2) by ranking p-values in 

ascending order then multiplying each p-value by m/k where k is the ordered position of an 

individual p-value and m is the number of independent (pairwise) tests (Jafari and Ansari-Pour, 

2019). In effect the FDR reduces the number of false positives while minimizing the occurrence 

of false negatives.  

To investigate linear changes in DOM quantity and quality from the inflow to Buffalo 

Pound Lake through to its outflow, linear models (base package, lm function, R Core Team, 

2022) were run using distance from the lake inflow and the mean of each parameter at each 

location (DOC concentration, TDN concentration, SUVA254, S275–295, FI, HIX, β:α). Linear 
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models were considered significant at p < 0.05, and the number of observations at each site 

ranged from 10–22. Strong relationships were identified by R2 values between ± 0.65–0.79 and 

very strong between ± 0.8–1.0. 

 
2.3 Results 

2.3.1 Sourcewater variability 

Local catchment (QLC), Lake Diefenbaker outflows (QLD), and Buffalo Pound Lake 

inflows (QBP) were variable across years, with QLD the dominant water source to Buffalo Pound 

Lake in all study years (Figure 2.3). Flows from the local catchment contributed comparatively 

little inflow to the lake, with the exceptions of singular episodes of increased catchment flow in 

2016, 2018, and 2019, shown as the high points in the catchment flows in Figure 2.3. In all years 

QLD transiently reached or exceeded the 95th percentile of 1990–2019 flows while also falling to 

or below the 5th flow percentile for short periods.  
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Figure 2.3. Flows from Lake Diefenbaker outflow (black), the local catchment (green), and Buffalo 

Pound Lake inflow (blue) from 2016–2019. Upper and lower grey lines are the 95th and 5th percentile of 

flows from 1990–2019 respectively. Red Xs are open water season sampling dates where DOM quantity 

and quality were measured. Note that the y-axis scales vary by column. Note also that estimated ungauged 

flows (QU) to Buffalo Pound Lake make up the difference shown between QBP and that shown from QLD 

and QLC, and that in any given year not all QLD and QLC contribute to QBP (Chapter 3).  
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2.3.2 Water quality and DOC concentration 

2.3.2.1 Water quality  

Turbidity averaged 7.9 ± 10.4 NTU (mean ± standard deviation; N = 146) across sites and 

dates. In 2016 high turbidity (> 75 NTU) was recorded at the B1.7 and B3.8 but did not exceed 

25 NTU at any other site in any other year (Figure 2.4a). Patterns among years were otherwise 

similar, with some lower turbidity and some minor variation throughout the lake. Specifically, 

turbidity was higher near the inflow (B1.7) and outflow (B29.1) in 2016, highest near the inflow 

(B1.7) and causeway (B3.8, B5.2) in 2017 and 2018, and highest at B19.8 (near mid-lake) in 

2019. Summer turbidity values were lower than spring turbidity values (medium effect size) but 

this difference was not significant (t(9.04) = –0.56, p = 0.182, d = 0.70). 

The light extinction coefficient (kT) and Secchi disc depth (ZSD) showed similar but 

inverse patterns, with water clarity improving beyond B1.7 and into the mid-lake sites and sites 

near the lake outflow (Figures 2.4b and 2.4c). Extinction coefficients and ZSD were highly 

variable (0.45–4.35 m–1 and 0.2–3.6 m respectively). Secchi disc depth reached the lake bottom 

(3.6 m) at B25.2 in 2019. Average values were 1.40 ± 0.71 m–1 (N = 131) for kT and 1.18 ± 0.65 

m for ZSD (N = 134). Significant seasonal differences were not apparent for kT (t(8.88) = –0.31, p 

= 0.0936, d = 0.87) or ZSD (t(8.28) = 0.21, p = 0.35, d = 0.49). 

Overall, Chl a concentrations showed considerable variation across the lake (21.8 ± 24.1 

µg L–1, N = 147), peaking at B19.8 in 2019 (141.5 µg L–1); median Chl a concentration was 12.4 

µg L–1 (Figure 2.4d). Intraannual differences in Chl a were evident, particularly comparing 2019 

to 2016 and 2017. Summer Chl a concentrations were significantly higher than spring 

concentrations with a large effect size (t(11.07) = –0.63, p = 0.00786, d = 1.28). A significant 

statistical result should be taken with caution as log-transformation did not improve left-

skewness in Chl a concentrations. The large effect size suggests that there is potentially a real 

statistical difference in spring and summer Chl a; median Chl a concentrations were 11.6 µg L–1 

in spring (n = 75) and 25.5 µg L–1 in summer (n = 72).  

 

2.3.2.2 TDN and DOC concentrations 

Total dissolved N concentrations increased from the lake inflow to the outlet and ranged 

from 0.22–0.64 mg L–1 (Figure 2.5a). On average TDN in the lake was 0.40 ± 0.08 mg L–1 (N = 

86). Peak average TDN concentrations were observed at B25.2 (0.46 ± 0.07 mg L–1, n = 11) and 
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B29.1 (0.47 ± 0.06 mg L–1, n = 11). Seasonal differences between spring and summer TDN 

concentrations were not apparent (t(7.86) = –0.30,  p = 0.775). 

Dissolved organic carbon concentrations ranged from 3.7–8.1 mg L–1 and averaged 5.5 ± 

0.96 mg L–1 (N = 165) across all sites and years. Across all years, DOC concentrations tended to 

increase from near the lake inflow to the outlet (Figure 2.5b), similar to observed patterns for 

TDN. For example, at B1.7, DOC concentration averaged 5.0 ± 0.96 mg L–1 (n = 20) and rose to 

6.2 ± 1.1 mg L–1 (n = 20) at B29.1. Interestingly, B29.1 and B1.7 had the two highest observed 

DOC concentrations at 8.1 and 7.5 mg L–1 respectively. Adjacent to the water treatment plant 

intake (B25.2), DOC averaged 5.7 ± 0.9 mg L–1 (n = 21). Seasonally, among all sites, DOC 

concentrations averaged 5.5 ± 0.2 mg L–1 in spring and 5.3 ± 0.7 mg L–1 in summer (t(8.22) = 

0.63, p = 0.546).  
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Figure 2.4. (a) Turbidity, (b) photosynthetically-available radiation (PAR) extinction coefficient (kT), (c) 

Secchi depth (ZSD), and (d) chlorophyll a concentration measured at 8 locations along Buffalo Pound 

Lake from 2016–2019. Points are mean values and error bars represent the standard deviation of mean 

values (N = 3–6). 
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Figure 2.5. (a) Total dissolved nitrogen and (b) DOC concentrations measured at 8 locations along 

Buffalo Pound Lake from 2016–2019. Points are mean values and error bars represent the standard 

deviation of mean values (N = 3–6). TDN was not monitored in 2016 and 2019. 
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2.3.3 DOM compositional parameters 

2.3.3.1 Absorbance 

Overall SUVA254 values averaged 2.1 ± 0.3 L mg-C–1 m–1 (N = 161) and did not exceed 

3.0 L mg-C–1 m–1. Like DOC concentration, SUVA254 values were comparable in both spring 

and summer months (t(13.61) = –0.033, p = 0.974). In contrast to DOC concentration, patterns in 

SUVA254 showed a marked decrease from inflow to outflow in all years (Figure 2.6a). At B25.2, 

SUVA254 values ranged from 1.5–2.1 and averaged 1.9 ± 0.2 L mg-C–1 m–1. 

Spectral slope values tended to rise from lake inflow to outflow (Figure 2.6b); in 2016 

and 2019 S275–295 was similar from B1.7 to B13.0 with higher values observed from B19.8 to 

B29.1. Throughout the lake, S275–295 values ranged from 0.016–0.026 nm–1 but were 

predominately > 0.020 nm–1. On average S275–295 was 0.023 ± 0.002 nm–1 (N = 161) and did not 

vary seasonally (t(11.93) = –0.67, p = 0.517).  

2.3.3.2 Fluorescence 

Fluorescence index values in Buffalo Pound Lake generally increased from inflow to 

outflow, except in 2016 where they plateaued at B13.0 (Figure 2.6c). Overall variation in FI 

values was low, with a range of 1.49–1.66 and average of 1.57 ± 0.03 (N = 161), and did not vary 

seasonally (t(12.13) = –0.79, p = 0.442). 

Humification index values in the lake were generally high, ranging from 0.73–0.89 and 

averaging 0.83 ± 0.03 (N = 161) (Figure 2.6d). Patterns in HIX were more complex than other 

DOM compositional parameters. For example, in 2016 HIX was highest near the lake inflow, 

lowest near mid-lake, and rose again near the lake outflow. Interestingly HIX values were 

markedly lower in 2017, coinciding with low spring flows from Lake Diefenbaker and the local 

catchment (Figure 2.3). Seasonally there was little difference in average HIX values (t(13.82) = –

0.66, p = 0.523).   

Freshness index values ranged from 0.66–0.85 and averaged 0.77 ± 0.03 (N = 161) 

(Figure 2.6e), and a clear increase was observed from lake inflow to outflow across all years. 

Like other DOM compositional parameters there was no clear difference between spring and 

summer : (t(13.94) = –0.96, p = 0.354).  
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Figure 2.6. (a) SUVA254, (b) S275–295, (c) FI, (d) HIX, and (e) : measured at 8 locations along Buffalo 

Pound Lake from 2016–2019. Points are mean values and error bars represent the standard deviation of 

mean values (N = 3–6).



 

 
37 

  

 

 

2.3.4 In-lake DOM patterns  

We saw significant relationships between DOC, TDN, absorbance and fluorescence, and 

location of sampling over the course of the study. Concurrent increases in DOC and TDN 

concentrations, S275–295, FI, and : were met with decreases in SUVA254 and HIX (Figure 2.7).   

Mean DOC concentration from 2016–2019 increased 1.2 mg L–1 from B1.7 to B29.1 (R2 

= 0.94, p = 4.1210–5). Interannual patterns were also evident in DOC. Increases in DOC along 

the length of Buffalo Pound Lake were < 1.0 mg L–1 in 2016, 2018, and 2019, whereas in 2017 

DOC increased 1.9 mg L–1 (Figure 2.7a, Figure A.8a). Mean DOC concentrations were distinctly 

higher in 2016 and 2017, ranging 5.5–7.4 mg L–1. In 2018 and 2019 they were 4.4–5.5 mg L–1. 

 In 2017–2018 mean TDN concentration increased 0.12 mg L–1 from B1.7 to B29.1 (R2 = 

0.95, p = 3.0410–5) (Figure 2.7b). While an increase from B1.7 to B29.1 was observed 

interannually in 2017 and 2018 (Figure A.8b), the change was more pronounced in 2017 

(increase from 0.30 to 0.48 mg L–1) than 2018 (increase from 0.39 to 0.46 mg L–1). 

Along with increases in DOC concentration along the length of Buffalo Pound Lake, 

mean SUVA254 values consistently decreased (R2 = 0.97, p = 6.9010–6) (Figure 2.7c). 

Interannual patterns in SUVA254 were different than for DOC, however, with the lowest 

SUVA254 values observed in 2017 and 2018 and the highest in 2016 and 2019 (Figure A.8c), 

suggesting SUVA254 may initially be controlled by incoming source material then altered by in-

lake degradation and processing.  

Spectral slope values increased with increasing DOC and TDN concentrations but 

average overall change did not exceed 0.003 nm–1 from B1.7 to B29.1 (R2 = 0.95, p = 1.1010–6) 

(Figure 2.7d). Similar increases in S275–295 from B1.7 to B29.1 were observed among years 

(Figure A.8d). We report only S275–295 because poor absorption at near-visible wavelengths (350–

400 nm) produced large variation in S350–400 values at numerous sites across all years (Figures 

A.3, A.4a).  

Fluorescence index values also increased along the length of Buffalo Pound Lake (R2 = 

0.95, p = 2.0110–5); mean FI was 1.54 at B1.7 and 1.60 at B29.1 (Figure 2.7e). Interannual 

patterns were similar in 2016, 2017, and 2018, when FI at B1.7 was between 1.550 and 1.556, 

and between 1.591 and 1.612 at B29.1 (Figure A.8e). In 2019 FI was markedly lower at B1.7 

(1.513) but reached 1.581 at B29.1 near the lake outlet. 
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Humification index values, like SUVA254, tended to decrease on average from B1.7 to 

B29.1 (R2 = 0.87, p = 4.7110–4) (Figure 2.7f). Slopes and y-intercepts were very similar 

between 2016, 2018, and 2019, with HIX values at B1.7 between 0.844 and 0.865 and between 

0.807 and 0.822 at B29.1 (Figure A.8f). In comparision, HIX in 2017 was notably lower across 

sites (0.798 at B1.7 and 0.771 at B29.1). 

Increases in : from B1.7 to B29.1 (R2 = 0.94, p = 5.4510–5) suggest that, on average, 

microbially-produced DOM became more prominent along the length of the lake (Figure 2.7g). 

This pattern was similarly observed across all years but : values tended to be slightly higher 

near the inflow sites when DOC concentration was lower in this region of the lake (i.e., 2018–

2019) (Figure A.8g). From B19.8 to B29.1 there was little interannual difference in : between 

2016–2019 (Figure 2.7g). 

 

.
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Figure 2.7. (a) Dissolved organic carbon concentration, (b) TDN concentration, (c) SUVA254, (d) S275–295, 

(e) FI, (f) HIX, and (g) : measured at 8 locations along Buffalo Pound Lake from 2016–2019. Points 

are mean values and error bars represent the standard deviation of mean values (N = 10–22). Lines 

(equations shown) are fitted linear model trend lines (R2 = 0.87–0.98, p < 0.0001).
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2.4 Discussion 

While extensive work on cross-lake drivers of DOM chemodiversity has revealed the 

importance of precipitation, temperature, and water residence time on controlling DOM quality 

across ecosystems (Kellerman et al., 2014), there has been more limited work on within-

ecosystem variability. Here we measured DOC and TDN concentrations and DOM quality across 

8 locations in Buffalo Pound Lake, a shallow eutrophic reservoir with a drinking water treatment 

plant undergoing a $325M upgrade to continue to provide safe drinking water to 270,000 people. 

Our results reveal strong gradients in DOM quantity and quality along the length of Buffalo 

Pound Lake reflective of in-lake DOM processing and production. We observed increases in 

DOC and TDN concentration as water transits the lake and a shift to more microbial and 

aliphatic DOM signatures and increasing autochthony nearer the outflow of Buffalo Pound Lake. 

During the years studied (2016–2019) inflows to Buffalo Pound Lake were dominated by 

releases of water from upstream mesotrophic Lake Diefenbaker with occasional, but limited, 

inputs from the local catchment. Under these hydrological conditions we expect minimal 

terrestrial DOM inputs directly to Buffalo Pound Lake, evidenced by moderate (~5–6 mg L–1) 

DOC concentrations; in years of deluge, monthly DOC concentrations in the lake have exceeded 

12 mg L–1 (Chapter 3). Longer residence times associated with predominant inflows from Lake 

Diefenbaker during our study may have provided conditions favourable for enhanced 

autochthonous DOM production, which we associate with observed increases in DOC 

concentration, S275–295, FI, and β:α, and decreases in SUVA254 and HIX along the length of the 

lake. Here we discuss the seasonal and longitudinal variation in water quality and DOM quantity 

and quality, framing our discussion in terms of the impact of variable sourcewater on in-lake 

DOM processes, with some broader implications on drinking water treatment in this critical 

drinking water source.  

 

2.4.1 Seasonal variation in water quality and DOM quantity and quality 

Lakes and reservoirs in cold regions receiving high amounts of terrestrial DOM may 

show distinct seasonal patterns in DOM quantity, quality, or both, driven by spring snowmelt 

(Jane et al., 2017; Miller and McKnight, 2010). We expected to see seasonal patterns in water 

quality and DOM quality and quantity because snowmelt is often the dominant period of flow 

and nutrient inputs in our study region (Ali and English, 2019; Painter et al., 2022a). We saw 
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little evidence of a seasonal effect as evidenced by little difference in TDN and DOC 

concentrations and DOM quality (SUVA254, S275–295, FI, HIX, and :) despite significant 

differences in spring and summer turbidity, kT, and Chl a concentrations. This could be a result 

of the highly managed nature of water inflows to the lake from Lake Diefenbaker, and 

decreasing water residence time associated with this flow source.  

 

2.4.2 Spatial variability in DOM quantity and quality  

Clear changes in DOM quantity and quality were observed between the deltaic inflow to 

Buffalo Pound Lake (e.g., sites B1.7, B3.8, B5.2) and locations near the lake outflow (e.g., sites 

B19.8, B25.2, B29.1). Increases in DOC and TDN concentration along the length of the lake 

were accompanied by a shift in DOM quality from more degraded, humic-lake DOM near the 

inflow to more fresh-like, aliphatic DOM near the outflow. The magnitude and rate of change of 

DOM quantity and quality varied among years (Figure A.8) but overall trends suggest a shift to 

increasing autochthony (Figure 2.7). There were also no significant differences in DOC 

concentration, SUVA254, HIX, or : among sites near the inflow that were perpendicular to the 

flow axis (Supplementary Information section A.1.1), reinforcing that spatial variation in DOM 

quantity and quality is along the flow axis of the lake.  

The BPWTP routinely measures SUVA254 as part of its routine water quality monitoring. 

On average SUVA254 decreased ~0.5 L mg-C–1 m–1 from B1.7 to B25.2, where raw water is 

collected and pumped to the BPWTP. The SUVA254 levels we observed (< 3.0 L mg-C–1 m–1) 

during drier years may be associated with less reactive and refractory DOM, easing DOC 

removal during water treatment and reducing the formation of disinfectant byproduct precursors 

(Weishaar et al., 2003).  

Lower S275–295 values generally indicate higher molecular weight and more aromatic 

DOM (Chin et al., 1994; Hansen et al., 2016; Helms et al., 2008). The range of S275–295 we report 

(0.016–0.026 nm–1) is comparable to values reported for ocean (0.020–0.030 nm–1) and coastal 

waters (0.010–0.020 nm–1) (Del Vecchio and Blough, 2002). Hansen et al. (2016) observed 

increases in S275–295 with prolonged light exposure in peat soil, wetland plants, and algae 

leachates, attributing these changes to either loss of higher molecular weight DOM due to 

disaggregation or an increase in lower molecular weight (MW) products of condensation 

reactions absorbing light at these wavelengths (Obernosterer et al., 1999; Stepanauskas et al., 
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2005). A survey of 44 prairie freshwater and saline lakes and wetlands demonstrated that, in the 

freshwater systems, light in the UV-B range (280–320 nm) penetrated much deeper than the UV-

A range (320–400 nm) (Arts et al., 2000). In our study SR (the ratio of S275–295 to S350–400) was > 1 

across all years, and tended to increase along the length of Buffalo Pound Lake (Figure A.4b). 

Likewise, Helms et al. (2008) observed a photochemically-induced shift from high MW 

terrestrially-derived DOM (SR < 1) to low MW DOM (SR > 1) and an increase in S275–295 as water 

transited an estuary to the open ocean. This suggests that the Buffalo Pound Lake DOM pool 

may have shifted to lower MW compounds from inflow to outflow but overall lacked a large 

portion of high MW DOM. Water clarity in Buffalo Pound Lake generally improved downstream 

of the inflow and causeway (Figure 2.4), providing conditions favourable for light exposure and 

photodegradation.  

In natural waters FI values typically fall between 1.2 and 1.8 (Carpenter et al., 2013; 

Cory et al., 2010a; Fleck et al., 2014, 2014; Hansen et al., 2016; Helms et al., 2013; Jaffé et al., 

2008; Wilson and Xenopoulos, 2009). The FI was originally derived to characterize the fulvic 

acid fraction of DOM, and associates lower FI values with DOM derived from degraded plant 

and soil organic matter from terrestrial sources, and higher values with microbial sources, 

including DOM derived from extracellular release and leachate from algae and bacteria 

(McKnight et al., 2001). A shift in FI of at least 0.1 can indicate a difference in fulvic acid source 

(McKnight et al., 2001). In this study FI ranged 1.49–1.66 overall, shifting toward more fresh-

like, perhaps microbially-sourced, DOM at sites close to the lake outflow. These increases in FI 

coupled with declining SUVA254 along the length of Buffalo Pound Lake suggest a decreasing 

level of DOM aromaticity as water transits the system (Cory et al., 2010b; McKnight et al., 

2001).  

Freshwater HIX values commonly range between 0.6 and 0.9 (Chen et al., 2011; Fleck et 

al., 2014; Ohno, 2002) with higher values indicating a greater degree of humification. The high 

(0.73–0.89) HIX values observed here suggest Buffalo Pound Lake DOM is derived from 

terrestrial sources despite Lake Diefenbaker being its primary water source. Patterns in HIX were 

less clear from the lake inflow to outflow. For example, similar average HIX was observed at 

mid-lake sites B9.0 and B13.0 and near the BPWTP intake site (B25.2). However, HIX clearly 

decreased when viewed along the whole length of the lake, suggesting photodegradation or 

biological processing reduced the degree of humification in the DOM pool, or the addition of 
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new DOM via internal production added more fresh-like DOM decreased the relative proportion 

of humic-like DOM. Interestingly, Hansen et al. (2016) observed increasing HIX in plant- and 

algae-derived DOM with increasing length of dark incubation (up to 111 days), noting that 

microbial consumption in the absence of photoexposure reduced the labile portion of the DOM 

pool and facilitated DOM humification.   

The freshness index (:) reflects the ratio of fresh-like () DOM to humic-like () 

DOM where higher values are associated with a greater contribution of recently produced DOM 

(Parlanti et al., 2000; Wilson and Xenopoulos, 2009). Freshness index values between 0.5–0.9 

were reported for peat soil, wetland plants, and algae leachates (Hansen et al., 2016) and 0.5–

0.68 for temperate watershed draining agricultural areas in Ontario, Canada (Wilson and 

Xenopoulos, 2009). Here we report : values ranging 0.66–0.85 with increases in : from the 

lake inflow to outflow, suggesting an increasing proportion of recently produced, microbial-like 

DOM consistent with increases in TDN, S275–295, and FI, and decreases in SUVA254 and HIX.     

The morphometry of Buffalo Pound Lake (~29 km long, 1 km wide, and ~3 m mean 

depth) may lend itself to processes associated with slow-moving rivers as opposed to rounder 

lakes. Changes in DOM quantity and quality along the length of Buffalo Pound lake are 

consistent with the pipe vs. reactor hypothesis for in-river DOM processing and production 

(Casas-Ruiz et al., 2017) where increasing residence time is positively correlated with the 

magnitude of DOM change and processing. Under this hypothesis higher residence times are 

associated with available time for biophysical DOM reactions to occur, and a shift toward DOM 

of more autochthonous character occurs where autochthonous DOM production may outweigh 

DOM processing (Casas-Ruiz et al., 2017). Our results contrast those reported for Lake 

Võrtsjärv—a large, shallow temperate lake in Estonia—where DOC concentrations and 

SUVA254 were higher at the lake inflow than at the outflow (Piirsoo et al., 2012). However, 

Kalinin et al. (2016) found higher DOC and TDN concentrations at the outflow of Bull Trout 

Lake—a moraine lake in the Sawtooth Mountains of Indiana, USA—compared to its inflow, 

attributing these differences to autochthonous production in the lake. These contrasting results 

suggest that DOM in individual lakes may be subject to different processes based on sourcewater 

DOM quantity and quality, nutrient and solute dynamics, and local climate and hydrology. In 

Buffalo Pound Lake, records for this four year period during which conditions were relatively 
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dry indicate the potential for more DOC of an increasingly autochthonous character near the lake 

outlet. 

 

2.4.3 Implications for drinking water treatment 

Buffalo Pound Lake has moderate DOM for a drinking water source, which has 

contributed to issues associated with disinfectant byproduct (DBP) formation. Fortunately, 

conditions in recent years have lessened DOM concentrations and prevented exceedance of 

drinking water regulations; however, treatment remains challenging given the need to balance 

risks associated with harmful algal blooms (Painter et al., 2022a, 2022b) and DOM impacts on 

treatability and DBP formation (Williams et al., 2019). Among the constituents measured here, 

particularly those that may reflect DOM source, composition, and level of processing (e.g., HIX, 

FI, :), less prechlorination would likely be needed for disinfection but the type of DBP 

formation may still be problematic. For example, Williams et al. (2019) linked several different 

federally regulated trihalomethane and haloacetic acids to differences in DOM source and 

composition in Buffalo Pound Lake. Chlorination decisions would ultimately benefit from 

ongoing monitoring of DOM quality. The relative stability in DOM quantity and quality we 

observe here, when Lake Diefenbaker is the dominant water source to the lake and residence 

time is longer, adds to our understanding of DOM dynamics in a system with variable source 

waters and will inform effective drinking water treatment. 

 
2.5 Conclusions 

The magnitude and rate of change in DOC concentration, and the shifts toward increasing 

autochthony observed along the length of Buffalo Pound Lake underscore the role of 

autochthonous DOM production and/or build up in driving DOM cycling and transformation 

within the lake. In each year of this study we observed consistent increases in DOC 

concentration coupled with shifts in fluorescence toward more autochthonous DOM signatures 

along the lake, demonstrating that DOM quality is highly dynamic during the open-water season. 

Our results improve understanding of DOM cycling and transformation in Buffalo Pound Lake 

when Lake Diefenbaker is the dominant water source, and show that DOM quality measurements 

in addition to DOC concentration can provide insights into the source and composition of DOM 

that are unattainable with DOC concentration alone. While DOC concentrations were moderate 
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(5–6 m L–1) during our study years and conditions were relatively dry, abnormally wet years—

when runoff from the local catchment is an important water source—can raise DOC 

concentrations in the lake substantially (Chapter 3), and may alter DOM quality within the lake. 

Further study of this nature across a wider range of hydrological conditions is needed to 

understand the effects of variable water source on DOM quality in Buffalo Pound Lake. 

Additional DOM quality measurements in times of deluge would be beneficial to the Buffalo 

Pound Water Treatment Plant, as it is during these wet years that DOC removal becomes costly 

and limiting disinfection byproduct formation during water treatment are particularly 

challenging. 
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Segue between Chapter 2 and 3 

In Chapter 2 an in-depth whole-lake study of dissolved organic matter (DOM) dynamics 

is presented spanning four open-water seasons. Our principal findings highlight the importance 

of water source on moderating dissolved organic carbon (DOC) concentration and DOM quality 

in Buffalo Pound Lake, but are limited to four years (2016–2019) where Lake Diefenbaker is the 

dominant water source, and catchment runoff is infrequent and episodic with no major water 

contributions. The Canadian prairie climate is highly variable, and can fluctuate between extreme 

wet and extreme dry conditions. For example, an extensive drought between 1999–2005 was 

followed less than a decade later by widespread flooding caused by exceptionally wet conditions. 

In Chapter 3 we aim to explore long-term (1990–2019) changes in DOC concentration in Buffalo 

Pound Lake to further understand the role of water source in driving DOC concentration, along 

with in-lake drivers that include nutrient and solute concentrations. We expect that at the scale of 

four years (Chapter 2), signals, or forcings, that affect DOM quantity and quality in the lake may 

be masked. Thus, in Chapter 3 our overarching objective is to further explore the importance of 

climate (wet vs. dry conditions), variable flow source (Lake Diefenbaker vs. the local 

catchment), and nutrient and solute dynamics that may be associated with eutrophication or 

changes in land-use that may impact DOM quantity and quality.   
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Chapter 3: Extreme variation in DOC and the importance of climate and flow 

source for Buffalo Pound Lake, Saskatchewan 

Anthony A. P. Baron1, Helen M. Baulch1,2, Ali Nazemi3, Colin j. Whitfield1,2 

1School of Environment and Sustainability, University of Saskatchewan, Saskatoon, 

Saskatchewan, Canada. 

2Global Institute for Water Security, University of Saskatchewan, Saskatoon, Saskatchewan, 

Canada 

3Department of Building, Civil and Environmental Engineering, Concordia University, Montréal, 

Quebec, Canada 

 
3.0 Abstract 

Dissolved organic carbon (DOC) is an important water quality characteristic of 

freshwater ecosystems. Elevated DOC concentrations are a major concern for drinking water 

treatment plants that draw from lakes and reservoirs owing to effects on disinfection byproduct 

(DBP) formation, risks of bacterial regrowth in water distribution systems, and increasing 

treatment costs. Long-term trends in DOC have been observed across many regions of the 

Northern Hemisphere, yet there has been little agreement over the drivers of these trends. Here, 

we reveal the roles of changing source water and in-lake water chemistry as drivers of DOC 

fluctuation in Buffalo Pound Lake, Canada, a shallow eutrophic drinking water reservoir in the 

Great Plains of North America. Using 30 years (1990 to 2019) of DOC, nutrients, sulfate    

(SO4
2–), and streamflow data, we studied the long-term change in DOC under periods of 

influence from both landscape runoff and managed flow from a large upstream mesotrophic 

reservoir, Lake Diefenbaker. The period encompassed both extreme wet and extreme dry 

conditions. Using wavelet coherence analyses we identified Lake Diefenbaker flow as 

significantly coherent with DOC concentration across the 30-year record. Additionally, SO4
2–, 

total phosphorus, ammonium, and chlorophyll a concentrations were all coherent with DOC. 

These parameters were included as predictors in a generalized additive model (GAM), which 

aimed to describe fluctuations in DOC concentration. The GAM accounted for 56% of the 

deviance in DOC from 1990 to 2019, suggesting that water source and in-lake nutrient and solute 

chemistry are effective predictors of DOC concentration in Buffalo Pound Lake. Though we 

expected flows from the local catchment (natural prairie runoff conditions) to be of greater 
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importance statistically, we suspect that the ephemeral and episodic nature of this water source 

partially masked its effects on DOC. We suggest that climatic change and changes in water and 

catchment management, including flows and agricultural land-use, may drive source water 

quality in this already water-scarce region. Our results will inform the design of an ongoing 

$325M upgraded water treatment plant aiming to address the complex source water quality 

challenges of this shallow lake, which requires consideration of past changes in water quality, 

and likely future change.  

 

3.1 Introduction 

Numerous studies over the last four decades have assessed long-term trends in dissolved 

organic carbon (DOC) in freshwater lakes and reservoirs in the Northern Hemisphere, primarily 

in forested regions. Several studies report increasing DOC concentrations across regions 

including eastern Canada (Couture et al., 2011; Hudson et al., 2003), the northeastern United 

States (Rodríguez‐Cardona et al., 2022), northern Europe (Futter et al., 2014; Pärn and Mander, 

2012), central Europe (Hruška et al., 2009), and the United Kingdom (Evans et al., 2005). Others 

report no significant trends in DOC concentration (Dillon and Molot, 2005; Jane et al., 2017) or 

decreasing trends over time (Rodríguez-Murillo et al., 2015). These different findings from 

different study systems have sparked much debate over the factors that govern DOC 

concentrations across time and in different regions, and have led to a search for common drivers 

of these changes (e.g., Pagano et al., 2014; Temnerud et al., 2014; Winterdahl et al., 2014). 

Several common hypotheses have emerged that aim to unravel the drivers of observed patterns in 

DOC concentration in freshwater systems, with a substantial focus on declining anthropogenic 

sulfur dioxide emissions and consequent declines in deposition (Monteith et al., 2007). In regions 

not heavily impacted by acidification, or where sulfate (SO4
2–) deposition has shown minimal 

effect on DOC, trends in DOC have been linked to climatic and hydrological factors such as 

changes in temperature, precipitation, or runoff (Hongve et al., 2004; Weyhenmeyer and 

Karlsson, 2009), cycles in sea salt (i.e., chloride) deposition (Evans et al., 2006), atmospheric 

nitrogen (N) deposition (Evans et al., 2008), land management and land-use (Yallop and 

Clutterbuck, 2009), and increased atmospheric carbon dioxide concentrations (Freeman et al., 

2004).  
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The sum of all DOC exports to a lake is highly correlated with precipitation and annual 

runoff, hence is regulated by local hydrology and climate, as well as landscape features which 

influence DOC production and transport (Pace and Cole, 2002; Porcal et al., 2009). At the 

landscape scale, allochthonous DOC leached from terrestrial soils is transported to streams and 

lakes, and the amount of DOC leached from soils is regulated by soil moisture and flow paths 

from soil to stream or lake (Clark et al., 2010; Sobek et al., 2007). Landscape features that 

influence DOC concentration in lakes include drainage ratio (catchment:lake area), hydrological 

connectivity of water sources such as wetlands and streams (Laudon et al., 2011; Schiff et al., 

1997), land-use (Williams et al., 2010; Wilson and Xenopoulos, 2009), wetland area (Dillon and 

Molot, 1997), proportion of the catchment that is open water (Kortelainen, 1993), and watershed 

slope and topography (Sobek et al., 2007; Xenopoulos et al., 2003). 

The Canadian prairie region, a vast area of 1.8106 km2, is characterized by poorly 

developed stream networks with abundant pothole ponds (wetlands) that formed during the 

recession of the last ice age. It is also characterized by relatively flat topography, and extreme 

climatic and hydrological variability that produces periods of deluge and severe drought (Pham 

et al., 2009; Pomeroy et al., 2007; Vogt et al., 2018). Widespread flooding across the prairies in 

2011 (Brimelow et al., 2014) and a multi-year drought from 1999–2005 (Hanesiak et al., 2011) 

are two recent examples of these phenomena. Prairie soils contain high concentrations of DOC, 

SO4
2–, phosphorus (P), and nitrogen (N), and concentrations of these nutrients and solutes are 

reflected in pothole ponds (Arts et al., 2000; Labaugh et al., 1987; Waiser, 2006). Dissolved 

organic matter (DOM) in these systems is often extremely high owing to evapoconcentration, 

and runoff from prairie soils, ponds, and agricultural croplands is often rich in DOC, nutrients, 

and solutes (Brunet and Westbrook, 2012; Liu et al., 2021; Nachshon et al., 2014). These 

conditions make prairie lakes and reservoirs especially prone to eutrophication and frequent 

cyanobacterial blooms. Widespread agriculture and wetland drainage in the prairies, along with 

the highly managed nature of surface waters through dams and impoundments, further work to 

impact water quality in receiving lakes (Maheaux et al., 2016; Painter et al., 2022a). Extremes in 

climate, including drought, have had comparable effects in European watersheds (Lepistö et al., 

2014; Pärn and Mander, 2012; Worrall et al., 2006); drought periods are typically characterized 

by reduced allochthonous DOC loads and increased autochthonous DOC contributions, with 

large influxes of allochthonous DOC upon a return to wet conditions. Periods of elevated runoff 
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are known to export more DOC from the catchment, and may increase DOC concentrations in 

receiving rivers and lakes if DOC inputs outweigh dilution effects (Clark et al., 2010). 

Although endorheic saline prairie lakes are well known for their often extremely high 

DOC concentration owing to prolonged evapoconcentration (Arts et al. 2000; Osburn et al. 2011; 

Waiser and Robarts 2000), DOC concentrations in freshwater lakes of the region have received 

less attention, and few, if any, long time series of DOC concentration exist. Buffalo Pound Lake 

is a key water source in Saskatchewan, Canada providing drinking water for a quarter of the 

province. Study of the long-term change in DOC concentration is of particular interest to the 

Buffalo Pound Water Treatment Plant (BPWTP) to maintain safe drinking water and limit the 

production of disinfection byproducts like trihalomethanes and haloacetic acids. DOC is also a 

critical limnological factor within lakes and reservoirs due to its role in regulating the physical, 

chemical, and biological structure and function of these systems. The chemical and physical 

properties of DOC dictate the amount and spectral properties of light available for aquatic 

organisms and can affect lake thermal regime and mixing; influence aquatic ecosystem 

metabolism and nutrient cycling; and impact the mobility, reactivity, and bioavailability of 

metals and organic contaminants (Prairie, 2008; Wetzel, 2001a). 

 This study investigates long-term variation in DOC concentration in Buffalo Pound Lake 

over a 30-year period (1990–2019) encompassing both wet conditions and severe drought, with 

varied water flows and management. Our objectives were to understand relationships between 

DOC, flows from upstream Lake Diefenbaker and the local catchment, and a suite of in-lake 

water chemistry parameters. Wavelet coherence and phase analyses were used to identify 

temporally-dependent patterns between time series that are typically masked by traditional 

correlation methods. These relationships were further investigated with generalized additive 

modeling (GAM) to understand the predictor-response relationship between DOC concentration, 

flows, and water chemistry over the 30-year period. We hypothesized that at longer timescales 

flows into Buffalo Pound Lake would be important determinants of patterns in DOC 

concentration, while changes in lake water chemistry would impact DOC at shorter timescales. 

 
3.2 Methods 

3.2.1 Study site 

Buffalo Pound Lake is a shallow eutrophic multipurpose reservoir located near the 

headwaters of the Qu’Appelle River drainage system in southern Saskatchewan, Canada 
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(50.65127º N, 105.508225º W) (Figure 3.1, Table 3.1). Climate in this region is subhumid 

continental with very cold, long winters and short, warm summers. Mean annual precipitation is 

320 mm (McGowan et al., 2005) and average annual temperature is ~3ºC (Haig et al., 2021). 

Buffalo Pound Lake is the drinking water source for ~25% of the population in Saskatchewan, 

servicing the cities of Regina (population 249,000) and Moose Jaw (population 34,000). The lake 

is also the site of a Saskatchewan provincial park and a popular recreation spot for activities that 

include fishing, swimming, and camping. It is a natural lake that was impounded to raise water 

levels beginning in 1939 by damming the outflow of the lake to the Moose Jaw River. The lake 

is long and narrow (~29 km by 1 km) with an average depth of 3 m (max depth 5.6 m) and 

storage capacity of 9107 m3 (BPWTP, 2020). Its shallow depth and exposure to regular wind-

induced mixing result in a polymictic system that only periodically establishes thermal 

stratification (Finlay et al., 2019). Buffalo Pound Lake drains a 3310 km2 agricultural catchment 

with nutrient-rich soils that favour high nutrient influx and eutrophic conditions (Finlay et al., 

2019; Hammer, 1971). This drainage area represents the gross drainage area of the Buffalo 

Pound Lake—the area that might be expected to entirely contribute runoff under extremely wet 

conditions (Godwin and Martin, 1975). In contrast, Buffalo Pound Lake’s effective drainage 

area, defined as that portion of the watershed that contributes flow in 1:2 runoff years (Godwin 

and Martin, 1975), is just 38% of the gross drainage area. The dominant water source to the lake 

is from controlled releases out of the Qu’Appelle River Dam on Lake Diefenbaker reservoir. 

Flows from Lake Diefenbaker originate outside of the natural catchment boundary (BPWTP, 

2020). Between 2015–2020, mean annual water release from Lake Diefenbaker ranged from 1.8–

4.8 m3 s–1 (BPWTP, 2021). 
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Figure 3.1. Map of Buffalo Pound Lake, Saskatchewan, Canada, highlighting its gross (grey) and 

effective (green) drainage areas, including upstream Lake Diefenbaker and the Qu’Appelle River. The 

middle of Buffalo Pound Lake is located at 50.65127º N, 105.508225º W. Red diamonds denote Water 

Survey of Canada (WSC) streamflow gauging stations in the Buffalo Pound Lake watershed with 

complete or reconstructed records over the study period (see Section 3.2.3 and Table B.1). The inset map 

of Canada was plotted using the R package mapcan (McCormack and Erlich, 2019). Gross and effective 

drainage area shapefiles were obtained from the Prairie Farm Rehabilitation Administration (PFRA). 

Lake and river geospatial data were retrieved through the Government of Canada’s Open Government 

License (Statistics Canada, 2006, 2011).
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3.2.2 Data 

3.2.2.1 Water chemistry 

The BPWTP laboratory is accredited to the ISO/IEC 17025 standard and adapts their 

analysis methods using Standard Methods for the Examination of Water and Wastewater 

(APHA, 2012). Water samples collected between 1990 and 2019 were analyzed on weekly, 

semi-monthly, or monthly bases (Table 3.1). Described here are the current methods the BPWTP 

uses to analyze water chemistry. The accredited BPWTP laboratory did change instruments over 

the long history of this data set; however, new instruments were cross validated and subjected to 

testing requirements associated with accreditation (B. Kardash pers. comm.). Prior to 2015 DOC   

samples were acidified prior to analysis to remove inorganic carbon, then analyzed via 

nondispersive infrared detector (injection with sodium persulfate and treatment with UV light to 

convert to carbon dioxide) on a Tekmar/Dohrmann Phoenix 8000 Carbon Analyzer. Since 2015 

DOC concentrations have been analyzed on a General Electric (GE) M5310M Laboratory total 

organic carbon (TOC) Analyzer with GE-patented Sievers Selective Membrane Conductometric 

design that uses a gas-permeable membrane that separates CO2 from the DOC sample. The 

membrane separates the (dissolved) sample side (total carbon, TC) of the Analyzer from the 

inorganic carbon (IC) side. The IC side is a closed loop consisting of two conductivity cells (one 

for the TC stream and one for the IC stream), a deionized water pump and water reservoir, and 

an ion exchange resin bed. The CO2 from the TC and IC sample streams are measured by the 

respective conductivity cells, and used to calculated concentration of TC (i.e., DOC) and IC (i.e., 

dissolved inorganic carbon, DIC). Sulfate (SO4
2–) and nitrate (NO3

–) concentrations (as S and N 

respectively) are determined via ion chromatography using a Dionex ICS-1100 Ion 

Chromatograph. Ammonium (NH4
+ as N) concentrations are determined colorimetrically by 

Nessler’s reagent addition after samples are buffered in boric acid solution and distilled. 

Chlorophyll a pigments are extracted with acetone and concentrations are measured via 

spectrophotometry, but are not corrected for the presence of pheophytin. Samples for total 

phosphorus (as P) analysis are digested with strong acid and persulfate, then analyzed via the 

molybdenum blue method at 690 nm on a spectrophotometer. Soluble reactive phosphorus (as P) 

concentrations are analyzed using the ammonium molybdate method then measured at 690 nm 

on a spectrophotometer. 
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 The variable frequency of water chemistry analyses permitted using month-averaged 

measurements (N = 360) across the 30-year time series with few missing data points (0.28–3.6%) 

across the seven parameters presented in Table 3.1. Statistical analyses (described below) 

required a complete record, necessitating (very limited) imputation. Because many water 

chemistry parameters were highly variable over decadal scales, replacing missing values with 

(seasonal) mean or median consistently produced values outside the reasonable range for a given 

month and year based on visual inspection. To overcome this the k-nearest neighbour regression 

approach (Altman, 1992; Fix and Hodges, 1951) was used, replacing missing values with the 

mean of k = 1 nearest neighbours.  

 

3.2.2.2 Streamflow measurements 

Streamflow time series collected by the Saskatchewan Water Security Agency (WSA) 

from 1972–2019 at four hydrometric gauging stations upstream of Buffalo Pound Lake (Figure 

3.1, Table B.1) were used. Lake Diefenbaker outflow (QLD) and Buffalo Pound Lake inflow 

(QBP) comprise streamflow measurements along the Qu’Appelle River, and Ridge Creek and 

Iskwao Creek are tributaries sourced from the local catchment (QLD) that flow into the 

Qu’Appelle River between Lake Diefenbaker and Buffalo Pound Lake (see section 3.2.3). 
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Table 3.1. Analytical methods (APHA, 2012) used at the BPWTP ISO/IEC 17025 accredited laboratory, and sampling frequency and duration. 

Analytical instruments reported here correspond to current methods used by the BPWTP. All instrument changes between 1990 and 2019 were 

cross validated and subjected to testing requirements associated with accreditation (B. Kardash pers. comm.). MM refers to the plant’s Methods 

Manual procedures, with these methods based on APHA (2012) methods.  

Analyte Unit Laboratory method 

or APHA method 

Method summary  

(current instrumentation noted) 

Sampling frequency 

DOC mg C L–1 MM #20, v. 2.1; 

APHA Method 5310A 

and C 

1990–2014: organic carbon oxidized to CO2 is measured using a 

Tekmar/Dohrmann Phoenix 8000 Carbon Analyzer; 

2015–2019: total (dissolved) organic carbon and DIC are separated 

into conductivity cells by gas-permeable membrane to separate 

CO2, then measured conductivity in each cell is used to calculate 

DOC and DIC 

Weekly (1990–2019) 

SO4
2– mg S L–1 MM #3, v.2.7; 

modified from APHA 

Method 4110B 

Ion chromatography using a Dionex ICS-1100 Ion Chromatograph Weekly (1990–2002); 

semi-monthly to 

monthly (2003–2019) 

TP(a) µg P L–1 MM #202, v. 3.1; 

APHA Methods 4500-

P B(5) and D 

Digestion with strong acid and persulfate [APHA Method 4500-P 

B(5)] followed by colorimetric analysis using molybdenum blue 

method at 690 nm [APHA Method 4500-P D] 

Weekly (1990–2002); 

semi-monthly to 

monthly (2003–2019) 

SRP(a) µg P L–1 MM #203, v. 3.1; 

APHA Method 4500-P 

C 

Soluble phosphorus ions complexed with ammonium molybdate to 

form ammonium-phosphomolybdate and reduced to molybdenum 

blue with stannous chloride, then absorbance measured at 690 nm 

Weekly (1990–2002); 

monthly (2003–2019) 

Chl (a) µg L–1 MM #206, v. 2.1; 

APHA Method 

10,200-H 1&2 

Extraction of filtrate using aqueous acetone, and analysis via 

spectrophotometer as per APHA Method 10,200-H with the 

modification that results are not corrected for pheophytin  or 

pheophorbide .  

Weekly (1990–2002); 

monthly (2003–

2012); weekly to 

semi-monthly (2012–

2019) 

NO3
––N(a) mg N L–1 MM #3, v. 2.3; APHA 

Method 4110-A, B, C 

Ion chromatography using a Dionex ICS-1100 Ion Chromatograph Weekly (1990–2002); 

semi-monthly to 

monthly (2003–2019) 

NH4
+–N(a) mg N L–1 MM #201, v. 2.2 

APHA Method 4500-P 

C 

Water sample is buffered at pH 9.5 with a borate buffer and distilled 

into a boric acid solution. Ammonia in the distillate is then 

determined colorimetrically by addition of Nessler’s reagent  

Weekly (1990–2002); 

semi-monthly to 

monthly (2003–2019) 

(a) Method summary from Cavaliere and Baulch (2020)  

5
5
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3.2.3 Hydrological calculations 

Inflows and outflows at Buffalo Pound Lake are managed to maintain lake levels within 

an established operating range that has some seasonal variability. During the summer months, 

the operating range is 30 cm; however, due to the importance of the water supply and 

recreational interests, the lake is typically managed within 10 cm nearer the upper end of the 

operating range. Levels are typically reduced by about 15–20 cm over the winter months. Water 

levels in the lake are controlled predominately by water releases from Lake Diefenbaker; 

however, the lake regularly experiences a transient period of higher inflows from the local 

catchment during spring snowmelt. Water quality characteristics in flows from the local 

catchment, including DOC concentration and DOM quality, are distinct from Lake Diefenbaker. 

To understand water source dynamics in the Buffalo Pound Lake watershed we compared flows 

from Lake Diefenbaker (QLD), the local catchment (QLC, see below), and the inflow to Buffalo 

Pound Lake (QBP; Figure 3.1). Complete streamflow records for Lake Diefenbaker and Ridge 

Creek were available from 1972–2019. Iskwao Creek was gauged from 1972–2006 during the 

warm season (April to November) and Buffalo Pound Lake was gauged from 1968–1994 and 

2015–2019. 

Iskwao Creek cold season flows (i.e., December to March) and flows from 2007–2019 

(ungauged period) were estimated using non-linear regression based on a training data set of 

Ridge Creek flows from 1972–1992 (Nazemi, unpublished data):    

 

𝑄IC = {
0.3112𝑄𝑅𝐶

    0.4537             

0.4957𝑄𝑅𝐶 + 0.1185   
0                                        

  

if cold season                             
if warm season and 𝑄RC > 0 
if warm season and 𝑄RC = 0 

 (1) 

 

where QRC is Ridge Creek flow (m3 s–1), QIC is Iskwao Creek flow (m3 s–1), and warm season is 

April to November. Flow from the local catchment (QLC) was then estimated by scaling up to the 

effective area of Buffalo Pound Lake to estimate inflow from similar ungauged streams that 

contribute water to the lake during high precipitation events and snowmelt according to: 

 

𝑄LC =
(𝑄RC + 𝑄IC)

(𝐴RC + 𝐴IC)
× 𝐴BP (2) 
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where QLC is local catchment flow (m3 s–1) and effective areas (A, m2 in equation) for Buffalo 

Pound Lake, Ridge Creek, and Iskwao Creek are 1282, 233, and 113 km2 respectively. 

Much of the Qu’Appelle River between Lake Diefenbaker and Buffalo Pound Lake is 

ungauged, including Eyebrow Lake where flow from Lake Diefenbaker is periodically retained 

(e.g., following a drop in lake water levels). Flow for the ungauged portion of the catchment (QU, 

in m3 s–1), was also estimated using non-linear regression based on QRC (Nazemi, unpublished 

data): 

 

𝑄U = {
0.01292𝑄RC

    3 − 0.303𝑄RC
    2 + 1.249𝑄RC − 0.0956   

−0.05958𝑄RC
    2 + 2.77𝑄RC − 0.1463                          

if cold season 
  if warm season

 (3) 

 

Estimated QU includes both positive and negative values. Negative values are related to 

episodes where the ungauged instream part, including Eyebrow Lake, retains part of the water 

coming from upstream sources (i.e., QLD as well as QLC). The equations for estimating missing 

QIC and QU were selected based on Bayesian Information Criterion among a pool of 420 forms of 

linear and non-linear regression forms. Buffalo Pound Lake inflow (QBP, in m3 s–1) was gauged 

from 1990 to mid-1995. The QBP ungauged period from mid-1995–2015 was estimated as:  

 

𝑄BP = 𝑄LD + 𝑄RC + 𝑄IC + 𝑄U  (4) 

 

During the training period (1972–1992) the coefficient of determination (R2) for estimating QBP 

was 0.87.  

 

3.2.4 Statistical analyses 

There were two major goals of our statistical analysis. First, we aimed to understand 

frequency-dependent relationships between DOC concentration and a suite of environmental 

predictors that include upstream flows (QLD, QBP, QLC) and in-lake water chemistry (SO4
2–, TP, 

SRP, Chl a, NO3
–, NH4

+) using wavelet coherence analysis (Grinsted et al., 2004; Sheppard et 

al., 2016, 2017; Walter et al., 2021). Wavelet-based methods can be used to measure synchrony 

and coherence between environmental and biological variables, and investigate relationships that 

are not readily detected by conventional correlation methods (Reuman et al., 2021). Specifically, 
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wavelet coherence analysis can reveal the direction (analogous to positive or negative 

correlation) and phase (positive or negative time-lag) between two variables at different 

timescales. Predictors identified as significantly coherent with DOC (α = 0.05) by wavelet 

coherence analysis were subsequently used to investigate our second objective, where we used 

generalized additive modeling (GAM) to understand predictor–response relationships between 

DOC concentration, flows, and in-lake water chemistry.   

All statistical analyses were carried out in R version 4.1.3 (R Core Team, 2022). Wavelet 

analyses were done using the Wavelet Approaches to Synchrony (wsyn) R package (version 

1.0.4; Reuman et al., 2021). Plotting for wavelet analyses was done with the R packages base (R 

Core Team, 2022) and spatstat.core (version 2.4.2; Baddeley et al., 2015). Generalized additive 

models were fit using the R package mgcv (version 1.8.40; Wood, 2017), and graphics were 

plotted with ggplot2 (version 3.3.6, Wickham, 2016), gratia (version 0.7.3; Simpson, 2021), and 

patchwork (version 1.1.1; Pedersen, 2020). Further details on wavelet analyses and GAMs are 

provided below. 

3.2.4.1 Wavelet coherence and phase 

Wavelet-based methods can be used to measure synchrony and coherence between 

environmental and biological variables, and investigate relationships that are not readily detected 

by conventional correlation methods (Reuman et al., 2021). We applied the continuous Morlet 

wavelet transform W (t) (Addison, 2002) to each time series following approaches outlined by 

Sheppard et al. (2016, 2017, 2019). The wavelet transform W (t) uses small localized wavelike 

functions to transform time series signals into representations which present the signal 

information in a more useful form (Addison, 2002). For this study, scaling was applied such that 

one wavelet oscillation was equal to two months (  = 2) because a two-month period is the 

highest-frequency fluctuation that can be identified in monthly time series. Wavelets were 

generated across a range of timescales, from two to 120 months (10 years). Wavelet transforms 

require scalloping to remove poorly estimated values at the tails of time series (Addison, 2002), 

depicted as the ‘rocket ship nose cone’ in Figure B.1. For a 30-year time series of monthly 

observations, scalloping limits wavelet periods to a maximum of ~120 months, or approximately 

one-third of the length of the full time series.  

Coherence between two variables is a measure of the strength of association between  

those variables in a timescale-specific way that is not confounded by lagged or phase-shifted 
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associations (Reuman et al., 2021). In other words, wavelet coherence quantifies the degree to 

which two time series have correlated magnitudes of oscillation and consistent phase differences 

through time, as a function of timescale (Walter et al. 2021), with magnitude ranging from 0 (no 

relationship) to 1 (perfect coherence). The ‘wavelet mean field’ normalization method (Sheppard 

et al. 2016) was used to measure wavelet coherence because its coherence magnitude increases 

both with increasing synchrony between time series and when oscillations in time series at time t 

and timescale   have similar phase (direction and time-lag). This method also permits testing for 

significant coherence across multiple timescales. Two timescale bands were tested for 

significance. Short timescales (≤ 18 months) were selected based on Buffalo Pound Lake intra-

annual/seasonal dynamics and potential lagged relationships between DOC and environmental 

predictors. Long timescales (> 18 months—i.e., up to 120 months) were selected based on multi-

year to decadal patterns observed in DOC concentration and timescales where DOC had high |W 

(t)| (e.g., warm regions in Figure B.1). 

Phase (direction and time-lag) was also investigated for environmental predictors that 

were significantly coherent with DOC concentration. Coherent variables may be in-phase 

(positively correlated) or anti-phase (negatively correlated), and are typically (positively or 

negatively) time-lagged as it is unlikely that two environmental variables will be perfectly in-

phase or anti-phase (Figure B.2). To understand phase difference relationships between 

significantly coherent DOC–predictor pairs we computed the average phase  across the 

corresponding timescale band (Walter et al., 2021). Because phase  is an angular measurement, 

sine- or cosine-transforming this value provides information about how close the relationship is 

to being in-phase [cos()], and whether the time-lagged relationship between time series tends to 

be positive or negative [sin()] (Walter et al. 2021). Cosine transformation assigns in-phase 

relationships ( = 0) to 1, anti-phase relationships ( = ± π) to –1, and quarter-phase (i.e., time-

lagged) relationships ( = ± π/2) to 0. Sine transformation assigns both in-phase ( = 0) and anti-

phase ( = ± π) relationships to a value of 0 because they exhibit no time lag. When a change in 

DOC leads ahead of a predictor variable ( = –π/2) the relationship is lagged negative, whereas 

when a change in DOC lags behind a change in a predictor ( = π/2) the relationship is lagged 

positive.  
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To test for significant coherence all time series were transformed using standard optimal 

Box-Cox normalization prior to wavelet transformation (Sakia, 1992). Box-Cox transformation 

improves normality and ensures variability in individual time series is not dominated by extreme 

values (Sheppard et al., 2019). Significance testing for wavelet methods relies on Fourier 

surrogate techniques where time series are normally distributed (Schreiber and Schmitz, 2000), 

so fair comparisons and statements of significance can only be made if underlying data are 

normally distributed (Sheppard et al., 2019). Box-Cox transformation removes the linear trend 

for each time series and re-scales the variance to 1 producing transformed times series with mean 

of 0 and approximately normal distributions. Fourier transform based methods for generating 

surrogate coherence data sets can be used to test for statistically significant coherence 

relationships between wavelet-transformed variables (Sheppard et al., 2017). These Fourier 

transformed data retain the original characteristics (e.g., temporal autocorrelation) of the time 

series and test whether coherence values are likely to occur under the null hypothesis that no 

actual coherence and phase relationships exist between variables. For each DOC–predictor time 

series pair 10,000 surrogate randomizations were run to facilitate more accurate significance 

testing results and reduce variability on repeat runs (Reuman et al., 2021; Sheppard et al., 2017). 

 

3.2.4.2 Generalized additive models 

Predictors identified as significant by coherence analysis were used to model the DOC 

time series using a GAM. The GAM approach was chosen because it can account for 

nonlinearity in trends whereas other methods are limited to identifying increasing or decreasing 

linear (monotonic) trends (e.g., (seasonal) Mann-Kendall test) or require a priori selection of the 

functional form of trends in time series or selection from less flexible polynomial models (e.g., 

parametric linear or generalized linear models) (Finlay et al., 2019; Simpson, 2018). Conversely, 

GAMs estimate the functional form from the data allowing nonlinear relationships to be fit using 

splines. Splines can also reduce bias issues and over-fitting at the tails of data sets, which is a 

common problem with polynomial models (Finlay et al., 2019). In practice a GAM is a 

generalized linear model with a linear predictor and a series of smooth functions of covariates, 

taking the general form:  

 

𝑦𝑖 = 𝛽0 + 𝑓1(𝑥𝑖1) + 𝑓2(𝑥𝑖2) + ⋯ + 𝑓𝑛(𝑥𝑖𝑛) + 𝜖𝑖 (5) 
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where 𝑦𝑖 is the response variable; 𝛽0 is the model intercept; 𝑥𝑖1, 𝑥𝑖2, and 𝑥𝑖𝑛 are covariates; 𝑓1, 

𝑓2, and 𝑓𝑛 are non-parametric smoothing functions; and 𝜖𝑖 are independent 𝛮(0, 𝜎2) random 

errors (Wood, 2017). All predictors (i.e., f(xi)) were estimated using thin plate regression splines 

and penalized using restricted maximum likelihood-based smoothness selection procedures 

(Wood, 2011). Initial basis dimension (k) of each smooth function was checked following the 

procedure described in Pya and Wood (2016)—if the initial k was deemed too low (i.e., if k-

index < 1 and estimated degrees of freedom was close to k’), a larger basis size was used and the 

model refitted. The Tweedie distribution (Tweedie, 1984) was used as the model conditional 

distribution because histograms of most of the environmental predictors showed deviation from 

normality and resembled some form of the gamma distribution, which is also included in the 

Tweedie family of distributions and identified when the Tweedie power parameter, p, is 2. In our 

model p was 1.99, indicating the gamma distribution was a good fit; however, selecting the 

Tweedie distribution a priori avoided the potential of erroneously choosing gamma as the 

conditional distribution. Model fit was assessed through qualitative inspection of quantile–

quantile residuals, residuals vs. linear predictor, histogram of residuals, and observed vs. fitted 

values plots. Uncertainty in the estimated DOC trend was simulated using 10,000 trends from the 

posterior distribution of the fitted values. The simulated trends are consistent with the estimated 

trend but include the uncertainty in the estimates of the spline coefficients (Finlay et al., 2019). 

The posterior simulation involves drawing 10,000 samples from the multivariate normal 

distribution then deriving the difference between peak and minimum DOC for each sample 

(trend). The upper and lower 2.5% probability quantiles of the distribution of the 10,000 

differences in trend for each year form a 95% credible confidence interval on the difference 

estimated from the fitted trend (Finlay et al., 2019). 

 

3.3 Results 

3.3.1 Time series of DOC and environmental predictors 

Flow sources varied over the 30-year period with no distinct long-term or multi-year 

patterns (Figure 3.3a–c). Buffalo Pound Lake inflows (QBP) and flows from Lake Diefenbaker 

(QLD) each showed seasonal patterns, peaking around late spring to early summer and reduced 

during winter months when water demands are lower and the lake is covered with ice. Local 
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catchment flows (QLC) typically peaked in late spring to early summer and did not contribute 

water to Buffalo Pound Lake in winter months or dry years. Streamflow at QLD averaged 3.2 ± 

2.6 (range: 0–12.4) m3 s–1, while averages were 3.6 ± 2.8 (range: 0.1–18.9) m3 s–1 at QBP. 

Catchment flows (QLC) were much lower, averaging 0.3 ± 0.8 (range: 0–8.3) m3 s–1. In years 

where QLC was low or absent, particularly in the late 1990s and early 2000s, QBP generally 

followed patterns of water release from Lake Diefenbaker. In most years, fluctuations in QBP 

were comparable to those of QLD, owing in large part to water releases from a dam above QLD 

being the major water source to Buffalo Pound Lake. Several years in the local catchment record 

showed evidence of wetter-than-normal conditions (e.g., 1997, 2011, 2014) with short-term 

episodes of considerable discharge. These episodes correspond to peaks in QBP and were 

generally associated with low QLD flows. 

Dissolved organic carbon concentrations fluctuated considerably over the 30-year 

observation period, ranging 3.3–12.4 mg L–1 (Figure 3.2). Mean (± standard deviation) DOC 

concentration was 6.8 ± 1.8 mg L–1. Several notable fluctuations occurred over multi-year 

periods. For example, after sustained high concentrations from 1997–2000 (mean 9.5 mg L–1), 

DOC fell to 4.4 mg L–1 by 2004 and remained near- or below-average until the mid-2010s. 

Between 1990 and 2000, there was a gradual increase in DOC concentration where, despite 

shorter-term increases and decreases, DOC concentrations increased from 3.9 mg L–1 in 1990 to 

9.3 mg L–1 in 2000. Other notable changes occurred at shorter timescales: in 1991 DOC 

concentrations were < 5.0 mg L–1 from January to July, spiked to 10.5 mg L–1 in August, and fell 

to 5.5 mg L–1 by December. The mid-2010s also saw a sharp increase in DOC concentration 

followed by below-average levels within a 4-year span.  

Water chemistry was also highly variable over the 30-year period (Figure 3.3g–i), with 

evidence of dramatic changes in the chemistry of Buffalo Pound Lake over time. For example, 

SO4
2– concentrations ranged 56.8–340 mg L–1, and were relatively stable from 1990–2009 before 

rapidly rising up to 250 mg L–1 between 2011 and 2017 (Figure 3.3d). By the end of 2019, SO4
2– 

returned to levels observed during 1990–2010. Nitrate also showed two distinct patterns. After 

averaging 0.20 ± 0.28 mg L–1 from 1990–1999 and peaking at 1.5 mg L–1 in 1997, NO3
– 

concentrations were nearly an order of magnitude lower from 2000–2019, averaging 0.05 ± 0.08 

mg L–1 (Figure 3.3h). Total phosphorus, SRP, Chl a, and NH4
+ concentrations rose rapidly in 

1991 (Figure 3.3e–g, i), concomitant with the rise in DOC in that year. After 1991, chemical 
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concentrations were average or below average, followed by increases in concentrations into the 

early 2000s. The mid 2010s also showed elevated levels of SO4
2–, TP, Chl a, and NH4

+ 

concurrent with elevated DOC concentrations during this time. 

 
Figure 3.2. Monthly Buffalo Pound Lake DOC concentrations from 1990–2019 by (a) year, showing the 

pattern in DOC concentration over the full time series, and (b) day of year, showing the intraannual 

variation in DOC concentration.  
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Figure 3.3. (a–i) Monthly time series of flows from QLD, QBP, QLC, and SO4

2–, TP, SRP, Chl a, NO3
–, and 

NH4
+, concentrations from 1990–2019.  
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3.3.2 Wavelet coherence and phase 

Coherences between DOC and nine environmental predictors at short (< 18-month) and 

long (> 18-month) timescales were highly variable, ranging from 0.05–0.74 (median of 0.31) 

(Figure 3.4, Table B.3). At short timescales coherence magnitudes ranged 0.08–0.50 (median of 

0.15) and at long timescales 0.05–0.74 (median of 0.54). Four DOC–predictor pairs were 

significant at short timescales (α = 0.05 significance level): SO4
2–, TP, Chl a, and NH4

+. At long 

timescales SO4
2–, TP and QLD were significantly coherent with DOC (α = 0.05 significance 

level). We observed higher coherence magnitudes at long timescales compared to short 

timescales (Table B.3), potential evidence of a bias in wavelet coherence where greater 

coherence magnitudes tend to be returned at long timescales (Walter et al., 2021).  

Phase relationships spanned the range of possible values (0 to ± π) (Figure B.4). For 

DOC–predictor pairs with significant coherence, most relationships were approximately in-phase 

(–π/4 < ϕ < π/4) at both short and long timescales (Figure 3.5, Table 3.2). At short timescales 

DOC was strongly in-phase with TP, Chl a, and NH4
+ (0 < ϕ < π/4), and tended to lag behind 

fluctuations in SO4
2– (–π3/4 < ϕ < –π/2). Interestingly, the phase relationship between DOC and 

SO4
2– shifted to strongly in-phase (–π/4 < ϕ < 0) at long timescales, and TP remained strongly in-

phase with DOC (0 < ϕ < π/4). Unlike SO4
2– and TP, fluctuations in DOC tended to lag behind 

fluctuations in QLD (–π3/4 < ϕ < –π/2).  
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Figure 3.4. (a–i) Wavelet coherence using the wavelet mean field (Sheppard et al., 2016) for nine DOC–

environmental predictor pairs. Coherence magnitude (y-axis, range 0–1) represents the sum of the mean 

squared magnitude of the wavelet mean field over all timescales. The x-axis (log scale, reversed) depicts 

the range of timescales (2 to 120 months) for which coherence can be reliably investigated for each time 

series (1/3 of the total length of the original time series). The blue solid line is coherence. The solid black 

line is the 95th quantile of coherences of surrogate data sets (n = 10,000 surrogates). Coherence is 

significant ( = 0.05) for timescales in which the red dashed line is above the black line. Bars above the 

coherence line are timescales over which coherence was tested for significance. Timescales are defined as 

short (≤ 18 months) and long (> 18 months).
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Figure 3.5. Distributions of phase differences at (a) short (< 18-month) and (b) long (> 18-month) 

timescales for environmental predictors that were significantly coherent with DOC concentration. Radius 

length is proportional to the frequency of each type of relationship observed (lagged, in-phase, anti-

phase), where longer radii indicate higher frequency (as in (a)). Lagged negative refers to fluctuations in 

DOC leading ahead of fluctuations in a predictor; lagged positive refers to fluctuations in DOC lagging 

behind fluctuations in a predictor (e.g., SO4
2– in (a) and QLD in (b)). In-phase relationships are analogous 

to positive correlation, whereas anti-phase relationships are analogous to negative correlation. See Table 

3.2 for details.

TP 

Q LD 

SO4
2– 

TP, Chl a, 
NH4
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Table 3.2. Coherence and phase relationships between DOC and environmental predictors that had 

significant coherence (α = 0.05) at short (< 18-month) and long (> 18-month) timescales. Mean coherence 

p-values are calculated over the reported timescale band for each significant relationship. Cos() and 

sin() are transformations of the average phase  over the reported timescale band where cos() describes 

how close the relationship between DOC and each parameter is to being in-phase and sin() focuses on 

whether the time-lagged relationship between DOC and each predictor tends to be positive or negative. 

Because phases are angular measurements,  ranges between –π and π, and cos() and sin() range 

between –1 and 1. Relationships are identified as in-phase when cos() ≈ 1, anti-phase when cos() ≈ –1, 

and quarter-phase when cos() ≈ 0. When sin() ≈ –1 the relationship is time-lagged positive (i.e., a 

change in DOC precedes a change in the predictor), whereas when sin() ≈ 1 the relationship is time-

lagged negative (DOC lags behind the predictor). When relationships are perfectly in-phase or anti-phase 

(i.e., not time-lagged), sin() = 0.  

Environmental 

predictor 
Timescales 

Mean 

coherence 
p-value  cos() sin() Phase relationship 

SO4
2– Short 0.21 0.019 –2.01 –0.43 –0.90 

DOC lags behind 

SO4
2– 

TP Short 0.36 0.0016 0.33 0.95 0.33 
TP very strongly in-

phase with DOC 

Chl a Short 0.50 0.00010 0.55 0.85 0.52 
Chl a strongly in-

phase with DOC 

NH4
+ Short 0.26 0.0065 0.16 0.99 0.16 

NH4
+ very strongly 

in-phase with DOC 

SO4
2– Long 0.67 0.0048 –0.22 0.98 –0.22 

SO4
2– very strongly 

in-phase with DOC 

TP Long 0.57 0.045 0.45 0.90 0.43 
TP very strongly in-

phase with DOC 

QLD Long 0.74 0.0015 –1.84 –0.26 –0.97 DOC lags behind QLD  
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3.3.3 Generalized additive modeling 

Five environmental predictors were found to be significantly coherent with DOC 

concentration as identified by wavelet coherence analyses at either short (< 18-month) or long (> 

18-month) timescales, or both (section 3.2): SO4
2–, TP, Chl a, NH4

+, and QLD. A simple GAM 

(effective degrees of freedom = 16.9) with a thin plate regression spline for each covariate 

explained 56% of the deviance in DOC concentration over the 30-year period, with an adjusted 

R2 of 0.50 (). Sulfate, TP, NH4
+, and QLD all explained significant variation in DOC 

concentration (p < 0.001 for NH4
+ and QLD, and p < 0.0001 for SO4

2– and TP). The Chl a smooth 

term was the only non-significant predictor (p = 0.15; Figure 3.6a). Total phosphorus and QLD 

showed linear positive and negative relationships with DOC concentration respectively (Figure 

3.6b,e). At NH4
+ concentrations < ~0.1 mg L–1 (61% of the observed NH4

+ data), NH4
+ had an 

approximately linear positive effect on DOC concentration but did not have much predictive 

power at concentrations > 0.1 mg L–1 as shown by the increasingly large confidence interval (CI; 

shaded region) at higher NH4
+ levels (Figure 3.6c). The relationship between DOC and SO4

2– 

(Figure 3.6d) was generally positive but was more variable than the other environmental drivers. 

For example, at SO4
2– concentration from ~ 150–200 mg L–1 increases in SO4

2– were concurrent 

with decreases in DOC; however, at SO4
2– concentrations < 150 mg L–1 (71% of the observed 

SO4
2– data) DOC tended to increase with increases in SO4

2–. At higher concentrations of SO4
2–, 

TP, and NH4
+ and elevated QLD flow the GAM lost predictive power (large CI for right tails of 

each smooth) but performed well in lower to moderate ranges (Figure 3.6). In the observed vs 

fitted values plot (Figure B.5d) the GAM provided a near 1:1 fit between observed and fitted 

DOC at concentrations < ~7–8 mg L–1 but considerable variation was apparent in the model fit at 

concentrations > 8 mg L–1. Fitting the GAM to the DOC time series (Figure 3.7) revealed that 

using these predictors to estimate DOC concentration was useful at identifying multi-year trends 

(e.g., in the 1990s and mid-2010s) but suffered from over-fitting intra-annual fluctuations.   
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Figure 3.6. Partial effects of (a) Chl a, (b) QLD, (c) NH4
+, (d) SO4

2–, and (e) TP for the GAM fitted to the 

DOC time series with significantly coherent environmental predictor covariates. The x-axes show 

observed values for each environmental predictor. The y-axes show the partial effects of thin plate 

regression spline smooths (black lines) for each environmental predictor. Grey shaded regions are the 

95% confidence interval. The rug (inset on x-axis) displays the distribution of observed values. 

Chlorophyll a was the only non-significant covariate (p = 0.15); all other environmental predictors were 

significant at p < 0.001.  
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Figure 3.7. Raw DOC concentration time series (black points) overlain with the GAM fit with SO4

2–, TP, 

Chl a, NH4
+, and QLD (blue line). The shaded blue area is the 95% confidence interval of the GAM model 

fit using 10,000 samples drawn from the posterior multivariate normal distribution. This model explained 

56% of the deviance in DOC concentration with an R2
adj of 0.50.  

 

 

 

3.4 Discussion 

3.4.1 Variability in DOC concentration and flow conditions 

Globally, numerous drivers of changing DOC concentrations have been identified, from 

declining atmospheric SO4
2– (Monteith et al., 2007) and N deposition (Evans et al., 2008), to 

land management and land-use (Yallop and Clutterbuck, 2009), and to patterns in temperature, 

precipitation, or runoff (Hongve et al., 2004; Weyhenmeyer and Karlsson, 2009). Within Buffalo 

Pound Lake, a shallow reservoir in a DOC-rich landscape (Labaugh et al., 1987; Waiser, 2006) 

with high climatic variability (Pham et al., 2009; Pomeroy et al., 2007; Vogt et al., 2018), 

climate and flow source appear to have an overriding influence on DOC concentrations. Here, in 

this highly flow-managed lake, flow sources are related to weather and climatic patterns. In dry 

years more water is released from upstream Lake Diefenbaker to maintain water levels at Buffalo 

Pound Lake and other lakes downstream. In wet years runoff from the local catchment increases, 

delivering nutrients, solutes, and DOC from prairie croplands and wetlands to Buffalo Pound 
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Lake through tributaries like Ridge Creek and Iskwao Creek. Dry years constitute a more 

“managed” flow regime (where Lake Diefenbaker dominates flows) whereas wet years (where 

landscape runoff dominates) bring the system back to a more “natural” state. Under the “natural” 

regime allochthonous DOC influxes may be large, as prairie wetlands can be important flow 

sources during wet periods when hydrologic connectivity is high (Ali and English, 2019; 

Nachshon et al., 2014) and these prairie wetlands can have extremely high DOC concentrations 

due to evapoconcentration (in excess in 100 mg L–1 in some ponds) (Arts et al., 2000; Waiser, 

2006). Wetlands are not the only substantive DOC source in the landscape. High concentrations 

of DOC have also been observed in snowmelt runoff from agricultural fields in the prairies. For 

example, flow-weighted mean DOC concentrations in snowmelt runoff under conventional and 

rotational tillage practices in the prairies are also relatively high: 15.8 mg L–1 under conventional 

tillage and 20.0 mg L–1 with rotational tillage (Liu et al. 2014). In addition to soils, crop residues 

can be an important DOC source in the prairies, but DOC release from residues may be highly 

dependent on crop type (Elliott, 2013; Elliott et al., 2008).    

Lake DOC concentrations in cold regions tend to vary both seasonally and interannually. 

Seasonal cycles alter the rates of biological DOC production and hydrological export (Clark et 

al., 2010), and DOC influxes often peak during spring snowmelt while biological DOC 

production peaks in summer (Buffam et al., 2007; Clark et al., 2010; Laudon et al., 2004). High 

intensity precipitation events can also supply DOC to lakes, and interannual variation in rain and 

snowfall can account for much among-year DOC variability by heightening differences in 

catchment runoff between wet and dry years (Clark et al., 2010) or altering the regional water 

balance (Jane et al., 2017). In cold regions where lakes are ice covered for a portion of the year, 

DOC exclusion from ice can be important factor driving winter metabolism and DOC 

concentrations (Guo et al., 2012; Kurek et al., 2022), whereas photo- and biodegradation 

processes (Hansen et al., 2016) and autochthonous DOC production (Chapter 2) may dominate 

during the open-water season. In many lakes seasonal variation in DOC concentration can be one 

to two orders of magnitude greater than the long-term rate of change over decadal time scales 

(Clark et al., 2010). Within Buffalo Pound Lake we observed both high inter- and intraannual 

variability, with large variations in DOC concentration occurring over multi-year periods (e.g., 

up to a 10 mg L–1 increase in monthly concentrations over a decade) and fluctuation as high as 7 

mg L–1 within a single year. This lake has a short residence time compared to many (8 months to 
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2.5 years; BPWTP, 2016; Vogt et al., 2018), which may make it more responsive to rapid change 

as a result of changes in inflows. Both allochthonous and autochthonous DOC sources are 

important in Buffalo Pound Lake (e.g. Chapter 2) but variable residence time and other external 

conditions (e.g., climate) make it difficult to disentangle multiple interactive factors driving 

DOC concentration. The observed variability in these conditions and DOC concentration, 

including large within- and among-year fluctuations in DOC, lead to a complex DOC–predictor 

picture which we aimed to explain using wavelet analysis and GAMs. 

 

3.4.2 DOC–predictor relationships 

Wavelet analyses demonstrated that flows from Lake Diefenbaker were coherent with 

DOC concentrations in Buffalo Pound Lake at long timescales, with Lake Diefenbaker outflows 

tending to precede fluctuations in DOC concentration. Specifically, Lake Diefenbaker flows 

appear to have a flushing, or diluting impact. Lake Diefenbaker is fed by the South 

Saskatchewan River, a sand-bottom river with low DOC concentrations whose origins are in the 

Rocky Mountains. We expected to see a contrasting role of the local catchment. Specifically, 

given that allochthonous DOC can increase rapidly in lakes during periods of elevated runoff 

(e.g., during snowmelt or large precipitation events) and prairie wetlands have notably high DOC 

concentrations, we expected local catchment flow (QLC) to be coherent with DOC at short 

timescales. Instead, coherence between QLC and DOC was very low (0.10) at short timescales 

(Table B.3) and non-significant. This result likely reflects the generally smaller contribution of 

the local catchment to flow and intermittency of these sources making signals challenging to 

ascertain. Local catchment flows, though sometimes large, are infrequent (Figure 3.3) due to the 

ephemeral nature of these sources and their tendency to dry out in late summer and drier years, 

while also not flowing for extended periods in the winter. Given lower flow frequency and less 

reliability, characterizing coherence for this flow input is more challenging, particularly in light 

of the often lower flow contribution. Large pulses of inflows from the local catchment do still 

appear important to the lake. As such, the local catchment is likely an important source of 

allochthonous DOC. Flows into Buffalo Pound Lake (QBP) were likewise incoherent with DOC 

at both short and long timescales (Table B.3). Because QBP combines flows from Lake 

Diefenbaker and parts of the local catchment, this metric may obscure relationships by 



 

 
74 

  

 

 

integrating different mechanisms by which the two flow sources impact chemistry (e.g., greater 

allochthonous inputs from the local catchment).  

In addition to flow from Lake Diefenbaker, SO4
2–, TP, Chl a, and NH4

+ were also 

significantly coherent with DOC at short and/or long timescales. At short timescales (< 18 

months) DOC lagged behind SO4
2– on average but at long timescales (> 18 months) this 

relationship was strongly in-phase, suggesting within-year or seasonal DOC and SO4
2– dynamics 

may differ but their patterns become more synchronous at longer timescales. Total phosphorus, 

Chl a, and NH4
+ concentrations were strongly in-phase with DOC at short timescales, and TP 

remained strongly in-phase at long timescales. Possible mechanisms for these relationships 

include internal production and transformations and synchronous inputs of nutrients and 

allochthonous DOC from the local catchment, discussed in detail below.   

Using SO4
2–, TP, NH4

+, Chl a, and QLD as predictors in a GAM describing DOC 

explained 56% of the deviance in DOC concentrations observed over this 30-year data set, where 

all predictors were significant except for Chl a. This result presents evidence that DOC 

concentration in Buffalo Pound Lake is strongly linked to its major flow source, Lake 

Diefenbaker, and in-lake nutrient and solute chemistry. We attempted to incorporate time-lagged 

relationships between DOC and SO4
2– and QLD into the GAM approach; however, a feature of 

wavelet coherence analysis is that phase relationships can only be determined on-average over 

the timescale of interest (J. Walter pers. comm.), and thus specific time-lags (e.g., 6 months, 24 

months, etc.) cannot be accurately measured with this approach. The true time-lag relationship 

between QLD and DOC also likely varies depending on flow magnitude. To assess concerns over 

potential collinearity between DOC and TP we ran a GAM with SRP in place of TP but found no 

discernable differences in model results.    

Dissolved organic carbon was not the only chemical variable that underwent dramatic 

change within Buffalo Pound over the study period. Indeed, 6-fold variation in concentration in 

SO4
2– was observed. The rapid rise and fall in DOC and SO4

2– concentrations in the 2010s may 

be linked to both internal and external processes. The majority of SO4
2– fluxes to lakes come 

from soils and wetlands in the catchment, often in mineral forms or bound in allochthonous 

organic matter containing oxygen-bound S (e.g., as ester-SO4 or other organo-SO4 species) 

(Couture et al., 2016), helping explain coherence between SO4
2– and DOC. Much like prairie 

catchments have high DOC, they can also have high SO4
2–, again, due to soil and wetland 
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sources. Pothole ponds have a wide range of SO4
2– concentrations, with a median of 163 (mean 

519) mg L–1, and some ponds reaching concentrations of 5500 mg L–1 (L. Dyck unpublished data 

for ~150 prairie pothole region ponds in 2019) and prairie soils can be similarly high in SO4
2– 

(Fennell and Bentley, 1998). Annually-measured SO4
2– samples at Lake Diefenbaker from 1990 

to 2019 showed median concentrations of 58 mg L–1 and maxima < 90 mg L–1 (unpublished 

data), values near the low range of SO4
2– seen in Buffalo Pound Lake. The much higher median 

Ridge Creek SO4
2– (estimated at ~1094 mg L–1; unpublished data), combined with the below-

average inflows from Lake Diefenbaker (and higher QLC) in the early 2010s mean that catchment 

SO4
2– sources must have contributed to the higher SO4

2– concentrations seen in Buffalo Pound 

Lake during the latter part of the observation record. Groundwater may be infusing minerals such 

as SO4
2– to the lake (BPWTP, 2022) but we lack data to support this SO4

2– source. Extreme 

flooding across the prairies in 2011 could have created an exceptional ‘fill and spill’ scenario 

(see Nachshon et al., 2014; Shook and Pomeroy, 2012) where water containing elevated levels of 

SO4
2– and DOC was transported via runoff from upland ponds to Buffalo Pound Lake. Similar 

mechanisms were likely important in 2014 and 2015, two years with periods of high 

precipitation in the region (Water Security Agency, 2018) and above-average catchment inflows, 

when SO4
2– and DOC concentrations further increased. Prairie soils and lake sediments are rich 

in gypsum (CaSO4) and pyrite (FeS2) deposited during glaciation 10,000 years ago may also play 

a role. Reoxidation of lake sediments rich in H2S, CaSO4, FeS2, and other sulfides can also 

increase surface water SO4
2– concentrations (Holmer and Storkholm, 2001), and in freshwater 

sediments, high rates of oxidation of reduced S compounds can shift the sediments from net 

sinks to sources of SO4
2– (Holmer and Storkholm, 2001), particularly if there are no high SO4

2– 

groundwater sources to the lake. 

Strong in-phase coherence at both short and long timescales between DOC and TP 

concentrations, as well as the strong linear effect of TP on DOC, suggest that there is synchrony 

in the processes influencing DOC and TP in Buffalo Pound Lake. As for SO4
2–, prairie ponds can 

also be important P sources to downstream lakes during periods of elevated catchment flow, 

particularly because ponds high in SO4
2– tend to have greater sediment P release rates (Jensen et 

al., 2009). Open-water season TP concentrations measured at ~150 ponds across the prairie 

region in 2019 revealed mean TP concentrations in excess of 500 µg P L–1 (McFarlan, 2021) 

suggesting potential for notable nutrient inputs during periods of elevated QLC. Painter et al. 
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(2022) linked mid-summer algal blooms at Buffalo Pound Lake to large pulses of internal P 

released from sediments during transient stratification events, noting that these stratification and 

P release events can occur repeatedly in polymictic lakes like Buffalo Pound Lake (see also 

North et al., 2015; Orihel et al., 2015). Dissolved iron concentrations below levels of detection 

(0.01 mg Fe L–1) at Buffalo Pound Lake in spring and summer months, along with past evidence 

of internal P loading in the lake (D’Silva, 2017), corroborated these episodes of internal P 

release, owing to the importance of Fe in P sequestration via formation of ferrous-phosphate 

minerals.  

Chlorophyll a concentration, a measure of algal abundance, was not significant in the 

GAM but showed in-phase coherence with DOC concentrations at short timescales, suggesting a 

seasonal effect associated with cyanobacterial/algal biomass in the lake. Inefficient conversion of 

light energy to organic molecules during photosynthesis means that a portion of the organic 

materials produced by algal cells are released as DOM/DOC to ambient water over the lifetime 

of the alga (Fogg, 1966; Myklestad, 1995). Extracellular DOC release, via the overflow model 

(Fogg, 1983, 1966; Williams, 1990) or the passive diffusion model (Bjørnsen, 1988; Fogg, 

1966), has been shown to be an important source of autochthonous DOC, where as much as 5–

35% of fixed organic carbon may be release immediately as DOM, often with high proportions 

of DOC (Carlson and Hansell, 2015). Autochthonous DOM production may increase DOC 

concentrations by 1–2 mg L–1 between the Buffalo Pound Lake inflow and outflow in years 

dominated by flow from Lake Diefenbaker (Chapter 2), consistent with potential contribution 

from extracellular release.   

Observed in-phase coherence between DOC and NH4
+ at short timescales and 

significance of NH4
+ as a predictor of DOC in the GAM may be related to several mechanisms.  

The lake is sometimes N-limited (Swarbrick et al., 2019), suggesting increased NH4
+ could 

support increased productivity, and autochthonous production. This temperate lake is also highly 

seasonal, with major summer blooms (Painter et al., 2022a, 2022b), followed by long, cold 

winter periods when the lake is ice-covered and NH4
+ dynamics undergo rapid change (Cavaliere 

and Baulch, 2020). The early winter phase is marked by increasing NH4
+ concentrations 

associated with decreased autotrophy, oxygen depletion, and organic matter mineralization. We 

observed several years where DOC concentrations decreased during the early winter period. The 

late winter phase shows a decline in NH4
+ likely associated with the spring bloom and the 
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influence of lake water mixing with surface inflows. Seasonal variation in DOC:DON ratios are 

also apparent (Figure B.6). Higher C:N occurs under ice cover then decreases beginning around 

spring ice-off (~100th day of the year), reaching its lowest in late summer concurrent with 

seasonal maximum Chl a concentrations.  

 

3.4.3 Flow management and effective water treatment 

Cyclic wet–dry periods in the prairie region are associated with elevated flood risk and 

severe drought. Examples include the major drought from 1999–2004 and extensive flooding in 

2011 and 2014. Flood risk and drought underpin water management concerns in the region, 

which include balancing the provision of water from Buffalo Pound Lake to meet the needs of 

more than 270,000 people. Other water management considerations include irrigated agriculture, 

industrial and natural resource development, discharges from major cities and agriculture, 

wetland drainage, and water quality (Wheater and Gober, 2013). “Natural” and “managed” flow 

scenarios associated with wet–dry cycles each present challenges for Buffalo Pound Lake water 

quality and for the Buffalo Pound Water Treatment Plant (BPWTP). Years with high local 

catchment flows (natural flow scenario) lead to high DOC and poor water quality that can take 

years to dissipate, and create added challenges and costs for the BPWTP to maintain safe 

drinking water standards. For example, during a prolonged drought from 1999–2005 SUVA254 

values were very low (~0.9–1.6 L mg-C–1 m–1 over this period) but after extensive flooding in 

2011 SUVA254 exceeded 2.5 L mg-C–1 m–1 and remained above 1.5 mg L mg-C–1 m–1 into 2019 

(Figure B.7). At the same time, managed flow conditions—that arise when the system is dry, and 

flows from Lake Diefenbaker are important to maintaining water levels in Buffalo Pound Lake—

may contribute to worse algal blooms in Buffalo Pound Lake in terms of magnitude (Painter et 

al., 2022a), and may lead to high autochthonous DOC production in the lake (e.g. Chapter 2). 

Elevated DOC concentrations and changes in DOC colour and quality can be problematic and 

pose challenges for drinking water treatment (Williamson et al., 2016). At high DOC levels, 

water treatment is impaired by costly increases in coagulant loads required for pre-treatment 

DOM removal (Cooke and Kennedy, 2001) and coliform regrowth in distribution systems 

(LeChevallier et al., 1996). Untreated DOC can also contribute to poor taste and odour problems 

(Matilainen et al., 2011). When chlorine reacts with DOC during water treatment, the 

compounds that comprise DOC can act as precursors for a suite of harmful disinfection 
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byproducts (DBPs) with potentially carcinogenic and mutagenic properties (Chow et al., 2003), 

and are thus strictly regulated (Health Canada, 2006, 2008). Disinfection byproduct formation is 

a major concern for the BPWTP (Williams et al., 2019), particularly when DOC is high and 

cyanobacteria are abundant in the lake. Under these circumstances, the BPWTP must use a pre-

chlorination step to reduce algal growth and prevent rising floc (organic materials that coalesce 

and resist coagulation) that can impact treatment capacity by accumulating on filtration media 

(Painter et al., 2022a). Pre-chlorination is typically required in the summer months when algae 

are abundant in Buffalo Pound Lake (Painter et al., 2022a), and thus makes it difficult for the 

BPWTP to meet regulatory THM limits in years where DOC is also elevated (BPWTP, 2016).  

The variable magnitude, timing, and water quality of flows from Lake Diefenbaker and 

the local catchment underscore the complexity in developing environmental flow rules for 

Buffalo Pound Lake. Here, demand for good sourcewater quality is complicated by a number of 

competing priorities, including hydropower production, flood control, agricultural drainage of 

wetlands, and irrigation projects. Maintaining stable water levels within the lake to limit valley 

slumping and erosion is also important (Saskatchewan Environment and Resources 

Management, 2001). Other water quality concerns include effluent disposal practices on 

agricultural land, leaking septic tanks from cottages, and pollution from tourism and recreational 

activities. Buffalo Pound Lake is also critical fish and wildlife habitat, and environmental flow 

rules, such as the fishway through the dam at the outlet of the lake, should strive to minimize 

impacts on valuable species when developing strategies to maintain water quality in the lake. A 

$4B Lake Diefenbaker irrigation expansion project announced in July 2020 is one example that 

may impact flow quantity and timing, and the quality of water entering Buffalo Pound Lake. 

This project, which expects to open up ~200,000 ha of arable land to consistent water supply and 

facilitate growth in industrial and potash mining operations, may degrade Buffalo Pound Lake 

water quality by increasing nutrient influxes (e.g., from fertilizers) to the lake. In the Canadian 

prairies where water quality is often naturally poor in multiple watersheds water treatment plants 

face multiple challenges (e.g., eutrophication and algal blooms, cyanobacterial toxins, 

waterborne pathogens; Schindler and Donahue, 2006) in addition to considerable variation in 

sourcewater DOM quantity and quality. Optimizing treatment operations to effectively remove 

DOM and limit DBP formation under variable flow scenarios and competing water demands is a 
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pressing issue for water managers in the region and is a major focus in plans for an upcoming 

$233M upgrade to the water treatment plant at Buffalo Pound Lake.  

 
3.5 Conclusions 

Flow management, along with climate and hydrological variability, are important 

controls on DOC concentration in this shallow prairie lake. Flow from upstream mesotrophic 

reservoir Lake Diefenbaker is a key predictor/driver of DOC concentration over long timescales, 

though pulses of allochthonous DOC from the local catchment during wet periods can raise DOC 

concentration in the lake for several years. Total phosphorus and NH4
+ concentrations are 

synchronous with DOC in Buffalo Pound Lake and positively correlated, suggesting that internal 

production/autochthony and the seasonal dynamics of nutrients and organic matter 

transformations under ice and during the open-water season are important in years where flows 

are overwhelmingly from Lake Diefenbaker. Irrigated agriculture expansion in the region may 

increase nutrient inputs to Buffalo Pound Lake and further enhance cultural eutrophication. In 

turn, autochthonous DOC concentrations in the lake may also increase in concert with greater 

primary production. Sulfate, which was also highly variable over the 30-year period, was 

synchronous and positively correlated with DOC, revealing the close link between solutes and 

DOC sourced from the local catchment, as opposed to Lake Diefenbaker which tends to be lower 

in SO4
2–, and perhaps suggests there are other sources of SO4

2– and DOC to Buffalo Pound Lake 

from groundwater. Occasional large pulses of local catchment flow during wet climate phases, 

along with strict management of water levels in the lake to prevent erosion, have led to large 

fluctuations in DOC in Buffalo Pound Lake. Our analyses underscore the relationship between 

DOC and flow source for Buffalo Pound Lake, and show that poor water quality often results 

from elevated local catchment flow. If the prairies experience higher rainfall totals and less 

precipitation as snow with a changing climate, episodes of allochthonous inputs of DOC, 

nutrients, and solutes may become more frequent and further degrade water quality in the lake, 

making water management and drinking water treatment increasingly difficult.  
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Chapter 4: General conclusions 

4.0 Summary 

In the Canadian prairies and globally, freshwater resources are increasingly threatened on 

multiple fronts by human activities. Among these are cultural eutrophication driven by 

increasing use of fertilizers for crop growth along with nutrient-rich urban and industrial runoff, 

climate change induced effects on key hydrological processes (e.g., snowfall amount and timing 

of snowmelt in the Canadian prairies), water scarcity associated with increasing water demands 

and intersectoral competition and severe drought, and conversion from natural landscapes to 

heavily managed agricultural systems (e.g., Gober and Wheater, 2014). Water treatment 

challenges arise synergistically from the interactions of these threats in lakes and reservoirs used 

as drinking water sources.  

Effective dissolved organic carbon (DOC) removal and water treatment that minimizes 

disinfection by-product (DBP) formation are impaired when the quantity, quality, and timing of 

organic matter fluxes in source waters are changing and unpredictable. Understanding DOC 

concentration and dissolved organic matter (DOM) quality dynamics, and their drivers of 

change, is thus imperative as eutrophication, climate change, land-use change, and competing 

demands for water resources alter DOM quantity and quality in receiving lakes and reservoirs. 

This study aimed to identify the roles that water sources and in-lake chemical change have on 

DOC concentration, and investigate DOM quality within Buffalo Pound Lake, with the 

overarching goal of aiding in water treatment decision-making and watershed management 

within the region.    

There have been numerous attempts to unify the hypotheses of drivers of DOC 

concentration patterns, and quantitively and qualitatively describe DOM quality in lakes and 

reservoirs. Despite these efforts, the molecular complexity and diversity of DOM, and the role of 

local watershed controls on lake and reservoir DOC make it challenging to describe a unifying 

theory on the controls of DOC concentration and to compare DOM quality across studies and in 

different environments. 

In Chapter 2 DOC concentration and DOM optical spectroscopy (i.e., DOM quality) 

measured over four open-water seasons along the length of Buffalo Pound Lake were analyzed. 

Here we provided evidence for increasing autochthony along the length of the lake driven by 

primary production and subsequent extracellular DOC release by algae and cyanobacteria. The 
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four years of study were relatively dry, as indicated by minimal flows from the local catchment; 

flows into the lake were similar in magnitude to those leaving upstream Lake Diefenbaker. 

Consistent year-to-year increases in DOC concentration coupled with shifts in fluorescence 

metrics toward more autochthonous signatures from lake inflow to outflow demonstrated that 

DOM quality is highly dynamic within the lake during the open-water season, and improved our 

understanding of the way DOM cycles and transforms in the lake when Lake Diefenbaker is the 

dominant water source—insights unattainable from DOC concentration alone. Future study of 

DOC concentration and DOM quality during abnormally wet years—when the local catchment 

can be an important water source—is needed to provide further insight into how DOM quality 

changes in the lake under these conditions. During these wet phases, DOM inputs to the lake are 

presumably more allochthonous, and DOC concentrations are several mg L–1 higher (see Chapter 

3). Expanding DOM quality measurements to wet years would be beneficial to the Buffalo 

Pound Water Treatment Plant (BPWTP), as it is during these wet years that removal of DOC and 

limiting DBP formation during water treatment are particularly challenging. In the year prior to 

the beginning of this study (2015), exceptionally wet conditions led to a water crisis for the 

BPWTP (CTV, 2015). During this crisis managed flow from Lake Diefenbaker was reduced, as 

runoff from the local catchment presented an elevated flood risk, and resulted in a decline in 

water quality in the lake, including elevated DOC concentrations. Unusually warm temperatures 

also contributed to deteriorating water quality, and ultimately limited rates of treatment, 

contributing to water supply shortages. While drinking water safety was not impacted, improved 

understanding of the nature of DOM sourced from the local catchment during events such as this 

would aid the BPWTP in current decision-making strategies, which include strengthening 

demand management and commissioning dissolved air flotation clarification (BPWTP, 2016).  

Year-round DOM quality measurements that include shoulder season and ice-covered 

periods would further provide a more complete understanding of DOM quality and DOC 

concentration change throughout Buffalo Pound Lake, as DOM dynamics during snowmelt 

(Boyer et al., 2000; Meingast et al., 2020; Qiu et al., 2016) and under ice (Guo et al., 2012; 

Kurek et al., 2022) can be distinct from or influence open-water season DOM quantity and 

quality. Unfortunately, sampling in shoulder seasons during ice formation and melting presents a 

safety concern, making it difficult and infeasible to get measurements during these seasons 

without enhanced technology. Advancements in in situ DOM fluorescence sampling 
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technologies such as field fluorometers may provide one solution to this problem, but can be 

costly and currently face several disadvantages compared to benchtop spectrofluorometers 

(Carstea et al., 2020).     

In Chapter 3, a 30-year data set of DOC concentration, nutrients, and sulfate, along with 

flow data upstream of Buffalo Pound Lake were used to disentangle the drivers of large 

fluctuations in DOC concentration in the lake. Here, we focussed on the roles of variable water 

source, multi-year variability in climate, and the role of nutrients and sulfate on moderating DOC 

concentration in the reservoir. Using wavelet coherence analyses and generalized additive 

models we clearly demonstrated the importance of flow source and in-lake water chemistry as 

factors driving DOC concentration in Buffalo Pound Lake, and linked periods of extreme wet 

and dry conditions to episodes of rapid change in DOC concentration within the lake. Despite 

linking DOC concentration to flow source and water chemistry, we found it difficult to develop a 

mechanistic framework responsible for observed DOC dynamics in Buffalo Pound Lake. 

Additional monitoring and data, such as a streamflow gauge at the lake outflow would facilitate 

calculations of DOC, nutrient, and sulfate mass balances and fluxes, and improve capacity to 

identify water residence time, which we suspect plays a large role in controlling DOC 

concentration in this system. Under higher flow conditions, Buffalo Pound Lake may behave 

similar to a slow-moving river, while longer residence times under low flow conditions can yield 

more typical reservoir behaviour. Similarly, these data could provide insight on the role of 

groundwater sources of DOC and solutes to the lake, which are currently thought to be important 

(BPWTP, 2017) but have not been quantified. The 30-year record investigated in this chapter 

provided an opportunity to study DOC concentration and its drivers through periods of both 

drought and deluge; however, questions remain about cyclicity in DOC concentrations over 

longer timescales. For example, in addition to shorter-term changes, we observed large 

fluctuations in DOC concentration at approximately decadal scales. Revisiting the long-term 

record in an additional 10, 20, or 30 years would help identify such patterns as cyclic or part of a 

longer-term trend, similar to those reported for systems in other regions of the Northern 

Hemisphere.  

The investigations carried out in this thesis provide a foundation for DOC forecasting in 

Buffalo Pound Lake by showing how water source and water chemistry affect DOC 

concentration, and how DOM quality shifts as water transits through the reservoir during the 
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open-water season when Lake Diefenbaker is the dominant flow source. Together, the works 

presented in this thesis will inform drinking water treatment strategies and be of use for 

watershed management, particularly with respect to decisions made around water diversions and 

managing flow sources to Buffalo Pound Lake. More broadly, these works add to the scarce 

literature on the drivers of change and characterization of DOM quantity and quality in shallow 

lakes on the Canadian prairies, and in regions that have not experienced significant SO4
2– 

deposition and subsequent reduction in acid rain. In this way our findings contribute to efforts to 

quantify the role of lakes and reservoirs in the global carbon cycle (e.g., Cole et al., 2007). Some 

areas of eastern North America and Europe have documented long-term changes in DOC 

attributed to policy change concerning sulphur dioxide emissions, changes in climate and land-

use, natural sea salt deposition cycles, or other climatic, hydrological, or anthropogenic factors. 

Here we illustrate similar changes in DOC concentration (~ 3-fold change over a decade) tied 

largely to natural fluctuations in climate and the overarching management of flow through 

Buffalo Pound Lake.  

 
4.1 Implications for watershed management and forecasting lake and reservoir DOC 

concentrations 

Surface waters across the Canadian prairies are heavily managed, and few streams and 

rivers experience natural flow regimes. Instead, dams and the creation of reservoirs have 

stabilized flow regimes to meet water demands for drinking water, hydropower, agriculture, and 

industry. In reservoirs like Buffalo Pound Lake water levels are increasingly managed to slow 

erosion, maintain water supplies, and manage flood risks, yet water quality issues associated with 

stable water levels and managed flow regimes are critically understudied. However, in light of 

the recent water crisis faced by the BPWTP, growing population, and increasing intersectoral 

competition, water quality concerns are of increasing interest, particularly as the treatment plant 

has begun a $325M upgrade to continue to provide safe drinking water and meet increasing 

water demands over the next 50 years.  

 
4.2 Impact and opportunities for future work 

The work presented in this thesis aimed to answer novel questions about the nature of 

DOC in Buffalo Pound Lake and the impacts flow management can have on an ecosystem facing 

multiple pressures ranging from growing demand for water, deteriorating water quality, and an 
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uncertain climate future. While we have gained important insights into the drivers of long-term 

DOC and the quality of DOM in this system, which will certainly benefit the BPWTP, there are 

several opportunities for future work related to DOM quantity and quality in Buffalo Pound Lake 

and the broader implications of flow management in this system.  

One of the challenges we faced was unraveling a mechanistic understanding of DOM 

behaviour as it relates to changing flow source, and the broader role of pothole ponds, 

agricultural drainage, groundwater intrusion, and point and non-point sources of pollutants, and 

nutrients. Related to this, there is opportunity to investigate the trade-offs between water quality 

and flow management. While our results suggest a beneficial effect of flows from Lake 

Diefenbaker on water quality, which we attribute to flushing with water of better quality, there 

are limits to flow management to aid in water treatment owing to upstream channel capacity, 

lake levels downstream, and competing water demands out of Lake Diefenbaker. Given the 

challenges to providing drinking water from this eutrophic reservoir, more investigation to the 

effects of nutrient inputs associated with wetland drainage projects in the watershed would be 

another valuable area for future research. Data to support such investigations are sparse at 

present, but will prove to be of interest to those managing water treatment, and water resources 

more broadly in this system. We expect further extreme conditions (continued blooms, more 

severe droughts and floods, shorter ice cover durations), and new tools are needed to predict how 

this system will respond to such events, as they do not currently exist. This is an important 

outlook for future work because it will allow us to build from what we have learned from this 

wealthy data set and make predictions of future change, which we have not been able to do here. 
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Appendix A: Supplementary information Chapter 2 (The importance of 

autochthonous DOM production in Buffalo Pound Lake, Saskatchewan across 

a series of dry years) 

In addition to the Chapter 2 main text we provide here several tables and figures to 

provide additional context and describe supporting analyses. Included in section A.1 of this 

supplementary information text are specific details about the timing and frequency of field 

sampling (Table A.1), rationale for reducing 11 sampling sites to 8 locations used in statistical 

analyses (see Section A.1.1, Table A.2, and Figures A.1 and A.2), and summary statistics for all 

water quality and dissolved organic matter (DOM) quantity and quality parameters (Table A.3). 

Section A.2 includes additional metrics derived from excitation and emission scans using 

fluorescence spectroscopy. Here, several figures support the analyses and findings presented in 

the main text, including absorbances at four wavelengths (Figure A.3), a spectral slope and 

spectral slope ratio (Figure A.4), four spectral peak ratios that describe DOM composition 

(Figure A.5), and several fluorescence peaks normalized to dissolved organic carbon (DOC) 

concentration used to infer humic-like (Figure A.6) and fresh-like (Figure A.7) DOM 

characteristics. These metrics are described in detail in Table 2.2. Section A.3 details individual-

year linear modelling results between distance along Buffalo Pound Lake and DOC and TDN 

concentrations, and several DOM absorbance and fluorescence metrics (Figure A.8, Table A.4), 

which support the aggregated linear modelling results shown in the main text.  
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A.1 Sampling and site information, and summary statistics 

 

Table A.1. Field sampling dates and complete sampling days from 2016–2019 at locations along the 

length of Buffalo Pound Lake during the open water seasons from 2016–2019. Note that the locations 

reported in this table are compressed from 11 sites to a maximum of 8 locations based on findings of 

homogeneity as described below and in Table A.2 and Figures A.1 and A.2).  

Year Sampling dates 
Complete 

sampling days 
Locations x days 

2016 April 12, April 19, September 22 3 24 

2017 
March 21, May 15, June 12, July 11, August 9, 

September 12 
6 46* 

2018 
March 20, May 23, June 19, July 17, August 21, 

September 27 
6 46* 

2019 
April 22, May 28, June 27, July 22, August 15, 

September 23 
6 48 

*Total number of samples reported excludes samples from 2017 and 2018 that did meet QA/QC standards 

(two in both years showed evidence of contamination).  
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A.1.1 Testing for site similarities with ANOVA and Student’s t-test 

Sites near the inflow to Buffalo Pound Lake and upstream of the causeway are 

geographically located close together relative to the width and length of the lake. Inflow East, 

Inflow Centre, and Inflow West are 1.50, 1.70, and 1.94 km respectively from the approximate 

location of the lake inflow. Upstream Causeway Centre and Upstream Causeway East are 3.68 

and 3.83 km from the approximate location of the lake inflow. Statistical tests were used to test 

the null hypothesis of no difference in the means of select parameters among the sites at Inflow 

(analysis of variance, ANOVA) and Upstream Causeway (Student’s t-test) sites. Parameters 

were selected to represent metrics of dissolved organic matter (DOM) quantity (dissolved 

organic carbon (DOC) concentration), absorbance (DOC-specific ultraviolet absorbance at 254 

nm (SUVA254), and fluorescence (freshness index [: ratio] and humification index [HIX]). 

Non-significant results (no statistical difference in mean values among sites) of these tests 

indicates redundancy, suggesting these groups of sites thus can be averaged to represent one site 

(Lake Inflow for the inflow sites and Upstream Causeway for the sites upstream the causeway). 

Prior to analyses, data were assessed for adherence to assumptions of the analyses. Normally 

distributed data is a central assumption of ANOVA and Student’s t-tests. Visual inspection of 

quantile–quantile plots indicated most parameters were approximately normally distributed; 

however, Shapiro-Wilk tests revealed that some parameters deviated from the normal 

distribution (W < 0.05). In cases where W < 0.05 tests were run using both untransformed and 

log-transformation data to see if results were affected. Both tests are sensitive to extreme 

outliers, and it is recommended to remove values that exceed 3 times the inter-quartile range 

below the 1st quartile or above the 3rd quartile. No parameter values were extreme outliers for 

any site. A third assumption is equal variance among groups, and this was assessed via Levene’s 

test for homogeneity of variance. The three groups of inflow measurements and two groups of 

upstream causeway measurements fulfilled this assumption (p > 0.05).      

Results from the ANOVA and Student’s t-test showed no significant differences in the 

means of the inflow sites or the sites upstream of the causeway for all parameters (p > 0.1 for 

DOC concentration, SUVA254, :, and HIX) (Table A.2, Figures A.1 and A.2). These results 

suggest that averaging the values for these groups of sites will not affect overall patterns in DOM 

quality and quantity patterns observed in Buffalo Pound Lake. Results reported in the main text 
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are thus derived from averages of the three inflow sites and two causeway sites, and geographic 

coordinates are represented as the mean location of each cluster of sites.  

 

Table A.2. Results from ANOVA and Student’s t-test runs for each parameter and site grouping. Test 

runs that used log-transformed data are not shown; instead p-values for untransformed data are reported 

(consistent with results below, log-transformation did not produce a significant test result in any case). 

Sites Parameter Test Statistic p-value n 

Inflow East, 

Inflow Centre, 

Inflow West 

DOC concentration ANOVA F(2, 52) = 0.126 0.882 55 

SUVA254 ANOVA F(2, 52) = 0.002 0.998 55 

: ratio ANOVA F(2, 52) = 0.064 0.938 55 

HIX ANOVA F(2, 52) = 0.088 0.916 55 

Upstream Causeway 

Centre, 

Upstream Causeway 

East 

DOC concentration Student’s t-test t(36.1) = –0.0134 0.989 39 

SUVA254 Student’s t-test t(36.4) =   0.370 0.713 39 

: ratio Student’s t-test t(36.7) = –1.550 0.130 39 

HIX Student’s t-test t(35.6) =   0.396 0.694 39 
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Figure A.1. Sites near the Buffalo Pound Lake inflow that were tested for similarities in (a) DOC 

concentration, (b) an absorbance metric (SUVA254), and (c–d) fluorescence indexes (: and HIX). 

Coloured points are individual samples collected during sampling events from 2016–2019. 
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Figure A.2. Sites upstream of the causeway on Buffalo Pound Lake that were tested for similarities in (a) 

DOC concentration, (b) an absorbance metric (SUVA254), and (c–d) fluorescence indexes (: and HIX). 

Coloured points are individual samples collected during sampling events from 2016–2019.



 

 
116 

  

 

 

Table A.3. Summary statistics for water quality, DOC concentration, and DOM absorbance and 

fluorescence parameters. Abbreviations: Q1 – first quartile; Q3 – third quartile.  

Parameter Unit N Min Median Q1 Q3 Max 

Turbidity NTU 146 0.4 4.3 2.4 10.8   76.7 

Chl a µg L–1 147 2.2 12.4 7.3 25.0 141.5 

kT m–1 131 0.45 1.23 0.90 1.77     4.35 

ZSD m 134 0.2 1.0 0.7 1.5     3.6 

TDN mg L–1 86 0.224 0.411 0.349 0.451     0.640 

DOC mg L–1 165 3.70 5.30 4.77 6.35     8.13 

SUVA254 L mg-C–1 m–1 161 1.44 2.05 1.86 2.24     3.00 

FI — 161 1.49 1.57 1.55 1.59     1.66 

HIX — 161 0.730 0.833 0.810 0.851     0.888 

: — 161 0.656 0.774 0.755 0.790     0.849 

S275–295 nm–1 161 0.016 0.023 0.022 0.024     0.026 

S350–400 nm–1 161 0.016 0.020 0.019 0.021     0.023 

SR — 161 1.01 1.18 1.12 1.24     1.45 

A254 m–1 161 7.98 11.13 9.76 11.93   19.06 

A280 m–1 161 5.35 7.30 6.60 8.02   14.07 

A350 m–1 161 1.08 1.65 1.46 1.86     4.49 

A440 m–1 161 0.15 0.33 0.26 0.39     1.11 

SpA RU L mg-C–1 160 0.106 0.173 0.148 0.197     0.273 

SpB RU L mg-C–1 160 0.021 0.038 0.032 0.046     0.075 

SpC RU L mg-C–1 160 0.058 0.093 0.078 0.107     0.143 

SpD RU L mg-C–1 160 0.023 0.037 0.031 0.041     0.055 

SpE RU L mg-C–1 160 0.007 0.011 0.009 0.013     0.017 

SpM RU L mg-C–1 160 0.065 0.103 0.090 0.118     0.158 

SpN RU L mg-C–1 160 0.047 0.068 0.058 0.077     0.098 

SpT RU L mg-C–1 160 0.033 0.057 0.050 0.065     0.099 

Peak ratio (C:T) — 161 0.99 1.64 1.49 1.86     2.73 

Peak ratio (A:T) — 161 1.78 3.03 2.68 3.53     5.13 

Peak ratio (C:A) — 161 0.416 0.537 0.524 0.551     0.635 

Peak ratio (C:M) — 161 0.707 0.901 0.887 0.913     0.978 
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A.2 Additional DOM absorbance and fluorescence metrics 

 

 

Figure A.3. (a–d) Absorbance (m–1) of bulk water samples at 254, 280, 350, and 440 nm wavelengths 

measured at 8 locations along Buffalo Pound Lake from 2016–2019. Points are mean values and error 

bars represent the standard deviation of mean values (N = 3–6). Samples from the lake had high 

absorbance in the lower UV range (a, b) and much lower absorbance at near-visible and visible 

wavelengths (c, d). 
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Figure A.4. (a) Spectral slope S350–400 and (b) slope ratio SR (S275–295:S350–400) measured at 8 locations 

along Buffalo Pound Lake from 2016–2019. Points are mean values and error bars represent the standard 

deviation of mean values (N = 3–6). Less intense absorbance near-visible wavelengths (Figure A.3) 

affected S350–400 measurements, as evidenced by the large range in mean ± one standard deviation values 

(a). 
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Figure A.5. (a–d) Spectral peak ratios (C:T, A:T, C:A, and C:M) measured at 8 locations along Buffalo 

Pound Lake from 2016–2019. Points are mean values and error bars represent the standard deviation of 

mean values (N = 3–6). 
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Figure A.6. (a–e) DOC-normalized (specific) humic-like fluorescence peaks (spA, spC, spM, spD, and 

spE) measured at 8 locations along Buffalo Pound Lake from 2016–2019. Units are in RU L mg-C–1. 

Points are mean values and error bars represent the standard deviation of mean values (N = 3–6). Humic-

like peaks were strongly correlated with one another (R2 = 0.89–0.99, p < 0.00001 for 10 pairs correlation 

pairs). In y-axis labels ex refers to excitation wavelength and em refers to emission wavelength. 
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Figure A.7. (a–c) DOC-normalized (specific) fresh-like fluorescence peaks (spB, spT, and spN) 

measured at 8 locations along Buffalo Pound Lake from 2016–2019. Units are in RU L mg-C–1. Points are 

mean values and error bars represent the standard deviation of mean values (N = 3–6). Fresh-like specific 

peaks had weak to strong correlations. Peaks spN and spN were weakly correlated (R2 = 0.33, p = 3.310–

4), whereas correlations were stronger between spT and spB (R2 = 0.64, p = 2.510–8), and spT and spN 

(R2 = 0.72, p = 6.710–10). In y-axis labels ex refers to excitation wavelength and em refers to emission 

wavelength.  
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A.3 Linear modelling  

 

 
Figure A.8. (a) Dissolved organic carbon concentration, (b) TDN concentration, (c) SUVA254, (d) S275–

295, (e) FI, (f) HIX, and (g) : measured at 8 locations along Buffalo Pound Lake from 2016–2019. 

Points are mean values at each site in an individual year (N = 3–6). Lines are fitted linear model trend 

lines (R2 = 0.16–0.97, p < 0.0001). 

 



 

 
123 

  

 

 

Table A.4. Equations, R2, and false discovery rate adjusted (Benjamini and Hochberg, 1995) p-values 

between DOM quantity and quality parameters and distance along Buffalo Pound Lake for individual 

years shown in Figure A.8.  

Parameter Year Equation R2 p-value 

DOC concentration 

2016 y = 0.031x + 6.03 0.488 5.3810–8 

2017 y = 0.0599x + 5.37 0.920 4.7110–9 

2018 y = 0.0290x + 4.56 0.875 2.2710–9 

2019 y = 0.031x + 4.56 0.748 8.5410–9 

TDN concentration 
2017 y = 0.00616x + 0.302 0.891 4.7210–7 

2018 y = 0.00351x + 0.369 0.770 6.7510–8 

SUVA254 

2016 y = –0.0145x + 2.33 0.834 1.6510–9 

2017 y = –0.0213x + 2.21  0.883 6.9710–9 

2018 y = –0.0205x + 2.54 0.970 3.0510–11 

2019 y = –0.0169x + 2.13 0.936 3.0410–10 

S275–295 

2016 y = 0.000104x + 0.0206 0.906 6.9610–11 

2017 y = 0.00013x + 0.0219 0.882 3.8710–10 

2018 y = 0.0000856x + 0.0218 0.906 1.5110–11 

2019 y = 0.0000451x + 0.0233 0.499 1.4210–10 

FI 

2016 y = 0.00123x + 1.56  0.706 5.7910–14 

2017 y = 0.00201x + 1.55 0.816 1.9310–13 

2018 y = 0.00177x + 1.56 0.890 1.5010–14 

2019 y = 0.00222x + 1.51 0.963 3.4910–15 

HIX 

2016 y = –0.000764x + 0.847 0.158 5.8810–11 

2017 y = –0.000912x + 0.804 0.476 7.2110–12 

2018 y = –0.00125x + 0.852 0.732 3.0810–12 

2019 y = –0.000995x + 0.859 0.667 9.5510–13 

: 

2016 y = 0.00188x + 0.743 0.930 7.0010–13 

2017 y = 0.0023x + 0.733 0.831 4.9810–11 

2018 y = 0.00167x + 0.757 0.915 5.6510–13 

2019 y = 0.00190x + 0.751 0.877 4.4510–12 
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Appendix B: Supplementary information Chapter 3 (Extreme variation in 

DOC and the importance of climate and flow source for Buffalo Pound Lake, 

Saskatchewan) 

In this supplementary information section we include several tables and figures to support 

the Chapter 3 main text. Table B.1 provides the locations, station numbers, and complete flow 

record details for the four gauging stations used in our analyses, and the estimated period for the 

ungauged portion of the Buffalo Pound Lake catchment. Figures B.1 and B.2 are pedagogical 

examples to provide background on wavelet coherence and phase analyses In Table B.2 

summary statistics for all streamflow and water chemistry parameters are presented. Figures B.3 

and B.4 show continuous wavelet transforms and phase relationships at short (< 18-month) and 

long (> 18-month) timescales for all parameters respectively. Table B.3 includes strength of 

coherence relationships and significance among all parameters and dissolved organic carbon 

(DOC) concentration. Figure B.5 shows four model diagnostics of the GAM fitted to DOC 

concentration presented in the main text (Figure 3.6). Figure B.6 and B.7 show long-term 

patterns of DOC:DON and SUVA254 respectively.   

 

 

 

Table B.1. Site names, abbreviations, Water Security Agency gauging station numbers, geographic 

coordinates, and gauged and estimtaed flow records for five contributing streams and areas above Buffalo 

Pound Lake. 

Site name Symbol Station number Coordinates Flow record 

Lake Diefenbaker 

outflow 
QLD SK05JG006 50.97ºN, 106.39ºW Gauged 1972–2019 

Ridge Creek QRC SK05JG013 50.95ºN, 106.32ºW Gauged 1972–2019 

Iskwao Creek QIC SK05JG014 50.97ºN, 105.95ºW 

Gauged 1972–2006 

(warm season); 

estimated 1990–2006 

(cold season) and 

2007–2019 

Buffalo Pound 

Lake inflow  
QBP SK05JG004 50.78ºN, 105.82ºW 

Complete records 

1968–1994 and 2016–

2019; estimated 1995–

2015 

Ungauged QU — — Estimated 1993–2019 
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Figure B.1. A hypothetical time series (a) and its wavelet transform as a function of time and timescale 

(b), adapted from Reuman et al. (2021). The time series in (a) is constructed from three components: 1) a 

sine wave of amplitude 1 and period 15 that operates for time t = 1,…T but disappears at t > 100; 2) a sine 

wave of amplitude 1 and period 8 that operates for t = 101,…,200 but is absent for t < 100; and 3) 

normally distributed white noise of mean 0 and standard deviation 0.5. The wavelet transform (b) is a 

complex-valued function of time t = 1,…,200 and timescale σ. The magnitude of the wavelet transform 

|Wσ(t)|, presented as the z-axis in (b), is an estimate of the strength of the oscillations in x(t) at time t 
occurring at timescale σ (Addison, 2002; Reuman et al, 2021). The wavelet transform is based on a 

convolution of a wavelet function with the time series (Reuman et al., 2021). Because of this, times and 

timescales where the overlap of the wavelet transform with the time series is unsufficient and unreliable 

are omitted. The ‘rocket ship nose cone’ plot results from omission of these regions (i.e., at times closer 

the edges of the time series). At long timescales more values are omitted because long-timescale wavelets 

extend over the end of the time series further in the convolution computation.  
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Figure B.2. Illustration adapted from Walter et al. (2021) of timescale-specific relationships between two 

variables (a) and different phase relationships (b–d). In (a) the two variables are perfectly positively 

correlated on short timescales and perfectly negatively related at long timescales, a relationship masked 

through standard correlation methods. In (b) fluctuations are in-phase ( = 0), corresponding to positive 

correlation. In (c) fluctuations are temporally lagged positive, with the pink signal peaking ahead of the 

blue signal ( = π/2); a time-lagged negative relationship would show the blue signal peaking ahead of the 

pink signal ( = –π/2). In (d) fluctuations are anti-phase ( = π), corresponding to negative correlation. 
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Table B.2. Summary statistics for DOC concentration and eight environmental predictors (1990–2019). 

The real number of observed values N is reported here; where N < 360 missing values were imputed using 

k = 1 nearest neighbour regression (Altman, 1992; Fix and Hodges, 1951). Abbreviations: Q1 – first 

quartile; Q3 – third quartile; LOQ – limit of quantification. 

Parameter Unit N Min Median Q1 Q3 Max 

DOC mg C L–1 360 3.3 6.3 5.5 7.9 12.4 

SO4
2– mg S L–1 359 56.8 117.4 95.7 156.4 339.8 

TP µg P L–1 351 14 63 48 85 232 

SRP µg P L–1 350 < LOQ 10 6 18 99 

Chl a  µg L–1 355 < LOQ 16 9 27 151 

NO3
– mg N L–1 358 < LOQ 0.04 0 0.11 1.54 

NH4
+ mg N L–1 348 < LOQ 0.08 0.03 0.13 0.45 

QLD m3 s–1 360 0 2.2 1.5 4.1 12.4 

QBP m3 s–1 360 0.1 2.6 1.6 4.7 18.9 

QLC m3 s–1 360 0 0 0 0.2 8.3 
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Figure B.3. (a–j) Wavelet transforms of DOC, TP, SRP, SO4

2–, Chl a, NO3
–, NH4

+, QLD, QLC, and QBP showing the magnitude of the transform (z-

axis, colour bar) against time (x-axis) and timescale (y-axis). Note the y-axis is log-transformed. The wavelet transform is based on a convolution 

of a wavelet function with the time series (Reuman et al., 2021). Because of this, times and timescales where the overlap of the wavelet transform 

with the time series is unsufficient and unreliable are omitted. The ‘rocket ship nose cone’ plot results from omission of these regions (i.e., at times 

closer to the edges of the time series). At long timescales more values are omitted because long-timescale wavelets extend over the end of the time 

series further in the convolution computation. 
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Figure B.4. Distributions of phase differences at (a) short (< 18-month) and (b) long (> 18-month) 

timescales for all environmental predictors and DOC concentration. Note: Figure 3.5 in the main text 

presents only the environmental predictors that were significantly coherent with DOC. Radius length is 

proportional to the frequency of each type of relationship observed (lagged, in-phase, anti-phase), where 

longer radii indicate higher frequency (as in (a)). Lagged negative refers to peaks in DOC leading ahead 

of peaks in a predictor; lagged positive refers to peaks in DOC lagging behind peaks in a predictor. In-

phase relationships are analogous to positive correlation, whereas anti-phase relationships are analogous 

to negative correlation.  

 

 

 

Table B.3. Coherences between DOC concentration and nine environmental predictors at short (2- to 18-

month timescales) and long (19- to 120-month) timescales. Significant relationships are bolded and 

denoted by *** (p < 0.001), ** (p < 0.01), and * (p < 0.05). Relationships marginally non-significant (p < 

0.1) are italicized and denoted by †.  

Environmental predictor Short timescales Long timescales 

SO4
2– 0.21* 0.67** 

TP 0.36** 0.57* 

SRP 0.08 0.54 

Chl a 0.50*** 0.34 

NO3
– 0.15 0.15 

NH4
+ 0.27** 0.05 

QLD 0.10 0.74** 

QBP 0.12 0.66† 

QLC 0.10 0.52 
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Figure B.5. Model diagnostics of the GAM of DOC concentration with SO4

2–, TP, Chl a, NH4
+, and QLD 

(Figure 3.6 in main text). (a) QQ plot of residuals showing some deviation from normality, which is 

likely affected by the few extreme high and low DOC concentrations in the 30-year record. (b) Residuals 

vs linear predictor plot. While there is not a strong pattern in this plot (evidence of relatively good fit), 

there are several points at the tails of ‘Linear predictor’ and the higher end of ‘Deviance residuals’ that 

suggest relatively high and low DOC concentrations were poorly estimated by this model. (c) Histogram 

of residuals. Residuals are approximately normally distributed with a few extreme values at the tails. (d). 

Observed vs fitted values showing the fit between measured (y-axis) and modeled (x-axis) DOC 

concentrations. At DOC concentrations < ~8 mg L–1 the GAM provides a good fit to the data; however, at 

concentrations > ~8 mg L–1 there is often considerable variation between observed and estimated DOC 

concentrations. At these higher concentrations the coherent environmental predictor covariates struggled 

to explain variation in DOC. 
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Figure B.6. Intraannual variation in DOC:DON at Buffalo Pound Lake between 1990 and 2019. 

 

 

 

 
 
Figure B.7. Buffalo Pound Lake ultraviolet absorbance at 254 nm (A254) normalized to DOC 

concentration (SUVA254) from 1990 to early 1991 and late 1997 to 2019, calculated as A254 divided by 

DOC concentration. 

 

References in figure and table captions that need to be removed so Zotero works 
(Addison, 2002; APHA, 2012; Cavaliere and Baulch, 2020; Hansen et al., 2018, 2016; Kehoe et 
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