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ABSTRACT 

The functionality of dissolved organic matter (DOM) in natural waters depends on its size and 

composition. Identifying the sources and associated properties of DOM is vital to understand its 

effects on downstream ecosystems. River mixing has great potential to alter DOM quality, but its 

role in large boreal river confluences remains largely unknown, which limits our ability to realize 

the exact magnitude and composition of DOM exported to the ocean. 

 

Using asymmetrical flow field-flow fractionation (AF4) with offline excitation emission 

matrices (EEMs) measurements and parallel factor (PARAFAC) analysis, we found that inputs of 

DOM from the major tributaries shifted DOM quality in a typical large boreal river, namely, the 

lower Athabasca River (LAR). Flowing downstream, DOM tended to be higher in concentrations 

of dissolved organic carbon (DOC) and degrees of humification and aromaticity. Seasonal 

variations of DOM as a result of spring freshet were observed, during which times DOM tended to 

be higher in molecular mass (e.g., size) and richer in protein-like (i.e., tryptophan-like) relative to 

humic-like components. Source discrimination of DOM was more apparent under base flow 

conditions compared with the snowmelt period. 

 

In addition, conservative mixing behaviors of DOM at river confluences were observed. 

Contrasting mixing patterns among mixing zones suggest that both hydrological conditions and 

river geomorphology affect mixing patterns of DOM between the LAR and its tributaries. Our 

results demonstrate that DOM could be used as a quasi-conservative tracer during mixing at large 

river confluences. Findings from this study will enhance our ability to determine sources of DOM 

and to distinguish trends of mixing between the mainstem and the tributaries for DOM-associated 

trace elements in the boreal zone.  
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1.1 DISSOLVED ORGANIC MATTER IN FRESHWATERS 

Dissolved organic matter (DOM) is a complex molecular mixture that is generally defined as that 

fraction which passes through a 0.45 μm filter (range used 0.2–1.22 μm). A key component in the 

global carbon cycle (Perdue and Ritchie, 2014), it is supplied to surface waters from both external 

(allochthonous, e.g., terrestrial ecosystem) and internal (autochthonous, e.g., algae and macrophytes) 

sources. As such, DOM is heterogeneous in its chemical composition, which largely impacts its 

reactivity and ecological role in surface waters (Fellman, Hood and Spencer, 2010; Stubbins et al., 

2014). 

 

 

 

Figure 1-1 The abundance of organic compounds of dissolved organic carbon (DOC) for average 

river water with a DOC of 5 mg/l, adapted from Figure 4.1 in Thurman (1985). 

 

Given that DOM is difficult to quantify as a result of its structural complexity, measurements 

of dissolved organic carbon (DOC), which accounts for ~50% of DOM (Moody and Worrall, 2017), 
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are preferred for describing natural water samples. The abundance of major compounds constituting 

DOC for average river water with a DOC of 5 mg/l is shown in Figure 1-1 (Thurman, 1985). Aquatic 

fulvic and humic acids make up a large proportion of DOC (Figure 1-1), thus serving as the dominant 

group of natural organic compounds in water. This thesis focuses on DOM in freshwaters, while 

comprehensive reviews on other aquatic ecosystems, such as estuarine waters (Bauer and Bianchi, 

2011) and seawater (Dittmar and Stubbins, 2014), are also available. 

 

1.1.1 Sources and Properties of Dissolved Organic Matter to Surface Waters 

Autochthonous and allochthonous DOM sources in natural waters are summarized in Figure 1-2 

(Thurman, 1985). 

 

 
 

Figure 1-2 Allochthonous and autochthonous dissolved organic matter sources in natural waters, 

adapted from Figure 2.1 in Thurman (1985). 

 

In general, the majority of autochthonous DOM in freshwaters is derived from algae, 
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including phytoplankton and periphyton in lentic and lotic ecosystems, respectively, and 

macrophytes (e.g., liverworts) (Bertilsson and Jones, 2003). The organic compounds derived from 

phytoplankton can be released upon cell death or from actively growing cells. Such internally 

produced constituents are either available for microorganisms or can be transformed via a variety of 

pathways (e.g., photodegradation) (Figure 1-3). Similar mechanisms are also found for the 

extracellular release of DOM from macrophytes. Notably, the organic material released during active 

growth mainly comprises of biologically labile compounds with low molecular weight. Altogether, 

autochthonous DOM serves as a major nutrient source for aquatic microorganisms and hence 

regulates the structure and function of microbial communities (Thurman, 1985). 

 

 
 

Figure 1-3 Production and transformation of dissolved organic matter (DOM) from aquatic 

phytoplankton and macrophytes. Arrows denote fluxes; POC indicates particulate organic matter; 

LMW and HMW DOM are low molecular weight and high molecular weight DOM, respectively, 

from Figure 1 of Bertilsson and Jones (2003). 

 

Allochthonous DOM in freshwaters mainly comes from soil and terrestrial plants, especially 



 

5 

in small to moderate-sized rivers. It is widely accepted that DOM from soil is much more 

decomposed compared with that from vascular plants (Thurman, 1985). Inputs of allochthonous 

DOM into freshwaters are largely associated with surface runoff and result from the balance between 

production and loss from the soil solution and the hydrological conditions (Aitkenhead-Peterson, 

McDowell and Neff, 2003). 

 

1.1.2 Chemical and Biological Interactions of Dissolved Organic Matter 

Dissolved organic matter plays a significant role in affecting aquatic chemistry and biology. For 

instance, DOM can influence acid-base balance as well as the fate, transport, and bioavailability of 

trace metals through complexation (Oliver, Thurman and Malcolm, 1983; Worms et al., 2019). It 

serves as the major source for potentially toxic by-products during water disinfection (Perdue and 

Ritchie, 2014). Meanwhile, it can attenuate ultraviolet-B (UV-B) radiation and thus protect aquatic 

biota from harmful UV exposure (Stubbins et al., 2014). Lastly, it fuels microbial food webs 

(Thurman, 1985). 

 

1.1.2.1 Dissolved Organic Matter and The Acid-Base Chemistry of Freshwaters 

The large-scale research effort for studying the acid-base properties of DOM was initiated in the 

1980s, in order to reveal the influence of acidic precipitation on aquatic environments (Oliver, 

Thurman and Malcolm, 1983). Various studies have examined that long-term (i.e., natural) decreases 

in pH and alkalinity in rivers were largely related to elevated inputs of natural organic acids and 

could be estimated via empirical models of the acid-base chemistry of DOM (Perdue and Ritchie, 

2014). 
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1.1.2.2 The Interaction Between Dissolved Organic Matter and Trace Metals 

In natural waters, a metal-organic complex is formed when a metal ion (electron acceptor) associates 

with a ligand (electron donor), which is a charged or uncharged molecular species (Nieboer and 

Richardson, 1980). Various organic functional groups acting as ligands are involved into metal-OM 

interactions in natural systems (Nieboer and Richardson, 1980). The speciation of a metal can be 

defined as the distribution of a specific species of the metal among its various chemical forms which 

together make up the total concentration of that element in a water sample (Florence, Batley and 

Benes, 1980). For a metal-organic complex, the stability relies on thermodynamic data (e.g., stability 

constant), and its magnitude is highly related to environmental parameters (e.g., pH), and the 

properties of the organic ligand(s), and the metal (Florence, Batley and Benes, 1980; Nieboer and 

Richardson, 1980). It is widely accepted that metal-organic complexes can exert strong influences 

on metal speciation, thus regulating their potential availability or toxicity to aquatic biota (Yamashita 

and Jaffé, 2008). 

Pioneering works on classification of either metal ions or ligands or both proposed three 

distinct categories, namely, “hard”, “soft”, and borderline (e.g., the scheme of Pearson’s Hard and 

Soft Acids and Bases, HSAB) (Ahrland, Chatt and Davies, 1958; Pearson, 1968a; Pearson, 1968b; 

Nieboer and Richardson, 1980). A hard Lewis acid usually is a charged ion that is small in size and 

is low in polarizability (e.g., K+, Na+, Mg2+, Ca2+), while a soft Lewis acid refers to the ion of low 

oxidation states and high polarizability (e.g., Cu2+, Au+, Hg2+, Cd2+) (Pearson, 1968a). Also, hard 

Lewis bases include H2O, O2-, OH-, F-, Cl-, NO3
-, etc. and examples of soft bases are I-, CN-, and R-, 

S2-, CO. Complete lists of Lewis acids and bases can be found elsewhere (Pearson, 1968a). The key 

point of the HSAB theory is that, under comparable conditions of acid-base strength, hard Lewis 

acids tend to bind with hard Lewis bases and soft Lewis acids prefer soft bases. The HSAB thus has 

great implications on most of the inorganic coordination chemistry. 
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It should be noted that the Irving-Williams series (e.g., Mn < Fe < Co < Ni < Cu) regarding 

the order of stability of some organic complexes of divalent cations can be applied without 

considering the nature of ligands (Irving and Williams, 1948). Such an observation also serves as a 

key basis for studying metal-organic complexation in nature. Generally, DOM in natural waters has 

more abundant O-containing functional groups than N-containing and S-containing groups. However, 

complexation between soft or borderline Lewis acid ions (e.g., Ni2+, Cu2+, and Hg2+) and N- and S-

containing groups has been found to be more stable than those of O-containing groups, which are 

usually bound with hard Lewis acid ions (e.g., A13+, Mn2+) (Nieboer and Richardson, 1980). 

A vast array of analytical approaches is available to determine the chemical speciation of 

trace metals in natural waters (Florence, Batley and Benes, 1980). Those techniques can be basically 

divided into two categories, namely, calculation (e.g., chemical speciation models) and experimental 

methods. The development of chemical speciation models largely relies on knowledge of metal 

binding by DOM from both field and laboratory studies (Perdue and Ritchie, 2014). Large efforts 

have been made to incorporate competitive effects of H+, other metal ions, and ligands into speciation 

models, which in turn enhanced their predictive capabilities of metal-DOM interactions. Some 

relatively early models are briefly reviewed by Perdue and Ritchie (2014). Those models consist of 

the competitive Gaussian distribution model, models V and VI, and the family of nonideal 

competitive adsorption models, while all of which are largely dwarfed by their oversimplication on 

DOM binding sites. As such, the first priority for those modelling studies will be to resolve the 

relative concentrations and strengths of these binding sites (Perdue and Ritchie, 2014). Additionally, 

earlier modelling studies have also been evaluated by Florence, Batley and Benes (1980), who 

indicated the importance of the measurement of the equilibrium constants for chemical speciation 

calculations. It should be noted that the biotic ligand model is now widely accepted to model metal 

speciation related to toxicity (Figure 1-4) (Paquin et al., 2002). 
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Experimental methods place the different metal species into experimentally defined 

categories according to their behavior during chemical analysis (Florence, Batley and Benes, 1980). 

Briefly, ion selective electrode (ISE) is a species-specific technique and responds to only to the 

activity of the free metal ion (Florence, Batley and Benes, 1980). It can be used to differentiate a free 

metal cation from its complexed forms (Perdue and Ritchie, 2014). Unfortunately, concentrations of 

trace metals (e.g., Cu, Pb, Cd, and Zn) are usually too low in natural waters for determination by ISE 

(Florence, Batley and Benes, 1980; Perdue and Ritchie, 2014). Anodic stripping voltammetry (ASV) 

is widely used to distinguish labile (e.g., free metal ion plus metal complexes) and nonlabile forms 

of a metal cation (Perdue and Ritchie, 2014). This method is considered to be more sensitive than 

the ISE technique. For ASV-labile measurements, preliminary separations and blanks can be avoided, 

and the risk for contamination is minimal (Florence, Morrison and Stauber, 1992). Cathodic stripping 

voltammetry with excellent sensitivity can also be used to distinguish between labile and nonlabile 

forms of a metal (Florence, 1986). Furthermore, similar information can be derived from cation 

exchange, which is applicable to metal cations that cannot be oxidized or reduced in aqueous solution 

(Backes and Tipping, 1987; Florence, Morrison and Stauber, 1992). 

Chelation-solvent extraction methods have been used to determine organically complexed 

metal in natural waters (Florence, Batley and Benes, 1980), although it suffers from underestimation 

on the percentage of metal-organic forms. Dialysis, electrophoresis, ultrafiltration, and centrifugation 

are all capable of differentiating metals associated with colloidal particles from their ionic species 

(Florence, Batley and Benes, 1980). Available analytical methods such as X-ray absorption 

spectroscopy and spectrophotometric techniques (e.g., UV–Visible absorbance and fluorescence) are 

also widely used to characterize DOM and its binding with metals in aquatic environments (Karlsson 

and Persson, 2010; Kikuchi et al., 2017). Altogether, a series of metals (e.g., Al, Fe, Cu, Hg, Pb, and 

Ag) are demonstrated to form strong complexes with DOM in many freshwaters (Warren and Haack, 
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2001; Perdue and Ritchie, 2014). Reviews on analytical methods that are capable of distinguishing 

chemical forms of trace metals in early studies are referred to Florence, Batley and Benes (1980), 

Florence (1986), and Florence, Morrison and Stauber (1992). 

 

 
 

Figure 1-4 The biotic ligand model from Figure 1 of Paquin et al. (2002). 

 

1.1.2.3 Dissolved Organic Matter and Disinfection By-Products 

Starting from the 1970s, the generation of chloroform and other halogenated organics as disinfection 

by-products in treated drinking water has been identified and a large body of studies has been 

conducted on this topic (Perdue and Ritchie, 2014). To date, various by-products have been identified 

and the corresponding concentrations and adverse effects on health have been widely evaluated 

(Perdue and Ritchie, 2014). It is well recognized that DOM serves as the basis of such by-products 

(e.g., trihalomethane) in disinfected water. Meanwhile, the measurement of trihalomethane 

formation potential (THMEP) has been integrated as a routine component for water treatment 
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processes. Efforts on the removal of DOM before chlorination also led to advances in isolation 

techniques of DOM from water (e.g., ultrafiltration) (Perdue and Ritchie, 2014). Reviews related to 

the effects of DOM on the formation of disinfection by-products can be found elsewhere (Nikolaou 

and Lekkas, 2001; Urbansky and Magnuson, 2002). 

 

1.1.2.4 Dissolved Organic Matter and UV-Visible Radiation 

Dissolved organic matter comprises a continuum of organic molecules, part of which contain 

chromophores and fluorophores and can interact with UV and visible radiation. In this process, 

electrons in molecules containing chromophores or fluorophores are excited to higher electronic 

energy states. Photochemical reactions of DOM can thus be facilitated by the absorbed energy (Miller, 

1998). Dissolved organic matter may experience direct photodegradation, during which its 

electronically excited components undergo specific chemical reaction(s). Additionally, it may serve 

as a photosensitizing agent and transfer energy to other constituents of natural waters (Perdue and 

Ritchie, 2014). Photobleaching, the process during which the color of DOM fades when exposing to 

solar radiation, can also facilitate the formation of inorganic carbon (e.g., HCO3
-, CO2 and CO) (Gao 

and Zepp, 1998). 

 

1.1.2.5 Dissolved Organic Matter and Its Ecosystem Services 

The flow of matter and energy through different trophic levels are essential to the function of an 

ecosystem (Foreman and Covert, 2003). Dissolved organic matter is widely known as a key 

component of aquatic food webs by supplying nutrients and energy to microorganisms (Fellman et 

al., 2009). The availability of labile DOM thus has significant effects on stream ecology (Fischer et 

al., 2002; Foreman and Covert, 2003), although other factors such as physical (e.g., salinity, pH, 

oxygen concentrations, and pressure) and biotic (e.g., competition and predation) forces are also 
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responsible for structuring microbial communities (Foreman and Covert, 2003). 

 

1.2 DISSOLVED ORGANIC MATTER IN BOREAL RIVERS 

 

 
 

Figure 1-5 Boreal forests (in green) distributed in North America and Eurasia from Figure 1 of Yoon 

and Chen (2006). 

 

The boreal forest, also known as the taiga, is the largest terrestrial biome, covering ~11% of the 

Earth’s land surface (Bonan and Shugart, 1989). Geographically, it is located between latitudes 45° 

and 70° N (DeAngelis, 2019), and the majority is distributed in North America and Eurasia (Figure 

1-5). The part in North America stretches from northern Alaska (US) to Newfoundland & Labrador 

(Canada), between the treeless tundra to the north and the mixed forest of the south. The boreal forest 
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largely consists of trees that are young relative to those in temperate zones. Furthermore, it is 

regularly influenced by forest fires, insects, and other natural disturbances (DeAngelis, 2019). 

Fluvial networks in the boreal biome are extremely dense and complex and are closely 

coupled to land (Hutchins, Prairie and del Giorgio, 2019). Given the prevalence of terrestrial organic-

rich systems (e.g., peatlands) in the boreal zone (Shotyk, 1988; Gorham, 1991), boreal rivers receive 

great attention as large amounts of terrestrial DOM are released into adjacent freshwaters, potentially 

rendering boreal rivers significant in the regional and global carbon budgets (Lapierre et al., 2013; 

Hutchins, Prairie and del Giorgio, 2019). Therefore, examining the key drivers responsible for the 

spatial variability of DOM in boreal rivers will be helpful to predict the direction and magnitude of 

its riverine fluxes and its potential influences on downstream ecosystems. 

To date, a large amount of work has been done on DOM in the boreal zone (Dillon and Molot, 

1997; Ågren et al., 2008; Spencer et al., 2009; Wilson and Xenopoulos, 2009; Franke, Hamilton and 

Ziegler, 2012; Kothawala et al., 2015). A series of factors have thus been reported to influence fluvial 

DOM quality, such as climatic factors and the proportion of wetlands and agricultural lands 

(Andersson and Nyberg, 2008; Wilson and Xenopoulos, 2009; Laudon et al., 2012). Seasonal 

variations of DOM quality were also well studied in the boreal biome, and the shift of DOM quality 

between snowmelt and base flow has been widely documented (Moore, 2003; Finlay et al., 2006; 

Ågren et al., 2008). 

 

1.3 MIXING OF DISSOLVED ORGANIC MATTER AT LARGE RIVER 

CONFLUENCES 

River channel confluences serve as a key component of fluvial systems. Junction scours are often 

prevalent at river confluences, and fluid acceleration and helical secondary flow cells are important 
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parts of junction-flow dynamics (Parsons et al., 2008). Turbulence generated by the shear-layer may 

exert a significant influence on confluence scour and mixing rates (Parsons et al., 2008). The 

complete mixing of two large rivers may require a long distance (e.g., ~400 km) (Parsons et al., 

2008). Three-dimensional flow structures and channel scale flow circulation are identified 

respectively, for slower and rapid mixing cases. These variables control mixing, which will be fast 

or slow depending on the structure and amount of circulation (Parsons et al., 2008). 

Mixing phenomena occur in a variety of aquatic environments, such as the river confluences 

or the estuaries connecting the riverine and marine systems (Simon et al., 2019). Both spatial and 

temporal aspects of DOM are combined in a unique way during flow mixing, exerting great influence 

on carbon pools in natural waters (Simon et al., 2019). To date, a large body of studies has been 

conducted on mixing in estuaries (Zhou et al., 2016). Nonetheless, little information is available 

regarding the physical mixing of riverine waters (Simon et al., 2019). 

Previous studies have examined the non-conservative behavior of DOM during flow mixing 

at river confluences (Moreira-Turcq et al., 2003; Lambert et al., 2016), implying changes of DOM 

quality (Aucour et al., 2003; Simon et al., 2019). A detailed summary is available regarding 

geochemical processes and corresponding explanations for the non-conservative behavior of DOM 

during flow mixing at river confluences (Simon et al., 2019). Those processes consist of sorption, 

release, flocculation/coagulation, and fractionation (McKnight et al., 1992; Aucour et al., 2003; 

Simon et al., 2019). Given the non-conservative behavior of DOM, the relationship between sources 

and the quality of DOM may not exist (McKnight et al., 1992). Altogether, the research gap on 

riverine mixing largely limits the discrimination of sources of DOM and ultimately our 

understanding of the evolution of DOM along the river continuum to the ocean, at the regional and 

global scales. 
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Figure 1-6 The mixing zone between the Horse River (“black waters”) and the LAR upstream of 

Fort McMurray (Credit: William Shotyk and Jinping Xue). 

 

The development of the bituminous sands in northern Alberta has received much attention 

due to the potential release of organic and inorganic contaminants into the lower Athabasca River 

(LAR) (Zhang et al., 2016; Shotyk et al., 2017; Sun et al., 2017). The delayed mixing in the LAR is 

obvious and visible as some of its tributaries contain abundant DOM as a result of their drainage 

basins being rich in peatlands (Figure 1-6), where the DOM pool is largely dominated by inputs of 

plant-derived polysaccharides such as cellulose and phenolic compounds from lignin (Gorham, 1991; 

D’Andrilli et al., 2010). In peatlands, DOM experiences significant transformations as a result of 

processes such as humification (Chanton et al., 2008). Decomposition of OM in peat is thought to 

be limited due largely to low activity of the enzyme phenol oxidase led by the absence of oxygen, 

thus resulting in high levels of high molecular weight (HMW) DOM in shallow layers of Sphagnum-

dominated peatlands (Chanton et al., 2008; D’Andrilli et al., 2010; Ward and Cory, 2015). 

Furthermore, production and decomposition of peat largely occur in porewaters (D’Andrilli et al., 

2010). Unsaturated/aromatic compounds are found to be reactive compounds in the peat profile, 

dominating the DOM pool in surface porewater (D’Andrilli et al., 2010; Ward and Cory, 2015). 
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Changes of DOM quality with depth are usually not so significant, and refractory, less aromatic 

DOM tends to accumulate along the vertical gradient due to anoxic conditions, slow hydrologic 

transport, and possibly microbial activity (Chanton et al., 1995; D’Andrilli et al., 2010; Tfaily et al., 

2018). 

Mixing phenomena also need to be considered for water quality monitoring in rivers 

potentially influenced by industry, especially when the mixing zone coincides with the area of 

potential contamination (Cuss et al., 2020). Therefore, the study of flow mixing in the LAR will be 

of great significance for the regional source discrimination of DOM. Moreover, given the prevalence 

of flow mixing in large boreal rivers, the study on the mixing behavior of DOM in the LAR is also 

of broader significance, lending support for the understanding of the geochemical behavior of DOM 

in other large boreal rivers. 

 

1.4 CHARACTERIZATION OF DISSOLVED ORGANIC MATTER 

Knowledge of DOM structural chemistry is necessary for a better understanding of its geochemical 

behavior in natural waters. Subtle changes in DOM composition can alter its biological and chemical 

properties, which, in turn, affect the potential reactivity toward a diverse suite of aquatic organisms. 

 

1.4.1 Optical Characterization 

Advances in spectroscopic techniques (e.g., absorbance and fluorescence) offer reliable information 

about composition of DOM in aquatic ecosystems in a rapid, precise, and inexpensive manner 

(Fellman, Hood and Spencer, 2010). Given that both measurements require absorption of UV-visible 

light by DOM moieties, these techniques thus only provide information on the chromophoric 

components of DOM (CDOM) instead of the total DOM pool. To date, a variety of optical 
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approaches ranging from simple indicators and excitation emission matrices-parallel factor analysis 

(EEM-PARAFAC) can be used to interpret optical data of DOM (Figure 1-7), allowing for qualitative 

and quantitative characterization of DOM (Fellman, Hood and Spencer, 2010; Stubbins et al., 2014). 

 

 

Figure 1-7 Conceptual diagram of the relevance of molecular insight and the level of analytical 

complexity, from Figure 1 of McCallister, Ishikawa and Kothawala (2018). Names of analytical 

techniques for DOM characterization are differentiated into optical (yellow) and molecular (deep 

blue). All techniques below the dashed line evaluate bulk DOM, while those above the line can be 

used to get detailed molecular insight of DOM. 

 

The absorption spectrum for CDOM exhibits an exponential increase in absorption following 

the decrease in wavelength from the visible into the UV range. A detailed summary of absorbance 

indicators is reported elsewhere (Minor et al., 2014; Hansen et al., 2016). A sub-fraction of DOM 

fluoresces under ultraviolet light. This property is used to characterize changes in DOM composition 

in aquatic ecosystems. To date, molecular fluorescence spectroscopy has been considered to be a 

promising tool for characterizing the chemical composition of DOM (Fellman, Hood and Spencer, 
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2010). The application of molecular fluorescence spectroscopy depends on the type of data collected 

(e.g., EEMs) and the corresponding data analysis performed (Fellman, Hood and Spencer, 2010; 

Stubbins et al., 2014). Distinct peak types are defined mainly based on excitation and emission 

maxima, with their sources and composition well documented (Fellman, Hood and Spencer, 2010). 

Various fluorescence indicators have been developed to quantify differences in fluorescence 

properties of DOM as reviewed elsewhere (Fellman, Hood and Spencer, 2010). More detailed 

insights into the biogeochemical processing of DOM can be obtained by using multivariate 

approaches (e.g., PARAFAC), through which underlying signals (i.e., components) with chemical 

significance can be identified (Stedmon and Bro, 2008; Murphy et al., 2013). 

Currently, standardized data treatment and interpretation techniques (e.g., DOMFluor and 

drEEM) for EEMs data have made the analysis of fluorescence powerful, potentially allowing for a 

large-scale inter-laboratory comparison of DOM quality from various natural water samples 

(Stedmon and Bro, 2008; Murphy et al., 2013). In addition, the online library of PARAFAC 

components (OpenFluor) also allows for statistical comparisons with any newly generated 

components (Murphy et al., 2014). 

Attempts have been conducted to link results from EEMs analyses to chemical functional 

group information revealed by nuclear magnetic resonance (NMR). Distributions of elemental 

formulae can also be examined from the Fourier transform ion cyclotron resonance mass 

spectrometer (FT-ICR-MS). Nevertheless, such studies are currently limited to a fraction of the DOM 

pool, as these tools usually require an isolation and concentration step prior to use. The options for 

isolation and concentration of DOM samples were recently reviewed with great detail (Minor et al., 

2014). 
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1.4.2 Mass Spectrometry 

Applications of mass spectrometry (MS) to DOM have been conducted for several decades 

(Manskaya and Drozdova, 1968; Schnitzer and Khan, 1978). In order to improve the resolution and 

selectivity, separation techniques were largely coupled to MS (e.g., Liquid chromatography (LC)-

MS, Gas chromatography (GC)-MS, pyrolysis-GC-MS, and direct temperature (DT)-resolved MS) 

(Mopper et al., 2007). In general, only specific DOM fractions or components can be identified and 

quantified using MS, instead of the structure and composition of bulk DOM in natural systems 

(Manskaya and Drozdova, 1968; Mopper et al., 2007). Also, various ionization techniques (e.g., 

atmospheric pressure electrospray ionization, atmospheric pressure chemical ionization, matrix-

assisted laser desorption/ionization) were combined with different mass analyzers (e.g., quadrupole 

ion trap and quadrupole time of flight). In light of the further combination with several extraction 

and pre-separation techniques (e.g., solid-phase extraction (SPE), ultrafiltration (UF), high-

performance liquid chromatography (HPLC), and GC), the MS ionization techniques significantly 

improved selectivity and spectral interpretation. Such technical advances, in turn, greatly facilitated 

characterization of key components within previously unknown fraction of DOM (Mopper et al., 

2007). 

Although novel insights regarding specific DOM components have been gained following 

application of aforementioned MS techniques, characterization of DOM in highly complex systems 

was limited due to poor MS resolution (i.e., the ability of a mass spectrometer to distinguish between 

ions of two distinct mass-to-charge ratios) (Mopper et al., 2007). The introduction of the FT-ICR-

MS in recent years has received much attention for the analysis of DOM. Generally, FT-ICR-MS is 

one of the techniques that can observe a vast array of individual DOM components (Minor et al., 

2014). In most cases, DOM needs to be firstly isolated from the water samples (Minor et al., 2014). 

The significantly-high resolving power of FT-ICR-MS allows for the differentiation of masses of 
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several thousands of DOM compounds with small errors. For instance, errors in mass-to-charge ratio 

(m/z) for individual DOM components can reach < 0.5 ppm for components of ~400 Da (Minor et 

al., 2014). Meanwhile, it could assign empirical formulae including key heteroatoms of DOM such 

as N, S, and P, besides C, H, and O (McCallister, Ishikawa and Kothawala, 2018). Such information 

can be used for the categorization of DOM components. Sample preparation, peak assignment, and 

data interpretation are reviewed extensively by Mopper et al. (2007). In comparison to the Orbitrap 

MS, FT-ICR-MS generally provides much higher mass resolution. Differences between Orbitrap and 

FT-ICR-MS instruments also include the field applied (e.g., electrostatic field for Orbitraps and 

superconducting magnets for FT-ICR-MS). 

 

1.4.3 Nuclear Magnetic Resonance 

The presence of surrounding functional groups can influence the resonance frequency of atomic 

nuclei (commonly 1H, 13C, 15N, or 31P), inducing the shift in resonance frequency of a particular atom 

(McCallister, Ishikawa and Kothawala, 2018). Such mechanisms constitute the principle of NMR. 

More detailed reviews of NMR methodology and its applications to DOM characterization are 

elsewhere (Mopper et al., 2007; Hertkorn et al., 2013). 

This technique is usually combined with FT-ICR-MS to provide a large picture of DOM 

composition, allowing an opportunity to reveal various molecular structures comprising DOM and 

their chemical reactivity (Hertkorn et al., 2013). Currently, there is also elevated interest in detailed 

molecular analysis of DOM after chromatographic separation, for instance, through HPLC-NMR 

(Simpson et al., 2004). It should also be mentioned that DOM needs to be isolated from samples and 

concentrated before NMR analysis, and inorganic ions must be removed (Minor et al., 2014). 
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1.4.4 Other Methods 

Other methods for the structural characterization of DOM such as Fourier-transform infrared 

spectroscopy (FTIR) (Minor et al., 2014), natural abundance isotopic approaches (McCallister, 

Ishikawa and Kothawala, 2018), thermal analysis techniques (e.g., differential thermal analysis) 

(Plante, Fernández and Leifeld, 2009), and electron spin resonance spectroscopy (Paul et al., 2006) 

were also reported elsewhere. 

 

1.5 FLOW-FIELD FLOW FRACTIONATION AND SIZE SEPARATION OF 

DISSOLVED ORGANIC MATTER 

1.5.1 Introduction, Theory and Basic Principles 

Field-flow fractionation (FFF) is a versatile separation technique. Its history can be traced back to 

the work of J. Calvin Giddings in the 1960s (Giddings, 1966). Following that, he and his colleges at 

the University of Utah integrated the principle and theory of FFF and developed a variety of FFF 

techniques (flow FFF, sedimentation FFF, thermal FFF, electrical FFF, and gravitational FFF). The 

basic theory of flow FFF was proposed in the 1970s (Giddings, Yang and Myers, 1976a; Giddings, 

Yang and Myers, 1976b; Wahlund et al., 1986), and the initial concept of AF4 (i.e., asymmetric 

channel) occurred in 1987 (Wahlund and Giddings, 1987). 

To date, the instrumentation of flow-field flow fractionation (FlFFF) has matured (Podzimek, 

2011), allowing a series of applications such as the separation of natural colloidal particles (Kammer, 

Baborowski and Friese, 2005; Baalousha et al., 2006; Cuss, Grant-Weaver and Shotyk, 2017), 

engineered nanoparticles (Mitrano et al., 2012; Montaño et al., 2019), proteins (Kim and Moon, 

2009), and polymers (Wittgren et al., 1998; Ehrhart, Mingotaud and Violleau, 2011). 

Theoretically, asymmetrical flow field-flow fractionation (AF4) is a chromatography-like 
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technique but without a stationary phase (Podzimek, 2011). The separation of particles in AF4 taking 

place in a thin empty channel is by channel flow (i.e., for migration of sample components) where a 

perpendicular cross-flow is applied to retard sample migration, and particles are separated following 

their hydrodynamic properties (Giddings, 1993). Also, AF4 takes great advantage of the diffusion 

features of particles. Small particles (smaller Stokes’ diameter) are moved away from the 

accumulation wall with higher diffusion coefficients than that of large particles toward the channel 

center where the axial flow is faster. As such, small particles will be eluted earlier than large particles 

in a flowing stream characterized by parabolic flow profiles in the normal mode (i.e., Brownian 

separation) (Podzimek, 2011). 

 

 

 

Figure 1-8 Schematic view of the AF4 separation principle adapted from Figure 1 of Zhang and 

Lyden (2019). In detail, a and b denote side views of the AF4 channel with a height of several 

hundreds of micrometers (not to scale). The directions of all the arrowheads are the same as the flow 

direction. For cross-flow induced particle movement, the direction is represented by the fine green 

arrows; while the direction of particle movement due to their diffusion is indicated by the fine red 

arrows. 
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Generally, there are three steps in the AF4 analysis for size-based separation of particles, 

namely, injection, focusing, and elution (Podzimek, 2011). As shown in Figure 1-8 adapted from 

Zhang and Lyden (2019), in the focus stage (Figure 1-8a), inlet and outlet flows with opposing 

directions (fine blue arrows) are balanced to meet near the injection port. Meanwhile, the eluent 

(carrier in some literature) moves exclusively in cross direction, passes the permeable membrane, 

and exits from the channel. The injected samples will move along a thin band focused by the two 

opposing flows, prior to the elution mode (Figure 1-8b). 

In the elution stage, a single direction of laminar flow from the inlet to the outlet can be 

produced, and particles with a smaller hydrodynamic size and higher diffusion coefficients will be 

eluted much earlier, while larger particles will be eluted later. For fundamental descriptions related 

to the theory and principles, instrumentation, and data processing, see Wahlund and Giddings (1987), 

Podzimek (2011), and the FFF handbook (Schimpf, Caldwell and Giddings, 2000). 

 

1.5.2 Applications of Flow-Field Flow Fractionation to Dissolved Organic Matter 

To date, a large body of literature has used FIFFF to characterize DOM quality from different 

perspectives, including the molar mass distribution (Hassellöv, 2005; Cuss and Guéguen, 2012; Zhou 

et al., 2016), the relationship between size and optical properties (Guéguen and Cuss, 2011; Cuss 

and Guéguen, 2015), variations of DOM composition as a function of size (Stolpe et al., 2010; Lin 

and Guo, 2020), etc. Such applications are of great significance for understanding the geochemical 

behavior of DOM in the environment. 

For instance, Zhou et al. (2016) showed evidence of contrasting estuarine mixing of different 

size fractions of DOM by identifying its optical properties and size distribution using FIFFF coupled 

to optical detectors. The advance in DOM size characterization also allows the determination of the 
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distribution of trace elements as a function of size (Cuss, Grant-Weaver and Shotyk, 2017; Cuss et 

al., 2018; Worms et al., 2019). 

Although optical detectors (absorbance and fluorescence) are usually coupled with FIFFF for 

providing optical composition of colloidal DOM, other instruments such as inductively coupled 

plasma mass spectrometry (ICP-MS) and high-resolution mass spectrometers can also be connected 

to provide elemental and isotopic analysis related to DOM properties (Stubbins et al., 2014; Cuss, 

Grant-Weaver and Shotyk, 2017). 

 

1.6 OBJECTIVES 

The objectives of the study were: 1) to determine the major sources of DOM from tributaries to a 

large boreal river, namely, the lower Athabasca River through size and optical properties in two 

different seasons (i.e., fall and spring); 2) to test if DOM properties can be used as quasi-conservative 

tracers of mixing processes in the river at/near confluences between tributaries and the main stem of 

the LAR. 
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2.0 VARIATIONS IN SIZE AND OPTICAL PROPERTIES OF DISSOLVED 

ORGANIC MATTER DURING MIXING AT LARGE RIVER 

CONFLUENCES: IMPLICATIONS FOR SOURCE DISCRIMINATION IN 

THE BOREAL ZONE   
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2.1 ABSTRACT 

The functionality of dissolved organic matter (DOM) in natural waters depends on its size and 

composition. Identifying the sources and associated properties of DOM is vital to understand its 

effects on downstream ecosystems. River mixing has great potential to alter DOM quality, but its 

role in large boreal river confluences remains largely unknown, which limits our ability to realize 

the exact magnitude and composition of DOM eventually exported to the ocean. 

Using asymmetrical flow field-flow fractionation (AF4) with offline excitation emission 

matrices (EEMs) measurements and parallel factor (PARAFAC) analysis, we found that inputs of 

DOM from the major tributaries shifted DOM quality in a typical large boreal river, namely, the 

lower Athabasca River (LAR). Flowing downstream, DOM tended to be higher in concentrations of 

dissolved organic carbon (DOC) and degrees of humification and aromaticity. Seasonal variations of 

DOM as a result of spring freshet were observed, during which times DOM tended to be higher in 

molecular mass (e.g., size) and richer in protein-like (i.e., tryptophan-like) relative to humic-like 

components. Source discrimination of DOM was more apparent under base flow conditions 

compared with the snowmelt period. 

In addition, conservative mixing behaviors of DOM at river confluences were observed. 

Contrasting mixing patterns among mixing zones suggest that both hydrological conditions and river 

geomorphology affect mixing patterns of DOM between the LAR and its tributaries. Our results 

demonstrate that DOM could be used as a quasi-conservative tracer during mixing at large river 

confluences. Findings from this study will enhance our ability to determine sources of DOM and to 

distinguish trends of mixing between the mainstem and the tributaries for DOM-associated trace 

elements in the boreal zone.  
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2.2 INTRODUCTION 

Rivers serve as the major routes by which water and nutrients reach the oceans (Battin et al., 2008; 

Allen and Pavelsky, 2018). Boreal river networks are closely coupled to organic-rich terrestrial 

systems (e.g., peatlands) (Shotyk, 1988; Yu et al., 2011), thus constituting a key component 

responsible for global carbon flows in the terrestrial-aquatic continuum (Hutchins, Prairie and del 

Giorgio, 2019; Gómez-Gener et al., 2020). Dissolved organic matter (DOM), a complex molecular 

mixture of degradation products and products of microbial synthesis (Kellerman et al., 2015; Zark 

and Dittmar, 2018), represents a major part of the carbon flow in fluvial systems. It plays significant 

roles in fueling aquatic food webs (Keil and Kirchman, 1991; Wetzel, 1992) and in regulating the 

acid-base balance (Oliver, Thurman and Malcolm, 1983), as well as fate, transport, and 

bioavailability of trace metals and organic pollutants (Hassett, 2006; Latch and McNeill, 2006; Aiken, 

Hsu-Kim and Ryan, 2011; Oleinikova et al., 2017; Worms et al., 2019). Metabolism of DOM in 

rivers also plays a large role in controlling the magnitude of carbon dioxide degassing to the 

atmosphere (Battin et al., 2008; Allen and Pavelsky, 2018). As such, unraveling sources and 

associated properties of DOM is of vital importance to better understand its effect on downstream 

ecosystems (Wilson and Xenopoulos, 2009; Spencer et al., 2014; Hemingway et al., 2019), with 

implications for the geochemical behavior of trace elements (TEs) in the boreal zone. 

The functionality of DOM depends on its chemical reactivity, which is largely associated 

with its size and composition (Amon and Benner, 1996; Fellman, Hood and Spencer, 2010; Guéguen 

et al., 2012; Cuss and Guéguen, 2015; Kellerman et al., 2015; Zhou et al., 2016; Lin and Guo, 2020). 

The bulk DOM contains components with various sizes, among which colloidal organic matter 

constitutes a major part in freshwaters (Guéguen and Cuss, 2011; Zhou et al., 2016; Broder, Knorr 

and Biester, 2017). Given the colloidal nature of riverine DOM (e.g., small size and large specific 
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surface area), a vast array of functional groups of this active substance are potentially available to 

interact with TEs, regulating their fate, transport, and bioaccessibility in freshwaters (Roditi, Fisher 

and Sañudo-Wilhelmy, 2000; Cuss et al., 2018; Worms et al., 2019; Wang, Cuss and Shotyk, 2020). 

The size feature of colloidal DOM has also been linked to its source and composition (Cuss and 

Guéguen, 2015). For instance, aromatic structures and higher molecular weight dominate the 

chromophoric fraction of the DOM pool (CDOM) of terrestrial origin (e.g., lignin) in natural systems, 

while lower molecular weight compounds (e.g., carbohydrates and amino acids) constitute the 

majority of autochthonous DOM of algal and macrophyte origin (Fellman, Hood and Spencer, 2010; 

Guéguen and Cuss, 2011; Lee et al., 2018). Moreover, the utilization efficiency of DOM by microbes 

has been evaluated based on size properties (Amon and Benner, 1996). Altogether, it is apparent that 

the size properties of colloidal DOM should be well considered in order to provide key insights into 

the biogeochemical cycling of DOM in freshwaters. 

Mixing phenomena occur in a variety of aquatic environments, such as river confluences or 

the estuaries connecting freshwater and marine systems (Parsons et al., 2008; Simon et al., 2019). To 

date, a large body of studies has been conducted on mixing in estuaries (Stedmon and Markager, 

2003; Abdulla, Minor and Hatcher, 2010; Zhou et al., 2016), relative to fluvial systems (Lambert et 

al., 2016; Simon et al., 2019). At river confluences, the non-conservative behavior of DOM during 

flow mixing has been examined (Moreira-Turcq et al., 2003; Lambert et al., 2016), implying changes 

of DOM quality (Aucour et al., 2003; Simon et al., 2019). Geochemical processes responsible for 

such changes consist of sorption, release, flocculation/coagulation, and fractionation (McKnight et 

al., 1992; Aucour et al., 2003; Simon et al., 2019). Although studies on DOM during riverine mixing 

have been increasing (Simon et al., 2019), information on spatial and temporal variations in DOM 

quality at large river confluences (channels >100 m wide) remains scarce (Parsons et al., 2008; Simon 

et al., 2019). This lack of knowledge, to a great extent, limits the discrimination of sources of DOM 
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at regional and global scales. For instance, the quality of DOM sources may not persist downstream 

as a result of non-conservative mixing behavior at large river confluences (McKnight et al., 1992), 

which ultimately narrows our understanding of the evolution of DOM along the river continuum to 

the ocean. 

Asymmetrical flow field-flow fractionation (AF4) is a versatile separation technique 

(Wahlund and Giddings, 1987). To date, the instrumentation of AF4 has matured (Podzimek, 2011), 

allowing a series of applications such as the separation of natural colloidal particles (Cuss, Grant-

Weaver and Shotyk, 2017; Wang, Cuss and Shotyk, 2020), engineered nanoparticles (Mitrano et al., 

2012; Wang, Cuss and Shotyk, 2020), proteins (Kim and Moon, 2009), and polymers (Ehrhart, 

Mingotaud and Violleau, 2011). When coupled to ultraviolet-visible (UV-Vis) absorbance and 

fluorescence spectroscopy, the continuous size spectra of DOM can be examined (Guéguen and Cuss, 

2011; Zhou et al., 2016; Cuss and Guéguen, 2012a). Also, detailed mapping of the fluorescence 

properties produces excitation emission matrices (EEM), which can be connected to the size-

fractionated fluorescent organic matter, providing in-depth information about its source, chemical 

reactivity, and diagenetic state (Guéguen and Cuss, 2011; Stubbins et al., 2014; Lin and Guo, 2020). 

Especially when the overlapping peaks in EEMs are decomposed into their underlying chemical 

components by a multi-way data analysis approach (parallel factor analysis, PARAFAC) (Stedmon 

and Bro, 2008; Cuss and Guéguen, 2012a; Murphy et al., 2013; Stubbins et al., 2014), a direct 

comparison can be made with those components commonly found in aquatic ecosystems worldwide 

(Murphy et al., 2014; Parr et al., 2014). Although the application of AF4 coupled with optical 

detectors for characterizing DOM properties in freshwaters has also been increasing (Cuss and 

Guéguen, 2015; Zhou et al., 2016; Lin and Guo, 2020), studies on variations of DOM during river 

mixing at large confluences are very scarce. 

The objectives of the study were: 1) to determine the major sources of DOM from tributaries 
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to a large boreal river, namely, the lower Athabasca River (LAR) through size and optical properties 

in two different seasons (i.e., fall and spring); 2) to test if DOM properties can be used to as quasi-

conservative tracers of mixing processes in the river at/near confluences between tributaries and the 

main stem of the LAR. 

 

2.3 MATERIALS AND METHODS 

2.3.1 Study Area 

The Athabasca River originates from the glaciers of the Columbia Icefields in Jasper National Park 

and extends over 1,200 km before emptying into Lake Athabasca. From here, waters flow to the 

Mackenzie River and eventually reach the Arctic ocean. The LAR (i.e., lower Athabasca River), 

defined as the reach starting downstream of Fort McMurray flowing toward the mouth of the 

Athabasca River (Figure 2-1a), has received the lion’s share of attention as a result of its complex 

hydrological and geochemical settings and concerns of potential contamination by metals and 

organic pollutants from the oil sands industry (Shotyk et al., 2017; Sun et al., 2017; Lima and Wrona, 

2019). Tributaries of the LAR are characterized by elevated DOM largely due to their drainage basins 

(e.g., peatlands) (Guéguen et al., 2012; Cuss et al., 2018; Cuss et al., 2019). Delayed mixing between 

tributaries and the LAR has been observed, and the mixing zones coincide with the oil sands industry, 

potentially rendering source discrimination of DOM difficult (Cuss et al., 2020a). Spring freshet 

between April and June significantly contributes to the seasonal variability of the concentration of 

DOM, flow rate, and turbidity both in the LAR and its tributaries (Yi et al., 2015; Cuss et al., 2020b). 

Thus, the LAR serves as an ideal setting for tracking the sources and evolution of DOM from 

terrestrial landscapes to the receiving freshwater ecosystems under different hydrological regimes in 

the boreal zone. 
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2.3.2 Sample Collection 

Given the annual hydrological cycle in the LAR (Figure S2-1), major inputs of DOM to the river are 

expected to be different between fall and spring. For instance, DOM inputs in fall are dominated by 

tributaries and groundwaters. In contrast, spring freshet exerts more influence in late May carrying 

a unique DOM fingerprint. Representative field campaigns occurred in the fall of 2018 (Sept. 25–

Oct. 03) and spring of 2019 (May 14–18 and May 25–27) with 95 and 108 water samples taken at 

49 and 52 sites, respectively. Sampling sites were designated along the LAR at five mainstem 

transects (e.g., T1–T5) each including samples from west, middle, and east (Figure 2-1a). Samples 

at each location were also collected at different water depths. Furthermore, sampling was conducted 

at the outlet of eight tributaries (e.g., Little Fishery R., LFR; McLean Creek, MLC; Beaver R., BR; 

Muskeg R., MUR; Mackay R., MKR; Ells R., ER; Tar R., TAR; and Pierre R., PR) (Figure 2-1a). 

Lastly, samples were obtained in three major mixing zones between the LAR and three other 

tributaries (i.e., Horse R., HR; Clearwater R., CL; and Steepbank R., SB) (see Figures 2-1b–f). 

Exceptional quality control measures were taken for equipment cleaning and preparation, 

sample collection and analysis following Spencer and Coble (2014). Samples were collected via a 

peristaltic pump coupled with acid cleaned tubing, bottles, and syringes. Adequate purging was 

guaranteed to stabilize water quality measurements, and parameters were determined through a field 

multiparameter meter (YSI Pro Plus, Yellow Springs, OH, USA). The pH and electrical conductivity 

were determined at all sampling sites. Syringe filters (0.22 µm PTFE) and glass vials were rinsed 

using river water at each site prior to sample collection. Samples were immediately stored in dark 

and cool conditions with ice packs after collection and during transport until returning to the lab 

where they were kept refrigerated at 4 °C prior to analysis. Detailed information about general 

equipment preparation and water sample collection procedures can be found elsewhere (Cuss et al., 

2019). 
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2.3.3 Analytical Methods 

In this study, dissolved organic carbon (DOC) was quantified as the CO2 produced during 

combustion following acid sparging (Shimadzu TOC-5000A, Kyoto, Japan). Major anions (Cl- and 

SO4
2-) and cations (Na+, K+, Mg2+, Ca2+) were determined by ion chromatography (Dionex ICS 2500, 

Sunnyvale, California, USA) and inductively coupled argon plasma optical emission spectrometer 

(Thermo Fisher Scientific iCAP 6300, Waltham, Massachusetts, USA), respectively. Fluorescence 

EEM spectra were measured in ratio (S/R) mode using an Agilent G1321B fluorescence detector 

(Agilent Technologies, Santa Clara, USA) (Cuss and Guéguen, 2015). Excitation-emission 

wavelength ranges were set as 220–450 nm and 280–550 nm with 1 nm and 5 nm intervals, 

respectively, and wavelengths were also calibrated following routine procedures (Cuss et al., 2019). 

The EEM of Milli-Q water was measured and subtracted on a daily basis to eliminate background 

noise and reduce scatter. Absorbance spectra were measured over a wavelength range of 200–640 

nm using a diode array detector (Agilent G4212B, Agilent Technologies, Santa Clara, USA), and 

part of the spectra (220–550 nm) were used to correct for the inner-filtering effect (Kothawala et al., 

2013). 

 

2.3.4 Optical Indicators 

A total of 203 filtered samples were analyzed for absorbance and fluorescence of DOM. Three 

distinct subsamples of each sample were injected and measured to minimize the noise-to-signal ratio 

for a robust PARAFAC model, and to improve the accuracy of measurement for fluorescence 

intensities (Cuss et al., 2019). 

Fluorescence indices of the relative extent of humification (HIX) and autotrophic 

productivity (BIX) were calculated following Zsolnay et al. (1999) and Huguet et al. (2009). 

Elevated HIX values are related to high fluorescence emission at longer wavelengths, suggesting 
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greater contributions from complex molecules (Zsolnay et al., 1999). For BIX, recently produced 

DOM of autochthonous origin is characterized by values larger than 1. The fluorescence index (FIX) 

was determined to identify the relative contribution of terrestrial and microbial sources to the bulk 

DOM pool (McKnight et al., 2001). 

The Napierian absorption coefficient at 254 nm (A254) was selected to quantify the CDOM 

content (Ågren et al., 2008). Specific UV adsorption at 254 nm (SUVA254), an indicator of DOM 

aromaticity, was calculated through normalizing A254 by DOC concentration (Weishaar et al., 2003). 

We also calculated the E2/E3 ratio (E2:E3) as the absorbance at 254 nm divided by that at 365 nm. 

Notably, E2:E3 ratios can not only serve as molecular weight proxies (Peuravuori and Pihlaja, 1997; 

Ågren et al., 2008), but also show correlations with the quantum yields of singlet oxygen (1O2) and 

hydrogen peroxide (H2O2) (Dalrymple, Carfagno and Sharpless, 2010), being a potentially valuable 

index to reflect the photo-degradability and photo-reactivity of DOC (Chow et al., 2013). 

 

2.3.5 EEM-PARAFAC 

The PARAFAC analysis was performed on Matlab R2017b (MathWorks) using a total of 664 EEMs 

(including 55 size-fractionated EEMs) after spectra correction with a combination of DOMFluor and 

drEEM toolboxes developed by Stedmon and Bro (2008) and Murphy et al. (2013), respectively. 

Before processing EEMs, Milli-Q water blanks were subtracted on a daily basis. Fluorescence 

intensities were also normalized to Raman units (r.u.) (Lawaetz and Stedmon, 2009). Excitation 

wavelengths <240 nm were removed due to a low noise-to-signal ratio. First and second Raman and 

Rayleigh scatter peaks were recognized and eliminated. Blank subtraction, Raman normalization, 

and scatter removal were performed via an elaborated EEM-Cut algorithm (Cuss and Guéguen, 

2012b). 

The PARAFAC model was constrained to non-negative values, and an eight-component 
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model was successfully derived (Figure 2-2 and Figure S2-2) and validated using split-half analysis 

(Figures S2-3 and S2-4) (Murphy et al., 2013). Random initialization was conducted to guarantee 

that the solution was not a local minimum (Stedmon and Bro, 2008). The fluorescence of each Ex/Em 

pair in EEMs was normalized to the corresponding DOC concentration of the sample, in favor of the 

subsequent principal component analysis (PCA) analysis to ascertain the actual trends of 

fluorescence variability (Korak et al., 2014; Burns et al., 2016). We also compared PARAFAC 

components via comPARAFAC (Parr et al., 2014), through which quantitative comparisons were 

conducted across up to 38 additional PARAFAC models using a modified Tucker’s Congruence 

Coefficient (mTCC) (Table S2-1). Moreover, spectra of components were uploaded into the online 

spectral database (OpenFluor, https://openfluor.lablicate.com/) for quantitative matches with any set 

of published spectra in the database (Figure S2-5) (Murphy et al., 2014). 

It is well-known that certain parameters like pH, ionic strength, and iron concentration could 

affect DOM fluorescence (Poulin, Ryan and Aiken, 2014; Zhang and He, 2015). Here we reasoned 

that these parameters would exert little influence on fluorescence measured in the study. First, the 

pH of samples from the LAR was similar (ranging from 8.0 to 8.7) and are unlikely to account for 

alteration of DOM quality (Guéguen et al., 2012). Besides, the ionic strengths of samples were not 

markedly different. Given the similar Fe:DOM ratio in the LAR and insensitivity of EEMs for 

PARAFAC modeling (Poulin, Ryan and Aiken, 2014), it was also considered that the alteration of 

DOM quality by Fe concentration would not be significant (Guéguen et al., 2012; Cuss et al., 2019). 

 

2.3.6 Size Separation 

Size-based separation of DOM was performed via a Postnova AF2000 Multiflow FFF fractionation 

system with a 300-Da (Dalton = atomic mass unit) polyethersulfone membrane (Postnova Analytics, 

Salt Lake City, Utah, USA), coupled to on-line diode array and fluorescence detectors (Agilent 
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Technologies G4212 DAD and G1321B FLD, Santa Clara, California, USA). This specific 

application of AF4 was originally developed by Guéguen and Cuss (2011), and was optimized and 

successfully applied elsewhere (Cuss and Guéguen, 2015; Cuss, Grant-Weaver and Shotyk, 2017; 

Cuss et al., 2018). 

Briefly, the ionic strength and pH of the carrier fluid were adjusted to values similar to the 

physicochemical condition of the LAR (300 μS cm-1 and 8) using a buffer made from ultrapure 

(NH4)2CO3 (Sigma-Aldrich, St. Louis, Missouri, USA) (Cuss et al., 2018), to provide an analysis of 

DOM quality based on in situ conditions (Montaño et al., 2019). A blank (e.g., eluent) was analyzed 

before each sample to minimize memory effects. In practice, the accumulation of DOM on/in 

membranes may change the accuracy of size measurements of DOM by AF4 (Cuss, Grant-Weaver 

and Shotyk, 2017), such that the relationship between retention time and the molecular mass at peak 

maximum of DOM for each fractogram (Mp) needs to be calibrated on a daily basis. A mixture of 

bromophenol blue (Sigma-Aldrich, St. Louis, Missouri, USA) and polystyrene-sulfonate Na salt 

standards (PSS-Polymer Standards Service-USA, Inc., Amherst, Massachusetts) was used to 

calibrate the channel over a range of 0.69–20.7 kDa (Cuss et al., 2018). The slope and intercept of 

the size calibration curve varied over the time course of measurement, with average values of (± 1 

SD; standard deviation): 

log (tR – t0) = [0.574 ± 0.019] · log(M) – [1.479 ± 0.064],  R2 = 0.998 ± 0.002                (1), 

for n = 24 calibrations, void time t0, retention time tR, and molecular mass M. Also, Mp was calculated 

using the average slope and intercept of the two calibration curves that bracketed every alternating 

series of ten samples and blanks. Some DOM moieties may not absorb light, so that A254 serves only 

as a proxy for DOM, suitable for estimating its size properties (Wang, Cuss and Shotyk, 2020). 

Detailed information for AF4 instrumentation (e.g., flow program), analytical conditions, quality 

control, and optimization steps can be found elsewhere (Cuss, Grant-Weaver and Shotyk, 2017). 
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2.3.7 Data Analysis 

Spearman’s rank order correlation was applied to DOM quality measurements (DOC concentration, 

Mp, BIX, HIX, FIX, A254, E2:E3, SUVA254, and PARAFAC components C1–C8) separately for 

samples from mainstem and tributaries, and mixing zones, in OriginPro 2020b (OriginLab 

Corporation, Northampton, Massachusetts, USA). Data transformations were used to ensure that the 

distribution of each variable was normally distributed, including the log transformation for DOC, 

A254, C1, C2, C5 and C7 and cubic root transformation for C8. Outliers and normality tests were 

performed using Grubb’s test and the Kolmogorov–Smirnov test at significance levels of 0.05 and 

0.001, respectively. Principal component analysis was applied to each data subset in OriginPro 2020b. 

Three and 2 outliers were detected for the mainstem and tributaries, and mixing zone data sets, 

respectively; however, these values reflected correct measurements and natural levels of variation in 

the system. Further testing also revealed that these values exerted little influence on both the variation 

explained by, and the loadings of most principal components (PCs). Hence, these values were 

included in the Spearman’s correlation and PCA analyses. 

 

2.4 RESULTS 

2.4.1 Concentration, Size and Optical Properties of DOM 

Tables 2-1 and 2-2 provide statistical data about DOM quality indicators in mainstem transects (T1–

T5) and key tributaries of the LAR, respectively. The spectra of 8 PARAFAC-derived fluorescent 

components were characterized as six humic-like (C1–C6) and two protein-like (C7, C8) (see Figure 

2-2 and Figure S2-2), with their potential sources, molecular association, and reactivity summarized 

in Table 2-3. Quantitative comparisons of components via comPARAFAC revealed that, except for 

C8, the rest exactly matched (i.e., mTCC > 0.95) those from previous studies (Table S2-1). In 
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addition, results from OpenFluor showed that C6 did not match any of the published models in the 

online database (Figure S2-5). 

 

2.4.2 DOM in the LAR and Its Tributaries 

The first three PCs were selected for PCA analysis based on the scree plot (Figure S2-6a), accounting 

for 86.8% of the total variance (Figure 2-3). The first PC (PC1) is largely driven by the majority of 

variables (e.g., C1–C6, A254, DOC, SUVA254, and E2:E3) (Figures 2-3c–d). Along PC1, scores of 

mainstem samples from fall and spring were differentiated (Figures 2-3a–b), and scores of tributaries 

were separated from those of mainstem samples in the fall (Figures 2-3e–f). Taken together, PC1 

was largely representative for both seasonal and source-based variations in DOM quality. The second 

PC (PC2) was mainly controlled by BIX, C7, C8 and HIX (Figure 2-3c). Spatial variations (e.g., T1–

T5) in DOM quality in the LAR in both seasons were, to a large extent, indicated on the 2D space of 

PC1 and PC2 (Figures 2-3e–g). 

Given the geographical setting of major tributaries (e.g., HR and CL) located downstream of 

T1 and eastside of the LAR (Figure 2-1a), it was supposed that at least DOM in T1 and the west of 

T2 would be distinct from the others. Such a pattern was especially obvious in the fall where scores 

of samples from T1 and west of T2 were well separated from those of the rest (Figure 2-3e). Indeed, 

there was a clear gradient of scores at T2 running from the east side close to CL, through the middle, 

over to the west side in the fall, clustered with T1 (Figure 2-3e, from the lower right-hand side to the 

upper left-hand side). The scores of samples collected from the west side of T3 were also clustered 

nearer to these other samples compared to the east side and middle, where scores of samples plotted 

largely close to those of the east side of T2. For downstream sites T4 and T5, scores of samples were 

largely grouped together halfway between those of CL and T1 (Figure 2-3e). In addition, scores of 
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tributaries (ER, MUR, CL, TAR, and PR) plotted close to those of the mainstem, and specifically the 

score of CL was close to those of T2 (east) and T3 (east and middle). 

In the spring, scores of samples from T1 were still largely clustered (on PC1 and PC2), and 

scores for samples from the west of T2 were also well separated from those of the middle and east 

on PC2 (Figure 2-3g). Notably, the score cluster of samples from the west side of T2 largely deviated 

from those of T1 in spring in contrast to the fall. Scores for samples from T3, T4, and T5 were more 

spread out on PC1 and PC2, without any apparent organization from east to west or upstream to 

downstream. Scores of most tributary samples were separated from those of the mainstem, with three 

exceptions: ER, MUR, and CL (Figure 2-3g). Also, the score of CL was much closer to those of the 

east and middle sides of T2 relative to the west. 

The third PC (PC3) was strongly controlled by FIX, Mp and SUVA254 (Figure 2-3d), where 

scores of mainstem samples in the fall and spring were largely clustered and scores of tributary 

samples in different seasons were largely differentiated, with the exception of CL which was 

clustered with the mainstem samples (Figures 2-3b, 2-3f, 2-3h). Figure 2-4 shows correlations 

between the concentration of DOC, and the size and optical properties of DOM. 

 

2.4.3 DOM in Mixing Zones 

The first two PCs were selected for PCA analysis based on the scree plot (Figure S2-6b), accounting 

for 79.5% of the total variance (Figure 2-5). Scores on PC1 largely distinguished samples from 

different mixing transects in both the fall and the spring (Figures 2-5c–d). An exception was that 

scores from samples collected along AR-HR in the spring were largely separated on PC2 (Figure 2-

5d). Spatial variations in DOM quality in mixing zones (i.e., PC1) were strongly controlled by C1–

C6, DOC, A254, SUVA254, BIX, E2:E3, and FIX (Figure 2-5b). The variability in scores of DOM 

quality in the fall and spring were largely separated on PC2 relative to PC1 (Figure 2-5a). Seasonal 
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variability (i.e., PC2) was driven to a great extent by C7–C8, Mp, BIX, and HIX (Figure 2-5b), which 

were higher in the spring compared to the fall. Figure 2-6 shows correlations between DOC 

concentration, size, and optical indices for mixing zones. 

In the fall, scores of samples from different sides of mixing transects were well differentiated 

(e.g., AR-CL and CL-CL, and AR-HR and HR-HR), except that the clusters of scores from AR-SB 

and SB-SB were partially overlapping (Figure 2-5c). At the mainstem side, scores of AR-CL samples 

were largely mixed with the score cluster of AR-HR. Also, scores of samples at the end of the CL 

mixing zone (e.g., AR-CL05) were mixed with AR-SB samples (e.g., AR-SB02). Scores of AR-SB 

samples were located close to scores of CL-CL samples. Notably, scores of AR-CL showed 

progressive changes during mixing (on PC1 and PC2, except for samples on AR-CL02). At the 

tributary side, the score clusters from CL-CL and the majority of SB-SB (except for the SB-SB01 

sample) were grouped together on PC1. Also, scores of HR-HR were well separated from those of 

CL-CL and SB-SB and showed progressive changes during mixing, becoming more similar to the 

LAR side of the mixing transects. 

In the spring, the differentiation of scores of samples at different sides of the mixing zone 

was not as clear as in fall (Figure 2-5d). Scores of samples from different sides of HR and SB mixing 

zones were differentiated to a large extent, respectively, while the clusters of scores from AR-CL and 

CL-CL were overlapping. At the mainstem side, scores of AR-HR partially mixed with those of AR-

CL and AR-SB (Figure 2-5d). The distribution of scores of AR-HR was heterogeneous and no 

progressive pattern during mixing was observed. Scores of AR-CL were largely mixed with those of 

AR-SB and partially mixed with those of HR-HR and SB-SB. The majority of scores of AR-SB was 

located close to those of CL-CL and those scores were also partially mixed with those of HR-HR. At 

the tributary side, scores of HR-HR samples were mixed with those of SB-SB. Also, scores of both 

HR-HR and SB-SB were largely separated from those of CL-CL (Figure 2-5d). Notably, the scores 
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of HR-HR changed progressively during mixing (e.g., PC1), becoming more similar to the LAR side 

of the mixing transects. In contrast, the changing pattern of scores of SB-SB was not progressive 

during mixing relative to that of HR-HR. 

 

2.5 DISCUSSION 

2.5.1 DOM Sources During Base Flow 

Our results reveal that DOM quality along the LAR shifted significantly during base flow and the 

snowmelt period (Figure 2-3). To examine probable DOM inputs (e.g., tributaries and groundwaters), 

we first studied variations in DOM quality in the fall, in the absence of the influence of snowmelt. 

 

2.5.1.1 Upstream of Industry 

At T1, DOM quality was largely uniform among different locations (west, middle, and east) (Figure 

2-3e), suggesting that the river was well mixed at this transect. The exception to this trend occurred 

at the surface (i.e., 0.3/0.9 m) of the west side, which was characterized with lower DOC-normalized 

concentrations of C1–C8 and Mp (0.93 ± 0.009 kDa, 95% CI) and higher FIX (1.56) compared with 

other sites (Mp: 1.03 ± 0.0001 to 1.11 ± 0.01 kDa, 95% CI; FIX: 1.49 ± 0.02). Moving downstream 

to T2, the DOM on the west side shared similar size and optical properties to those of T1 (Figure 2-

3e), highlighting the conservative behavior of DOM (i.e., a negligible chemical modification of 

DOM composition) during long-distance transport (e.g., ~20 km on the west side) (Stedmon and 

Markager, 2003; Holmes et al., 2008; Wickland et al., 2012). Besides, from the west to the east, the 

concentration of DOC, degree of humification, CDOM (A254), DOC-normalized concentrations of 

C1–C6 (i.e., humic-like), and aromaticity increased (Figures 2-3c, 2-3e), but the proportion of fresh 

DOM (BIX) decreased. This trend points to inputs of allochthonous DOM from DOM-rich tributaries 
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(e.g., Horse R. and Clearwater R.) at the east side of the river (Figure 2-1a) (Yi et al., 2015; Cuss et 

al., 2018; Cuss et al., 2019). This is expected given that DOM in these tributaries is contributed from 

catchments that are dominated by wetlands where DOM experiences significant transformations as 

a result of processes such as humification (Chanton et al., 2008; Guéguen et al., 2012; Cuss et al., 

2019). Based on other findings for wetlands, it is expected that this DOM is characterized by a high 

aromatic carbon pool dominated by inputs of plant-derived polysaccharides such as cellulose and 

phenolic compounds from lignin (Gorham, 1991; Battin, 1998; D’Andrilli et al., 2010). In addition, 

the score of the CL sample was more similar to those of the east side at T2 relative to that of the HR, 

which deviated most from the cluster (Figure 2-3e). Such a pattern indicates that DOM from the 

Horse R. had properties that were very distinct from transect T1 and the west side of transect T2. 

Interestingly, the DOM quality in the middle of T2 was different from both the west and east sides, 

possibly suggesting the evolution of DOM during the mixing of the tributaries and the mainstem 

(Cuss et al., 2020a). 

 

2.5.1.2 Midstream 

Flowing downstream to T3, similar to T2, scores from samples collected from the west side were 

well separated from those of the middle and east (Figure 2-3e). The quality of DOM on the west at 

T3 also exhibited great similarity to that of the middle of T2, but largely deviated from the west of 

T2. Such patterns suggest that dispersion of DOM from the middle of T2 partially masked the 

original DOM quality on the west within a short distance (e.g., ~17 km) (Figure 2-1a). In the 

meantime, the quality of DOM in the east and middle sides of T3 resembled that of the east of T2, 

indicating the negligible role of MLC (at the east side of the LAR between T2 and T3, see Figure 2-

1a) in altering DOM quality, and the delayed mixing behavior of HR and CL along the river (Stedmon 

and Markager, 2003; Cuss et al., 2020a). One exception to the middle and east cluster occurred at 
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depth (i.e., 0.6/0.9 m) on the east, characterized by especially lower DOC-normalized concentrations 

of C1–C6 relative to others (Figure 2-3d), indicating the heterogeneity of DOM quality with depth 

at the east side. 

 

2.5.1.3 Downstream of Industry 

Moving downstream of industry, samples from T4 had similar DOM composition to those from T5, 

except one sample (i.e., 0.3/3.5 m) from the west, which was separated from the others (Figure 2-

3e). This surface sample tended to have more terrestrial DOM fingerprints indicated by elevated HIX 

and lower BIX (Figure 2-3g), but was characterized by lower fluorescence intensities on C1–C8, 

suggesting a unique local DOM source with properties similar to CL, but having minimal influence 

on downstream DOM quality (e.g., T5) (Figure 2-3e). Altogether, DOM downstream (e.g., T4 and 

T5) was characterized by higher concentrations of DOC, greater DOC-normalized concentrations of 

C1–C6, and greater degrees of humification and aromaticity compared with that of upstream (e.g., 

T1) (Figure 2-3c). Taken together, these changes reflect the significant impact of terrestrial DOM 

inputs from wetlands by tributaries on DOM quality downstream (Yi et al., 2015; Cuss et al., 2019). 

 

2.5.1.4 Natural vs. Industrial Inputs 

The DOM quality along and across the river became increasingly similar to tributaries from upstream 

to downstream. Specifically, the Clearwater R. (flow rate: ~130 m3 s-1) contributed a unique DOM 

fingerprint to the LAR which ultimately changed the nature of DOM on the river compared to DOM 

pool (e.g., low aromaticity) from upstream (Figure 2-3e) (Guéguen et al., 2012). Also, the Ells, Pierre 

and Tar Rivers were much closer to those of T4 and T5, suggesting a probable DOM source 

downstream of industrial operations. 

The scores from Beaver R. and McLean Creek, which flow through the operational areas for 
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the oil sands industry, were grouped together far away from those of the mainstem and the other 

tributaries (Figure 2-3e), indicating unique DOM quality. This conclusion is consistent with the 

findings of Sun et al. (2017), who claimed that the naphthenic acids in Beaver R. and McLean Creek 

had a relatively similar composition to oil sands process-affected water (OSPW) and other natural 

bitumen-impacted waters, distinguishing them from other tributaries. Given recent advances in 

disentangling organic fingerprints for natural bitumen impacted groundwater and OSPW (Ahad et 

al., 2020; Hewitt et al., 2020), additional study is needed for a clear understanding of dominant 

sources of DOM in Beaver R. and McLean Creek in order to assess the potential influence of the oil 

sands industry on the local water quality. 

Cuss et al. (2019) found that both saline and non-saline groundwaters were marked by a high 

proportion of protein-like fluorescent components, likely coming from autochthonous DOM sources 

(e.g., algae and microorganisms) (Osburn et al., 2011; Coble et al., 2014). Although groundwater 

samples were not studied here, the trend of DOM towards a more humified composition from 

upstream to downstream suggests that groundwater inputs were not a major source of DOM in the 

LAR (Figure 2-3e). 

 

2.5.2 Snowmelt and Its Effect on DOM Quality 

2.5.2.1 Changes in DOM Quality from Fall to Spring 

In addition to spatial variations in DOM quality observed under baseflow condition, a large 

difference in DOM quality between fall base flow conditions and the period following spring 

snowmelt was observed (Figure 2-3a). The spring freshet serves as a main hydrological regime in 

the annual water cycle of the LAR (Figure S2-1) (Woo and Thorne, 2003; Yi et al., 2015), and 

generally results in an annual flushing and carries a unique DOM fingerprint in boreal rivers (Ågren 

et al., 2008; Cao et al., 2016). The T1 site was valuable to compare changes in DOM quality in the 
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mainstem that were driven by snowmelt with those in fall, before the introduction of DOM from 

tributaries (e.g., LFR, HR, and CLR) and potential influences from industry downstream. Elevated 

concentrations of DOC were observed in the late part of the snowmelt period (Table 2-1), which was 

consistent to previous studies (Findlay and Sinsabaugh, 2003; Avagyan et al., 2016). Given that snow 

normally contains very low concentrations of DOC (Wallis, Hynes and Telang, 1981; Yi et al., 2015), 

the elevated levels of DOC could be responsible by erosion of organic materials (e.g., leaf leachates) 

in the upper shallow organic-rich surface layer of soils from wetlands and boreal forests upstream of 

the LAR during the late spring freshet (O'Donnell et al., 2010; Wickland et al., 2012; Cade-Menun 

et al., 2013; Yi et al., 2015; Cuss et al., 2019). 

The molecular mass (i.e., size) of DOM and degree of aromaticity (e.g., SUVA254) were 

higher in spring compared to the fall, suggesting that additional terrestrial DOM (i.e., high molecular 

weight aromatic carbon) was transported into the river during spring freshet (Miller and McKnight, 

2010; Mann et al., 2012; Wickland et al., 2012; Walker, Amon and Stedmon, 2013; Burns et al., 

2016). In addition, the lower BIX values in spring samples suggest decreased contribution from 

recently produced DOM of microbial origin (Parlanti et al., 2000; Wilson and Xenopoulos, 2009). It 

should be noted that in the peatlands, decomposition of OM is thought to be limited due largely to 

low activity of the enzyme phenol oxidase led by the absence of oxygen, thus resulting in high levels 

of high molecular weight (HMW) DOM in shallow layers of Sphagnum-dominated peatlands 

(Chanton et al., 2008; D’Andrilli et al., 2010; Ward and Cory, 2015). The DOC-normalized Fmax 

values of all PARAFAC components (C1–C8) were lower in the fall compared to the spring (Figure 

2-3c), consistent with the findings of Walker, Amon and Stedmon (2013). It should be noted that the 

extent of the increase of C7 and C8 (e.g., ~2–5 times) between fall and spring was much higher than 

that of C1–C6 (e.g., ~1.5–2.5 times). It was supposed that the increase of C1–C6 indicates terrestrial 

DOM input as soils richer in humic-like components are flushed into rivers during spring freshet, 
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while that of protein-like components (C7 and C8) could be largely attributed to ice melt occurring 

upstream of the LAR, wherein DOM fluorescence is dominantly protein-like (Hood et al., 2009; 

Mann et al., 2012). The increase of C7 and C8 could also result from the long residence time and 

increased microbial processing of DOM during transport of snowmelt into the river (Striegl et al., 

2005; Mann et al., 2012). It is unlikely that snow contributed such DOM fingerprints in the LAR as 

was reported by Yi et al. (2015), who showed distinct DOM composition between snow and surface 

waters in the Athabasca oil sands region using electrospray ionization Fourier transform ion 

cyclotron resonance mass spectrometry. Additionally, the absence of tyrosine-like fluorophores in 

this period could be explained by its rapid biogeochemical transformation or physical mixing with 

other OM pools within the stream channel which masks its spectral signature (Barker et al., 2013). 

 

2.5.2.2. Spatial Variations in DOM Quality 

During the late snowmelt period, variation of DOM quality along the river could also be tracked (e.g., 

T1–T2, see Figures 2-3e, 2-3f). Similar to the fall, DOM quality at the T1 site was largely uniform 

across the transect, and was also distinct from other mainstem sites (Figure 2-3e). From T1 to the 

east side and middle at T2, DOM quality changed significantly (Figure 2-3e), and was generally 

characterized by elevated DOC, CDOM content (i.e., A254), C1–C4 and C6 intensities, but lower 

BIX and microbial humic-like C5 (Figure 2-3c). Similar to the fall, this pattern was reflective of the 

dominant role of tributary inputs in altering DOM quality. Besides, the HIX increased in the east and 

middle sides of T2, but decreased on the west. Thus, tributary inputs dominated changes of DOM 

quality largely on the east and middle sides at T2. Also, the PARAFAC-derived components (e.g., 

C7 and C8) increased significantly from T1 to T2 on the west side and showed a significantly 

negative correlation to HIX (p < 0.001, see Figure 2-4). Given that C8 was previously found in 

recycled water treatment plants (Figure S2-6) (Murphy et al., 2011), it was speculated that a unique 
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DOM source of microbial origin (e.g., Fort McMurray wastewater treatment plant) upstream from 

T2 on the west may have a local impact on DOM quality. 

Molecular mass increased significantly on the middle and west sides (i.e., ~0.10 kDa) from 

T1 to T2 relative to that of the east (i.e., similar values) (Figure 2-3e). Moreover, A254 increased more 

(i.e., ~10 m-1) on the middle and west sides, and less (~5 m-1) at the east. The average molecular 

mass and A254 at T1 were 1.26 ± 0.03 kDa and 29.8 ± 0.3 m-1, respectively, similar to those of the 

CL (e.g., 1.21 ± 0.05 kDa and 33.0 m-1, respectively). However, molecular mass and A254 at the HR 

were 1.33 ± 0.05 kDa and 70.0 m-1, respectively. As such, it seems that the HR plays a larger role in 

altering DOM quality on the middle and west sides of T2 in spring through riverine mixing processes 

relative to the CL, although the influence of the wastewater treatment plant could not be well resolved 

at this stage. It is unlikely that tributary upstream of T2 on the west side (e.g., LFR, see Figure 2-1) 

is responsible for such patterns due to its similar Mp (i.e., 1.23 ± 0.05 kDa) to that of the T1. Taken 

together, we reasoned that HR input probably dominated DOM quality at the middle and west sides 

of T2 in spring, while CL temporarily exerted more influence on the east side. Lastly, scores of the 

middle and west sides of T2 were mixed with those of T3–T5 where no apparent organization of 

DOM quality indicators from east to west or upstream to downstream was observed, likely due to 

the overwhelming effect of snowmelt in the LAR (Yi et al., 2015). 

 

2.5.3. Behavior of DOM in Mixing Zones 

In this study, the properties and behaviors of DOM in mixing zones at river confluences were 

investigated to provide novel insights for source discrimination of DOM. In the fall, our data clearly 

showed changing patterns of DOM along the LAR as a result of tributary inputs via mixing processes 

(Figure 2-5c). Generally, DOM at the AR-HR largely shared similar properties, reflective of 

conservative transport of DOM in the LAR. At the HR-HR side, progressive changes of DOM along 
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the river were examined. The samples of HR-HR were collected over a distance of < 5 km before 

merging with the CL outflow, which does not allow much time for degradation or adsorption 

processes (Moreira-Turcq et al., 2003; Mann et al., 2012; Walker, Amon and Stedmon, 2013). 

Therefore, we reason that DOM variations at the HR-HR side were largely a result of physical mixing 

processes along the shoreline (e.g., dilution) (Cuss et al., 2020a), thus highlighting that DOM can be 

used as a quasi-conservative tracer during mixing processes over short distances in the LAR (Jiang 

et al., 2017). Notably, contrasting mixing patterns of DOM were found between the CL and HR 

mixing transects. That is, changes of DOM quality were mainly found in the AR-CL side instead of 

the tributary side (e.g., CL-CL), roughly following the order of AR01-CL, AR03-CL, AR04-CL, 

AR02-CL, and AR05-CL as they moved downstream (Figure 2-5c). 

Generally, the bed height discordance was greater at HR (i.e., the depth at inflow was 

shallower than the LAR at HR, but it was the same or deeper at the CL). Also, the volumetric flow 

at HR was lower, so that upwelling from the LAR underneath the HR inflow caused faster mixing at 

the shore compared to the CL (Rutherford, 1994; Gaudet and Roy, 1995; Parsons et al., 2008). 

Moreover, the CL likely had a primarily “vertical shear layer” because the influx from the CL and 

its associated depth were sufficient to penetrate far enough into the LAR. As such, the shear forces 

that are caused by friction with the banks of the river were dispersed at the shear layer between the 

LAR and the CL (Rutherford, 1994; Parsons et al., 2008). These underlying mechanisms that cause 

delayed mixing are responsible for the contrasting patterns of mixing zones between the CL and HR 

mixing transects (Cuss et al., 2020a). Along the mainstem side of AR-SB mixing zone, DOM quality 

was highly heterogeneous. However, at the SB-SB side, SB-SB01 was well separated from the others, 

suggesting a faster mixing rate between SB and the LAR relative to that of HR, which could be 

attributed to the high junction angle between the SB and the mainstem (Parsons et al., 2008). 

During the period following snowmelt, mixing patterns differed from those in fall. 
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Specifically, no apparently progressive changes of DOM along the AR-CL or CL-CL mixing 

transects was observed possibly due to the occurrence of more turbulence in the spring compared 

with fall. Similar to the fall, DOM quality changed progressively at the HR-HR side with an order 

of HR01-HR, HR02-HR, HR04-HR, HR05-HR, and HR03-HR. The patterns of DOM at the AR-HR 

were heterogeneous. For the AR-SB mixing zone, DOM quality at the mainstem side was relatively 

uniform, but the SB-SB side was not. A general trend could be roughly derived as DOM quality 

changed towards that of the mainstem as sample at the end of the SB-SB side resembled that of the 

mainstem, suggesting the progressive dilution of SB by the LAR along the bank from upstream to 

downstream. Interestingly, given that SB is shallow and the flow is relatively low, similar mixing 

behavior as the HR is expected in the spring (Parsons et al., 2008). Taken together, we highlight that 

hydrological conditions (e.g., spring freshet) and river geomorphology collectively affect quasi-

conservative mixing patterns of DOM between the LAR and its tributaries, thus exerting influences 

on downstream water quality (Parsons et al., 2008; Lynch et al., 2019). 

 

2.5.4. Implications for Carbon-Cycle and Trace Element Geochemistry 

Boreal systems play a key role in the global carbon cycle and are experiencing rapid changes as a 

result of climate change (e.g., rising temperatures). Examining key factors regulating the variability 

of DOM in this biome would thus strengthen our ability to predict the transformations and associated 

changes in roles of DOM in these complex fluvial networks (Hutchins, Prairie and del Giorgio, 2019; 

Gómez-Gener et al., 2020). There are several drivers affecting DOM in the LAR. Under base flow 

conditions, DOM quality shifts progressively toward that of major tributaries (e.g., CL) in the LAR. 

Given that watersheds draining these tributaries (e.g., CL) are dominated by wetlands (Cuss et al., 

2018), such variations highlight the importance of wetlands in altering DOM at the regional scale. 

Our results are consistent with previous work, which demonstrates that terrestrially derived DOM 
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dominates boreal rivers relative to DOM from aquatic organisms (Schumacher et al., 2006; Wilson 

and Xenopoulos, 2009; Hutchins, Prairie and del Giorgio, 2019). Altogether, these reflect the 

collective influence of surrounding soils, wetlands, regional vegetation, and climate. 

Tributaries in the LAR drain a large area of peatlands where large amounts of aromatic DOM 

can be leached (Khadka, Munir and Strack, 2016). Export of DOM largely depends on annual runoff, 

potentially making waterborne release pathways a key driver of downstream carbon pool and 

composition (Michaelson et al., 1998; Jager, Wilmking and Kukkonen, 2009; Walker, Amon and 

Stedmon, 2013; Broder, Knorr and Biester, 2017). Conservative mixing and transport are suggested 

by the concentration and DOM quality gradients in this study, potentially strengthening our ability 

to distinguish trends of mixing between the mainstem and the tributaries for DOM and trace elements. 

Also, in the LAR at least, most alterations are likely to occur after mixing and not during mixing, 

rendering the study of great significance at the regional scale. 

Spring snowmelt serves as a major hydrological regime in the boreal zone and greatly affects 

DOC fluxes along the terrestrial-aquatic continuum (Avagyan et al., 2016). For instance, Finlay et 

al. (2006) estimated that a large proportion (e.g., ~55%) of Arctic river DOC flux happens during 

snowmelt. As such, considering seasonal variations in DOM quality in large boreal rivers (e.g., LAR) 

is of great significance for understanding the global carbon cycle. Our results showed that DOC 

concentration increased in the period immediately following snowmelt, and its composition shifted 

towards having more biologically labile components (e.g., protein-like), consistent with previous 

studies in cold regions (Michaelson et al., 1998; Hood, Williams and McKnight, 2005; Finlay et al., 

2006; Ågren et al., 2008; Mann et al., 2012; Avagyan et al., 2016; Hemingway et al., 2019). 

The development of the bituminous sands in northern Alberta has received much attention 

due to the potential release of trace elements into the LAR. Knowledge of trace element speciation 

in the LAR is thus of great significance to an understanding of aquatic toxicity and bioaccumulation 
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(Florence, Batley and Benes, 1980; Florence, Morrison and Stauber, 1992). The colloidal form of 

some metals may account for the majority of the traditionally defined dissolved fraction (<0.45 μm) 

in natural waters (Florence, Batley and Benes, 1980). In the case of DOM, much of it is in colloidal 

form with a varying origin and composition in natural waters (Florence, Batley and Benes, 1980). 

Among properties of colloidal DOM, the size is related to its utilization efficiency by microbes, and 

thus, has received great attention (Amon and Benner, 1996; Roditi, Fisher and Sañudo-Wilhelmy, 

2000; Zhou et al., 2016). Given that DOM is a key carrier facilitating the transport of trace elements 

in boreal waters (Oleinikova et al., 2017), variations in the size and speciation of DOM-associated 

TEs would certainly affect their bioavailability for aquatic organisms. The changing nature of DOM 

in the LAR thus underscores the importance of separating and measuring the size-based distribution 

of trace elements amongst colloidal DOM using cutting-edge analytical instruments such as AF4 and 

AF4-ICPMS (Guéguen and Cuss, 2011; Cuss et al., 2018). Results from such studies would certainly 

improve the understanding of TE sources and forms, with implications for their bioaccessibility. 

 

2.6 CONCLUSIONS 

The integration of high-resolution sampling in the LAR allows us to resolve DOM sources and 

mixing processes in a large boreal river (e.g., the LAR) through size and optical properties. Results 

showed that DOM quality shifted progressively along the LAR due largely to inputs of terrestrial 

aromatic carbon through tributaries (e.g., Clearwater R.) from wetlands and their physical dispersion 

across the river. Flowing downstream, DOM tended to be higher in concentrations of DOC, and 

degrees of humification and aromaticity. Seasonal variations of DOM quality in the LAR as a result 

of spring freshet were observed, during which times DOM tended to be higher in molecular mass 

and richer in protein-like components (C7–C8) compared with humic-like components (C1–C6). 
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Source discrimination of DOM was thus more obvious at the base flow condition relative to the 

snowmelt period. 

Conservative mixing patterns of DOM across all mixing zones were more apparent in the 

base flow condition compared to the period of spring freshet, due to the overwhelming effect of 

snowmelt which largely masked mixing patterns. We thus concluded that DOM can be used a quasi-

conservative tracer during mixing at river confluences in the boreal zone. Contrasting mixing 

patterns in different mixing transects suggested that hydrological conditions (e.g., spring freshet) and 

river geomorphology collectively affect the mixing of DOM between the LAR and its tributaries. 

Such findings will enhance our ability to determine sources of DOM and to distinguish trends of 

mixing between the mainstem and the tributaries for DOM-associated trace elements. They will also 

provide new insights into the metal-binding properties of DOM exported from terrestrial ecosystems 

under different hydrological conditions. 
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Figure 2-1 Maps of the study area showing sampling sites in the mainstem of the lower Athabasca 

River (LAR, flowing northwards) (a) and three mixing zones (b–f). Five mainstem transects are 

marked in red (e.g., T1–T5) and full names for tributaries are also indicated (a). Maps c–f (Not to 

Scale) show sampling sites in three mixing zones between the LAR and Horse R. (HR) (c), 

Clearwater R. (d, e), and Steepbank R. (SB) (f) in the spring of 2019. Similar sampling protocol was 

taken in the fall of 2018. Distinct symbol colors for samples in the tributary side (pink, yellow, and 

orange for HR, CL, and SB, respectively) are used, while that of the mainstem (blue) is uniform 

across all mixing zones. Regarding notations, AR-HR01–05 and HR-HR01–05 are used for samples 

collected from the mainstem and the HR side at five mixing transects of the HR mixing zone along 

the river, respectively (c). Similarly, AR-CL01–06 and CL-CL01–06 and AR-SB01–04 and SB-

SB01–04 refer to sites of the mainstem and the tributary sides of the CL and SB mixing zones along 

the river, respectively (d–f). Map data ©2020 Google  
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Figure 2-2 Contour plots of 8 PARAFAC-derived fluorescent DOM components (see Figure S2-2 

for excitation and emission spectra).  
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Figure 2-3 Score (a–b and e–h) and loading plots (c–d) of PCA representing DOM quality for 

samples (n=104) from mainstem transects and tributaries of the LAR in the fall (solid, e–f) and spring 

(open, g–h). In plots a–b, samples from the mainstem (circle) and tributaries (down triangle) are 

differentiated. Markers are also separated into west (square), middle (circle), east (up triangle), and 

tributaries (down triangle) for T1 (black), T2 (red), T3 (green), T4 (blue), T5 (cyan) and tributary 

(pink) samples for plots (e–h).  
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Figure 2-4 Spearman’s rank order correlation coefficients between DOM concentration, size, and 

optical properties for samples (n=104) of 5 mainstem transects (T1–T5) and 10 tributaries (MLC, 

PR, HR, BR, MKR, TAR, MUR, SB, ER, CL, LFR) of the lower Athabasca River in the fall and 

spring. Significant correlation coefficients are indicated by: *p < 0.05, **p < 0.01, ***p < 0.001.  
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Figure 2-5 Score (a, c, d) and loading plots (b) of PCA representing DOM quality for samples (n=105) 

from three mixing zones between the lower Athabasca River and Horse River, Clearwater River, and 

Steepbank River in the fall (solid) and spring (open). Markers are separated for AR-HR (black circle), 

HR-HR (red up triangle), AR-CL (green square), CL-CL (blue down triangle), AR-SB (cyan star) 

and SB-SB (pink right triangle) samples across plots (c–d).  
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Figure 2-6 Spearman’s rank order correlation coefficients between DOM concentration, size, and 

optical properties for samples (n=105) of 3 mixing zones between the lower Athabasca River and 

Horse River, Clearwater River, and Steepbank River in the fall and spring, respectively. Significant 

correlation coefficients are indicated by: *p < 0.05, **p < 0.01, ***p < 0.001.  
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2.10 TABLES 

Table 2-1 Concentrations of DOC and the DOM quality indicators (size and optical properties) in 

five mainstem transects (T1–T5) of the lower Athabasca River in the fall and spring, respectively. 

SD denotes standard deviation. The mean values for those indicators are marked in bold. Units: DOC 

(mg C L-1), Mp (kDa), A254 (m
-1), and SUVA254 (L mg-1 C m-1).  
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Site description 

description 

DOC Mp BIX HIX FIX A254 E2:E3 SUVA254 

Fall 2018 

T1 (n=8) Mean 6.6 1.05 0.56 11.9 1.5 18.1 6.6 2.76 

SD 0.2 0.05 0.01 0.9 0.0 0.3 0.4 0.09 

Max 6.8 1.11 0.57 12.8 1.6 18.4 7.0 2.90 

Min 6.3 0.93 0.55 10.4 1.5 17.5 5.9 2.66 

T2 (n=8) Mean 9.0 1.07 0.55 15.2 1.5 26.8 6.0 2.96 

SD 1.5 0.05 0.02 1.7 0.0 6.0 0.5 0.18 

Max 11.0 1.13 0.58 17.4 1.5 34.2.

0 

6.7 3.23 

Min 7.5 1.01 0.52 13.3 1.5 21.0 5.2 2.73 

T3 (n=8) Mean 8.6 1.11 0.52 15.2 1.5 26.3 5.7 3.03 

SD 0.9 0.04 0.02 1.8 0.0 4.6 0.4 0.30 

Max 9.5 1.18 0.54 17.3 1.5 30.0 6.4 3.30 

Min 7.0 1.04 0.49 12.6 1.4 20.7 5.3 2.41 

T4 (n=6) Mean 8.8 1.04 0.52 15.0 1.5 26.5 5.9 3.03 

SD 0.3 0.05 0.02 0.9 0.0 0.4 0.2 0.10 

Max 9.1 1.08 0.54 16.7 1.5 26.9 6.2 3.17 

Min 8.3 0.95 0.48 14.3 1.4 25.9 5.6 2.93 

T5 (n=9) Mean 8.9 1.10 0.54 15.2 1.5 26.5 5.9 2.98 

SD 0.2 0.04 0.01 0.6 0.0 0.4 0.3 0.07 

Max 9.1 1.14 0.55 16.6 1.5 27.3 6.4 3.08 

Min 8.7 1.03 0.52 14.5 1.5 25.9 5.4 2.85 

Spring 2019 

T1 (n=9) Mean 9.4 1.26 0.57 9.8 1.5 29.8 6.1 3.18 

SD 0.2 0.03 0.02 2.7 0.0 0.2 0.1 0.07 

Max 9.6 1.30 0.62 11.8 1.5 30.2 6.4 3.30 

Min 9.1 1.19 0.55 3.1 1.5 29.5 5.9 3.11 

T2 (n=8) Mean 11.9 1.33 0.53 10.6 1.5 38.6 5.6 3.25 

SD 0.7 0.06 0.02 4.1 0.0 2.0 0.2 0.07 

Max 12.8 1.38 0.56 14.5 1.5 40.4 6.0 3.32 

Min 10.9 1.23 0.51 5.1 1.5 35.3 5.4 3.11 

T3 (n=9) Mean 10.0 1.21 0.53 11.7 1.5 32.4 5.7 3.26 

SD 0.6 0.05 0.02 3.4 0.0 0.3 0.2 0.19 

Max 10.6 1.26 0.56 14.7 1.5 33.0 6.2 3.56 

Min 9.1 1.10 0.51 5.0 1.4 32.0 5.4 3.06 

T4 (n=9) Mean 10.0 1.22 0.53 10.7 1.5 33.9 5.6 3.38 

SD 0.4 0.06 0.02 4.1 0.0 0.3 0.1 0.12 

Max 10.5 1.32 0.57 14.2 1.5 34.2 6.0 3.59 

Min 9.4 1.17 0.51 4.0 1.4 33.4 5.5 3.24 

T5 (n=9) Mean 9.6 1.25 0.53 11.6 1.5 32.7 5.7 3.40 

SD 0.4 0.05 0.01 2.8 0.0 0.5 0.2 0.12 

Max 10.4 1.30 0.56 16.0 1.5 33.3 6.3 3.56 

Min 9.2 1.19 0.52 5.7 1.4 31.7 5.6 3.20 
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Table 2-2 Concentrations of DOC and the DOM quality indicators (size and optical properties) in 

tributaries (surface water sample) of the lower Athabasca River in the fall and spring, respectively. 

95% CI denotes a 95% Confidence Interval. Units: DOC (mg C L-1), Mp (kDa), A254 (m
-1), and 

SUVA254 (L mg-1 C m-1). 

 

Site description 

description 

DOC Mp 95% CI (Mp) BIX HIX FIX A254 E2:E3 SUVA254 

Fall 2018 (n=11) 

LFR 23.5  1.10 0.05 0.50 22.0 1.5 70.2 6.0 2.99 

HR 33.3  1.08 0.005 0.45 26.6 1.5 135.9 4.7 4.08 

CL 11.8  0.99 0.03 0.50 17.1 1.5 38.6 5.4 3.27 

MLC 23.0  0.98 0.06 0.59 12.7 1.6 69.4 5.7 3.02 

SB 21.1  1.09 0.005 0.49 20.7 1.5 70.4 5.6 3.34 

BR 25.3  1.18 0.03 0.57 14.8 1.5 73.3 6.3 2.90 

MUR 24.3  1.03 0.06 0.53 17.4 1.5 67.2 6.0 2.77 

MKR 32.9  1.01 0.03 0.50 23.0 1.5 115.3 5.2 3.51 

ER 16.7  0.98 0.03 0.53 15.6 1.5 45.6 6.7 2.72 

TAR 17.2  0.96 0.04 0.54 15.0 1.5 50.7 6.1 2.95 

PR 21.0  0.89 0.02 0.59 16.1 1.6 52.8 6.7 2.51 

Spring 2019 (n=10) 

LFR 18.4 1.23 0.05 0.50 14.5 1.5 63.4 5.4 3.45 

HR 18.7 1.33 0.05 0.49 16.8 1.5 69.6 5.1 3.72 

CL 9.3 1.21 0.05 0.52 12.5 1.5 33.0 5.8 3.54 

MLC 13.7 1.17 0.05 0.59 10.4 1.5 38.7 6.4 2.83 

SB 16.5 1.19 0.04 0.51 16.2 1.5 55.4 5.3 3.36 

MUR 17.2 1.20 0.06 0.54 15.0 1.5 50.1 6.3 2.91 

MKR 20.7 1.21 0.13 0.52 15.7 1.5 65.3 5.7 3.16 

ER 14.6 0.99 0.0007 0.56 12.9 1.5 42.4 6.6 2.91 

TAR 14.6 1.08 0.04 0.59 4.8 1.5 44.0 6.4 3.02 

PR 14.7 1.07 0.06 0.61 6.1 1.6 38.1 6.3 2.59 
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Table 2-3 PARAFAC-derived fluorescent DOM components. Numbers in brackets refer to the second peak of excitation. 

 

Components Ex/Em (nm) Peak name1 General assignment2 Molecular association Sources and reactivity 

C1 250/460 Ac Terrestrial humic-like Aromatic, intermediate MW3 T2, P+3,4, Pr3,4 

C2 < 240 (317)/445 Ac/C Terrestrial humic-like High aromaticity, high MW2,3 T2, P-3 

C3 360 (262)/460 Ac/C Terrestrial humic-like High aromaticity, high MW2,3 T2, P-3 

C4 311/420 C Terrestrial humic-like High aromaticity, high MW2,3 T2, P-3 

C5 < 240 (286)/395 M Microbial humic-like Aliphatic3, low MW2 M+3,5, M-5 

C6 285 (405)/485 C+ Terrestrial humic-like High aromaticity, high MW2 T2 

C7 272/330 B/T3,6 Tryptophan-like Aliphatic, low MW2 Au3,6, M+6, M-3 

C8 < 240/350 AT Tryptophan-like Aliphatic, low MW2 Au, M+2 

 

1 Coble et al. (2014). 2 Fellman, Hood and Spencer (2010). 3 Lambert et al. (2016). 4 Chen et al. (2010). 5 Singh, D'Sa and Swenson 

(2010). 6 Stubbins et al. (2014). Au: autochthonous production; T: terrestrial inputs; M+: microbial degradation; M-: biolabile; P+: 

photoproduct; Pr: photo-resistant; P-: photosensitive. 
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2.11 SUPPLEMENTARY INFORMATION 

 

Figure S2-1 Daily flow rate of the lower Athabasca River (LAR) from 2010 to 2019. Deep gray and 

gray areas denote the high-flow (snowmelt period) and base flow conditions, respectively. Data were 

derived from the Water Survey of Canada (https://wateroffice.ec.gc.ca/) for the AR station below 

Fort McMurray (07DA001).  
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Figure S2-2 Excitation and emission spectra of 8 PARAFAC-derived fluorescent components.  
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Figure S2-3 The sum of squared residuals in the excitation and emission directions for 6, 7, and 8 

component (a) and 7, 8, and 9 component (b) models, respectively. The step from the 8 to 9 

component model improved the fit marginally across the entire spectrum, while a large improvement 

and removal of peak-like features was provided by the step from the 7 to 8 component model, 

suggesting that 8 component model is adequate.  

a b 
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Figure S2-4 Split-half validation for the 8 component PARAFAC model.  
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Figure S2-5 Matches for PARAFAC components (except C6) between this study and the OpenFluor 

database (accessed on Aug 7, 2020).  

g 
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Figure S2-6 Scree plots of two individual PCA analyses for mainstem & TR (a) and mixing zones 

(b).  

a b 
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Table S2-1 Modified Tucker’s Congruence Coefficient (mTCC ≥ 0.95) for the PARAFAC 

components between the present study and 38 PARAFAC models summarized by Parr et al. (2014). 

 
 This_study 

 C1 C2 C3 C4 C5 C6 C7 C8 

Burrows_2013 

 

        

Chen_2010 

 

C2 0.99   C3 0.96 C4 0.95  C7 0.98  

CM_2005 

 

      C8 0.96  

Cory_2012 

 

  C3 0.95 C1 0.95     

Fellman_2009 

 

     C3 0.95 C7/C8 0.97/0.96  

Fellman_2011 

 

C1 0.96    C3 0.95    

Guo_2011 

 

      C4 0.98  

Holbrook_2006 

 

    C2 0.95    

Hong_2011 

 

   C2 0.95     

Jorgensen_2011 

 

      C2 0.95  

Kothawala_2012 

 

C3 0.98     C4 0.95   

Kowalczuk_2010 

 

C2 0.97      C5 0.99  

Lapierre_2009 

 

 C1 0.97     C8 0.95  

Lu_2013 

 

C5 0.97      C4 0.97  

Lutz_2012 

 

        

Massicotte_2011 

 

 C1 0.95       

Murphy_2006 

 

 C9 0.96  C2 0.99 C4 0.95  C6 0.98  

Murphy_2008 

 

  C8 0.95 C1 0.98     

Osburn_2011 

 

C4 0.97      C6 0.96  

Osburn_2012 

 

C3 0.97   C2 0.96   C6 0.97  

Parr_2013 

 

C1 0.97    C8 0.98  C9 0.98  

Singh_2010 

 

    C3 0.95    

Singh_2013 

 

  C4 0.97 C2 0.96 C2 0.97 C3 0.95 C5 0.99  

Stedmon_2003 

 

C1 0.98   C4 0.95 C2 0.97    

Stedmon_2005 

 

C1 0.98   C5/C6 0.98/0.95 C3 0.98    

Stedmon_2007_EST 

 

        

Stedmon_2007_MC 

 

    C2 0.97  C5 0.96  

Stedmon_2011_JGR 

 

      C3 0.98  

Walker_2009 

 

C2 0.95      C5 0.96  

Williams_2010 

 

   C2 0.96     

Yamashita_2010 

 

   C1/C3 0.95/0.98   C5 0.99  

Yamashita_2010_DSRI

I 

 

      C4 0.97  

Yamashita_2011 

 

   C1 0.97     

Yamashita_2011_Odyn 

 

   C1 0.96   C5 0.95  

Yang_2011 

 

        

Yang_2012_MC 

 

      C3 0.95  

Yang_2013_AG 

 

        

Yang_2013_MC 

 

    C1 0.95    
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The functionality of dissolved organic matter (DOM) in natural waters depends on its size and 

composition. Identifying the sources and associated properties of DOM is vital to understand its 

effects on downstream ecosystems. The integration of high-resolution sampling allows us to 

resolve DOM sources and mixing processes in the lower Athabasca River (LAR) using 

asymmetrical flow field-flow fractionation (AF4) with offline excitation emission matrices 

(EEMs) measurements and parallel factor (PARAFAC) analysis. We found that inputs of DOM 

from the major tributaries shifted DOM quality in the LAR. Flowing downstream, DOM tended 

to be higher in concentrations of dissolved organic carbon (DOC) and degrees of humification 

and aromaticity. Seasonal variations of DOM as a result of spring freshet were observed, during 

which times DOM tended to be higher in molecular mass and highly richer in protein-like 

components relative to humic-like components. 

 

River mixing has great potential to alter DOM quality. In this study, conservative 

mixing behaviors of DOM at river confluences were observed. Contrasting mixing patterns 

among mixing zones suggest that both hydrological conditions and river geomorphology affect 

mixing patterns of DOM between the LAR and its tributaries. Our results demonstrate that 

DOM could be used as a quasi-conservative tracer during mixing at large river confluences. 

Findings from this study will enhance our ability to determine sources of DOM and to 

distinguish trends of mixing between the mainstem and the tributaries for DOM-associated 

trace elements in the boreal zone. They will also provide new insights into the metal-binding 

properties of DOM exported from terrestrial ecosystems under different hydrological 

conditions.  
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Appendix I: field data summary, 2018 fall 
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Appendix II: field data summary, 2019 spring 
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Appendix III: original DOM dataset 
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Appendix IV: mainstem & tributary PCA scores 
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Appendix V: mixing zone PCA scores 
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Appendix VI: water quality measurements and major ions 
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