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Abstract
Dissolved organic carbon (DOC) is an important component of the global carbon
cycle, acting in part as a potential source of carbon for microorganisms, support of
flocculation of heavy metals and nutrients to sediments, as well as a protective barrier
between ultraviolet radiation and aquatic organisms. In my thesis, chapter 1 is a
literature review with general background information about the photodegradation
process of DOC in Prairie Pothole Region (PPR). In chapter 2, I used an incubation
experiment with light and depth as treatments to examine photodegradation impacts on
the optical characterization of DOC in prairie wetland ponds at the St. Denis National
Wildlife Area in central Saskatchewan, Canada. Surface water was collected from two
ponds with seasonal average DOC concentrations of 71.1 mg L-1 (More-DOC Pond)
and 32.7 mg L-1 (Less- DOC Pond) and filtered through 0.45µm GF/Fs into Teflon
bottles that were transparent to UV light. Samples were then divided into dark and light
treatments and incubated at three different depths (surface, 0.25m, and 0.5m) in situ
and collected every 2 weeks for 4 months. Excitation emission matrix scans from
300nm to 800nm and absorbance at 254nm were collected on each sample.
Absorbance at 254nm in More-DOC Pond and Less-DOC Pond waters decreased by
34% and 50%, respectively. We identified two fluorescence components in both ponds
which corresponded to peak C and peak M in literature. Although bulk DOC
concentrations did not show significant differences over time, fluorescence intensity of
peak C decreased by 39% and 47%, and of peak M increased by 19% and 29%, in the
More-DOC Pond and Less-DOC Pond, respectively. Increases in other fluorescence
indicators such as fluorescence index (35% and 22%) and FRESH (29% and 30%)
were observed in the More-DOC Pond and Less-DOC Pond, respectively. Overall,
terrestrial DOC from our sampling ponds became less aromatic, more aliphatic, lower
molecular weight, and lost absorptivity and fluorescence intensity after 12 weeks of
incubation. Lastly, in chapter 3, I outlined the future research using absorbance and
fluorescence to study DOC in multiple ponds at SDNWA seasonally as well the
connection of DOC to mercury and methyl mercury in PPR. Results of this study will
provide a better understanding at the optical characterizations, sources, and act as a
foundation to further study on the role of DOC in methylation of mercury
ii
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Chapter 1. Literature review
1.1 Introduction to dissolved organic carbon
Dissolved organic carbon (DOC) is a mixture of complicated carbon-rich
polymers important in the functioning of aquatic ecosystems (Leenheer JA and Croué JP, 2003; Coble, 2007; Stubbins et al., 2014). In natural water, DOC is included in the
dissolved organic matter pool (DOM) and roughly divided into two categories: humic
and non-humic. Humic substances are aromatic and aliphatic hydrocarbon structures
with multiple functional moieties such as amide, carboxyl, hydroxyl, and ketone
(Leenheer JA and Croué J-P, 2003) groups. Compounds like lignin, tannins, melanins,
and multiple types of quinones have been suggested to account for the majority of
dissolved humic substances in natural waters (Del Vecchio and Blough 2004; Cory and
McKnight, 2005; Stubbins et al., 2014). The humic fraction can be further divided into
humic acids and fulvic acids based on relative molecular weight and solubility (Leenheer
JA and Croué J-P, 2003; McDonald et al., 2004). Humic acids are soluble in solution
with pH higher than 2 and have molecular weight roughly 1500 – 5000 Da due to their
high number of phenolic and aromatic groups (Malcolm, 1990; Marion, 1998.
Meanwhile, fulvic acids are soluble at any pH and have molecular weight around 600 –
1000 Da (Malcolm, 1990; McDonald et al., 2004).
Operationally, DOC is defined as a fraction of DOM which can pass through a
0.45µm glass filter fiber (GF/F) and contain components (e.g., chromophores and
fluorophores) that can absorb and emit a broad range of visible and ultraviolet radiation
(UVR), typically between 280nm and 700nm (Zsolnay, 2003; Leenheer JA and Croué JP, 2003; Coble, 2007). The composition and biochemical properties of DOC can vary
depending on multiple elements such as sources, temperature, pH, and biogeochemical
processes (biodegradation and photodegradation) (Leenheer JA and Croué J-P, 2003).
For example, autochthonous DOC, which is derived from or associated with the
bioactivity of macrophytes, algae, and bacteria, often consist of less light-absorbing
functional groups (resulting in less fluorescence) and is more hydrophilic compared to
allochthonous DOC, which is derived from terrestrial plants and soil matter (Coble et al.,
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1998; Baker at al., 2008; Stubbins et al., 2014). DOC plays an important role as
substrates of multiple biogeochemical processes which involve carbon and acts as an
energy source for aquatic biota (Amon and Benner, 1996). It also may influence
concentrations of dissolved oxygen (Kothawala et al., 2012), nitrogen (Xenopoulos and
Wilson, 2009), phosphorus (Cammack et al., 2004), and trace metals such as mercury
(Hall et al., 2008). Moreover, DOC protects aquatic organisms from photosynthetically
active radiation (PAR) and UVR and indirectly controls the depth of autotrophic
production (Robarts and Waiser, 1998). As such, DOC concentrations and it changes in
composition, under various conditions, are critically important in freshwater ecosystems.
Cycling of DOC in prairie systems is vastly understudied and is the subject of this
thesis.
In this chapter, I explore the background information of absorbent (specific
ultraviolet absorbance) and fluorescent (emission-excitation matrix) properties as
applications to further understand the origins as well as how biogeochemical processes
(e.g., photodegradation) affect the composition of DOC.
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1.2 Optical measurements of DOC
The isolation and detailed characterization of DOC components can be difficult
and expensive. One of the most common methods of DOC isolation is column
chromatography with ion exchange resin, coupled with selective precipitation and
evaporation to separate hydrophilic/ hydrophobic fractions from neutral fractions in DOC
pool. Other detailed molecular characterizations methods of DOC – for example,
Carbon-13 magnetic resonance (13C-NMR) and mass spectral characterizations of the
DOC polarity and properties - can vary from hundreds to thousands of dollars,
depending on the organic matter concentration, sample volume, and molecular
complexity (Leenheer et al., 1979; Leenheer et al., 2004). These methods of isolation
and detailed characterization can give definitive information about DOC such as
polarity, biochemical structures, and concentration but can also be expensive, timeconsuming, and invasive due to large volumes of water required (Ishiwatari et al., 1980;
Leenheer et al., 2003). Meanwhile, advances in spectroscopic techniques (e.g.,
absorbance and fluorescence) have allowed researchers to optically monitor trace
compositional changes of DOC due to disturbances or biogeochemical processes by
comparing biochemical characteristics of DOC to its optical properties (Coble et al.,
1990; Bro, 1997; Stedmon et al., 2003). The method is relatively inexpensive, fast, and
noninvasive, with the potential to be incorporated as a routine measurement of DOC,
temporally and spatially, in aquatic ecosystems.
1.2.1 Specific ultraviolet absorbance
Specific ultraviolet absorbance (SUVA), defined as the absorbance of DOC at
certain ultraviolet wavelengths divided by the DOC concentration in the sample, is a
widely used indicator for aromaticity and molecular weight (Weishaar et al., 2003;
Leenheer et al., 2003; Hellur-Grossman et al., 2001; Chowdhury, 2013). Although there
are multiple studies that use SUVA at different absorbance wavelengths such as 280nm
(Grzybowski, 2000) and 340nm (Baker and Spencer, 2004), I focus only on the specific
ultraviolet absorbance of DOC at 254nm (SUVA254) because SUVA254 has
demonstrated a strong correlation (r2 = 0.97) with the aromaticity of carbon in natural
water using 13C-NMR (Weishaar et al., 2003). Hence, SUVA254 is often used as an
3

indicator for aromatic contents in DOC and high SUVA254 waters often contain high
concentration of hydrophobic carbons, such as humic-like substances (Weishaar et al.,
2003; Leenheer et al., 2003).
Aspects of molecular weight can also be determined using absorbance.
Chowdhury (2013) determined a strong relationship between absorbance at 254nm
(Abs254) and molecular weight of DOC. Abs254 had positive correlation with highmolecular-weight (hmw) DOC, especially over 1kDa (r2 = 0.88) and 3kDa (r2 = 0.996),
but not with low-molecular-weight (lmw) DOC, especially lower than 1kDa (r2 = 0.46)
and 500Da (r2 = 0.21). A similar relationship was observed with SUVA254: strong
correlation with molecular weight over 1kDa (r2 = 0.52) or 3kDa (r2 = 0.88) and weak
correlation with molecular weight under 500Da (r2 = 0.001) (Chowdhury, 2013). HellurGrossman et al. (2001) reported similar results in which Abs254 and SUVA254 did not
show strong association with low molecular weight hydrophilic carbon in ocean water.
The results suggested that Abs254 and/or SUVA254 could play an important role in
indicating the molecular weight of DOC as the correlation decreased when the
molecular weight decreased. In addition, some studies have suggested a relationship
between SUVA254 and fluorescent index (FI) - an indicator of DOC origin (terrestrial
versus microbial) and which will be discussed further in this chapter (McKnight et al.,
2001; Jaffé, et al., 2008; Williams et al., 2010; Cory et al., 2013). In general, SUVA254
has an inverse relation with FI (r2 = 0.37 - 0.52) but the correlation strongly depends on
the nature of the environment (marine versus freshwater) and the terrestrial nature of
DOC in the system (Jaffé ́ et al., 2008; Williams et al., 2010).
Because DOC is sensitive to sunlight, light-induced abiotic degradation has been
shown to cause significant alteration in the absorbance of DOC, especially with the
conjugated moieties near ultraviolet wavelength (200nm to 380nm) which contain the
greatest absorptive ability (Weishaar et al., 2003; Benner and Kaiser 2011; Lapierre del
Giorgio 2014). Twardowski and Donaghay (2002) reported that photodegradation could
shift the absorbance spectrum of DOC from longer wavelengths to shorter wavelengths
(e.g., loss of absorption at longer wavelength), implying breaking up of large humic-like
DOC. The shift from longer wavelength to shorter wavelength is linked to the
4

redistribution of the hmw DOC to lmw DOC pool, monitored using 13C-NMR in
freshwater lakes, swamps, and marine samples, further indicating a degradation of
large and complicated DOC molecules into small and simpler molecules (Helms et al.,
2008; Helms, 2012).
However, SUVA254 does not always have corresponding relationship with DOC
photodegradation. One reason being is that the decrease of SUVA254 values under
sunlight is independent of DOC sources (e.g., soil, rice, cattail, tule, and algae),
suggesting SUVA254 to be an insensitive source indicator for DOC (Hansen et al.,
2016). Moreover, because similar individual aromatic molecules can absorb sunlight
differently (Weishaar et al., 2003), SUVA254 values could have an unclear relationship
to the total UV absorption by colored DOC as well as the light-induced carbon dioxide
production in the eco-system (Cory et al., 2013). Lastly, DOC and Abs254 also had a
positive correlation to the total dissolved nitrogen and phosphorus concentration under
influences of UV light, which further complicate the coupling process between DOC
photodegradation and nutrients cycling in the aquatic environment (Zhang. et a, 2013).
Nonetheless, the absorbance and specific ultraviolet absorbance at 254nm are useful
indicators of aromaticity and molecular weight of humic DOC in aquatic environments.
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1.2.2 Excitation-emission matrix
Fluorescence is a sensitive parameter that has been commonly used in aquatic
sciences to understand the biochemical structure, composition (components),
concentrations, biogeochemical processes, and sources of organic substances,
providing a more detailed picture than with absorbance spectra (Coble, 2007; Fellman
et al., 2010). One of the most common applications of this technique is the combination
of fluorescent scans into a matrix of multiple emission spectra at a wide range of
excitation wavelength, forming a 3D version of the scans (excitation wavelength vs.
emission wavelength vs. fluorescent intensity) (Coble, 2007). This excitation-emission
matrix (EEM) can differentiate possible sources of DOC components, such as
terrestrial, marine, and anthropogenic components, in samples based on the positions
of excitation/emission peaks (excitation/emission maxima); the method is often
preferred as “peak-picking” (Coble 1996; Baker 2001; Stedmon et al. 2003; Vecchio RD
and Blough, 2004; Cory and McKnight 2005; Fellman et al., 2010). A red-shift peak
(longer wavelengths) in EEM indicates hmw DOC with more functional groups whereas
a blue-shift peak (shorter wavelength) is more likely DOC with lmw and less functional
groups (Coble et al. 1998). As EEM functions based on the biochemical structures of
DOC, it is sensitive to subtle alternations in DOC composition. Hence, EEM is often
used to detect and track changes in DOC fluorescence intensity due to abiotic (e.g., UV
radiation) and biotic degradation processes across multiple aquatic environments such
as marine (Coble, 2007; Baker and Spencer, 2004), fluvial (Helms et al., 2008),
lacustrine (Xenopoulos et al., 2000; Obernosterer and Benner, 2004), and also in
wetlands (Waiser et al., 2004), and wastewater (Yu Z et al., 2019). However, it is
important to note that fluorescence characterizations of DOC components do not
provide definite information about the biochemical structure of the component or the
DOC pool, because not all DOC molecules or functional groups have fluorescence
properties (Fellman, et al., 2010).
In general, there are two distinct groups of DOC fluorescent components in aquatic
ecosystems: one whose fluorescence properties resemble humic-like substances and
another one whose do not (Coble et al., 1990; Fellman et al., 2010). Humic-like
6

substances (peak C, A, M), responsible for the majority of fluorescence in most natural
water (Fellman et al., 2010), excite between 260 and 360 nm and emit between 370 and
460 nm (Table 1.1). Red-shifted peaks like peaks A and C, likely derived from terrestrial
sources, represent molecules with higher aromaticity and lower conjugation, and may
contain more multiple functional groups compared to peak M, which is slightly more
blue-shifted and believed to be less aromatic with lower molecular weights (Coble et al.,
1998; Murphy et al., 2008; Stubbins et al., 2014). Nonhumic-like substances (peaks B
and T), also known as protein-like substances, have fluorescent properties that
resemble amino acids (Coble et al., 1990) and excite at 275 nm and emit between 305
and 340 nm. They are both suggested to be lmw, N-free aromatic compounds (but their
aromaticity is lower compared to humic-like peaks) which is associated with, or derived
from microbial productivity (Kalbitz et al., 1999; Parlanti et al., 2000; Murphy et al., 2008;
Stubbins et al., 2014). Despite the name, peaks B and T are not individual amino acid
molecules but likely lmw molecules which resemble the biochemical structure of
tyrosine and tryptophan, respectively (Cory and McKnight, 2005). Even though proteinlike peaks have great potential for applications in tracing DOC origins (Parlanti et al.
2000), their range of ecological functions are not fully understood in freshwater
environments like wetlands because they are hard to detect in water with high DOC
concentrations (Maie et al., 2007). There is much research needed to explore the exact
structure of chemical compound for each peak through their ecological dynamics either
in field (Cory et al., 2007) or in a lab environment (Baker and Spencer, 2004).
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Table 1.1. Summary of common fluorescence component of dissolved organic carbon
(DOC) identified using excitation-emission matrices (EEM) in literature.
Excitation
(nm-1)
320 - 360

Peak
name
C

Probable source

Description

Terrestrial derived

Visible humic-like

290-310

Emission
(nm-1)
420 –
460
370-410

M

Humic-like

260
275
275

400- 460
305
340

A
B
T

Marine/ terrestrial
derived
Terrestrial derived
Microbial derived
Microbial derived

1

UV humic-like/ fulvic acid -like
Protein -like (tyrosine)
Protein-like (tryptophan)

References: Coble et al. 1990; Coble et al., 1996; Coble et al., 1998; Kalbitz et al., 1999;

Murphy et al. 2008; Balcarczyk et al. 2000; Nguyen et al., 2005.
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1.2.3 Parallel factor modelling
Excitation-emission matrices are most commonly analyzed using parallel-factor
modelling (PARAFAC), a three-way modeling method that deposits fluorescence
properties of DOC into individual components. PARAFAC uses trilinear multi-way (three
or higher) data arrays to identify and quantify independent underlying fluorescent
signals (fluorescent intensity), identifying and quantifying each component (component
score) relative to the total DOC fluorescence in the sample (Bro, 1997; Stedmon and
Bro, 2008; Fellman et al., 2010; Murphy et al, 2013) using the following equation:

=

+

in which i, j and k correspond to the sample’s emission and excitation modes and f
corresponds to a PARAFAC component. Each component of each sample has one avalue (component scores), which is proportional to the concentration of the component
to the relative total fluorescence, one b-value for each emission wavelength, and one cvalue for each excitation wavelength (Bro, 1997; (Stedmon and Bro, 2008; Murphy et
al., 2013, Stedmon et al., 2003).
The benefit of this method is that the PARAFAC model can detect overlapping
excitation-emission maxima between EEM scans and disintegrate them into large-range
defined fluorescence components, thus preventing over-identifying of fluorescent peaks
in small dataset (Fellman et al., 2010). Thus, PARAFAC components are often referred
to as humic-like, fulvic-like, or protein-like (Table 1.2) because each component
represents a group of fluorophores with fluorescent properties similar to humic-like,
fulvic-like, and protein-like substances (Table 1.1) rather than pure fluorophores or DOC
compounds (Stedmon et al., 2003). By depositing the collections of EEM into
components, each component of a PARAFAC model can help identify the
biogeochemical compositions and source of DOC based on the positions and
fluctuations of the components (Cory and McKnight, 2005).

9
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Table 1.2. Summary of common PARAFAC component in literature. T= terrestrial plants or soil organic matter, A =
autochthonous production, M= microbial derived
Component

Excitation/

Peak name

Probable

emission maxima

association

source

M

T, A, M

Description1

(nm-1)
UVA humic-

290-325/

like

370-430

Marine derived (although studies have identified it in
freshwater and terrestrial environment)
Likely to be low molecular weight (compared to peak A and
C)

UVC humic- <260/
like/ UV

A

T

448-480

Widespread but highest in wetland and forested

fulvic-like

environment

UVC humic- 320-360/
like

Aromatic in nature and likely to be high molecular weight

C

T

420-460

May relate to DOC aromaticity and hydrophobicity and likely
to be high molecular weight
Widespread but highest in wetland and forested
environments

Protein-like

270-275/

B

T, A, M

304-312
Protein-like

270-280/

Protein -like (tyrosine)
Free or bound in proteins

T

T, A, M

Protein -like (tryptophan) Free or bound in proteins

330-368
2

References: Coble et al., 1990; Coble et al., 1998; Parlanti et al., 2000; Fellman et al., 2010.
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The most common approach of using PARAFAC to analyze EEM dataset is building
an original model with a large number of samples (n = 100-300) and using this model to
standardize the components and allowing a better understanding of their impacts on the
ecology across study sites (Stedmon and Bro, 2008; Fellman et al., 2010). Similar to
EEM, a PARAFAC model does not provide definite information about the concentration
of each component, as the concentration also depends on absorptivity and quantum
efficiency (Stedmon and Bro, 2008), but rather the ecological dynamics of DOC in the
environment. For example, the effects of land use (Wilson and Xenopoulos 2009), redox
activity in surface and groundwater (Miller et al., 2006), and effects of biodegradation
and photodegradation in lab environments (Hansen et al., 2016) have been determined
using the relative changes of fluorescence intensity and ratio between PARAFAC
components across samples (Stedmon and Bro, 2008).
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1.2.4 Fluorescence indicators
The use of fluorescence indicators gathered by fluorescence intensity information in
EEM scans is one of the simplest and widely used techniques that provides a general
identification of the source and biochemical composition of DOC (Table 1.3).
Fluorescence index (FI) is commonly used as an indicator for terrestrial derived (FI ≈
1.4) and microbial derived (FI ≈ 1.9) fulvic acid based on the principle that fluorescence
intensity declines in certain emission wavelength regions, obtained at excitation
wavelength 370nm, in microbially derived samples (McKnight et al., 2001; Cory and
McKnight, 2005). FI has also shown negative correlations with molecular weight and
aromaticity of DOC, but it should not be interpreted without other optical characteristics
like SUVA254 (McKnight et al., 2001). Another widely used fluorescence indicator is
freshness index (FRESH), often used to monitor the formation of blue-shifted
fluorescent peak as result of microbial activity based on the ratio of recently derived
DOC (β) and decomposed humic DOC (α) (Parlanti et al., 2000; Wilson and Xenopoulos
2009). Biological index (BIX) is a modification indicator from FRESH, using similar
emission wavelengths and also focusing on the biological source of DOC Huguet et al.,
2009). Similar to FRESH, increasing BIX values indicates increasing β fluorophore
concentration and samples with high BIX values (>1) correspond to higher
autochthonous production of DOC (Parlanti et al., 2000; Huguet et al., 2009). The last
common fluorescence indicator is the humification index (HIX), which was first
introduced by Zsolnay et al. (1999) but then modified by Ohno (2002) to provide
information about the extent of humidification of DOC in natural water. HIX works on the
principle that as humification processes reduce H:C ratios, fluorophores shift toward
longer wavelengths in the emission spectra, resulting in higher HIX values (Ohno,
2002). These indices use ratios of fluorescence intensity at different emission/excitation
wavelengths to provide information about the originates (FI, FRESH, BIX), structural
complexity (HIX, FRESH), and/or aromaticity of DOC.
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Table 1.3. Summary of common fluorescence indicators used in the literature.
Fluorescence Calculation

Purpose

Reference

Fluorescence Ratio of emission wavelength 470nm

An indicator of the relative source of

McKnight et al., 2001, Cory

Index (FI)

fulvic acid (microbial vs. terrestrial)

and McKnight, 2005

Parlanti et al. 2000; Wilson

parameter

and 520nm, obtained at excitation
wavelength 370 nm

Freshness

Ratio of emission wavelength 380 nm

An indicator of the relative

index

divided by the emission wavelength

contribution of recently derived DOC and Xenopoulos 2009

(FRESH/ β: α observed between 420nm and 435 nm,
ratio)

(β) and decomposed humic DOC (α)

obtained at excitation wavelength 310
nm

Biological

The ratio of emission wavelength at 380

An indicator for autotrophic

index (BIX)

nm divided by emission wavelength 430

productivity of DOC

Huguet et al., 2009

nm, obtained at excitation 310 nm
Humification

The area under the emission

An indicator of the humification

Zsolnay et al. 1999; Ohno,

index (HIX)

wavelength 435nm to 480nm divided by

degrees of DOC

2002

the sum of emission wavelength
300nm–345 nm and 435–480 nm,
obtained at excitation wavelength 254
nm.
13
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1.3 Photodecomposition of DOC
Fluorescent characterization can provide information about DOC cycling, liability,
and biological activity regarding changing environmental factors. In this thesis, I focus
on the effects of the photochemical process on DOC character and cycling. The
alteration of DOC characteristics and composition by UVR is known as photolytic or
photodegradation of DOC. DOC contains highly interactive optical components known
as chromophoric or colored DOC (CDOM), which can strongly absorb light ranging from
blue to ultraviolet wavelength, resulting in yellow or yellow-brown color in natural water
(Coble, 2007). CDOM/DOC can be transformed into lmw organic compounds,
uncharacterized hmw organic compounds (incomplete photodegradation), dissolved
inorganic carbon (DIC), hydroxyl groups, and/or inorganic/organic gases (complete
photodegradation) under prolonged exposure to sunlight (Zafiriou et al., 1984; Coble et
al., 1998; Koehler et al., 2014). This degradation can occur through direct alteration on
the structure of DOC or through indirect alterations as a result of chemical reactions
between DOC and free radicals in the environment with application of sunlight (Amon
and Benner, 1996; Miller, 2010). Direct photodegradation likely involves chromophores,
a photon-absorbing moiety, and redox reactions between DOC and dissolved oxygen or
reactive trace gases in natural waters (Zafiriou et al., 1984; Miller, 2010). The redox
reaction happens in the

-electron system of organic matter, shifting the fluorescence

emission maxima to a shorter wavelength (blue-shifted) and results in bond breaking
between functional groups (Coble, 2007; Helms, 2012). Hence, this process decreases
the average molecular weight and potentially induces loss of absorptivity and
fluorescence in certain wavelength regions of DOC in natural water (Coble et al., 1998;
Helms, 2012). Photodegradation of DOC is the dominant removal process of DOC in
natural waters and regulates the bioavailability of DOC to microorganisms, making it an
important process in the biogeochemical cycling of carbon (Zafiriou et al., 1984; Coble,
2007; Miller, 2010).
Fluorescence has been proving to be a useful tool in investigating the effects of
photodegradation on DOC in aquatic environments. The general consensus on the
14
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effects of UVR on DOC is decreasing absorptivity and aromaticity (Vodacek et al., 1997;
Zang et al., 2009; Helms, 2012; Hansen et al., 2016) and fluorescence intensity (Coble
et al., 1998; Moran et al., 2000; Del Vecchio and Blough, 2002; Waiser and Robarts,
2004). As well, there may be a blue shift in position of fluorescence maxima (Coble,
2007). The evidence for fluctuation of bulk DOC concentration due to photodegradation
is, however, inconsistent and depends on the nature of the water bodies and the
experiment (Obernosterer and Benner, 2004; Hanser et al., 2016). The effects of
photodegradation on DOC depends on the origins (Hansen et al., 2016), structure
(Helms, 2012; Stubbins et al., 2014), and environment. For example, photodegradation
can have greater impacts in shallow water bodies such as wetlands because it can
penetrate throughout the entire water column (Waiser and Robarts, 2004; Waiser,
2006). Moreover, terrestrial humic-like substances (peak C) are more likely to be
photolabile compared to humic-like substances at shorter wavelengths (peaks A and M)
(Coble, 2007; Hiriart-Baer et al., 2008; Osburn et al., 2011). Blue-shifted peaks (peaks
B and T) are often not influenced by photodegradation as they are more bio-labile
(Lapierre and Giorgio, 2014), but some studies have reported changes in intensity due
to photo-exposure in coastal freshwater regions (Moran et al., 2000). Nonetheless,
fluorescence characterization can help us further understand the influences of
photodegradation on DOC, especially terrigenous DOC, and its bioavailability in wetland
ecosystem.
1.4 Role of DOC in the Prairie Pothole Wetland region
The prairie wetland region is a post-glacial created landscape where ponds are

known for their unique lack of stream inflows and outflows. The limited outflows help
wetland ponds isolate the nutrients from the surrounding landscapes, providing support
during nesting and breeding season for the majority of waterfowl population in North
America (Hayashi et al., 2016). The limited inflows cause runoff events from catchment
such as intense summer storms or spring snowmelt to become the principal source of
water for prairie wetland ponds (Winter et al., 2001). Although most prairie wetland
ponds have distinct seasonal patterns, summer precipitation through short but intense
rainfall tends to get absorbed into soil (Hayashi et al., 1998) or evaporates (Waiser and
Robarts, 2004) and hence, summer precipitation contributes little to the long-term water
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balance of prairie wetland ponds compared to springtime influx (Su et al., 2000). Prairie
wetlands also have relatively limited groundwater interaction (Winter and Rosenberry,
1998; Hayashi et al., 1998) as they have low hydraulic conductivity, characteristic of the
clay-rich glacial tills of Battleford and Floral formations (Hayashi, 1996). Generally
speaking, the hydrology and water balance of prairie wetlands are governed by four
mechanisms: springtime snowmelt runoff (Su et al., 2000), evapotranspiration (Waiser
and Robarts, 2004), evaporation, and infiltration (LaBaugh et al., 1996).
Another key characteristic of prairie wetland ponds is the high concentration of
DOC, which can range from 10mg/L to above 100 mg/L (Arts et al., 2000), making DOC
an important response variable in predicting how prairie wetland ponds react to
disturbances such as climate change (Williamson et al., 1999). This characteristic is
hypothesized to be a result of the wet-dry cycle of prairie wetland ponds, in which
vegetation covers the bottom of the ponds during dry season then dies when the ponds
fill up, providing a continuous source of biomass for decomposition (Poiani et al., 1996;
Winter and Rosenberry, 1998; Pennock et al, 2010). DOC plays multiple roles in carbon
cycling, as reactants and products (Schindler et al. 1997), fluctuation of trace metals,
and energy sources for aquatic biota (Leenheer JA, Croué J-P, 2003). In addition, due
to its ability to attenuate sunlight, DOC protects aquatic organisms from
photosynthetically active radiation (PAR) and UVR and indirectly controls the depth of
autotrophic production (Robarts and Waiser, 1998), suggesting an inverse relationship
between DOC concentration and sunlight penetration. However, aquatic organisms in
wetlands may not be completely protected as prolonged sunlight exposure can cause
decreased radiation absorptivity of DOC (thus affecting its attenuation ability) even in
high-DOC environments (Valentine and Zepp, 1993; Waiser and Robarts, 2004;
Ziegelgruber et al., 2013). Valentine and Zepp (1993) also suggested photodegradation
of humic substances in wetland ponds and high-DOC lakes as a major source of carbon
monoxide as the rate of photolytic degradation. The paper suggested the rate of carbon
production in high-DOC environment is similar to different geographical regions with
low- to medium-DOC level. Coupled with the facts that prairie wetland ponds are
typically shallow (<2m) with bowl-shaped bottoms (Hayashi and van der Kamp, 2000)
thus allowing sunlight to penetrate the whole water column and contain significant
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terrestrially derived DOC (indicated by high aromaticity (Waiser and Robarts, 2004)),
DOC in prairie wetland ponds may be more vulnerable to photodegradation compared
to marine and other freshwater systems.
In our study, DOC concentration and optical characteristics (e.g.,
absorbance/specific UV absorbance at 254nm, fluorescence intensity, and fluorescence
indicators) were monitored as response variables to increasing ultraviolet radiation
exposure over time. Water collected from two wetland ponds with different DOC
concentrations at the St. Denis National Wildlife Area, Saskatchewan, Canada was
incubated in situ for 3 months in the presence and absence of light exposure. Samples
were collected every 2 weeks to fully demonstrate the effects of photo-exposure at
various states of the photodegradation process. Our goal was to use optical and
fluorescence characterization techniques to identify the originates and photolytic
alternation of DOC in these high-DOC prairie wetland ponds.
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Chapter 2. Sunlight-Induced Changes in Photosensitizing Properties of Dissolved
Organic Carbon in Canadian Prairie Pothole Wetland Ponds
2.2 Introduction
Wetlands are ubiquitous and productive ecosystems providing numerous
ecological services across landscapes. In the upper Midwest and Northern American
Great Plains, throughout three Canadian provinces (Alberta, Manitoba, Saskatchewan)
and a number of American states (North Dakota, South Dakota, Iowa, Minnesota,
Montana), the prairie region contains an abundance of freshwater, saline, and
hypersaline depressional wetland ponds, also known as “sloughs” and “potholes” (Conly
and van der Kamp, 2001). This region is commonly referred as the Prairie Pothole
Region (PPR) and the diversity of wetland ponds here, both hydrologically and
geochemically, is large. In this semi-arid climatic zone, where evaporation exceeds
precipitation (Waiser, 2006), wetland basins are surrounded by low-permeability, clayrich sediments, which allows storage of snowmelt water (Driver and Peden, 1997) but
limited interaction with groundwater (Waiser, 2006). As such, the hydrology and water
balance of these wetland ponds are heavily influenced by springtime snowmelt runoff
(Su et al., 2000), evapotranspiration (Waiser and Robarts, 2004), and evaporation, and
infiltration (LaBaugh et al., 1996) and range from ponds that are permanent to
ephemeral. Wetlands in the PPR are extremely valuable sites for the majority of the
continent’s migrating waterfowl (United States Fish and Wildlife Service and the
Canadian Wildlife Service 2020) and for water and solute storage and ﬂood attenuation
(Environmental and Climate Change Canada 2020).
Prairie wetland ponds are also known for having high concentrations of dissolved
organic carbon (DOC). DOC is a complex heterogeneous mixture of aromatic and
aliphatic polymers or hydrocarbons (Stedmon et al., 2003, Leenheer JA, Croué J-P,
2003). In natural water, DOC is roughly divided into two categories: humic and nonhumic. Humic substances are aromatic and aliphatic hydrocarbon structures with
multiple functional groups such as amide, carboxyl, hydroxyl, and ketone moieties;
lignin, tannins, melanins, and multiple types of quinones (Del Vecchio and Blough 2004;
Cory and McKnight, 2005; Stubbins et al., 2014). The humic fraction can be further
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divided into two major categories based on relative molecular weight and solubility:
humic acids and fulvic acids (Leenheer JA and Croué J-P, 2003; McDonald et al.,
2004). Humic acids are soluble in solution with pH higher than 2 and have higher
molecular weight (roughly 1500 – 5000 Da) due to their high number of phenolic and
aromatic groups (Malcolm, 1990; Marion, 1998). Meanwhile, fulvic acids are soluble at
any pH and have lower molecular weight (roughly 600 – 1000 Da) (Malcolm, 1990;
McDonald et al., 2004). Operationally, DOC is defined as the fraction of organic matter
which can pass through 0.45µm glass filter fiber (GF/F) to differentiate from particulate
organic matter (Zsolnay, 2003; Coble, 2007). In an aquatic environment, DOC can
serve as the major carbon and energy for biota as well as a controlling factor of
dissolved oxygen (Amon and Benner, 1996), nitrogen, and phosphorus (Zhang. et a,
2013).
In addition, DOC can also influence the fluctuation and production of trace metal
and inorganic elements such as mercury (Hall et al., 2008) and carbon dioxide and
carbon monoxide (Valentine and Zepp, 1993; Koehler et al., 2014). Despite prairie
wetlands’ importance as a functional ecological unit, changes in DOC concentrations,
characteristics, and cycling as a result of disturbances such as climate or land use
change is relatively understudied. The composition and characteristics (aromaticity,
molecular weight, and biochemical structure) of DOC can vary depending on sources
(autochthonous vs. allochthonous), temperature, pH, and environmental
biogeochemical processes such as bio- and photo-degradation (Vodacek et al., 1997;
Waiser and Robarts, 2004; Coble, 2007; Helms, 2012; Hansen et al., 2016). For
example, in many freshwater systems such as prairie wetland ponds, most DOC is
allochthonous, originating from the decomposition of terrestrial plants and soils in the
catchment. DOC of this origin has shown to be less hydrophilic with more functional
groups compared to autochthonous DOC, which originates from macrophytes, algae,
and bacteria in situ (Stedmon et al., 2003, Baker at al., 2008). DOC can be brokendown or degraded by either biological or abiotic processes. The main DOC sink in many
aquatic systems is photodegradation, an abiotic process which breaks down DOC
molecules into low molecular weight organic compounds, uncharacterized high
molecular weight organic compounds (incomplete photodegradation), dissolved
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inorganic carbon, hydroxyl radicals, reactive oxygen species and/or inorganic/organic
gases (complete photodegradation) under prolonged exposure to sunlight (Zafiriou et
al., 1984; Coble et al., 1998; Koehler et al., 2014; Girard et al., 2016). The process of
photodegradation of DOC can significantly alter complicated DOC molecules to more
labile DOC, which can be removed from the DOC pool through volatilization or microbial
respiration (Moran and Zepp 1997) influencing the bioavailability of DOC in the
environment. Production of carbon gasses and hydroxyl radicals, and reactive oxygen
species as result of DOC photodegradation can mediate the atmospheric exchange of
reactive trace gases (Zafiriou et al., 1984; Coble, 2007, Miller, 2010) and methylation of
mercury in natural water (Hammerschmidt & Fitzgerald, 2010; Girard et al., 2016).
Moreover, in freshwater prairie wetland ponds, which are typically shallow (<2m) with
bowl-shaped bottoms (Hayashi and van der Kamp, 2000) with relatively high
concentrations of terrestrial DOC (Robarts and Waiser, 1998), the photodegradation of
DOC can also affect light attenuation of the entire water column, resulting in the indirect
control of the depth of autotrophic production (Robarts and Waiser, 1998) and
temperature profile (Curtis and Schindler, 1997) as well as contribute to the process of
photochemical carbon monoxide production in shallow inland natural water bodies
(Valentine and Zepp, 1993).
In the past, the methods of isolation and detailed characterization of DOC
components such as column chromatography with Amberlite XAD-8 and Amberlite
XAD-4 cation exchange resin or Duolite A-7 anion exchange resin, 13C-NMR, and mass
spectral characterizations can be onerous, expensive and require either vast quantities
of samples or specialized equipment (Ishiwatari et al., 1980; Leenheer et al., 2003;
Leenheer et al., 2004). However, advances in spectroscopic techniques (e.g.,
absorbance and fluorescence) are rapidly becoming a standard method in
characterizing DOC origin and composition due to the inexpensive and fast nature of
these techniques (Coble 2007; Fellman et al. 2010). Absorbance and fluorescence
intensity has been used to identify DOC structural composition, such as humic-like,
fulvic-like, and protein-like component, based on its fluorescence maxima (Murphy et
al., 2008; Stedmon and Bro, 2008; Fellman et al., 2010) as well as DOC sources or
origins (McKnight et al., 2001), new autochthonous production (Parlanti et al. 2000;
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Wilson and Xenopoulos 2009; Huguet et al., 2009), and aromaticity (Weishaar et al.,
2003) across multiple aquatic systems. Photodegradation reduces

-electron system in

carbon-carbon bonds of organic matter to breakdown DOC and/or remove the functional
groups, which results in a shift from longer wavelength to shorter wavelength in
emission spectra (blue-shifted) along with decrease in absorbance as results of the
molecules get smaller (Coble et al., 1998; Coble, 2007). Studies have shown similar
results in decreasing of absorptivity/aromaticity (Vodacek et al., 1997; Zhang et al.,
2009; Helms, 2012) and fluorescence intensity (Moran et al., 2000; Del Vecchio and
Blough, 2002) across multiple systems, including freshwater and coastal wetlands
(Valentine and Zepp, 1993; Waiser and Robarts, 2004; Ziegelgruber et al., 2013).
However, the evidence for decreasing bulk DOC concentration (concentration of both
chromophoric DOC and non-chromophoric DOC) has been inconsistent (Obernosterer
and Benner, 2004; Hansen et al., 2016).
In our study, DOC concentration and a combination of optical characteristics
were monitored as response variables to increasing ultraviolet radiation exposure.
Water with different DOC concentrations collected from two wetland ponds in St. Denis
National Wildlife Area, Saskatchewan, Canada was incubated in situ for three months in
the presence and absence of light exposure. Samples were collected every 2 weeks to
fully demonstrate the effects of photo-exposure at various states of the
photodegradation process. In particular, our goal was to examine fluctuations in
absorbance and specific UV absorbance at 254nm (Weishaar et al., 2003), as well as in
fluorescence intensity using emission-excitation matrices (EEM) paired with parallel
factor modelling (PARAFAC), a multi-way modeling method that deposits fluorescence
intensity of DOC into individual components (Bro, 1997; Stedmon et al. 2003; Murphy et
al., 2008; Stedmon and Bro, 2008; Fellman et al., 2010; Murphy et al, 2013). In addition,
we also calculated commonly cited fluorescent indices derived from optical
measurements such as fluorescence index (McKnight et al., 2001), freshness index
(Parlanti et al. 2000; Wilson and Xenopoulos 2009), and biological index (Huguet et al.,
2009) as potential predictors for sources and the effects of prolong photo-exposure on
composition of DOC in PPR wetland ponds in Saskatchewan, Canada.
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2.3 Methods
2.3.1 Study site
This study site is located in the St. Denis National Wildlife Area (SDNWA),
approximately 40 km east of Saskatoon, Saskatchewan, Canada (52° 12′ N/, 106° 5′W,
elevation 1829 ft). The SDNWA has an extension of 326-ha and is located in a semiarid climatic region, part of the North America Great Plains (Environmental and Climate
Change Canada 2020). The land is located within the mixed-grass prairie-parkland
ecotone with moderate rolling knob-and-kettle moraines topography and a high
proportion of untilled land compared to the cultivated surrounding land (Waiser and
Robarts, 2004; Waiser, 2006). Wetland ponds at the SDNWA are present at both
upland and lowland elevations, where shallow, freshwater wetland basins known as
“potholes'' exist among cultivated or formerly cultivated land and vary in sizes, depths,
water chemistry, and water permanence (Waiser, 2006; Pennock et al., 2010). Annual
average air temperature, atmospheric pressure, wind speed, and incoming radiation
from 2001 to 2020 at SDNWA was 2.72oC, 94.75 Pa, 3.89 m/s, and 149.15 W/s
respectively with annual precipitation from 2014 to 2019 being 0.021mm (WISKIr data
server 2019).
The hydrology of prairie wetlands is controlled by four major hydrological
processes: springtime snowmelt runoff (Su et al., 2000), evapotranspiration (Waiser and
Robarts, 2004), evaporation, and infiltration (LaBaugh et al., 1996); the influences of
these hydrological processes can vary from pond to pond. Prairie wetland ponds are
known for their unique lack of stream inflows and outflows; this lack of surface flow
creates a dependence on seasonal precipitation such as intense summer convective
storms - typical of semiarid climate zones - and runoff events through catchment like
spring snowmelt (Su et al., 2000). Many prairie wetland ponds, including the ones
studied here, have limited groundwater input (Winter and Rosenberry, 1998; Hayashi et
al., 1998) due to low-permeability clay-rich glacial tills of the Battleford and Floral
formations (Hayashi, 1996). Due to this lack of surface water flow, as well as due to the
semiarid climate where potential evaporation exceeds precipitation, the majority of
wetland ponds at the SDNWA experience hydrological variability in the form of flooding
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and drying cycles (Waiser, 2006). The hydrological variability also results in differences
in geochemistry. For example, saline ponds lose the majority of their water through
evaporation while freshwater ponds can lose their water through infiltration and
evapotranspiration (Hayashi et al., 1998).
High DOC concentration is another key characteristic of wetland ponds in the
PPR, ranging from 10mg/L to above 100 mg/L in wetlands of the Northern Great Plains
(Arts et al., 2000) and from 19.7 mg/L to 102.7 mg/L at the SDNWA specifically (Waiser,
2004). This phenomenon may be the result of intensive growing of vegetation during
winter or dry season which decompose when the ponds fill up by rain and snow melts
during spring (Poiani et al., 1996; Pennock et al, 2010). The constant wet-dry cycle
coupled with decomposition of thick beds of macrophytes in the shallow systems
(Waiser and Robarts, 1998) provides a continuous source of biomass for DOC
production.
Our experiment examined the optical characteristics (absorbance and
fluorescence) of DOC in two semi-permanent with difference DOC and sulfate (SO4-2)
concentrations. Pond 2 (henceforth referred to as “More-DOC Pond'') is located in the
lower elevations of the SDNWA with average DOC and SO4-2 concentrations of 71.1 ±
4.9 and 2821.6 ± 218.9 mg/L, respectively. Average DOC and SO4-2 concentrations in
Pond 118 (henceforth referred to as “Less-DOC Pond'') were 32.7 ± 1.1 mg/L and 164.8
± 3.2 mg/L, respectively (Figure 2.1, Table 2.1). The More-DOC Pond was also more
saline than the Less-DOC Pond (average conductivity, which we used as a proxy for
salinity, was of 3627 ± 462 mS/cm and 708.33 ± 36.88 mS/cm, respectively). The LessDOC Pond was located on the upland area of the SDNWA. Both ponds were
surrounded by dense riparian vegetation such as silver willow (Salix alba argentea),
trembling aspen (Populus tremuloides), balsam poplar (Populus balsamifera), sedge
(Carex spp.), and spike rush (Eleocharis spp.) (Waiser, 2004). Fish were not present in
either pond. During the course of our study (July 2020 to October 2020), both ponds
were less than 2m deep with average secchi depths of 17.8 ± 2.03 cm and 28.3 ± 3.14
cm, respectively, maximizing the exposure to sunlight throughout the whole water
column. Both ponds were slightly alkaline (average pH are 8.34 ± 0.223 and 7.58 ± 0.35
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respectively) with Less-DOC Pond having higher dissolved oxygen (average dissolve
oxygen is 30.7 ± 6.00 mg/L) compared to the More-DOC Pond (average dissolved
oxygen is 8.36 ± 1.82 mg/L).
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Figure 2.1. Map of wetland ponds at St. Denis National Wildlife Area, Saskatchewan,
Canada. More-DOC Pond and Less-DOC Pond (arrows) were the sampling ponds and
Pond 97 (circle) was the incubation site.
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Table 2.1. Average dissolved organic concentration ([DOC]), sulphate concentration
([SO4]), conductivity, secchi depth, dissolved oxygen concentration, pH, and
temperature in the More-DOC and Less-DOC ponds during the summer season (June
2020 to August 2020).
More-DOC Pond

[DOC] (mg/L)

Seasonal mean
± standard error
71.1 ± 4.9

[SO4] (mg/L)

Range

Less-DOC Pond

42.8 - 126.2

Seasonal mean
± standard error
32.7 ± 1.1

25.2 – 37.4

2821.6 ± 218.9

1413 – 5285

164.8 ± 3.2

147 – 183

Conductivity (mS/cm)

3627 ± 462

2892 - 7115

708.33 ± 36.88

572 - 843

Secchi depth (cm)*

17.8 ± 2.03

4.5 - 36

28.38 ± 3.14

19 - 50

Dissolved oxygen
(mg/L)

11.09 ± 0.66

8.09 – 13.77

8.36 ± 1.82

0.66 – 12.55

pH

8.34 ± 0.22

6.24 – 9.39

7.58 ± 0.35

6.08 – 8.51

Temperature (oC)

25.50 ± 0.62

22.2 – 31.1

19.83 ± 1.12

15.8 – 24.0

* Secchi depth is equal to max depth of wetland ponds.

26

Range

Linh Nguyen Thao Tran

2.3.2 Sample collection and incubation
Surface water was collected from the central point of each pond on June 29th,
2020 (t = 0) and filtered using 0.45µm glass microfiber filters (Whatman©, grade GF/F)
to remove particulate organic carbon. Teflon bottles (Nalgene©), which allow light
transmission (Amyot et al., 1991; Seller at el., 1996), were used for light samples
(sunlight exposure) and PET bottles (Nalgene©) wrapped in aluminum foil and duct tape
were used for the dark/control samples (no sunlight exposure) (Figure 2.2). Two bottles
for each treatment (total = 114) were attached to an incubation device that held them at
three depths: surface, and 0.25m and 0.5m from surface. The incubation device was
placed in Pond 97, which was chosen because it was an accessible permanent pond
with secchi depths (average depth = 55 ± 1.65 cm) exceeding that of the lower
incubation depth. We also wanted to minimize environmental variability in our incubation
conditions by incubating the samples from both the More-DOC and Less-DOC ponds in
one location. We collected two bottles (one light and one dark bottle) from the
incubation device biweekly from July 2020 to September 2020, yielding 72 samples in
total for both the More-DOC and Less-DOC treatments. In this experiment, we used
incubation time (in weeks) as a proxy for irradiation exposure. Upon collection, water
was filtered again (0.45µm GF/F) and stored cold and dark in plastic vitals until DOC
concentration and optical analysis took place.
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Figure 2.2 Layout of the incubation device: flotation equipment (1) and an anchor (2).
Light samples (I) and dark samples (II) were attached to 3 depths: surface (A), 0.25m
(B) and 0.5m (C).
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2.3.3 Bulk DOC concentration
Bulk DOC concentrations, defined as concentrations of both chromophoric and
non-chromophoric DOC, in filtered samples were measured in duplicate at the
Biogeochemical Analytical Service Laboratory (BASL) at University of Alberta, Alberta,
Canada. Analysis used a Shimadzu TOC-5000A Total Organic Carbon Analyzer
(Shimadzu©) and a high-temperature combustion method for determination of organic
carbon in water, according to the modified EPA 415.1 method (US Environmental
Protection Agency 2020). The accuracy and precision of the measurements were within
± 25% from expected value of matrix spike, ± 20% from expected concentration of lab
control sample, and ≤ 20% of duplicate samples. Bulk DOC concentration was reported
in mg/L
2.3.4 Specific UV absorbance and excitation emission matrix
Absorbance at 245nm (Abs254, cm-1) on filtered samples was collected on a
Duetta spectrometer (Horiba©) at room temperature using a 1-cm acid-stored quartz
cuvette and ultrapure water (Milli-Q) blank within 48 hours of collection and filtration.
The absorbance values were then normalized using DOC concentration (mg L-1) to
obtain specific UV absorbance (SUVA254, mg L m-1) using the following formula by
Weishaar et al. 2003:
SUVA254 (mg L m-1) =

(
(

)
)

×

Excitation emission matrix (EEM) spectra of wavelength 300 – 800nm on filtered
samples were measured simultaneously with absorption. The scans were collected
using a 75 W Xenon arc lamp with a 5 nm bandpass, excitation and emission slit width
of 3nm, and excitation increments approximately 4.66nm (8 pixels) intervals. To prevent
saturation, integration time varied from 0.5 seconds to 0.1 seconds, depending on DOC
concentration of the sample. Both excitation and emission spectra were scanned from
low to high wavelengths (red to UV region) to minimize the effects of photo-exposure
while analyzing. The Duetta spectrometer was also equipped with a Charge Coupled
Device - a highly sensitive photon detector - and automatic real-time correction for
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primary and secondary inner filter effects. The removal of Rayleigh scatter lines was
applied manually after each scan. Fluorescent data was reported in Raman-normalized
intensity units (RU) (Murphy et al. 2010).
2.3.5 Parallel factor modeling
One parallel factor analysis (PARAFAC) was developed for the whole EEM
dataset (n = 119) using PLS_SOLO (Eigenvector©) software, except for incubated
samples after six weeks of incubation (t =6) due to technical issues. Pre-processing
procedures were performed on the dataset including the elimination of negative values
(negative data were meaningless) and normalization to the peak area (e.g., sum of the
absolute value of all values) to stabilize the model for reproducibility (Murphy et al.,
2013). Split-half validation was used to validate the number of components (Stedmon
and Bro, 2008; Murphy et al., 2013). Relative abundance of each component (%Fmax)
was calculated by dividing the product of maximum fluorescence intensity (Fmax) with
component score of each component by the total maximum fluorescence intensity
(∑

) to eliminate the influences of DOC concentration on the model score (Murphy

et al., 2013; Williams et al., 2014).
2.3.6 Fluorescent indicators
Three fluorescence indicators, or fluorescent indices, were calculated from the
EEM scans, including fluorescence index (FI, the ratio of emission wavelength 470nm
and 520nm, obtained at excitation wavelength 370 nm), freshness index (β: α or
FRESH, the ratio of emission wavelength 380 nm and between emission wavelength
420nm and 435 nm, obtained at excitation wavelength 310 nm), and biological index
(BIX, the ratio of emission wavelength at 380 nm and 430 nm, obtained at excitation
wavelength 310 nm) based on previously studies (McKnight et al., 2001, Cory and
McKnight, 2005; Parlanti et al. 2000; Wilson and Xenopoulos 2009; Huguet et al.,
2009).
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2.3.7 Statistical analyses
To show that the surface-light treatment created a uniquely different biochemical
interaction, we performed a series of statistical tests. The first one is a simple analysis
of variance (ANOVA) between the response variable (e.g., fluorescent and absorbance
values) and the treatment group. Then, if ANOVA tests showed statistical significance
differences between the mean value of response variable of each group, the data was
parsed through a Tukey’s range test (Tukey HSD) to compare all treatment pairs (e.g.,
surface-light versus surface-dark, surface-light versus 0.25-light, surface-light versus
0.25-dark, etc.) and highlight the unique group in each dataset if available. Thus, our
paper focused on the result of the unique group, which was the surface-light samples.
Then a simple linear fit was chosen to establish the relationship between the
response variable over time for this group. Correlation between parameters was
examined using a linear regression fit where parameter values of light samples at the
surface was the response variable and incubation time was the predictor variable. We
established a threshold for probability value (p-value) of <0.05 and coefficient of
determination (r2) of > 0.6 or 60% to show the strong relationship of significance and
variability of the model, which in turn suggested a strong relationship between two
variables.
Lastly, considering the uniqueness of our models for response variables of the
surface light samples, we further validated the accuracy of said models by testing them
against the replica set. We calculated the adjusted r2 between the available data points
in the replica and the hypothesized values at given weeks. The new r2 value will be
reflective of the accuracy of our model in practical applications.
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2.4 Results and Discussion
2.4.1 Bulk DOC concentrations
Bulk DOC concentrations (chromophoric and non-chromophoric DOC) in the
samples from More-DOC and Less-DOC Ponds started at 46.7 mg/L and 33.9 mg/L
respectively. At the end of the incubation period, the bulk DOC concentrations in light
samples at the surface decreased to 38.6 mg/L (r2 = 0.63, p = 0.06) and 20.1 mg/L (r2 =
0.56, p = 0.08) in the More-DOC and Less-DOC ponds, respectively. However, ANOVA
and Tukey HSD test did not produce any statistically significant differences between the
light and dark samples or incubation depths. Thus, we concluded that in our study, the
bulk DOC concentration changed but not significantly and light exposure, or the lack of
it, was not a controlling factor.
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Figure 2.3. Bulk DOC concentration of wetland pond water during 12 weeks in situ
incubation at three depths (surface, 0,25m and 0.5m below surface) from More-DOC
Pond (left) and Less-DOC Pond (right) at SDNWA. Light samples were exposed to
sunlight and while dark samples were not exposed. The y-axis of panel on the right was
lower compared to the panel on the left.
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Even though the general consensus is that DOC degrades under sunlight exposure,
this trend varies among studies. Results similar to ours ( no significant changes in bulk
DOC concentrations) had been reported before in both marine (Cory et al., 2011) and
continental samples (Waiser et al., 2004; Obernosterer and Benner, 2004). However,
others had also reported slight significant decreases in bulk DOC concentration
overtime in high-DOC lakes and ponds seasonally (Hansen et al., 2016). Because
chromophoric DOC only composes a small percentage of the organic matter pool, we
hypothesized that the “quality” of DOC maybe an important factor in determining the
changes in bulk DOC concentrations under short-term biogeochemical processes such
as photodegradation (Hansen et al., 2016). Therefore, we focused on the absorbance
values and specific families of components measured by ﬂuorescence and analyzed by
parallel factor analysis instead of bulk DOC concentrations.
2.4.2 Absorbance and Specific UV absorbance at 254nm
The absorbance coefficient and specific UV absorbance at 254nm (Abs254 and
SUVA254 respectively) are commonly used as proxy for the aromatic content (Weishaar
et al. 2003) and relative molecular weight (Chowdhury, 2013) of DOC because it has
been strongly correlated with the hydrophobic organic acid fraction of organic matter
(Hall et al., 2008; Spencer et al. 2012).
The ab254 at t = 0 of our study was 2.9 and 2.6 in More-DOC and Less-DOC ponds,
respectively (Figure 2.4), suggesting that the DOC pool was highly aromatic. In general,
the values decreased from 2.9 to 1.9 and from 2.6 to 1.3 over time. At the end of the 12week incubation, ab254 at surface decreased by 34% in More-DOC Pond (r2 = 0.82, p =
0.005) and by 50% (r2 = 0.86, p = 0.003) in Less-DOC Pond. Tukey HSD provided a
statistically significant difference between surface-light samples versus dark controls
versus below-surface-light samples in both ponds and there were no differences (≤ 5%)
in the control samples and in light samples at 0.25m and 0.5m depths.
Meanwhile, the SUVA254 values at t =0 of our study were 2.7 mg L m-1 in MoreDOC Pond and 4.5 mg L m-1 in Less-DOC Pond (Figure 2.4), which was similar to
values reported by Weishaar et al., 2003 in wetland ponds at SDNWA. Over time,
SUVA254 values of the surface-light sample group in More-DOC Pond sampled
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increased slightly to 2.9 mg L m-1 after 2 weeks of incubation then decreased
continuously to 2.1 mg L m-1 after 12 weeks, indicating the loss of aromaticity of DOC.
There were no differences (≤ 5%) in the dark samples versus light samples at 0.25m
and 0.5m below surface. Likewise, SUVA254 values of the surface-light sample group
in Less-DOC Pond increased to 5.4 mg L m-1 after the first 2 weeks then decreased to
2.8 mg L m-1 after 12 weeks of incubation. By the end of the incubation period,
SUVA254 values at the surface decreased by 22% (r2 = 0.60, p = 0.04) and 38% (r2 =
0.64, p = 0.03) after being exposed to sunlight. However, Tukey HSD provided a
statistically significant difference between surface-light samples versus dark controls
versus below-surface-light samples in the More-DOC Pond only and there were no
significant differences between the light and dark treatment or with depth in Less-DOC
Pond samples. Thus, only the fluctuations of SUVA254 in surface-light samples in
More-DOC Pond were statistically significant.
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Figure 2.4. Absorbance coefficient (top) and specific UV absorbance at 254nm (SUVA;
bottom) of incubated wetland pond water during 12 week in situ incubation at three
depths (surface, 0,25m and 0.5m below surface) from More-DOC Pond (left) and LessDOC Pond (right). Light samples were exposed to sunlight and while samples were not
exposed. Y-axis on bottom right panel was adjusted to better show the relationship
between values.
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Our results show that DOC in waters from two ponds at SDNWA lost absorptivity at
254nm over the course of incubation time, suggesting the decomposition of large
humic-like substances (Twardowski and Donaghay, 2002; Helms et al., 2008; Helms,
2012) and a decrease in aromaticity (Weishaar et al., 2003) as the time exposed to
irradiation increased. The data were consistent with previously reported lab
experiments, in which absorptivity of DOC at 254nm decreased by approximately 10%
to 16% regardless of DOC sources after prolonged stimulated photo-exposure (Hansen
et al., 2016) while demonstrating little change after long-term (3.5 years) dark incubation
(Kothawala et al., 2012). We lost 64% of absorptivity of DOC at 254nm in More-DOC
Pond and 50% in Less-DOC Pond which was higher than most studies which may be
due to the terrestrial-derived nature and high-DOC in our wetland ponds.
On the other hand, SUVA254 values did not portray clear differences between
surface-light samples vs dark controls versus below-surface-light samples, especially in
the Less-DOC Pond (Figure 2.4). Because SUVA254 was corrected for bulk DOC
concentrations, the difference between Abs254 and SUVA254 trends may be due to
differences in the proportion of the chromophoric and/or hydrophobic organic acid
fraction in the total DOC pool. Moreover, the chromophoric and/or hydrophobic organic
acid fraction that are the most likely components of DOC to correlate with absorptivity at
254nm and be influenced by sunlight make up only a small proportion of the DOC pool
(Zafiriou et al., 1984; Coble, 2007; Miller, 2010). This may explain why there was
significant differences in the More-DOC Pond but not in the Less-DOC Pond as the
proportion may vary from one water source to another. This lack of linear trend
illustrates that DOC is a mixture of complex compounds with overlapping absorption
spectra and the importance of studying DOC using multiple spectra methods.
2.4.2 Parallel factor modeling
Using PARAFAC modeling, a two-component split-half-validated model (n=119) was
composed for EEM scans of data from both the More-DOC and Less-DOC ponds
(Figure 2.5). Although the number of components was two instead of five as expected,
the core consistency of the model is 99%, suggesting that the data fit the model well
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and the spectra of the components did not overlap each other which implies that the
model successfully groups fluorophores with similar fluorescence and/or molecular
structure as separate components (Stedmon et al., 2003). It is not unusual for a model
with high core consistency to have less than five components to protect over-fitting in
natural water samples in which many fluorophores may be present at low concentration
and does not contribute to the chemical phenomena (Murphy et al., 2013; Bro and
Kiers, 2003). In addition, we would like to highlight that PARAFAC components are
unique to the dataset due to the lack of a reproducible, global PARAFAC model
(Murphy et al., 2013). This means the number of components produced in this study is
unique to this dataset and great caution is needed to perform comparison among
studies in different environments.
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Figure 2.5. Two split-half validated fluorescent components found by PARAFAC model
and respective emission/excitation loading of incubated wetland pond water after 12
weeks in situ incubation from More-DOC Pond and Less-DOC Pond at St. Denis
National Wildlife Area (SDNWA).
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The contour plots of each component, as well as their respective
emission/excitation spectra by the two-component PARAFAC model (Figure 2.5), show
that component 1 (C1) had double excitation maxima at 360nm and <300nm and a
broad, well-defined emission maximum at 463nm, implying that C1 consisted of more
conjugated, aromatic fluorophores and/or contained more functional groups than
component 2 (C2; Coble et al., 1998). Component 2 had one excitation maxima
<300nm (suggesting the component may absorb from both UVA and UVB regions) and
emission maxima at 400nm. The spectral maxima implied both components belong to a
terrestrial-derived DOC pool but the differences in spectral maxima suggest that C1
represented the high molecular weight (hmw) group of fluorophores and C2 represented
the low molecular weight (lmw) group of fluorophores, which is more susceptible under
photo-exposure.
The characteristics of component 1 were similar to a classic terrestrial humic-like
peak (peak C), a hmw, high aromaticity widespread humic-like component from
terrestrial source (terrestrial plants or soil organic matter), often found at high
concentrations in wetland and forested environments (Table 2.2) (Coble et al., 1990;
Coble et al., 1998; Parlanti et al., 2000). Stubbins et al. (2014) reported the group of
fluorophores identified with peak C tended to have a low-nitrogen molecular formula and
a low diversity, or homogenous mixture, of compounds, and which corresponded to
photo-liable lignin-like compounds and/or lignin-derived phenols. The characteristics of
C2 also resembled UV humic-like substances but extended towards a marine/humic-like
peak (peak M) because it shifted toward shorter wavelengths (i.e., a blue-shifted peak)
(Coble et al., 1990; Coble et al., 1998). Peak M is a common lmw (compared to peak
C), low aromaticity, nitrogen-enriched component and can be the result of either
allochthonous or autochthonous production (Parlanti et al., 2000). Peak M is most
commonly found in marine and coastal environments but has also been observed in
inland freshwater systems (Coble et al., 1990; Coble et al., 1998; Stubbins et al, 2014).
The appearance of peak M in water samples from prairie wetland ponds showed that, in
our study, peak M most likely contained terrestrially derived DOC instead of DOC from
microbial or autochthonous production.
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Table 2.2. Position of fluorescent maxima and component description of two
components detected by the PARAFAC model. *T= terrestrial plants or soil organic
matter, A = autochthonous production, M= microbial derived.
Component Excitation
number
/emission
maxima
(nm-1)

Component
name (Peak
association)

1

UVA humic - T
like (peak C)

2

360/463

<300/400

UVA humiclike (peak
M)

Probable
source*

T, A, M

41

Component
description

Reference

Humic-like,
widespread but
highest in
wetland and
forested
environment

Coble et al.,
1990; Coble et
al., 1998

Humic-like,
marine derived
but has been
identified it in
freshwater and
terrestrial
environment

Coble et al.,
1990; Coble et
al., 1998

Referred as
peak α by
Parlanti et al.,
2000

Referred as
peak β by
Parlanti et al.,
2000
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Because different fluorophores can absorb and emit light at different efficiencies,
changes in fluorescence signal does not directly correspond to changes in fluorophores
concentrations. However, they can provide overall information about the biochemical
phenomena under disturbance when patterns in their maximum intensity (Fmax) are
compared between two components in the same dataset (McKnight et al., 2013). We
used abundance ratio of maximum fluorescence intensity of a component (%Fmax)
instead of the proportional differences in fluorescent intensity obtained through
PARAFAC component score to show the proportional differences in the spectral
composition of DOC in the More-DOC and Less-DOC pond over the course of the
incubation period.
Initial %Fmax values of water from both ponds ranged between 0.37 - 0.46 for
Component 1 (peak C) and 0.54 – 0.62 for component 2 (peak M) (Figure 2.6). Over
time, in the surface-light group from the More-DOC Pond, %Fmax of C1 decreased from
0.38 to 0.23 while C2 increased from 0.62 to 0.77 overtime, indicating the loss of
fluorescent intensity of peak C in the samples, similar to previous study of
photobleaching of DOC in prairies lakes (Osburn et al., 2011). Similarly, in samples
from the Less-DOC Pond, %Fmax of C1 decreased from 0.45 to 0.24 while C2
increased from 0.54 to 0.76 overtime. By the end of the incubation period, the surfacelight samples had %Fmax values of C1 decreased by 39% (r2 = 0.94, p = 0.001) and
47% (r2 = 0.93, p = 0.002) and of C2 increased by 19% (r2 = 0.92, p = 0.003) and 29%
(r2 = 0.92, p = 0.003) compared to initial values in the More-DOC and Less-DOC ponds,
respectively. %Fmax values of C1 and C2 in surface-light samples were also highly
correlated to each other (r2 = 0.99, p<0.001), implying there was a possible peak shift
(also observed by Helms et al., 2006 and Coble, 2007). Tukey HSD provided a
statistically significant difference between surface-light samples versus dark controls
versus below-surface-light samples in both ponds and there were no differences (≤ 5%)
in the control samples and in light samples at 0.25m and 0.5m depths.
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Figure 2.6. %Fmax of incubated wetland pond water during 12 weeks in situ incubation
at three depths (surface, 0,25m and 0.5m below surface) from the More-DOC (left) and
Less-DOC (right) ponds at St. Denis National Wildlife Area (SDNWA). Light samples
were exposed to sunlight and dark samples were not exposed. Components 1 (peak C)
and 2 (peak M) were identified using the PARAFAC model.
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The results of our study supported evidence that UVR could cause distinct changes
in fluorescence of DOC pools in prairie wetland ponds by using maximum intensity
(%Fmax) of peak C and peak M as proxies. Based on previous studies which described
decrease in intensity of both peak C and peak M in bacteria-filtered samples in prairie
lakes (41% and 36% loss, Osburn et al., 2011) and in a freshwater lake (21% and 6%
loss, Hiriart-Baer et al., 2008) under stimulated photo-exposure, we hypothesized
similar pattern in our surface-light samples. However, we were surprised by the
increase of %Fmax values of peak M in both ponds. Increased fluorescence intensity of
peak M had been linked with increased bioactivity in high-DOC sewage water (Yu Z et
al., 2019), in freshwater streams (Williams et al., 2014), and in boreal lakes (Stubbins et
al., 2014; Lapierre and Giorgio, 2014). Thus, it is possible that the %Fmax of peak M
increased due to increased sunlight-induced bioactivity as the increase occurred mainly
in surface-light samples.
It was possible that the loss of %Fmax of peak C in our study may predominantly be
due to photo-activity while the gain of %Fmax of peak M was largely the result of both
ultraviolet radiation and bioactivity. It was important to note, however, that it was most
likely that components 1 and 2 were influenced by both abiotic and biotic processes
simultaneously, instead of either process exclusively, but that one component was more
susceptible to certain biogeochemical process than the other. This suggests that
%Fmax is a sensitive indicator of changes in fluorescence component but may not be
useful in monitoring the influences of one specific biogeochemical process when both
photodegradation and biodegradation are occurring at the same time.
An additional hypothesis is that this loss of %Fmax was evidence of blue shifting of
one humic peak in our DOC pool. Helms et al. (2006) observed a significant portion of
DOC and chromophores transferred from the high molecular weight pool to the low
molecular weight pool under irradiation in freshwater rivers and lakes as well as an
estuary system using 13C NMR, which implied a shift of fluorescent intensity from longer
wavelength to shorter wavelength. The blue-shift in emission and excitation maxima of
humic acid was further supported in mixed marine-freshwater environments (Coble,
1996) and sewage sludge (Miano and Senesi, 1992). Because our data showed that
%Fmax values of C1 and C2 in surface-light samples were highly correlated (r2 = 0.99,
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p<0.001) and mirroring each other, it is possible that C1 and C2 were one humic peak
which emission-excitation maxima was altered (blue-shifted) due to irradiation
exposure. However, more research is needed as emission-excitation maxima could be
altered by other environmental factors such as metal oxidation (McKnight et al., 2001)
and humification (Felman et al., 2010).
Lastly, we observed no significant changes in our dark controls. This was further
evidence that photochemical degradation is the dominant process of DOC removal in
water. Other studies have reported a similar lack of differences of spectral parameters
between dark and light incubations of water from shallow, eutrophic lakes in EasterCentral China after 12 days (Zhang et al., 2009), a freshwater lake in west-central
Alabama after 70 days (Vähätalo and Wetzel, 2004), and boreal lakes in South-Central
Sweden after 3.5 years (Kothawala et al., 2012). Similarly, it is possible that UV
radiation increased either the susceptibility of DOC to biodegradation by reducing DOC
molecules to lmw photolabile carbon moieties or the rate of biodegradation of DOC,
which is typical slower compared to photodegradation, playing a positive role in how
DOC supports bacterial growth (Moran et al., 2000; Obernosterer and Benner, 2004).
Waiser and Robarts (1998) also showed significantly higher bacterial production in
photolyzed DOC pools compared to controls in SDNWA wetland ponds and a
permanent prairie lake. Overall, the influences of sunlight were not equal throughout the
optical spectrum, implying the process of degradation in DOC was selective depending
on the aromaticity and molecular weight of the organic matter.
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2.4.3 Fluorescence Index
Fluorescent index (FI; ratio of emission intensity at a wavelength of 470nm and
520nm, obtained at excitation wavelength 370 nm) is widely used to distinguish the
sources of fulvic acid based on its aromaticity in DOC pools. Terrestrial derived DOC
from degraded plant and soil matter results in FI ≈ 1.4 while microbial derived DOC via
extracellular release of bacteria and algae matter results in FI ≈ 1.9 (McKnight et al.,
2001). Aromaticity of fulvic acid has an important ecological role in the ecosystem as it
can absorb visible and UV light (McKnight et al., 1994). Fulvic acid with lower
aromaticity (higher FI values) absorbs less visible and UV light compared to its higher
aromaticity counterpart (Laurion et al., 1997), resulting in a deeper euphotic zone which
can alter other geochemical processes. In natural water, FI values range from 1.2 to 1.6
(McKnight et al., 2001; Jaffé et al., 2004; Helms, 2012; Helms et al., 2013; Hansen et al.
2016) due to most DOC environment existing as a mixture of terrestrial and microbial
fulvic acids
The FI values at t=0 of both the More-DOC and Less-DOC ponds were 1.4 -1.5
(Figure 2.7), similar to most terrestrial fulvic acid (McKnight et al., 2001; Jaffé et al.,
2004). Although FI values of surface-light samples from the More-DOC Pond showed
little change in the first few weeks, FI values increased to 1.7 after 8 weeks of
incubation (correlating to the decrease in peak emission wavelength) and to 2.2 after 12
weeks, suggesting that the composition of the fulvic acid pool in our samples resembled
microbial-derived molecules at the end of the incubation period. Similarly, FI values in
water from the Less-DOC Pond did not change within the first two weeks but increased
to 1.7 then eventually to 2.1 after 8 weeks. However, FI values in the Less-DOC Pond
decreased to 1.8 after 12 weeks of incubation, which still implied the predominant
presence of microbial fulvic acid. By the end of the incubation period, FI values of
surface-light samples from the More-DOC and Less-DOC ponds increased by 35% (r2 =
0.89, p = 0.005) and 22% (r2 = 0.66, p = 0.048), respectively, compared to initial values.
In addition, FI values of surface-light samples demonstrated a significant inverse
relationship to absorbance at 254nm of the same group in both ponds (r2 = 0.72, p =
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0.03 and r2 = 0.67, p = 0.05 respectively), which further implied the decrease in
aromaticity and molecular weight of our DOC pool. Tukey HSD provided a statistically
significant difference between surface-light samples versus dark controls versus belowsurface-light samples in both ponds and there were no differences (≤ 5%) in the control
samples and in light samples at 0.25m and 0.5m depths.
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Figure 2.7. Fluorescent index (top) and FRESH index (bottom) of wetland pond water
during 12 weeks in situ incubation at three depths (surface, 0.25m, and 0.5m depth)
from the More-DOC (left) and Less-DOC (right) ponds at SDNWA. Light samples were
exposed to sunlight and dark samples were not exposed. Additional parameters
following the photodegradation of DOC are included in the appendix.
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We had two hypotheses to explain the increase in FI values over the course of the
incubation. The first hypothesis was that the increase reflected the increase of microbial
derived DOC in the samples as result of biodegradation. A study with lab standard had
found that FI values increased above 2.1 in soil leachate and close to 3.5 in algae DOC
after 111 days of biodegradation (Hansen et al. 2016), which was similar to the FI
values in our experiment, while DOC from other sources did not change significantly. It
suggested that the majority of DOC in our samples were similar to soil leachate and/or
algae DOC in both structure and behavior under biodegradation. The second
hypothesis was that fulvic acid was broken down to simpler molecules with lower
aromaticity directly by UVR. However, other studies had reported minimal changes in FI
values with natural light in permanent wetlands (Fleck et al. 2014). In one study, FI
values even decreased from 1.65 to 1.5 in 0.2µm-filtered mangrove-derived DOC in
presence of simulated solar radiation after 72 hours (Jaffé et al., 2004). It is possible
that the FI is more sensitive to the biotic processes compared to abiotic processes (e.g.,
photodegradation) in wetland and high-DOC environments (Jaffé et al., 2004; Williams
et al., 2010; Fleck et al., 2014). Thus, coupled with the observation that there were no
changes in the dark controls and below-surface samples, we believed that the increase
of FI values in our surface-light samples were the result of sunlight-induced
biodegradation of microbial and/or algae.
Nonetheless, the increasing of FI values coupled with the decreasing of SUVA254
(Figure 2.7) in our study illustrated that the DOC was becoming less aromatic and more
aliphatic as the incubation proceeded. In addition, the results of our study suggest that
FI values may demonstrate the effect of biodegradation rather than photodegradation
on fulvic acid in a high-DOC environment as it was similar to Hansen et al. (2016) study.
However, it is important to note that the interpretation of FI values is complicated due to
the fact that FI is intended to be an indicator for sources (terrestrial vs. microbial fulvic
acid) rather than a time-related factor (McKnight et al., 2001). Nonetheless,
fluorescence index is still a useful indicator to detect the disturbances and sources of
fulvic acid as it is strongly influenced by the characteristic of the DOC and other
biogeochemical processes.
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2.4.4 Freshness index and biological index
Freshness index (FRESH), also known as the β/α value, is a ratio between recently
derived DOC (β, emission wavelength 380nm at excitation wavelength 310nm) and
decomposed humic DOC (α, emission wavelength between 420nm and 435nm at
excitation wavelength 310nm) and illustrates the relative contribution of recently
produced DOC in the environment (Parlanti et al. 2000; Wilson and Xenopoulos 2009).
Biological index (BIX, ratio of emission wavelength380nm and 430nm, obtained at
excitation wavelength 370 nm) is mainly used as an indicator for microbial
photosynthetic productivity (higher BIX values correspond to more recent
autochthonous DOC) and has been considered to be a modified version of FRESH
(Huguet et al., 2009) as they examined similar fluorescence regions.
Initial FRESH values of both light and dark samples in this study range from 0.41 to
0.48 for both ponds (Figure 2.7), which were similar to previously reported values of
untreated samples from multiple high-DOC sources in Sacramento-San Joaquin Delta
(FRESH ≈ 0.5; Hansen et al. 2016) and in wetlands and watersheds with cropland in
riparian zones from across south-central Ontario (FRESH ≈ 0.4; Wilson and Xenopoulos
2009). FRESH values of surface-light samples increased slightly from 0.48 to 0.68 after
12 weeks of incubation in the More-DOC Pond. Similarly, FRESH values in the LessDOC Pond increased from 0.41 to 0.58 after 12 weeks of incubation. By the end of the
experiment, FRESH values of the More-DOC and Less-DOC ponds increased by 29%
(r2 = 0.74, p = 0.027) and 30% (r2 = 0.77, p = 0.021), respectively. FRESH values of
surface-light samples demonstrated a significant relationship to absorbance at 254nm in
both ponds (r2 = 0.78, p = 0.01 and r2 = 0.84, p = 0.01 respectively). Tukey HSD
showed there was significant difference between surface-light samples versus dark
controls versus below-surface-light samples in both ponds and there were no
differences (≤ 5%) in the control samples and in light samples at 0.25m and 0.5m
depths. Both FRESH and BIX values were obtained using nearly identical fluorescent
range and calculations and yielded similar values (Appendix 1), and both reflect the
relative ratio between microbial-like DOC and terrestrial-like DOC. In addition, bulk DOC
concentrations in this study did not correlate with FI or FRESH values, further
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suggesting the source of the DOC in this study is mostly terrestrial humic-like
substances (Williams et al., 2010).
Throughout the incubation time, FRESH index increased in both ponds. This trend
could be linked to algal activity because algae did grow in our surface-light samples.
FRESH index has been associated with algal degradation (Parlanti et al. 2000) and
bacterial activity (Wilson and Xenopoulos 2009). In a 72-day experiment in which algae
was incubated in pure water, Parlanti et al. (2000) reported increase of FRESH index
(referred as peak β/ peak α values) over time and believed that bioactivity was an
important controlling factor of peak M intensity (referred as peak β). Similarly, Wilson
and Xenopoulos (2009) found positive correlations between FRESH index and the
availability of nitrogen, which boosted the activity of microbial community in the
environment. Based on noticeable algae in our surface-light samples over time and lack
of in other samples (dark controls and below-surface samples), we believed that the
increase of FRESH values in our experiment was the evident of algal degradation
and/or nutrient-induced microbial activity. The increase of FRESH values may also be
the result of photodegradation of humic substances. Hansen et al. (2016) demonstrated
significant decrease in FRESH values with biodegradation and increase with photoexposure for plant and algae leachates but not soil-derived DOC after 111 days of
incubation, suggesting that our DOC pool may made up of mostly plant and algaederived humic-like substances. Little change was observed in FRESH values in rice
field and permanent wetland samples in the Yolo Bypass Wildlife Area (California,
U.S.A) after two days (Fleck et al., 2014) and surface water in Milwaukee River estuary
(Wisconsin, U.S.A) after 20 days (Xu and Guo, 2018) showed that fluctuations in
FRESH values in the first few weeks of incubation were not unusual. However, it is
important to note that we cannot be sure of whether sunlight directly affected the
structure of DOC, leading to higher concentration of “fresh-like” and simpler substances,
or increased the rate of autotrophic productivity to produce more recent microbial
organic matter. Moreover, the DOC removal rate of bacteria in this study was
surprisingly low as we observed no significant decrease of FRESH in dark samples. In
general, our study has contributed to evidence that FRESH is a helpful indicator to
detect the compositional alternation of plant and algae-derived humic-like substances
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under short-term photochemical alterations, especially the bioprocess of algae as they
are the main absorber of surface contaminants.
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2.5 Conclusion
Our goal was to investigate the effects of photolytic processes on bulk DOC
concentrations, biochemical composition (e.g., aromaticity and molecular weight), and
optical parameters (e.g., absorbance, fluorescent intensity, and fluorescence indicators)
of DOC in wetlands in the PPR. We used a short-term incubation period to better
understand the abiotic photodegradation of DOC in wetland ponds and observed a
response primarily in the treatment exposed to light at the surface. Despite the lack of
statistically significant changes in bulk DOC concentrations, results from others optical
parameters in this study suggest that terrestrial humic-like organic carbon in wetland
ponds generally became less aromatic, more aliphatic, lower molecular weight, and lost
fluorescence intensity as well as absorptivity after 12 weeks of incubation under
sunlight, which was in consensus with other results from swamps (Helms, 2012), a
eutrophic lake (Zhang et al., 2009), and freshwater coastal (Moran et al., 2000) and
marine waters (Vodacek et al., 1997; Coble et al., 1998; Del Vecchio and Blough, 2002)
in different geographical regions. Our PARAFAC model identified two components,
peak C and peak M (component 1 and component 2, respectively), which are widely
detected UVA humic-like components in freshwater samples (Fellman et al., 2010) and
indicate that water from our study sites may contain large amounts of terrestrial humiclike organic matter with vascular plant origins. Individual parameters such as
absorbance (Abs254) and specific UV absorbance at 254nm (SUVA254), relative
abundance of each component (%Fmax), fluorescent index (FI), and freshness index
(FRESH) also changed significantly as DOC composition altered during the incubation
period (Table 3.1). However, we believe that not all the changes were exclusively as a
result of photodegradation. %Fmax of component 2 (peak M) and FI showed motif that
strongly resemble biodegradation process of DOC in lab standards (Hansen et al.,
2016) and in freshwater biomes across North America (Jaffé et al., 2004; Lapierre and
Giorgio, 2014; Williams et al., 2014;). Meanwhile, SUVA254, %Fmax of component 1
(peak C), and FRESH/BIX demonstrated loss of absorptivity and fluorescence similar to
photo-exposed DOC pools in inland water bodies such as streams (Williams et al.,
2010), lakes (Jaffé et al., 2004; Osburn et al., 2011), and rice fields and permanent
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wetland ponds (Fleck et al., 2014). Thus, we believed these changes coincided with
each other, highlighting the difficulties in studying the influences of radiation on DOC in
situ as humic substances are strongly influenced by both abiotic (e.g.,
photodegradation) and biotic (e.g., biodegradation) process simultaneously. The result
of this study highlights the importance of studying photochemical influences on DOC as
well as using optical spectroscopy to study the properties of DOC in wetlands in the
PPR.
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Table 3.1. Summary of ANOVA, Tukey HSD, probability value (p-value), and coefficient of determination (r2) analyses
results for bulk DOC concentration, fluorescence intensity and indicators. +/- indicates significant/ insignificant differences
between mean values. The established threshold for p-value of <0.05 and r2 of > 0.6 to show the strong relationship of
significance and variability of model in this study.
More-DOC Pond

Less-DOC Pond
p-value

r2

0.002

0.93

+

0.003

0.92

+

+

0.003

0.86

0.60

-

-

0.005

0.89

+

+

0.048

0.66

0.027

0.74

+

+

0.021

0.77

p-value

r2

ANOVA

Tukey HSD

Bulk Doc concentration

-

-

%Fmax, component 1

+

+

0.001

0.94

%Fmax, component 2

+

+

0.003

0.92

+

Abs254

+

+

0.005

0.82

SUVA

+

+

0.05

FI

+

+

FRESH

+

+
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Most interesting, we observed no significant changes in light samples at 0.25m
below surface and at 0.5m below surface, indicating the photodegradation process
and/or its effects on biodegradation of DOC predominantly occurs within ≤0.25m of the
surface water at our study site The lack of changes in optical parameters in our dark
controls can be an indication that photosensitive DOC in dark environment such as soil
(Lapierre and Giorgio, 2014, Ziegelgruber et al., 2013) or permafrost waterbodies (Cory
et al., 2014) could be degraded rapidly in presence of sunlight, contributing greatly to
the microbial activity which in turn could affect the concentration of dissolved inorganic
carbon and carbon dioxide in aquatic environments (Valentine and Zepp, 1993; Koehler
et al., 2014). In addition, as most wetland ponds at SDNWA are shallow (<2m) and
strong wind provides well-mixing water bodies (Hayashi and van der Kamp, 2000), DOC
in prairie wetland ponds may be more vulnerable to degradation and accumulation of
resistant DOC (Obernosterer and Benner, 2004) compared to deep water bodies such
as marine or lake systems, changing the light attenuation across the water column and
the biogeochemical processes of photo-sensitive organisms. The lack of fluctuation in
optical properties could also be the result of different UV light quality across water level
even in the photic zone of the pond. Nonetheless, the relationship between DOC
degradation and UV radiation is complicated and requires further research to fully
understand the cycling of DOC in aquatic environments.
Our study shows that the EEM paired with PARAFAC method is an innovative and
noninvasive technique that provides a more complete analysis of photolytic changes in
DOC. DOC is sensitive to multiple biogeochemical processes which can be quantified
by examining the fluctuations in fluorescence intensity and indicator values and offering
effective ecosystem monitoring. For example, from 2011 to 2012, more than 238 studies
involving the application of PARAFAC were published, in which 70% using fluorescence
EEM data in study related to natural organic matter (Murphy et al., 2013) in diverse
environments from boreal rivers in Canada (Stubbins et al., 2014) to phosphorus-rich
water in Lake Taihu, China (Zang Y et al., 2013). As the method and equipment for
PARAFAC modeling becomes more available (Stedmon and Bro, 2008), this method of
characterizing DOC proves itself to be a rapidly evolving technique as it becomes
routine protocol in studies on the cycling and biogeochemical roles of DOC in aquatic
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environments. In future research, we plan to explore other derived parameters such as
photo-oxidation potential to determine the degradation rate of DOC under UV radiation,
further researching on the link between spectral characteristics and chemical properties
of DOC. Lastly, we focus on the relationship between methyl-mercury concentration and
liable DOC under light exposure in PPR.
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Chapter 3. Future research
The cycling of dissolved organic carbon (DOC) in prairie systems, which complicated
and vastly understudied process, is the subject of this thesis. In aquatic environment,
DOC is an energy source for aquatic biota and can act as substrate in multiple
biogeochemical processes (Amon and Benner, 1996; Leenheer JA and Croué J-P,
2003; Coble, 2007; Stubbins et al., 2014). Moreover, DOC protects aquatic organisms
from photosynthetically active radiation (PAR) and ultraviolet radiation (UVR); hence it
indirectly controls the depth of autotrophic production (Robarts and Waiser, 1998). As
such, alternation in DOC concentrations, composition and biochemical structure is
essential in freshwater ecosystems.
Our study investigated the short-term effects of sunlight on bulk DOC
concentrations, biochemical composition (e.g., aromaticity and molecular weight), and
optical parameters (e.g., absorbance, fluorescent intensity, and fluorescence indicators)
in PPR. Our EEM data coupled with PARAFAC model identified two components, peak
C and peak M (component 1 and component 2, respectively), which are UV humic-like
substances derived from terrestrial plants and/or soil organic matter in freshwater
systems (Fellman et al., 2010). Overall, terrestrial humic-like organic carbon in wetland
ponds generally became less aromatic, more aliphatic, lower molecular weight, and lost
fluorescence intensity as well as absorptivity after 12 weeks of sunlight exposure.
However, it is possible that not all the changes were exclusively as a result of
photodegradation as humic substances are strongly influenced by both abiotic and
biotic process simultaneously in situ.
Currently, we are working on incorporating optical analyzing techniques into our
seasonal sampling. We collected EEM data from 10 to 15 wetland ponds at SDNWA,
which vary in sizes, pond depths, water chemistry, and water permeances, from May to
September 2021 to standardize the fluorescent components. Seasonal sampling
provides a better understanding of fluorescent components on the ecosystem and
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allows us to compare absorbent and fluorescent intensity in a closed system versus an
open system over time.
Finally, as a mercury-focused laboratory, our longer-term goal is understanding the
relationship between DOC and the cycle of mercury (Hg) and methylmercury (MeHg) in
PPR. It is widely recognized that DOC has a complicated relationship with mercury,
especially dissolved total mercury (THg) and methylmercury. Hall et al. (2008) showed
positive correlation between hydrophobic organic acid fraction (HPOA) of DOC and THg
(r2 = 0.687) and MeHg (r2 = 0.655) across lotic and lentic systems, with highest values
in freshwater wetlands compared to other habitats. Graham et al. (2012) also used
Hg/DOM ratios as a predictor of the fraction of total Hg that is methylated, implying DOC
plays an important role in the mobility, transportation, and bioavailability of inorganic Hg.
However, the relationship between DOC and Hg goes beyond the concentration of bulk
DOC in aquatic environments as high affinity organic ligands occupy only a small
portion of DOC (Han et al., 2006). The sources, composition (humic substances and
non-humic substances), molecular weight, and aromaticity of DOC can impact how Hg
binds to organic matter by affecting the amount of sulfur binding sites (Skyllberg et al.,
2003; Hall et al., 2008; Dittman et al., 2009; Lescord et al., 2018) which in turns affects
the rate of methylmercury production (Moye et al., 2002; Gorski et al., 2008; Bravo et
al., 2017). In addition, DOC can also increase the rate of abiotic degradation of MeHg
(Seller et al., 1996; Girard et al., 2016) by providing hydroxyl radicals and reactive
oxygen species through its photodegradation (Blough, 2001; Hammerschmidt &
Fitzgerald, 2010; Black et al., 2012; Girard et al., 2016). Therefore, knowledge of DOC
and its photodecomposition pathways through optical characteristics is critical in
understanding the role of DOC in binding pattern and methylation/demethylation of
mercury.
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Appendix A
A1. Data analysis methodology
A1.1 Identify light-depth samples as unique group
We divided all the samples between three depths (surface, 0.25m and 0.5m below
surface) and 2 treatments (light exposure and no light exposure) as visual graphing had
shown results suggesting the uniqueness of the Surface-Light group effects on all
response variables. Collected data were separated into their respective ponds (MoreDOC and Less-DOC ponds) to show the consistency of the suspected Surface-Light
treatment. For collected fluorescence intensity (%Fmax) values, a third factor –
fluorescence component number - was used to further divide the data set due to its
influence on the sign of overall trend. The raw data for fluorescence intensity in LessDOC Pond is shown as follows.

Table A1.1. Summary of raw data of %Fmax value of component 1 (peak C) across
depth after 12 weeks incubation for Less-DOC Pond
Week Surface,
Surface,
0.25m
0.25m
0.5m
0.5m
Light
Dark
deep,
deep,
deep,
deep,
(SLight)
(SDark)
Light
Dark
Light
Dark
(0.25Light) (0.25Dark) (0.5Light)
(0.5Dark)
0

0.0455

0.0455

0.0455

0.0455

0.0455

0.0455

2

0.0535

0.0506

0.0564

0.0533

0.0373

0.0475

4

0.0406

0.0541

0.0505

0.0480

0.0460

0.0488

6

0.0388

0.0386

0.0370

0.0372

0.0387

0.0362

8

0.0323

0.0384

0.0392

0.0393

0.0384

0.0369

10

0.0407

0.0454

0.0443

0.0466

0.0447

0.0451

12

0.0281

0.0437

0.0426

0.0425

0.0425

0.0430

We performed the R package stats function aov, an analysis of variance test
(ANOVA), on each data set to show that the treatment group (Light exposed) had a
significant impact on the measured value. In all cases, the test took the average over 12
weeks to do the analysis of the mean. For all possible target measurements
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(fluorescence intensity and absorbance), the null hypothesis was that the treatment
group has no effects on the final value. For example, the result of ANOVA test for
%Fmax from Less-DOC Pond was shown as follows.

Table A1.2. ANOVA result of group value for %Fmax value of component 1 (peak C)
across depth after 12 weeks incubation for Less-DOC Pond
Df
Sum Sq
Mean Sq
F value
Pr(>F)
Treatment group
5
0.1339
0.0268
8.751
2.08e-06
Residuals
60
0.2022
0.0030
Df = degree of freedom, Sum Sq = sum square, Mean Sq = mean square, Pr =
probability.
As displayed, the probability that the means value across 12 weeks was the same
for all treatment was exceedingly low (Pr = 2.08e-06). Thus, we rejected the null
hypothesis and concluded that the treatment group had an impact on %Fmax values of
Less-Doc Pond. The test was then repeated for the rest of the dataset.

A1. 2 Singling out possible standout treatment
Given the ANOVA test result, we determined that the treatment (sunlight exposure)
had a significant impact on the final measurement. The next step was demonstrating
that the Surface-Light sample group was unique in its interaction with the response. To
that end, an honestly significant difference test (Tukey HSD test) was chosen to do a
pairwise comparison on the differences between each treatment. The function Tukey
HSD in R was applied on the previous ANOVA fit and performed a pairwise comparison
of the mean between all difference groups (e.g., Surface-Light versus 0.25-Light,
Surface-Light versus 0.5- Light, Surface-Light versus Surface-Dark, etc.). The result of
the Tukey HSD test for %Fmax of component 1 of Less-DOC Pond was shown as
follows
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Table A1.3. Tukey HSD test result for ANOVA fit of group~value for %Fmax of
component 1 of Less-DOC Pond.
Group
diff
lwr
upr
P adj
0.25Light-0.25Dark 0.0082294534
-0.05806321 0.07452212 0.9991214
0.5Dark-0.25Dark -0.0029323355 -0.06922500 0.06336033 0.9999946
0.5Light-0.25Dark 0.0099261348
-0.05636653 0.07621880 0.9978353
SDark-0.25Dark
-0.0002351546 -0.06652782 0.06605751 1.0000000
SLight-0.25Dark
-0.1120544609 -0.17834713 -0.04576179 0.0000741
0.5Dark-0.25Light -0.0111617889 -0.07745446 0.05513088 0.9962228
0.5Light-0.25Light 0.0016966814
-0.06459599 0.06798935 0.9999996
SDark-0.25Light
-0.0084646080 -0.07475728 0.05782806 0.9989931
SLight-0.25Light
-0.1202839143 -0.18657658 -0.05399125 0.0000188
0.5Light-0.5Dark
0.0128584704
-0.05343420 0.07915114 0.9926842
SDark-0.5Dark
0.0026971809
-0.06359549 0.06898985 0.9999964
SLight-0.5Dark
-0.1091221253 -0.17541479 -0.04282946 0.0001195
SDark-0.5Light
-0.0101612894 -0.07645396 0.05613138 0.9975796
SLight-0.5Light
-0.1219805957 -0.18827326 -0.05568793 0.0000141
SLight-SDark
-0.1118193063 -0.17811197 -0.04552664 0.0000770
Diff= different, lwr = lower confident interval, upr = upper confident interval, P adj = pvalue
In this case, Tukey HSD result highlighted the Surface-Light treatment as being
most different compared to all the other treatments. Specifically, for any pair that
contains Surface-Light except with itself, the p-value indicated that the null hypothesis of
the pair sharing the same mean could not be rejected. Furthermore, we noted that only
the Surface-Light treatment had this characteristic, singling it out to be the example of
influences of biogeochemical processes in study.
A1. 3 Fitting to linear model
With the uniqueness of the Surface-Light treatment established using both ANOVA
and Turskey HSD, we moved to using a linear regression model to fit this subset of data
and prove significant difference over time. We applied the lm function in R within the
same package. A linear regression for this study was built with the parameter between
the measured value and time within the specific treatment. When we applied the linear
regression model to %Fmax of component 1 of Less-DOC Pond, we got the following
results showed in table A1.4. The Residual standard error was 0.02304 (on 4 degrees
of freedom), multiple r2 was 0.9302, adjusted r2 was 0.9128, f-statistic was 53.32(on 1
and 4 degrees of freedom), and p-value was 0.001871.
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Table A1.4. Test result for linear fit of group~value for %Fmax of component 1 of LessDOC Pond.

Intercept

Estimate
0.459408

Standard error
0.016095

T-value
28.543

Pr(>|t|)
8.97e-06

Week

-0.015895

0.002177

-7.302

0.00187

This result established the simple linear relationship with an intercept and a slope
between the time passed and the response measurement. The p-value of this linear
regression showed that the differences in values over time was highly significant. In
addition, there was 0.93 or 93% of correlation between two variables.
A1. 4 Validating model with replica data
The predicted model was applied on parameters with statistically significant
differences in surface-light samples (e.g., Abs254, SUVA254, Fmax, FI, and FRESH)
using predict.lm in R studio. The goal was to estimate the accuracy of the model in
forecasting the value of response in a new dataset with same treatment as surface-light
samples. We performed model validation by calculating the appropriate response value
at each week available in the replica. Then, the value of r2 and mean squared errors
(RMSE) were derived by comparing the predicted values versus the recorded values in
the replica. The values of r2 illustrated the likeliness between predicted and observed
trend while RMSE demonstrated the mean differences between the two dataset across
data points.
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Table A1.5. Summary of coefficient of determination (r2) and mean squared errors
(RMSE), calculating by comparing the predicted values versus the recorded values in
the replica dataset. The method was applied on parameter with statistically significant
differences in surface-light samples.
More-DOC Pond
r2
Bulk DOC

r2

RMSE

RMSE

No statistically significant

No statistically significant

differences

differences

concentration
%Fmax,

Less-DOC Pond

0.9401

0.0129

0.9302

0.0188

0.9182

0.0149

0.9164

0.0203

Abs254

0.8736

0.2171

0.8448

0.3593

SUVA

0.3658

0.2218

component 1
%Fmax,
component 2

No statistically significant
differences

FI

0.7546

0.1824

0.8071

0.3598

FRESH

0.6868

0.0355

0.8944

0.0362
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