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Abstract

In northern Alberta, oil sands mining disturbs the landscape; reclamation to an
“equivalent land capability” is required, and industry is testing peatland construction as part of
landscape reclamation. To determine if these constructed peatlands can be self-sustaining, an
understanding of the cycling of solutes in peat pore water and their interactions with dissolved
organic carbon (DOC) is needed. DOC is a component of pore water that is of interest due to its
biotic relevance and its impact as a component of the carbon budget. Additionally, salinity as a
control on DOC quantity and quality may be important in reclaimed systems due to the
likelihood of elevated sodium (Na*) from saline groundwater input derived from the tailings used
to construct reclaimed catchments. As part of post-mining oil sands reclamation, a pilot fen
(Constructed Fen) was constructed to test reclamation techniques for peatland establishment.
Previously, DOC in the Constructed Fen was found to be largely internally produced, suggesting

rhizodeposition, decomposition and solubility govern DOC dynamics.

For this research DOC concentration and quality, and Na* concentration were measured
in the rooting zone of the Constructed Fen to evaluate the role of Na* in DOC dynamics. DOC
concentration and quality throughout the fen revealed that DOC was largely sourced from
vegetation inputs. Increases in vegetative inputs between years was indicated by the annual
increase in DOC lability. Elevated Na* at 30 cm below ground surface (bgs) corresponded with
high concentrations of labile DOC. This relationship suggests increased rhizodeposition
contributing labile carbon to DOC and decreased decomposition preserving labile DOC. At 10
cm bgs, spatial variability and temperature were the largest predictors of DOC quantity and
quality. With expected increases in Na* at this site, increased production of a mobile and

microbially active fraction of DOC may lead to higher rates of carbon export.



Due to the identification of rhizodeposition as a potential mechanism of the influence of
Na* on DOC and its suggested importance in previous years, a hydroponic study characterizing
the rhizodeposits of the dominant plant species of the Constructed Fen (C. aquatilis and J.
balticus) under different Na* concentrations was performed. Rhizodeposition was similar
between species with no difference in rate and similar proportions of the fractions of
rhizodeposits investigated. Both species exhibited potential tolerance mechanisms to Na*
accumulation through suspected Na*/H* antiporter activity and increases in membrane stabilizing
aromatics. Elevated Na* did not significantly change rates of rhizodeposition but there was a
general increase in aromatic and polyphenol rhizodeposition and decrease in biopolymer and
organic acid rhizodeposition. This represents a shift to lower molecular weight more aromatic
rhizodeposits; however, as this study did not consider the contribution of low molecular weight
neutrals to rhizodeposition, the results could not be applied directly to field results. Given the
large contribution of aromatics and biopolymers to rhizodeposition (average 63% and 25% of
measured rhizodeposits, respectively), it is recommended that these fractions be considered in
rhizodeposition studies. The findings of this work thus provide a foundation for understanding
the effects of Na* concentration on rhizodeposition and identify Na* as playing a significant role

in peatland DOC dynamics.
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Chapter 1: Introduction

Peatlands are globally significant ecosystems due to their roles in carbon storage
(Gorham 1991; Limpens et al. 2008), water regulation, nutrient cycling and biodiversity
(Kimmel and Mander 2010). Boreal and subarctic peatlands alone are expected to store between
15 and 30% of the world’s soil carbon in the form of peat (Limpens et al. 2008). In Canada,
peatlands are defined as wetlands that have accumulated over 40 cm of organic matter in peat
(Alberta Environment 2017). This peat and carbon storage potential is possible due to a high
water table creating anoxic conditions, slowing decomposition and allowing primary production
to exceed rates of respiration (Evans et al. 2016). Fens are one type of peatland that occur in the
boreal region and are characterized by seasonal connections to ground and surface water (Vitt
2006). Due to this connection, fens are minerotrophic, having inputs of water elevated in
dissolved solids when compared to peatlands that are fed by precipitation alone (bogs). Fens are
subcategorized based on their water chemistry and vegetation into rich and poor fens, where poor
fens have lower concentrations of dissolved solids and are dominated by Sphagnum spp. over

vascular plants (Vitt 2006).

In northern Alberta approximately 50% of the pre-disturbance landscape was classified
broadly as peatlands with fens comprising approximately 95% of these (Vitt et al. 1996). With
953 km? of land having been disturbed by surface oil sands mining before December 2016, some
of the important functions of peatlands have been removed from the landscape (Alberta
Environment and Parks 2020). Furthermore, oil and gas exploration through seismic lines has
disturbed an additional 1 900 km? in Alberta, with most of this disturbance occurring in northern
Alberta (Strack et al. 2019a). For surface mines, where restoration is not possible, fen

construction as a form of reclamation has been suggested to return the ecosystem services of



peatlands to the landscape (Price et al. 2010; Daly et al. 2012) and as a way for industry to meet

requirements of mandatory replacement (Alberta Government 2013).

In Alberta, the Environmental Protection and Enhancement Act requires companies to
return the land to “equivalent land capability” following mine closure (Alberta Environment
2017). Wetland reclamation has generally been focused on non-peatlands due to the complexities
of supporting peat forming vegetation (Alberta Government 2007), maintaining appropriate
hydrological functioning, especially in drought years, (Price et al. 2010) and the long time
expected for peat accumulation (Clymo 1983). However, in focusing reclamation on wetlands
that are often unconnected to existing hydrological flow paths, the important functions of fens
like high carbon storage and water distribution are not restored (Ketcheson et al. 2016).
Therefore, to test fen construction as a reclamation technique, Nikanotee Fen (Constructed Fen)
was developed on an oil sands lease following the concept of Price et al. (2010). The goal of this
project is to construct a peatland that restores fen ecosystem function, such as carbon
accumulation and growing conditions suitable for fen species, while being self-sustaining (Daly
et al. 2012). Furthermore, through study of this site, techniques used in the construction of

Nikanotee Fen can be refined and implemented in future reclamation projects (Daly et al. 2012).

The constructed 2.9 ha fen is a part of a larger 32.1 ha watershed, composed of three
reclaimed slopes and an upland that drives water movement into the fen through a tailings sand
aquifer. Construction of the Constructed Fen was initially completed in January 2013 but there
have since been modifications to improve system function, with ridges and furrows dug in the
upland in fall 2013 to promote infiltration and a raised peat bed placed in the northwestern corner
of the fen in spring 2019, to exaggerate hydrological variability and alter sodium (Na*) migration

rates and patterns. The watershed is underlain by a geosynthetic clay liner that forces lateral



water flow into the fen and prevents seepage into the underlying groundwater (Price et al. 2010;
Ketcheson et al. 2017). The peatland itself comprises a 2 m peat layer connected laterally to the
tailing sand aquifer and underlain by a high permeability layer of petroleum coke to evenly
distribute hydraulic pressure beneath the fen (Ketcheson et al. 2017). Tailings sand was used as
the aquifer material as it is readily available in the region and requires reclamation itself.
However, due to the use of extraction and tailings process aids, as well as process water
recycling (E. Hollander, personal communication, July 20, 2020) and the high initial Na*
concentration due to oil sands being marine sediments (Sui et al. 2016; Simhayov et al. 2017),
the tailings sand used in the constructed watershed has a large leachable pool of Na* that has
mobilized into the Constructed Fen (Kessel et al. 2018). Though high sorption to the peat matrix
is expected to delay Na* movement to the rooting zone (Rezanezhad et al. 2012b; Simhayov et
al. 2017), high evapotranspiration can be expected to lead to evapoconcentration of Na* in the
rooting zone (Simhayov et al. 2018; Kessel et al. 2018). Indeed, Na* migration into the fen has
led to the average Na* concentration in the rooting zone of the fen being ~200 mg L by 2016

(Ketcheson et al. 2017; Kessel et al. 2018).

High Na* concentrations can be toxic to plants by competing for binding sites with
nutrients like potassium, and by causing osmotic stress (Bartels and Sunkar 2005). In
anticipation of the expected high solute concentrations in the fen, planting included species
characteristic of rich and saline fens. These species were planted under a randomized split plot
design from mid-June to mid-July 2013 (Borkenhagen and Cooper 2019). Though moss, Carex
aquatilis, Juncus balticus and lower densities of other vascular species were all used in the split

plot design, C. aquatilis currently dominates most plots with J. balticus and Typha spp. also



being abundant in the fen. With projected continued increases in Na* concentrations in the

Constructed Fen, the effect of Na* on plant and fen carbon dynamics should be investigated.

When primary production exceeds carbon losses, fens store carbon leading to an
accumulation of organic matter and peat production. Losses of carbon in fens include respiration
of carbon dioxide (CO2) from plant roots and in organic matter decomposition, methane (CH4)
emissions as a product of anaerobic decomposition, and aqueous losses of carbon through
dissolved organic carbon (DOC), dissolved inorganic carbon (DIC) and particulate organic
carbon (POC) (Limpens et al. 2008). DOC is generally a relatively small flux of carbon
compared to other respiration products (Limpens et al. 2008). However, for fens that are found to
be close to carbon neutral considering gaseous fluxes alone, DOC fluxes may be sufficient to
shift what was thought to be a carbon sink into a source (Strack et al. 2008; Limpens et al. 2008;
Evans et al. 2016). DOC transformed into CO2 and CHj4 in the fen are considered in the
greenhouse gas (GHG) emissions of the site, but without considering DOC fluxes downstream
total fen GHG emissions may be underestimated as most DOC released from fens is converted
into CO. and CH4 before reaching the ocean (Marschner and Kalbitz 2003; Evans et al. 2016).
Therefore, characterizing DOC is important to determining the net carbon budget of fens. In
addition to its significance in carbon storage, DOC can bind to heavy metals (e.g. manganese and
mercury) and organic contaminants (e.g. naphthenic acids) abundant at reclaimed mine sites and
transport them to downstream ecosystems (Kalbitz et al. 1997; Kalbitz and Wennrich 1998).
Furthermore, DOC, especially that sourced from plants, can play a large role in priming the
microbial community for decomposition, leading to nutrient and organic matter turnover, which
further supports plant and microbial communities (Neumann and Romheld 2000). This may be

especially important at the Constructed Fen where highly humified peat may prevent activation



of microbial processes without vegetative carbon inputs (Nwaishi et al. 2016). Understanding
DOC quantity and quality in the Constructed Fen can help to evaluate the fen’s role in nutrient

and organic matter turnover, carbon sequestration and the fen’s expected effects downstream.

Since 2013, DOC at the Constructed Fen has been described in relation to nearby natural
fens. Studies by Khadka et al. (2016) and Irvine (2018), found that initial DOC concentration
was low with higher proportions of recalcitrant compounds, but by four years post-construction
concentration and lability had increased to be comparable to natural sites. This increase was
attributed to the increase in vegetative inputs to fen DOC as the plant community became
established (Irvine 2018). Electrical conductivity (EC) and temperature were the most consistent
controls on DOC concentration with increases in EC and temperature leading to higher DOC
concentrations (Khadka et al. 2016; Irvine 2018). EC was also a positive control of DOC quality,
with higher EC associated with DOC of lower molecular weight (Irvine 2018). Additionally,
DOC was largely produced within the fen and export was insignificant relative to production
(Irvine 2018). These previous characterizations provide insight on the initial trajectory of deeper
peat, but they did not focus on the near surface rooting zone, the region where DOC production
and removal are most dynamic. Furthermore, these studies failed to address the impact of Na",

the influence of which is expected to be large in reclaimed systems.

Beyond reclamation projects, Na* concentrations are expected to increase in coastal
peatlands due to sea level rise (Church et al. 2013; Guéné Nanchen et al. 2020), thus
understanding the role of Na* in DOC dynamics at the Constructed Fen has applications to other
peatlands. Na*, like other geochemical factors can influence DOC through rhizodeposition,
decomposition and changes in solubility (Kalbitz et al. 2000; Mavi et al. 2012; Moore 2013;

Vranova et al. 2013). These processes are expected to be dominant in controlling DOC dynamics



in the Constructed Fen as DOC has been largely internally produced and DOC export has been

low (Irvine 2018).

Rhizodeposits originate from plant roots, where root cells, mucilage, lysates and exudates
enter pore water and contribute to DOC (Dennis et al. 2010). These compounds can be released
by damaged root cells (lysates), or by intact root cells (exudates) through passive diffusion
(Farrar et al. 2003) or active transport (Jones et al. 2009). While rhizodeposits may sometimes be
expanded to also refer to root symbionts and particulate carbon (Oburger and Jones 2018), in this
thesis rhizodeposits refer to the dissolved fraction specifically. Decomposition by the microbial
community can both produce and remove DOC from fens. DOC is produced through
decomposition of peat and litter, but is removed when DOC itself is decomposed (Kane et al.
2014). Generally, aerobic decomposition favours DOC conversion into CO2, while anaerobic
decomposition favours the production of intermediate decomposition products contributing to
DOC (Moore and Dalva 2001). Changes in DOC solubility through aggregation, dissolution, or
sorption/desorption from the peat matrix can remove or introduce DOC into the measurable pore
water DOC pool. While sorbed and aggregated DOC may not be measured in the DOC fraction,
it can still be microbially active with the larger surface area generally leading to easier microbial
attachment facilitating decomposition (Marschner and Kalbitz 2003). Due to the interactions
between these DOC production and removal processes, it is difficult to disentangle individual

process effects.

Of these mechanisms, increased rhizodeposition at the Constructed Fen is thought to be
the mechanism driving increases in labile DOC (Irvine 2018). Despite the expected contribution
of rhizodeposits, rhizodeposition in general (Dennis et al. 2010) and specifically for peatland

plants (Proctor and He 2017) is not well understood. Contaminant induced changes in general



rhizodeposition and passively rhizodeposited root exudates have also been identified as an
important area for research as they may impact the ability of plants to withstand contaminant
toxicity (Vranova et al. 2013). At the Constructed Fen where elevated Na* is expected to
influence long-term fen persistence, especially due to its influence on plant health and the plant
community, there is a need to understand the effect of Na* on dominant plant species

rhizodeposition.

1.1 Objectives
Given the knowledge gap of the influence of Na™ on DOC and rhizodeposition, and the

relative importance of Na* in post-oil sands mining landscapes, this study looked at the role of
Na* on DOC concentration and quality with a focus on the process of rhizodeposition. While
DOC has been studied at the Constructed Fen from 2013 to 2016 by Khadka et al. (2016) and
Irvine (2018), these studies focused on comparisons of the Constructed Fen to natural fens to
determine if DOC concentration and quality were similar. However, given the accumulation of
Na* in the Constructed Fen and the expected high Na* concentration in reclamation projects in
the Athabasca Oil Sands Region (AOSR), this site provides a unique opportunity to better
evaluate the influence of Na* on DOC concentration and quality and rhizodeposition, topics that
are little studied to date but may be crucial for understanding carbon budgets and plant health in
reclaimed systems and peatlands influenced by sea level rise. This thesis will also contribute to
rhizodeposit literature by characterizing the rhizodeposits of C. aquatilis and J. balticus, which
appears to be novel for these species. The objectives of this study are below and will be

addresses in Chapter 2 and 3, respectively.

1) Identify the environmental drivers of DOC quantity and quality in the rooting zone of a

Constructed Fen, with a focus on the influence of Na*



2) Quantify and characterize the rhizodeposits of C. aquatilis and J. balticus, two species

dominant in the Constructed Fen, under different sodium sulphate concentrations

1.2 Format and Author Contributions
This thesis is written in a manuscript style with two complementary chapters comprising two

manuscripts intended for publication. As the manuscripts are intended for individual publication
there is repetition throughout the thesis. The first manuscript (Chapter 2) considers
environmental drivers of DOC quantity and quality in the rooting zone of the Constructed Fen,
focusing on the specific role of Na*. The second manuscript (Chapter 3) characterizes
rhizodeposition of the two dominant vascular species in the Constructed Fen grown
hydroponically under different sodium sulphate concentrations. | conducted the experiments,
collected data and wrote the first draft of all chapters of this thesis with contributions from Dr.
Maria Strack, Dr. Jonathan Price and Dr. Scott J. Davidson on experimental design, synthesis

and editing to complete the final thesis.



Chapter 2: Response of Dissolved Organic Carbon Dynamics to Salinity in a Constructed
Fen Peatland in the Athabasca Oil Sands Region

2.1 Introduction
Qil sands extraction has resulted in ~953 km? of land disturbance in the AOSR of

northeastern Alberta (Alberta Environment and Parks 2020). Oil sands companies are mandated
to return the landscape disturbed by oil extraction activities to an “equivalent land capability”
after closure (Alberta Environment 2017). Since peatlands comprise ~50% of this region (Vitt et
al. 1996), the importance of including peatlands in the post-mining landscape has been recently
recognized and efforts to construct these systems have been undertaken with projects such as
Nikanotee Fen (Price et al. 2010; Ketcheson et al. 2016). Fens are minerotrophic peatlands and
have been selected for reclamation attempts due to their prevalence in the pre-mined landscape
(Vitt et al. 1996) and their connection to surface and groundwater sources that can maintain
sufficient water levels for fen functioning when precipitation inputs are low (Price et al. 2010).
Construction of fens as part of reclamation is considered to be difficult as the design must
account for their complex hydrology (Price et al. 2010), and peat formation generally occurs over
thousands of years (Clymo 1983). The Nikanotee Fen was thus constructed to test fen
reclamation and will henceforth be referred to as the Constructed Fen. The goal of the project is
to restore self-sustaining ecosystem functions, including carbon accumulation, support for peat-
forming vegetation and resilience to climatic stresses (Price et al. 2010; Daly et al. 2012).
Another goal of the Constructed Fen is to study and monitor the site to determine factors that can

optimize future reclamation designs.

The Constructed Fen was created as part of a larger constructed watershed that consists of
slopes and an upland that feed water into the fen (Price et al. 2010). To facilitate water

movement toward the fen, a tailings sand aquifer was constructed to function as the upland



recharge zone (Price et al. 2010). As water passes through the aquifer into the fen, solutes
present in the tailings sand can be mobilized and transported to the fen. One such solute that is
present at high concentrations in the tailings sand (Daly et al. 2012; Simhayov et al. 2017), and
was identified as a solute of concern (Kessel et al. 2018), is Na". Though the 2 m peat layer
present in the fen is expected to slow Na* migration into the rooting zone (Price et al. 2010;
Simhayov et al. 2017), Na* from the upland tailings sand has already begun to migrate to the
surface of the fen (Kessel et al. 2018). Na* entering the rooting zone of the fen poses a concern
as it can alter carbon cycling and affect the ability of the fen to support vegetation (Trites and
Bayley 2009; Rezanezhad et al. 2012a; Pouliot et al. 2012; Brouns et al. 2014). Since fens can
store large amounts of carbon (Limpens et al. 2008), it is important to understand how salinity

will influence carbon cycling.

DOC is generally defined as the carbon in organic molecules passing through a 0.45 um
filter (Thurman 1985). DOC plays an important role in carbon budgets, generally accounting for
10% of total carbon released from boreal peatlands (Limpens et al. 2008). While some of this
exported DOC may be stored through sedimentation, it is expected that around 90% is converted
to CO2 downstream, thus influencing downstream GHG emissions (Evans et al. 2016). In
addition to its influence on carbon budgets, DOC also influences peatland and downstream
chemistry by altering redox conditions and affecting the mobility of other compounds, such as
organic contaminants (Vitale and Di Guardo 2019) and heavy metals (Kalbitz and Wennrich
1998). Thus, understanding DOC and its environmental controls can help to determine the fate of

carbon and post-mining contaminants.

To better determine the origins, transformations and fate of DOC, information is needed on

the specific carbon compounds in the DOC pool. However, due to the complexity and quantity of
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these compounds, it is generally not feasible to characterize every compound contributing to
DOC; instead, measures of DOC quality are often used to generalize the overall pool (Strack et
al. 2011; Peacock et al. 2014). Specific Ultraviolet Absorbance at 254 nm (SUVAz2s4), E2/E3 and
E4/EG6 are parameters that are used to indicate DOC quality. SUVAzs4 is positively correlated
with aromaticity, whereas E2/E3 is negatively correlated with molecular weight (Peacock et al.
2014). E4/EG is related to the degree of humification of organic matter, with ratios between 2 and
5 indicating mature humic acids and less mature fulvic acids having ratios between 5.5 and 17
(Thurman 1985; Grayson and Holden 2012). DOC with lower molecular weight and less
aromatic character is generally more available for decomposition and more mobile (Strack et al.

2015; Khadka et al. 2016).

As the Constructed Fen has been extensively studied, it is already known that DOC has
been largely internally produced (Irvine 2018). Internal biochemical processes regulating
peatland DOC include rhizodeposition, decomposition, and solubility (Moore 2013). While DOC
export is largely controlled by peatland discharge (Limpens et al. 2008), these internal
biochemical processes along with internal hydrological processes are responsible for determining
DOC quality and quantity within the fen. Hydrological processes like evapoconcentration, within
fen water movement, and dilution from precipitation, will alter DOC concentration at locations
within the fen, but will not directly change DOC quality. The biochemical processes, however,

can influence both concentration and quality of DOC.

Increases in rhizodeposition, decomposition and solubility differ in their effects on DOC
quantity and quality. Higher rhizodeposition is expected to increase DOC concentration, yet lead
to less aromatic and lower molecular weight DOC through a direct input of labile DOC from

plant roots (Jones et al. 2009; Kane et al. 2014). Products of decomposition are more complex
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than rhizodeposits or DOC leached directly from litter (Dieleman et al. 2016), and thus increased
decomposition should lead to an increase in complex DOC entering pore water. The effect of
decomposition on DOC concentration is more difficult to disentangle. Under aerobic conditions
decomposition will favour CO; as the metabolic end product and likely decrease DOC
concentration (Strack et al. 2008), while anaerobic decomposition is less efficient and will lead
to the production of soluble intermediate metabolites contributing to increased DOC
concentration (Kalbitz et al. 1997). Due to the complexity of decomposition simultaneously
removing and producing DOC, it is difficult to infer its effect from field data. Finally, factors
that lead to an increase in DOC solubility allow larger and more aromatic DOC, which is
preferentially adsorbed and less soluble, to be introduced into solution (Kalbitz et al. 2000),
increasing DOC concentration. Environmental factors like soil temperature, water table,
vegetation type and salinity, among other factors, can all influence DOC concentration and

quality through their influence on these biochemical mechanisms.

Of the environmental factors above, one of the least studied for its effect on DOC in
Canadian peatlands is salinity (Moore et al. 2008; Moore 2013), potentially due to saline
peatlands being rare in North America’s boreal forests (Trites and Bayley 2009). Due to the high
input of solutes (especially Na*) in the constructed Nikanotee Fen, this site provides an
opportunity to better determine the effects of salinity on DOC quantity and quality. In 2015 and
2016, salinity inferred from EC, was a significant control on DOC quantity of the Constructed
Fen (Irvine 2018). However, studies considering the effect of Na* specifically on DOC dynamics

have not yet been undertaken at Nikanotee Fen.

Salinity can influence DOC quantity and quality in peat soils by affecting its adsorption

and desorption from the peat matrix. Specifically, ions may saturate sorption sites forcing DOC
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into solution and bind to DOC directly, increasing its solubility (Kalbitz et al. 2000). Or, ions
may reduce charge density allowing for aggregation and precipitation of DOC (Tamamura et al.
2013). Salinity may also influence DOC production and removal by microbes (Khadka et al.
2015), increasing activity by providing nutrients or decreasing activity from salt stress
(Marschner and Kalbitz 2003). Rhizodeposition may also be affected by salinity. Rhizodeposits
may be actively exuded from plant roots or released by passive diffusion as root exudates, the
latter process being vulnerable to changes in root permeability (Farrar et al. 2003). As elevated
salinity is expected to increase root membrane permeability (Vranova et al. 2013), salinity is
expected to be positively correlated with root exudation. As DOC present in the fen has been
shown to be recently produced, small and labile, it is expected that rhizodeposition plays a
dominant role in determining DOC concentration and quality in the fen (Khadka et al. 2016;
Irvine 2018). Despite these expected relationships, it is unclear what the cumulative effect of

these processes will be in the Constructed Fen.

To test how Na* and other environmental factors influence DOC in the rooting zone of
the Constructed Fen, pore water samples were collected and analyzed over the summer of 2019.
The objective of this study is to identify the environmental drivers of DOC quantity and quality
in the rooting zone of the Constructed Fen, with a focus on the influence of Na*. It is
hypothesized that salinity will be an important control on DOC quantity and quality, with higher
salinity leading to higher concentrations and more labile DOC due to increased input from

rhizodeposits.
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2.2 Methods
2.2.1. Study Site

This study was conducted on a constructed fen located on an oil sands lease, 40 km north
of Fort McMurray (56°55.944°N 111°25.035°W). The Constructed Fen has an area of 2.9 ha and
is part of a 32.1 ha reclaimed watershed (Ketcheson and Price 2016). To facilitate water
movement through the watershed into the fen, an upland aquifer was created from tailings; a
more permeable petroleum coke underdrain was placed beneath the fen and keyed into the
adjacent section of the upland to more evenly distribute hydraulic head below the fen (Ketcheson
et al. 2016). The Constructed Fen was originally vegetated in June and July 2013 using a
randomized split-plot design, where a variety of vascular plants and moss species were
introduced, with C. aquatilis and J. balticus introduced at the highest density (Borkenhagen and
Cooper 2019). At the time of this study (2019) the plant cover was dominated by C. aquatilis,

with J. balticus and Typha spp. also being common throughout the site.

2.2.2. Instrumentation

To sample porewater from the Constructed Fen, suction lysimeters (Model 1900 Soil
Water Sampler, SoilMoisture Equipment Corp., Santa Barbara, California and retrofitted
tensiometers) were installed on May 27", 2019. These lysimeters are made with a high fire silica
body ceramic cup that does not significantly absorb DOC (Lilienfein et al. 2004). Lysimeters
were installed next to existing collars that were used to measure GHG fluxes, to allow for
consideration of plant productivity in the analysis. However, due to equipment failure, there were
insufficient carbon dioxide fluxes to consider productivity in the analysis with sufficient
statistical power. Fluxing collars were selected based on achieving a balanced design of different
types of vegetation cover, hereinafter referred to as vegetation types. The vegetation types

targeted were J. balticus (J), C. aquatilis (C), Typha spp. (T), mixed J. balticus and C. aquatilis
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(M) and C. aquatilis that showed early senescence in 2018, suggesting potential salinity stress
(CS). After selection there were 5 plots within each vegetation type. The location of these collars
and installed lysimeters within the Constructed Fen is shown in Fig 2-1. Suction lysimeters were
installed at 10 and 30 cm depths within 50 cm of the GHG fluxing collars, to obtain samples
representative of the rooting zone of the fen. Though root depths extended to at least 0.75 m in
2018, over 90% of root biomass was in the top 30 cm with 67% found in the first 10 cm alone
(Messner et al. in prep.). Thus, the top 30 cm was considered the rooting zone. This study also
used half-hourly precipitation measurements taken from a Texas Electronics
TE525MM/TES25M Tipping Rain Gauge connected to a Campbell Scientific CR1000 set up in

the upland approximately 150 m south of the fen.

Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community

Fig 2-1 Locations of fluxing collars and suction lysimeters in the Constructed Fen. Colours of
points indicate the vegetation type: C- C. aquatilis, CS- C. aquatilis early senescence in 2018, J-
J. balticus, M- mixed C. aquatilis and J. balticus, T- Typha spp.
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2.2.3. Water Sampling

Water sampling from suction lysimeters was conducted on May 30", June 4, June 18",
July 2", July 17", July 26", August 1% and August 14" of 2019. The day prior to sampling,
lysimeters were suctioned using a vacuum pump to -75 kPa. All lysimeters were suctioned
within a 2-hour period to reduce the impact of temporal variability in samples. Initial samples
were collected the morning of sampling days by connecting a three-way valve to the Tygon™
tubing of the lysimeter and attaching a 60 mL syringe to extract the sample. Samples were then
placed into a 120 mL sample bottle and the lysimeters were suctioned again to -75 kPa. The
depth to water table (WL) at each location was then measured from a 50 cm depth well using the
blowstick method. After the first round of sampling, all lysimeters were sampled approximately
4 hours later the same day with the new sample being added to the same 120 mL bottle as the

first sample.

Immediately after samples were placed in the 120 mL bottle, pH and EC were measured
using an Orion Star™ A325 pH/Conductivity multiparameter meter with an Orion
8107UWMMD Ultra pH/ATC Triode and a Thermo Scientific™ Orion™ Conductivity and
Temperature Probe. This was done after the first round of sampling with the initial sample and
repeated on the combined sample in the afternoon. The combined sample values were used in
analysis but were compared to previous values to test for significant changes in pore water
chemistry between rounds of sampling. Probes were calibrated for pH with pH 4, 7 and 10
standards and calibrated for EC with 1413 uS cm™ and 12 880 uS cm™ standard solutions. pH
values were higher than those measured at 30 cm piezometers. This was attributed to the applied
vacuum shifting the CO; equilibrium of the water, degassing CO; and raising the pH of the

sample. As the measured pH was not representative of the water in situ, pH was not considered
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in analysis. While the multiparameter probe did provide temperature, the measured temperature
was not representative of pore water as samples were pulled into the lysimeter hours before
sampling and thus could equilibrate with surface water temperature. Temperature of samples was
thus taken as a biweekly average temperature (Tavg) using a thermocouple temperature probe at
10 and 30 cm depths during GHG flux measurements. With each collar being measured for CHs
and CO> fluxes weekly, this corresponded to the use of approximately four measurements to

calculate the average for each DOC sampling date.

Samples were stored in a cooler during the day and were placed in a 4 °C fridge within 10
hours of sampling. Within 24 hours of sampling, samples were filtered using vacuum filtration
through 0.45 pm nitrocellulose filters. Between 3 to 10 mL of the filtered sample was then used
to measure the Na* concentration of the water using an Orion Star™ A324 pH/ISE
multiparameter meter with a ROSS Sodium Sure Flow Electrode (model 8611BNWP). The
probe was calibrated before use and after every 2 hours of use using 10, 100 and 1000 ppm
standards. The electrode slope was also confirmed to be between 54 and 60 mV dec™ after each

calibration ensuring proper function of the probe.

2.2.4. Vegetation Survey

A vegetation survey of the GHG flux collars was completed on August 9", 2019. This
survey used the 60 cm by 60 cm collar as the survey area and recorded percentage cover of J.
balticus, C. aquatilis, Typha spp., forbs, shrubs, moss, litter and water. Total sedge and rush
cover including the presence of the species considered individually, was also recorded for each
collar. Since suction lysimeters were installed into peat with similar vegetation coverage to

collars, these vegetation surveys are representative of vegetation cover over suction lysimeters.
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2.2.5. Sulphate (SO4%*) Concentration

Due to the effect of SO4> on redox and DOC solubility shown in other peatlands (Clark
et al. 2005; Fenner et al. 2011), SO4> concentrations was also determined for consideration in
models. Samples for SO4>* concentration were measured in the field to minimize oxidation of
sulfide gas, that could contribute to measured SO%. This required SO4> sampling and DOC
sampling to occur on separate days, due to time constraints and retrieving sufficient volume for
analysis. SO4> samples were collected six times throughout the summer from 30 cm suction
lysimeters on June 11", 215t and 28", July 9" and 23" and August 7. Immediately after sample
collection 0.25 mL of sample was pipetted into a sample cell and mixed with one Hach SulfaVer
4 powder pillow, stoppered and allowed to react for 5 minutes. After 5 minutes, 9.75 mL of
Ultrapure deionized (UPDI) water was pipetted into the sample cell to bring the volume to the 10
mL needed for measurement. During reaction, a blank was prepared where 0.25 mL of sample
and 9.75 mL of UPDI were pipetted into an additional sample cell and stoppered. This led to a 40
times sample dilution of the blank and sample which was required to ensure that SO4>
concentration remained below the 70 mg/L detection maximum. The blank and sample were then
run on a Hach DR2800 spectrophotometer using method 680, where the output concentration
was multiplied by 40 to obtain the sample concentration. Given the temporal difference between

S0O4? and DOC sample results, values were averaged over the summer within a plot for analysis.

2.2.6. DOC Concentration and Quality
Samples were analyzed for DOC concentration with a Shimadzou TOC analyzer using the
Non-Purgeable Organic Carbon method at the University of Calgary. Though this analyzer
measures total organic carbon, since the samples were filtered prior to analysis this represents the

dissolved fraction of organic carbon. Samples were also analyzed for absorbance using a Thermo
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Scientific™ GENESYS™ 10S UV-Vis Spectrophotometer at 250, 254, 365, 400, 465 and 665
nm wavelengths. Using absorbance data, SUVA2s4, E2/E3 and E4/E6 were calculated using the

equations below:

Absorbance at 254 nm (cm™1)

SUVAzs4 = [DOC] (mg L 1)

X 100(cmm™1)

E?2 B Absorbance at 250 nm
E3  Absorbance at 365 nm

E4 B Absorbance at 465 nm
E6  Absorbance at 665 nm

These measures were selected as they are useful measures for indicating lability of carbon
and are often used for DOC quality comparisons (Peacock et al. 2014). While E4/E6 was initially
considered in analysis, due to the low absorbance of samples at 665 nm (0.004+0.004 cm™) the
ratio is extremely sensitive to small changes in absorbance at 665 nm. Where in previous studies
using E4/EG, larger variation in absorbance at 665 nm (~0.1 cm™) led to observed lower E4/E6
ratios (Grayson and Holden 2012; Peacock et al. 2014), in this study variation in E4/E6 was
largely due to smaller changes in absorbance at 665 nm. Due to the debate on the usefulness of
applying this metric in freshwater systems (O’Driscoll et al. 2006; Peacock et al. 2014) and the
sensitivity and uncertainty of using this metric with low absorbance, it was excluded from
cumulative analyzes. E4/E6 values are reported in this study for completeness, with E4/E6 linear

mixed effects models included in the Appendix for reference (Table A 4).

2.2.7. Data Analysis
Data were analyzed using R (R Core Team 2019) and R studio (RStudio team 2016). The

Ime function from the nlme package (Pinheiro et al. 2018) was used to create linear mixed effect
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models explaining variation in DOC concentration, SUVA2s4, E2/E3 and E4/E6. Models were
created separately for 10 and 30 cm depth as the processes contributing to DOC variability at
these depths were expected to differ. Vegetation type, Na* concentration, WL and Tayg and all
two-way interactions were considered in linear mixed effects (LME) models and models were
blocked by plot to account for repeated measures. Stepwise GLM selection was used to select
models with the lowest Akaike information criterion (AIC). EC data was not included in these
LME models as Na* and EC are correlated with Na* being a contributor to EC. A separate LME
model revealed that EC was a significant predictor of Na* concentration (LME, F1365=328.28,
p<0.001), but that the correlation was moderate between these variables with an R? of 0.46.
Thus, EC was considered in separate LME models with EC as a fixed effect and vegetation type
and plot as nested random effects once interactions between EC and vegetation type were
confirmed to be non-significant. Since percent sedge and rush cover and SO4>* concentration
were not available with the same temporal resolution as DOC data, they were compared as
averages by plot in additional LME models. For comparison of percent sedge and rush cover,
DOC concentration, SUVAss and E2/E3 averaged from August 1% and August 14™ were used as
over this period sedge and rush cover was fairly stable at the surveyed value. All LME models
were visually assessed for normality and homogeneity of variance using residuals and were log
transformed to meet test assumptions when necessary (DOC concentration and EC were log
transformed for models where they were the response variable). LME models were tested for
significance using a type 111 ANOVA to account for unequal sample sizes due to missing data
and significance was determined at p<0.05. The ghlt function with method ‘Tukey’ from the
multcomp package (Bretz et al. 2020) and the emtrends function from the emmeans package

(Lenth et al. 2018) were used to evaluate which vegetation types were significantly different and
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to compare slopes between categories when interactions were significant, respectively. R?for
models was determined using the r.squaredGLMM function from package MuMIn (Barton 2019)

and for fixed effects using the r2beta function from package r2glmm (Jaeger 2017).

To consider the dominant environmental influences on DOC concentration, SUVA2s4 and
E2/E3, redundancy analyses (RDA) were performed on data averaged over the summer by plot
for 10 and 30 cm using the vegan package (Oksanen et al. 2019). Environmental parameters
considered were Na* concentration, WL, Tavg, percent sedge and rush cover, SO4> concentration
and vegetation type. Prior to the RDA all variables were standardized using the scale function.
The final model was selected using the ordistep function with forward selection. For a parameter
to enter the model, a p-value below 0.05 was needed, whereas a p-value above 0.10 allowed the

parameter to be removed from the model.

2.3 Results
2.3.1 Environmental Conditions

While most vegetation types had similar percent sedge and rush cover at peak season, T
plots had lower cover than all vegetation types but J (LME, Fs20=4.27, p=0.01). C. aquatilis
grows with higher biomass density than J. balticus and Typha spp. allowing for a higher percent
cover. There were significant differences in WL between vegetation types (LME, F4,20=6.60,
p=0.001), with T plots having a higher water table relative to the peat surface than C, J and M,
and J plots having a lower water table than CS and T (Table 2-1). Average plot temperature also
differed between vegetation types at both 10 and 30 cm (LME, F420=7.09, p=0.001; LME,
F420=7.60, p<0.001; respectively). At 10 cm, C plots had a lower Tayg than CS and J, with CS
having a higher Tayg than all plots other than J (Table 2-1). At 30 cm CS and J plots had a higher

Tavg than C and T plots (Table 2-1). Generally, CS and J plots had higher soil temperature than
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other plots. SO4> concentration was only measured at 30 cm and was similar between most plot
types, with the exception of J plots, which had significantly higher concentration than other

vegetation types (Table 2-1). Neither EC nor Na* were significantly different among vegetation
types at both 10 cm (LME, F4,20=1.30, p=0.305; LME, F420=0.19, p=0.940; respectively) and 30

cm (LME, F420=2.28, p=0.096; LME, F420=0.87, p=0.499; respectively).
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Table 2-1 Mean (standard deviation) of environmental parameters at 10 cm and 30 cm depth for vegetation type categories over the
summer of 2019 at the Constructed Fen. The letters representing vegetation types are: C- C. aquatilis, CS- C. aquatilis early
senescence in 2018, J- J. balticus, M- mixed C. aquatilis and J. balticus, T- Typha spp. Significance letters are indicated in superscript
and indicate differences between vegetation type categories within an environmental parameter and within depths. Vegetation types
sharing a letter indicates that there is no significant difference.

EC (uS cm™) Na* (mg L™?) Tavg (°C) SO4Z'l(mg L WL (cm)
10 cm 30 cm 10 cm 30 cm 10 cm 30cm 30 cm :
C 3379 (1040)* 2982 (851)? 240 (52)* 183 (42)? 13.8(3.6)* 10.6 (4.5)* 1525 (610)*  -5.63 (6.66)*
CS 3543 (661)? 3085 (529)? 258 (97)? 219 (98)? 16.9 (2.3)° 14.4 (25" 1372(382)*  -1.91 (5.01)*
J 4262 (1124) 4329 (767)° 290 (150) 270 (122>  16.2(2.8)* 13.9(3.1)> 2168 (565)°  -15.26 (12.59)"
M 4203 (801)? 3163 (875)? 279 (92)? 175 (56)° 145 (3.5 12.3(4.2)» 1487 (590)2  -7.82 (7.63)%
T 3554 (641)? 2912 (538)? 282 (97)? 212 (69  13.6 (3.7)* 10 (4.5)° 1600 (746)°  7.97 (10.12)°
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While Na* and EC were not significantly different between vegetation types, they did
exhibit depth dependency with 10 cm having higher EC and Na* than 30 cm (LME,
F1369=106.16, p<0.001; LME, F1,359=198.23, p<0.001; respectively). Na* at 10 cm was higher
under all vegetation types, while EC did not significantly differ between depths under J plots.
Average temperature was also shown to be depth dependent with 10 cm having higher

temperature than 30 cm under all vegetation types (LME, F1,342=58.10, p<0.001).

2.3.2 DOC Concentration and Quality

DOC concentration, SUVA2s4 and E2/E3 were all found to vary over the summer of 2019
with 10 cm and 30 cm values varying similarly (Fig 2-2). The largest difference in DOC between
10 and 30 cm was on May 30" with 10 cm DOC having a higher concentration, lower
aromaticity and higher molecular weight. DOC concentrations remained higher at 10 cm for the
remainder of the summer, but quality parameters were comparable between 10 cm and 30 cm
from June to August. DOC concentration increased over the summer with a steep increase in
concentration between July 2" and 17, coinciding with a period of low precipitation (Fig 2-2)
during peak growing season. Between July 2" and July 17" there was also a steep decrease in
SUVA:s4, but no significant change in the E2/E3 temporal trend was observed over this period
(Fig 2-2). SUVA:zs4 generally increased over the summer, while E2/E3 decreased throughout the

summer. Overall, while DOC concentration increased over the summer, lability decreased.
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Fig 2-2 Average DOC concentration, SUVA2s4 and E2/E3 and their confidence intervals of
standard error for each DOC sampling event at the Constructed Fen in 2019. Cumulative daily
precipitation is shown above.
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Post hoc Tukey HSD tests revealed which vegetation types differed in DOC
concentration, SUVA2s4, E2/E3 and E4/E6. Vegetation type was not a significant control on
DOC concentration and SUV A5 at 10 cm, but was a significant control on E2/E3 and E4/E6
(Table 2-2; Table 2-3; Table 2-4; Table A 4). Specifically, only T had higher E2/E3 than C at
10 cm (p=0.040) and M had higher E4/E6 than T (Fig 2-3). At 30 cm there was significant
variability in all DOC parameters with vegetation types. DOC concentration was higher under M
than CS (p<0.001) and SUVA2s4 was higher at C than at CS (p=0.018). E2/E3 again showed
more overall variability than other DOC measures with J having higher E2/E3 than C and M, and

M also having significantly lower E2/E3 than CS (Fig 2-3).
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Fig 2-3 DOC, SUVA2s4, E2/E3 and E4/E6 under the different vegetation types of the
Constructed Fen 2019. Pairwise comparison significance letters are shown above plots with ‘ab’
used for 10 cm and ‘xyz’ used for 30 cm. The letters representing vegetation types are: C- C.
aquatilis, CS- C. aquatilis early senescence in 2018, J- J. balticus, M- mixed C. aquatilis and J.
balticus, T- Typha spp. Vegetation types sharing a letter indicates no significant difference.
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DOC concentration differed significantly with depth, with higher concentrations at 10 cm
than 30 cm (LME, F1,372=275.01, p<0.001). This relationship was significant under all vegetation
types. Differences in SUVA2s4 with depth were only significant under certain vegetation types.
Specifically, CS and M had higher SUVA2s4 at 30 cm (LME, F1,74=13.86, p<0.001; LME,
F1,67=4.65, p=0.035; respectively), where J had higher SUVA2s4 at 10 cm (LME, F1,73=5.59,
p=0.021) and SUVA2s4 did not vary significantly with depth at C and T (LME, F1,73=0.73,
p=0.394; LME, F174=0.01, p=0.904; respectively). The relationship between depth and E2/E3
also differed with vegetation type, where C and J had higher E2/E3 at 30 cm (LME, F1,73=31.55,
p<0.001; LME, F173=48.86, p<0.001; respectively), M had lower E2/E3 at 30 cm (LME,
F1,67=15.08, p<0.001) and CS and T were not significantly different between depths (LME,
F1724=0.001, p=0.973; LME, F174=0.28, p=0.600; respectively). E4/E6 again had little variability
with no significant differences between depths (LME, F1365=1.26, p=0.263). Thus, DOC quality
differences between depths were dependent on vegetation cover type but were not consistent

between measures.

2.3.3 Controls on DOC Concentration and Quality

The results of LME models for DOC concentration, SUVA2s4 and E2/E3 are shown in
Table 2-2, Table 2-3 and Table 2-4, respectively. Na* significantly explained variation in DOC
concentration and quality at 30 cm, but only variation in SUVAzs4 at 10 cm (Table 2-2; Table
2-3; Table 2-4; Fig 2-4). The relationship of SUVA2s4 and E2/E3 with Na™ was dependent on
vegetation type (Table 2-2; Table 2-3). While most vegetation types showed negative SUVAzs4
and Na* relationships, CS had a positive slope despite this slope not significantly differing from
other vegetation type slopes. Despite the overall positive trend of E2/E3 with Na*, this

relationship was driven by the positive slopes of M and C plots, as CS, Jand T had negative
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slopes that significantly differed from the positive slopes. At 30 cm depth in the Constructed

Fen, elevated salinity plots tended to have higher DOC concentrations and DOC was

characterized by lower aromaticity and lower molecular weight.

Table 2-2 Results of linear mixed effect model for environmental parameters correlated to DOC
concentration at 10 and 30 cm in the Constructed Fen over the summer of 2019. DOC
concentration was log transformed to achieve normality. Only significant parameters and
parameters with a significant interaction are shown.

Model Effect F p R%m RZ
log([DOC]) 10 cm Na* F1,135=0.24 0.625 0.50 0.67
WL F1,135=5.46 0.021
Na" x WL F1135=5.50 0.020
Intercept F1135=105.61 <0.001
log([DOC]) 30 cm Vegetation Type F4.20=4.03 0.015 0.41 0.84
Na* F1,150=27.93 <0.001
Tavg F1,150=12.27 <0.001
Vegetation Type X Tayg F4,150=3.56 <0.001
Intercept F1150=493.73 <0.001

Table 2-3 Results of linear mixed effect model for environmental parameters correlated to
SUVAs4 at 10 and 30 cm in the Constructed Fen over the summer of 2019. Only significant
parameters and parameters with a significant interaction are shown.

Model Effect F p R%n  R%
SUVA25 10 cm Na* F1138=4.10 0.045 025 0.71
Tavg F1138=17.15 <0.001
Intercept F1,138=25.00 <0.001
SUVA254 30 cm Vegetation Type F420=3.17 0.036 0.32 0.56
Na* F1,146=8.57 0.004
Vegetation Type x Na* Fa146=2.79 0.028
Intercept F1,146=75.07 <0.001
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Table 2-4 Results of linear mixed effect model for environmental parameters correlated to E2/E3
at 10 and 30 cm in the Constructed Fen over the summer of 2019. Only significant parameters
and parameters with a significant interaction are shown.

Model Effect F p R’n  R%
E2/E3 10 cm Vegetation Type F4,20=2.50 0.075 0.20 0.81
WL F1,138=5.79 0.017
Tavg F1,138:O.66 0.418
Vegetation Type X Tayg Fs138=4.46 0.002
Intercept F1138=119.54 <0.001
E2/E3 30 cm Vegetation Type F4,20=4.92 0.006 047 0.74
Na* F1,150=5.03 0.026
Tavg F1150=25.59 <0.001
Vegetation Type x Na* F4150=5.49 <0.001
Intercept F1,150=83.03 <0.001
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Fig 2-4 Significant relationships between DOC concentration, SUVA2s4 and E2/E3 with Na*
concentration at the Constructed Fen over the summer of 2019. Relationships were extracted
from LME models with F statistic, p-value and the R? attributed to variation in Na* are shown.

DOC concentrations were log transformed to meet normality.

Though EC and Na* are closely related, they did exhibit differences in their relationships
with DOC quantity and quality. DOC concentration was weakly and positively correlated with
EC at both 10 and 30 cm (LME, F1,169=39.73, p<0.001; LME, F1,174=42.35, p<0.001). Where
SUVAs4 was negatively correlated to EC at 30 cm (LME, F1,174=5.92, p=0.016), E2/E3 was

positively correlated with EC at 10 cm (LME, F1,163=6.25, p=0.013). Despite the differences in
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significance between Na* and EC, both show overall trends of increases in DOC quantity and

quality with increasing salinity.

WL was weakly and negatively correlated to both DOC concentration and E2/E3 at 10
cm (Table 2-2; Table 2-4). With WL typically varying between 5 and 10 cm below surface
(Table 2-1), 10 cm samples were subject to periods above and below the water table. DOC
concentration was weakly and positively correlated to Tavg at 30 cm under all vegetation types
(Table 2-2), with a post hoc Tukey HSD test revealing that CS had a significantly steeper slope
than C, M and T. E2/E3 was weakly and negatively correlated to Tayg at 30 cm (Table 2-4). At
10 cm, SUVA2s4 was weakly and positively correlated with Tavg (Table 2-3), while E2/E3’s
relationship with Tavg Was dependent on the vegetation type with C and J having positive slopes
and CS, M and T having negative slopes. The overall E2/E3 correlation with Tag at 10 cm was

not significant.

Plots with high SO4> had high DOC lability, with SUVAzs4 being negatively and E2/E3
being positively correlated to SO4* concentration (LME, F119=14.36, p=0.001; LME,
F1.10=18.12, p<0.001; respectively). However, there was no significant correlation between SO4*
and DOC concentration (LME, F1,19=2.93, p=0.103). Percent sedge and rush cover did not
significantly correlate with any DOC parameters at 10 cm, though DOC concentration at 30 cm
positively correlated with percent cover (LME, F110=7.54, p=0.012). Correlations were largely
weak suggesting a variety of factors influenced DOC quantity and quality at the Constructed

Fen.

DOC concentration was moderately explained by the fixed effects of the LME models at
both 10 and 30 cm (Table 2-2). DOC aromaticity and molecular weight, while moderately

explained by environmental variables at 30 cm depth, were only weakly explained by models at
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10 cm (Table 2-3; Table 2-4). DOC concentration showed the highest spatial variability at 30
cm, with 43% of variability in concentration explained by plot location, compared to 17% at 10
cm. In contrast, SUVA2s4 and E2/E3 showed the greatest spatial variability at 10 cm with 46% vs
24% and 61% vs 27% of variability being explained at 10 cm vs 30 cm for SUVA2s4 and E2/E3,
respectively. While DOC concentration is explained more by measured variables at 10 cm and

spatial variability at 30 cm, this relationship was reversed for DOC quality.

The effect of environmental factors on DOC quantity and quality was further evaluated
with redundancy analysis for 10 and 30 cm. At 10 cm the RDA explained 42.3% of variation
over three RDA axes (RDA, Fs,19=2.79, p=0.003), where at 30 cm 47.6% was explained over
three axes (RDA, F321=6.35, p<0.001). Temperature was correlated with RDA1 at 10 cm, with
increases in temperature correlated to lower DOC concentration and higher molecular weight
DOC (Fig 2-5). Vegetation types were correlated with different RDA axes and showed a large
degree of overlap between types (Fig 2-5). SO4* was strongly correlated with RDAL1 at 30 cm,
with higher concentrations associated with higher E2/E3 and lower SUVAzs4. Both Na*™ and
percent sedge and rush cover were moderately correlated with RDA2 at 30 cm with higher Na*
concentration and percent sedge and rush cover being associated with higher DOC concentration.
The RDAs thus support the results found from LME models, while also reflecting the relative
importance of SO4% and percent sedge and rush cover along with Na* on DOC quantity and

quality at 30 cm depth.
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Fig 2-5 RDAs for 10 (A) and 30 (B) cm investigating environmental controls (black text and
arrows) on DOC concentration, SUVAs4 and E2/E3 (red text). Plot positions on the RDA are
shown as points, with the symbol indicating vegetation type. Centroids for categorical variables
are shown in blue text with the letters following Cat indicating the vegetation type as C- C.
aquatilis, CS- C. aquatilis early senescence in 2018,, J- J. balticus, M- mixed C. aquatilis and J.
balticus, T- Typha spp. RDAs were scaled into two dimensions to account for the third RDA
axis. Na represents Na*, SO4 represents SO+ concentration and % Cover represents percent

sedge and rush cover.
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2.4 Discussion
2.4.1 Rhizodeposition Influence on DOC Quantity and Quality

Both LME models and the RDA revealed that Na* concentration was a control on DOC
concentration and quality at the Constructed Fen. This relationship in the Constructed Fen can in
part be explained by the influence of Na* on rhizodeposition. Monovalent cations like Na* can
influence DOC concentration and quality by increasing the permeability of root membranes,
leading to an increase in root exudation (Vranova et al. 2013). Root exudation releases small
molecular weight compounds, which are thought to have low aromaticity (Farrar et al. 2003,
Kane et al. 2014). Additionally, as the compounds released from plant roots are generally highly
available to the microbial community, in solution they will be decomposed to smaller and less
aromatic products, and may prime the microbial community for increased decomposition of
other sources (Jones et al. 2004; Basiliko et al. 2012). Thus, a Na*-induced increase in
rhizodeposition is supported as a mechanism for the influence of Na* on DOC quantity and
quality at 30 cm depth (Fig 2-4). The importance of rhizodeposition is further supported by the
significant positive correlation between DOC concentration and percent sedge and rush cover
(Fig 2-5B), with higher sedge and rush cover leading to more root biomass available for
rhizodeposition. The significance of vegetation type in determining DOC concentration and
quality may also support rhizodeposition as a mechanism, as distinct plant species will have
different exudation rates and compounds exuded, and have varying tolerance to salinity (Jones

1998; Bartels and Sunkar 2005; Isayenkov 2012; Proctor and He 2017).

From 2013 to 2016 DOC concentrations increased through time in the near surface (Khadka
et al. 2016; Irvine 2018); however, this study found similar DOC concentrations to those
recorded in 2016 (average ~55-60 mg/L at 30 cm in 2016; Fig 2-2). Aromaticity and molecular

weight of DOC at the Constructed Fen, however, continued the trend of increasing lability with
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average SUVA2ss decreasing from ~2.6 to 2.3 L mg™* m™ and E2/E3 increasing from ~6.5 to 8.4
from 2016 to 2019. This suggests that the mechanisms of DOC production and removal may not
have stabilized yet. Specifically, the lower SUVA2s4 and higher E2/E3 reflect continued
increases in labile carbon contributions to DOC, potentially through the impact of
rhizodeposition. E4/EG ratios largely above 5, indicating low humification of DOC, further
support the high contribution of plant-derived DOC. With vascular plant cover having become
established at the Constructed Fen (Borkenhagen and Cooper 2019), this increase in DOC
lability may reflect the continued increase in Na* concentration leading to higher
rhizodeposition, instead of increases in vascular plant cover as found in previous years at the
Constructed Fen (Khadka et al. 2016) and at other peatland restoration projects (Strack et al.
2015). With Na* concentrations continuing to rise in the Constructed Fen (Kessel et al. 2018),
increases in Na*-induced rhizodeposition may continue to contribute to interannual increases in

DOC lability.

Overall, the trend of increasing lability of DOC at the fen, as well as continued increases in
DOC concentration and lability due to Na*-induced rhizodeposition, is expected to increase the
role of DOC in the carbon budget of the Constructed Fen. Having higher concentrations of
smaller and less aromatic DOC may lead to enhanced decomposition of DOC and thus higher
gaseous carbon fluxes from the fen (Khadka et al. 2015). This labile carbon source may also
prime the microbial community allowing for enhanced microbial degradation of peat and
recalcitrant DOC (Basiliko et al. 2012) further increasing carbon loss from the Constructed Fen.
Additionally, with labile DOC being more mobile (Strack et al. 2015), increased aqueous DOC
export from the site can be expected, leading to a greater export of carbon with discharge, a loss

not currently considered at the site. With less complex DOC compounds generally forming
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organometallic complexes, mobilizing heavy metals (Steinberg 2003), increased DOC lability
may also mobilize contaminants, making them bioavailable for the microbial and vegetation
community at the fen. This presents an area for future research into the mobility of DOC-bound
contaminants. Furthermore, when reclaimed systems are hydrologically connected to the
landscape, this mobilization of contaminants may impact downstream ecosystems unless

appropriate measures are taken to reduce efflux.

2.4.2 Decomposition Influence on DOC Quantity and Quality

Though Na-induced rhizodeposition can explain the Na-DOC relationship at 30 cm and
interannual changes in DOC concentration and quality at the Constructed Fen, changes in
decomposition may also explain these relationships. Na* can decrease decomposition through
salt stress or increase decomposition due to flocculation promoting microbial attachment
(Marschner and Kalbitz 2003; Mavi et al. 2012; Chambers et al. 2014). The balance of these
processes will determine the net effect on DOC in the field. In Mavi et al. (2012), the authors
found that SUV Azs4 decreased as salinity increased, which they attributed to preservation of
labile aliphatic compounds from decomposition at high salinity. Therefore, enhanced
preservation of labile DOC under high Na* concentration may have led to the increases in DOC
concentration and decreases in SUVAzs4 and molecular weight observed at 30 cm (Fig 2-4).
Additionally, continued increases in Na* concentration interannually may contribute to
interannual decreases in molecular weight and SUV Azs4, while shifts in the balance of

flocculation and salt stress may have led to a lack of change in DOC concentration since 2016.

While the effects of Na* could explain variation in DOC concentration and quality at 30 cm
depth, this effect was not observed at 10 cm (Fig 2-4; Fig 2-5). DOC concentrations were

significantly higher at 10 cm than 30 cm, with quality generally being similar between depths.
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The higher concentrations at 10 cm can be explained by fluctuations in water table above and
below this depth occurring more frequently, likely leading to increases in DOC release upon
rewetting. In their literature review, Kalbitz et al. (2000) found substantial evidence that DOC
concentrations increased following rewetting and suggest that dissolution of built up microbial
products from reduced decomposition during dry periods and cell lysis following rewetting
contribute to this increase. Additionally, a greater presence of labile litter available for
decomposition at the surface and higher EC and temperature may contribute to the higher DOC
concentrations at 10 cm. Though these mechanisms would also coincide with more labile DOC
at 10 cm, DOC had similar lability at 10 and 30 cm depth (Fig 2-3). This may be due to
anaerobic conditions at 30 cm which preserve labile DOC (Moore and Dalva 2001) and lead to
DOC production being favoured over complete decomposition to carbon dioxide (Freeman et al.

2004; Strack et al. 2008) resulting in abundant labile DOC at both depths.

The different mechanisms explaining the labile quality of DOC at the Constructed Fen
between depths may explain why there was higher spatial variability in DOC quality at 10 cm
(Table 2-3; Table 2-4). While anoxic conditions were consistently present at most plots at 30 cm
creating uniform conditions for preservation of labile DOC, litter quality and fluctuations in
water table are plot dependent. Though some aspect of litter quality may be explained by
vegetation type, due to variation in vegetation cover through time, the current plant cover often
will not represent litter quality. This lack of connection between current vegetation type further
supports decomposition over rhizodeposition as a dominant influence at 10 cm as
rhizodeposition would directly relate to the current vegetation cover. Additionally, local drainage
conditions may have led to the high degree of spatial variability at 10 cm. Fenner et al. (2011)

found decomposition “hotspots” in a rewetted peatland where areas with low initial soil moisture
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were characterized with elevated DOC concentration and molecular weight as well as soluble
phenolics upon rewetting. These “hotspots” are produced by anaerobic decomposition producing
DOC and increasing pH, where increasing pH creates a positive—feedback, allowing for
increased DOC and phenolic solubilization (Fenner et al. 2011). pH was not measured due to the
use of suction lysimeters, so we were unable to consider it to further strengthen evidence for this

mechanism.

Temperature has generally been identified as a positive control on DOC concentration due to
stimulation of the microbial community at higher temperature (Moore and Dalva 2001; Kane et
al. 2014; Khadka et al. 2015; Dieleman et al. 2016; Irvine 2018), and this was supported at 30 cm
depth. However, at 10 cm, DOC concentration correlated negatively with temperature in the
RDA (Fig 2-5A). While this may seem to contradict the higher DOC concentrations being found
at 10 cm due to temperature, the temperature range within 10 cm depth is much narrower than
that between 10 and 30 cm (Table 2-1). Additionally, the RDA used temperature averaged by
plot over the entire season instead of changes in temperature through time. Higher temperature
increases microbial activity, and thus DOC production and removal (Marschner and Kalbitz
2003), suggesting the net effect of these processes may differ based on confounding factors.

Therefore, under a narrower temperature range, temperature effects may be harder to discern.

Decomposition may also explain the seasonal increase in DOC concentration and SUVA2s4
and decrease in E2/E3 (Fig 2-2). Though E4/E6 has been suggested as a better metric for looking
at temporal variability (Peacock et al. 2014), given the uncertainty in using this metric for this
study, it was not considered. A similar pattern of DOC concentrations generally increasing over
the summer has been previously found in peatlands (Clark et al. 2005; Koehler et al. 2009;

Strack et al. 2015; Rosset et al. 2019). While this trend may be due to evapoconcentration of
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DOC at the surface (Clark et al. 2012), the corresponding changes in DOC quality do not reflect
this mechanism. Instead, increasing concentrations of DOC over the summer may reflect the
pattern of decomposition temporally, which increases DOC concentration while preferentially
removing labile carbon and contributing to a larger proportion of recalcitrant DOC remaining in
pore water. This pattern of decomposition governing seasonal patterns in DOC has been
previously suggested and has been attributed to increases in microbially-mediated decomposition
with increasing temperature (Clark et al. 2005; Koehler et al. 2009). Under high temperatures, as
were present at the end of the summer, it has been found that DOC production outweighs

consumption leading to increases in concentration (Moore and Dalva 2001; Freeman et al. 2001).

Another area of note in the temporal DOC concentration and SUVAzs4 pattern is the large
increase in DOC concentration and decrease in SUVA2s4 between July 2" and 17", This change
coincides with a period of low precipitation (Fig 2-2), where water table dropped and thus the
upper peat was aerated. The associated increase in oxygen availability may have then stimulated
the microbial community leading to an increase in decomposition and greater production of DOC
(Hribljan et al. 2014). Strack et al. (2019b) also found increased DOC concentration and
decreased aromaticity with lower water tables in natural and experimentally drained peatlands in
Alberta and attributed this to increased decomposition. However, this mechanism is not
supported by the results of the LME, where shallow water table coincided with lower
concentrations of generally large DOC molecules compared to deeper water tables. Furthermore,
while this relationship was observed at both 10 and 30 cm depth, 30 cm samples were still well
below the water table at most plots during this time, so while plants may supply some oxygen at
30 cm, substantial oxidation at this depth was unlikely. With many conflicting studies on the

influence of water table on plot scale DOC dynamics and further debate on the mechanism
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(Clark et al. 2005, 2012; Fenner et al. 2011; Strack et al. 2015; Khadka et al. 2015; Dieleman et

al. 2016; Davidson et al. 2019), this presents an area for further research.

Though DOC is becoming more labile interannually, the seasonal impacts of decomposition
may create conditions where DOC is least labile when DOC export is highest. Specifically,
decomposition leads to more recalcitrant DOC in the late summer when there is higher
precipitation and thus DOC export is likely to be higher (Limpens et al. 2008). While the DOC
pool at the Constructed Fen is still trending towards becoming more labile through time, slightly
more recalcitrant DOC when export is highest may help contain DOC and the compounds it
complexes within the fen. However, with DOC concentrations also being highest at the end of
the summer the net effect may still lead to higher export of carbon. As climate change is
expected to increase temperature and lead to drier and longer summers in the AOSR (Welham
and Seely 2012) and water table and temperature were identified as controls on decomposition at

10 cm, the role of decomposition in the fen may evolve through time.

2.4.3 Solubility Influence on DOC Quantity and Quality

S04 concentration at 30 cm was a dominant control on DOC quality in the Constructed Fen
(Fig 2-5B). Increasing SO4% concentration may increase DOC lability by operating as a terminal
electron acceptor for decomposition (Fenner et al. 2011); however, given the high concentration
of SO4? at the Constructed Fen it is unlikely to be the limiting factor in decomposition. Instead,
S0O.% is likely to influence DOC through its influence on solubility where SO, facilitates DOC
precipitation (Clark et al. 2005; Jager et al. 2009; Brouns et al. 2014) as well as decreases pH,
further decreasing DOC solubility (Clark et al. 2012). This mechanism may also explain the
temporal increases in DOC quality interannually at the Constructed Fen. Between 2017 and 2019

average SO4% concentration increased from ~1000 mg L (Osman 2018) to ~1600 mg L. As
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already stated, with larger DOC compounds being preferentially adsorbed and precipitated,
increasing SO4% concentration interannually likely contributed to the interannual increases in

DOC lability found in this study.

While this study found DOC to be more labile at higher SO4** concentrations, there was no
corresponding decrease in DOC concentration. The removal of DOC compounds from solution
by SO4+% may allow for enhanced decomposition which will reintroduce flocculated or absorbed
carbon into solution as smaller and potentially less aromatic products of decomposition. While
this effect will further increase the effect of SO4% on molecular weight and aromaticity, it will
counteract the effect on DOC concentration, potentially leading the lack of a significant effect on
concentration. Additionally, with microbial activity increasing following adsorption or
flocculation of DOC (Marschner and Kalbitz 2003), this removed DOC will contribute to
gaseous losses of carbon. Future studies should thus consider sorbed DOC and its potential for
decomposition. Furthermore, pH should be considered in future studies as it is known to be a
strong control on DOC solubility (Kalbitz et al. 2003) and thus, may explain some of the

unexplained variation in this study.

2.5 Conclusion
This study has presented results on the DOC dynamics of the rooting zone of the

Constructed Fen, representing the net impacts of rhizodeposition, decomposition and solubility.
DOC at the Constructed Fen had spectrophotometric properties indicative of low molecular
weight, low aromaticity and low humification, suggesting largely inputs from vegetation to the
DOC pool. Within season DOC dynamics appeared to be governed by decomposition, increasing
DOC concentrations while decreasing lability on a seasonal basis. However, this effect may

change with expected changes in temperature and precipitation with climate change affecting the
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role of decomposition at the Constructed Fen. Interannually, vegetation inputs to DOC through
processes like Na*-induced rhizodeposition and decreased decomposition leading to preservation
of labile plant litter may govern DOC dynamics, contributing to the continued increase in DOC
concentration between years. With Na* concentrations expected to continue to rise in the fen, this
may lead to greater export of carbon from the Constructed Fen and mobilization of contaminants,
suggesting that aqueous carbon fluxes should be monitored and accounted for when completing
the site level carbon budget for the Constructed Fen. Currently, concentrations of DOC expected
in outflow are unlikely to significantly impact downstream ecosystems; however, if DOC
production continues to rise this may change. Therefore, ecosystems constructed downstream
should be tolerant to a potential for salt and metal contamination and high DOC concentration
when peatlands are constructed into reclaimed systems. Overall, high Na" concentrations led to

higher concentrations of more labile DOC.
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Chapter 3: The Effect of Sodium Concentration on Rhizodeposition of Juncus balticus and
Carex aquatilis taken from a Constructed Fen Peatland

3.1 Introduction
Rhizodeposition refers to the root derived carbon that is lost to the soil, including that lost

from live roots, root symbionts and root turnover (Oburger and Jones 2018); it is often simplified
to reflect just the dissolved organic compounds released from roots as these are thought to have
the largest influence on the rhizosphere (Dennis et al. 2010; Hassan et al. 2019). Rhizodeposition
by plant roots can represent a large loss of carbon from plants into the rhizosphere, with root
exudate derived CO> accounting for approximately 24% of total CO2 emissions of a sedge
dominated peat (Crow and Wieder 2005). Despite being a significant carbon flux,
rhizodeposition is understudied due to the complexity of achieving representative sampling
(Vranova et al. 2013). Studies characterizing rhizodeposits in peatlands have recently been
undertaken (Koelbener et al. 2010; Proctor and He 2017; Edwards et al. 2018), but these have yet
to characterize the effects of contaminants on rhizodeposition in peatland species. Na*, as a
potential contaminant, is expected to become an increasingly important control on terrestrial
plant health and survival with increasing Na* in soils from sea level rise (Montemayor et al.
2008; Church et al. 2013; Guéné Nanchen et al. 2020), salinization of agricultural soils
(Isayenkov 2012) and construction of ecosystems with materials elevated in Na* as part of
reclamation in the AOSR (Daly et al. 2012; Rezanezhad et al. 2012a). Therefore, this study aims

to assess the influence of Na* on the rhizodeposition of peatland species.

Organic carbon can be released into the rhizosphere through the loss of root cap and border
cells, cell lysis (lysates), passive diffusion from living cells (exudates) and the active secretion of
organic compounds such as mucilage (Jones et al. 2009). Once released these compounds play a

variety of roles in the rhizosphere, signaling to plants or microorganisms, priming
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decomposition, mobilizing nutrients, minimizing stress and contributing to the DOC pool and
carbon fluxes (Nardi et al. 2000; Dakora and Phillips 2002; Jones et al. 2004; Bartels and Sunkar
2005; Basiliko et al. 2012; Hassan et al. 2019). Rhizodeposition is affected by light intensity,
temperature, nutrient deficiency and heavy metal toxicity (Neumann and Romheld 2000; Fan et
al. 2001; Vranova et al. 2013); however, the effects of Na* on rhizodeposition are not well

understood.

Na* is expected to increase rhizodeposition by increasing root membrane permeability and
allowing for higher rates of the passive release of root exudates (Vranova et al. 2013).
Production of root mucilage may also increase, as was found in a halophytic salt marsh species
in response to high Na* concentration, with mucilage potentially aiding in water transport due to
its water holding capacity (Edmond Ghanem et al. 2010). In addition, plants may actively release
lower molecular weight compounds from their roots, known as compatible solutes, under salt
stress to prevent ion uptake by altering electrochemical gradients or by immobilizing ions
(Bartels and Sunkar 2005; Touchette 2006; Munns et al. 2020). Changes in rhizodeposition from
elevated Na* can influence food security through its effect on the health of agricultural plants
(Bartels and Sunkar 2005; Munns et al. 2020) and may alter carbon fluxes of coastal and
constructed ecosystems, including peatlands, leading to changes in carbon cycling and storage

(Chambers et al. 2013; Harpenslager et al. 2015; Ardon et al. 2016).

In peatlands, where carbon storage is high, it is critical to understand carbon fluxes to
project their continued function in the carbon cycle. The contribution of rhizodeposits to carbon
cycling has recently been studied for peatlands with the characterization and quantification of
rhizodeposits for some typical peatland species and their role in peat (Trinder et al. 2008;

Koelbener et al. 2010; Proctor and He 2017; Edwards et al. 2018). These studies have revealed
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that rhizodeposits may contribute significantly to the DOC pool of peatlands, with Edwards et al.
(2018) reporting that vascular plant rhizodeposits may account for up to 5% of DOC in
peatlands. Beyond this direct contribution to DOC, rhizodeposits can also influence the carbon
cycle by priming the microbial community for decomposition (Basiliko et al. 2012). This in turn
can lead to increases in decomposition contribution to DOC, CH4 and CO- fluxes from peat
(Hopple et al. 2019). In a constructed peatland in northern Alberta, rhizodeposits have been
suggested as a significant contributor to rising DOC concentrations at this site (Khadka et al.
2016; Irvine 2018; Chapter 2), and continued increases in Na* concentration are expected to

affect long term peatland functioning (Kessel et al. 2018).

Nikanotee Fen (Constructed Fen) was constructed in northern Alberta to test peatland
reclamation techniques (Ketcheson et al. 2016). As peatlands occupied approximately 50% of the
pre-mined landscape (Vitt et al. 1996), peatland reclamation is important to return peatland
ecosystem functions such as carbon storage to the landscape (Daly et al. 2012). Tailings sand
was used in the construction of the upland section of the watershed due to its abundance in the
post-mining landscape. However, the elevated Na* concentration in tailings sand is transported to
the Constructed Fen as water flows through the watershed (Kessel et al. 2018). Na* has the
potential to influence of variety of peatland processes including the production and removal of
DOC (Kalbitz et al. 2000; Farrar et al. 2003; Vranova et al. 2013). EC, a variable related to Na*
concentration, is a significant control on DOC quantity and quality at the Constructed Fen
(Khadka et al. 2016; Irvine 2018; Chapter 2). Thus, the Constructed Fen provides an opportunity
to evaluate the effect of Na* on peatland plant rhizodeposition in a system expected to be largely

influenced by Na".
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Previous studies have generally focused on characterizing the low molecular weight
(LMW) root exudate component of rhizodeposition (Trinder et al. 2008; Proctor and He 2017)
and have not focused on high molecular weight (HMW) compounds. LMW compounds typically
considered are organic acids, amino acids and simple sugars, which generally have a molecular
weight below 1000 Da (Oburger and Jones 2018). However, there is no apparent basis for only
considering LMW root exudates in these studies, as HMW compounds (>1000 Da) and lysates
can also serve important functions in the rhizosphere (Dennis et al. 2010) and are contributors to
DOC. For Eriophorum vaginatum, a peatland sedge commonly known as cottongrass, between
77 to 94% of rhizodeposits were higher molecular weight than the amino acids, simple sugars
and organic acids typically studied, depending on the month when rhizodeposits were measured
(Edwards et al. 2018). However, there is still debate on whether LMW or HMW compounds
typically dominate rhizodeposition in most species (Walker et al. 2003; Bais et al. 2006; Oburger
et al. 2013). As the effect of Na* on rhizodeposition has, to our knowledge, not been tested

before this study, characterization of its effect on LMW and HMW compounds is necessary.

Therefore, the aim of this study was to use hydroponics to characterize the dissolved
rhizodeposits of the dominant plant species extracted from the Constructed Fen. Specifically, the
objective is to quantify and characterize the rhizodeposits of C. aquatilis and J. balticus, two
vascular plant species dominant in the Constructed Fen, under different sodium sulphate
(Na2SOg4) concentrations. Na2SOs was selected over sodium chloride due to relative importance
of SO4> compared to chloride in the Constructed Fen (Kessel et al. 2018) and the importance of
S04 in DOC dynamics, especially in coastal peatlands (Clark et al. 2012; Gosch et al. 2019;
Chapter 2). While Na* is thought to increase the rhizodeposition of LMW compounds into the

rhizosphere through increased root permeability, leading to an expected increase in LMW
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relative to HMW compounds entering pore water, this has yet to be confirmed. This study will
not only help determine the role of rhizodeposition as a contributor to DOC at the Constructed

Fen but will also provide baseline information on how Na* affects rhizodeposition.

3.2 Methods
3.2.1 Study Site

Cores were collected from the Constructed Fen, 40 km north of Fort McMurray
(56°55.944°N 111°25.035’W). This site was constructed to evaluate the effectiveness of peatland
reclamation in a post-oil sands mine site. The fen was constructed with 2 m of peat underlain by
0.5 m petroleum coke layer and covers 2.9 ha of the 32.1 ha constructed watershed (Ketcheson
and Price 2016). Site construction was finished in January 2013, and the site was planted with
moss layer transfer and vascular planting dominated by J. balticus and C. aquatilis by July 2013
using a split plot design (Borkenhagen and Cooper 2019). At the time of core collection in June
2019, the fen’s vegetation cover was very different from the original planted distribution, with C.
aquatilis dominating most of the fen area and Typha spp. and J. balticus being present to a lesser
extent. Cores were collected at two representative locations for C. aquatilis and J. balticus from
plots originally planted with C. aquatilis and J. balticus, respectively, so the root network of both

species would be approximately the same age.

3.2.2 Core Collection

A total of sixteen 6-inch (~15 cm) diameter by 45 cm length peat cores were collected
from the south east corner of the Constructed Fen on June 6, 2019. Eight J. balticus and eight C.
aquatilis cores were collected from the southeast corner of the fen where frost table was first
recorded below 45 cm and where a low water table facilitated the collection of intact cores. As

both species are clonal, core collection would have severed rhizome networks leading to the
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collection of rhizome sections over plant individuals. Cores were collected by hammering 45 cm
length 15 cm diameter PVC pipe into the peat until the ground surface was even with the top of
the PVC pipe. The core extraction process may have led to some compression of the cores,
leading to some variability in the depth of root collection and damage to roots. However, as
many plant roots did not extend the full 45 cm, plants roots continued to grow prior to treatment
and root biomass was accounted for in analysis, the compression consequences from core
collection were expected to have a minor effect on rhizodeposition. A hole directly next to the
core was then dug to provide space to remove the core from the ground. A flat spade was used to
separate the bottom of the core from the peat and help lift the core to the surface. Cores from
each vegetation type were taken adjacent to one another, so the hole created by the previous core
could be used to remove the next, thus minimizing disturbance to the fen. Once removed, plant
shoots were left unbroken and collected on the top of the core. Then, the cores were wrapped in

plastic wrap and sealed with tape for their protection.

Cores were shipped to the University of Waterloo in mid-June where the plastic wrap was
removed, then mesh screen was applied to the bottom of each core. Cores were placed in sets of
four from the same vegetative cover into large plastic bins, where the water table was maintained
at 40 cm above the bottom of the core with distilled water (DI) ponded in the tub. The intent was
to establish a water table 5 cm below the surface, but due to the compression of some of the C.
aquatilis cores, the water table was between 2 and 5 cm below the surface. All plants survived
removal and shipping and both roots and shoots continued to grow once at the University of
Waterloo greenhouse. Plants were grown from the date of their arrival in Waterloo in mid-June

until early September 2019 (Fig 3-1A).
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Fig 3-1 Setup for rhizodeposition experiment of Carex aquatilis and Juncus balticus. A- Core
setup in the greenhouse with plant cores grown in DI water. B- Removal of rhizome sections
plants from cores. C- Plants grown hydroponically under different Na* concentrations. D- J.
balticus growing hydroponically in 0 ppm Na* treatment.

3.2.3 Plant Removal

On September 10 — 12, 2019 rhizome sections were removed from peat cores. As both
species grow clonally, rhizome sections could include multiple shoot growths. Cores were first
removed from the PVC pipe by pushing the cores from the shoot end out through the bottom.
The core was then delicately rinsed with DI water to separate the roots from the peat starting
with the bottom of the core and moving upward (Fig 3-1B). Each core required between 2 to 5
hours to isolate all the plants. Care was taken to preserve as many fine roots as possible during

plant removal, though damage to some fine roots was expected. If there was visible damage to
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large roots the plant was discarded. To compensate for the damage to fine roots caused by
removing the plants from cores, plants were grown hydroponically for three weeks before
samples were collected, to allow for plant recovery. This recovery length was selected based on
the three-week recovery used in both Koelbener et al. (2010) and Proctor and He (2017). Once
removed, rhizome sections were placed in 500 mL graduated cylinders containing 450 mL of the

assigned Na* concentration solution.

3.2.4 Experimental Design

Rhizome sections were grown in hydroponic solutions of different Na* concentrations,
forming the treatments for the study. The Na* concentrations used were 0, 200, 600 and 2000 mg
L of Na*. These solutions were made using Na2SOa4, as SO4+% is a dominant anion in the
Constructed Fen (Kessel et al. 2018). The first three concentrations were selected to represent the
range of Na* concentrations in the fen (80 to 613 mg L™; Chapter 2) and the average Na*
concentration (240 mg L*; Chapter 2). A 2000 mg L™* solution was used to test the upper limits
of Na* resiliency and as it represents a SO4> concentration of approximately 4200 mg L%, which
is near the upper limit of SO4% concentration in the fen (4960 mg L™!; Chapter 2). The
concentrations selected, therefore, span the range of concentrations observed in the fen and allow
for projection of future exudation rates, as salt concentrations are expected to increase (Kessel et
al. 2018). In addition to the concentrations of Na,SQO4, 40 mg L* of 24-8-16 nitrogen-
phosphorus-potassium nutrient fertilizer was added to each solution. The nutrient concentrations,
beyond the addition of Na2SOa, consisted of 9.6 mg L™ nitrogen, 3.2 mg L™ phosphorus, 6.4 mg
L potassium, 1.6 mg Lt sulfur, 0.008 mg L* boron, 0.028 mg L™* copper, 0.06 mg L™ chelated
iron, 0.02 mg L* chelated manganese, 0.0002 mg L* molybdenum, 0.024 mg L™ zinc and 0.48

mg L ethylenediaminetetraacetic acid (EDTA) as the chelating agent dissolved in UPDI.
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This study used hydroponics to analyze rhizodeposition, recognizing the limitation of not
replicating natural plant growth conditions. This was done as the goal of the experiment was not
to determine the magnitude of exudation rates that would be seen in the fen, but instead to
examine the effect of Na* on rhizodeposit contribution to DOC by fen plants. Plants were
initially grown in peat, so their main root structures were developed with the mechanical
impedance of peat, a factor known to influence exudation (Vranova et al. 2013; Oburger and
Jones 2018). Furthermore, using plants from the Constructed Fen that have been subject to
increasing Na* concentrations since its construction, allows for evaluation of rhizodeposition for
species that are tolerant to current Constructed Fen Na* concentrations. Vascular plants can
gradually acclimate to salt stress, leading to some degree of tolerance (Bartels and Sunkar 2005);
using plants grown under different conditions would thus not consider the tolerance level of

plants grown at the constructed site.

Eight replicates were used for each treatment. Therefore, with two plant species, four
treatments and eight replicates, a total of 64 plants were extracted. Within each core, plants were
randomly assigned to a treatment solution. Once plants were placed in their treatment solution,
they were left to grow for three weeks with the hydroponic solution being replaced weekly (Fig
3-1C-D). At the time of solution replacement, the final volume in each cylinder was recorded
without the plant, and cylinders were triple rinsed with DI. After the third solution replacement,
plants were left to grow for three days before water and plant samples were collected. All plants
from both species had green shoots and exhibited signs of root growth until the end of the
experiment. The whole plant was placed in a paper bag and dried at 60 °C for 48 h and then
weighed for root and shoot biomass. Prior to sampling, filters and syringes were rinsed with

UPDI and a blank of filtered UPDI and DI was collected to consider any background DOC
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present. Water samples were collected directly from the graduated cylinders with plants removed
using a 60 mL syringe and were lightly shaken prior to extracting the sample to reduce solute
stratification. The sample was then filtered through 0.45 pum PES syringe filters into 50 mL
centrifuge vials. Two samples were collected from each plant using a new filter with each
sample. Samples were stored in a cooler until all samples were collected and then stored in a

fridge at 4 °C until analysis.

3.2.5 Sample Analysis

Due to algal growth in some of the solutions, only six samples from each treatment-
species combination were analyzed for rhizodeposit concentration and composition using Liquid
Chromatography Organic Carbon Detection (LC-OCD). This method is typically used to
determine the composition of organic carbon compounds in surface waters for water treatment
(Huber et al. 2011), but is used in this study to characterize the organic carbon released as
rhizodeposits. The LC-OCD system (DOC Labor Huber, Stuttgart, Germany) consists of an
autosampler, injection unit and high pressure liquid chromatography pump that injects the
sample carried by a phosphate buffer eluent into a size exclusion column (Toyopearl HW 50S,
250 mm x 20 mm, 30 um from TOSOH Bioscience), the outflow is analyzed for UV absorbance
at 254 nm, then by organic carbon and organic nitrogen detectors to determine concentration.
The size exclusion column fractionates organic carbon based on its binding strength with the
column, with larger compounds eluting from the column before smaller compounds. Plotting
detection through time produces a chromatogram which is integrated to determine the
concentration of different fractions of organic matter. Peaks of the chromatograph have been
identified as representing five groups of organic compounds, listed from shortest to longest

elution time: biopolymers (BP), humic substances (HS), building blocks (BB), LMW acids
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(LMWA) and LMW neutrals (LMWN). The fraction of organic carbon retained in the column
can be calculated by subtracting the fraction passing through the column from the bypass peak,

this fraction is known as hydrophobic organic carbon (HOC).

LC-OCD analysis of the bulk hydroponic solutions for each treatment revealed initial
DOC concentrations in the HS to BB range, the LMWN range and in HOC. The HS to BB peak
in the bulk hydroponic solutions was identified as the EDTA (C10HsN20g), which was added
with the nutrient solution as a chelating agent to aid the absorption of iron and manganese. As
EDTA is not retained by plants and is resistant to microbial degradation (Oviedo and Rodriguez
2003), this initial peak was accounted for by subtracting the contribution from the bulk
hydroponic solution from quantities in samples to obtain the rhizodeposited fraction. Two J.
balticus samples had slightly negative rhizodeposition rates (-0.02 and -0.17 pgC g_dwt™ hr?)
after this subtraction, so were assumed to be, and were replaced with, 0 ugC g_dwt? hrt. The
LMWN peak was also introduced from the fertilizer as urea (CH4N20O), one of the nitrogen
sources for plants. As the nitrogen derived from urea is taken up by plant roots it is not
conservative, thus for final publication the urea concentration of each sample will be quantified
and subtracted from the LMWN concentration to obtain the rhizodeposition of LMWN. In this
thesis, however, LMWN are excluded from analysis. The initial peak of HOC was not identified
and was thus excluded from analysis. After subtracting the initial peaks, results provided by the
LC-OCD were converted into mass of carbon of rhizodeposits released per gram of dry weight
root biomass (g_dwt) per hour to account for differences in root biomass and volumes of water in
each cylinder. As BP, HS, BB and LMWA were the only fractions considered for the rate of
rhizodeposition, total carbon rhizodeposition for this study was calculated as the sum of these

components.
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The additional sample was used to measure pH and EC. pH and EC were measured using
an Orion Star™ A325 pH/Conductivity multiparameter meter with an Orion 8107UWMMD
Ultra pH/ATC Triode and a Thermo Scientific™ Orion™ Conductivity and Temperature Probe.
Probes were calibrated for pH with pH 4, 7 and 10 standards and calibrated for EC with 1413 uS
cm™ and 12 880 uS cm standard solutions. Both EC and pH were normalized for root biomass

and solution volume for analysis.

3.2.6 Data Analysis

Data was analyzed using R (R Core Team 2019) and R studio (RStudio team 2016).
Significant differences between change in pH, change in EC, total rhizodeposition,
rhizodeposition of DOC fractions, and the proportional rhizodeposition of DOC fractions
between species and Na* concentrations was done using two-factor ANOVAs on linear models
in R. Additional models evaluating controls on rhizodeposition rate were developed adding shoot
to root ratio (calculated through biomass) or pH as additional fixed effects to evaluate the
variability in rhizodeposition introduced by these variables. Na* concentration was considered as
both numeric and categorical and results were similar between models. Models considering Na*
concentration as numeric are presented. Due to missing data in the carbon to nitrogen ratios
(C:N) of BP and HS, and the average molecular weight of humic substances a type 11l ANOVA
was performed on linear models for these response variables to account for unequal sample sizes.
Statistical significance was determined when p<0.05. The R? of linear models was determined
using the r.squaredGLMM function from package MuMIn (Barton 2019). All models were
visually assessed for normality and homogeneity of variance with BP, HS and BB for both

rhizodeposition rates and proportion, total rhizodeposition and HS C:N log transformed to meet
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the ANOVA assumptions. To account for rhizodeposition rates of 0 pgC g_dwt? hr? for BB, a

value of 1 was added to rates prior to log transformation in models.

3.3 Results
3.3.1 Treatment effect on pH and EC

Plant influence on the pH and EC of their hydroponic solutions was dependent on Na*
concentration (Fig 3-2). Prior to plant addition, the pH of hydroponic solutions was 6.73, 5.90,
5.97 and 6.21, while EC was 33.29, 1030, 2898 and 8710 uS cm™, with both measurements
listed by increasing Na* concentration. While C. aquatilis tended to increase the pH of the
solution, J. balticus decreased the pH (two-factor ANOVA, F144=18.00, p<0.001). However, as
Na* concentration increased the solution pH for both species increased (two-factor ANOVA,
F144=6.69, p=0.013), with no significant difference in the rates of increase between species (two-
factor ANOVA, F144=0.017, p=0.900). At a Na* concentration of 0 mg L™, plants from both
species increased the EC of the solution, but change in EC correlated linearly and negatively
with Na* concentration (two-factor ANOVA, F14=8.77, p=0.005), leading to plants decreasing

EC at 2000 mg L Na* (Fig 3-2).
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Fig 3-2 Change in EC and pH normalized to root biomass and water volume of hydroponic
solutions where Carex aquatilis (light green) and Juncus balticus (dark green) were grown for 3
days. Values are normalized to dry root biomass (g_dwt) and the volume of the solution
remaining at the end of the experiment. The dashed lines indicate no change in pH or EC.

3.3.2 Treatment effect on rhizodeposition rate
Total rhizodeposition rates ranged from 3.51 to 11.24 pugC g_dwt? hr't for C. aquatilis and
1.03 to 44.94 pgC g_dwt* hrt for J. balticus with no significant differences between species
(two-factor ANOVA, F1.44=0.53, p=0.209) or with changes in Na* concentration (two-factor
ANOVA, F144=1.07, p=0.307). While the change in total rhizodeposition rate with Na*
concentration was not significant, a general increase in total rhizodeposition rate with increasing

Na* concentration was observed (Fig 3-3). These rates do not include the contribution of LMWN
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which could increase average rhizodeposition rates by up to 29% or 51% for C. aquatilis and J.
balticus, respectively. However, these maximum increases were evaluated using the
concentration without removal of urea, so actual increases by LMWN contribution are expected
to be much lower and more similar between species. There were also no significant differences
in BP, HS, BB or LMWA rhizodeposition rates with species or Na* concentration (Table A 5).
Despite the lack of significance, the rhizodeposition rate of BP and LMWA decreased with
increasing Na* concentration while the rhizodeposition rate of HS increased, with BB

rhizodeposition also increasing with increasing Na* concentration for C. aquatilis (Fig 3-4).

Rhizodeposition rate was highly variable between rhizome sections, with J. balticus having
the highest variability between rhizome segments within a species and 600 and 2000 mg L
having the highest variability among treatments (Fig 3-4). This was reflected in the low R?
described by linear models when only species and Na* concentration were considered as fixed
effects (Table A 5). Solution pH and shoot to root ratio were able to explain some of this
variability. pH and its interactions were able to explain an additional 24% of total
rhizodeposition rate variability where shoot-to-root ratio and its interactions explained an
additional 13%. Within DOC fractions, shoot to root ratio explained more additional variability

than pH for BP and BB, where the reverse was true for HS and LMWA.
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Fig 3-3 Total Rhizodeposition rate and standard deviation for Carex aquatilis and Juncus
balticus grown hydroponically under different Na* concentrations. Average percentages of each
organic carbon fraction are shown (BP- biopolymers, HS- humic substances, BB- building
blocks and LMWA.- low molecular weight acids).
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Fig 3-4 Rhizodeposition rate of each organic carbon fraction (BP- biopolymers, HS- humic
substances, BB- building blocks and LMWA- low molecular weight acids) for Carex aquatilis
and Juncus balticus. The top right images provided a zoomed in scale for LMWA. Asterixis
above the plot indicate the rhizodeposition rate for extreme outliers.
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3.3.3 Treatment effect on rhizodeposit proportions and quality

Though there were no significant differences between species and Na* concentrations for
the rate of rhizodeposition, there were significant changes in the proportion of DOC fractions
(Fig 3-3). The proportion of rhizodeposition in each fraction was similar between species, with
the exception of BP, where C. aquatilis rhizodeposits had a higher proportion of BP than J.
balticus (two-factor ANOVA, F144=5.74, p=0.021; Fig 3-3). Na* concentration significantly
affected the proportion of BP, HS and LMWA, with the proportion of BP and LMWA
decreasing with increasing Na* concentration (two-factor ANOVA, F1.44=21.00, p<0.001; two-
factor ANOVA, F144=39.63, p<0.001; respectively), and the proportion of HS increasing with
increasing Na* concentration (two-factor ANOVA, F144=6.84, p=0.012). These changes in
proportion appeared to be largely from the increase in rhizodeposition rate of HS (Fig 3-4), with
the combination of increases in some fractions and decreases in others leading to the significance
of results. The proportion of BB did not significantly differ with Na* concentration (two-factor
ANOVA, F144=2.52, p=0.120). Despite the significance of these changes in proportion, most
variability was due to the rhizome section with Na* concentration, species and their interaction
explaining 38, 14, 6 and 46% of variability for the proportion of BP, HS, BB and LMWA,

respectively.

For HS the C:N, molecular weight and SUVAzs4 for this fraction was determined with the
C:N for BP also calculated. Rhizodeposit quality reflected in these parameters was not
significantly different between species or Na" concentrations (Table A 6). Though not
significant, HS rhizodeposits generally increased in SUVA2s4 and C:N for both species, while the

molecular weight of HS in J. balticus rhizodeposits increased as Na* concentration increased
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(Fig 3-5). C:N for BP was higher than that of HS (two-tailed t-test, t=6.88, df=58, p<0.001), but

exhibited little change under different Na* concentrations (Fig 3-5).
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Fig 3-5 SUVAs;4, average molecular weight (MW) and carbon to nitrogen ration (C:N) for
humic substances (HS) and C:N for biopolymers (BP) for rhizodeposits of Carex aquatilis (light
green) and Juncus balticus (dark green). Plants were grown hydroponically with rhizodeposits
collected 3 days after solution replacement.

3.4 Discussion
As peatlands with elevated Na* concentrations are expected to become more abundant,

due to sea level rise and reclamation (Kessel et al. 2018; Guéné Nanchen et al. 2020), the current
study provides information on the effects of Na* on rhizodeposition of two peatland species.
While currently the contribution of LMWN to rhizodeposition could not be assessed, the results
presented still provide valuable information on C. aquatilis and J. balticus rhizodeposits and

influence on rhizosphere chemistry under different Na* concentrations.
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3.4.1 Root-mediated changes to pH and EC

The plant species studied had differing effects on hydroponic solution pH at 0 mg L™
Na*, with C. aquatilis having little effect on pH while J. balticus decreased pH (Fig 3-2). Roots
are known to alter rhizosphere pH primarily though the release of OH" or H* to compensate for
the uptake of anions and cations, respectively (Hinsinger et al. 2003). This suggests that C.
aquatilis uptake had roughly equal proportions of cations and anions while J. balticus primarily
took up cations. The release of low molecular weight organic acids may also acidify the
rhizosphere, largely through root uptake of OH" to maintain charge balance (Hinsinger et al.
2003; Jones et al. 2004). While rhizodeposition of low molecular weight organic acids was low
(Fig 3-3) other rhizodeposit fractions may be charged or have acidic functional groups and thus

their export may have contributed to the shifts in solution pH observed.

Na* concentration affected root-mediated changes in solution pH with both species
having an increase in solution pH as Na* concentration increased (Fig 3-2). Na* and SO4% do not
behave as buffers, due to the strength of the conjugate base and acid, respectively. Therefore,
changes in pH will not be buffered differently based on the Na* treatment. One strategy by which
plants prevent Na* from accumulating to toxic levels is to actively transport Na* out of root cells
using Na*/H* antiporters (Bartels and Sunkar 2005; Isayenkov 2012; Munns et al. 2020). In
actively exporting Na* from cells these antiporters must uptake H*, thus increasing the pH of
solution outside of the cell. The increase in solution pH as Na* concentration increases could
thus be explained by the action of Na*/H" antiporters and indicates that their activity can change
to account for different levels of Na* uptake over the concentration range of this study. However,
based on the trend of decreasing change in EC as Na* concentration increases, plant mechanisms

to exclude or remove Na* do not appear sufficient to prevent accumulation of Na*. At Na*
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concentrations of 2000 mg L™, the change in EC decreased despite a similar rhizodeposition rate,
with rhizodeposits contributing to increased EC (Fig 3-2; Fig 3-3), indicating net Na* uptake by

plants. While C. aquatilis and J. balticus may be unable to prevent net uptake of Na*™ at 2000 mg
L't Na*, accumulation of Na* in vacuoles and transport of Na* within the plant may still reduce

salt stress (Isayenkov 2012).

3.4.2 C. aquatilis and J. balticus rhizodeposits

As there is no known way to measure rhizodeposits under field conditions without
introducing confounding factors, a variety of methods can be employed based on the purpose of
study (Vranova et al. 2013; Oburger and Jones 2018). It is therefore difficult to compare
rhizodeposition rates between studies. For example, for E. vaginatum Proctor and He (2017)
measured average rhizodeposition rates of 1.24 to 2.55 pg C g_dwt™* hr, depending on root
class, while Edwards et al. (2018) measured rates between 1.47 to 50.48 mg C g_dwt™* hr. This
represents a difference in measured rhizodeposition of 3 to 4 orders of magnitude for the same
species. Yet comparisons between treatments can still be made within studies, with this study
finding similar rhizodeposition rates overall and within DOC fractions between C. aquatilis and

J. balticus.

Though the fraction names provided by LC-OCD are useful for surface water, these
names may not accurately describe the fractions of carbon represented for rhizodeposits. BP and
LMWA are still appropriate to refer to plant derived compounds with BP being composed of
polysaccharides and proteins over 10 kDa and LMWA composed of LMW organic acids (Huber
et al. 2011). However, as humic substances and building blocks are the product of
decomposition, these names may be misleading for representing rhizodeposits. It is likely that

HS and BB represent plant phenolic and aromatic compounds that are the precursors to humic
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substances (Stevenson 1994; Wershaw 2004; Cesco et al. 2012), with BB being distinguished by
a lower molecular weight. HS were still relatively small in this study (644 + 102 g mol™?),
placing this fraction around the molecular weight of glycosylated flavonoids (Cesco et al. 2010;
Mierziak et al. 2014), where BB represent smaller compounds such as flavonoids. However, both

fractions are likely to represent a variety of plant-derived aromatic compounds.

Previous studies on peatland species rhizodeposits have focused on characterizing
organic acids, amino acids and sugars (Saarnio et al. 2004; Koelbener et al. 2010; Proctor and He
2017; Edwards et al. 2018). Though some of these studies placed these LMW compounds in the
context of total rhizodeposition, characterization of compounds in LC-OCD classifications of
BP, HS and BB have not been considered. This study found that for both C. aquatilis and J.
balticus, rhizodeposits primarily consist of compounds in the HS fraction, with this fraction
generally accounting for over 50% of rhizodeposited carbon (Fig 3-3). Though HS may have
been overestimated in this study due to the use of a 3-day sampling period, which may
overestimate rhizodeposition of flavonoids (Cesco et al. 2010), HS would still represent a large
fraction of rhizodeposit contribution to DOC. Biopolymers represented a larger proportion of
rhizodeposits for C. aquatilis over J. balticus, but still generally represented over 20% of
characterized rhizodeposits for both species, reflecting the importance of measuring HMW
compounds. LMWA rhizodeposition was low for both species, with LMWA accounting for
below 2% of total rhizodeposition. Given the importance of plant-derived organic acids in the
rhizosphere (Jones 1998; Jones et al. 2004) and the focus on their characterization in many
rhizodeposition studies (Vranova et al. 2013; Oburger and Jones 2018), the low concentration
and proportion of organic acids is unexpected. Similar to the effect of sampling methodology on

rhizodeposition rates, differences in sampling procedure may lead to differences in the
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proportion of rhizodeposit components. Using E. vaginatum as an example again, both Edwards
et al. (2018) and Saarnio et al. (2004) found the dominant sugars and organic acids to vary over
the growing season, with the dominance of individual compounds varying differently between
studies. For example, in July while organic acids, namely ascorbic and oxalic acid, dominated
characterized rhizodeposits in Edwards et al. (2018), in Saarnio et al. (2004) mannose was the
most abundant characterized rhizodeposit with acetic acid being the most abundant organic acid.
The specific methodology employed during this study may thus explain the low contribution of

organic acids.

3.4.3 Influence of species and Na* concentration on rhizodeposition rate and quality

Though this study found no significant differences in the rhizodeposition rate between
Na* concentrations or species for any DOC fraction, the trends may have been masked by high
interplant variability and low sample size. Total rhizodeposition increased under elevated Na*
concentrations due to an increase in HS rhizodeposits, despite the decreases in BP and LMWA
(Fig 3-3; Fig 3-4). When proportions of DOC fractions were considered, relationships were
significant due to the interacting effects of increases in rhizodeposition rates for some fractions
(HS) and decreases in other fractions (BP and LMWA) and results agreed with trends identified

in rates.

The similar responses of C. aquatilis and J. balticus to elevated Na*, as reflected by the
lack of interaction between species and Na* concentration, suggests a similar mechanism for
changes in rhizodeposition with Na* concentration. As Na* concentration increases, the
permeability of the plasma membrane increases, and this effect is largest when calcium (Ca?*) is
not present to stabilize the plasma membrane (Nedjimi and Daoud 2009; Vranova et al. 2013).

Flavanoids, a type of polyphenol, can enter the hydrophobic core of phospholipid membranes,
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reducing their fluidity and thus reducing diffusion across the cell membrane (Arora et al. 2000;
Mierziak et al. 2014). Therefore, the increase in polyphenol rhizodeposition (expressed through
HS) as Na* concentrations increased could be explained by increasing production of polyphenols
to stabilize the cell membrane. Stabilization of the cell membrane, to reduce toxic Na*
concentration, may explain the corresponding decreases in LMWA rhizodeposition as organic
acids generally passively diffuse across the plasma membrane (Jones et al. 2009). Due to the
high molecular weight of BP, however, compounds in this class must be actively released by
roots and thus would not respond directly to changes in membrane permeability. Mucilage, a
HMW rhizodeposit composed predominately of polysaccharides with proteins and
phospholipids, (Jones et al. 2009), likely contributed to measured BP. Mucilage was found to
increase in roots under higher Na* concentrations in Kosteletzkya virginica; however, the authors
suggest that Na* may facilitate mucilage gelling (Edmond Ghanem et al. 2010). This gelling
effect could lead to decreases in mucilage solubility with increased Na* concentration,
contributing to the lower proportion of BP under high Na* concentration in this study.
Alternatively, as Na* and SO4> reduce the solubility of DOC (Clark et al. 2005, 2012; Tamamura
et al. 2013; Brouns et al. 2014), which has a larger effect on HMW compounds, precipitation of
BP as Na* and SO4>" concentration increased may have led to the decreasing BP rhizodeposition
measured. While the observed decrease in BP as Na* concentrations increased likely did not
reflect a direct change in rhizodeposition rate, it still reflects a change in the rate of contribution

of rhizodeposits to solution DOC.

Shifts in the proportions of compounds rhizodeposited under different Na* concentrations
may contribute to shifts in DOC quality in the rhizosphere. Though the MW of HS increased as

Na* concentration increased (Fig 3-5), as BP have much higher MW (> 10 kDa) compared to HS
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(~650 Da), molecular weight of rhizodeposits decreased as Na* concentrations increased.
Additionally, given the aromatic character of HS (SUVAzs4 = 3.82 + 1.16 L mg™* m™) compared
to BP, which exhibit little UV absorbance, and the increase in aromaticity of HS with increasing
Na* concentration (Fig 3-5), aromaticity of rhizodeposits would be expected to increase as Na*
concentration increased. It is unclear how this relates to the overall lability of rhizodeposit DOC
as while HS are smaller than BP they are generally more recalcitrant due to their aromaticity and
higher C:N (Fig 3-5). Without considering the contribution of LMWN to rhizodeposition under
different Na" concentrations, the overall effect of Na* on rhizodeposit quality and contribution to

DOC quality cannot be determined.

3.4.4 Limitations

This study has revealed the importance of considering higher molecular weight
compounds than organic acids, amino acids and simple sugars in rhizodeposit analysis, and shifts
in the rhizodeposition of different fractions of rhizodeposits under elevated Na* concentration.
However, further research is needed to better evaluate the effects of Na* on rhizodeposition. One
limitation to this study is the lack of consideration for compounds in the LMWN range of the
LC-OCD, which would include compounds like simple sugars and amino acids. As these
compounds are generally considered to be abundant rhizodeposits (Dakora and Phillips 2002;
Walker et al. 2003), their inclusion in analysis may shift the trends of overall rhizodeposition

observed in this study.

Another finding of this study was the high variability between individual rhizome
sections in rhizodeposition, with species and Na* concentration weakly explaining
rhizodeposition rates in each fraction. Some additional variability was related to the shoot to root

ratio and solution pH. The shoot to root ratio determines the amount of carbon available to roots
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and thus, the amount available for rhizodeposition (Farrar et al. 2003), where pH effects the
solubility of rhizodeposits once they enter solution (Kalbitz et al. 2003). However, unexplained
variation was still high and adding these factors in models did not lead to Na* concentration and
species being significant in shifting rhizodeposition rates. Only when the interacting effects of
decreases in some fractions and increases in other fractions, as revealed by proportions, were
these effects significant (Fig 3-3). As roots of different classes and ages are known to have
differing rhizodeposition rates (Proctor and He 2017), some of the variability associated with
rhizome sections may be due to the composition of its root types. Future studies examining Na*
effects on rhizodeposition should include a larger sample size to better account for variability

between rhizome sections and consider biomass associated with root classes in analysis.

Though this study has provided information on rhizodeposition of the dominant plant
species at the Constructed Fen (C. aquatilis and J. balticus), the results are not directly
applicable to a field setting. Specifically, the use of hydroponics, which would shift root growth
after hydroponics had begun, and removal from peat cores leading to some root damage would
lead to differences in rhizodeposition as compared to the field (Oburger and Jones 2018).
Additionally, the exclusion of Ca?* to facilitate determination of the effect of Na* on
rhizodeposition in thus study, ignored the high concentrations of Ca?* found at the Constructed
Fen (Simhayov et al. 2017), which may significantly influence rhizodeposition (Oburger et al.
2013; Vranova et al. 2013; Oburger and Jones 2018). Therefore, studies attempting to apply
rhizodeposition results to the Constructed Fen should consider varying Ca?* concentration and

Ca?* to Na" ratios.
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3.5 Conclusion
Although total rhizodeposition of C. aquatilis and J. balticus generally increased with

increasing Na* concentration, rate did not vary significantly in this study due to the high
variability between rhizome sections in rhizodeposition. However, when considering proportions
of rhizodeposition components, the underlying changes in rhizodeposition rate led to significant
differences. Specifically, overall rhizodeposition increased with increasing Na* concentration
due to an increase in HS despite the decreases in BP and LMWA. C. aquatilis and J. balticus had
similar rhizodeposition rates of each fraction with C. aquatilis having a slightly higher rate of BP
rhizodeposition. Implications of these results should be taken with caution due to the exclusion
of LWMN from this study. Both species displayed evidence of mechanisms used to prevent Na*
accumulation, with increasing Na* concentration leading to higher pH, suggesting the activity of
Na*/H* antiporters, and a higher proportion of aromatics in rhizodeposits, potentially to reduce
membrane fluidity. Furthermore, this study has revealed the high contribution of aromatics and
biopolymers to rhizodeposition, fractions that are generally excluded from rhizodeposition
studies. While providing initial results on the effect of Na* concentration on rhizodeposition, this
study also revealed several knowledge gaps in understanding the effects of Na* on
rhizodeposition. Specifically, factors expected to influence variability in rhizodeposition between
rhizome sections and the effect of Ca?* on rhizodeposition were identified as areas for further

study.
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Chapter 4: Conclusions and Recommendations for Industry

Under the global effects of climate change, the importance of peatland carbon stores has
become increasingly relevant. It is thus useful to better understand carbon dynamics in peatlands
and what factors may affect carbon storage. Elevated Na* concentrations in peatlands constructed
in post-mined landscapes and peatlands influenced by sea level rise may lead to shifts in carbon
dynamics. Elevated Na* in the Constructed Fen provides an opportunity to study the effects of
Na* on carbon dynamics, with this study evaluating the effects of Na* on DOC specifically. As a
mobile and relatively bioavailable source of carbon in peatlands, DOC can provide insight on
peatland carbon dynamics and expected peatland effects downstream. Furthermore, the results of
this study provide insight on how constructed peatlands should be designed and monitored
during reclamation and how reclamation decisions pertaining to solute release into constructed

peatlands may affect carbon dynamics.

DOC concentrations in the Constructed Fen were high with low molecular weight,
aromaticity and humification, suggesting a plant-derived origin over peat decomposition. Na*,
S04 and percent sedge and rush cover controlled DOC quantity and quality at 30 cm below the
peat surface. Elevated Na* and SO4* led to more labile DOC, with elevated Na* and higher
percent sedge and rush cover contributing to higher DOC concentrations. Rhizodeposition,
decomposition and solubility all played a role in controlling DOC concentration and quality at
the Constructed Fen, with Na* exerting its dominant influence on rhizodeposition and
decomposition. Closer to the surface, at 10 cm depth, models explained little variability in DOC
suggesting more complex processes at this depth and identifying this region as an area for further
study. With higher DOC concentrations at 10 cm over 30 cm, DOC dynamics at the near surface

may exert a stronger influence on carbon dynamics at the Constructed Fen.
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Due to the high concentrations of DOC at the Constructed Fen and the inferred mobility of
DOC from its lability, it is recommended that industry monitor DOC outflow for consideration in
carbon budgets. DOC quality in the Constructed Fen should also continue to be monitored to
assess any changes in carbon dynamics such as shifts from plant-derived DOC to peat-derived
DOC, which would indicate changes in peatland processes and function. Additionally, with DOC
concentration and lability rising at the Constructed Fen and expected to continue as Na*
concentrations continue to rise, monitoring of metal transport is suggested. DOC is known to
bind and transport metals, which may be abundant in reclaimed systems, with labile DOC having
a higher binding affinity and mobility than recalcitrant compounds. As connectivity between
reclaimed systems will be implemented in final reclamation plans, ecosystems constructed
downstream of peatlands should be tolerant to high DOC concentrations and the potential for

elevated metal concentrations.

To facilitate better understanding of rhizodeposition at the Constructed Fen, rhizodeposition
of C. aquatilis and J. balticus under various Na* concentrations was evaluated. Although this
study was unable to consider the contribution of LMWN to rhizodeposition, it found a large
proportion of rhizodeposits from these species to be aromatic, suggesting high rhizodeposition of
polyphenolics. Furthermore, the proportion of HMW species such as proteins and
polysaccharides revealed that the contribution of these compounds to rhizodeposition is not
insignificant. While biopolymers may be relatively labile, the contribution of rhizodeposits to
lability defined by lower SUVAzs4 and higher E2/E3 may be overestimated in the Constructed
Fen, due to the abundance of biopolymers and aromatics in rhizodeposits. As Na* concentration
increased rhizodeposition of aromatics increased, while the rhizodeposition of biopolymers and

LMW organic acids decreased. This may indicate a shift to lower molecular weight and higher
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aromaticity for rhizodeposition contributions to DOC in the Constructed Fen as Na*
concentrations increase. Despite these results, without consideration for LMWN and the
concentration of Ca?*, known to stabilize root membranes, the applicability of results to the field

IS questionable.

Based on the results of this study thus far, the planting of C. aquatilis and J. balticus at the
Constructed Fen appears appropriate to limit losses of carbon from plants to DOC under elevated
Na*. Furthermore, both species exhibited signs of root growth and live shoots at the end of the
study suggesting resilience to elevated Na*. C. aquatilis and J. balticus also displayed potential
mechanisms to limit uptake of Na* to toxic levels with the effects of Na*/H* antiporters and
increases in membrane stabilizing polyphenols observed. Overall, this suggests that the planting
of these species is appropriate given the observed effects of elevated Na* on rhizodeposition
carbon loss. However, this study only considered the effects of Na* on one source of carbon loss
and thus more insight into the survival of these species under field conditions at the Constructed

Fen and on other carbon fluxes (e.g., CO2 and CHa) from plants is needed.

This study has illustrated the role of Na* in determining DOC concentration and quality at
the Constructed Fen, as well as determined Na* concentration’s effect on the rhizodeposition of
the two dominant plant species at the Constructed Fen. This work has implications for peatland
construction as a part of reclamation and for the effects of sea level rise on coastal peatlands.
Furthermore, areas for future research have been identified to better understand the effects of Na*
in peatlands and in the Constructed Fen specifically. Namely, work to better understand the
effects of Na* on DOC decomposition and solubility should be undertaken to better predict the
long-term trajectory of the Constructed Fen, with a focus on controls in the near surface. The

important contribution of aromatics to rhizodeposition also suggests that future studies should
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continue to characterize rhizodeposits other than organic acids, amino acids and simple sugars to
total rhizodeposition. Large variability in rhizome sections rhizodeposition suggests that research
should be undertaken to better evaluate the effects of Na* on rhizodeposition, employing larger

sample sizes and varying Ca?* concentration and Ca?* to Na* ratio.

72



References

Alberta Environment (2017) Reclamation criteria for wellsites and associated facilities for
peatlands

Alberta Environment and Parks (2020) Oil sands mine reclamation and disturbance tracking by
year. In: osip.alberta.ca. http://osip.alberta.ca/library/Dataset/Details/27

Alberta Government (2013) Alberta Wetland Policy. 25

Alberta Government (2007) Guideline for wetland establishment on reclaimed oil sands leases,
2nd edn.

Ardon M, Helton AM, Bernhardt ES (2016) Drought and saltwater incursion synergistically
reduce dissolved organic carbon export from coastal freshwater wetlands.
Biogeochemistry 127:411-426. doi: 10.1007/s10533-016-0189-5

Arora A, Byrem TM, Nair MG, Strasburg GM (2000) Modulation of liposomal membrane
fluidity by flavonoids and isoflavonoids. Arch Biochem Biophys 373:102-109. doi:
10.1006/abbi.1999.1525

Bais HP, Weir TL, Perry LG, et al (2006) The role of root exudates in rhizosphere interactions
with plants and other organisms. Annu Rev Plant Biol 57:233-266. doi:
10.1146/annurev.arplant.57.032905.105159

Bartels D, Sunkar R (2005) Drought and salt tolerance in plants. CRC Crit Rev Plant Sci 24:23—
58. doi: 10.1080/07352680590910410

Barton K (2019) Package ‘MuMIn’. Multi-model inference

Basiliko N, Stewart H, Roulet NT, Moore TR (2012) Do root exudates enhance peat
decomposition? Geomicrobiol J 29:374-378. doi: 10.1080/01490451.2011.568272

Borkenhagen AK, Cooper DJ (2019) Establishing vegetation on a constructed fen in a post-
mined landscape in Alberta’s oil sands region: a four-year evaluation after species
introduction. Ecol Eng 130:11-22. doi: 10.1016/j.ecoleng.2019.01.023

Bretz F, Westfall P, Heiberger RM, et al (2020) Package ‘multcomp’. Simultaneous inference in
general parametric models

Brouns K, Verhoeven JTA, Hefting MM (2014) The effects of salinization on aerobic and
anaerobic decomposition and mineralization in peat meadows: the roles of peat type and
land use. J Environ Manage 143:44-53. doi: 10.1016/j.jenvman.2014.04.009

Cesco S, Mimmo T, Tonon G, et al (2012) Plant-borne flavonoids released into the rhizosphere:
impact on soil bio-activities related to plant nutrition. A review. Biol Fertil Soils 48:123—
149. doi: 10.1007/s00374-011-0653-2

73



Cesco S, Neumann G, Tomasi N, et al (2010) Release of plant-borne flavonoids into the
rhizosphere and their role in plant nutrition. Plant Soil 329:1-25. doi: 10.1007/s11104-
009-0266-9

Chambers LG, Davis SE, Troxler T, et al (2014) Biogeochemical effects of simulated sea level
rise on carbon loss in an Everglades mangrove peat soil. Hydrobiologia 726:195-211.
doi: 10.1007/s10750-013-1764-6

Chambers LG, Osborne TZ, Reddy KR (2013) Effect of salinity-altering pulsing events on soil
organic carbon loss along an intertidal wetland gradient: a laboratory experiment.
Biogeochemistry 115:363-383. doi: 10.1007/s10533-013-9841-5

Church JA, Clark PU, Cazenave A, et al (2013) Sea level change. In: Stocker TF, Qin D, Plattner
G-K, et al. (eds) Climate change 2013: The physical science basis. Contribution of the
working group I to the fifth assessment report of the invergovernmental panel on climate
change. Cambridge University Press, Cambridge, UK, pp 1137-1216

Clark JM, Chapman PJ, Adamson JK, Lane SN (2005) Influence of drought-induced
acidification on the mobility of dissolved organic carbon in peat soils. Glob Chang Biol
11:791-809. doi: 10.1111/j.1365-2486.2005.00937.x

Clark JM, Heinemeyer A, Martin P, Bottrell SH (2012) Processes controlling DOC in pore water
during simulated drought cycles in six different UK peats. Biogeochemistry 109:253—
270. doi: 10.1007/s10533-011-9624-9

Clymo RS (1983) Peat. In: Gore AJP (ed) Mires: Swamp, Bog, Fen and Moor in Ecosystems of
the World, 4A. Elsevier, Amsterdam, pp 159-224

Crow SE, Wieder RK (2005) Sources of CO2 emission from a northern peatland: root
respiration, exudation and decomposition. Ecology 86:1825-1834. doi: 10.1890/04-1575

Dakora FD, Phillips DA (2002) Root exudates as mediators of mineral acquisition in low-
nutrient environments. Plant Soil 245:35-47. doi: 10.1023/A:1020809400075

Daly C, Price J, Rezanezhad F, et al (2012) Initiatives in oil sand reclamation: considerations for
building a fen peatland in a post-mined oil sands landscape. In: Vitt D, Bhatti J (eds)
Restoration and Reclamation of Boreal Ecosystems. Cambridge University Press, pp
179-201

Davidson SJ, EImes MC, Rogers H, et al (2019) Hydrogeologic setting overrides any influence
of wildfire on pore water dissolved organic carbon concentration and quality at a boreal
fen. Ecohydrology 12:€2141. doi: 10.1002/eco.2141

Dennis PG, Miller AJ, Hirsch PR (2010) Are root exudates more important than other sources of
rhizodeposits in structuring rhizosphere bacterial communities? FEMS Microbiol Ecol
72:313-327. doi: 10.1111/j.1574-6941.2010.00860.x

74



Dieleman CM, Lindo Z, McLaughlin JW, et al (2016) Climate change effects on peatland
decomposition and porewater dissolved organic carbon biogeochemistry.
Biogeochemistry 128:385-396. doi: 10.1007/s10533-016-0214-8

Edmond Ghanem M, Han R-M, Classen B, et al (2010) Mucilage and polysaccharides in the
halophyte plant species Kosteletzkya virginica: localization and composition in relation
to salt stress. J Plant Physiol 167:382-392. doi: 10.1016/j.jplph.2009.10.012

Edwards KR, Kastovska E, Borovec J, et al (2018) Species effects and seasonal trends on plant
efflux quantity and quality in a spruce swamp forest. Plant Soil 426:179-196. doi:
10.1007/s11104-018-3610-0

Evans CD, Renou-Wilson F, Strack M (2016) The role of waterborne carbon in the greenhouse
gas balance of drained and re-wetted peatlands. Aquat Sci 78:573-590. doi:
10.1007/s00027-015-0447-y

Fan TW-M, Lane AN, Shenker M, et al (2001) Comprehensive chemical profiling of gramineous
plant root exudates using high-resolution NMR and MS. Phytochemistry 57:209-221.
doi: 10.1016/S0031-9422(01)00007-3

Farrar J, Hawes M, Jones D, Lindow S (2003) How roots control the flux of carbon to the
rhizosphere. Ecology 84:827-837. doi: 10.1890/0012-
9658(2003)084[0827:HRCTF0]2.0.CO;2

Fenner N, Williams R, Toberman H, et al (2011) Decomposition ‘hotspots’ in a rewetted
peatland: implications for water quality and carbon cycling. Hydrobiologia 674:51-66.
doi: 10.1007/s10750-011-0733-1

Freeman C, Evans CD, Monteith DT, et al (2001) Export of organic carbon from peat soils.
Nature 412:785-785. doi: 10.1038/35090628

Freeman C, Fenner N, Ostle NJ, et al (2004) Export of dissolved organic carbon from peatlands
under elevated carbon dioxide levels. Nature 430:195-198. doi: 10.1038/nature02707

Gorham E (1991) Northern peatlands: role in the carbon cycle and probable responses to climatic
warming. Ecol Appl 1:182-195. doi: 10.2307/1941811

Gosch L, Townsend H, Kreuzburg M, et al (2019) Sulfate mobility in fen peat and its impact on
the release of solutes. Front Environ Sci 7:1-13. doi: 10.3389/fenvs.2019.00189

Grayson R, Holden J (2012) Continuous measurement of spectrophotometric absorbance in
peatland streamwater in northern England: implications for understanding fluvial carbon
fluxes. Hydrol Process 26:27-39. doi: 10.1002/hyp.8106

75



Guéné Nanchen M, D’ Amour N, Rochefort L (2020) Adaptation of restoration target with
climate change: the case of a coastal peatland. Botany 6:cjb-2020-0050. doi: 10.1139/cjb-
2020-0050

Harpenslager SF, van den Elzen E, Kox MAR, et al (2015) Rewetting former agricultural
peatlands: topsoil removal as a prerequisite to avoid strong nutrient and greenhouse gas
emissions. Ecol Eng 84:159-168. doi: 10.1016/j.ecoleng.2015.08.002

Hassan MK, Mclnroy JA, Kloepper JW (2019) The interactions of rhizodeposits with plant
growth-promoting rhizobacteria in the rhizosphere: a review. Agriculture 9:142. doi:
10.3390/agriculture9070142

Hinsinger P, Plassard C, Tang C, Jaillard B (2003) Origins of root-mediated pH changes in the
rhizosphere and their responses to environmental constraints: a review. Plant Soil
248:43-59. doi: 10.1023/A:1022371130939

Hopple AM, Pfeifer-Meister L, Zalman CA, et al (2019) Does dissolved organic matter or solid
peat fuel anaerobic respiration in peatlands? Geoderma 349:79-87. doi:
10.1016/j.geoderma.2019.04.040

Hribljan JA, Kane ES, Pypker TG, Chimner RA (2014) The effect of long-term water table
manipulations on dissolved organic carbon dynamics in a poor fen peatland. J Geophys
Res Biogeosciences 119:577-595. doi: 10.1002/2013JG002527

Huber SA, Balz A, Abert M, Pronk W (2011) Characterisation of aquatic humic and non-humic
matter with size-exclusion chromatography — organic carbon detection — organic nitrogen
detection (LC-OCD-OND). Water Res 45:879-885. doi: 10.1016/j.watres.2010.09.023

Irvine S (2018) Dissolved organic carbon production and transport in a constructed watershed in
the Athabasca Oils Sands Region, Alberta. University of Waterloo

Isayenkov S V. (2012) Physiological and molecular aspects of salt stress in plants. Cytol Genet
46:302-318. doi: 10.3103/S0095452712050040

Jaeger B (2017) Package “r2glmm”. Computes R squared for mixed (multilevel) models

Jager DF, Wilmking M, Kukkonen JVK (2009) The influence of summer seasonal extremes on
dissolved organic carbon export from a boreal peatland catchment: evidence from one dry
and one wet growing season. Sci Total Environ 407:1373-1382. doi:
10.1016/j.scitotenv.2008.10.005

Jones DL (1998) Organic acids in the rhizosphere — a critical review. Plant Soil 205:25-44

Jones DL, Hodge A, Kuzyakov Y (2004) Plant and mycorrhizal regulation of rhizodeposition.
New Phytol 163:459-480. doi: 10.1111/j.1469-8137.2004.01130.x

76



Jones DL, Nguyen C, Finlay RD (2009) Carbon flow in the rhizosphere: carbon trading at the
soil-root interface. Plant Soil 321:5-33. doi: 10.1007/s11104-009-9925-0

Kalbitz K, Popp P, Geyer W, Hanschmann G (1997) B-HCH mobilization in polluted wetland
soils as influenced by dissolved organic matter. Sci Total Environ 204:37—48. doi:
10.1016/S0048-9697(97)00164-2

Kalbitz K, Schmerwitz J, Schwesig D, Matzner E (2003) Biodegradation of soil-derived
dissolved organic matter as related to its properties. Geoderma 113:273-291. doi:
10.1016/S0016-7061(02)00365-8

Kalbitz K, Solinger S, Park J-H, et al (2000) Controls on the dynamics of dissolved organic
matter in soils: a review. Soil Sci 165:277-304. doi: 10.1097/00010694-200004000-
00001

Kalbitz K, Wennrich R (1998) Mobilization of heavy metals and arsenic in polluted wetland
soils and its dependence on dissolved organic matter. Sci Total Environ 209:27-39. doi:
10.1016/S0048-9697(97)00302-1

Kane ES, Mazzoleni LR, Kratz CJ, et al (2014) Peat porewater dissolved organic carbon
concentration and lability increase with warming: a field temperature manipulation
experiment in a poor-fen. Biogeochemistry 119:161-178. doi: 10.1007/s10533-014-9955-
4

Kessel ED, Ketcheson SJ, Price JS (2018) The distribution and migration of sodium from a
reclaimed upland to a constructed fen peatland in a post-mined oil sands landscape. Sci
Total Environ 630:1553-1564. doi: 10.1016/j.scitotenv.2018.02.253

Ketcheson SJ, Price JS (2016) Comparison of the hydrological role of two reclaimed slopes of
different ages in the Athabasca oil sands region, Alberta, Canada. Can Geotech J
53:1533-1546. doi: 10.1139/cgj-2015-0391

Ketcheson SJ, Price JS, Carey SK, et al (2016) Constructing fen peatlands in post-mining oil
sands landscapes: challenges and opportunities from a hydrological perspective. Earth-
Science Rev 161:130-139. doi: 10.1016/j.earscirev.2016.08.007

Ketcheson SJ, Price JS, Sutton O, et al (2017) The hydrological functioning of a constructed fen
wetland watershed. Sci Total Environ 603-604:593-605. doi:
10.1016/j.scitotenv.2017.06.101

Khadka B, Munir TM, Strack M (2016) Dissolved organic carbon in a constructed and natural
fens in the Athabasca oil sands region, Alberta, Canada. Sci Total Environ 557-558:579—
589. doi: 10.1016/j.scitotenv.2016.03.081

Khadka B, Munir TM, Strack M (2015) Effect of environmental factors on production and
bioavailability of dissolved organic carbon from substrates available in a constructed and

77



reference fens in the Athabasca oil sands development region. Ecol Eng 84:596—606. doi:
10.1016/j.ecoleng.2015.09.061

Kimmel K, Mander U (2010) Ecosystem services of peatlands: implications for restoration. Prog
Phys Geogr Earth Environ 34:491-514. doi: 10.1177/0309133310365595

Koehler A-K, Murphy K, Kiely G, Sottocornola M (2009) Seasonal variation of DOC
concentration and annual loss of DOC from an Atlantic blanket bog in South Western
Ireland. Biogeochemistry 95:231-242. doi: 10.1007/s10533-009-9333-9

Koelbener A, Strom L, Edwards PJ, Olde Venterink H (2010) Plant species from mesotrophic
wetlands cause relatively high methane emissions from peat soil. Plant Soil 326:147-158.
doi: 10.1007/s11104-009-9989-x

Lenth R, Singmann H, Love J, et al (2018) Package ‘emmeans’. Estimated marginal measn, aka
least-squares means. R Packag. version 1.15-15 34:216-221

Lilienfein J, Qualls RG, Uselman SM, Bridgham SD (2004) Adsorption of dissolved organic
carbon and nitrogen in soils of a weathering chronosequence. Soil Sci Soc Am J 68:292—
305. doi: 10.2136/sssaj2004.2920

Limpens J, Berendse F, Blodau C, et al (2008) Peatlands and the carbon cycle: from local
processes to global implications — a synthesis. Biogeosciences 5:1475-1491. doi:
10.5194/bg-5-1475-2008

Marschner B, Kalbitz K (2003) Controls of bioavailability and biodegradability of dissolved
organic matter in soils. Geoderma 113:211-235. doi: 10.1016/S0016-7061(02)00362-2

Mavi MS, Marschner P, Chittleborough DJ, et al (2012) Salinity and sodicity affect soil
respiration and dissolved organic matter dynamics differentially in soils varying in
texture. Soil Biol Biochem 45:8-13. doi: 10.1016/j.s0ilbio.2011.10.003

Mierziak J, Kostyn K, Kulma A (2014) Flavonoids as important molecules of plant interactions
with the environment. Molecules 19:16240-16265. doi: 10.3390/molecules191016240

Messner LE, Hribljan, JA, Borkenhagen, AK, Strack M (in prep.) Species introductions drive
vegetation changes and biomass in a reclaimed fen, Oil Sand region, Alberta, Canada.

Montemayor MB, Price JS, Rochefort L, Boudreau S (2008) Temporal variations and spatial
patterns in saline and waterlogged peat fields 1. Survival and growth of salt marsh
graminoids. Environ Exp Bot 62:333-342. doi: 10.1016/j.envexpbot.2007.10.004

Moore TR (2013) Dissolved organic carbon production and transport in Canadian peatlands. In:
Carbon Cycling in Northern Peatlands. pp 229-236

Moore TR, Dalva M (2001) Some controls on the release of dissolved organic carbon by plant
tissues and soils. Soil Sci 166:38-47. doi: 10.1097/00010694-200101000-00007

78



Moore TR, Paré D, Boutin R (2008) Production of dissolved organic carbon in Canadian forest
soils. Ecosystems 11:740—751. doi: 10.1007/s10021-008-9156-x

Munns R, Passioura JB, Colmer TD, Byrt CS (2020) Osmotic adjustment and energy limitations
to plant growth in saline soil. New Phytol 225:1091-1096. doi: 10.1111/nph.15862

Nardi S, Concheri G, Pizzeghello D, et al (2000) Soil organic matter mobilization by root
exudates. Chemosphere 41:653-658

Nedjimi B, Daoud Y (2009) Effects of calcium chloride on growth, membrane permeability and
root hydraulic conductivity in two Atriplex species grown at high (sodium chloride)
salinity. J Plant Nutr 32:1818-1830. doi: 10.1080/01904160903242342

Neumann G, Romheld V (2000) The release of root exudates as affected by the plant’s
physiological status. In: The Rhizosphere: Biochemistry and Organic Substance at the
Soil Plant Interface, 1st edn. Marcel Dekker Incorporated, pp 41-93

Nwaishi F, Petrone RM, Macrae ML, et al (2016) Above and below-ground nutrient cycling: a
criteria for assessing the biogeochemical functioning of a constructed fen. Appl Soil Ecol
98:177-194. doi: 10.1016/j.aps0il.2015.10.015

O’Driscoll NJ, Siciliano SD, Peak D, et al (2006) The influence of forestry activity on the
structure of dissolved organic matter in lakes: implications for mercury photoreactions.
Sci Total Environ 366:880-893. doi: 10.1016/j.scitotenv.2005.09.067

Oburger E, Dell‘mour M, Hann S, et al (2013) Evaluation of a novel tool for sampling root
exudates from soil-grown plants compared to conventional techniques. Environ Exp Bot
87:235-247. doi: 10.1016/j.envexpbot.2012.11.007

Oburger E, Jones DL (2018) Sampling root exudates — mission impossible? Rhizosphere 6:116—
133. doi: 10.1016/j.rhisph.2018.06.004

Oksanen J, Guillaume Blanchet F, Friendly M, et al (2019) Package ‘vegan’. Community
ecology package

Osman F (2018) Sulfur biogeochemistry in a constructed fen peatland in the Athabasca Oils
Sands Region, Alberta, Canada. University of Waterloo

Oviedo C, Rodriguez J (2003) EDTA: the chelating agent under environmental scrutiny. Quim
Nova 26:901-905. doi: 10.1590/S0100-40422003000600020

Peacock M, Evans CD, Fenner N, et al (2014) UV-visible absorbance spectroscopy as a proxy
for peatland dissolved organic carbon (DOC) quantity and quality: considerations on
wavelength and absorbance degradation. Environ Sci Process Impacts 16:1445. doi:
10.1039/c4em00108g

79



Pinheiro J, Bates D, DebRoy S, et al (2018) Package “nlme”. Linear and nonlinear mixed effects
models

Pouliot R, Rochefort L, Graf MD (2012) Impacts of oil sands process water on fen plants:
implications for plant selection in required reclamation projects. Environ Pollut 167:132—
137. doi: 10.1016/j.envpol.2012.03.050

Price JS, McLaren RG, Rudolph DL (2010) Landscape restoration after oil sands mining:
conceptual design and hydrological modelling for fen reconstruction. Int J Mining,
Reclam Environ 24:109-123. doi: 10.1080/17480930902955724

Proctor C, He Y (2017) Quantifying root extracts and exudates of sedge and shrub in relation to
root morphology. Soil Biol Biochem 114:168-180. doi: 10.1016/j.s0ilbi0.2017.07.006

R Core Team (2019) R:A Language and Environment for Statistical Computing. R Found. Stat.
Comput. 2: https://www.R-project.org

Rezanezhad F, Andersen R, Pouliot R, et al (2012a) How fen vegetation structure affects the
transport of oil sands process-affected waters. Wetlands 32:557-570. doi:
10.1007/s13157-012-0290-z

Rezanezhad F, Price JS, Craig JR (2012b) The effects of dual porosity on transport and
retardation in peat: a laboratory experiment. Can J Soil Sci 92:723-732. doi:
10.4141/cjss2011-050

Rosset T, Binet S, Antoine J, et al (2019) Drivers of seasonal and event scale DOC dynamics at
the outlet of mountainous peatlands revealed by high frequency monitoring.
Biogeosciences Preprint:1-33. doi: 10.5194/bg-2019-372

RStudio team (2016) RStudio: Integrated Development for R

Saarnio S, Wittenmayer L, Merbach W (2004) Rhizospheric exudation of Eriophorum vaginatum
L. — potential link to methanogenesis. Plant Soil 267:343-355. doi: 10.1007/s11104-
005-0140-3

Simhayov RB, Price JS, Smeaton CM, et al (2017) Solute pools in Nikanotee Fen watershed in
the Athabasca oil sands region. Environ Pollut 225:150-162. doi:
10.1016/j.envpol.2017.03.038

Simhayov RB, Weber TKD, Price JS (2018) Saturated and unsaturated salt transport in peat from
a constructed fen. SOIL 4:63-81. doi: 10.5194/s0il-4-63-2018

Steinberg C (2003) Ecology of humic substances in freshwaters: determinants from
geochemistry to ecological niches. Springer Science & Business Media

Stevenson F (1994) Humus Chemistry: Genesis, Composition, Reactions, 2nd edn. John Wiley &
Sons, New York, NY

80



Strack M, Hayne S, Lovitt J, et al (2019a) Petroleum exploration increases methane emissions
from northern peatlands. Nat Commun 10:2804. doi: 10.1038/s41467-019-10762-4

Strack M, Munir TM, Khadka B (2019b) Shrub abundance contributes to shifts in dissolved
organic carbon concentration and chemistry in a continental bog exposed to drainage and
warming. Ecohydrology 12:1-12. doi: 10.1002/ec0.2100

Strack M, Téth K, Bourbonniere R, Waddington JM (2011) Dissolved organic carbon production
and runoff quality following peatland extraction and restoration. Ecol Eng 37:1998-2008.
doi: 10.1016/j.ecoleng.2011.08.015

Strack M, Waddington JM, Bourbonniere RA, et al (2008) Effect of water table drawdown on
peatland dissolved organic carbon export and dynamics. Hydrol Process 22:3373-3385.
doi: 10.1002/hyp.6931

Strack M, Zuback Y, McCarter C, Price JS (2015) Changes in dissolved organic carbon quality
in soils and discharge 10 years after peatland restoration. J Hydrol 527:345-354. doi:
10.1016/j.jhydrol.2015.04.061

Sui H, Zhang J, Yuan Y, et al (2016) Role of binary solvent and ionic liquid in bitumen recovery
from oil sands. Can J Chem Eng 94:1191-1196. doi: 10.1002/cjce.22477

Tamamura S, Ohashi R, Nagao S, et al (2013) Molecular-size-distribution-dependent
aggregation of humic substances by Na(l), Ag(l), Ca(ll), and Eu(lll). Colloids Surfaces A
Physicochem Eng Asp 434:9-15. doi: 10.1016/j.colsurfa.2013.05.030

Thurman EM (1985) Organic Geochemistry of Natural Waters. Martinus Nijhoff/ Dr. W. Junk
Publishers, Dordrecht

Touchette BW (2006) Salt tolerance in a Juncus roemerianus brackish marsh: spatial variations
in plant water relations. J Exp Mar Bio Ecol 337:1-12. doi: 10.1016/j.jembe.2006.05.011

Trinder CJ, Artz RRE, Johnson D (2008) Contribution of plant photosynthate to soil respiration
and dissolved organic carbon in a naturally recolonising cutover peatland. Soil Biol
Biochem 40:1622-1628. doi: 10.1016/j.50ilbi0.2008.01.016

Trites M, Bayley SE (2009) Organic matter accumulation in western boreal saline wetlands: a
comparison of undisturbed and oil sands wetlands. Ecol Eng 35:1734-1742. doi:
10.1016/j.ecoleng.2009.07.011

Vitale CM, Di Guardo A (2019) A review of the predictive models estimating association of
neutral and ionizable organic chemicals with dissolved organic carbon. Sci Total Environ
666:1022-1032. doi: 10.1016/j.scitotenv.2019.02.340

81



Vitt DH (2006) Functional Characteristics and Indicators of Boreal Peatlands. In: Wieder RK,
Vitt DH (eds) Boreal Peatland Ecosystems. Springer Berlin Heidelberg, New York, NY,
pp 9-24

Vitt DH, Halsey L, Thormann M, Martin T (1996) Peatland inventory of Alberta: Phase 1:
Overview of Peatland Resources in the Natural Regions and Subregions of the Province.
University of Alberta

Vranova V, Rejsek K, Skene KR, et al (2013) Methods of collection of plant root exudates in
relation to plant metabolism and purpose: a review. J Plant Nutr Soil Sci 176:175-199.
doi: 10.1002/jpIn.201000360

Walker TS, Bais HP, Grotewold E, Vivanco JM (2003) Root Exudation and Rhizosphere
Biology. Plant Physiol 132:44-51. doi: 10.1104/pp.102.019661

Welham CVJ, Seely B (2012) Oil sands terrestrial habitat and risk modelling for disturbance and
reclamation - phase Il report. Oil Sands Research and Information Network, University of
Alberta, School of Energy and the Environment, Edmonton, Alberta

Wershaw RL (2004) Evaluation of conceptual models of natural organic matter (humus) from a
consideration of the chemical and biochemical processes of hummification. Reston,
Virginia

82



Appendix

Table A 1 Complete results of linear mixed effect model for environmental parameters
correlated to DOC concentration at 10 and 30 cm in the Constructed Fen over the summer of
2019. DOC concentration was log transformed to achieve normality.

Model Effect F P R%m RZ
log([DOC]) 10 cm Vegetation Type F420=0.23 0.920 0.50 0.67
Na* F1,135=0.24 0.625
WL F1,135=5.46 0.021
Tavg F1,135:0.01 0.934
Vegetation Type x Na* F4135=1.76 0.141
Vegetation Type x WL Fs135=1.51 0.204
Vegetation Type X Tayg F4135=2.39 0.054
Na" x WL F1135=5.50 0.020
Na* X Tavg F1135=2.66 0.105
Intercept F1135=105.61 <0.001
log([DOC]) 30 cm Vegetation Type F4.20=4.03 0.015 0.41 0.84
Na* F1,150=27.93 <0.001
WL F1,150=1.46 0.228
Tavg F1,150=12.27 <0.001
Vegetation Type X Tayg F4,150=3.56 <0.001
Intercept F1150=493.73 <0.001

Table A 2 Complete results of linear mixed effect model for environmental parameters
correlated to SUVA2s4 at 10 and 30 cm in the Constructed Fen over the summer of 2019.

Model Effect F P R%n  R%
SUVA254 10 cm Vegetation Type F4.20=0.54 0.711 0.25 0.71
Na* F1138=4.10 0.045
WL F1,138:3.l5 0.080
Tavg F1138=17.15 <0.001
Vegetation Type x Na* F4,138=0.28 0.891
WL X Tayg F1,138=2.49 0.117
Intercept F1,138=25.00 <0.001
SUVA254 30 cm Vegetation Type F420=3.17 0.036 0.32 0.56
Na* F1146=8.57 0.004
WL F1,146:2.03 0.157
Tavg F1,146=0.003 0.955
Vegetation Type x Na* Fs4146=2.79 0.028
Vegetation Type X Tayg Fa146=1.47 0.213
Intercept F1,146=75.07 <0.001
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Table A 3 Complete results of linear mixed effect model for environmental parameters
correlated to E2/E3 at 10 and 30 cm in the Constructed Fen over the summer of 2019.

Model Effect F P R R%
E2/E3 10 cm Vegetation Type F4,20=2.50 0.075 0.20 0.81
Na” F116=3.18  0.077
WL F1.136=5.79 0.017
Tavg F1,133=0.66 0.418
Vegetation Type X Tayg Fs138=4.46 0.002
Intercept F1138=119.54 <0.001
E2/E3 30 cm Vegetation Type F4,20=4.92 0.006 047 0.74
Na* F1,150=5.03 0.026
WL F1,150=2.55 0.112
Tavg F1,150=25.59 <0.001
Vegetation Type x Na* F4150=5.49 <0.001
Intercept F1150=83.03  <0.001
Table A 4 Complete results of linear mixed effect model for environmental parameters
correlated to E4/EG6 at 10 and 30 cm in the Constructed Fen over the summer of 2019.
Model Effect F P R?n  R%
E4/E6 10 cm Vegetation Type F4,20=3.07 0.040 0.27 0.35
Na* F1137=2.23 0.138
WL F1137=9.42 0.003
Tavg F1137=4.15 0.043
Vegetation Type x Na* F4137=3.34 0.012
Na* x WL F1137=8.42 0.004
Na* x Tavg F1137=1.48 0.226
Intercept F1137=1.60 0.208
E4/E6 30 cm Na* F1,152=3.68 0.057 0.24 0.31
WL F1,152:9.89 0.002
Tavg F1,152=0.27 0.602
Na* x Tavg F1150=4.17 0.043
WL X Tayg F115.=8.30 0.005
Intercept F1150=10.53  0.001
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Table A 5 Two-factor ANOVA results for the influence of Na™ concentration and plant species
on rhizodeposition of BP- biopolymers, HS- humic substances, BB- building blocks and
LMWA- low molecular weight acids. The species investigated were Carex aquatilis and Juncus
balticus at Na* concentrations of 0, 200, 600 and 2000 ppm. Parameters were log transformed to
meet normality requirements.

Model Effect Fiaa P R?

log(BP) Na* 1.95 0.169 0.12
Species 3.47 0.069
Na* x Species  1.04 0.314

log(HS) Na* 3.16 0.082 0.07
Species 0.14 0.709
Na* x Species  0.01 0.931

log(BB) Na* 3.17 0.082 0.07
Species 0.02 0.903
Na* x Species  0.13 0.720

LMWA Na* 1.79 0.188 0.05
Species 0.09 0.762
Na* x Species  0.52 0.476

log(Total Rhizodeposition) Na* 1.04 0.314 0.03
Species 0.52 0.475

Na* x Species  0.06 0.802
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Table A 6 Two-factor ANOVA results for the influence of Na* concentration and plant species
on rhizodeposit quality of BP- biopolymers and HS- humic substances. The species investigated
were Carex aquatilis and Juncus balticus at Na* concentrations of 0, 200, 600 and 2000 ppm.
N:C- nitrogen to carbon ratio, MW- molecular weight and SUV Azss- specific ultraviolet
absorbance at 254 nm were investigated. Parameters were log transformed to meet normality
requirements.

Model Effect Fiaa P R2

BP C:N Na* 0.23 0.478 0.10
Species 0.77 0.387
Na® x Species ~ 0.68 0.415

log(HS C:N) Na* 3.07 0.089 0.13
Species 0.00 0.998
Na® x Species ~ 0.21 0.651

HS MW Na* 2.93 0.094 0.13
Species 1.08 0.304
Na* x Species ~ 2.89 0.096

HS SUVA;s4 Na* 3.51 0.067 0.10
Species 1.63 0.209

Na* x Species ~ 0.01 0.904
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