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Abstract

Northern peatlands contain ~415 Pg of carbon (C) in soil organic matter and are significant
sources of dissolved organic matter (DOM) in inland waters. DOM includes a range of
molecules that are C-rich and may also contain nitrogen (N) and phosphorus (P). The escalating
disturbance of peatlands due to climate and land use change disrupts DOM and nutrient
composition, transport, and fate in inland waters. Dissolved organic C (DOC; the C component
of DOM) plays a pivotal role in the global C cycle, and an overabundance of DOC, as well as
excess N and P, can harm aquatic ecosystems and increase water treatment expenses. However,
the impact of diverse peatland disturbances on DOM and nutrient export remains uncertain, as
does the quality and bioavailability of DOM. Consequently, effectively managing peatland
resources amidst changing conditions presents an ongoing challenge. This thesis employs field
and lab investigations alongside literature synthesis to unravel the consequences of peatland

disturbance on catchment and continental-scale C and nutrient export and fate.

In my first study (Chapter 2), I examined how industrial peat extraction influenced DOC and
nutrient export and fate in western Canadian stream networks. Studying 55 nested subcatchments
(ranging from <1-180 km?), I analyzed solute concentration, DOM composition, and relative
solute attenuation. Peat disturbance increased NH4" concentration and stream turbidity, while
diminishing PO4*" sink capacity compared to intact peatlands. Although DOC concentration
correlated positively with overall peatland coverage, peatland disturbance had no significant
impact. Hydrology, specifically stream flow and flowpaths, primarily governed DOM
composition variability, showing minimal response to disturbance. An assessment of mass
balance indicated inorganic nutrient attenuation across the stream network, with DOC acting

conservatively, similar to base cations. Variable stream flow regulated solute attenuation;



dissolved inorganic N (DIN) and DOC experienced greater attenuation during low flows, while
PO.* was more attenuated during high flows. Therefore, downstream impact from disturbed

peatlands depended on flow conditions.

Chapter 3 explored peatland disturbance's effect on DOM bioavailability for stream bacteria.
Sampling three headwater peatland catchments over 12 months (intact, extracted, and burned), I
evaluated DOM composition, biodegradability of DOC, DON, and DOP, and bioavailable C:N:P
ratios. Across these catchments, DOM was primarily humic-like, with minimal bioavailability
(<1% on average). Extracted peatlands had higher bioavailable DOC, yet bioavailable DON and
DOP were rarely detected. Bioavailability of DOC and DON peaked during spring freshet,
associated with reduced DOM aromaticity. While DON and DOP remained largely inaccessible
to bacteria, inorganic N and P were abundant, particularly DIN in extracted peatlands and PO4*"
in burned peatlands. Bacterial abundance and C:N:P ratios indicated increased C-limitation due

to peatland disturbance.

Chapter 4 delved into northern peatlands' role and the impact of peatland disturbance on
continental-scale DOC export and fate. A systematic review of DOC export from northern
peatlands, coupled with a random forest model, predicted DOC concentration and yield above
45° N. The review revealed a bias toward wetter climates, overestimating northern peatland
DOC export. Key predictors of DOC concentration and yield were peatland coverage, mean
annual air temperature, and mean annual precipitation. High-latitude headwater peatland
catchments exported ~29 Tg C yr! to inland waters and 20 Tg C yr! to oceans. While peatland
drainage had minor impact on continental-scale DOC export, climate change is projected to
increase DOC export by 12%-23% by 2100. This shift stems from higher DOC concentration

and yield in present-day discontinuous permafrost regions.



This thesis underscores the impact of peatland disturbance on inorganic nutrient export in
western Canada and the global significance of northern peatlands on DOC export to inland
waters. By studying catchments in sub-boreal western Canada, my research helps advance the
fields of biogeochemistry and ecosystem ecology by linking disturbance patterns to C, N, and P
concentration and fate in nested stream networks. Chapter 4 highlights DOC concentration and
yield variation across a climatic gradient in northern peatland catchments and underscores the
need for research in cooler, drier climates, like those in sub-boreal western Canada. Further
studies on novel disturbances and catchment C, N, and P dynamics in these underrepresented
regions will help inform global biogeochemical models. This research is poised to guide water
managers and policymakers in safeguarding peatlands and freshwater resources amid ongoing

climate change and land disturbances.
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and then once more still.
The salamanders,
like tiny birds, locked into formation,
fly down into the endless mysteries

of the transforming water,
and how could anyone believe

that anything in this world
is only what it appears to be—

that anything is ever final—
that anything, in spite of its absence,

ever dies
a perfect death?

An excerpt from "What Is It?" by Mary Oliver.
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1. General Introduction

Northern peatland disturbance is increasing because of climate change and land use and land
cover change (LULCC), which could substantially increase dissolved organic matter (DOM)
export to inland waters. DOM is operationally defined as the amount of OM that passes through
a 0.45 um filter, and is produced in peatlands as the byproduct of incomplete OM decomposition
(Thurman, 1985). The abundant organic matter within peatlands, along with their effective
hydrological transport of DOM to inland waters, make them substantial sources of DOM (Rosset
et al., 2022). To illustrate, despite covering merely 3% of the land area, peatlands contain almost
25% of the global soil organic matter (Yu, 2012). In the context of northern peatlands (distinct
from tropical and southern hemisphere peatlands), which account for ~85% of global peatlands,
soil organic matter contains approximately 415 Pg C, 10 Pg N, and 0.3 Pg P (Turetsky and St.
Louis, 2006; Wang et al., 2015; Hugelius et al., 2020). Peatlands efficiently channel DOM
towards inland waters, largely due to hydrological pathways that remain within organic soil,
which do not adsorb as much DOM as mineral soils (Kaiser and Kalbitz, 2012; Kothawala et al.,
2012). This is because, by definition, peatlands have deep organic soil layers of at least 30 cm,
and average peat depth is between 1.3-2.3 m (Clymo et al., 1998; Limpens et al., 2008). The
hydraulic conductivity in peat generally decreases with depth, thus routing dominant hydrologic
flowpaths in near-surface peat (Holden, 2005). These northern peatlands have been forming
since the early Holocene and have developed under mostly stable climate conditions and
disturbance regimes (Yu et al., 2010). A growing concern is that changing peatland disturbance
regimes (i.e., spatiotemporal dynamics of disturbances over an extended time period (Turner,
2010)) will change the C and nutrient balance of inland waters and exacerbate climate change
and widespread nutrient pollution (Diaz and Rosenberg, 2008; Laine et al., 2013, 2014; Brown et
al., 2015; Beaulieu et al., 2019).

Peatland disturbances are currently widespread, and are predicted to increase, with diverse
consequences for aquatic ecosystems (see Figure 1). Climate change is a major threat to northern
peatlands because of widespread permafrost thaw and wildfire, which are expected to affect at
least half of northern peatlands (Turetsky et al., 2015; Hugelius et al., 2020). Direct human-
caused disturbances such as peatland drainage affect ~11% of global peatlands, including ~50%

of peatlands in Europe (Fluet-Chouinard et al., 2023). In some areas, human-caused peatland



disturbances have stabilized (e.g., through restoration efforts), but few peatlands are protected,
and large swaths of peatlands in northern Canada and Siberia are vulnerable to increased
disturbances from resource extraction activities (Strack et al., 2019; Harris et al., 2022; Fluet-
Chouinard et al., 2023). Altogether, these diverse disturbances endanger water supply for
approximately 71.4 million people and threaten countless species endemic to peatlands and
northern waters (Schindler, 1998; Xu et al., 2018). Specifically, peatland disturbances commonly
increase DOM and nutrient export to inland waters (Marttila et al., 2018; Nieminen et al.,
2020a), which increases the difficulty and cost of producing clean drinking water (Roulet and
Moore, 2006; Kritzberg et al., 2020). Elevated DOM (and iron) in water causes “browning”,
which makes water a dark brown color that reduces light in the water column, decreases primary
production, and endangers aquatic predators that rely on visual stimuli (Kritzberg et al., 2020).
DOM also co-precipitates with contaminants such as heavy metals and methylmercury which
bioaccumulate up the food chain (Wu et al., 2021; Thompson et al., 2023). Moreover, elevated
nutrients can lead to eutrophication (an overabundance of nutrients), which causes harmful algal
blooms and deadly hypoxic zones for aquatic life (McElarney et al., 2010; Le Moal et al., 2019).
Though elevated DOM and nutrients in aquatic ecosystems are relatively well-studied
phenomena, the contribution of peatland disturbances to the prevalence of these issues remains

uncertain.
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Figure 1. Conceptual diagram of the various impacts of peatland disturbances on surface water
quality. Here, I show a fictitious landscape where an agricultural upland (scene a) is connected to
the same stream network as different peatlands: b) an extracted and drained peatland, ¢) an intact
peatland, d) a thawing permafrost peatland, and e) a burned peatland. I hypothesize that different
peatland disturbances affect the quantity and type of dissolved organic matter and nutrients that
are exported downstream, as reflected by the stream water color for various landscapes (i.e.,
darker color indicates elevated solute load compared to lighter colors, browning suggests more
DOM export, and greening suggests more inorganic nutrient export). The inset shows that carbon
(C), nitrogen (N), and phosphorus (P) are processed during lateral transport, resulting in some C
and N loss to the atmosphere via gaseous emissions and some C, N, and P loss to sediments via
flocculation and sedimentation processes. Thus, the fate of solutes exported from disturbed
peatlands depends on their initial state and the physicochemical conditions that they encounter

downstream.

Another key consideration for peatlands is their role in the global C cycle. Peatlands are large C
pools that control major C fluxes both vertically to the atmosphere and laterally to inland waters

(Yu et al., 2010; Loisel et al., 2021; Rosset et al., 2022). Peat accumulates over centuries and



millennia as OM production exceeds decomposition. In northern peatlands, OM production is
relatively slow, but cold, wet, and acidic conditions in addition to recalcitrant litter inputs from
plants such as Sphagnum mosses contribute to even slower decomposition (Clymo et al., 1998;
Chiapusio et al., 2018; Fudyma et al., 2019). Thus, peatlands are considered to be C “savings
accounts”, slowly accumulating and storing C at a rate of ~0.14 Pg C yr’!, which offsets less than
1% of annual fossil fuel emissions (Limpens et al., 2008; Gallego-Sala et al., 2018). Though
peatlands are currently a weak C sink (Gallego-Sala et al., 2018), destabilizing these ecosystems
could result in large C losses to the atmosphere and to inland waters, where C may be degassed
to the atmosphere, buried in sediments, or transported to oceans (Turetsky et al., 2015; Drake et
al., 2018; Loisel et al., 2021; Qiu et al., 2021). However, the amount of DOM exported from
disturbed peatlands and its fate in aquatic networks is highly uncertain and is poorly integrated
into global biogeochemical models (Drake et al., 2018). Therefore, the magnitude of impact that
disturbed peatlands have on DOM export and ecosystem function beyond their boundaries

remains unclear.

1.1 DOM production and transport in pristine northern peatlands

To understand the potential impacts of peatland disturbance on DOM, we must first outline how
DOM is produced and transported in pristine northern peatlands. As stated previously, DOM is
produced as the byproduct of incomplete SOM decomposition. Peatlands have high water tables,
which affect redox conditions and the mechanisms of SOM decomposition (i.e., acrobic vs.
anaerobic) (Holden, 2005). Moreover, peatland SOM is vertically stratified, such that the top
layer contains fresh litter inputs and plant exudates, and below the first 10-20 cm the peat is
hundreds to thousands of years old and more humic-like (Chanton et al., 2008; Evans et al.,
2014; Ttaily et al., 2014). However, most DOM exported from pristine peatlands is relatively
young because incomplete aerobic decomposition in near surface peat breaks down fresh organic
matter into DOM that moves laterally and vertically through the peat column (Chanton et al.,
2008; Corbett et al., 2013; Tfaily et al., 2014). This young DOM fuels further aerobic and
anaerobic decomposition at depth, therefore even deep hydrological flowpaths can transport
DOM that is relatively young compared to the surrounding peat substrate (Chanton et al., 2008;
Corbett et al., 2013). Vascular plants and mosses also release root exudates such as easily

decomposable organic acids, sugars, and amino acids, in addition to extracellular enzymes that



further stimulate decomposition (Jones et al., 2009; Basiliko et al., 2012; Mastny et al., 2021).
Much of the DOM exported from peatlands is aromatic (Olefeldt et al., 2013), which is
associated with anaerobic decomposition that selectively preserves aromatic organic compounds

(Baldock et al., 1997; Verbeke et al., 2022).

Though C is the most common element in DOM molecules, other elements including N and P
are also important, and their biogeochemical cycles are intrinsically linked (Schlesinger et al.,
2011). For example, N and P modulate both primary production (i.e., C inputs) and organic
matter decomposition (C outputs) (Bridgham et al., 1998; Salmon et al., 2021). Most nutrients
are tied up in SOM and can be mineralized into bioavailable forms that are rapidly utilized
(Bridgham et al., 1998). The nutrient content of peat is also vertically stratified, with C:N ratios
increasing with depth whereas C:P decreases with depth (Wang et al., 2015). Most N and P
exported from peatlands to inland waters is in dissolved organic forms, and inorganic nutrient
export varies by peatland type, e.g. higher in minerotrophic fens and lower in ombrotrophic bogs
(Rydin and Jeglum, 2013). Additionally, warming and water table drawdown have both been
shown to increase inorganic N and P concentrations in porewater and inland waters (Laine et al.,

2013; Marttila et al., 2018; Nieminen et al., 2020a; Iversen et al., 2023).

DOM transport in peatlands is a function of complex hydrological processes. Peatlands have
high water tables that vary little in the first few decimeters where bulk density is low and
hydraulic conductivity is high (Holden et al., 2012; Bourgault et al., 2018). Lateral water flow in
peatlands is controlled by water table position, slope, and peat hydraulic properties, and highest
lateral flow occurs when water table 1s high because of greater hydraulic conductivity
(Waddington and Roulet, 1997). Thus, spring snowmelt and rainstorms produce the majority of
annual catchment runoff and DOM export (Clark et al., 2007; Agren et al., 2008). Lateral flow
paths in near-surface peat also enhances DOM export because mineral soils preferentially adsorb
aromatic DOM and substantially reduce DOM concentration in receiving waterbodies (Meier et
al., 2004; Kothawala et al., 2012). But in peatlands, dominant water flow paths in near-surface
peat reduces DOM contact with adsorbent mineral particles. Moreover, peatland DOM export to
inland waters requires hydrological connectivity between the two ecosystems. Bogs and fens—
the main peatland categories—are largely differentiated by groundwater connectivity, with bogs

mostly disconnected from groundwater inputs while fens are groundwater-fed (Rydin and



Jeglum, 2013). Bogs are often intermittently connected to inland waters, especially during dry
seasons. For example, hydrology in permafrost peatlands shows isolated flat bogs are
disconnected most of the year except during spring snowmelt (Quinton et al., 2009). Therefore,
hydrology is a key component of DOM export that affects water quality in peatlands and

downstream ecosystems.

Temperature is also an important control on DOM production and transport in peatlands,
dictating the rate of all chemical and biochemical reactions (Davidson and Janssens, 2006;
Laudon et al., 2012). Many northern peatlands also experience seasonal and prolonged freezing
conditions (i.e., permafrost, defined as perennially frozen ground), which slows decomposition
and water movement. Seasonal changes in litter inputs and water flow paths also affect DOM
concentration and quality in peat porewater and inland waters (Agren et al., 2008; Leach et al.,
2016). Climate change at high-latitudes is expected to warm faster than the global average,
which will likely stimulate both primary production and organic matter decomposition in
peatlands (Gallego-Sala et al., 2018; Verbeke et al., 2022). However, it remains uncertain how
these competing processes will affect net ecosystem exchange and DOM export to inland waters

(Wilson et al., 2016; Heffernan et al., 2020; Hugelius et al., 2020).

1.2 Peatland disturbance and water quality

Disturbance is an important component of ecosystem evolution and development, and I use the
definition of disturbance from disturbance ecoclogy “A disturbance is any relatively discrete
event that disrupts the structure of an ecosystem, community, or population, and changes
resource availability or the physical environment.” (White and Pickett, 1985; Turner, 2010). In
the context of global biogeochemical cycles, discrete disturbance and recovery periods bring
about changes in source and sink dynamics on yearly to decadal timescales, but may not have
long-term impacts unless disturbance regimes shift (Luo and Weng, 2011). Peatlands, for
example, have expanded and contracted over millennia in response to changing climate.
However, in the context of anthropogenic climate change, rapid C loss from northern peatlands is
considered irrecoverable because they are unable to recuperate their lost C at relevant timescales
(i.e., in the next ~100 years) (Goldstein et al., 2020; Harris et al., 2022). Peatland disturbances
also affect water quality for short timescales or may trigger regime shifts that fundamentally

change aquatic ecosystem structure (Ritson et al., 2016; Kothawala et al., 2017; Kritzberg et al.,



2020). Therefore, changing DOM export due to peatland disturbance is important at decadal and
centennial timescales for global climate feedbacks, and at annual to decadal timescales for local

water quality for aquatic organisms and human society.

Currently, northern peatlands face widespread disturbances due to climate change and LULCC
that alter DOM production and transport. Direct climate change impacts include warming
temperatures and altered precipitation regimes, and indirect impacts include wildfire and
permafrost thaw (Tarnocai, 2009; Trenberth, 2011; Hugelius et al., 2020). LULCC disturbances
in northern peatlands are legion, but the main disturbances include forestry, agriculture, urban
infrastructure, peat harvesting for horticulture, and oil and gas exploration and extraction
infrastructure (including pipelines, temporary and permanent well pads, seismic lines) (Poulin et
al., 2004; Turetsky and St. Louis, 2006; Saraswati et al., 2019; Strack et al., 2019). These
disturbances vary in their severity and extent, but all affect peatland hydrology and/or OM

decomposition to some degree, and therefore affect how DOM is produced and transported.

Climate change is a major disturbance at high-latitudes where temperature is increasing 2—6
times faster than the global mean, precipitation regimes are intensifying, and wildfire and
permafrost thaw are increasing across the landscape (Kelly et al., 2013; Gibson et al., 2018;
Environment and Climate Change Canada, 2019; Hugelius et al., 2020). Mean annual air
temperature (MAAT) and mean annual precipitation (MAP) control DOM production and
transport in northern landscapes, and climate change will likely increase DOM export at
continental scales (Frey and Smith, 2005; Laudon et al., 2012). Prolonged drought also lowers
water table position, and many studies have reported a decrease in DOM concentration as DOM
is immobilized due to increased acidity and ionic strength, followed by a pulse of DOM when
water returns (Clark et al., 2011). Permafrost peatlands comprise nearly half of northern peatland
area and C stocks, and permafrost thaw is expected to substantially increase C and N loss to
inland waters as solutes and water from permafrost are liberated (Frey and Smith, 2005; Olefeldt
et al., 2014; Hugelius et al., 2020). Moreover, climate change has increased wildfires across
northern landscapes, and has doubled wildfire extent in boreal Canada (Gillett et al., 2004;
Kasischke and Turetsky, 2006; Kelly et al., 2013). Water-logged conditions in peatlands usually
create a wildfire buffer in the landscape, but warmer, drier conditions will expose more peat

biomass to combustion and smoldering (Turetsky et al., 2015). Incomplete peat combustion



leaves behind charred OM and elements that are not easily vaporized (such as P), which affects
water quality for years to decades post-fire (Burd et al., 2018; Granath et al., 2021). However,
wildfire has variable impacts on lateral C and nutrient export to inland waters (Brown et al.,

2015; Granath et al., 2021).

LULCC disturbances in northern peatlands are patchier than climate-related disturbances, but
have the potential to be major point sources of excess DOM and nutrients. The most studied
effect of LULCC disturbance in peatlands is drainage, which has affected ~11% of global
peatlands (Leifeld and Menichetti, 2018; Fluet-Chouinard et al., 2023). Drainage lowers the
water table and exposes more peat to aerobic decomposition, increasing vertical and lateral C
fluxes (Evans et al., 2016; Leifeld and Menichetti, 2018) as well as dissolved nutrients and other
solute fluxes (Nieminen, 2004; Marttila et al., 2018; Nieminen et al., 2020a). A study comparing
fluvial C from drained and re-wetted peatlands showed that DOC concentration and area-
weighted yields increased by about 50% and 60% respectively due to drainage, and rewetting
decreased DOC concentration and yield by about 25% and >100% respectively (Evans et al.,
2016). However, a systematic review of DOC yield from peatlands found no significant
difference between drained and undrained boreal peatlands (Rosset et al., 2022). Overall,
research on disturbed peatlands is limited, geographically biased (i.e., most studies are on
blanket bogs in the UK and afforested peatlands in Fennoscandia) (Rosset et al., 2022), and
primarily focused on DOC. Therefore, more research in understudied regions (e.g., western
North America and Siberia) and on a broader suite of water quality parameters are needed to

understand the role of peatland disturbance on water quality for humans and aquatic ecosystems.

1.3 DOM attenuation in inland water networks

Once peatland DOM enters inland waters, it faces new biogeochemical contexts that will
determine its fate. DOM fate is controlled by intrinsic molecular composition and extrinsic
environmental conditions, such that DOM in one environment may become more or less reactive
in a different context (Kothawala et al., 2020; Berggren et al., 2022). Moreover, the dominant
control (e.g., molecular composition vs. environment) on DOM fate varies from soils to
freshwater ecosystems (Kothawala et al., 2020). In soils, environmental conditions such as
temperature, nutrient availability, and DOM adsorption to mineral surfaces are more important

controls on DOM turnover than molecular composition (Kothawala et al., 2020). Whereas in



freshwaters, DOM fate is largely related to its composition (Kellerman et al., 2015; Kothawala et
al., 2017), which controls rates of bio- and photodegradation, flocculation, and co-cycling of
these processes that degas CO», fuel primary production, and bury OM in sediments (Cory and
Kling, 2018; Creed et al., 2018; Einarsdéttir et al., 2020). Current freshwater theory assumes that
labile DOM is consumed first, and remaining DOM becomes more difficult to degrade
(Kothawala et al., 2020). Therefore, previously stable peat DOM faces new biogeochemical

processes as it is flushed into inland waters and travels downstream.

In headwaters, allochthonous or terrestrially-sourced DOM and nutrients are important
nutritional subsidies to aquatic ecosystems (Marcarelli et al., 2011; Tanentzap et al., 2017;
Berggren et al., 2018). DOM that is assimilable by aquatic organisms is considered bioavailable,
which broadly means that DOM molecules can pass through cell walls and be used as a
nutritional source. A large fraction of potentially bioavailable C, N, and P in inland waters are
bound to large DOM molecules that do not pass cell membranes (Jones et al., 1988), but
extracellular or membrane-associated enzymes can assist in decomposing DOM into smaller,
assimilable molecules (Arnosti et al., 2014). Therefore, bioavailable DOM includes DOM that
can potentially be assimilated by microbial communities, either directly or facilitated by
enzymatic processing (Stepanauskas et al., 2002; Berggren et al., 2015). Bioavailable DOC is the
most commonly studied form of bioavailable DOM, but DOM contains other elements including
nitrogen (N) and phosphorus (P) which are essential nutrients for life and co-cycle with C
(Schlesinger and Bernhardt, 2013). N and P are most readily bioavailable in their inorganic
forms, but DON and DOP (the fraction of N and P in DOM) are usually the most abundant forms
in northern peatland catchments, and their bioavailability depends on DOM composition and
environmental conditions (Berggren et al., 2015; Soares et al., 2017; Rulli et al., 2022). The
effect of global change on N and P transport from peatlands to inland waters is even more
uncertain than C, with implications for aquatic primary productivity and algal blooms across

freshwater and marine ecosystems (Hugelius et al., 2020; Terhaar et al., 2021).

Northern freshwaters also have strong seasonal cycles that affect species habitat and nutritional
quality. For example, DOM bioavailability in boreal waters is generally highest during the spring
snowmelt when bioavailable soil leachates are flushed to inland waters (Agren et al., 2008).

Species diversity in northern freshwaters is also lower than in temperate and tropical freshwaters,



making them more sensitive to climate change and LULCC (Schindler, 1998). Thus,
disturbances that affect the timing of DOM delivery to freshwaters could have ramifications for
species survival and biodiversity (Mustonen et al., 2018). Because peatland disturbances affect
OM degradation and pore water chemistry, and peatlands deliver large amounts of DOM to

inland waters, peatland disturbance threatens the stability of northern freshwater ecosystems.

The consequences for water quality and biodiversity naturally propagate downstream with
ramifications for large rivers, lakes, and coastal marine ecosystems. For example, DOM sources
shift longitudinally downstream from allochthonous, terrestrial sources to autochthonous sources
(Creed et al., 2015), which is reflected in the isotopic signature of respired CO> from riverine
ecosystems (Hotchkiss et al., 2015). Light and flow conditions have also emerged as important
environmental controls on DOM and inorganic nutrient turnover and primary production in
freshwaters (Zarnetske et al., 2011; Bernhardt et al., 2022). As DOM travels through inland
water networks, oxidized, aromatic, high-molecular weight DOM is preferentially lost over time,
which is the main type of DOM exported from peatlands (Kellerman et al., 2015). Though there
is some evidence to suggest preferential loss of peat DOC in freshwater ecosystems, the
mechanisms controlling these processes across catchment and continental scales remain

uncertain.

It is estimated that at least 5 times as much C enters inland waters as is exported to global
oceans, and revisions continue to increase the estimated load of terrestrial C to inland waters
(Drake et al., 2018). These estimates have refined our understanding of the global C cycle and
the strength of the terrestrial C sink. However, the estimated C export from terrestrial ecosystems
to inland waters does not include wetlands, such as peatlands, that likely disproportionately
contribute C to inland waters, and could further refine our understanding of the C cycle (Rosset
et al., 2022). Moreover, climate change and LULCC will likely increase C export (Regnier et al.,
2013; Creed et al., 2018; Drake et al., 2018), making it extremely important to constrain current
export and future change.

1.4 Research Objectives and Hypotheses

The purpose of this thesis is to understand the role of peatland disturbance on DOM and nutrient
(N and P) export and attenuation in the terrestrial-aquatic continuum at catchment and

continental scales. In this first chapter, I have introduced northern peatlands and their role in
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DOM cycling in inland waters. Chapters two through four present primary research on the
effects of peatland disturbance on DOM quantity, quality, and attenuation. Specifically, chapter
two will investigate how peat drainage via industrial peat extraction affects DOM and inorganic
nutrient yield and attenuation through two meso-scale (~150 km?) stream networks. The third
chapter focuses on the impact of peatland disturbance (wildfire and drainage) on DOC, DON,
and DOP bioavailability and the implications for resource availability in peat porewater and
headwater streams. The fourth chapter uses a spatially-explicit observation-based modelling
approach to predict DOC concentration and area-weighted yield across northern peatland
catchments and uses the model to predict future DOC concentration and yield due to climate
change. Finally, the fifth chapter will summarize the main findings and propose future research

directions.

Throughout this thesis, I hypothesize that climate change and peatland drainage will increase
DOM export to inland waters because of changes in DOM production and hydrological transport,
which will have ramifications for DOM cycling in inland waters. I predict that peat DOM will be
preferentially removed from inland waters because aromatic DOM has higher rates of mineral
adsorption and photo-degradation. Furthermore, I predict that drainage, drought, and permafrost
thaw will release more bioavailable nutrients that will further stimulate heterotrophic respiration
of bioavailable DOM. Therefore, I hypothesize that increased DOM export and increased
attenuation of disturbed peatland DOM in inland waters will intensity the flux of C from inland
waters to the atmosphere. Alternatively, if DOM export to inland waters increases, but net DOM
attenuation remains approximately the same, then there will be little impact on the global C

cycle.
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2. Boreal peat extraction affects inorganic nitrogen and phosphorus concentration and

hydrology modulates downstream fate in sub-boreal nested catchments

Abstract:

Land use and hydrology influence the transport and attenuation of dissolved organic
carbon (DOC) and nutrients through river networks, influencing aquatic food webs, habitat, and
water quality. Here, we studied how horticultural peat extraction affects DOC and nutrient
dynamics in western Canada across a range of ice-free flow conditions. We sampled 55
subcatchments and analyzed solute concentration and export, dissolved organic matter (DOM)
composition, and relative solute attenuation in the stream network. We found that the proportion
of peatland disturbance significantly increased NH4" concentration and turbidity, and reduced the
PO.* sink relative to intact peatland catchment cover. DOC concentration was elevated in
extracted peatland drainage ditches relative to intact headwater catchments, but the disturbance
effect was non-significant overall. DOM composition differed more by hydrology than land use,
with high flows transporting more aromatic, humic-like DOM, and low flows transporting more
fresh, autochthonous-like DOM to the stream network. Downstream fate of DOC and nutrients
were also modulated by hydrology. Inorganic nutrients attenuated rapidly, while DOC acted
conservatively, and attenuation of all solutes except PO4*" was greater during low flows
compared to high flows. These results highlight the role of peatland disturbance in nutrient
delivery to aquatic ecosystems, and the effect of hydrology on DOM composition and nutrient
processing. This study provides essential data for a relatively understudied region within the
peatland DOM and nutrient literature, and highlights the need for more research into effective

water quality management for disturbed peatlands.
2.1 Introduction

Human land use and land cover change (LULCC) has drained at least 11% of global peatlands
(Fluet-Chouinard et al., 2023), which have accumulated vast stocks of partially decomposed
organic matter (OM) under waterlogged conditions (Clymo et al., 1998). Drainage lowers
peatland water tables, exposing more peat OM to aerobic decomposition and hydrological
transport, and increasing dissolved organic carbon (DOC), nitrogen (N), and phosphorous (P)

concentration in inland waters (Holden, 2005; Holden et al., 2006; Marttila et al., 2018;
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Nieminen et al., 2020a). Approximately 71.4 million people rely on peatland catchments for their
water supply (Xu et al., 2018), and elevated DOC and nutrient concentrations and export threaten
water security for these communities (Kritzberg et al., 2020). For example, elevated DOC
concentration contributes to the pervasive water browning trend across many high-latitude
watersheds (Roulet and Moore, 2006; Creed et al., 2018; Kritzberg et al., 2020), which is
associated with decreased light penetration into the water column, increased toxic metal
mobilization, and increased difficulty and cost of water treatment for human use (Kraus et al.,
2010; Kothawala et al., 2017; Kritzberg et al., 2020). Moreover, elevated nutrient concentrations
cause harmful algal blooms and remove oxygen in the water, creating hypoxic zones that kill
aquatic life (Feuchtmayr et al., 2019). Therefore, understanding the controls on solute export and
fate from disturbed peatlands is important to protect aquatic ecosystem function and manage

freshwater resources.

Additionally, peatlands are just one part of the mosaic of a landscape, and different land uses
contribute DOC and nutrients to freshwaters from various sources and at varying rates (Kincaid
et al., 2020; Vaughn et al., 2021). For example, intact peatlands are major DOC sources
compared to forests and agriculture (Koprivnjak and Moore, 1992; Creed et al., 2008; Olefeldt et
al., 2013; Sebestyen et al., 2021). DOC concentration in stream water is positively correlated
with soil organic carbon stocks, and carbon is abundant across the boreal landscape. As DOC is
transported from C-rich soils to headwater streams, contact with mineral sediments in non-
peatland ecosystems sorb DOC, removing it from the fluvial network (Kothawala et al., 2012;
Nichols and Peteet, 2019). Because peatland headwaters often travel through organic sediments,
a larger fraction of DOC is transported from peatland soils to inland waters. Though peatlands
are DOC sources, their status as nutrient source or sink depends on their vegetation and
hydrology, with bogs and poor fens more likely to be nutrient sinks in the landscape (Devito et
al., 1989; Nieminen, 1998; Turetsky, 2003; Sponseller et al., 2018). In contrast, agriculture and
urban areas are major sources of inorganic nutrients with large inputs from fertilizers, manure,
atmospheric deposition, and waste water (Carpenter et al., 1998). Some peatland disturbances,
such as industrial peat extraction and wildfire, may eliminate plant nutrient demand and lower
the water table, increasing soil OM mineralization and producing more DOC and inorganic

nutrients for downstream transport (Strack et al., 2008; Marttila et al., 2018). However, it is
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uncertain how impactful peatland disturbance will be on water quality in heterogeneous

catchments with diverse DOC and nutrient sources.

As solutes travel from disturbed peatlands to downstream ecosystems, in-stream processes
transform solutes through biotic and abiotic processes. DOC and nutrients are removed or
attenuated in the stream network through processes such as microbial assimilation,
denitrification, photodegradation, and sedimentation (Pinay et al., 2015; Jones et al., 2016; Cory
and Kling, 2018; Zarnetske et al., 2018; Krause et al., 2022), and are produced through sediment
resuspension, autochthonous DOC production, or nutrient mineralization from dissolved organic
matter (DOM). As water mixes downstream, solutes from disturbed peatlands and other sources
create ideal conditions for solute transformation (McClain et al., 2003; Bernhardt et al., 2017).
For example, when previously inert DOC combines with dissolved inorganic N (DIN), the lower
DOC to DIN ratio increases DOC bioavailability (Wickland et al., 2012; Abbott et al., 2014),
though this is not always the case (see Wologo ef al 2021). To monitor solute processing, stream
water chemistry from spatially-explicit synoptic samplings is a common method to locate solute
sources and sinks in a catchment and demonstrate how solutes propagate downstream (Abbott et
al., 2018; Shogren et al., 2019). Previous research has shown that some subcatchments have a
large influence, or disproportionate leverage on downstream water chemistry most or at least part
of the time (Abbott et al., 2018; Frei et al., 2021; Gu et al., 2021). Thus, research has shown that
disturbed peatlands are important control points in the landscape that negatively affect

downstream water quality.

Hydrology also influences the quantity and quality of solutes from different sources (e.g.,
disturbed peatlands) that are transported to the inland water network, which determine whether
solutes are processed locally or transported downstream (Raymond et al., 2016). Climate change
is expected to intensify hydrological extremes (i.e., frequent drought and intense, infrequent
storms), which change the timing and magnitude of river discharge (Barnett et al., 2005;
Trenberth, 2011; Sinha et al., 2019; Hicke et al., 2022). Variable discharge regimes therefore
affect how landscapes contribute solutes to inland waters (Moatar et al., 2017; Fellman et al.,
2020). For example, deeper water flow-paths integrate different DOM sources because OM
distribution in peatland and upland catchments are vertically stratified in the soil (Barnes et al.,

2018; Ttaily et al., 2018). Hydrology also affects the connectivity of the landscape with inland
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waters (Ameli and Creed, 2017; Blaurock et al., 2021). Depending on flow conditions,
hydrological connectivity limits the delivery of DOC and nutrients to stream waters, and
concentrations increase with flow as the landscape becomes more connected (Moatar et al.,
2017; Zarnetske et al., 2018; Fellman et al., 2020; Wen et al., 2020). However, high flows could
also produce a dilution effect, which has been reported in some northern peatlands (Laudon et
al., 2011; Fork et al., 2020). As solutes are delivered to the stream network, water residence time
affects in situ solute processing. Low flows increase water residence time which decreases the
ratio of reaction time to residence time resulting in more DOC and nutrient processing (Burt and
Pinay, 2005; Oldham et al., 2013). Therefore, hydrology has an important role to play in DOC

and nutrient dynamics at the catchment scale.

Here, we studied two meso-scale (~150 km?) catchments at the transition between boreal and
grassland biomes in central Alberta, Canada. The catchments had mixed land use, with both
undisturbed peatlands and forests, as well as agriculture and horticultural peat extraction sites.
We measured DOC, N, and P concentrations in 55 nested subcatchments, and estimated solute
export and attenuation during contrasting wet (2020) and dry (2021) years. We investigated the
following questions: (1) How does peat extraction affect C and nutrient concentration and export
compared to other catchment land cover and land use? (2) What is the fate of disturbed peatland
DOC and nutrients as they move through stream networks? And (3) How does hydrological
variability affect peatland DOC and nutrient concentration and fate? We hypothesize that
extracted peatlands increase aromatic, humic-like DOC and inorganic nutrient concentrations
due to enhanced decomposition and nutrient mineralization following extraction. We
hypothesize that the fate of these solutes will be hydrologically-dependent, because water
residence time is an important factor in solute processing rates. Therefore, we predict that
aromatic, humic-like DOM exported from extracted peatland headwaters will shift to aliphatic,
fresher DOM near the catchment outlet, and that this shift in DOM composition will be more
pronounced during prolonged low-discharge periods. Moreover, we predict that inorganic
nutrients will be rapidly attenuated in these C-rich, nutrient-limited environments, especially
during low-discharge periods. The results from this study will be important for watershed
management and modeling studies to understand the interacting effects of land use and climate

change.
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2.2 Methods
2.2.1 Study area

This study was conducted in two meso-scale catchments in central Alberta, Canada with mixed
landscapes of agriculture, upland forest, and peatlands (Figure 2). The climate in the region is
subhumid continental. Mean annual temperature is 2.6°C and mean annual precipitation is 483
mm (2005-2021; ACIS Alberta). Most of the precipitation falls as rain (339.1 mm annual mean)
and the rainiest month is typically July (95.6 mm). Mean annual snowfall is 118.3 cm, and
January is the snowiest month on average (21.7 cm). Tomahawk Creek (outflow: 53.35°, -
114.65°) has a 188 km? catchment dominated by agriculture (primarily hay production and cattle
grazing), but with widespread peatlands in the headwaters. Deep Creek (53.34°, -114.82°) has a
132 km? catchment west of Tomahawk Creek, dominated by agriculture with smaller peatlands
only in the eastern main tributary. Elevation ranges between 809-724 m and 906-733 m above
sea level in the Tomahawk Creek and Deep Creek catchments respectively. Both streams flow
into the North Saskatchewan River which is the main source of drinking water for the City of

Edmonton (population 981,000) approximately 150 km downriver.
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Figure 2. Map (a) of synoptic sampling locations in the Deep Creek (yellow outline) and
Tomahawk Creek (green outline) catchments near Seba Beach, Alberta, Canada. Land cover and
land use characteristics are shaded in the map. Fifty-five nested synoptic sampling sites are
marked, with their catchment boundaries delineated. Provincial water and weather monitoring
stations where we extracted hydroclimatic data are shown on the map. Plot b shows when the 8
sampling campaigns occurred in relation to the hydrograph at site T11. Drone photos (b and c)
show aerial views of the landscape showing the diverse and heterogeneous nature of the area,

including one of the extracted peatland sites (c, site T28).
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The catchments are located within the Boreal Transition ecoregion, which forms the transition
between the broader Boreal Plains and Prairie ecozones of Canada. The Boreal Transition
ecoregion marks the northern limit of agricultural land, and much of it is used for grazing.
Upland forests are primarily comprised of trembling aspen (Populus tremuloides), balsam poplar
(Populus balsamifera), and a thick understory of mixed herbs and tall shrubs. Surficial geology
is mostly Cretaceous shale, and the hummocky plains are covered by calcareous, glacial till and
significant inclusions of relatively level lacustrine deposits. Rougher morainal deposits are
associated with a large number of small lakes, ponds, and sloughs that occupy shallow
depressions. Well-drained to imperfectly drained Gray Luvisols and Dark Gray Chernozemic
soils are predominant (The Ecological Framework of Canada, 2014). Wildfires are uncommon in
this rural landscape, but after a dry winter a 15.7 km? section of the Tomahawk and Deep Creek
catchments caught fire in May 2021 and burned forest, peatlands, and agricultural land.
However, we observed no difference in solute concentration or DOM optical properties post-fire,

therefore we do not include fire in our subsequent analysis.

Wetlands in the region are found in depressions, along watercourses, and on flat lacustrine
plains, and include all wetland classes. Peatlands, i.e., bogs and fens with deep peat soils (greater
than 4 m in some places), are the most common wetlands, and are characterized by open-canopy
black spruce (Picea mariana) and tamarack (Larix laricina) forests. Twenty-four percent of the
wetlands in the study catchments have been used for industrial peat extraction, which has been
ongoing since 1975 (Wind-Mulder et al., 1996), with the majority located within the Tomahawk
Creek catchment. The extracted peatlands have been leveled, drained, and vacuum extracted so
that only bare peat remains. Extraction sites are at different stages of production: some sites have
been drained and actively extracted for more than 30 years, while other fields were leveled and
drained for about 15 years. Because these are not recent operations, drainage ditches from
extracted peatlands flow directly into headwater streams without retention ponds or overland
flow (which have become best management practices for water drainage in newer extraction sites
in Canada (Canadian Sphagnum Peat Moss Association, personal communication)). A few
extracted sites are undergoing ecological restoration, but we were not able to quantify the spatial

coverage of these sites with our GIS analysis (see section 2.2.4).
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2.2.2 Water sample collection and chemical analysis

We collected water samples from 4 drainage ditches at peat extraction sites and 51 streams
within the Tomahawk Creek (28 sites; T1-T28) and Deep Creek catchments (27 sites; D1-D27;
Figure 2). In total, we collected 361 water samples during eight synoptic surveys in 2020 and
2021 to capture seasonal and temporal variability in DOC and nutrient concentration. We
captured 97% of the hydrological variability during our study period, including the spring freshet
(2021 only), summer baseflow, and storm events. Each synoptic sampling took 2—3 days to
complete. During the summer months, some headwater streams flowed intermittently. Water
samples were collected from flowing streams, and we sampled from the midpoint of small
streams and 1 m out from the banks of larger streams. We measured pH, electrical conductivity,
and water temperature in sifu using a handheld multiparameter probe (Hanna, USA) that was
calibrated daily. We also measured turbidity in the field using a portable 20201 Turbidity Meter
(LaMotte, USA), calibrated daily.

We collected filtered samples for laboratory analysis of DOC concentration and composition,
nutrients, base cations (the sum of Ca**, Mg?*, Na*, and K* concentrations), and other dissolved
solutes. We filtered samples using 0.7 um Whatman GF/F filters into pre-rinsed, acid-washed 60
mL glass amber bottles (for solute concentration) and 30 mL HDPE scintillation vials (for DOC
optical properties). Samples were kept cool in transit to the lab, and were refrigerated at 4°C until
analysis. DOC concentration samples were acidified using 2 M HCI within 12 hours of
collection. Solute concentration samples were analyzed within one week by the University of
Alberta Natural Resources Analytical Lab using standard methods. DOC samples were analyzed
on a Shimadzu TOC-L CPH Model Total Organic Carbon Analyzer with an ASI-L and TNM-L
(Shimadzu, Japan). Dissolved ions (SO4>", NOs~, NO2", CI, PO4*, and NH4") were analyzed with
a Thermo Gallery Plus Beermaster Autoanalyzer (Thermo Fisher Scientific, Finland). Dissolved
metals (Na, K, Ca, Mg, Fe, B, Mn, Zn, and Cu), TS, and TP were analyzed with a Thermo
1CAP6300 Duo inductively coupled plasma-optical emission spectrometer (ICP-OES, Thermo
Fisher Corp., United Kingdom). Analytes below detection limits were assigned half the detection

limit value.

DOC optical properties were analyzed at the University of Alberta Catchment and Wetland

Sciences Lab for absorbance and fluorescence. Absorbance was analyzed on filtered samples
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using a 1 cm quartz cuvette in a Shimadzu UV-1280 UV-vis spectrophotometer (Shimadzu,
Japan). We measured absorbance spectra from 200—-750 nm at 1 nm increments. To measure
DOM fluorescence, we used a Horiba Aqualog spectrofluorometer (Horiba, Japan) using a 1 cm
quartz cuvette with 1 second integration. If absorbance at 254 nm was >4 cm™! then we diluted
the samples with Milli-Q water (Kothawala et al., 2013). All fluorescence data were blank-
subtracted using Milli-Q water. We used Naperian absorbance at 254 nm to calculate specific
UV absorbance (SUVA»s4), and used fluorescence to compute the humification index (HIX
(Ohno, 2002)), the autochthonous productivity index or freshness index (BIX (Wilson and
Xenopoulos, 2009; Fellman et al., 2010)), and fluorescence peaks including humic-like peaks A,
C, and M, and protein-like peaks B and T (Coble, 1996; Fellman et al., 2010). These peaks
measure fluorescence intensity at different excitation and emission wavelengths, so we combined
the fluorescence peaks into a Peak Ratio, i.e. the sum of peaks A and C divided by the sum of
peaks T and B, to avoid autocorrelation with DOM concentration. Fluorescence indices and

peaks were computed using the staRdom package in R (Pucher et al., 2019).

2.2.3 Hydrological data

Hydrological data were obtained from two government monitoring sites: one along the mainstem
(T11; Station #: 05SDE009; data available since 1984) and one near the outlet to the North
Saskatchewan River (T1; Station #: 05DE930; data available since 2019). Provisional data were
retrieved from https://rivers.alberta.ca (data available for T1 and T11 from 2019-2021) and

https://wateroffice.ec.gc.ca/ (data available for T11 from 1984-2020). Data were checked for

quality and used to estimate differences in flow conditions across sampling campaigns (e.g., we
used discharge at T11 (Qr11) in our statistical analyses to account for changes in hydrology) and

to estimate catchment runoff from the Tomahawk Creek catchment.

2.2.4 Catchment delineation and land use

To relate hydro-biogeochemical data to LULCC, we delineated our 55 subcatchments and
extracted LULCC and surficial geology data in ArcGIS Pro. Catchments were delineated using
25 m digital elevation models from Government of Alberta Open Data. Automated catchment
delineations were then QA/QCd based on field observations. We used the Human Footprint
Index and Wetlands Inventory spatial data products from Alberta Biodiversity Monitoring

Institute to extract land use and land cover characteristics for each subcatchment. We also used
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Surficial Geology of Alberta from Government of Alberta Open Data to extract surficial geology
(Figure S1).

2.2.5 Statistical analysis and calculations

We used correlation and linear regression analyses to determine the effect of peatland
disturbance on water quality. To control for seasonal and hydrological effects, we calculated
mean values for our suite of water chemistry parameters (DOC, DON, NO5", NH4", DOP, PO4*",
SO4%, base cations, Fe, Mn, Zn, and Cu). Then we used Spearman correlations to identify water
quality parameters that were significantly correlated with disturbed and intact peatland cover
(Figure S3). We regressed the significant variables with disturbed and intact peatland cover for
catchments with at least 1% total peatland cover (n = 37). To test for significant differences
between regression coefficients, we calculated the p-value using the z-statistic from a normal

distribution (Clogg et al., 1995).

To investigate the influence of land use, seasonality, and hydrological conditions on solute
concentration, we used Random Forest models to predict solute concentration from catchment
characteristics, daily specific discharge from T11, and water temperature measured in situ at
each site. Random forest models build a forest of regression trees from random subsets of data to
create many predictions of the dependent variable that are then averaged for the final estimate
(Breiman, 2001). Unlike other multivariate regression models, Random Forest does not require
independent data, is less sensitive to correlated predictor variables, and is able to model non-
linear relationships. We used the ranger package in R to run the model, and used ngee = 500, and
tuned the number of variables tried at each split in a tree (myuy) for each model using the
GridSearchCV algorithm. The data was split into 80/20 training and test data sets (i.e., the model
was trained on 80% of the data and tested on the remaining 20%) using stratified random
sampling for equal variance in solute concentration between the training and test data. To assess
model performance, we calculated out-of-bag R-squared and the root mean squared error
(RMSE) to express the average model prediction error in units of the dependent variable (solute
concentration). To interpret the models, we show predictor importance and partial dependence
plots. Predictor importance plots show the predictor variables ranked in order of importance,

with the most important predictors having a value of 1, and less important predictors having a
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value of <I. Partial dependence plots show the relationship (which can be non-linear) between a

single predictor and the dependent variable.

We used redundancy analysis (RDA) to understand the relationships among DOM composition
(response variables) and hydrological, water chemistry, and land cover variables (explanatory
variables). All data was standardized before analysis using the decostand function in the vegan
package in R (Oksanen et al., 2022). RDA is an extension of multiple regression by modelling
how an explanatory matrix X affects a response matrix Y. To achieve this, an ordination of Y is
conducted to derive ordination axes, which represent linear combinations of the variables within
matrix X (Legendre and Legendre, 2012). The DOM composition response variables included
SUVA»s4, HIX, BIX, and the Peak Ratio. We selected hydrological, land cover, and water
chemistry explanatory variables initially based on ecological significance. We then reduced
dimensionality, especially for the land cover and water chemistry variables, using the ordiR2step
function also from the vegan package. The final suite of explanatory variables included
hydrological proxy variables: specific discharge at T11, in situ water temperature, sulfate
concentration, and the sum of base cation concentrations (Ca**, Mg?*, Na*, and K*); catchment
characteristics: intact peatland cover, disturbed peatland cover, cropland cover, and distance
from subcatchment outlet to the main catchment outlet; and water chemistry variables:
ammonium (NH4"), total iron (Fe), dissolved organic N (DON, and phosphate (PO4™>)
concentrations. To disentangle the impacts of different groups of variables, partial Redundancy
Analysis (pRDA) partitioned variance among hydrological, catchment, and water chemistry
variables. We examined potential issues with multicollinearity and non-linear relationships by
investigating univariate correlations (Figure S3) and linear regressions among explanatory and

response variables in the RDA models.

To assess solute attenuation through the stream network, we employed an innovative metric to
qualitatively appraise solute mass balance, as outlined by Abbott et al. (2018). This metric
assigns a percent leverage value to each subcatchment, akin to statistical leverage, and is

computed through the following formula:
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1] Subcatchment Leverage = (Cs — Cy) X As/Ap X Qs/Qp

Here, C signifies concentration, A denotes area, Q represents specific discharge, and S and O
respectively stand for subcatchment and catchment outflow, as adapted from Abbott et al.'s
framework. Because of limited subcatchment discharge data, the calculation of subcatchment
leverage was reliant solely on concentration and area, similar to work by others (Shogren et al.,
2019; Frei et al., 2021). For each of our main solutes (DOC, DIN, and PO4*), we used the
average of all subcatchment leverage values to interpret catchment mass balance. In instances
where the mean leverage was close to zero, we interpreted the mass balance for the
corresponding solute to be neutral, implying conservative mixing with no net production or
removal. We interpreted positive mean leverage to indicate net attenuation, signifying a greater
solute flux in the headwaters of a catchment than could be accounted for at the outlet.
Conversely, a negative mean leverage signaled in-network production. By considering the
central tendency of subcatchment leverage values, we used this metric to gain insights into the
catchment mass balance, a reflection of diverse biological and physical attenuation and

production mechanisms.

In our subcatchment leverage calculation (outlined above), we assumed uniform specific
discharge out of logistical necessity (i.e., we did not have the ability to measure discharge across
our 55 subcatchments). However, we acknowledge that this assumption likely does not hold
(Karlsen et al., 2016), and therefore we assessed the sensitivity of our mass balance assessment
to artificial variation in specific discharge. For one experiment, we induced variation in specific
discharge by peatland cover because peatlands have been observed to have higher runoff
generation than upland forests in boreal landscapes (Galster, 2007; Lyon et al., 2012; Devito et
al., 2017). In another experiment, we induced random variation in specific discharge to simulate
unpredictable contributions from groundwater discharge and disturbances such as wildfire,
resource extraction, and water withdrawal (Galster, 2007). For the peat-weighted discharge
scenario, we used total peatland area (intact and disturbed) multiplied by 10 as a proxy for
specific discharge. For the randomly-weighted discharge scenario, we randomly generated
specific discharge coefficients for each subcatchment over four orders of magnitude (0.1-100)

and used those coefficients to calculate leverage for each subcatchment. We used these different
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discharge scenarios to test for significant differences among mean leverage values by solute

(DOC, DIN, and PO4+*) using one-way analysis of variance.

Data analysis was carried out in R version 4.0.5.

2.3 Results
2.3.1 The effect of peatland disturbance on water quality

Peatland disturbance significantly influenced water quality compared to intact peatland
dynamics. In our four disturbed headwater (< 10 km?) peatland sites (samples collected from
drainage ditches; sites T14, T19, T20, and T28) DOC concentration was 82 mg L' on average
(range: 45-144 mg L"), NH4" was 1.4 mg L! on average (0.03—4.5 mg L"), POs* was 0.18 mg
L' on average (below detection to 0.98 mg L), and turbidity was 45 NTU on average (3 to
>200 NTU). In comparison, in our four intact headwater peatland catchments (T16, T21, T26,
and D21), DOC concentration was 65 mg L! on average (range: 30-117 mg L), NH4" was 0.15
mg L' on average (0.02-0.66 mg L), PO4*> was 0.11 mg L' on average (below detection to
0.73 mg L"), and turbidity was 9 NTU on average (below detection to 74 NTU). In catchments
with more than 1% total peatland cover, peatland disturbance exhibited positive relationships
with turbidity and NH4", explaining 32% and 29% of the variance, respectively (p < 0.001;
Figure 3). In contrast, intact peatland cover was negatively associated with turbidity (explaining
only 17% of the variance), and had no significant relationship with NH4". For PO4*, intact
peatland cover had a negative relationship, explaining 10% of the variance (p = 0.03), but
disturbance showed no significant relationship (p = 0.23). The regression coefficients between
the disturbed and intact models for turbidity, NH4*, and PO4>- were significantly different (p <
0.05). Disturbed peatland cover explained 34% of the variance in DOC concentration, and
increased DOC by around 5 mg L' compared to intact peatlands, but the regression coefficients
were not significantly different (p = 0.06). Though pH, base cations, and some DOM
composition parameters were correlated with disturbed and intact peatland cover, no significant

effects emerged between the peatland types.
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Figure 3. Significant effects (p < 0.05) of peatland disturbance compared to intact peatlands for
key water chemistry parameters: dissolved organic carbon (DOC, plot a), the freshness index
(BIX, plot b), ammonium (NH4", plot ¢), and turbidity (plot d). Linear regression results are

reported above the respective plots for disturbed peatland and intact peatland cover.

2.3.1 Land cover and hydrologic variability on DOC and nutrient concentrations

The disturbed peatland headwaters were part of heterogeneous, sub-boreal catchments, and we
used random forest models to understand the role of peatland disturbance within the broader
catchment dynamics. Across the 55 subcatchments and eight sampling campaigns, DOC
concentration ranged from 4.7 to 150 mg L', averaging 44 mg L. Notably, significant positive
correlations emerged between DOC concentration and intact peatlands, disturbed peatlands, and
organic deposits (0.56, 0.50, and 0.61 respectively). Conversely, negative correlations were
observed between DOC and agriculture and moraine deposits (-0.58 and -0.53 respectively;

Figure S2). All of these correlations were statistically significant (p < 0.05). A random forest
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model explained 71% of the variability in DOC concentration, with the most influential
predictors being intact peatlands, agriculture, and disturbed peatlands (variable importance
scores = 1, 0.91, and 0.67 respectively; Figure 4d). DOC and agriculture exhibited an inverse
relationship, with elevated concentrations evident in subcatchments featuring less than 25%
agricultural coverage (Figure 4g). Both intact and disturbed peatland covers displayed positive
correlations with DOC concentration, with a notable surge in DOC concentration occurring at a

25% catchment cover (Figure 5a and 5d).

The range of total N spanned from 0.24 to 7.6 mg L', with an average of 1.6 mg L. Dissolved
organic N emerged as the primary N form, accounting for 82% of total N on average (Figure S4).
NH4" and NOs™ constituted 12% and 6% of TN on average, respectively. Across all sites and
samplings, NHs"—N concentration varied between below detection levels and 4.5 mg L,
averaging at 0.19 mg L. NH4" exhibited positive correlations with NOs~, PO4*, disturbed
peatland cover, and organic deposits (Spearman correlations = 0.46, 0.39, 0.23, and 0.23
respectively). Conversely, negative correlations were evident with forest cover, agricultural
cover, human infrastructure, and moraine surficial geology (Spearman correlations = -0.09, -
0.27,-0.27, -0.28; Figure S2), all of which were statistically significant (p < 0.05). A random
forest model explained 75% of the variance in NH4" concentration (root mean squared error =
0.47 mg L'). Key variables contributing to this model were peatland disturbance, forest cover,
and catchment area (variable importance scores = 1, 0.22, and 0.20; Figure 2). The influence of
peatland disturbance on NH4" was distinctly evident from partial dependence plots, showing
substantial increases around 40% and 80% disturbed peatland coverage. Moreover, intact

peatland cover, while the least influential predictor in the NH4" model (importance score = 0.03),
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displayed a linear increase in NH4", thereby emphasizing the role of peatlands as NH4" sources,

further exacerbated by disturbance by an order of magnitude (Figure 5b and 5e).
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Figure 4. Random forest models predicting DOC and inorganic nutrient concentrations using
land use and climate variables. Plots a-c show modeled vs. measured solute concentrations, and
he trendline is a 1:1 line. Plots d-f show relative importance scores in descending order. OOB =

out-of-bag. RMSE = root mean squared error.

The concentration of total P ranged from levels below detection to 2.0 mg L', with a mean
concentration of 0.20 mg L. Notably, inorganic P (PO4+*") proved to be more prevalent than
organic P, comprising 68% of total P on average (Figure S4). The observed PO4>" concentration
spanned from below detection to 1.8 mg L', averaging at 0.14 mg L™'. The PO4* random forest
model accounted for only 9% of the variation in PO4> concentration (with a root mean squared
error of 0.10 mg L™!). The three primary predictors were in situ water temperature, stream
discharge (measured at T11), and forest cover (variable importance scores = 1, 0.94, and 0.76;
Figure 2). In comparison, intact and disturbed peatlands exerted relatively minor influences on
the model (variable importance scores = 0.57 and 0.39 respectively), but these variables
displayed contrasting relationships. Specifically, PO4>" exhibited a positive relationship with
peatland disturbance, with step-wise increases around 20% and 80% peatland disturbance
coverage. However, intact peatlands had little effect on PO, except when intact peatland
coverage was low (i.e., < 1%) and PO4+* concentration was ~0.06 mg L™! higher on average

(Figure 5c and 5f).
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Figure 5. Partial dependence plots for DOC, NH4", and PO4> Random Forest models. Rug plots

(tick marks along the x-axis) shows data deciles.
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Across sampling campaigns, variations in hydrology measured by T11 discharge revealed broad,
annual-scale concentration-discharge relationships for DOC, NH4", and PO, In the DOC
model, discharge's relative importance was 0.31. During summer storms, moderate flow raised
DOC, while high flows slightly decreased it, suggesting enrichment then dilution at high flows
(Figure 5p). In the NHs" model (relative importance: 0.04), higher discharge in summer storms
led to NH4" reduction, indicating dilution (Figure 5q). With a high relative importance of 0.94 in
the PO4> model, increasing summer storm discharge consistently lowered PO4™ levels,
highlighting a dilution pattern (Figure 5t). These insights underscore the influence of

hydrological variability on water quality indicators.

2.3.2 Spatiotemporal dynamics of DOM composition: hydrological variability and subcatchment

characteristics

We examined the effect of hydrochemistry and catchment characteristics (including peatland
disturbance) on the observed variation in DOM composition using RDA. DOM composition
metrics were colinear with each other: SUV Azs4 was positively correlated with HIX and the Peak
Ratio (0.74 and 0.73 respectively), HIX and the Peak Ratio were strongly positively correlated
(0.98), and BIX was negatively correlated with SUV Azs4, HIX, and the Peak Ratio (-0.65, -0.71,
-0.71; Figure S3). Average SUV As4 across sites and sampling campaigns was 3.64 L mg! C m!
(range: 0.96-5.80), average HIX was 0.92 (0.79-0.96), average Peak Ratio was 7.39 (1.95-17.5),
and average BIX was 0.60 (0.44—0.88) (the Peak Ratio, HIX, and BIX are unitless values based
on fluorescence). In the RDA, 62% of the variance in DOM composition was explained by the
suite of hydrochemical variables and catchment characteristics (p < 0.001; Figure 6, Table S1).
Notably, the primary RDA axis (RDA1) predominantly contributed to this variation, explaining
53% of the DOM composition variance primarily due to fluctuations in hydrochemistry. Through
variance partitioning, the specific impact of hydrochemistry remained prominently influential.
While controlling for catchment characteristics, hydrochemical factors (e.g., discharge variability
across samplings; in situ water temperature; and concentrations of base cations, SO4>", DON,
NH4*, POs*, and Fe) were highly significant, explaining 51% of the variation in DOM
composition (82% of the explained variance of the full model; Table S1). High-flow conditions,
warmer water, and higher DON and Fe concentrations were associated with more aromatic,

humic-like DOM; whereas low-flow conditions with higher nutrient, SO4>", and base cation
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concentrations were associated with fresher, more autochthonous DOM. While catchment
characteristics were also significant factors, they accounted for only 6% of variance in DOM
composition (10% of the full model's explained variance). Notably, the distance between
subcatchments and the catchment outlet correlated with distinct land cover and DOM
composition patterns. Greater peatland land cover, both intact and disturbed, was associated with
increased distance from the outlet, aligning with a prevalence of aromatic, humic-like DOM. In
contrast, catchments closer to the outlet exhibited heightened cropland cover and a

corresponding abundance of fresh, autochthonous-like DOM.
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Figure 6. Triplot of the redundancy analysis (RDA) to show relationships between the suite of
DOM composition variables and explanatory variables (hydrological variables, catchment
characteristics, and water chemistry). Points represent water samples collected across sites and
sampling campaigns, and are colored by year to show interannual differences between

contrasting wet (2020) and dry (2021) years.
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2.3.3 Subcatchment leverage and solute attenuation

Subcatchment leverage analysis showed that DOC and nutrients attenuated as they
moved through the stream network, but that attenuation differed both between solutes and
between contrasting hydrological years (Figure 7). We used mean leverage values to measure
nutrient production or attenuation along the stream network between wet and dry years. Mean
subcatchment leverage for DOC in the both the wet and dry year were near zero (2.15% and
5.96% respectively), indicating a neutral mass balance (i.e., conservative mixing). The mean was
slightly higher (more positive) during the dry year, indicating modest net DOC attenuation
during drought and low-flow conditions. Mean DIN leverage was strongly positive (12% and
30% for 2020 and 2021 respectively), indicating net DIN attenuation through the stream
network. Moreover, dry years had even greater positive leverage values and therefore higher
attenuation rates. Mean PO4>" leverage was also strongly positive, but attenuation rates were
greatest during the wet year (80% and 39% in 2020 and 2021 respectively). Base cations, which
we would expect to act conservatively through the stream network, had mean leverage values
near 0 (-1.7% and -1.7% for 2020 and 2021 respectively), suggesting a neutral mass balance with

no change between hydrological conditions.
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Figure 7. Boxplots of subcatchment leverage show differences in solute fate between wet (2020)
and dry (2021) years. Boxplots show the median and 95% confidence interval of subcatchment

leverage values. Yellow diamonds indicate the mean. Negative mean leverage indicates solute
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production and positive mean leverage indicates solute attenuation through the stream network.
We have flipped the y-axis to visually agree with the concepts of solute production (an increase
and generally associated with ‘up’) and removal (a decrease and generally associated with

‘down’). Base cations = the sum of Ca*", Mg?**, Na*, and K" concentrations.

To assess the sensitivity of the central tendency of subcatchment leverage values (i.e., our
qualitative solute attenuation analysis), we conducted a sensitivity experiment where we
artificially changed the stream discharge component in the leverage calculation. Because boreal
peatlands in subhumid catchments have been found to generate more runoff than other land
cover units (e.g., the boreal forest, see Devito ef al 2017), we increased specific discharge in
subcatchments proportional to their peatland cover. We also inserted random variation to
simulate effects of unaccounted groundwater influence. We found that varying specific discharge
across the catchments by peatland area and random variation generally increased mean leverage,
i.e. greater attenuation, compared to the control (i.e., the unweighted, uniform discharge
scenario) for all solutes (DOC, DIN, and PO4*"). However, the only significant effect was
observed for DOC concentration in the peat-weighted discharge scenario (one-way ANOVA, p =
0.003), but not for any other discharge scenario or solute (Figure S5).

2.4 Discussion

This study showed that peatland disturbance by industrial peat extraction significantly
affected NH4" and PO4> concentrations and turbidity compared to intact peatlands. For DOC,
highest concentrations were observed in the drainage ditches from actively extracted peatlands,
but overall the disturbance effect was not significant. Across the meso-catchment-scale (i.e.,
~150 km?), disturbed peatland cover was the most important predictor variable in a random
forest model that explained 75% of the variance in NH4", but disturbance was less important in
the PO4*" and DOC models. Disturbance had little effect on DOM composition, and most of its
variability was explained by hydrochemical changes across flow conditions. Additionally, in our
qualitative estimate of catchment mass balance, the evidence suggested that DIN and PO*" were
attenuated in the stream network, while DOC and base cations acted more conservatively.

Changes in stream flow affected attenuation for solutes in different ways, likely affecting the
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mass flux and reach of solutes downstream. We further discuss the implications of this research

in the following paragraphs.

2.4.1 DOC export in the net ecosystem carbon balance of extracted peatlands

Extracted peatlands are significant sources of greenhouse gas emissions to the
atmosphere (Sundh et al., 2000; Wilson et al., 2015; Rankin et al., 2018; He et al., 2023). Many
studies have indicated that draining peatlands enhances dissolved organic carbon (DOC) export
(Moore and Clarkson, 2007; Strack et al., 2008; Evans et al., 2016; Menberu et al., 2017), but
some studies have reported little effect (Moore, 1997; Rosset et al., 2022). Prior research
demonstrated that fluvial carbon export, wherein DOC is a pivotal component, can constitute up
to 30% of the net ecosystem carbon balance (NECB) in extracted boreal peatlands (Evans et al.,
2016). Nevertheless, our present study on sites in continental western Canada suggests that DOC
export's significance for the NECB is much less. We approximated DOC export from the
extracted peatlands by utilizing the mean DOC concentration from drainage ditches in the
disturbed sites (82 mg L) and twice the mean annual runoff of larger mixed catchments (see
Table S2). Our estimation of double the mean annual runoff is conservative, considering the
smaller size of extracted peatland catchments and the evidence of higher runoff in peatland
catchments in the boreal plains of western Canada compared to upland catchments (Devito et al.,
2017). Consequently, we inferred that the yearly DOC export was <10 g C m™ yr'! in the wetter
year (2020) and <2 g C m yr'! in the drier year (2021). While literature on greenhouse gas
exchange in extracted peatlands remains limited, it's evident that these peatlands emit substantial
CO: and some methane from the exposed peat surface, with measurements ranging from 70 to
300 g C m yr'! (Sundh et al., 2000; Waddington et al., 2010; Wilson et al., 2015; Rankin et al.,
2018; Clark et al., 2023; He et al., 2023). As such, in this subhumid region characterized by
limited runoff, DOC export is probably a minor constituent of the NECB for extracted peatlands.

However, its role could potentially be more significant in wetter climates.

2.4.2 The effect of peatland disturbance on water quality

Disturbed peatlands significantly increased NH4" concentrations in inland waters compared to
intact peatlands. The decomposition of peat organic matter (OM) in intact peatlands leads to the

mineralization of N to NH4". This NH4" is taken up by biota and recycled into organic matter,
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resulting in relatively low inorganic nitrogen concentrations in inland waters (Wang et al., 2015).
However, in extracted peatlands, the removal of plants reduces biotic nutrient uptake, and
drainage operations lower the water table and accelerate peat OM decomposition (Nieminen,
1998). This altered environment fosters elevated NH4" production, which is subsequently
transported to inland waters (Nieminen, 1998, 2004; Laine et al., 2013; Tuukkanen et al., 2017;
Nieminen et al., 2020a). Moreover, some investigations have also documented elevated levels of
NOs™ in drained peatlands (Nieminen, 1998, 2004; Marttila et al., 2018; Nieminen et al., 2020a).
However, NO;™ and NOs™ concentrations were low in these sites, with several possible
explanations for this phenomenon. Notably, the biological process of ammonium oxidation, or
nitrification, carried out by nitrifying bacteria and archaea, converts NH4" to NO>™ and NOs™ (Li
et al., 2018). Acidic conditions have been found to hinder this process (Li et al., 2018; Shi et al.,
2021), aligning with our observed negative correlation between peatland disturbance and pH
levels (though the disturbance effect was non-significant). Other processes such as nitrite-
dependent anaerobic methane oxidation, anaerobic ammonium oxidation (anammox),
denitrification, and dissimilatory nitrate reduction to ammonium may play a role in reducing
NO;™ and decreasing its concentration (Shi et al., 2021). However, given the high NH4"
concentration compared to low concentrations of NO3™ and NO» in disturbed peatlands, the
overall significance of these NO3™ reducing processes appears limited. Consequently, peat
extraction was a major source of NH4" for this landscape, but drained peatlands in other regions
could have less of an impact on DIN concentrations depending on fertilizer application,

atmospheric N deposition, peat OM quality, and N content (Shi et al., 2021).

For PO4*", there was a significant difference between trends for disturbed and intact peatlands.
PO4* concentrations decreased as intact peatland cover increased, but increasing peatland
disturbance had no significant effect. This phenomenon can be attributed to rapid phosphorus
cycling in the upper peat layers of intact peatlands, particularly ombrotrophic bogs, which
maintain low levels of PO4> in inland waters (Wang et al., 2015). However, in extracted
peatlands, organic P can be mineralized to PO4>", but oxidized conditions can co-precipitate P
with other compounds such as Fe and Mn (Zak et al., 2004). Therefore, the response of PO4>" is
modulated by redox conditions and concentrations of co-precipitating compounds, resulting in an
unclear PO4* relationship with peatland disturbance. Notably, other studies have reported

increasing PO4>" concentrations from both drained and rewetted peatlands, highlighting the
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intricate role of redox chemistry across diverse peatland disturbance and restoration processes

(Zak et al., 2004; Zak and Gelbrecht, 2007; Nieminen et al., 2020a).

We hypothesized that inorganic N and P export from agricultural subcatchments would
be much greater than from disturbed peatlands, and that the influence of peat extraction in mixed
agricultural catchments would be marginal. However, extracted peatlands were the main DIN
source and land use had no effect on inorganic P concentration. This is likely explained by the
fact that agriculture in our study region consisted of mostly low-density grazing and hay
production, both of which result in low N and P inputs from fertilizer and manure. Additionally,
the relatively high DOC concentration in agriculture subcatchments suggests that many uplands
in this region are also rich in SOM, and nutrients are likely retained within the soil (Taylor and
Townsend, 2010). Nevertheless, POs* was abundant in both peatlands and upland catchments,
suggesting that other factors beyond land use control P cycling in this study region.
Unfortunately, we do not have detailed N and P inventories like other regions (Eshleman and
Sabo, 2016; Sabo et al., 2019; Frei et al., 2020) and more research is needed to understand

nutrient cycling in the Boreal Transition ecozone.

Disturbed and intact peatland cover had contrasting relationships with turbidity. Peatland
drainage increased erosion of particulate matter into inland waters, whereas intact peatlands
acted as water filters (St-Hilaire et al., 2006; Wilson et al., 2011). The influence of drainage on
particulate loading of inland waters has prompted the peat extraction industry in Canada to adopt
sediment settling ponds in newer extraction sites to help reduce sediment transport downstream
(St-Hilaire et al., 2006; Hafdhi et al., 2020). Our headwater extracted peatland sites are located

on older extraction sites and therefore their drainage network has been left free-flowing.

Though DOC concentrations were elevated in inland waters draining disturbed headwater
peatlands relative to intact headwater peatlands (< 10 km?), there was no significant effect of
disturbance in our regression analysis. The DOC random forest model supported this assessment,
suggesting that peatland cover in general was the most important driver of DOC concentration
across the meso-scale catchments (~150 km?). Evidence from NH4" concentrations, and
companion studies on vertical C fluxes from the peat surface and ditches (Hunter, in review, and
work from eastern Canada: Clark et al 2023, He et al 2023) suggest that peat OM decomposition
was elevated in the extracted peatlands, but this did not translate to significantly higher DOC
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concentrations in the stream network. DOM composition was not significantly affected by
disturbance, and was mainly affected by changes in hydrology. This data is critically important
to support the broader research on disturbed peatland DOM dynamics across ecosystems and

climatic gradients (Rosset et al., 2022).

2.4.3 Influence of hydrology on DOC and nutrient processing and attenuation in the stream
network

Hydrological variability modulates solute attenuation and catchment nutrient dynamics, affecting
the downstream reach of solutes from disturbed peatlands. Generalized concentration-discharge
relationships showed that both N and P exhibited dilution patterns with rising stream discharge,
suggesting that these nutrients were production-limited across the catchment. However, their
attenuation rates in response to contrasting hydrological conditions were opposite. During
prevailing dry conditions in 2021, DIN exhibited higher attenuation while PO4* had lower
attenuation. These attenuation patterns suggest divergent processes removing DIN and P from
the water column such as redox chemistry and biological nutrient demand (i.e., differences in
prevailing nutrient limitation) (Zak and Gelbrecht, 2007). This data indicates that the effect of
peatland disturbance on downstream water quality and nutrient delivery is modulated by
hydrology and redox chemistry. Sedimentation impounds and ditch blocking may retain a large
portion of eroded sediments and nutrients during low flows, but high flows overwhelm their
retention capacity (St-Hilaire et al., 2006; Hafdhi et al., 2020). Therefore, more research is
needed to develop the tools and assessments necessary for more responsible watershed
management. Moreover, peatlands are widespread in northern regions and peat extraction is just
one type of peatland disturbance. Thus, more research is needed on the generalizability of the
impacts of peatland disturbance on water quality across northern regions in the context of global

biogeochemical cycles (Rosset et al., 2022).

DOC displayed enrichment during moderate flows and slight dilution during high flows,
consistent with patterns in other peatland systems (Fork et al., 2020; Bass et al., 2023). Though
hydrology was a less important factor in the DOC random forest model, it was a major factor
controlling DOM composition. Redundancy analysis showed that hydrochemistry exerted a more
substantial influence on dissolved organic matter (DOM) composition than land cover,

highlighting the interconnectedness between water flux, hydrological flowpaths, and DOM
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sources (Broder et al., 2017; Sebestyen et al., 2021). However, it's worth noting that
hydrochemical indicators, such as base cation and sulfate concentrations, were correlated with
land cover due to differences in hydrological flowpaths between peatland and upland systems.
Higher stream flow increased aromatic, humic-like DOM into the stream network, associated
with less DOC attenuation. Conversely, low flow conditions were linked with greater DOC
attenuation. Low flows were also associated with elevated base cations and sulfate
concentrations, indicating increased groundwater influence (Abbott et al., 2016), resulting in
fresher and more autochthonous-like DOM. This shift in DOM composition from aromatic to
fresher forms signifies a combination of processes, including mineral adsorption, photo- and bio-
degradation, autochthonous DOM production, and the infusion of fresh DOM as catchments
transition from peat-dominated headwaters to agricultural landscapes near the outlet (Broder et

al., 2017; Fork et al., 2020).

Our findings emphasize the complexity of solute dynamics and the critical role of hydrological
variability in shaping them. It's important to note that while our qualitative assessment of solute
mass balance makes certain assumptions about uniform specific discharge across the study area,
future research involving catchment-scale hydrological modeling and mass balance studies is
crucial for determining precise rates and mechanisms of solute attenuation (e.g., Wen et al 2020).
As we anticipate the continued impact of human development and climate change on northern
peatlands (Hugelius et al., 2020; Loisel et al., 2021; Fluet-Chouinard et al., 2023), understanding
and managing DOM and nutrient export from disturbed peatlands while preserving intact
peatlands is increasingly imperative (St-Hilaire et al., 2006; Hafdhi et al., 2020; Harris et al.,
2022). This work aids in mitigating potential downstream consequences and provides evidence
to support broader efforts in peatland conservation and sustainable management (Loisel et al.,

2021; Harris et al., 2022).
2.5 Conclusions

Peatland disturbance has the potential to disrupt water quality far beyond the boundaries of the
initial disturbance. In this study, subcatchments draining extracted peatlands without sediment
impoundments affected inorganic N and P concentration and turbidity in inland waters relative to
intact peatlands. DOC concentrations were elevated in drainage ditches relative to headwater

peatland catchments, but this effect was not significant across the study region. In context of the
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net ecosystem carbon balance, we estimated that DOC flux from extracted peatlands was a minor
component due to low runoff in this subhumid climate. As such, peatland DOC export in our
study region is lower than in more humid regions such as eastern Canada. Additionally, we
estimated that inorganic nutrients were attenuated as they moved downstream, with divergent
patterns in response to stream discharge. DOC acted conservatively through the stream network,
but changes in DOM composition were associated with hydrochemical indicators suggesting that

differences in hydrological flowpaths and water residence time influenced DOM fate.
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3. Prevailing carbon-limitation for bacteria in disturbed headwater peatland streams

Abstract

Peatlands are abundant in northern landscapes and are significant sources of water and dissolved
organic matter (DOM) to inland waters. DOM consists of diverse molecules that contain carbon
(C), nitrogen (N), and phosphorous (P) that are essential nutrients for aquatic organisms in
relative ratios. Disturbances in northern peatlands, such as wildfire and resource extraction, may
influence the magnitude and bioavailability of C, N, and P that are produced in peatlands and
transported to inland waters. Yet, the impact and relevance of peatland disturbance for aquatic
ecosystems remain understudied. Here, we investigated how wildfire and industrial peat
extraction affected nutrient limitation for bacteria in three headwater peatland catchments in
central Alberta, Canada. We sampled peatland porewater and headwater streams four times over
a year and measured dissolved C, N, and P concentration; DOM molecular properties; and
performed bacterial regrowth lab incubations to estimate dissolved organic C (DOC), DON, and
DOP bioavailability. Our results suggest that peatland disturbance had no significant effect on
DOM bioavailability, which was <1% on average, because recalcitrant molecular structures
precluded heterotrophic bacterial uptake. However, the spring freshet produced a spike in
bioavailable DOC and DON which was associated with a decrease in DOM aromaticity.
Inorganic nutrients were significantly affected by peatland disturbance, with dissolved inorganic
N (DIN) increasing in the extracted peatland, and phosphate (PO4>") increasing in the burned
peatland. Consequently, bacterial abundance and stoichiometric ratios of bioavailable C:N:P
suggested that headwater peatland streams were C-limited, exporting recalcitrant DOC and

reactive nutrients downstream.
3.1 Introduction

The molecular composition and bioavailability of DOM exported from disturbed northern
peatlands are subject to change due to climate change, land use alterations, and land cover
changes (Creed et al., 2018). This DOM contains essential nutrients, including nitrogen (N),
phosphorous (P), and other elements that support the productivity and function of northern
aquatic ecosystems (Tanentzap et al., 2017; Berggren et al., 2018). Peatland disturbances release

older, stored organic matter, altering the quantity, composition, and reactivity of DOM entering
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northern water bodies (Butman et al., 2015; Burd et al., 2018). Because northern ecosystems
generally exhibit lower biodiversity compared to temperate and tropical regions, they are more
sensitive to disruptions in food resources that could destabilize ecosystem structure (Schindler,
1998). Consequently, peatland disturbances could have profound implications for aquatic
biogeochemistry, nutrient cycling, and ecosystem health (Berggren et al., 2015; Creed et al.,

2018).

Despite the well-recognized significance of peatland DOM export, our understanding of the
effects of peatland disturbance on DOM bioavailability in northern aquatic ecosystems remains
limited (Hulatt et al., 2014a; Berggren et al., 2015). Previous studies have predominantly focused
on gaseous and bulk aquatic fluxes of C (Evans et al., 2016), largely overlooking the complex
dynamics of DOM and its bioavailability. Peatland disturbance likely affects DOM composition
and bioavailability because of changes in vegetation, water table position, water flow paths, and
DOM production rates (Holden et al., 2006; Laine et al., 2014). Deeper water flow paths
transport DOM from older peat, reintroducing ancient C into the contemporary C cycle (Hulatt et
al., 2014b; Butman et al., 2015). The relationship between DOM age and bioavailability is
murky (Butman et al., 2012; Hulatt et al., 2014a; Bogard and Butman, 2018), but older peat
DOM suggests that DOM is sourced from deeper peat, which is associated with more humic-like
DOM with higher N:P ratios (Wang et al., 2015; Tfaily et al., 2018). Moreover, research on
drained and burned peatlands has shown increased DOC and inorganic N and P concentrations in
peat porewater and connected streams (Strack et al., 2008; Brown et al., 2015; Nieminen et al.,
2017; Ritson et al., 2017; Burd et al., 2018; Wu et al., 2022). Increasing nutrient availability in
soils has been connected with increasing DOC bioavailability, an effect known as nutrient
priming which may also occur in aquatic ecosystems (Wologo et al., 2021). Yet, few studies
have measured the synergistic effects of DOM bioavailability and nutrient concentrations in

disturbed peatlands (Hulatt et al., 2014a; Burd et al., 2018).

Only a fraction of natural DOM is bioavailable for consumption by aquatic organisms, which is
determined by the interaction of molecular composition and environmental conditions
(Kothawala et al., 2020; Berggren et al., 2022). For example, molecular composition determines
the thermodynamic favorability of DOM for mineralization, which factors in bond energies,

chemical structure, functional groups, and oxidations state (Kothawala et al., 2020).
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Environmental conditions (e.g., temperature, redox, nutrient availability) modulate the rate of
reactions, allowing labile DOM to persist for centuries or nonlabile DOM to react rapidly
(Kothawala et al., 2020; Berggren et al., 2022). Therefore, bioavailability is an operational term
that measures the amount of an element potentially assimilable by biota, either directly or via

enzymatic processing (Stepanauskas et al., 2002; Berggren et al., 2015).

While northern DOM-rich waters contain abundant DON and DOP, their bioavailability remains
understudied compared to DOC (Berggren et al., 2015). Recent research in Scandinavia
employing bacterial regrowth bioassays suggests that bioavailable DON (BDON) and DOP
(BDOP) might be more accessible than BDOC, with %BDOC < %BDON < %BDOP
(Stepanauskas et al., 2002; Soares et al., 2017; Rulli et al., 2022). However, these studies have
primarily focused on fresh DOM from relatively pristine boreal catchments, leaving the
bioavailability of DOC, DON, and DOP from disturbed peatlands unexplored. Consequently,
understanding the impact of peatland disturbances on bioavailable resource stoichiometry (C:N:P
ratio) for aquatic heterotrophic bacteria remains challenging (Berggren et al., 2015). Because
aquatic bacteria have specific but variable requirements for consuming C, N, and P (Fagerbakke
et al., 1996; Vrede et al., 2002), insufficient access to these resources significantly decreases
species abundance, potentially leading to cascading effects on aquatic food webs and alterations

in aquatic biogeochemistry (Creed et al., 2018).

Here, we investigated the effect of peatland disturbance on DOM molecular structure, and on C,
N, and P bioavailability and stoichiometry. To this end, we studied porewater and stream water
in three headwater peatland catchments: one intact, one extracted, and one burned. We measured
DOM molecular composition using UV-Vis and fluorescence spectroscopy and radiocarbon
(14C-DOC) analysis. We hypothesized that extraction and wildfire would lead to the
downstream export of older, more humic-like, and less bioavailable DOM, due to lowered water
table and removal of vegetation and the relatively increased transport of DOM derived from
deeper and older peat layers. Therefore, we predicted that disturbed peatlands would be C-
limited compared to the intact peatland because of lower DOM bioavailability (particularly
BDOC). And if so, disturbed peatlands would export more inorganic nutrients and recalcitrant
DOM to downstream ecosystems. Overall, this research seeks to contribute to our knowledge of

northern peatland dynamics, offering valuable insights into the effects of disturbance on
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dissolved organic matter bioavailability and its repercussions on the intricate balance of northern

aquatic ecosystems.

3.2 Methods

3.2.1 Study sites

The study was carried out in three headwater peatland catchments located near Seba Beach,
Alberta, Canada (53° 28” N, 114° 51° W; Figure 8). We selected one intact, one extracted, and
one burned headwater peatland catchment based on catchment characteristics (Table 1) and site
accessibility. These catchments were located in the Canadian Boreal Transition ecoregion, where
the Prairie ecoregion transitions into the Boreal Plains (The Ecological Framework of Canada,
2014). The study sites were all, at one point, treed bogs with vegetation dominated by Sphagnum
spp., Rhododendron groenlandicum, and Picea mariana. We used GIS analysis in ArcGIS Pro to
delineate catchments and quantify land cover extent. Catchments were delineated using the
Government of Alberta’s Provincial Digital Elevation Model at 25 m resolution. Land cover data
was extracted from the Alberta Biodiversity Monitoring Institute’s Human Footprint Index and
Wetlands Inventory. Catchment characteristics are reported in Table 1. Briefly, the intact
peatland catchment was adjacent to the extracted one but disturbance was negligible. In the
extracted peatland catchment, 100% of the catchment was extracted and natural vegetation had
been completely removed (see Figure 8). The burned peatland catchment caught fire in May
2021 in the Parkland Fire, and burned to the extent that most vegetation was incinerated and only
charred tree trunks remained. These headwater catchments drained into Tomahawk Creek and
Deep Creek, which are tributaries to the North Saskatchewan River approximately 150 km
upriver from Edmonton, Alberta. The river is the city’s primary drinking water source. Regional
surficial geology is dominated by moraines and glaciolacustrine deposits, and peatlands have
formed over hundreds of years in flat regions underlain by fine-grained, glaciolacustrine

deposits.

Table 1. Land cover information for the three headwater peatland catchments.

N Area Total Extracted Burned  Forest Agri-
ite (km?) wetland peat (%) (%) culture
(%) (%) (%)
Intact Peatland 0.50 56 3 0 43 0
Extracted Peatland 0.04 100 100 0 0 0
Burned Peatland 8.68 45 0 29 30 23
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Figure 8. Map of study sites in the Tomahawk and Deep Creek Catchments. Photos show

conditions in intact (a), extracted (b), and burned (c) headwater peatland catchments.

3.2.2 Sample collection and analysis

We collected porewater and stream water samples from the three sites to understand the effect of
peatland disturbance on DOM bioavailability, stoichiometry, and molecular composition. We
sampled porewater twice and stream water four times from August 2021 to August 2022 to
capture seasonal and hydrological variability. The samplings occurred during summer base flow
conditions (August 2021 and 2022), the spring freshet (March 2022), and a summer storm (July
2022). Peat porewater samples were collected in July and August 2022 by digging two or three
~30 cm pits in the peat until groundwater began seeping in. To reduce the disturbance effect of

digging on pore water DOM, we waited for the pits to fill with water for 10—-30 mins (depending
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on flow rate), and removed most of the water and then waited for the pits to refill. Equal volumes
were collected from each pit and combined to form a representative porewater sample for each
site. Stream water samples were collected from headwater streams near the center of the stream.

Pore and stream water samples were filtered in the field for water chemistry analysis.

3.2.2.1 DOM concentration and other water chemistry parameters

We collected in situ data and grab samples from the headwater peatland catchments to determine
DOM and nutrient concentrations and general water chemistry. We measured water temperature,
pH, and electrical conductivity using an in situ multiparameter probe (Hanna). We collected
filtered stream water samples to analyze for DOC, nutrients, and other elements. Samples were
filtered using pre-rinsed 0.7 um glass fiber filters (GFF) into 60 ml glass amber bottles (for
DOC) and 60 ml HDPE bottles (for nutrients, ions, and metals). Samples were transported back
to the laboratory on ice. DOC samples were acidified to pH 2 using standard-grade 2M HCI, and
all samples were stored in the dark at 4°C until analysis. Samples were analyzed for DOC,
dissolved ions, and metals at the University of Alberta Natural Resources Analytical Lab. DOC
samples were analyzed on a Shimadzu TOC-L CPH Model Total Organic Carbon Analyzer with
an ASI-L and TNM-L (Shimadzu, Japan). Dissolved ions (SO4>, NO3", NO>", CI', PO+*, and
NH4") were analyzed with a Thermo Gallery Plus Beermaster Autoanalyzer (Thermo Fisher
Scientific, Finland). Dissolved metals (Na, K, Ca, Mg, Fe, B, Mn, Zn, and Cu), TS, and TP were
analyzed with a Thermo i1CAP6300 Duo inductively coupled plasma-optical emission

spectrometer (ICP-OES, Thermo Fisher Corp., United Kingdom).

3.2.2.2 DOM molecular composition

To determine DOM molecular composition, we collected porewater and stream water samples
from the headwater peatland catchments for UV-Vis and fluorescence spectroscopy. We syringe-
filtered samples in the field using 0.7 um GFF into 20 ml plastic scintillation vials. Samples were
stored in the dark at 4°C until analysis. In the lab, we measured absorbance from 200—750 nm at
I nm increments using a 1 cm quartz cuvette with a Shimadzu UV-1280 UV-vis
spectrophotometer (Shimadzu, Japan). We used a Horiba Aqualog spectrofluorometer (Horiba,
Japan) to measure fluorescence excitation and emission using a 1 cm quartz cuvette with an

integration time of 0.5 second. If absorbance at 254 nm was > 4 cm’! then we diluted samples by
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a factor of 2 with Milli-Q water. Fluorescence excitation and emission matrices (EEMs) were

blank-subtracted in MATLAB using Milli-Q blanks.

To measure DOM age and source, we collected samples for radiocarbon analysis ('*C-DOC)
during the July and August 2022 samplings. Radiocarbon samples were vacuum-filtered in the
field using 0.7 pm GFF and stored in sterile 500 ml HDPE bottles wrapped in aluminum foil and
were frozen until analysis. Samples were analyzed at the University of Ottawa A. E. Lalonde
AMS Laboratory. Radiocarbon analyses were performed on an lonplus AG MICADAS (Mini
Carbon Dating System). Data are reported following conventions recommended by Millard
(2014). The fraction modern carbon, F14C, was calculated according to the ratio of the sample
14C/12C to the standard “C/!2C (Ox-II) measured in the same data block. Radiocarbon ages are
calculated as -8033In(F14C) and reported in 14C years before present (BP=AD 1950), as
described by Stuiver and Polach (1977).

3.2.3 DOM bioavailability bioassays

3.2.3.1 Concentration change bioassays

To determine DOM bioavailability, we used two different methods: concentration change (Vonk
et al., 2015) and bacterial regrowth incubations (Stepanauskas et al., 2000; Soares et al., 2017,
Rulli et al., 2022). Concentration change incubations are commonly used in freshwater studies to
determine DOC bioavailability (Abbott et al., 2015; Vonk et al., 2015; Wologo et al., 2021). This
method uses the change in DOC concentration at the beginning and end of the incubation to
determine DOC bioavailability. Bioavailable DON and DOP can theoretically also be measured
by this method, but concentration changes are commonly within instrument error margins.
During the 2022 season, we used 7- and 28-day concentration change incubations following
Vonk et al (2015) to estimate BDOC. In the field, we collected unfiltered samples in acid-
washed 4 L LDPE cubitainers. Back at the lab, we vacuum-filtered the samples using 0.7 pym
GFF (Whatman) within 12 hours. We added 150 ml of porewater and stream water to acid-
washed 250 ml borosilicate glass amber bottles in triplicate. Samples were incubated in the dark
at 20°C for 28 days, and were aerated at least once a week to prevent anoxia. Subsamples (20 ml)
were collected at the beginning (TO0), after 7 days (T7), and after 28 days (T28), and were
acidified to pH 2 with 2M HCI. After the full 28-day incubation, subsamples were analyzed
together for DOC on a Shimadzu TOC-L analyzer.
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3.2.3.2 Bacterial regrowth bioassay

The second incubation method we used was a bacterial regrowth bioassay to measure concurrent
bioavailability of DOC, DON, and DOP in the three headwater peatland streams (Stepanauskas
et al., 2000; Soares et al., 2017; Rulli et al., 2022). To briefly overview the method, bacteria are
removed from stream water samples and then reintroduced to bioassays to measure bacterial
regrowth (via bacterial abundance) over a seven-day incubation period. Three subsets of the
bioassays target bacterial consumption of bioavailable DOC, DON, and DOP respectively to
facilitate bacterial regrowth. Thus, bacterial abundance is used to estimate bioavailable fractions

of DOC, DON, and DOP.

In the lab, we conducted four controlled bacterial regrowth bioassays in the laboratory over one
year following an adapted protocol based on the methods from Rulli ez al. (2022). We collected 4
L of unfiltered stream water from each site in acid-washed LDPE cubitainers. To remove
bacteria, we vacuum-filtered these samples within 24 hours using 0.2 um nylon membrane filters
(Whatman). The filtered water for each sample was divided into 12 replicates—each in a 250 ml
acid-washed glass bottle with a polypropylene cap (Duran) for a final incubation volume of 150
ml. We also prepared a control incubation by following the same steps above but with Milli-Q
water instead of stream water. We then added bacteria back to the incubation bottles using 2%
(v/v) standard inoculum—water collected from throughout the Tomahawk catchment stream
network and vacuum-filtered using 1.2 um membrane filters (Millipore) to remove particulate
matter and large bacterivores. Next, we added 5% (v/v) of modified Bold’s Basal Medium
(excluding N and P) which contains the micronutrients and trace metals necessary for bacterial
growth. During lab trials, we found that we needed to raise pH in the incubation samples to
reduce bacterial shock due to naturally acidic conditions in the headwater peatland streams (pH
~5). Therefore, we amended the pH in each sample to pH 7 using an autoclaved calcium
carbonate solution to imitate natural pH in the mainstem of Tomahawk Creek where these
headwaters drain. Total amounts of calcium carbonate solution added to each sample depended
on initial pH, which varied by season and hydrological conditions, but was <5% (v/v) of

incubation volume.

To encourage bacteria to utilize bioavailable organic matter for growth, we induced strong C-, N-

, or P-limitation in a subset of the incubation bottles. For example, for each water sample

46



consisting of 12 replicate bottles, we induced C-limitation in a third of the bottles, N-limitation
in another third, and P-limitation in the final third by adding non-limited nutrients in excess. For
example, in the C-limited subset, we added N (as NH4NO3; amount added 2000 ug N L") and P
(NaH,POj4 *» H,O; amount added 200 pg P L!). In the N-limited subset, we added C (C¢H120;
amount added 20 mg C L) and P (NaH2PO4 * H2O; amount added 200 pug P L). In the P-
limited subset, we added C (CsH1206; amount added 20 mg C L) and N (as NH4NO3; amount
added 2000 pg N L. To verify that we induced nutrient limitation, and to estimate average
nutrient content in bacteria cells, we added a spike of the limiting nutrient in half of the samples.
Specifically, in two of the four C-limited samples we added a spike of C (final concentration in
bioassay: 1000 pg C L); in two of the four N-limited samples we added a spike of N (final
concentration in bioassay: 100 pg N L); and in two of the four P-limited samples we added a

spike of P (final concentration in bioassay: 10 ug P L).

Samples were incubated in the dark at 20°C for 7 days. Every 24 hours, we collected two one-ml
subsamples from each incubation bottle and stored them in sterile 1.5 ml Eppendorf tubes. We
immediately fixed the subsamples with filtered (0.2 pum) glutaraldehyde (3% v/v) and stored

them at 4°C until analysis for bacterial abundance.

Bacterial abundance was determined by flow cytometry within one week of subsampling. Flow
cytometry is optimal for measuring bacterial abundance because it enables rapid and automated
sample analysis with high accuracy. Flow cytometry uses fluorescence spectroscopy and fluid
focusing to count thousands of individual cells per second. We prepared our samples by staining
the fixed subsamples with diluted fluorescent SYTO-13 dye. We also prepared flow cytometry
controls for each sample run, which consisted of pure Milli-Q water and Milli-Q water stained
with SYTO-13. After the subsamples were stained, they were stored in the dark for 15 minutes,
and then analyzed on an Attune NxT flow cytometer. Raw bacterial count data were post-
processed using FlowJo v10.7.2 software to quality check the data and remove nonviable cell

counts. Final bacterial abundance was calculated as concentration of cells ml!.

3.2.4 Calculations and statistical analyses

3.2.4.1 Absorbance and fluorescence spectroscopy and modelling
We used UV-Vis and fluorescence spectroscopy to measure DOM molecular composition. UV-

Vis spectra were used to calculate indices that estimate DOM aromaticity and molecular weight.
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We estimated DOM aromaticity by calculating specific UV absorbance at 254 nm (SUV Aas4; L
mg™! C m™) by dividing the Naperian absorbance value at 254 nm by DOC concentration
(Weishaar et al., 2003). To estimate molecular weight, we calculated the slope ratio (Sr) using
the staRdom package in R (Helms et al., 2008; Pucher et al., 2019). Sr is calculated by dividing
the slope from 275-295 nm by the slope from 350-400 nm, and is inversely correlated with
DOM molecular weight (Helms et al., 2008). We calculated fluorescence indices using the
pickpeaks function in the drEEM toolbox in MATLAB. First, we corrected the EEMs by
removing noisy data, normalizing to Raman Units, and correcting for inner filter effects. The
pickpeaks function calculated the Freshness Index and Humification Index (HIX) to estimate
fractions of fresh and humic-like DOM. The Freshness Index is used to estimate biological
activity in inland waters, and is measured by dividing the emission at 380 nm by the emission
maximum between 420 and 435 at the excitation at 310 nm. The HIX is correlated with humic-
like, recalcitrant DOM, and is measured as the area under the emission spectra from 435480 nm
divided by the peak area at 300-345 nm and 435-480 nm in the excitation spectra at 254 nm
(Ohno, 2002). Used together, these indices provide information about DOM molecular

composition, including molecular weight, aromaticity, and source.

Additionally, we used parallel factor (PARAFAC) analysis to further characterize DOM
molecular composition based on fluorescence signals unique to our dataset. PARAFAC
decomposes EEMs into a series of statistical, tri-linear components, which explain the variability
of fluorescence characteristics in DOM. To run PARAFAC analysis, we used the drEEM toolbox
in MATLAB (Murphy et al., 2013). Using the same corrected EEMs from the peak picking
exercise above, we created initial PARAFAC models. Next, we identified and removed outliers,
adjusted model parameters to minimize sum of squares residuals, and identified the appropriate
number of components, randomly initializing with 10 iterations. Finally, we validated the model
using split-half analysis. The final validated model had four components, and the relative
fluorescence intensity was expressed as a percentage of the sum of all four component
intensities. To interpret the components, we compared our four components to other published

PARAFAC components in the OpenFluor database (Murphy et al., 2014).
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3.2.4.2 Bioavailable DOC, DON, and DOP calculations

We measured bioavailable DOC using two methods: through concentration change and bacterial
regrowth incubations. Using the concentration change method, we estimated the fraction of
bioavailable DOC by calculating the proportion of DOC lost over the 7-day (BDOCc.7) and 28-
day (BDOC.c2g) incubation periods.

Bioavailable DOC, DON, and DOP were estimated from the bacterial regrowth incubations. For
most samples, bacterial abundance peaked after 3 days (Figure S9). Secondary peaks were
common as bacterial abundance increased during the second half of the incubation. Our goal was
to identify the primary bacterial abundance peak so we could use a spike-and-response approach
from Stepanauskas et al (2000) with a fixed timeframe to estimate the fraction of DOC, DON,
and DOP that is readily bioavailable to bacteria (Soares et al., 2017). Therefore, we used

bacterial abundance from day 3 to estimate nutrient bioavailability.

To calculate bioavailable fractions of DOC, DON, and DOP from the bacterial regrowth
incubation, we made the following three assumptions as explained in detail in Rulli ez a/ (2022).
First, we assumed that the added spike of limiting nutrients was 100% bioavailable and
assimilated during the incubation. Second, bioavailable C, N, and P compounds produced an
equal increase in bacterial biomass per mol of C, N, or P. Lastly, all bioavailable C, N, and P
were exhausted when the bacterial growth reached a primary peak—representing only readily

bioavailable nutrients.

First, we calculated nutrient content per cell (Nutrient,.;) in Equation 1:

S

Nutrient .; =
cett Aspike - Astream

Where s is the concentration of C (as glucose), N (as ammonium nitrate), or P (as phosphate)

spike added to the C-, N-, and P-limited spike samples respectively. Agp;ke 1s the average

bacterial abundance in the spiked samples (cells ml™), and Agzeqm iS the average bacterial
abundance in the unspiked stream and control samples (cells ml™"). Concentrations of BDOC,

BDON, and BDOP (in pug L!) were calculated using Equation 2:

B = (Nutrientcey X Astream) — I
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Where [ is the concentration of inorganic nutrients (in ug L™!). The inorganic fraction of C was
ignored. The dissolved non-bioavailable fraction (D,,) of C, N, or P (in pg L") was calculated in

Equation 3:
D,=T—-B-1
Where T is the total dissolved concentration of that particular nutrient.

3.2.4.3 Stoichiometric C:N.P ratios

We compared total (DOC:TDN:TDP), inorganic (DOC:DIN:DIP), and bioavailable
(BDOC:DIN+BDON:DIP+BDOP) resource fractions to identify the limiting nutrients for the
headwater catchments across seasonal and hydrological conditions. We report C:N:P ratios as
log-transformed molar ratios, which is the best practice in ecosystem stoichiometry studies to
avoid data bias that favors P-limitation (Isles, 2020). We compared stream water sample
stoichiometry to the log-transformed Redfield ratio (log(106:16:1)) to estimate nutrient limitation

for bacteria in headwater peatland streams.

3.2.4.4 Statistical analysis

To test for significant differences among headwater peatlands and sampling periods, we used
one-way ANOVAs. We tested assumptions of normality and equal variance using q-q plots and
the Levene’s Test respectively. Differences among groups were determined using the Tukey
Honest Significant Differences test. We used linear discriminant analysis, a multivariate,
rotation-based analysis, to maximize the spread of DOM molecular composition indices among
headwater peatlands. Discriminant analysis can be affected by the scale of predictor variables
(Legendre and Legendre, 2012), so we standardized the data so that the mean and standard
deviation for each DOM analyte would be 0 and 1 respectively. We performed the analysis using

the candisc package in R (Friendly and Fox, 2021).

We used multiple linear regression models to assess the effect of intrinsic and extrinsic controls
on DOM bioavailability. We constructed two models with BDOCy: and BDONy,, concentration as
the respective response variables. Because of a large number of zeros in the BDONy,;
concentration data, we ran a zero-inflated regression model. Due to our small sample size (n =
11), we chose four explanatory variables: SUVAjs4, S, DIN, and PO4™". Prior to statistical

modelling, we standardized the data and log-transformed variables as needed.
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3.3 Results

3.3.1 The effect of peatland disturbance on C, N, and P concentrations and bioavailability
Peatland disturbance had little effect on DOC, DON, and DOP concentrations, but increased
inorganic N and P concentrations (Figure 9). Highest DOC, DON, and DOP concentrations
occurred in disturbed peatlands, but differences among peatland catchments were not statistically
significant (p > 0.05; See Figure 9 and Table S4). Porewater and stream water DOC
concentrations averaged 178 + 36 (standard error) mg L' and 84 + 8 mg L' respectively; DON
concentrations in porewater and stream water averaged 2.6 + 0.50 mg L' and 1.7 £ 0.13 mg L!
respectively; and DOP concentrations in porewater and stream water averaged 0.16 + 0.09 mg L~
"and 0.09 + 0.02 mg L' respectively (Table S3). Inorganic nutrients were more affected by
disturbance than their organic counterparts. Porewater and stream water DIN concentrations
averaged 3.4 = 1.4 mg L' and 0.80 + 0.43 mg L"! respectively, with highest concentrations
coming from the disturbed peatland. DIN in the extracted peatland was significantly higher than
the burned and intact peatlands (p = 0.004; Figure 9 and Table S4). Porewater and stream water
PO.* concentrations averaged 1.9 + 1.2 mg L™! and 0.13 £ 0.04 mg L' respectively, with highest
concentrations coming from the burned peatland. However, there was no significant effect of

peatland disturbance on PO4* (p = 0.18, Table S4).
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Figure 9. Boxplots of C, N, and P concentrations showing the interquartile range (box) about the
median (mid-line) for each headwater peatland catchment. Different shapes for the jittered
sample points show differences in porewater and stream water samples. In the text above the
boxplots, the first letter is the compact letter display to show significant differences among

catchments (p < 0.05), and the integer in parentheses shows the total number of samples.
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Figure 10. Stacked bar plots of C, N, and P concentrations in stream water samples (plots a—i).
Stacked bars show differences in bioavailable and non-bioavailable organic matter and inorganic
nutrients (left-hand y-axis). Percent bioavailable DOC, DON, and DOP is shown by the line plot,
with the corresponding right-hand y-axis. Stream discharge (plot j) measured ~10 km

downstream of the headwater sites shows change in hydrology over the four sampling periods.

Less than 5% of DOC, DON, and DOP were bioavailable in the headwater streams (Figure 10).
BDOC: ranged from 0.04% to 4.77%, and was 0.74 + 0.41% on average (Figure 10, Table 2). In
the intact and burned peatlands, BDOCy, peaked during the spring freshet (0.91% and 4.77%
respectively), but in the extracted peatland BDOCy: peaked during the summer high flow
sampling (0.90%). BDONy: was undetectable during all samplings except during the spring
freshet when BDONy,: was 3.7% and 2.4% in the intact and burned streams respectively (Table
2). BDOPy,; was undetectable throughout the study. There were no significant effects on
bioavailable resource fractions or concentrations among headwater peatlands using one-way
ANOVA (Figure 9; p > 0.05). Moreover, there were no significant relationships between
inorganic nutrients and BDOCy: and BDONy, (Figure S8). We compared the BDOC, results with

results from the 7-day change in concentration incubation (BDOC.7), and the data were
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significantly positively correlated (Figure S7, R?> =0.99, p < 0.001). The BDOC.c2s results were
not well correlated with the 7-day BDOCh, results (R? = 0.18).

Table 2. Bioavailable dissolved organic carbon (BDOC), nitrogen (BDON), and phosphorus

(BDOP) concentrations in headwater peatland catchments over the four sampling dates.

Headwater
peatland Aug 2021 Mar 2022 Jul 2022 Aug 2022 Aug 2021 Mar 2022 Jul 2022 Aug 2022
Low Flow Freshet High Flow Low Flow | Low Flow Freshet High Flow  Low Flow
Catchment
BDOC (pg CLY) BDOC (%)
Intact 42 820 523 75 0.05 0.91 0.64 0.08
Burned 26 1539 118 166 0.04 4.77 0.12 0.16
Extracted 51 1096 447 0.19 0.90 0.26
BDON (ug N L) BDON (%)
Intact 63 3.70
Burned 43 2.44
Extracted
BDOP (ug P L™ BDOP (%)
Intact
Burned
Extracted

3.3.2 The effect of peatland disturbance on DOM molecular composition

DOM molecular composition was mostly aromatic, humic-like, and high molecular weight

across the study sites (Table S3). There was little variation in DOM composition across study

sites and water sources (e.g., pore and stream water), except for Sk which was significantly

higher in burned peatland samples than extracted peatland samples (p = 0.03). However, Sr from

the burned and extracted peatland samples were not significantly different from the intact

peatland samples (p > 0.05; Figure S10, Table S4). SUV Axs4 was statistically lower during the

spring freshet than other samplings (p < 0.001; Figure S11, Table S5). But Sk was not

significantly affected by the spring freshet and we did not measure DOM fluorescence for that

sampling due to instrument malfunction.

Parallel Factor (PARAFAC) analysis resulted in 4 components that corresponded with humic-

and fulvic-like organic material, all of which corresponded with fluorophores described in

previous studies (Figure S13). Component 1 (C1) contributed the most to overall fluorescence,

ranging from 34% to 58% (mean: 41 + 1.3%). C1 was similar to terrestrially-sourced, humic-like

fluorescence with an excitation maximum <300 nm and emission maximum at 414 nm, and PCA

showed that C1 and SUV A»s4 were negatively correlated (Figure S12). Components 2 (C2; ex:
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335 nm, em: 461 nm) and 3 (C3; ex: 360 nm, em: 447 nm) contributed 24 + 4% (range: 0-51%)
and 19 + 3% (range: 0-35%) of total fluorescence respectively, and were similar to terrestrially-
sourced, humic-like fluorescence in catchments that have been anthropogenically altered. PCA
showed that C2 was negatively associated with BIX, and C3 was negatively associated with Sr.
Component 4 (C4; ex: 400 nm, em: >500 nm) accounted for 17 = 1% (range: 10-23%) of total
fluorescence on average, and was similar to microbially altered humic- and fulvic-acids. C4 was
also positively associated with BIX (Figure S12). Importantly, PARAFAC analysis did not
identify a component that corresponded with protein-like fluorophores which are associated with
DOM bioavailability. There were no significant effects of season, hydrology, or peatland

disturbance on PARAFAC components (p > 0.05; Figure S10, Figure S11).

DOM age was significantly older in the extracted peatland than the intact and burned peatlands
(p <0.001; Figure S10, Table S4). Radiocarbon samples were only collected in July and August
2022, and there were no significant effects based on one-way ANOVA between the two
samplings (p = 0.95; Figure S11, Table S5). Porewater DOC age in the extracted peatland was
1016 + 24 years before present, and stream water DOC age was 619 + 25 years before present
(mean F14C: 0.90 + 0.02). Porewater and stream water DOC ages in the intact and burned
peatlands were both modern and enriched with *C (mean F14C: 1.09 £ 0.003 and 1.07 + 0.005

respectively).

We used linear discriminant analysis to test the extent that DOM molecular composition was
affected by peatland disturbance in July and August 2022 samples (Figure 11). The first
canonical variate accounted for 98.1% of the variation among peatland groups, and the second
accounted for only 1.7% (p = 0.07). The total structure coefficients for the two canonical variates

indicated that the variables that best accounted for among-group variation were F14C, SUV A2sy,
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and Sr (first variate); and C4% and HIX (second variate).
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Figure 11. Linear discriminant analysis showing which DOM optical properties best account for
differences among peatland groups. Points show variant scores for each porewater and stream
water sample, and crosses show the centroid variant scores for each group. Circles show the 95%

confidence interval about the group centroids.

3.3.3 Stoichiometry and nutrient limitation in headwater peatland streams

Total resource stoichiometry and inorganic stoichiometry, which are commonly used to study
nutrient limitation (Berggren et al., 2015), consistently overestimated C:N and C:P ratios in our
study streams. Thus, total and inorganic resource ratios suggested that N and/or P were the
limiting nutrients (Figure 12). However, factoring in resource bioavailability in stoichiometric
ratios significantly decreased C:N and C:P ratios (p < 0.05), indicating that C predominant
limiting nutrient. Interestingly, N:P ratios exhibited no significant differences among the
resource pools (i.e., total, inorganic, and bioavailable N:P), with average inorganic and
bioavailable N:P ratios approximating the Redfield ratio. This finding provides further evidence
that N and P were not major limiting nutrients. Bacterial abundance from the regrowth
incubations further supported these conclusions on resource limitation. Specifically, bacterial
abundance was significantly lower in the C-limited samples compared to the N-limited and P-
limited samples across all sites and samples (Figure S15; p < 0.001). Moreover, there were no
significant differences in bacterial abundance between N-limited and P-limited samples (p >

0.05).
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Figure 12. Stoichiometry of stream water calculated by total resource pools (DOC:TDN:TDP),
inorganic resource pools (DOC:DIN:DIP), and bioavailable resource pools
(BDOC:BDON+DIN:BDOP:DIP). The boxplots show the interquartile range (the box) about the
median (the horizontal line), and the diamonds show the mean. The dashed horizontal lines show
the log-transformed Redfield Ratio compared to resource pool stoichiometry. Statistically
significant differences (p < 0.05) among resource pools are shown in compact letter display

above the boxplots.

We then examined the impact of peatland disturbance on bioavailable nutrient stoichiometry and
nutrient limitation among streams (Figure 13). There were no significant differences in
bioavailable C:N and C:P ratios among headwater peatland streams (p > 0.05). However, we
observed higher bioavailable N:P ratios in the extracted peatland compared to the burned
peatland (p < 0.05), though neither differed significantly from intact peatland N:P. Higher
bioavailable N:P in the extracted peatland was driven by elevated DIN concentration, and lower
bioavailable N:P in the burned peatland was driven by higher PO4* concentration. Comparing
these ratios with the Redfield ratio, the intact peatland was generally C-limited, the extracted

peatland was co-limited by C and P, and the burned peatland was co-limited by C and N.

Bioavailable nutrient stoichiometry also varied across seasons and flow conditions, though are
sample size is limited (Figure 13). Headwater peatlands had bioavailable C:N ratios below

Redfield on average, but increased during freshet and summer high flow events for intact and
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burned peatlands. The extracted peatland had consistently low C:N ratios. Burned peatland C:N
values were closer to intact peatland values, except during the 2022 summer low flow sampling.
Average bioavailable C:P was below Redfield. Burned peatland C:P was consistently low, while
intact and extracted peatland C:P increased above Redfield during the summer high flow event.
Bioavailable N:P varied widely among disturbed peatlands and over time. Extracted peatlands
had consistently high N:P values, while intact and burned peatlands fluctuated. The highest
observed N:P values occurred during the summer high flow event in the extracted peatland and
during the 2021 summer low flow sampling for intact and burned peatlands (when the extracted
peatland stream was dry). Notably, during the 2022 summer low flow sampling, burned peatland

N:P was at its lowest, and intact peatland N:P was similar to the 2021 value.
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Figure 13. Stream water bioavailable stoichiometry time series and boxplots. The time series
show differences in stoichiometry across seasons and flow conditions. The boxplots show
differences in stoichiometry among peatland disturbances, with the box representing the
interquartile range about the median (the horizontal line) and the diamond representing the mean.

The dashed gray line indicates the log-transformed Redfield molar ratio. Statistically significant
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differences (p < 0.05) among peatland headwaters are shown in compact letter display above the

boxplots.
3.4 Discussion

Contrary to our original hypothesis, peatland disturbance had little effect on DOM molecular
composition and bioavailability most of the year in headwater peatland streams. DOM was
mostly humic-like and recalcitrant in all peatland porewater and streams. The largest changes in
DOM bioavailability and DOM composition were observed in the extracted peatland, whereas
DOM patterns in the burned peatland were similar to the intact peatland. Drainage ditches in the
extracted peatland increased the age (~500 years BP) and proportion of high molecular weight
DOM in the porewater and stream samples, but we found no significant relationship among
radiocarbon age, DOM size, and DOM bioavailability similar to other studies (McCallister and
del Giorgio, 2012; Casas-Ruiz et al., 2016). Despite complete and partial combustion of peatland
vegetation in the burned catchment, DOM composition and bioavailability were similar to the
intact peatland. Yet, elevated PO4> values in the burned peat porewater and stream water suggest
that the water sources from the burned areas of the catchment were significant (Figure 9). Fire
mineralizes organic P in peat during combustion, but P has no significant gaseous component
like C and N (Neff et al., 2005). Therefore, these results suggest that peatland wildfire had little
influence on DOM composition and bioavailability, but increased inorganic P availability,
similar to findings from other studies (Evans et al., 2017; Burd et al., 2018; Davidson et al.,
2019).

The spring freshet was the only notable seasonal/hydrological period that significantly changed
DOM molecular composition and bioavailability (Figure 10). Many studies across ecosystems
have observed increased DOM bioavailability during the freshet (Agren et al., 2008; Broder et
al., 2017). This increase in bioavailability is attributed to flushing reactive DOM that
accumulated over winter (Agren et al., 2008). Increasing DOC and DON bioavailability during
the freshet was negatively associated with SUV Azs4. However, SUV Azs4 values in the extracted
peatland decreased similarly to those in the intact and burned peatlands, but was not
accompanied by an increase in DOM bioavailability. This further highlights the result that

SUV A»s4 was not strongly correlated with BDOC in general (Figure S14, Figure S6). This

suggests that water flow paths in the extracted peatland similarly flowed through surface peat,
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but there were no fresh DOM inputs from plants, such as sphagnum mosses which contribute
bioavailable DOM (Fenner et al., 2004; Wickland et al., 2007). Instead, BDOC spiked in the
extracted peatland during the summer high flow event, when some colonizing plants may have
contributed bioavailable DOM along unmaintained ditches (based on qualitative field

observation).

Previous studies conducted in the boreal region emphasized the significance of BDON and
BDOP as nutrient sources in DOM-rich aquatic ecosystems (Stepanauskas et al., 2000; Jansson
et al., 2012; Soares et al., 2017; Rulli et al., 2022). Consequently, we initially hypothesized that
BDON and BDOP would demonstrate higher bioavailability compared to BDOC. But our
findings mostly contradicted this assumption, as we observed minimal BDON and BDOP
overall. Though BDON and BDOP were commonly below detection, BDOC was always
detectable, suggesting that microbes preferentially consumed DOM without N and P compounds
(Kothawala et al., 2014; Kellerman et al., 2015). The absence of protein- and amino acid-like
compounds in our PARAFAC model further suggests that the bioavailable DOM compounds
were likely simple sugars that were a minor fraction of the total DOM pool. The exception to this
pattern was during the spring freshet in intact and burned peatland streams when BDOC and
BDON levels were at their highest (see Figure 10). To interpret these results, several possible
explanations were considered. One likely scenario is that due to the recalcitrant molecular
structure of DOM and the abundance of inorganic nutrients, it was more energetically favorable
for microbes to utilize inorganic nutrients than to mine for BDON and BDOP. During the spring
freshet, the DOM exhibited reduced aromaticity and increased bioavailability, suggesting that
more labile molecular compounds were accessible for microbes, and they were therefore able to

utilize BDON as a nutrient source even with ample DIN available.

Additionally, the contrasting nutrient conditions in the two disturbed peatlands acted as a natural
case study of the effect of nutrient priming on DOM bioavailability. Inorganic N was elevated in
the extracted peatland and PO4> was elevated in the burned peatlands (Figure 9), yet inorganic
nutrients had no observable effect on DOM bioavailability. Despite evidence of nutrient priming
in other freshwater catchments (Bianchi et al., 2015; Rosemond et al., 2015), our results show no
evidence for nutrient priming in these disturbed peatland streams similar to results from others

(Catalan et al., 2015; Textor et al., 2018, 2019; Wologo et al., 2021). Our data supports the
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hypothesis that DOM turnover in freshwater ecosystems is primarily controlled by molecular
composition and to a lesser extent by environmental conditions (Kothawala et al., 2014, 2020;
Kellerman et al., 2015; Berggren et al., 2022). Therefore, despite abundant DOC and inorganic
nutrients in disturbed peatland streams, the recalcitrant molecular structure limited heterotrophic

respiration of these compounds.

In order to accurately infer nutrient limitation from stoichiometric ratios in DOM-rich waters, we
must include bioavailable resource fractions of C, N, and P (i.e., BDOC, BDON, and BDOP)
(Berggren et al., 2015; Graeber et al., 2021). Indeed, our results showed that stoichiometric ratios
based on total, inorganic, and bioavailable resource fractions led to different conclusions about
limiting nutrients (Figure 12). Because bulk DOC concentrations were so large, inferring nutrient
limitation from total and inorganic resource fractions suggested that N and P were the limiting
nutrients. However, because most of the DOC in these streams was molecularly recalcitrant,
bacterial abundance and stoichiometric ratios suggested that these peatlands are C-limited most

of the year (Figure 13, Figure S15), as has been reported in other studies (Soares et al., 2017).

Our results show that peatland disturbance affects the timing and magnitude of bioavailable C,
and inorganic N and P for aquatic ecosystems. As with bioavailability and molecular
composition, peat extraction and wildfire significantly altered N:P stoichiometry due to changes
in inorganic nutrient concentrations. These findings are consistent with global syntheses of CNP
stoichiometry that have found that anthropogenic disturbances are major disruptors to
stoichiometric ratios (Taylor and Townsend, 2010; Wymore et al., 2021). Because of persistent
C-limitation across peatland catchments during low flow (regardless of disturbance), these
headwater streams likely act as conveyors of recalcitrant DOM and reactive N and P downstream

(Kothawala et al., 2015), and may contribute to water quality issues downstream.
3.5 Conclusions

Peat extraction and wildfire minorly affected DOM concentration, composition, and
bioavailability and significantly increased inorganic N and P concentrations in stream and
porewater. Overall, DOM molecular composition was aromatic, humic-like, and high molecular
weight and disturbances shifted DOM molecular composition even more in that direction. By

integrating detailed DOM composition analysis with bioavailability incubations, we were able to

61



show that DOM molecular structure limited uptake by heterotrophic bacteria. These results
suggest that as peatland disturbance increases due to climate change, land cover, and land use

changes, more recalcitrant DOM and inorganic nutrients will be exported to inland waters.
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4. Refining current and future estimates of export and downstream attenuation of dissolved
organic carbon (DOC) from northern peatlands

Abstract

Northern peatlands are significant sources of dissolved organic carbon (DOC), but uncertainties
remain regarding their current and future export into freshwater ecosystems, attenuation along
river networks, and contribution to continental-scale DOC export into oceans. In the face of
rapid, ongoing climate change, understanding controls on peatland DOC export is crucial for
peatland carbon balance, water quality, aquatic ecosystems, and carbon flux across the
terrestrial-aquatic continuum. Here, we present a synthesis of observation-based DOC export
from catchments with northern peatlands (>45°N). Using machine learning coupled with spatial
datasets of peatland distribution, we assessed peatland influence on riverine DOC concentration
and export across various catchment scales and climates. Our analysis revealed significant
variability in DOC concentration and yield across peatland regions, driven by permafrost
conditions and annual precipitation. Average peatland DOC yield from headwaters was 8.5 g C
m yr'!, ranging from 5 to 15 g C m™ yr'l. Total peatland DOC export into headwaters was 29
Tg C yr'!, representing 26% of all headwater DOC export despite covering only 9% of the study
area. We project a 12-23% increase in peatland DOC export by the end of the century,
particularly for peatlands in the current discontinuous permafrost zone. Peatland DOC was found
to attenuate more rapidly than non-peat DOC along river networks to the ocean, but further
research is needed to understand the underlying mechanisms and responses to climate change.
Our model suggests that previous research has overestimated northern peatland DOC export to
oceans by 45%, leading us to revise the estimate of global peatland DOC export to inland waters
from ~91 to ~67 Tg C yr'!. These results underscore the importance of peatlands in lateral carbon
transport, and the role of climate in modulating DOC concentration and yield across high-

latitudes.

4.1 Introduction

Northern peatlands (>45 deg N) are known to be substantial dissolved organic carbon (DOC)
sources to aquatic ecosystems, but there have been few attempts to understand the factors
controlling current and future DOC concentrations and yields from peatland-rich catchments at
the continental scale (Laudon et al., 2012; Rosset et al., 2022). Peatland-derived DOC plays a

crucial role in shaping northern ecosystems, necessitating a deeper understanding of its
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significance. For example, DOC’s contribution to the net carbon balance of peatlands may be
relatively small compared to productivity or respiration, but its magnitude is comparable to the
net ecosystem exchange of COz, and is therefore a significant component of the long-term
peatland soil carbon balance (Dinsmore et al., 2010; Olefeldt et al., 2012; Yu, 2012; D’Acunha et
al., 2019). DOC concentration in inland waters determines light conditions (e.g., productivity,
habitat, thermal stratification (Roulet and Moore, 2006; Karlsson et al., 2009; Kritzberg et al.,
2020), co-transport of organic nutrients and contaminants such as methylmercury (Broder and
Biester, 2015; Nieminen et al., 2020b; Thompson et al., 2023), and influences lake greenhouse
gas emissions (Cole et al., 2007; Tranvik et al., 2009). Moreover, the export of riverine DOC into
oceans determines nutrient availability and productivity in marine ecosystems (Terhaar et al.,
2021), but the magnitude of DOC export to oceans may increase with climate change (Holmes et
al., 2021). Given the rapid climate change at high latitudes (e.g., warming and permafrost thaw),
and expanding human disturbances in peatlands (Turetsky et al., 2015; Fluet-Chouinard et al.,
2023), understanding how these disturbances control peatland DOC export is important to

accurately assess carbon fluxes within peatlands and along the terrestrial-aquatic continuum.

Peatland DOC concentrations (mass per volume) and area-weighted yields (mass per unit area
per unit time) are higher than those of adjacent ecosystems due to the unique biogeochemical and
hydrological characteristics of these habitats. One key factor is the substantial soil carbon storage
within peatlands (Yu, 2012; Hugelius et al., 2020), where DOC is produced as an intermediate
step during soil decomposition. DOC production generally increases with temperature, and is
also modulated by soil water content (Freeman et al., 2001; Neff and Asner, 2001; Clark et al.,
2009). Warmer temperatures that increase soil DOC concentration do not always coincide with
hydrologic transport, and therefore temperature alone does not accurately predict stream water
concentration and yield (D’ Amore et al., 2015). Another key factor that increases DOC export
from peatlands is hydrological flow paths in organic peatland soils that reduce DOC adsorption
to mineral soils, facilitating the rapid transfer of DOC to nearby waters (Meier et al., 2004;
Kaiser and Kalbitz, 2012; Kothawala et al., 2012). Mineral adsorption also preferentially
removes aromatic DOC, thus peatland DOC often exhibits higher aromaticity and color
compared to DOC from other terrestrial ecosystems, and is more susceptible to photodegradation

(Olefeldt et al., 2013; Anderson et al., 2019).
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There is significant regional variability in headwater peatland DOC export, ranging from less
than 5 g C m™ yr'! to over 20 g C m™ yr'!, which complicates our understanding of how climate
change and human disturbances affect peatland DOC export to aquatic networks. For instance,
peatland catchments in Finland, the UK, and eastern Canada exhibit considerably higher DOC
concentrations and yields than those observed in permafrost peatland catchments (Frey and
Smith, 2005; Olefeldt et al., 2014). Further investigation into these climatic controls on peatland
DOC export between regions is crucial to comprehending and predicting the dynamics of this

important C flux.

Current estimates suggest that approximately 80% of terrestrially derived DOC does not reach
coastal oceans, i.e., it is attenuated during transit (Drake et al., 2018). DOC is attenuated via
multiple interacting pathways including microbial degradation, photodegradation, flocculation,
and sedimentation. These processes are controlled by DOC molecular composition and
environmental factors such as temperature, microbial community, nutrient availability, and water
residence time (Battin et al., 2008; Bertuzzo et al., 2017; Kothawala et al., 2020; Berggren et al.,
2022). Most aquatic C is attenuated via rapid degassing of dissolved, terrestrially-derived CO>
and mineralization of organic C within aquatic networks (Raymond et al., 2013; Hotchkiss et al.,
2015; Drake et al., 2018). These same pathways apply in peatland-dominated catchments, though
flocculation and sedimentation may play a larger role because DOC molecular composition and
environmental conditions make peat DOC more susceptible to photochemical reactions,
microbial processing, and chemical reactions modulated by pH and temperature (Wachenfeldt et
al., 2009; Attermeyer et al., 2018; Einarsdottir et al., 2020). However, whether peatland DOC is
more or less attenuated in aquatic networks than DOC from other sources remains uncertain

(Einarsdottir et al., 2020).

Climate change is occurring rapidly in the north, with potentially profound implications for
peatland DOC export and attenuation—though the net effect remains largely unknown (Frey and
Smith, 2005; Olefeldt et al., 2014; Hugelius et al., 2020). In particular, temperature will likely
impact DOC export to aquatic networks through processes such as permafrost thaw, temperature-
dependent DOC sorption/desorption, net DOC production (heterotrophic respiration), leachates
and root exudates from plant productivity, and changes in plant species composition (Neff and

Asner, 2001; Hedwall et al., 2017; McPartland et al., 2019; Hugelius et al., 2020). Additionally,
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climatic shifts in precipitation, particularly its influence on runoff generation and the water
balance (including evapotranspiration), will also likely affect peatland DOC dynamics (Holden,
2005; de Wit et al., 2016; Holmes et al., 2021). Notably, climate change effects may manifest
rapidly as current ecosystems respond to warming and thaw, but there may also be long-term
trends in peatland formation and loss as regions become wetter or drier (Treat et al., 2019; Loisel
et al., 2021). Thus, understanding the various climate change factors and their impacts on
peatland DOC export and attenuation is essential to grasp the broader consequences of ongoing

environmental changes in the northern peatlands.

Disturbances from land use and land cover change will also likely have consequences for DOC
export from northern peatlands. For example, land conversion across ecosystems has increased
global DOC export to aquatic networks by ~1 Pg C yr! since the industrial revolution (Regnier
et al., 2013), and has increased the age of DOC in river systems (Butman et al., 2015). Part of
this shift in DOC age is attributed to peatland drainage, which affects ~11% of global peatlands
with largest losses in western Europe where nearly 50% of peatlands have been drained (Fluet-
Chouinard et al., 2023). A recent systematic review found that global peatland disturbance
significantly increased DOC export to inland waters, though tropical peatlands were the main
drivers of this effect (Evans et al., 2014; Rosset et al., 2022). Many studies have examined the
effect of disturbances on northern peatland hydrology and biogeochemistry (Turetsky et al.,
2002; Holden et al., 2006; Nieminen et al., 2021), but much of this research has occurred in

western Europe and the implications for understudied regions are unclear (Rosset et al., 2022).

Here, our objectives were to understand how northern peatlands affect current and future DOC
concentration, yield, and attenuation across high-latitude catchments. We conducted a systematic
review of DOC concentration and area-weighted yield from northern peatland catchments
(>45°N), and used random forest machine learning to predict DOC concentration and yield
across the study region. With this analysis, we investigated the following questions: 1) what
controls DOC concentration and yield in northern catchments at continental scales (e.g. climatic
variables, catchment cover, disturbance), and how significant are peatlands to overall DOC
export? 2) How much peatland and non-peatland DOC is lost in transit to coastal oceans? And 3)
how will climate change affect future peatland DOC export? We hypothesize that peatland

coverage will be the most important predictor of DOC concentration and yield, but that climate
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and catchment size will also be important predictors because of their role in DOC production,
transport, and attenuation processes. Thus, we predict that peatlands will have an outsized effect

on DOC export across scales, and that climate change will increase DOC export.

4.2 Methods

4.2.1 Systematic Review

We conducted a systematic literature review to compile empirical data from high-latitude
peatland catchments. To gather relevant studies, we searched Web of Science using various
terms for DOC, peat, catchment, and runoff, as detailed in the Supplemental Information. From
the search results, we extracted data from studies that met the following criteria: 1) data were
from field observations of streams and rivers with delineated catchments, 2) catchments were
located above 45°N latitude, and 3) data included estimates of mean annual DOC concentration
and/or yield. Throughout our study, we define export as the DOC mass over time, while DOC

yield is mass over time divided by watershed area.

Next, we constructed a dataset that included DOC concentration, annual DOC yield, annual
runoff (i.e., water yield as measured by field observations), catchment area, catchment land use
and land cover (e.g., percent coverage of peatlands, forests, lakes, etc.), wetland type (as
classified by the study authors), peatland disturbance type (as classified by study authors and
then binned into three broad categories: drainage, fire, and permafrost thaw), mean annual
precipitation (MAP), and mean annual air temperature (MAAT; Table S10). When available,
long-term averages of MAAT and MAP were recorded as reported in individual studies.
Additionally, we collected ancillary water chemistry data and catchment data when available,
including catchment slope, pH, base cations, inorganic nitrogen and phosphorous concentrations,
and specific ultraviolet absorbance at 254 nm. However, the reporting of such data was
inconsistent, as such they were not used in our analysis. At least 20% of the studies did not report
catchment peatland coverage, and even more studies did not report other land cover
characteristics such as percent peatland disturbance, lake, forest, agriculture, and human
infrastructure coverage. To fill in these data gaps, we estimated the values using Google Earth
imagery. For missing MAAT and MAP data, we extracted values from WorldClim v2.1 at the
catchment outflow (Fick and Hijmans, 2017).
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After the systematic review was completed, we identified that data was sparse from Siberia and
western Canada. Hence, we expanded the search for these regions by searching for catchment
DOC studies specifically in Canada and Russia. This yielded an additional 16 studies that were
not picked up in the initial search because they mentioned wetlands and permafrost instead of
peatlands. We also included data from 3 currently unpublished studies in western Canada, which
will be included in the final published dataset. Overall, our data was structured so that each row
represented a unique catchment. Therefore, repeat observations from the same catchment over
different years were combined into average values for all variables (e.g., catchment

characteristics, DOC data, ancillary water chemistry, etc.).

4.2.2 Statistical Analysis and predictions from random forest analysis

We investigated univariate relationships among climate variables, catchment characteristics, and
DOC concentration and yield using spearman rank correlations, two-sample t-tests, and linear
regression. For each analysis, we checked the data for normality, heteroscedasticity, and
multicollinearity. Because catchment area was skewed, we used log-transformed area in

statistical and machine learning analyses.

We used random forest models (Breiman, 2001) to investigate drivers and predict DOC
concentration and yield in high-latitude catchments for current and future climate scenarios. The
models were implemented using the ranger package in R (Wright and Ziegler, 2017), using
climate and catchment characteristics as explanatory variables for predicting DOC concentration
and yield. Models were trained using repeated, stratified cross-validation (k = 5, repetitions = 3)
with data split into 80% training data and 20% testing data, stratified by DOC concentration and
yield. The model parameters were set to ntree = 500, and an optimal mtry was selected using
GridSearchCV, a common algorithm for tuning hyper-parameters in machine learning models.
We used an iterative approach to feature selection, and in preliminary models we used all land
cover variables, MAAT, MAP, and catchment area as features. We used relative feature
importance scores to guide our feature selection, and all land cover variables except peatland
cover had low (<10%) relative feature importance scores. Therefore, we omitted these features
from our model and used peatland coverage, MAAT, MAP, and catchment area as predictor

features in our DOC concentration and yield upscaling models. Though peatland drainage had
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low relative feature importance, we included this feature in our driver attribution model (see

Figure 15) to assess the effect of drainage on DOC concentration and yield.

To assess model performance, we computed the out-of-bag R?, a measure similar to linear
regression R2, where values closer to 1 indicate greater model accuracy. Additionally, we
calculated the root mean squared error (RMSE), representing the average difference between the
actual and predicted values. To interpret the relationship between the explanatory variables and
response variables, we generated partial dependence plots for continuous variables and
individual conditional expectation (ICE) plots for the discrete peatland disturbance variable.
These plots helped unravel complex multivariate relationships, displaying the average
relationship of each explanatory variable with the response variable in the case of partial
dependence plots, and the modeled relationship for each individual observation in ICE plots. ICE
plots, in particular, allowed us to consider the effects of climate and catchment area on the

impact of disturbance on DOC concentration and yield.

Random forest models generally perform well when given enough data, but data sparsity, or
imbalanced data, can lead to inaccurate results. In our systematic review dataset, 65% of the data
originated from catchments in western Europe, a climatically distinct region compared to most
northern catchments. To assess the impact of this data bias on model performance, we conducted
an experiment with a random 80% split of the non-western European data, followed by
prediction using a model trained on the remaining 20% test dataset of non-western European
data. We then trained a random forest model on a random 80% split of the full DOC yield data
(including western Europe) and used that model to predict the same 20% test dataset of non-
western European data. The overabundance of western European data had a marginal effect on
model performance (out-of-bag R? = 0.72 vs. 0.60), so we proceeded with a full model trained as

described earlier.

Moreover, we observed data imbalance towards catchments smaller than 10,000 km?, and our
model had poor accuracy, which resulted in inaccurate predictions of DOC yield and export from
the largest Arctic rivers (millions of km?). Because random forest models are designed to reduce
overall prediction error, models trained on imbalanced datasets may fail to accurately predict
underrepresented data (He and Garcia, 2009; Lopez et al., 2013). Therefore, in fractal river

networks where headwater catchments outnumber large rivers (Tarboton et al., 1988), the
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predictive power of data-driven regression models excel for headwater catchments, but are
limited at large scales. To address this limitation, we employed the SMOGN pre-processing
algorithm. The algorithm involved random under-sampling of small watersheds and artificial
oversampling of large watersheds (using the SMOTER algorithm combined with Gaussian noise)
to improve accuracy for predictions of DOC yield (Branco et al., 2017)). This process aimed to
enhance the model's ability to predict DOC yield across different watershed scales. The
implementation of SMOGN was carried out using the UBL R package (Branco et al., 2016),
where we defined a relevance function to oversample catchments larger than 10° km? with a
threshold relevance of 0.5. The resultant SMOGN-balanced dataset was similar in size as the
original, and artificial data was within plausible ranges for large high-latitude watersheds.
However, we recognize the pitfalls of relying on synthetic data to model real-world processes,

and we interpret the large river yield results with caution.

Overall, by utilizing random forest models and employing the SMOGN pre-processing
algorithm, we addressed data imbalances and sought to provide accurate predictions of DOC

concentration and yield in high-latitude catchments for different climate scenarios.

4.2.3 Spatial upscaling and calculations

We used our random forest models to predict DOC concentration and yield across high-latitude
catchments. To estimate attenuation processes through the stream network, we modeled DOC
yield for headwaters, in addition to terrestrial export to oceans via large rivers and coastal
catchments. We coarsely delineated headwater catchments by using 2.5 degree-minute pixels
(~10 km?) across the study region. This pixel size was the finest resolution from our spatial data
products, and allowed us to estimate headwater processes at the smallest spatial scale possible.
For modelling terrestrial export to oceans (i.e., export from large rivers and coastal catchments),
we used catchment delineations from the HydroBasin dataset which models global watershed
boundaries (Linke et al., 2019). Specifically, we used HydroBasin Level 3 polygons, which
include large rivers and aggregated coastal catchments, and filtered out endorheic basins.
Catchments that were cutoff along the southern boundary (45°N) were still included, but we only

estimated their contribution to oceans north of the boundary.
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For each “catchment” (pixels and HydroBasin polygons), we calculated average peatland
coverage, MAAT, and MAP. We used the northern peatland map from Hugelius et al. (2020) to
estimate peatland cover in each catchment. Climate variables (MAAT and MAP) were estimated
from current and future climate scenarios in the WorldClim v2.1 database to estimate MAAT
and MAP across watershed scales (Fick and Hijmans, 2017). Current climate in WorldClim v2.1
spanned 1970-2000, and future climate scenarios from the Coupled Model Intercomparison
Project Phase 6 (CMIP6) were available for four time periods: 2021-2040, 2041-2060, 2061—
2080, and 2081-2100. Future climate was aggregated under four Shared Socio-economic
Pathways (SSPs): SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5, which estimate low,
intermediate, high, and very high emissions scenarios respectively. For all four SSP scenarios,
temperature increased across high-latitudes. In the moderate climate change scenario (SSP2-
4.5°C), MAAT was projected to increase by 4.8°C on average, ranging from +1.6°C in the south
to +11.4°C in the far north (Figure 19a). MAP was more spatially variable, with less
precipitation expected in western Europe (by as much as -27 mm), and substantial increases in

precipitation in coastal regions (usually > 100 mm).

To estimate DOC concentration and yield for the high-latitude region for current and future
climate scenarios, we predicted DOC concentration and yield for each headwater catchment (2.5
degree-minute pixels, ~10 km?), in addition to catchment yield to the ocean (i.e., DOC yield
from large rivers and aggregated coastal catchments (HydroBasin Level 3 polygons)). To
understand changing DOC dynamics across northern headwater catchments, we used random
forest models trained on the full dataset to predict DOC concentration and yield. To assess the
central tendency and range of peatland DOC concentration and yield specifically, we modeled
DOC concentration and yield in headwater catchments with at least 5% peatland cover, but told
the model that peatland cover was 100%. For terrestrial export to the oceans, we used the pre-
processing SMOGN algorithm to balance our dataset, and then used the balanced dataset to train
the model and predict yield in large watersheds (we did not predict DOC concentration at this
scale). We also used an ensemble of 20 upscaling models that used 20 randomly resampled
subsets of the data (80% of the datasets) to calculate 95% confidence intervals. To determine
relationships among spatial patterns, we computed spatial correlations among upscaled DOC

concentration and yield, the predictor variables, and permafrost coverage (Obu et al., 2019).
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We estimated DOC export (DOCE) from headwaters and from large watersheds using the

following equation:

Eq. 1 DOCg = DOCy X A

where DOCy is the modeled DOC yield in g C m™ yr'!, and A is the area of the catchment in
km?. To estimate DOC export across the study domain, we summed export from individual

catchments.

To specifically estimate peatland DOC export (DOCEgp) from each catchment, we predicted
peatland DOC yield (DOCyp) by assuming that each catchment had 100% peatland cover and
multiplied the yield by actual peatland area (Ap) as shown in Eq. 2:

Eq.2
DOCEP == DOCYP X Ap

In this way, catchments with 0% peatland coverage had a peatland export of 0.

Finally, we estimated DOC loss by attenuation in inland water networks by calculating the
percent loss between DOC export from headwaters (DOCgn) and catchment export to oceans

(DOCko) in the following equation:

DOCgy — DOC
DOCjpss = %{OCEH E9 % 100

Conceptually, this calculation estimates stream network attenuation by estimating what DOC
export would be if each headwater catchment piped its DOC straight to the ocean versus the
amount of DOC actually exported to oceans by large rivers and coastal catchments. We did not
attempt to model how DOC is routed along the terrestrial-aquatic continuum, and we assume that
all headwater pixel “catchments” contributed to inland water flow. In this way, we calculated
DOC attenuation for the full study region and also for large Arctic rivers. We also calculated
95% confidence intervals for DOC attenuation based on results from the random forest ensemble

of 20 models.

We compared our modeled results to observational data in northern large rivers and countries.

Additionally, to compare our modeled results to reported literature values, we downloaded
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watershed polygons for the six largest Arctic rivers and country shapefiles from public

repositories (Holmes et al., 2012a; ESRI, 2022).

4.3 Results

4.3.1 Controls on DOC concentration and yield in northern catchments at continental scales

Our systematic review gathered DOC concentration data from 566 catchments and DOC yield
data from 701 catchments. Among them, 562 catchments reported both DOC concentration and
yield. The median DOC concentration was 10.6 mg L', ranging between 2.5 and 32.9 mg L™!
(5th and 95th percentiles). The median DOC yield was 4.7 g C m? yr'!, varying between 1.1 and
21.5 g Cm™ yr'!. The central tendency and range of catchment characteristics and climate

variables associated with the DOC concentration and yield data are presented in Table 3.

a b

PR _ DOC Yield
o |(gm?yr’)
i1 0-25
h 25-5(  _{}
5-10 p 1/ 7
10-15
15-20]
20-30 (. .o

4e+06
1

80

2e+08

% Peatland

o - () £ )
AT 1
% “ Filg)
A
e G
. 3 it

S
T T T T T T T T T T — 0
—4e+06 —-2e+06 0 2e+06 4e+06 -4e+06 —-2e+06 0 2e+06 4e+06

Figure 14. Maps of DOC concentration and yield from the systematic literature review (n = 566
and 701 respectively). Points are colored by observed DOC concentration (plot a) and yield (plot
b). Peatland coverage is shaded in grey (data from Hugelius et al. 2020). Lines show modeled
delineations of large river basins and aggregated coastal watersheds (data from Linke et al.
2019).
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Table 3. Central tendency and range of systematic review data used in the random forest models
to upscale DOC concentration and yield.

DOC concentration random forest model input DOC yield random forest
data (n = 566) model input data (n = 701)
Median 5% CI 95% CI Median 5% CI 95% CI
DOC
concentration 10.6 2.5 329 10.6 2.5 329
(mg L
DOC Yield (g 45 1.2 20.1 47 1.1 21.5
m= yr)
Area (km?) 15 0.03 61,000 14 0.03 51,000
%Peatland 17 0 100 16 0 100
MAP (mm) 671 363 1631 693 376 1641
MAAT (°C) 3.1 -5.8 8.0 3.8 -5.2 8.4

Note: CI = Confidence Interval

Regarding the distribution of data among countries, Great Britain had the most extensive
representation with 226 data points, followed by Canada, Finland, and Sweden with 181, 153,
and 65 data points, respectively (Figure S18). Canada, covering 26% of the study region and
35% of high-latitude peatlands, accounted for 26% of the DOC concentration and yield data. The
other three countries combined (Great Britain, Finland, and Sweden) contributed 63% of the
DOC data but covered only 2.8% and 3.8% of the study region and peatland area, respectively.
Notably, Russia, spanning 44% of the study region and 54% of high-latitude peatlands,
accounted for less than 3% of the DOC data.

The concentration of DOC was positively associated with peatland coverage, and negatively
associated with catchment area (all relationships p < 0.05). The Spearman correlations ranged
from 0.29 to 0.56 (Figure S19), and R? values varied between 0.09 and 0.22 (Figure S20).
Furthermore, the DOC yield demonstrated an increase with peatland coverage, MAAT, and
MAP. Conversely, it showed a decrease with catchment area (all relationships p < 0.05). The
Spearman correlations for these associations ranged from 0.22 to 0.56 (Figure S19), while the R2

values varied between 0.06 and 0.31 (Figure S20). Regarding the predictor variables (catchment
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area, peatland coverage, MAAT, and MAP), Spearman correlations among them were generally
low, ranging from 0.02 to 0.37 for all variables. However, the correlation between MAAT and

MAP stood out with a higher value of 0.71 (Figure S19).

The random forest models exhibited considerable explanatory power, accounting for 65% of the
variation in DOC concentration and 72% in DOC yield (out-of-bag R?), utilizing peatland
coverage, MAAT, MAP, catchment area, and peatland drainage as predictor variables (Figure
15). Peatland coverage demonstrated a positive association with both concentration and yield
(Figure 16a-b) and emerged as the most influential predictor for concentration (relative
importance score = 1) and the second most significant predictor for yield (relative importance =
0.95). MAP ranked as the most crucial predictor for yield but was fourth for concentration
(relative importance = 1 and 0.61, respectively). The relationship between MAP and DOC yield
was positive, whereas the association between MAP and DOC concentration exhibited a non-
linear, negative pattern with a drop observed at approximately 1000 mm yr! (Figure 16¢-d).
MAAT was the second and fourth most important predictor for DOC concentration and yield
(relative importance = 0.77 and 0.43, respectively). The relationship between MAAT and DOC
concentration was unimodal with a peak around 3°C, while the relationship between MAAT and
DOC yield was bimodal, displaying a primary peak around 7°C and a secondary peak around
1°C (Figure 16e-f). Catchment area ranked as the third most important predictor for both
concentration and yield (relative importance = 0.66 and 0.47, respectively) and demonstrated
negative correlations with both DOC parameters, displaying declines in DOC concentration and
yields when catchments exceeded approximately 1 km? and 10 km?, in the respective models
(Figure 16g-h). Peatland drainage had the least impact as a predictor in both models (relative
importance = 0.07 for both concentration and yield). The ICE data for peatland drainage revealed
a significant average increase of 1.23 mg L' (p = 0.03) in DOC concentration in drained versus
undrained peatland catchments. However, there was no significant difference between DOC

yield ICE values for drained and undrained peatlands (p = 0.5; Figure 16i-j).
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Figure 15. Random forest model predictions of DOC concentration and yield for the test data
(20% of the data set) left out of the models. We compared predicted and measured values using a
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important to least.
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Predicted DOC Concentration (mg L ™)

Figure 16. Partial dependence plots for random forest models predicting DOC concentration
(plots a, ¢, e, g, 1) and yield (plots b, d, f, h, j). Plots are ordered by predictor relevance. Plots i
and j show individual conditional expectation (ICE) plots, showing the range in expected

predictions for each observation. Note that the y-axis for plot j is on a logio scale.
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We examined the interactions between climate, peatland coverage, and catchment size on DOC
concentrations and yields within the random forest model. Notably, modeled results for
headwater peatland catchments (peat coverage = 80%, area = 10 km?) showed that within the
MAAT range of -10°C to 0°C and MAP of approximately 200 to 800 mm, DOC concentration
and yield varied by less than 5 mg L' and less than 1 g C m™ yr'!, respectively. However, as the
temperature increased from 0°C to 5°C (where permafrost disappears across the landscape), there
was a substantial increase in both DOC concentration (>5 mg L) and yield (~2 g C m™ yr'!)
(Figure 18a-b). Moreover, the model revealed differences in DOC attenuation rates with peatland
coverage across catchment scales (Figure 18c-d). In an average climate (MAAT = 5°C, MAP =
800 mm yr'!), when catchments had high peatland cover (>70%), DOC concentration and yield
were substantially higher than catchments with low peatland cover (<30%), especially in
headwater catchments (<10 km?). Moreover, the rate of change in DOC yield between the
headwaters and the catchment outlet (an indicator of stream network attenuation) varied slightly
by peatland coverage, where DOC yield decreased by 40% for peatland-dominated catchments,

and by 34% for low-peatland coverage catchments.

4.3.2 Upscaling DOC concentration and yield in high-latitude catchments

Using random forest models to upscale DOC yield to high-latitude catchments, we estimate that
median area-weighted DOC yield was 8.5 ¢ C m™ yr'! from northern headwater peatland
catchments. Thus, we estimate that northern peatlands exported 29 (27-37) Tg C yr'! to aquatic
networks, or 26 (24-34)% of total terrestrial DOC flux to inland waters (Table 4). For terrestrial
DOC export to oceans, we estimate that northern peatlands contributed 20 (19-26) Tg C yr'!, or
23 (22-30)% of total DOC export though northern peatlands covered on 11% of the study area.
Our estimates of large-scale catchment export into oceans agreed well with empirical DOC

export from the literature for large Arctic rivers and northern countries (R? = 0.98; Figure S21).

Table 4. DOC export estimates from high-latitude catchments.

High-Latitude All High-Latitude
Peatlands (>45°N) Catchments
Study area % peatland DOC % of total % DOC DOC export % DOC
(10°km?)  cover* export export Attenuation (TgCyr')  Attenuation
(TgCyrh
Headwater
29 26% 111
(~10km?) 3805 Q0% 27237y (24%-34%) (97-125)
export
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Terrestrial

20+ 23%t 88
. .019 19 219
export to 38.05 9.01% (19-26) (22%-30%) 31%T (82-95) %
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Note: data in parentheses shows the 95% confidence interval.
*Peatland cover data is from (Hugelius et al., 2020).
tPrediction is based on the SMOGN-balanced model and is more speculative than our other results.
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Figure 17. Peatland DOC concentration (plots a-b) and yield (plots c-d) predicted for headwater

catchments (i.e., 2.5 degree-minute cells, ~10 km?). Plots a and ¢ show concentration and yield

values for all high-latitude catchments based on peatland cover and climate. Plots b and d show

variability in DOC concentration and yield when controlling for peatland cover by constraining

predictions to catchments with > 5% peatland coverage and setting peatland cover to 100%.

Basin boundaries are shown for HydroBasin Level 3 polygons for large river catchments and

aggregated coastal watersheds.
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DOC concentration and yield upscaling revealed a pronounced climate control on lateral C
production and transport across the high-latitude regions, and specifically from peatlands (Figure
17). Modelled DOC concentration showed high concentrations (>20 mg L) in peatland-
dominated regions such as the West Siberian and Hudson Bay Lowlands, as well as relatively
warm and dry catchments in Siberia and western Canada. In contrast, DOC yield was highest (>
15 g C m? yr'!") in wetter catchments, particularly in coastal catchments on the west coasts of
Canada, Great Britain, and Fennoscandia. Arctic catchments, many of which are underlain by
permafrost ground, had among the lowest estimated concentrations and yields (~5 mg L' and

<2.5gCm?yrt).

4.3.3 Peatland DOC attenuation in inland water networks

In our investigation of DOC attenuation in inland water networks, we used modeled DOC export
results between “headwater” pixel catchments and coastal export to oceans. Our results showed a
31% reduction in peatland DOC export (~9 Tg C yr'!) between headwaters (~10 km?) and
terrestrial export to oceans (Table 4). For total DOC, there was a 21% reduction in DOC export
(~23 Tg C yr'!) between headwaters and terrestrial export to oceans, suggesting that peatland
DOC was preferentially lost along the stream network. These findings were further supported by
the model results depicted in Figure 18d, which showed a larger reduction in DOC yield for
catchments dominated by peatlands (>70% cover) compared to those with less peatland cover.
However, Figure 18d shows that the largest reductions in DOC yield occur before 10 km?, which
is the catchment size used in our upscaling exercise. Therefore, this suggests that our upscaled

DOC export estimates underestimate DOC attenuation in inland water networks.
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Figure 18. Modeled relationships among DOC, mean annual precipitation (MAP), and mean
annual air temperature (MAAT; plots a-b); and DOC, catchment area, and peatland coverage
(plots c-d). For plots a and b, peatland coverage was set to 80% and catchment area to 10 km?.
For plots c-d, MAP was fixed at 800 mm (~average MAP for the data set) and MAAT to 5
degrees (~average MAAT).

4.3.4 Climate change projections for peatland DOC export

To examine the impact of climate change on inland water DOC concentration and yield, we
modeled DOC dynamics for high-latitude catchments under future climate scenarios. Our
findings revealed that DOC concentration increased by 0.64 mg L™! on average by the end of the
century in the moderate climate change scenario (SSP2-4.5°C). However, the change in DOC
concentration showed substantial variation across the study region (CV = 615). The largest

increases in DOC concentration occurred in catchments where MAAT transitioned from cold (<
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0°C) to moderately warm (0°-5°C), which coincided with the present-day discontinuous
permafrost zone (Figure 19a). Conversely, where climate change increased MAAT past 5°C or
substantially increased MAP (e.g., by >200 mm yr''), DOC concentration was predicted to
decrease by up to 19 mg L. However, the overall spatial patterns in changing DOC
concentrations were not strongly correlated with the future changes in MAAT and MAP

(Pearson correlations = 0.08 and -0.05, respectively).
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Figure 19. Spatial changes in DOC concentration (plot a), DOC yield (plot b), MAAT (plot ¢),
and MAP (plot d) by the end of the century for SSP2-4.5°C. Future change in DOC
concentration and yield were predicted by this study based on predicted changes in MAAT and
MAP from CMIP6.

Regarding DOC yield, the moderate climate scenario displayed less variability than DOC
concentration (CV = 190), and the average catchment yield change was +0.38 g C m™ yr!
(Figure 19b). Projections indicated that DOC yield could increase by as much as 16 g C m™ yr’!

on the west coast of Canada, while decreasing by up to 14 g C m™ yr'! in eastern Canada. In
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general, spatial patterns of DOC yield were positively correlated with future changes in MAP

and DOC concentration (Pearson correlations = 0.20 and 0.32, respectively).

Based on our modeled future climate scenarios, we anticipate that climate change will lead to an
increase in peatland headwater DOC export by 12-23% by the year 2100 relative to current
levels (Figure 20a). Additionally, overall DOC export from high-latitude catchments is projected
to rise by 6-10% due to climate change (Figure 20b). These trends in increasing DOC export are
attributed to the warmer and wetter conditions across high latitudes, which enhance DOC

production and transport (Figure 19).
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Figure 20. Predicted future change in peatland DOC export (plot a) and overall high-latitude

DOC export from headwater catchments (plot b). Note the difference in scales on the y-axes.

4.4 Discussion

Our study confirms that northern peatlands are hotspots for mobilization of terrestrial DOC into
aquatic ecosystems. Moreover, our analysis provides new insights into DOC mobilization from
northern peatlands, revealing differences in export among regions with varying climates. We
found that peatland-derived DOC is selectively attenuated along the aquatic continuum before
reaching marine ecosystems. Additionally, our research suggests that climate change will induce
distinct responses in DOC concentrations and yields across the study region. Particularly, regions
experiencing permafrost thaw are likely to have substantial increase in DOC yields from

peatlands. We expand on these points below.
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4.1.1 Mobilization of DOC from peatlands in different climates

Peatland catchment cover was the most important factor determining watershed DOC
concentration (Hope et al., 1997; Aitkenhead-Peterson et al., 2007; Olefeldt et al., 2014;
Williamson et al., 2021). However, the model also revealed the additional influence of MAAT
and MAP on DOC concentrations (Laudon et al., 2012; de Wit et al., 2021; Williamson et al.,
2021; Bass et al., 2023). For small catchments dominated by peatlands (>80%), our analysis
showed that DOC concentrations peaked for MAAT around 3°C, while MAP decreased DOC
concentrations in wetter climates. The effect of temperature on DOC concentration likely stems
from microbial heterotrophic processes that impact the balance between DOC production and
degradation in peat soils (Laudon et al., 2012). Therefore, our results suggest a high net
production of DOC in climates with MAAT around 3°C, while warmer climates may favor DOC
degradation. Where MAAT is below 0°C, lower DOC concentrations suggest weaker peatland
hydrological connectivity to stream networks because of permafrost (Quinton et al., 2009;
Laudon et al., 2012). The negative relationship between MAP and DOC concentration might
simply arise from dilution in wetter climates (de Wit et al., 2016). Overall, for small peatland-
dominated headwaters, our model indicates higher DOC concentrations in Europe and western
Russia (~30 mg L"), whereas colder and drier regions in western Canada and eastern Russia

exhibit lower DOC concentrations (~10 mg L™!; Figure 17b).

Watershed peatland cover had a considerable impact on DOC yield, ranking just below MAP in
importance. Because DOC yield represents the combination of DOC availability and mobility,
we consider peatland cover to strongly influence DOC availability while MAP is a proxy for
mobility and downstream transport (de Wit et al., 2016). Moreover, our analysis revealed that
MAAT strongly influenced DOC yields, particularly in small watersheds dominated by peatlands
(see Figure 16). The sensitivity of DOC yields to MAAT was particularly evident near the
threshold of 0°C, which often represents the southern limit for permafrost in peatlands (Frey and
Smith, 2005; Olefeldt et al., 2014). However, we couldn't determine whether the influence of
MAAT on peatland DOC yields was due to increased DOC production in thawed soils, or
increased hydrological connectivity as permafrost barriers degrade (Quinton et al., 2009). Our
study area exhibited substantial variation in peatland DOC yields within headwater catchments

across different regions. For instance, permafrost regions in western interior Canada and eastern
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Russia had DOC yields of approximately 6 g C m™ yr!, while Scandinavia and eastern Canada
exhibited yields of approximately 10 g C m™ yr''. In warm climates, such as the west coast of
Canada and the UK, coastal peatlands demonstrated DOC yields exceeding 15 g C m yr!
(Edwards et al., 2021).

Peatland drainage marginally affected DOC concentration and yield across high-latitude
catchments in this study. Random forest ICE plots showed a significant increase in DOC
concentration due to drainage, but no significant difference in DOC yield (similar to Rosset et al
2022). Though many catchment studies have reported significant increases in DOC concentration
and yield from drained peatland catchments (including my own, see Chapter 2), our systematic
review was limited by a few key factors. First, peatland drainage data was concentrated in
western Europe, limiting the transferability of this data to other climates. Second, we included
many different types of peatland drainage (e.g., peat extraction, afforestation, agriculture, etc.)
that range in extent and severity, and we were not able to quantify these differences in our
model. Thus, drainage had limited explanatory power in our model. As a result, more extensive
research is necessary on the hydrology and lateral C transport in drained peatlands, particularly
in drier climates. These investigations are vital to improve the accuracy of regional water quality

predictions and enhance global biogeochemical models (Fluet-Chouinard et al., 2023).

4.4.2 DOC export and attenuation

Based on our upscaling approach, headwater DOC export to inland waters is estimated to be 29
Tg C yr'!, or an average of 8.5 g C m™ yr'!, from the 3.4 million km? of northern peatlands above
45°N. This represents 26% of the total headwater DOC export to aquatic networks, despite
peatlands covering only 9% of the area. Notably, our estimate of northern peatland DOC export
is 45% smaller compared to a previous study (Rosset et al., 2022). The difference can be
primarily attributed to our inclusion of DOC yield from extensive permafrost peatlands, which
have been underrepresented in the literature. Thus, we revise the previous estimate of peatland

DOC export to global inland waters from ~91 to ~67 Tg C yr'! (Rosset et al., 2022).

Several lines of evidence from our model suggested that DOC was substantially attenuated along
inland water networks, and that more peatland DOC was attenuated than DOC from other

landscape sources. For all DOC, catchment size had a strong influence on both concentration and
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yield in our model, with lower concentrations and yields for larger catchments (see Figure 16).
When we examined average model behavior for headwater peatland yield across scales, we
found that peatland DOC yield decreased at a higher rate (40% decrease) than non-peat DOC
yield (34% decrease) (see Figure 18). Additionally, we assessed attenuation by calculating the
difference between headwater DOC export and large coastal catchment export to oceans for the
full study region. From that analysis, we estimated that peatland DOC export to the ocean was 20
Tg C yr'l, i.e. an attenuation from 10 km? headwaters of ~30%, while the overall DOC export to
the ocean was estimated to be 91 Tg, i.e. an overall attenuation of 20%. Preferential attenuation
of peatland DOC may be linked to its composition, particularly that it is more aromatic than
DOC from other sources (Olefeldt et al., 2013). More aromatic DOC is more likely to be affected
by photochemical processes that directly photo-mineralize DOC into CO», degrade DOC into
more bioavailable compounds, and/or result in increased flocculation that transfers DOC into
aquatic sediments (Attermeyer et al., 2018; Creed et al., 2018; Bowen et al., 2019; Einarsdottir et
al., 2020). Additionally, peatlands are often located in low relief, flat catchments, and thus drain
poorly and slowly, such that DOC may have a longer residence time and thus more time for

attenuation compared to high-relief watersheds (McGuire et al., 2005; Moody et al., 2013).

4.4.3 Climate change impacts on DOC concentration and yield

Using a space for time approach, we predicted changes in DOC concentration and yield for the
study domain as a result of future changes in MAAT and MAP. Our analysis suggested that
DOC concentration in headwaters is likely to increase substantially (by 10 to 20 mg L) in
peatland-rich regions that currently have sporadic and discontinuous permafrost, such as
northernmost Europe, the west Siberian Lowlands, and the interior plains of western Canada.
This prediction is supported by several regional studies that have shown strong trends in DOC
with mean annual temperature (Frey and Smith, 2005; Olefeldt et al., 2014). This could have
consequences for aquatic functions, and availability of co-precipitating toxins such as
methylmercury (Creed et al., 2018; Thompson et al., 2023). Conversely, large, non-permafrost
boreal regions are predicted to experience reduced DOC concentrations as MAAT exceeds the

unimodal peak at ~5°C (as suggested previously, see Laudon et al., (2012)).

Changes in headwater DOC yields were not uniform, and followed similar spatial patterns as

DOC concentration (Figure 19). Areas with increasing DOC yield were predicted to occur
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primarily in peatland regions with current-day discontinuous permafrost, and regions predicted to
experience decreasing DOC yield were mostly in southern regions predicted to become even
warmer (i.e., were heterotrophic respiration will outpace lateral DOC export). By summing
peatland DOC export across the study region, our analysis suggested that peatland DOC export
from headwaters to inland water networks would increase by between 12% (SSP 2.6) and 23%
(SSP 8.5; see Figure 20). Overall DOC export to inland waters were predicted to be marginal (6—
10%), in line with recent work that has shown that DOC export to the ocean from the 6 largest
Arctic rivers has remained mostly static over the past 20 years (Tank et al., 2023). Therefore, our
results suggest modest increases in DOC export to inland waters, which may be attenuated more
rapidly to maintain DOC export to the ocean (Tank et al., 2023). Additionally, our results do not
support large lateral DOC fluxes to inland waters as suggested previously (Plaza et al., 2019;
Hugelius et al., 2020).

However, our model only considers the influence of MAAT and MAP, and thus there are
limitations to using this space for time approach. For example, shifts in DOC concentrations and
yields are currently strongly influenced by the recovery from acidification of the late 20" century
in eastern Canada and Europe (Monteith et al., 2007, 2023), and these effects are not considered
in our model. Our model also cannot account for changes in DOC concentration and yield that
are related to slower landscape processes, such as changes in soil organic matter storage (loss or
expansion of current peatlands) or vegetation composition (Neff and Hooper, 2002; McPartland
et al., 2019). Therefore, our model assumes that a peatland that exists in the current climate in
northern Sweden will become like a peatland southern Sweden in a matter of decades, but there
is a mismatch in timescales that we cannot account for using our space for time approach.
However, it is reasonable to assume that changes in temperature and water fluxes will affect
DOC dynamics (e.g., Laudon et al 2012, de Wit et al 2016), and this study is the first to estimate
the amount of DOC export from northern peatlands using a spatially-explicit, observation-based

approach.
4.5 Conclusions

Our study highlights the significant role of northern peatlands as hotspots for mobilizing
terrestrial DOC into aquatic ecosystems. Our spatially-explicit model provided new insights into

the variability of peatland DOC mobilization, highlighting differences in export among regions
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with varying climates. Our model also suggests that peatland-derived DOC undergoes selective
attenuation along the aquatic continuum before reaching marine ecosystems. The research also
indicates distinct responses in DOC concentrations and yields across the study region due to
climate change, particularly with permafrost thaw leading to substantial increases in DOC yields
from peatlands. Our results regarding peatland drainage were inconclusive, and more research is
needed to determine the influence of peatland drainage and other disturbances on peatland DOC
dynamics. Future climate change will likely increase DOC concentration and yield in peatland-
rich regions experiencing sporadic and discontinuous permafrost. Conversely, non-permafrost
boreal regions are predicted to experience reduced DOC concentrations where rising
temperatures may shift soil organic matter from net accumulation to net loss. Overall, this study
provides valuable insights into the dynamics of DOC export from northern peatlands and

highlights the complex interactions between climate, peatland cover, and aquatic ecosystems.
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5. Summary, Conclusions, and Directions for Future Research
5.1 Summary of findings

My research has focused on how peatland disturbance affects C, N, and P export to inland waters
and the implications for local water quality, ecosystem health, and global biogeochemical cycles.
Peatlands are the world’s C savings accounts, but climate change and LULCC are forcing
peatlands to withdraw more C than they deposit (Turetsky et al., 2015; Loisel et al., 2021). Some
of the C lost is in the form of DOM exported to inland waters, which also includes N and P.
Moreover, peatland disturbances, particularly drainage, mineralize peat OM to inorganic N and P
that have consequences for aquatic ecosystem function. The fate of DOM and nutrients from
disturbed peatlands depends on complex biogeochemical processes that are interconnected. Most
of our understanding of DOM and nutrient export from disturbed peatlands relies on data from
western Europe and eastern Canada (Rosset et al., 2022), which are climatically distinct from
most northern peatland catchments (Frey and Smith, 2005; Olefeldt et al., 2014). Therefore, my
work helps to address this data gap by studying disturbed peatland catchments in western
Canada, and collates data from understudied catchments across the high-latitude region to
improve our understanding of continental-scale DOC processes and export (more work is needed

before a similar synthesis can be done for N and P).

In my first study (Chapter 2), I examined how industrial peat extraction affected DOC and
inorganic nutrient concentration and export in two meso-scale catchments (~150 km?) in sub-
boreal Alberta, Canada. These drained and extracted peatlands significantly increased NH4"
concentration relative to intact peatlands and all other land uses. Peatland drainage also increased
turbidity compared to intact peatlands, and disturbance reduced the PO4* sink function of intact
peatlands. DOC concentration was elevated in drainage ditches, compared to intact headwater
peatlands, but these differences were not significant across the nested stream network. We used a
qualitative assessment of solute attenuation to show that DIN and DIP were substantially
attenuated along the stream network, but that net DOC attenuation was low. In other words,
DOC acted conservatively through the stream network, similar to base cations. However, shifts
in DOM composition to more fresh, autochthonous sources suggested that “conservative” DOC
was actually balanced by gains and losses of DOC along the stream network. Furthermore,

variability in stream discharge influenced DOC and nutrient fate by modulating stream network
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attenuation. This work provides important observations in a relatively data-poor region in the
peatland catchment literature (Rosset et al., 2022), and provides critical insights into the fate of

solutes exported from disturbed peatlands.

In my second study (Chapter 3), I examined how peat extraction and wildfire affected C, N, and
P resource bioavailability for headwater stream bacteria. DOC bioavailability is relatively well-
studied in peat-fed streams, but concurrent measurements of bioavailable DOC, DON, and DOP
are rare (Berggren et al., 2015; Soares et al., 2017; Rulli et al., 2022). Given the abundance of
DOM in these streams, organic nutrients could potentially be important nutrient sources for
bacteria (Stepanauskas et al., 2002; Berggren et al., 2015), but my research suggests that this is
not the case in headwater peatland streams. Overall, DOM was less than 1% bioavailable and
DON and DOP were undetectable most of the time. DOM bioavailability (DOC and DON)
peaked during the spring freshet (Stepanauskas et al., 2000; Agren et al., 2008), which was
associated with a decrease in DOM aromaticity. Though disturbance did not significantly affect
DOM bioavailability, it did affect inorganic nutrient concentrations and stoichiometric ratios of
bioavailable resources (C:N:P). Thus, peatland disturbances exacerbated C-limitation in
headwater streams, which could destabilize aquatic ecosystems for at least a couple years (e.g.,

wildfire), and potentially for decades (in the case of decades-long peat extraction activities).

In my third study (Chapter 4), I zoomed out to examine the role of northern peatlands in the
aquatic C cycle at continental scales. I employed a systematic review to synthesize available
published research from high-latitude catchments, and highlighted the role of climate (MAAT
and MAP) on DOC concentration and area-weighted yields. (Though my original goal was to
include N and P in this study, during the systematic review it was clear that the literature was not
yet sufficient to support robust upscaling.) One of the key findings was that most peatland
catchment research to date is biased toward western Europe and eastern Canada, which are
climatically distinct regions that support higher DOC concentration and yield. Therefore,
previous estimates of northern peatland DOC export have relied on this biased data and have
overestimated northern peatland DOC export. To ameliorate this issue, we used a spatially-
explicit, observation-based modelling approach, and estimated that northern peatlands contribute
29 Tg C yr'! to inland water networks and 20 Tg C yr! to oceans, suggesting that at least 31% of

peatland DOC is attenuated in inland waters. We attempted to estimate the influence of peatland
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drainage on DOC export across high-latitude catchments, and model results suggest that peatland
drainage significantly increased DOC concentration by 1.23 mg L! on average, but had
negligible effects on DOC yield. However, the systematic review data for peatland drainage was
limited and geographically biased. We also estimated that climate change will increase DOC
export across northern peatland headwater catchments by 12% (SSP1-2.5°C) to 23% (SSP5-
8.5°C) by 2100. Spatial projections suggest that the largest increases in DOC concentration and
yield will occur in the present-day discontinuous permafrost region. Our estimate is a couple
orders of magnitude lower than a previous speculative estimate for northern peatlands (Hugelius
et al., 2020). This research significantly improves our understanding of northern peatland
catchments in context of the global C cycle, and suggests that climate change will increase the
flux of peatland C from inland waters to the atmosphere. However, this flux remains a small

component of global C flux, especially in comparison to fossil fuel emissions.

The findings presented across different chapters of my research reveal an interesting
contradiction for the amount of DOM attenuation. In Chapter 2, I reported relatively low DOM
attenuation rates within headwater streams and meso-scale stream networks of approximately
150 km?. In contrast, Chapter 4 presented substantial ~30% DOM attenuation across high-
latitude catchments, with the model even suggesting potentially higher attenuation rates within
smaller headwater catchments less than 10 km?. The apparent discrepancy in these results can be
explained through a combination of factors that emphasize the complex nature of DOM
dynamics. Firstly, regional disparities in climate and water residence time may be significant
contributors. As highlighted in Chapter 4, peatland-derived DOM is controlled by the specific
climate conditions and peatland coverage of each region. Moreover, the study sites in chapter 2
were highly eutrophic, low-relief, sub-boreal catchments that are unique from other study sites in
the literature. Another key consideration, and the crux of this research, is the impact of peatland
drainage. The random forest model in Chapter 4 struggled to precisely define the effects of
drainage on DOM dynamics, and therefore the projected DOC attenuation from the model may
not apply to drained peatland catchments. The combined results from Chapters 2 and 3
emphasized that peatland drainage not only released more refractory DOM into the stream
network but also contributed higher levels of DIN. The stream network analysis from Chapter 2
suggested that DOM behaved conservatively within the stream network. Nevertheless, multiple

lines of evidence indicated some degree of DOM processing, such as downstream shifts in DOM
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to more aliphatic-like DOM, and attenuation of nutrients implying active plant uptake and
primary production. Therefore, the observed contradictions in DOM attenuation outcomes across
chapters underscore the interplay of local conditions, climate, hydrology, and anthropogenic
disturbances in shaping the complex dynamics of dissolved organic matter within these

ecosystems.

5.2 Management implications

My research in disturbed peatland catchments in Alberta revealed significant alterations in
nutrient concentrations and stoichiometry in surface waters (see Chapters 2 & 3). Specifically,
peat extraction increased NH4" concentrations, and was even greater than NH4" in nearby
agricultural catchments. Similar patterns have been observed in Northern Europe (Vassiljev and
Blinova, 2012), where nearly 50% of peatlands have been drained or destroyed since 1700 CE
(Fluet-Chouinard et al., 2023). Consequently, drained peatlands have become diffuse nutrient
sources in the landscape, requiring specialized management to ensure compliance with the
European Union Water Framework Directive (Marttila et al., 2018; Nieminen et al., 2018,
2020a). In Canada, peatland policies have focused more on C sequestration, and less on the
adverse effects of nutrient pollution from disturbed peatlands (Government of Alberta, 2014).
This is notable because approximately 13% of Canada is covered by peatlands, and in Alberta
that number increases to nearly 20% (Yu, 2012). Consequently, my research underscores the
urgent need for more extensive and long-term monitoring efforts in peat-rich regions of Canada

to promote healthy aquatic function and enhance wetland policy.

At extracted peatland sites, the current best management practice is to install sedimentation
ponds in the drainage ditch network of new extraction sites before releasing water downstream
(St-Hilaire et al., 2006; Hafdhi et al., 2020). My research suggests that, in addition to monitoring
sediment yields from extracted sites, other dissolved water chemistry parameters should also be
monitored, particularly nutrients. Water chemistry is critical for the health of aquatic ecosystems,
and few studies have assessed the effectiveness of sedimentation ponds for managing elevated
dissolved solutes from extracted peatland sites (St-Hilaire et al., 2006). However, research in
Northern Europe suggests that sedimentation ponds are less effective than other interventions

such as wetland buffers, ditch breaks, and adjustments in ditch depth and spacing for mitigating
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sediment and nutrient yields (Nieminen et al., 2018). Therefore, more research is needed to

determine if current sedimentation ponds are effective for managing broader water quality.

Additionally, I recommend expanding water quality monitoring in disturbed peatland catchments
in Alberta and across Canada to manage current and future change. Climate and LULCC
disturbances in peatlands are increasing, and evidence from disturbed peatland catchments in
Europe show widespread adverse effects for water quality (Nieminen et al., 2020a). Therefore, a
Canadian peatland water monitoring program should focus on understanding the scope of the
issue and providing evidence to shape future water policy. Long-term monitoring projects (e.g.,
multiple decades) at the landscape scale would be particularly useful to detect water quality
changes across interannual and decadal hydrological cycles. Moreover, water quality monitoring
downstream of restored peatlands should be included to assess how restoring the C sink capacity
of disturbed peatlands affects water quality. Together, these interventions and monitoring
frameworks will help improve stewardship of the vast C and nutrient stores in northern peatlands

for current and future generations.

5.3 Directions for future research

To advance our knowledge of peatland DOM and nutrient export, future research should focus
on one of two areas: first, future research should include field studies on DOM and nutrient
export and fate in understudied regions—particularly in permafrost peatlands and disturbed
peatlands in Siberia and North America. Secondly, more process-based research is needed to
examine DOM and nutrient fate in northern waters using field techniques, lab experiments,
mesocosm simulations, and reactive transport models. Because DOC export is a significant
component of the net ecosystem C balance in northern peatlands, it is critical to understand how
disturbances may affect the magnitude of peatland DOC export (Evans et al., 2014), the

interaction with nutrient export, and the fate of peatland DOM in inland water networks.

Currently, we lack basic field research on the magnitude and composition of DOM export from
northern peatland catchments in understudied regions. For example, 63% of the data in the
systematic review in Chapter 4 originated from catchments in western Europe that encompassed
less than 4% of northern peatland area. Consequently, there is substantial uncertainty in our

understanding of DOM export and fate for a large proportion of northern peatland catchments in
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climatically and geologically distinct regions as pointed out by my research and others (Tank et
al., 2020; Pugh et al., 2021; Zolkos et al., 2022). Future research is needed in understudied areas
such as permafrost peatlands and peatlands with novel disturbances (e.g., linear oil and gas
disturbances) so that we can close the data gap between peatlands in Northern Europe and the
remaining high-latitude region. For example, permafrost affects ~50% of northern peatlands
(Hugelius et al., 2020), yet most permafrost research has occurred in upland permafrost
landscapes (e.g., the North Slope of Alaska). Additionally, widespread linear disturbances for oil
and gas exploration made by seismic lines and roads affect the hydrology and vegetation of
northern landscapes in Canada and Siberia (Braverman and Quinton, 2016; Saraswati et al.,
2019; Strack et al., 2019), but the influence on DOM and nutrient export and DOM composition
remains unquantified. As climate change advances, permafrost thaw will affect large swaths of
northern peatlands, particularly in the discontinuous permafrost zone, and resource extraction
activities may increase in the north as the climate becomes more accessible. The consequences of
these disturbances for water quality and aquatic ecosystem health are highly uncertain (Plaza et
al., 2019; Hugelius et al., 2020), but are extremely important for northern communities that rely

on local water supplies and fisheries in peatland catchments.

To improve understanding of aquatic OM attenuation in permafrost peatland catchments, I
propose several lines of investigation for future research across stream reach, catchment, and
regional scales. First, future research should quantify the sensitivity and rates of OM degradation
in permafrost peatland stream reaches using geochemical tracers (Abbott et al., 2016; Harms et
al., 2019; Rodriguez-Cardona et al., 2020). The results from these efforts should be compared to
coupled laboratory experiments and published results in attempt to harmonize results from field
and laboratory studies (Plont et al., 2022). Second, future research at the catchment scale should
incorporate nested high-frequency in situ analyzers to measure rates of network attenuation of
permafrost peatland DOM (Wollheim et al., 2015, 2017). High frequency time series can be used
to detect seasonal trends and model network attenuation. Finally, I propose using remote sensing
to detect change in permafrost peatland landscapes and riverine DOM export over longer time
frames (e.g., multiple decades) (Ross et al., 2019). The goal of this research would be to assess
legacy effects of climate and landscape change on DOM export and composition (Camill and

Clark, 2000; Huang et al., 2017). Therefore, these future research directions would improve our
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understanding of DOM attenuation in peatland catchments across scales which would help

inform process-based models and the flux of C from inland waters to the atmosphere.

95



Bibliography

Abbott, B. W., Baranov, V., Mendoza-Lera, C., Nikolakopoulou, M., Harjung, A., Kolbe, T., et
al. (2016). Using multi-tracer inference to move beyond single-catchment ecohydrology.
Earth-Science Reviews 160, 19-42. doi: 10.1016/j.earscirev.2016.06.014.

Abbott, B. W., Gruau, G., Zarnetske, J. P., Moatar, F., Barbe, L., Thomas, Z., et al. (2018).
Unexpected spatial stability of water chemistry in headwater stream networks. Ecology
Letters 21, 296-308. doi: 10.1111/ele.12897.

Abbott, B. W., Jones, J. B., Godsey, S. E., Larouche, J. R., and Bowden, W. B. (2015). Patterns
and persistence of hydrologic carbon and nutrient export from collapsing upland
permafrost. Biogeosciences 12, 3725-3740. doi: 10.5194/bg-12-3725-2015.

Abbott, B. W., Larouche, J. R., Jones Jr., J. B., Bowden, W. B., and Balser, A. W. (2014).
Elevated dissolved organic carbon biodegradability from thawing and collapsing

permafrost. Journal of Geophysical Research: Biogeosciences 119, 2049-2063. doi:
10.1002/2014JG002678.

Agren, A., Berggren, M., Laudon, H., and Jansson, M. (2008). Terrestrial export of highly
bioavailable carbon from small boreal catchments in spring floods. Freshwater Biology
53,964-972. doi: 10.1111/j.1365-2427.2008.01955 .x.

Agren, A., Berggren, M., Laudon, H., and Jansson, M. (2008). Terrestrial export of highly
bioavailable carbon from small boreal catchments in spring floods. Freshwater Biology
53, 964-972. doi: 10.1111/5.1365-2427.2008.01955.x.

Aitkenhead-Peterson, J. A., Smart, R. P., Aitkenhead, M. J., Cresser, M. S., and McDowell, W.
H. (2007). Spatial and temporal variation of dissolved organic carbon export from gauged
and ungauged watersheds of Dee Valley, Scotland: Effect of land cover and C: N.
WATER RESOURCES RESEARCH 43. doi: 10.1029/2006 WR004999.

Ameli, A. A., and Creed, 1. F. (2017). Quantifying hydrologic connectivity of wetlands to surface
water systems. Hydrol. Earth Syst. Sci. 21, 1791-1808. doi: 10.5194/hess-21-1791-2017.

Anderson, T. R., Rowe, E. C., Polimene, L., Tipping, E., Evans, C. D., Barry, C. D. G., et al.
(2019). Unified concepts for understanding and modelling turnover of dissolved organic
matter from freshwaters to the ocean: the UniDOM model. Biogeochemistry 146, 105—
123. doi: 10.1007/s10533-019-00621-1.

Arnosti, C., Bell, C., Moorhead, D. L., Sinsabaugh, R. L., Steen, A. D., Stromberger, M., et al.
(2014). Extracellular enzymes in terrestrial, freshwater, and marine environments:

perspectives on system variability and common research needs. Biogeochemistry 117, 5—
21.

Attermeyer, K., Catalan, N., Einarsdottir, K., Freixa, A., Groeneveld, M., Hawkes, J. A., et al.
(2018). Organic Carbon Processing During Transport Through Boreal Inland Waters:

96



Particles as Important Sites. J. Geophys. Res. Biogeosci. 123, 2412-2428. doi:
10.1029/20181G004500.

Baldock, J., Oades, J., Nelson, P., Skene, T., Golchin, A., and Clarke, P. (1997). Assessing the
extent of decomposition of natural organic materials using solid-state 13C NMR
spectroscopy. Australian Journal of Soil Research - AUST J SOIL RES 35. doi:
10.1071/5897004.

Barnes, R. T., Butman, D. E., Wilson, H. F., and Raymond, P. A. (2018). Riverine Export of
Aged Carbon Driven by Flow Path Depth and Residence Time. Environ. Sci. Technol. 52,
1028-1035. doi: 10.1021/acs.est.7b04717.

Barnett, T. P., Adam, J. C., and Lettenmaier, D. P. (2005). Potential impacts of a warming
climate on water availability in snow-dominated regions. Nature 438, 303-309. doi:
10.1038/nature04141.

Basiliko, N., Stewart, H., Roulet, N. T., and Moore, T. R. (2012). Do Root Exudates Enhance
Peat Decomposition? Geomicrobiology Journal 29, 374-378. doi:
10.1080/01490451.2011.568272.

Bass, A. M., Coleman, M., Waldron, S., and Scott, M. (2023). Dissolved organic carbon export
in a small, disturbed peat catchment: Insights from long-term, high-resolution, sensor-
based monitoring. Limnology and Oceanography n/a. doi: 10.1002/Ino.12382.

Battin, T. J., Kaplan, L. A., Findlay, S., Hopkinson, C. S., Marti, E., Packman, A. L., et al.
(2008). Biophysical controls on organic carbon fluxes in fluvial networks. Nature Geosci
1, 95-100. doi: 10.1038/ngeo101.

Beaulieu, J. J., DelSontro, T., and Downing, J. A. (2019). Eutrophication will increase methane
emissions from lakes and impoundments during the 21st century. Nature
Communications 10, 1375. doi: 10.1038/s41467-019-09100-5.

Berggren, M., Bengtson, P., Soares, A. R. A., and Karlsson, J. (2018). Terrestrial support of
zooplankton biomass in northern rivers. Limnology and Oceanography 63, 2479-2492.
doi: https://doi.org/10.1002/In0.10954.

Berggren, M., Guillemette, F., Bieroza, M., Buffam, ., Deininger, A., Hawkes, J. A., et al.
(2022). Unified understanding of intrinsic and extrinsic controls of dissolved organic
carbon reactivity in aquatic ecosystems. Ecology 103, e3763. doi: 10.1002/ecy.3763.

Berggren, M., Sponseller, R. A., Alves Soares, A. R., and Bergstrom, A.-K. (2015). Toward an
ecologically meaningful view of resource stoichiometry in DOM-dominated aquatic
systems. Journal of Plankton Research 37, 489-499. doi: 10.1093/plankt/tbv018.

Bernhardt, E. S., Blaszczak, J. R., Ficken, C. D., Fork, M. L., Kaiser, K. E., and Seybold, E. C.
(2017). Control Points in Ecosystems: Moving Beyond the Hot Spot Hot Moment
Concept. Ecosystems 20, 665—-682. doi: 10.1007/s10021-016-0103-y.

97



Bernhardt, E. S., Savoy, P., Vlah, M. J., Appling, A. P., Koenig, L. E., Hall, R. O., et al. (2022).
Light and flow regimes regulate the metabolism of rivers. PNAS 119. doi:
10.1073/pnas.2121976119.

Bertuzzo, E., Helton, A. M., Hall, Robert O., and Battin, T. J. (2017). Scaling of dissolved
organic carbon removal in river networks. Advances in Water Resources 110, 136—146.
doi: 10.1016/j.advwatres.2017.10.009.

Bianchi, T. S., Thornton, D. C. O., Yvon-Lewis, S. A., King, G. M., Eglinton, T. ., Shields, M.
R., et al. (2015). Positive priming of terrestrially derived dissolved organic matter in a
freshwater microcosm system. Geophysical Research Letters 42, 5460-5467. doi:
10.1002/2015GL064765.

Blaurock, K., Beudert, B., Gilfedder, B. S., Fleckenstein, J. H., Peiffer, S., and Hopp, L. (2021).
Low hydrological connectivity after summer drought inhibits DOC export in a forested
headwater catchment. Hydrology and Earth System Sciences 25, 5133-5151. doi:
10.5194/hess-25-5133-2021.

Bogard, M. J., and Butman, D. E. (2018). No blast from the past. Nature Clim Change 8, 99—
100. doi: 10.1038/s41558-018-0070-8.

Bourgault, M.-A., Larocque, M., Garneau, M., and Roux, M. (2018). Quantifying peat
hydrodynamic properties and their influence on water table depths in peatlands of
southern Quebec (Canada). Ecohydrology 11, €1976. doi: 10.1002/eco.1976.

Bowen, J. C., Kaplan, L. A., and Cory, R. M. (2019). Photodegradation disproportionately
impacts biodegradation of semi-labile DOM in streams. Limnology and Oceanography 0.
doi: 10.1002/Ino.11244.

Branco, P., Ribeiro, R. P., and Torgo, L. (2016). UBL: an R Package for Utility-Based Learning.
CoRR abs/1604.08079.

Branco, P., Torgo, L., and Ribeiro, R. P. (2017). SMOGN: a Pre-processing Approach for
Imbalanced Regression. in Proceedings of the First International Workshop on Learning
with Imbalanced Domains: Theory and Applications (PMLR), 36-50. Available at:
https://proceedings.mlr.press/v74/brancol7a.html [Accessed May 17, 2023].

Braverman, M., and Quinton, W. L. (2016). Hydrological impacts of seismic lines in the
wetland-dominated zone of thawing, discontinuous permafrost, Northwest Territories,
Canada. Hydrological Processes 30,2617-2627. doi: 10.1002/hyp.10695.

Breiman, L. (2001). Random Forests. Machine Learning 45, 5-32.

Bridgham, S. D., Updegraff, K., and Pastor, J. (1998). Carbon, Nitrogen, and Phosphorus
Mineralization in Northern Wetlands. Ecology 79, 1545—-1561. doi: 10.1890/0012-
9658(1998)079[1545:CNAPMI]2.0.CO;2.

98



Broder, T., and Biester, H. (2015). Hydrologic controls on DOC, As and Pb export from a
polluted peatland - the importance of heavy rain events, antecedent moisture conditions
and hydrological connectivity. Biogeosciences 12, 4651-4664. doi: 10.5194/bg-12-4651-
2015.

Broder, T., Knorr, K.-H., and Biester, H. (2017). Changes in dissolved organic matter quality in
a peatland and forest headwater stream as a function of seasonality and hydrologic
conditions. Hydrology and Earth System Sciences 21, 2035-2051. doi: 10.5194/hess-21-
2035-2017.

Brown, L. E., Holden, J., Palmer, S. M., Johnston, K., Ramchunder, S. J., and Grayson, R.
(2015). Effects of fire on the hydrology, biogeochemistry, and ecology of peatland river
systems. Freshwater Science 34, 1406—-1425. doi: 10.1086/683426.

Burd, K., Tank, S. E., Dion, N., Quinton, W. L., Spence, C., Tanentzap, A. J., et al. (2018).
Seasonal shifts in export of DOC and nutrients from burned and unburned peatland-rich
catchments, Northwest Territories, Canada. Hydrol. Earth Syst. Sci. 22, 4455-4472. doi:
10.5194/hess-22-4455-2018.

Burt, T. P., and Pinay, G. (2005). Linking hydrology and biogeochemistry in complex
landscapes. Progress in Physical Geography: Earth and Environment 29, 297-316. doi:
10.1191/0309133305pp450ra.

Butman, D. E., Wilson, H. F., Barnes, R. T., Xenopoulos, M. A., and Raymond, P. A. (2015).
Increased mobilization of aged carbon to rivers by human disturbance. Nature
Geoscience 8, 112—116. doi: 10.1038/nge02322.

Butman, D., Raymond, P. A., Butler, K., and Aiken, G. (2012). Relationships between A14C and
the molecular quality of dissolved organic carbon in rivers draining to the coast from the
conterminous United States. Global Biogeochemical Cycles 26. doi:
10.1029/2012GB004361.

Camill, P., and Clark, J. S. (2000). Long-term Perspectives on Lagged Ecosystem Responses to
Climate Change: Permafrost in Boreal Peatlands and the Grassland/Woodland Boundary.
Ecosystems 3, 534-544. doi: 10.1007/s100210000047.

Carpenter, S. R., Caraco, N. F., Correll, D. L., Howarth, R. W., Sharpley, A. N., and Smith, V.
H. (1998). Nonpoint pollution of surface waters with phosphorus and nitrogen.
Ecological Applications 8, 559-568. doi: 10.1890/1051-
0761(1998)008[0559:NPOSWW]2.0.CO;2.

Casas-Ruiz, J. P., Tittel, J., von Schiller, D., Catalan, N., Obrador, B., Gomez-Gener, L., et al.
(2016). Drought-induced discontinuities in the source and degradation of dissolved
organic matter in a Mediterranean river. Biogeochemistry 127, 125-139. doi:
10.1007/s10533-015-0173-5.

99



Catalan, N., Kellerman, A. M., Peter, H., Carmona, F., and Tranvik, L. J. (2015). Absence of a
priming effect on dissolved organic carbon degradation in lake water. Limnology and
Oceanography 60, 159-168. doi: 10.1002/In0.10016.

Chanton, J. P., Glaser, P. H., Chasar, L. S., Burdige, D. J., Hines, M. E., Siegel, D. L., et al.
(2008). Radiocarbon evidence for the importance of surface vegetation on fermentation

and methanogenesis in contrasting types of boreal peatlands. Global Biogeochemical
Cycles 22. doi: 10.1029/2008GB003274.

Chiapusio, G., Jassey, V. E. J., Bellvert, F., Comte, G., Weston, L. A., Delarue, F., et al. (2018).
Sphagnum Species Modulate their Phenolic Profiles and Mycorrhizal Colonization of
Surrounding Andromeda polifolia along Peatland Microhabitats. J Chem Ecol 44, 1146—
1157. doi: 10.1007/s10886-018-1023-4.

Clair, T. A., Dennis, 1. F., and Bélanger, S. (2013). Riverine nitrogen and carbon exports from
the Canadian landmass to estuaries. Biogeochemistry 115, 195-211. doi:
10.1007/s10533-013-9828-2.

Clark, J. M., Ashley, D., Wagner, M., Chapman, P. J., Lane, S. N., Evans, C. D., et al. (2009).
Increased temperature sensitivity of net DOC production from ombrotrophic peat due to
water table draw-down. Global Change Biology 15, 794—807. doi: 10.1111/.1365-
2486.2008.01683 x.

Clark, J. M., Lane, S. N., Chapman, P. J., and Adamson, J. K. (2007). Export of dissolved
organic carbon from an upland peatland during storm events: Implications for flux
estimates. Journal of Hydrology 347, 438—447. doi: 10.1016/j.jhydrol.2007.09.030.

Clark, J. M., van der Heijden, G. M. F., Palmer, S. M., Chapman, P. J., and Bottrell, S. H.
(2011). Variation in the sensitivity of DOC release between different organic soils
following H2SO4 and sea-salt additions. EUROPEAN JOURNAL OF SOIL SCIENCE 62,
267-284. doi: 10.1111/5.1365-2389.2010.01344 x.

Clark, L., Strachan, 1. B., Strack, M., Roulet, N. T., Knorr, K.-H., and Teickner, H. (2023).
Duration of extraction determines CO> and CH4 emissions from an actively extracted
peatland in eastern Quebec, Canada. Biogeosciences 20, 737-751. doi: 10.5194/bg-20-
737-2023.

Clogg, C. C., Petkova, E., and Haritou, A. (1995). Statistical Methods for Comparing Regression
Coefficients Between Models. American Journal of Sociology 100, 1261-1293. doi:
10.1086/230638.

Clymo, R. S., Turunen, J., and Tolonen, K. (1998). Carbon Accumulation in Peatland. Oikos 81,
368. doi: 10.2307/3547057.

Coble, P. G. (1996). Characterization of marine and terrestrial DOM in seawater using

excitation-emission matrix spectroscopy. Marine Chemistry 51, 325-346. doi:
10.1016/0304-4203(95)00062-3.

100



Cohen, E., Levy, G. J., and Borisover, M. (2014). Fluorescent components of organic matter in
wastewater: Efficacy and selectivity of the water treatment. Water Research 55, 323-334.
doi: 10.1016/j.watres.2014.02.040.

Cole, J. J., Prairie, Y. T., Caraco, N. F., McDowell, W. H., Tranvik, L. J., Striegl, R. G., et al.
(2007). Plumbing the Global Carbon Cycle: Integrating Inland Waters into the Terrestrial
Carbon Budget. Ecosystems 10, 172—185. doi: 10.1007/s10021-006-9013-8.

Corbett, J. E., Burdige, D. J., Tfaily, M. M., Dial, A. R., Cooper, W. T., Glaser, P. H., et al.
(2013). Surface production fuels deep heterotrophic respiration in northern peatlands.
Global Biogeochemical Cycles 27, 1163—1174. doi: 10.1002/2013GB004677.

Cory, R. M., and Kling, G. W. (2018). Interactions between sunlight and microorganisms
influence dissolved organic matter degradation along the aquatic continuum. Limnology
and Oceanography Letters 3, 102—116. doi: 10.1002/1012.10060.

Creed, L. F., Beall, F. D., Clair, T. A., Dillon, P. J., and Hesslein, R. H. (2008). Predicting export
of dissolved organic carbon from forested catchments in glaciated landscapes with
shallow soils. Global Biogeochemical Cycles 22. doi: 10.1029/2008 GB003294.

Creed, L. F., Bergstrom, A.-K., Trick, C. G., Grimm, N. B., Hessen, D. O., Karlsson, J., et al.
(2018). Global change-driven effects on dissolved organic matter composition:
Implications for food webs of northern lakes. Global Change Biology 24, 3692-3714.
doi: 10.1111/gcb.14129.

Creed, 1. F., McKnight, D. M., Pellerin, B. A., Green, M. B., Bergamaschi, B. A., Aiken, G. R.,
et al. (2015). The river as a chemostat: fresh perspectives on dissolved organic matter
flowing down the river continuum. Can. J. Fish. Aquat. Sci. 72, 1272—1285. doi:
10.1139/cjfas-2014-0400.

D’Acunha, B., Morillas, L., Black, T. A., Christen, A., and Johnson, M. S. (2019). Net
Ecosystem Carbon Balance of a Peat Bog Undergoing Restoration: Integrating CO2 and
CH4 Fluxes From Eddy Covariance and Aquatic Evasion With DOC Drainage Fluxes.
Journal of Geophysical Research: Biogeosciences 124, 884-901. doi:
10.1029/2019JG005123.

D’Amore, D. V., Edwards, R. T., Herendeen, P. A., Hood, E., and Fellman, J. B. (2015).
Dissolved Organic Carbon Fluxes from Hydropedologic Units in Alaskan Coastal
Temperate Rainforest Watersheds. Soil Science Society of America Journal 79, 378-388.
doi: 10.2136/sssaj2014.09.0380.

Davidson, E. A., and Janssens, I. A. (2006). Temperature sensitivity of soil carbon
decomposition and feedbacks to climate change. Nature 440, 165—-173. doi:
10.1038/nature04514.

Davidson, S. J., Elmes, M. C., Rogers, H., van Beest, C., Petrone, R., Price, J. S., et al. (2019).
Hydrogeologic setting overrides any influence of wildfire on pore water dissolved

101



organic carbon concentration and quality at a boreal fen. Ecohydrology 12, €2141. doi:
10.1002/eco0.2141.

de Wit, H. A., Stoddard, J. L., Monteith, D. T., Sample, J. E., Austnes, K., Couture, S., et al.
(2021). Cleaner air reveals growing influence of climate on dissolved organic carbon
trends in northern headwaters. Environ. Res. Lett. 16, 104009. doi: 10.1088/1748-
9326/ac2526.

de Wit, H. A., Valinia, S., Weyhenmeyer, G. A., Futter, M. N., Kortelainen, P., Austnes, K., et
al. (2016). Current Browning of Surface Waters Will Be Further Promoted by Wetter
Climate. Environ. Sci. Technol. Lett. 3, 430—435. doi: 10.1021/acs.estlett.6b00396.

Devito, K. J., Dillon, P. J., and Lazerte, B. D. (1989). Phosphorus and nitrogen retention in five
Precambrian shield wetlands. Biogeochemistry 8, 185-204. doi: 10.1007/BF00002888.

Devito, K. J., Hokanson, K. J., Moore, P. A., Kettridge, N., Anderson, A. E., Chasmer, L., et al.
(2017). Landscape controls on long-term runoff in subhumid heterogeneous Boreal Plains
catchments. Hydrological Processes 31,2737-2751. doi: 10.1002/hyp.11213.

Diaz, R., and Rosenberg, R. (2008). Spreading Dead Zones and Consequences for Marine
Ecosystems.

Dinsmore, K. J., Billett, M. F., Skiba, U. M., Rees, R. M., Drewer, J., and Helfter, C. (2010).
Role of the aquatic pathway in the carbon and greenhouse gas budgets of a peatland
catchment. Global Change Biology 16, 2750-2762. doi: 10.1111/.1365-
2486.2009.02119.x.

Drake, T. W., Raymond, P. A., and Spencer, R. G. M. (2018). Terrestrial carbon inputs to inland
waters: A current synthesis of estimates and uncertainty. Limnology and Oceanography
Letters 3, 132—142. doi: 10.1002/1012.10055.

Edwards, R. T., D’Amore, D. V., Biles, F. E., Fellman, J. B., Hood, E. W., Trubilowicz, J. W., et
al. (2021). Riverine Dissolved Organic Carbon and Freshwater Export in the Eastern Gulf
of Alaska. Journal of Geophysical Research: Biogeosciences 126, €2020JG005725. doi:
https://doi.org/10.1029/2020JG005725.

Einarsdéttir, K., Attermeyer, K., Hawkes, J. A., Kothawala, D., Sponseller, R. A., and Tranvik,
L. J. (2020). Particles and Aeration at Mire-Stream Interfaces Cause Selective Removal
and Modification of Dissolved Organic Matter. Journal of Geophysical Research:
Biogeosciences 125, €2020JG005654. doi: 10.1029/2020JG005654.

Environment and Climate Change Canada (2019). Canada’s changing climate report. Available
at: http://publications.gc.ca/collections/collection_2019/eccc/En4-368-2019-eng.pdf
[Accessed April 24, 2020].

Eshleman, K. N., and Sabo, R. D. (2016). Declining nitrate-N yields in the Upper Potomac River
Basin: What is really driving progress under the Chesapeake Bay restoration?
Atmospheric Environment 146, 280-289. doi: 10.1016/j.atmosenv.2016.07.004.

102



ESRI (2022). World Countries. Available at: https://hub.arcgis.com/maps/esri::world-countries
[Accessed August 1, 2023].

Evans, C. D., Malcolm, I. A., Shilland, E. M., Rose, N. L., Turner, S. D., Crilly, A., et al. (2017).
Sustained Biogeochemical Impacts of Wildfire in a Mountain Lake Catchment.
Ecosystems 20, 813—829. doi: 10.1007/s10021-016-0064-1.

Evans, C. D., Page, S. E., Jones, T., Moore, S., Gauci, V., Laiho, R., et al. (2014). Contrasting
vulnerability of drained tropical and high-latitude peatlands to fluvial loss of stored
carbon. Global Biogeochemical Cycles 28, 1215-1234. doi: 10.1002/2013GB004782.

Evans, C. D., Renou-Wilson, F., and 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.

Fagerbakke, K., Heldal, M., and Norland, S. (1996). Content of carbon, nitrogen, oxygen, sulfur
and phosphorus in native aquatic and cultured bacteria. Aquat. Microb. Ecol. 10, 15-27.
doi: 10.3354/ame010015.

Fellman, J. B., Hood, E., Behnke, M. 1., Welker, J. M., and Spencer, R. G. M. (2020).
Stormflows Drive Stream Carbon Concentration, Speciation, and Dissolved Organic
Matter Composition in Coastal Temperate Rainforest Watersheds. Journal of
Geophysical Research: Biogeosciences 125, €2020JG005804. doi:
10.1029/2020JG005804.

Fellman, J. B., Hood, E., and Spencer, R. G. M. (2010). Fluorescence spectroscopy opens new
windows into dissolved organic matter dynamics in freshwater ecosystems: A review.
Limnology and Oceanography 55, 2452-2462. doi: 10.4319/10.2010.55.6.2452.

Fenner, N., Ostle, N., Freeman, C., Sleep, D., and Reynolds, B. (2004). Peatland carbon efflux
partitioning reveals that Sphagnum photosynthate contributes to the DOC pool. Plant and
Soil 259, 345-354. doi: 10.1023/B:PLS0.0000020981.90823.c1.

Feuchtmayr, H., Pottinger, T. G., Moore, A., De Ville, M. M., Caillouet, L., Carter, H. T., et al.
(2019). Effects of brownification and warming on algal blooms, metabolism and higher
trophic levels in productive shallow lake mesocosms. Science of The Total Environment
678, 227-238. doi: 10.1016/j.scitotenv.2019.04.105.

Fick, S. E., and Hijmans, R. J. (2017). WorldClim 2: new 1-km spatial resolution climate
surfaces for global land areas. International Journal of Climatology 37, 4302—-4315. doi:
10.1002/joc.5086.

Fluet-Chouinard, E., Stocker, B. D., Zhang, Z., Malhotra, A., Melton, J. R., Poulter, B., et al.
(2023). Extensive global wetland loss over the past three centuries. Nature 614, 281-286.
doi: 10.1038/s41586-022-05572-6.

103



Fork, M. L., Sponseller, R. A., and Laudon, H. (2020). Changing Source-Transport Dynamics
Drive Differential Browning Trends in a Boreal Stream Network. Water Resources
Research 56, e2019WR026336. doi: 10.1029/2019WR026336.

Freeman, C., Evans, C. D., Monteith, D. T., Reynolds, B., and Fenner, N. (2001). Export of
organic carbon from peat soils. Nature 412, 785-785. doi: 10.1038/35090628.

Frei, R. J., Abbott, B. W., Dupas, R., Gu, S., Gruau, G., Thomas, Z., et al. (2020). Predicting
Nutrient Incontinence in the Anthropocene at Watershed Scales. Front. Environ. Sci. 7.
doi: 10.3389/fenvs.2019.00200.

Frei, R. J., Lawson, G. M., Norris, A. J., Cano, G., Vargas, M. C., Kujanpéa, E., et al. (2021).
Limited progress in nutrient pollution in the U.S. caused by spatially persistent nutrient
sources. PLOS ONE 16. doi: 10.1371/journal.pone.0258952.

Frey, K. E., and Smith, L. C. (2005). Amplified carbon release from vast West Siberian
peatlands by 2100. Geophysical Research Letters 32. doi: 10.1029/2004GL022025.

Friendly, M., and Fox, J. (2021). candisc: Visualizing Generalized Canonical Discriminant and
Canonical Correlation Analysis. Available at: https://cran.r-
project.org/web/packages/candisc/citation.html [Accessed March 23, 2023].

Fudyma, J. D., Lyon, J., AminiTabrizi, R., Gieschen, H., Chu, R. K., Hoyt, D. W_, et al. (2019).
Untargeted metabolomic profiling of Sphagnum fallax reveals novel antimicrobial
metabolites. Plant Direct 3, €00179. doi: 10.1002/pld3.179.

Gallego-Sala, A. V., Charman, D. J., Brewer, S., Page, S. E., Prentice, 1. C., Friedlingstein, P., et
al. (2018). Latitudinal limits to the predicted increase of the peatland carbon sink with
warming. Nature Climate Change 8, 907-913. doi: 10.1038/s41558-018-0271-1.

Galster, J. C. (2007). Natural and anthropogenic influences on the scaling of discharge with
drainage area for multiple watersheds. Geosphere 3, 260-271. doi: 10.1130/GES00065.1.

Gibson, C. M., Chasmer, L. E., Thompson, D. K., Quinton, W. L., Flannigan, M. D., and
Olefeldt, D. (2018). Wildfire as a major driver of recent permafrost thaw in boreal
peatlands. Nat Commun 9, 3041. doi: 10.1038/s41467-018-05457-1.

Gillett, N. P., Weaver, A. J., Zwiers, F. W., and Flannigan, M. D. (2004). Detecting the effect of
climate change on Canadian forest fires. Geophysical Research Letters 31. doi:
10.1029/2004GL020876.

Goldstein, A., Turner, W. R., Spawn, S. A., Anderson-Teixeira, K. J., Cook-Patton, S., Fargione,
J., et al. (2020). Protecting irrecoverable carbon in Earth’s ecosystems. Nat. Clim. Chang.
doi: 10.1038/s41558-020-0738-8.

Government of Alberta (2014). Alberta Wetland Policy. Available at:
https://www.deslibris.ca/ID/240821 [Accessed September 11, 2020].

104



Graeber, D., Tenzin, Y., Stutter, M., Weigelhofer, G., Shatwell, T., von Tiimpling, W., et al.
(2021). Bioavailable DOC: reactive nutrient ratios control heterotrophic nutrient
assimilation—An experimental proof of the macronutrient-access hypothesis.

Biogeochemistry. doi: 10.1007/s10533-021-00809-4.

Granath, G., Evans, C. D., Strengbom, J., Folster, J., Grelle, A., Stromgqvist, J., et al. (2021). The
impact of wildfire on biogeochemical fluxes and water quality in boreal catchments.
Biogeosciences 18, 3243-3261. doi: 10.5194/bg-18-3243-2021.

Gu, S., Casquin, A., Dupas, R., Abbott, B. W., Petitjean, P., Durand, P., et al. (2021). Spatial
Persistence of Water Chemistry Patterns Across Flow Conditions in a Mesoscale
Agricultural Catchment. Water Resources Research 57, €2020WR029053. doi:
10.1029/2020WR029053.

Hafdhi, S., Duchesne, S., and St-Hilaire, A. (2020). Hydraulic modelling for assessment of the
performance of sedimentation basins downstream from extracted peatlands. Mires Peat
26, 1-19. doi: 10.19189/MaP.2019.JSP.StA.1789.

Harms, T. K., Cook, C. L., Wlostowski, A. N., Gooseff, M. N., and Godsey, S. E. (2019).
Spiraling Down Hillslopes: Nutrient Uptake from Water Tracks in a Warming Arctic.
Ecosystems 22, 1546—1560. doi: 10.1007/s10021-019-00355-z.

Harris, L. 1., Richardson, K., Bona, K. A., Davidson, S. J., Finkelstein, S. A., Garneau, M., et al.
(2022). The essential carbon service provided by northern peatlands. Frontiers in
Ecology and the Environment 20, 222-230. doi: 10.1002/fee.2437.

He, H., Clark, L., Lai, O. Y., Kendall, R., Strachan, 1., and Roulet, N. T. (2023). Simulating Soil
Atmosphere Exchanges and CO2 Fluxes for an Ongoing Peat Extraction Site.
Ecosystems. doi: 10.1007/s10021-023-00836-2.

He, H., and Garcia, E. A. (2009). Learning from Imbalanced Data. IEEE Transactions on
Knowledge and Data Engineering 21, 1263—1284. doi: 10.1109/TKDE.2008.239.

Hedwall, P.-O., Brunet, J., and Rydin, H. (2017). Peatland plant communities under global
change: negative feedback loops counteract shifts in species composition. Ecology 98,
150-161. doi: 10.1002/ecy.1627.

Heffernan, L., Estop-Aragonés, C., Knorr, K.-H., Talbot, J., and Olefeldt, D. (2020). Long-term
Impacts of Permafrost Thaw on Carbon Storage in Peatlands: Deep Losses Offset by
Surficial Accumulation. Journal of Geophysical Research: Biogeosciences 125,
€2019JG005501. doi: 10.1029/2019JG005501.

Helms, J. R., Stubbins, A., Ritchie, J. D., Minor, E. C., Kieber, D. J., and Mopper, K. (2008).
Absorption spectral slopes and slope ratios as indicators of molecular weight, source, and
photobleaching of chromophoric dissolved organic matter. Limnology and Oceanography
53,955-969. doi: 10.4319/10.2008.53.3.0955.

105



Hicke, J. A., Lucatello, S., and Mortsch, L. D. (2022). IPCC WGII Sixth Assessment Report
Chapter 14: North America. Available at:
https://report.ipcc.ch/arowg2/pdf/IPCC_AR6 WGII FinalDraft Chapterl4.pdf
[Accessed March 11, 2022].

Holden, J. (2005). Peatland hydrology and carbon release: why small-scale process matters. Phil.
Trans. R. Soc. A. 363, 2891-2913. doi: 10.1098/rsta.2005.1671.

Holden, J., Evans, M. G., Burt, T. P., and Horton, M. (2006). Impact of Land Drainage on
Peatland Hydrology. Journal of Environmental Quality 35, 1764—1778. doi:
10.2134/jeq2005.0477.

Holden, J., Smart, R. P., Dinsmore, K. J., Baird, A. J., Billett, M. F., and Chapman, P. J. (2012).
Natural pipes in blanket peatlands: major point sources for the release of carbon to the
aquatic system. GLOBAL CHANGE BIOLOGY 18, 3568-3580. doi: 10.1111/gcb.12004.

Holmes, R. M., Coe, M. T\, Fiske, G. J., Gurtovaya, T., McClelland, J. W., Shiklomanov, A. I,
et al. (2012a). “Climate Change Impacts on the Hydrology and Biogeochemistry of
Arctic Rivers,” in Climatic Change and Global Warming of Inland Waters (John Wiley
& Sons, Ltd), 1-26. doi: 10.1002/9781118470596.ch1.

Holmes, R. M., McClelland, J. W., Peterson, B. J., Tank, S. E., Bulygina, E., Eglinton, T. L., et
al. (2012b). Seasonal and Annual Fluxes of Nutrients and Organic Matter from Large

Rivers to the Arctic Ocean and Surrounding Seas. Estuaries and Coasts 35, 369-382. doi:
10.1007/s12237-011-9386-6.

Holmes, R. M., Shiklomanov, A. 1., Suslova, A., Tretiakov, M., McClelland, J. W., Scott, L., et
al. (2021). Arctic Report Card 2021: River Discharge. United States. National Oceanic
and Atmospheric Administration. Office of Oceanic and Atmospheric Research ; Global
Ocean Monitoring and Observing (GOMO) Program Available at:
https://repository.library.noaa.gov/view/noaa/34199 [Accessed October 26, 2022].

Hope, D., Billett, M. F., Milne, R., and Brown, T. A. W. (1997). Exports of organic carbon in
British rivers. Hydrological Processes 11, 325-344. doi: 10.1002/(SICI)1099-
1085(19970315)11:3<325::AID-HYP476>3.0.CO;2-1.

Hotchkiss, E. R., Hall Jr, R. O., Sponseller, R. A., Butman, D., Klaminder, J., Laudon, H., et al.
(2015). Sources of and processes controlling CO 2 emissions change with the size of
streams and rivers. Nature Geoscience 8, 696—699. doi: 10.1038/ngeo02507.

Huang, M., Piao, S., Janssens, I. A., Zhu, Z., Wang, T., Wu, D., et al. (2017). Velocity of change
in vegetation productivity over northern high latitudes. Nat Ecol Evol 1, 1649-1654. doi:
10.1038/s41559-017-0328-y.

Hugelius, G., Loisel, J., Chadburn, S., Jackson, R. B., Jones, M., MacDonald, G., et al. (2020).
Large stocks of peatland carbon and nitrogen are vulnerable to permafrost thaw. Proc
Natl Acad Sci USA, 201916387. doi: 10.1073/pnas.1916387117.

106



Hulatt, C. J., Kaartokallio, H., Asmala, E., Autio, R., Stedmon, C. A., Sonninen, E., et al.
(2014a). Bioavailability and radiocarbon age of fluvial dissolved organic matter (DOM)
from a northern peatland-dominated catchment: effect of land-use change. Aquatic
Sciences 76, 393—404. doi: 10.1007/s00027-014-0342-y.

Hulatt, C. J., Kaartokallio, H., Oinonen, M., Sonninen, E., Stedmon, C. A., and Thomas, D. N.
(2014b). Radiocarbon Dating of Fluvial Organic Matter Reveals Land-Use Impacts in
Boreal Peatlands. Environ. Sci. Technol. 48, 12543—12551. doi: 10.1021/es5030004.

Humborg, C., Morth, C.-M., Sundbom, M., Borg, H., Blenckner, T., Giesler, R., et al. (2010).
CO2 supersaturation along the aquatic conduit in Swedish watersheds as constrained by
terrestrial respiration, aquatic respiration and weathering. Global Change Biology 16,
1966—1978. doi: 10.1111/1.1365-2486.2009.02092 .

Isles, P. D. F. (2020). The misuse of ratios in ecological stoichiometry. Ecology 101, €03153.
doi: 10.1002/ecy.3153.

Iversen, C. M., Latimer, J., Brice, D. J., Childs, J., Vander Stel, H. M., Defrenne, C. E., et al.
(2023). Whole-Ecosystem Warming Increases Plant-Available Nitrogen and Phosphorus
in an Ombrotrophic Bog. Ecosystems 26, 86—113. doi: 10.1007/s10021-022-00744-x.

Jansson, M., Berggren, M., Laudon, H., and Jonsson, A. (2012). Bioavailable phosphorus in
humic headwater streams in boreal Sweden. Limnology and Oceanography 57, 1161—
1170. doi: 10.4319/10.2012.57.4.1161.

Jones, D. L., Nguyen, C., and Finlay, R. D. (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.

Jones, R. 1., Salonen, K., and Haan, H. D. (1988). Phosphorus transformations in the epilimnion
of humic lakes: abiotic interactions between dissolved humic materials and phosphate.
Freshwater Biology 19, 357-369. doi: https://doi.org/10.1111/j.1365-
2427.1988.tb00357 .x.

Jones, T. G., Evans, C. D., Jones, D. L., Hill, P. W_, and Freeman, C. (2016). Transformations in
DOC along a source to sea continuum; impacts of photo-degradation, biological
processes and mixing. AQUATIC SCIENCES 78, 433-446. doi: 10.1007/s00027-015-
0461-0.

Kaiser, K., and Kalbitz, K. (2012). Cycling downwards — dissolved organic matter in soils. Soi/
Biology and Biochemistry 52,29-32. doi: 10.1016/j.s011bi0.2012.04.002.

Karlsen, R. H., Seibert, J., Grabs, T., Laudon, H., Blomkvist, P., and Bishop, K. (2016). The
assumption of uniform specific discharge: unsafe at any time?: The Assumption of
Uniform Specific Discharge: Unsafe at Any Time? Hydrol. Process. 30, 3978-3988. doi:
10.1002/hyp.10877.

Karlsson, J., Bystrom, P., Ask, J., Ask, P., Persson, L., and Jansson, M. (2009). Light limitation
of nutrient-poor lake ecosystems. Nature 460, 506—509. doi: 10.1038/nature08179.

107



Kasischke, E. S., and Turetsky, M. R. (2006). Recent changes in the fire regime across the North
American boreal region—Spatial and temporal patterns of burning across Canada and
Alaska. Geophysical Research Letters 33. doi: 10.1029/2006GL025677.

Kellerman, A. M., Kothawala, D. N., Dittmar, T., and Tranvik, L. J. (2015). Persistence of
dissolved organic matter in lakes related to its molecular characteristics. Nature
Geoscience 8, 454-457. doi: 10.1038/nge02440.

Kelly, R., Chipman, M. L., Higuera, P. E., Stefanova, 1., Brubaker, L. B., and Hu, F. S. (2013).
Recent burning of boreal forests exceeds fire regime limits of the past 10,000 years.
Proceedings of the National Academy of Sciences 110, 13055-13060. doi:
10.1073/pnas.1305069110.

Kincaid, D. W., Seybold, E. C., Adair, E. C., Bowden, W. B., Perdrial, J. N., Vaughan, M. C. H.,
et al. (2020). Land Use and Season Influence Event-Scale Nitrate and Soluble Reactive

Phosphorus Exports and Export Stoichiometry from Headwater Catchments. Water
Resources Research 56, €2020WR027361. doi: 10.1029/2020WR027361.

Koprivnjak, J., and Moore, T. (1992). Sources, Sinks, and fluxes of dissolved organic carbon in
sub-arctic fen catchments. Arctice and Alpine Research 24,204-210. doi:
10.2307/1551658.

Kothawala, D. N., Ji, X., Laudon, H., Agren, A. M., Futter, M. N, K&hler, S. I, et al. (2015).
The relative influence of land cover, hydrology, and in-stream processing on the
composition of dissolved organic matter in boreal streams. Journal of Geophysical
Research: Biogeosciences 120, 1491-1505. doi: 10.1002/2015JG002946.

Kothawala, D. N., Kellerman, A. M., Catalan, N., and Tranvik, L. J. (2020). Organic Matter
Degradation across Ecosystem Boundaries: The Need for a Unified Conceptualization.
Trends in Ecology & Evolution, S0169534720302834. doi: 10.1016/j.tree.2020.10.006.

Kothawala, D. N., K&hler, S. J., Ostlund, A., Wiberg, K., and Ahrens, L. (2017). Influence of
dissolved organic matter concentration and composition on the removal efficiency of

perfluoroalkyl substances (PFASs) during drinking water treatment. Water Research 121,
320-328. doi: 10.1016/j.watres.2017.05.047.

Kothawala, D. N., Murphy, K. R., Stedmon, C. A., Weyhenmeyer, G. A., and Tranvik, L. J.
(2013). Inner filter correction of dissolved organic matter fluorescence. Limnology and
Oceanography: Methods 11, 616—630. doi: 10.4319/lom.2013.11.616.

Kothawala, D. N., Roehm, C., Blodau, C., and Moore, T. R. (2012). Selective adsorption of
dissolved organic matter to mineral soils. Geoderma 189-190, 334-342. doi:
10.1016/j.geoderma.2012.07.001.

Kothawala, D. N., Stedmon, C. A., Miiller, R. A., Weyhenmeyer, G. A., Kohler, S. J., and
Tranvik, L. J. (2014). Controls of dissolved organic matter quality: evidence from a
large-scale boreal lake survey. Global Change Biology 20, 1101-1114. doi:
10.1111/gcb.12488.

108



Kraus, T. E. C., Anderson, C. A., Morgenstern, K., Downing, B. D., Pellerin, B. A., and
Bergamaschi, B. A. (2010). Determining Sources of Dissolved Organic Carbon and
Disinfection Byproduct Precursors to the McKenzie River, Oregon. Journal of
Environmental Quality 39, 2100-2112. doi: 10.2134/eq2010.0030.

Krause, S., Abbott, B. W., Baranov, V., Bernal, S., Blaen, P., Datry, T., et al. (2022).
Organizational Principles of Hyporheic Exchange Flow and Biogeochemical Cycling in
River Networks Across Scales. Water Resources Research 58, €2021WR029771. doi:
10.1029/2021WR029771.

Kritzberg, E. S., Hasselquist, E. M., gkerlep, M., Lofgren, S., Olsson, O., Stadmark, J., et al.
(2020). Browning of freshwaters: Consequences to ecosystem services, underlying
drivers, and potential mitigation measures. Ambio 49, 375-390. doi: 10.1007/s13280-
019-01227-5.

Laine, M. P. P., Strommer, R., and Arvola, L. (2013). Nitrogen Release in Pristine and Drained
Peat Profiles in Response to Water Table Fluctuations: A Mesocosm Experiment. Applied
and Environmental Soil Science 2013, €694368. doi:
https://doi.org/10.1155/2013/694368.

Laine, M. P. P., Strommer, R., and Arvola, L. (2014). DOC and CO2-C Releases from Pristine
and Drained Peat Soils in Response to Water Table Fluctuations: A Mesocosm
Experiment. Applied and Environmental Soil Science 2014, €912816. doi:
https://doi.org/10.1155/2014/912816.

Laudon, H., Berggren, M., Agren, A., Buffam, L., Bishop, K., Grabs, T., et al. (2011). Patterns
and Dynamics of Dissolved Organic Carbon (DOC) in Boreal Streams: The Role of
Processes, Connectivity, and Scaling. Ecosystems 14, 880—-893. doi: 10.1007/s10021-011-
9452-8.

Laudon, H., Buttle, J., Carey, S. K., McDonnell, J., McGuire, K., Seibert, J., et al. (2012). Cross-
regional prediction of long-term trajectory of stream water DOC response to climate
change. Geophys. Res. Lett. 39. doi: 10.1029/2012GL053033.

Le Moal, M., Gascuel-Odoux, C., Ménesguen, A., Souchon, Y., Etrillard, C., Levain, A., et al.
(2019). Eutrophication: A new wine in an old bottle? Science of The Total Environment
651, 1-11. doi: 10.1016/j.scitotenv.2018.09.139.

Leach, J. A., Larsson, A., Wallin, M. B., Nilsson, M. B., and Laudon, H. (2016). Twelve year
interannual and seasonal variability of stream carbon export from a boreal peatland
catchment. Journal of Geophysical Research: Biogeosciences 121, 1851-1866. doi:
10.1002/2016JG003357.

Legendre, P., and Legendre, L. (2012). Numerical Ecology. 3rd ed. Elsevier doi: 10.1016/B978-
0-444-53868-0.50016-2.

109



Leifeld, J., and Menichetti, L. (2018). The underappreciated potential of peatlands in global
climate change mitigation strategies. Nat Commun 9, 1071. doi: 10.1038/s41467-018-
03406-6.

Li, Y., Chapman, S. J., Nicol, G. W., and Yao, H. (2018). Nitrification and nitrifiers in acidic
soils. Soil Biology and Biochemistry 116,290-301. doi: 10.1016/j.s0i1bi0.2017.10.023.

Limpens, J., Berendse, F., Blodau, C., Canadell, J. G., Freeman, C., Holden, J., et al. (2008).
Peatlands and the carbon cycle: from local processes to global implications — a synthesis.
17.

Linke, S., Lehner, B., Ouellet Dallaire, C., Ariwi, J., Grill, G., Anand, M., et al. (2019). Global
hydro-environmental sub-basin and river reach characteristics at high spatial resolution.
Sci Data 6, 283. doi: 10.1038/s41597-019-0300-6.

Littlewood, 1. (1995). Hydrological regimes, sampling strategies, and assessment of errors in
mass load estimates for United Kingdom rivers. Environment International 21, 211-220.
doi: 10.1016/0160-4120(95)00011-9.

Loisel, J., Gallego-Sala, A. V., Amesbury, M. J., Magnan, G., Anshari, G., Beilman, D. W_, et al.
(2021). Expert assessment of future vulnerability of the global peatland carbon sink. Nat.
Clim. Chang. 11, 70-77. doi: 10.1038/s41558-020-00944-0.

Lopez, V., Fernandez, A., Garcia, S., Palade, V., and Herrera, F. (2013). An insight into
classification with imbalanced data: Empirical results and current trends on using data

intrinsic characteristics. Information Sciences 250, 113—141. doi:
10.1016/j.ins.2013.07.007.

Luo, Y., and Weng, E. (2011). Dynamic disequilibrium of terrestrial carbon cycle under global
change. Trends in ecology & evolution 26, 96—104. doi: 10.1016/j.tree.2010.11.003.

Lyon, S. W., Nathanson, M., Spans, A., Grabs, T., Laudon, H., Temnerud, J., et al. (2012).
Specific discharge variability in a boreal landscape. Water Resources Research 48. doi:
10.1029/2011WRO011073.

Marcarelli, A. M., Baxter, C. V., Mineau, M. M., and Hall Jr., R. O. (2011). Quantity and
quality: unifying food web and ecosystem perspectives on the role of resource subsidies
in freshwaters. Ecology 92, 1215-1225. doi: 10.1890/10-2240.1.

Marttila, H., Karjalainen, S.-M., Kuoppala, M., Nieminen, M. L., Ronkanen, A.-K., Klove, B., et
al. (2018). Elevated nutrient concentrations in headwaters affected by drained peatland.
Science of the Total Environment 643, 1304—1313. doi: 10.1016/j.scitotenv.2018.06.278.

Mastny, J., Barta, J., Kastovska, E., and Picek, T. (2021). Decomposition of peatland DOC

affected by root exudates is driven by specific r and K strategic bacterial taxa. Sci Rep 11,
18677. doi: 10.1038/s41598-021-97698-2.

110



McCallister, S. L., and del Giorgio, P. A. (2012). Evidence for the respiration of ancient

terrestrial organic C in northern temperate lakes and streams. Proceedings of the National
Academy of Sciences 109, 16963—16968. doi: 10.1073/pnas.1207305109.

McClain, M. E., Boyer, E. W., Dent, C. L., Gergel, S. E., Grimm, N. B., Groffman, P. M., et al.
(2003). Biogeochemical Hot Spots and Hot Moments at the Interface of Terrestrial and
Aquatic Ecosystems. Ecosystems 6,301-312. doi: 10.1007/s10021-003-0161-9.

McElarney, Y. R., Rasmussen, P., Foy, R. H., and Anderson, N. J. (2010). Response of aquatic
macrophytes in Northern Irish softwater lakes to forestry management; eutrophication

and dissolved organic carbon. Aquatic Botany 93, 227-236. doi:
10.1016/j.aquabot.2010.09.002.

McGuire, K. J., McDonnell, J. J., Weiler, M., Kendall, C., McGlynn, B. L., Welker, J. M., et al.
(2005). The role of topography on catchment-scale water residence time. Water
Resources Research 41. doi: 10.1029/2004WR003657.

McPartland, M. Y., Kane, E. S., Falkowski, M. J., Kolka, R., Turetsky, M. R., Palik, B., et al.
(2019). The response of boreal peatland community composition and NDVI to hydrologic

change, warming, and elevated carbon dioxide. Global Change Biology 25, 93—107. doi:
10.1111/gcb.14465.

Meier, M., Chin, Y., and Maurice, P. (2004). Variations in the composition and adsorption
behavior of dissolved organic matter at a small, forested watershed.
BIOGEOCHEMISTRY 67, 39-56. doi: 10.1023/B:BI0G.0000015278.23470.17.

Menberu, M. W., Marttila, H., Tahvanainen, T., Kotiaho, J. S., Hokkanen, R., Klgve, B., et al.
(2017). Changes in Pore Water Quality After Peatland Restoration: Assessment of a

Large-Scale, Replicated Before-After-Control-Impact Study in Finland. Water Resources
Research 53, 8327-8343. doi: 10.1002/2017WR020630.

Millard, A. R. (2014). Conventions for Reporting Radiocarbon Determinations. Radiocarbon 56,
555-559. doi: 10.2458/56.17455.

Moatar, F., Abbott, B. W., Minaudo, C., Curie, F., and Pinay, G. (2017). Elemental properties,
hydrology, and biology interact to shape concentration-discharge curves for carbon,

nutrients, sediment, and major ions. Water Resources Research 53, 1270—-1287. doi:
10.1002/2016WR019635.

Monteith, D. T., Henrys, P. A., Hruska, J., de Wit, H. A., Krdm, P., Moldan, F., et al. (2023).
Long-term rise in riverine dissolved organic carbon concentration is predicted by
electrolyte solubility theory. Science Advances 9, eade3491. doi:
10.1126/sciadv.ade3491.

Monteith, D. T., Stoddard, J. L., Evans, C. D., de Wit, H. A., Forsius, M., Hogasen, T., et al.
(2007). Dissolved organic carbon trends resulting from changes in atmospheric
deposition chemistry. Nature 450, 537-540. doi: 10.1038/nature06316.

111



Moody, C. S., Worrall, F., Evans, C. D., and Jones, T. G. (2013). The rate of loss of dissolved
organic carbon (DOC) through a catchment. Journal of Hydrology 492, 139-150. doi:
10.1016/j.jhydrol.2013.03.016.

Moore, T. R. (1997). “Dissolved Organic Carbon: Sources, Sinks, and Fluxes and Role in the
Soil Carbon Cycle,” in Soil Processes and the Carbon Cycle, eds. R. Lal, J. M. Kimble,
R. F. Follett, and B. A. Stewart (CRC Press), 281-292. doi: 10.1201/9780203739273-19.

Moore, T. R., and Clarkson, B. R. (2007). Dissolved organic carbon in New Zealand peatlands.
NEW ZEALAND JOURNAL OF MARINE AND FRESHWATER RESEARCH 41, 137-
141. doi: 10.1080/00288330709509902.

Murphy, K. R., Stedmon, C. A., Graeber, D., and Bro, R. (2013). Fluorescence spectroscopy and
multi-way techniques. PARAFAC. Anal. Methods 5, 6557. doi: 10.1039/c3ay41160e.

Murphy, K. R., Stedmon, C. A., Wenig, P., and Bro, R. (2014). OpenFluor— an online spectral
library of auto-fluorescence by organic compounds in the environment. Anal. Methods 6,
658—661. doi: 10.1039/c3ay41935e.

Mustonen, K.-R., Mykrd, H., Marttila, H., Sarremejane, R., Veijalainen, N., Sippel, K., et al.
(2018). Thermal and hydrologic responses to climate change predict marked alterations in
boreal stream invertebrate assemblages. Global Change Biology 24, 2434-2446. doi:
10.1111/gcb.14053.

Neft, J. C., and Asner, G. P. (2001). Dissolved Organic Carbon in Terrestrial Ecosystems:
Synthesis and a Model. Ecosystems 4, 29—48. doi: 10.1007/s100210000058.

Neft, J. C., Harden, J. W., and Gleixner, G. (2005). Fire effects on soil organic matter content,
composition, and nutrients in boreal interior Alaska. Can. J. For. Res. 35,2178-2187.
doi: 10.1139/x05-154.

Neft, J. C., and Hooper, D. U. (2002). Vegetation and climate controls on potential CO2, DOC
and DON production in northern latitude soils. Global Change Biology 8, 872—884. doi:
10.1046/7.1365-2486.2002.00517 ..

Nichols, J. E., and Peteet, D. M. (2019). Rapid expansion of northern peatlands and doubled
estimate of carbon storage. Nat. Geosci. 12,917-921. doi: 10.1038/s41561-019-0454-z.

Nieminen, M. (1998). Changes in nitrogen cycling following the clearcutting of drained peatland
forests in southern Finland. 3, 13.

Nieminen, M. (2004). Export of dissolved organic carbon, nitrogen and phosphorus following
clear-cutting of three Norway spruce forests growing on drained peatlands in southern
Finland. Silva Fenn. 38. doi: 10.14214/s£.422.

Nieminen, M., Piirainen, S., Sikstrom, U., Lofgren, S., Marttila, H., Sarkkola, S., et al. (2018).
Ditch network maintenance in peat-dominated boreal forests: Review and analysis of

112



water quality management options. Ambio 47, 535-545. doi: 10.1007/s13280-018-1047-
6.

Nieminen, M., Sallantaus, T., Ukonmaanaho, L., Nieminen, T. M., and Sarkkola, S. (2017).
Nitrogen and phosphorus concentrations in discharge from drained peatland forests are
increasing. Science of The Total Environment 609, 974-981. doi:
10.1016/j.scitotenv.2017.07.210.

Nieminen, M., Sarkkola, S., Sallantaus, T., Hasselquist, E. M., and Laudon, H. (2021). Peatland
drainage - a missing link behind increasing TOC concentrations in waters from high
latitude forest catchments? Science of The Total Environment, 145150. doi:
10.1016/j.scitotenv.2021.145150.

Nieminen, M., Sarkkola, S., Tolvanen, A., Tervahauta, A., Saarimaa, M., and Sallantaus, T.
(2020a). Water quality management dilemma: Increased nutrient, carbon, and heavy
metal exports from forestry-drained peatlands restored for use as wetland buffer areas.
FOREST ECOLOGY AND MANAGEMENT 465. doi: 10.1016/j.foreco.2020.118089.

Nieminen, M., Sarkkola, S., Tolvanen, A., Tervahauta, A., Saarimaa, M., and Sallantaus, T.
(2020b). Water quality management dilemma: Increased nutrient, carbon, and heavy
metal exports from forestry-drained peatlands restored for use as wetland buffer areas.
Forest Ecology and Management 465, 118089. doi: 10.1016/j.foreco.2020.118089.

Obu, J., Westermann, S., Bartsch, A., Berdnikov, N., Christiansen, H. H., Dashtseren, A., et al.
(2019). Northern Hemisphere permafrost map based on TTOP modelling for 2000-2016
at 1 km2 scale. Earth-Science Reviews 193, 299-316. doi:
10.1016/j.earscirev.2019.04.023.

Ohno, T. (2002). Fluorescence Inner-Filtering Correction for Determining the Humification
Index of Dissolved Organic Matter. Environmental Science & Technology 36, 742—746.
doi: 10.1021/es0155276.

Oksanen, J., Simpson, G. L., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., et al.
(2022). vegan: Community Ecology Package. Available at: https://CRAN.R-
project.org/package=vegan.

Oldham, C. E., Farrow, D. E., and Peiffer, S. (2013). A generalized Damkohler number for
classifying material processing in hydrological systems. Hydrology and Earth System
Sciences 17, 1133—-1148. doi: 10.5194/hess-17-1133-2013.

Olefeldt, D., Persson, A., and Turetsky, M. R. (2014). Influence of the permafrost boundary on
dissolved organic matter characteristics in rivers within the Boreal and Taiga plains of
western Canada. Environ. Res. Lett. 9, 035005. doi: 10.1088/1748-9326/9/3/035005.

Olefeldt, D., Roulet, N., Giesler, R., and Persson, A. (2013). Total waterborne carbon export and

DOC composition from ten nested subarctic peatland catchments-importance of peatland
cover, groundwater influence, and inter-annual variability of precipitation patterns:

113



WATERBORNE CARBON EXPORT FROM SUBARCTIC CATCHMENTS. Hydrol.
Process. 27,2280-2294. doi: 10.1002/hyp.9358.

Olefeldt, D., Roulet, N. T., Bergeron, O., Crill, P., Bickstrand, K., and Christensen, T. R. (2012).
Net carbon accumulation of a high-latitude permafrost palsa mire similar to permafrost-
free peatlands: CARBON BALANCE OF A SUBARCTIC PEATLAND. Geophysical
Research Letters 39, n/a-n/a. doi: 10.1029/2011GL050355.

Pinay, G., Peiffer, S., De Dreuzy, J.-R., Krause, S., Hannah, D. M., Fleckenstein, J. H., et al.
(2015). Upscaling Nitrogen Removal Capacity from Local Hotspots to Low Stream
Orders’ Drainage Basins. Ecosystems 18, 1101-1120. doi: 10.1007/s10021-015-9878-5.

Plaza, C., Pegoraro, E., Bracho, R., Celis, G., Crummer, K. G., Hutchings, J. A., et al. (2019).
Direct observation of permafrost degradation and rapid soil carbon loss in tundra. Nat.
Geosci. 12, 627-631. doi: 10.1038/s41561-019-0387-6.

Plont, S., Riney, J., and Hotchkiss, E. R. (2022). Integrating Perspectives on Dissolved Organic
Carbon Removal and Whole-Stream Metabolism. Journal of Geophysical Research:
Biogeosciences 127, €2021JG006610. doi: 10.1029/2021JG006610.

Poulin, M., Rochefort, L., Pellerin, S., and Thibault, J. (2004). Threats and protection for
peatlands in Eastern Canada. Géocarrefour 79, 331-344. doi: 10.4000/geocarrefour.875.

Pucher, M., Wiinsch, U., Weigelhofer, G., Murphy, K., Hein, T., and Graeber, D. (2019).
staRdom: Versatile Software for Analyzing Spectroscopic Data of Dissolved Organic
Matter in R. Water 11, 2366. doi: 10.3390/w11112366.

Pugh, E. A, Olefeldt, D., Leader, S. N., Hokanson, K. J., and Devito, K. J. (2021).
Characteristics of Dissolved Organic Carbon in Boreal Lakes: High Spatial and Inter-
Annual Variability Controlled by Landscape Attributes and Wet-Dry Periods. Water
Resources Research 57. doi: 10.1029/2021WRO030021.

Qiu, C., Ciais, P., Zhu, D., Guenet, B., Peng, S., Petrescu, A. M. R., et al. (2021). Large
historical carbon emissions from cultivated northern peatlands. Science Advances 7,
eabf1332. doi: 10.1126/sciadv.abf1332.

Quinton, W. L., Hayashi, M., and Chasmer, L. E. (2009). Peatland Hydrology of Discontinuous
Permafrost in the Northwest Territories: Overview and Synthesis. Canadian Water
Resources Journal, 18.

Raike, A., Kortelainen, P., Mattsson, T., and Thomas, D. N. (2012). 36 year trends in dissolved
organic carbon export from Finnish rivers to the Baltic Sea. Science of the Total
Environment 435, 188-201. doi: 10.1016/j.scitotenv.2012.06.111.

Rankin, T., Strachan, 1. B., and Strack, M. (2018). Carbon dioxide and methane exchange at a
post-extraction, unrestored peatland. Ecological Engineering 122, 241-251. doi:
10.1016/j.ecoleng.2018.06.021.

114



Raymond, P. A., Hartmann, J., Lauerwald, R., Sobek, S., McDonald, C., Hoover, M., et al.
(2013). Global carbon dioxide emissions from inland waters. Nature 503, 355-359. doi:
10.1038/nature12760.

Raymond, P. A., Saiers, J. E., and Sobczak, W. V. (2016). Hydrological and biogeochemical
controls on watershed dissolved organic matter transport: pulse-shunt concept. Ecology
97, 5-16. doi: 10.1890/14-1684.1.

Regnier, P., Friedlingstein, P., Ciais, P., Mackenzie, F. T., Gruber, N., Janssens, 1. A., et al.
(2013). Anthropogenic perturbation of the carbon fluxes from land to ocean. Nature
Geoscience 6, 597-607. doi: 10.1038/ngeo1830.

Ritson, J. P., Bell, M., Brazier, R. E., Grand-Clement, E., Graham, N. J. D., Freeman, C., et al.
(2016). Managing peatland vegetation for drinking water treatment. SCIENTIFIC
REPORTS 6. doi: 10.1038/srep36751.

Ritson, J. P., Brazier, R. E., Graham, N. J. D., Freeman, C., Templeton, M. R., and Clark, J. M.
(2017). The effect of drought on dissolved organic carbon (DOC) release from peatland
soil and vegetation sources. Biogeosciences 14, 2891-2902. doi: 10.5194/bg-14-2891-
2017.

Rodriguez-Cardona, B. M., Coble, A. A., Wymore, A. S., Kolosov, R., Podgorski, D. C., Zito,
P., et al. (2020). Wildfires lead to decreased carbon and increased nitrogen concentrations
in upland arctic streams. Scientific Reports 10, 8722. doi: 10.1038/541598-020-65520-0.

Rosemond, A. D., Benstead, J. P., Bumpers, P. M., Gulis, V., Kominoski, J. S., Manning, D. W.
P., et al. (2015). Experimental nutrient additions accelerate terrestrial carbon loss from
stream ecosystems. Science 347, 1142—-1145. doi: 10.1126/science.aaal958.

Ross, M. R. V., Topp, S. N., Appling, A. P., Yang, X., Kuhn, C., Butman, D., et al. (2019).
AquaSat: A Data Set to Enable Remote Sensing of Water Quality for Inland Waters.
Water Resour. Res. 55, 10012—10025. doi: 10.1029/2019WR024883.

Rosset, T., Binet, S., Rigal, F., and Gandois, L. (2022). Peatland Dissolved Organic Carbon
Export to Surface Waters: Global Significance and Effects of Anthropogenic
Disturbance. Geophysical Research Letters 49, €2021GL096616. doi:
10.1029/2021GL096616.

Roulet, N., and Moore, T. R. (2006). Browning the waters. Nature 444, 283. doi:
10.1038/444283a.

Rulli, M. P. D., Bergstrom, A.-K., Sponseller, R. A., and Berggren, M. (2022). Seasonal patterns
in nutrient bioavailability in boreal headwater streams. Limnology and Oceanography 67,
1169-1183. doi: 10.1002/In0.12064.

Rydin, H., and Jeglum, R. K. (2013). The Biology of Peatlands, 2e. Second Edition. Oxford,
New York: Oxford University Press.

115



Sabo, R. D., Clark, C. M., Bash, J., Sobota, D., Cooter, E., Dobrowolski, J. P., et al. (2019).
Decadal Shift in Nitrogen Inputs and Fluxes Across the Contiguous United States: 2002—
2012. Journal of Geophysical Research: Biogeosciences 124, 3104-3124. doi:
10.1029/2019JG005110.

Salmon, V. G., Brice, D. J., Bridgham, S., Childs, J., Graham, J., Griffiths, N. A., et al. (2021).
Nitrogen and phosphorus cycling in an ombrotrophic peatland: a benchmark for assessing
change. Plant Soil 466, 649—674. doi: 10.1007/s11104-021-05065-x.

Saraswati, S., Parsons, C. T., and Strack, M. (2019). Access roads impact enzyme activities in
boreal forested peatlands. Science of The Total Environment 651, 1405-1415. doi:
10.1016/j.scitotenv.2018.09.280.

Schindler, D. (1998). Sustaining Aquatic Ecosystems in Boreal Regions. CE 2, art18. doi:
10.5751/ES-00077-020218.

Schlesinger, W. H., and Bernhardt, E. (2013). Biogeochemistry. 3rd ed. Academic Press.

Schlesinger, W. H., Cole, J. J., Finzi, A. C., and Holland, E. A. (2011). Introduction to coupled
biogeochemical cycles. Frontiers in Ecology and the Environment 9, 5-8. doi:
10.1890/090235.

Sebestyen, S. D., Funke, M., and Cotner, J. B. (2021). Sources and biodegradability of dissolved
organic matter in two headwater peatland catchments at the Marcell Experimental Forest,
northern Minnesota, USA. Hydrological Processes 35, €14049. doi: 10.1002/hyp.14049.

Shi, Y., Zhang, X., Wang, Z., Xu, Z., He, C., Sheng, L., et al. (2021). Shift in nitrogen
transformation in peatland soil by nitrogen inputs. Science of The Total Environment 764,
142924. doi: 10.1016/j.scitotenv.2020.142924.

Shogren, A. J., Zarnetske, J. P., Abbott, B. W., lannucci, F., Frei, R. J., Griffin, N. A., et al.
(2019). Revealing biogeochemical signatures of Arctic landscapes with river chemistry.
Scientific Reports 9, 12894. doi: 10.1038/s41598-019-49296-6.

Shutova, Y., Baker, A., Bridgeman, J., and Henderson, R. K. (2014). Spectroscopic
characterisation of dissolved organic matter changes in drinking water treatment: From
PARAFAC analysis to online monitoring wavelengths. Water Research 54, 159—169.
doi: 10.1016/j.watres.2014.01.053.

Sinha, E., Michalak, A. M., Calvin, K. V., and Lawrence, P. J. (2019). Societal decisions about
climate mitigation will have dramatic impacts on eutrophication in the 21st century. Nat
Commun 10, 939. doi: 10.1038/s41467-019-08884-w.

Soares, A. R. A., Bergstrom, A.-K., Sponseller, R. A., Moberg, J. M., Giesler, R., Kritzberg, E.
S., et al. (2017). New insights on resource stoichiometry: assessing availability of carbon,

nitrogen, and phosphorus to bacterioplankton. Biogeosciences 14, 1527-1539. doi:
10.5194/bg-14-1527-2017.

116



Sponseller, R. A., Blackburn, M., Nilsson, M. B., and Laudon, H. (2018). Headwater Mires
Constitute a Major Source of Nitrogen (N) to Surface Waters in the Boreal Landscape.
Ecosystems 21, 31-44. doi: 10.1007/s10021-017-0133-0.

Stackpoole, S. M., Butman, D. E., Clow, D. W., Verdin, K. L., Gaglioti, B. V., Genet, H., et al.
(2017). Inland waters and their role in the carbon cycle of Alaska. Ecological
Applications 27, 1403—-1420. doi: 10.1002/eap.1552.

Stepanauskas, R., J@rgensen, N. O. G., Eigaard, O. R., Zvikas, A., Tranvik, L. J., and
Leonardson, L. (2002). Summer Inputs of Riverine Nutrients to the Baltic Sea:

Bioavailability and Eutrophication Relevance. Ecological Monographs 72, 579-597. doi:
10.1890/0012-9615(2002)072[0579:SIORNT]2.0.CO;2.

Stepanauskas, R., Laudon, H., and Jergensen, N. O. G. (2000). High DON bioavailability in
boreal streams during a spring flood. Limnology and Oceanography 45, 1298—1307. doi:
https://doi.org/10.4319/10.2000.45.6.1298.

St-Hilaire, A., Courtenay, S. C., Diaz-Delgado, C., Pavey, B., Ouarda, T. B. M. J., Boghen, A., et
al. (2006). Suspended Sediment Concentrations Downstream of a Harvested Peat Bog:
Analysis and Preliminary Modelling of Exceedances Using Logistic Regression.
Canadian Water Resources Journal / Revue canadienne des ressources hydriques 31,

139-156. doi: 10.4296/cwrj3103139.

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

Strack, M., Waddington, J. M., Bourbonniere, R. A., Buckton, E. L., Shaw, K., Whittington, P.,
et al. (2008). Effect of water table drawdown on peatland dissolved organic carbon export
and dynamics. Hydrological Processes 22, 3373-3385. doi: 10.1002/hyp.6931.

Stuiver, M., and Polach, H. A. (1977). Discussion Reporting of 14 C Data. Radiocarbon 19, 355—
363. doi: 10.1017/S0033822200003672.

Sundh, I., Nilsson, M., Mikkel4, C., Granberg, G., and Svensson, B. H. (2000). Fluxes of
Methane and Carbon Dioxide on peat-mining Areas in Sweden. AMBIO: A Journal of the
Human Environment 29, 499—503. doi: 10.1579/0044-7447-29.8.499.

Tanentzap, A. J., Kielstra, B. W., Wilkinson, G. M., Berggren, M., Craig, N., del Giorgio, P. A.,
et al. (2017). Terrestrial support of lake food webs: Synthesis reveals controls over cross-
ecosystem resource use. Science Advances 3, €e1601765. doi: 10.1126/sciadv.1601765.

Tank, S. E., Vonk, J. E., Walvoord, M. A., McClelland, J. W., Laurion, 1., and Abbott, B. W.
(2020). Landscape matters: Predicting the biogeochemical effects of permafrost thaw on
aquatic networks with a state factor approach. Permafrost and Periglacial Processes 31,
358-370. doi: 10.1002/ppp.2057.

117



Tank, S., McClelland, J. W., Spencer, R. G. M., Shiklomanov, A., Suslova, A., Moatar, F., et al.
(2023). Long-term Trends in Arctic Riverine Chemistry Signal Multi-faceted Northern
Change. doi: https://doi.org/10.21203/rs.3.rs-2530682/v1.

Tarboton, D. G., Bras, R. L., and Rodriguez-Iturbe, 1. (1988). The fractal nature of river
networks. Water Resources Research 24, 1317-1322. doi: 10.1029/WR0241008p01317.

Tarnocai, C. (2009). The Impact of Climate Change on Canadian Peatlands. Canadian Water
Resources Journal 34, 453—466. doi: 10.4296/cwrj3404453.

Taylor, P. G., and Townsend, A. R. (2010). Stoichiometric control of organic carbon—nitrate
relationships from soils to the sea. Nature 464, 1178—1181. doi: 10.1038/nature08985.

Terhaar, J., Lauerwald, R., Regnier, P., Gruber, N., and Bopp, L. (2021). Around one third of
current Arctic Ocean primary production sustained by rivers and coastal erosion. Nat
Commun 12, 169. doi: 10.1038/s41467-020-20470-z.

Textor, S. R., Guillemette, F., Zito, P. A., and Spencer, R. G. M. (2018). An Assessment of
Dissolved Organic Carbon Biodegradability and Priming in Blackwater Systems. Journal
of Geophysical Research: Biogeosciences 123,2998-3015. doi: 10.1029/2018JG004470.

Textor, S. R., Wickland, K. P., Podgorski, D. C., Johnston, S. E., and Spencer, R. G. M. (2019).
Dissolved Organic Carbon Turnover in Permafrost-Influenced Watersheds of Interior
Alaska: Molecular Insights and the Priming Effect. Frontiers in Earth Science 7.
Available at: https://www.frontiersin.org/articles/10.3389/feart.2019.00275 [Accessed
July 28, 2023].

Ttaily, M. M., Cooper, W. T., Kostka, J. E., Chanton, P. R., Schadt, C. W., Hanson, P. J., et al.
(2014). Organic matter transformation in the peat column at Marcell Experimental Forest:

Humification and vertical stratification. Journal of Geophysical Research:
Biogeosciences 119, 661-675. doi: 10.1002/2013JG002492.

Ttaily, M. M., Wilson, R. M., Cooper, W. T., Kostka, J. E., Hanson, P., and Chanton, J. P.
(2018). Vertical Stratification of Peat Pore Water Dissolved Organic Matter Composition
in a Peat Bog in Northern Minnesota. Journal of Geophysical Research: Biogeosciences
123, 479-494. doi: 10.1002/2017JG004007.

The Ecological Framework of Canada (2014). Ecoregions of Canada: Boreal Transition.
Available at: http://ecozones.ca/english/region/149.html [Accessed February 22, 2022].

Thompson, L. M., Kuhn, M. A., Winder, J. C., Braga, L. P. P., Hutchins, R. H. S., Tanentzap, A.
J., et al. (2023). Controls on methylmercury concentrations in lakes and streams of
peatland-rich catchments along a 1700 km permafrost gradient. Limnology and
Oceanography 68, 583-597. doi: 10.1002/In0.12296.

Thurman, E. M. (1985). Organic geochemistry of natural waters. Springer Science & Business
Media.

118



Tranvik, L. J., Downing, J. A., Cotner, J. B., Loiselle, S. A., Striegl, R. G., Ballatore, T. J., et al.
(2009). Lakes and reservoirs as regulators of carbon cycling and climate. Limnology and
Oceanography 54, 2298-2314. doi: 10.4319/10.2009.54.6 part 2.2298.

Treat, C. C., Kleinen, T., Broothaerts, N., Dalton, A. S., Dommain, R., Douglas, T. A., et al.
(2019). Widespread global peatland establishment and persistence over the last 130,000
y. Proceedings of the National Academy of Sciences 116, 4822—-4827. doi:
10.1073/pnas.1813305116.

Trenberth, K. (2011). Changes in precipitation with climate change. Clim. Res. 47, 123—138. doi:
10.3354/cr00953.

Turetsky, M. R. (2003). The Role of Bryophytes in Carbon and Nitrogen Cycling. The Bryologist
106, 395-409.

Turetsky, M. R., Benscoter, B., Page, S., Rein, G., van der Werf, G. R., and Watts, A. (2015).
Global vulnerability of peatlands to fire and carbon loss. Nature Geoscience 8, 11-14.
doi: 10.1038/nge02325.

Turetsky, M. R., and St. Louis, V. L. (2006). “Disturbance in Boreal Peatlands,” in Boreal
Peatland Ecosystems, eds. R. K. Wieder and D. H. Vitt (Springer Berlin Heidelberg),
359-379. doi: 10.1007/978-3-540-31913-9 _16.

Turetsky, M., Wieder, K., Halsey, L., and Vitt, D. (2002). Current disturbance and the
diminishing peatland carbon sink. Geophysical Research Letters 29, 21-1-21-4. doi:
10.1029/2001GL014000.

Turner, M. G. (2010). Disturbance and landscape dynamics in a changing world. Ecology 91,
2833-2849. doi: 10.1890/10-0097.1.

Tuukkanen, T., Marttila, H., and Kleve, B. (2017). Predicting organic matter, nitrogen, and
phosphorus concentrations in runoff from peat extraction sites using partial least squares
regression. Water Resources Research 53, 5860-5876. doi: 10.1002/2017WR020557.

Vassiljev, A., and Blinova, 1. (2012). The influence of drained peat soils on diffuse nitrogen
pollution of surface water. Hydrology Research 43, 352-358. doi: 10.2166/nh.2012.117.

Vaughn, D. R., Kellerman, A. M., Wickland, K. P., Striegl, R. G., Podgorski, D. C., Hawkings, J.
R., et al. (2021). Anthropogenic landcover impacts fluvial dissolved organic matter
composition in the Upper Mississippi River Basin. Biogeochemistry. doi:
10.1007/s10533-021-00852-1.

Verbeke, B. A., Lamit, L. J., Lilleskov, E. A., Hodgkins, S. B., Basiliko, N., Kane, E. S., et al.
(2022). Latitude, Elevation, and Mean Annual Temperature Predict Peat Organic Matter
Chemistry at a Global Scale. Global Biogeochemical Cycles 36, ¢2021GB007057. doi:
10.1029/2021GB007057.

119



Vonk, J. E., Tank, S. E., Mann, P. J., Spencer, R. G. M., Treat, C. C., Striegl, R. G, et al. (2015).
Biodegradability of dissolved organic carbon in permafrost soils and aquatic systems: a
meta-analysis. Biogeosciences 12, 6915-6930. doi: https://doi.org/10.5194/bg-12-6915-
2015.

Vrede, K., Heldal, M., Norland, S., and Bratbak, G. (2002). Elemental Composition (C, N, P)
and Cell Volume of Exponentially Growing and Nutrient-Limited Bacterioplankton.
Applied and Environmental Microbiology 68, 2965-2971. doi: 10.1128/AEM.68.6.2965-
2971.2002.

Wachenfeldt, E. von, Bastviken, D., and Tranvika, L. J. (2009). Microbially induced flocculation
of allochthonous dissolved organic carbon in lakes. Limnology and Oceanography 54,
1811-1818. doi: 10.4319/10.2009.54.5.1811.

Waddington, J. M., Strack, M., and Greenwood, M. J. (2010). Toward restoring the net carbon
sink function of degraded peatlands: Short-term response in CO2 exchange to ecosystem-

scale restoration. Journal of Geophysical Research: Biogeosciences 115. doi:
10.1029/2009JG001090.

Waddington, J., and Roulet, N. (1997). Groundwater flow and dissolved carbon movement in a
boreal peatland. JOURNAL OF HYDROLOGY 191, 122-138. doi: 10.1016/S0022-
1694(96)03075-2.

Wang, M., Moore, T. R., Talbot, J., and Riley, J. L. (2015). The stoichiometry of carbon and
nutrients in peat formation: C and nutrients in peat. Global Biogeochem. Cycles 29, 113—
121. doi: 10.1002/2014GB005000.

Weishaar, J. L., Aiken, G. R., Bergamaschi, B. A., Fram, M. S., Fujii, R., and Mopper, K.
(2003). Evaluation of Specific Ultraviolet Absorbance as an Indicator of the Chemical

Composition and Reactivity of Dissolved Organic Carbon. Environ. Sci. Technol. 37,
4702-4708. doi: 10.1021/es030360x.

Wen, H., Perdrial, J., Abbott, B. W., Bernal, S., Dupas, R., Godsey, S. E., et al. (2020).
Temperature controls production but hydrology regulates export of dissolved organic
carbon at the catchment scale. Hydrol. Earth Syst. Sci. 24, 945-966. doi: 10.5194/hess-
24-945-2020.

Wheeler, K. 1., Levia, D. F., and Hudson, J. E. (2017). Tracking senescence-induced patterns in
leaf litter leachate using parallel factor analysis (PARAFAC) modeling and self-
organizing maps. Journal of Geophysical Research: Biogeosciences 122, 2233-2250.
doi: 10.1002/2016JG003677.

White, P. S., and Pickett, S. T. A. (1985). “Natural Disturbance and Patch Dynamics: An
Introduction,” in The Ecology of Natural Disturbance and Patch Dynamics (Elsevier), 3—
13. doi: 10.1016/B978-0-12-554520-4.50006-X.

Wickland, K. P., Aiken, G. R., Butler, K., Dornblaser, M. M., Spencer, R. G. M., and Striegl, R.
G. (2012). Biodegradability of dissolved organic carbon in the Yukon River and its

120



tributaries: Seasonality and importance of inorganic nitrogen. Global Biogeochemical
Cycles 26. doi: 10.1029/2012GB004342.

Wickland, K. P., Neff, J. C., and Aiken, G. R. (2007). Dissolved Organic Carbon in Alaskan
Boreal Forest: Sources, Chemical Characteristics, and Biodegradability. Ecosystems 10,
1323-1340. doi: 10.1007/s10021-007-9101-4.

Williamson, J. L., Tye, A., Lapworth, D. J., Monteith, D., Sanders, R., Mayor, D. J., et al.
(2021). Landscape controls on riverine export of dissolved organic carbon from Great
Britain. Biogeochemistry 164, 163—184. doi: 10.1007/s10533-021-00762-2.

Wilson, D. H., Dixon, S., Artz, R. R. E., Smith, T. E. L., Evans, C. D., Owen, H. J. F., et al.
(2015). Derivation of greenhouse gas emission factors for peatlands managed for
extraction in the Republic of Ireland and the United Kingdom. in doi: 10.5194/bg-12-
5291-2015.

Wilson, H. F., and Xenopoulos, M. A. (2009). Effects of agricultural land use on the composition
of fluvial dissolved organic matter. Nature Geosci 2, 37—41. doi: 10.1038/ngeo391.

Wilson, L., Wilson, J., Holden, J., Johnstone, 1., Armstrong, A., and Morris, M. (2011). Ditch
blocking, water chemistry and organic carbon flux: Evidence that blanket bog restoration
reduces erosion and fluvial carbon loss. SCIENCE OF THE TOTAL ENVIRONMENT
409, 2010-2018. doi: 10.1016/j.scitotenv.2011.02.036.

Wilson, R. M., Hopple, A. M., Tfaily, M. M., Sebestyen, S. D., Schadt, C. W., Pfeifer-Meister,
L., et al. (2016). Stability of peatland carbon to rising temperatures. Nat Commun 7,
13723. doi: 10.1038/ncomms13723.

Wind-Mulder, H. L., Rochefort, L., and Vitt, D. H. (1996). Water and peat chemistry
comparisons of natural and post-harvested peatlands across Canada and their relevance to
peatland restoration. Ecological Engineering 7, 161-181. doi: 10.1016/0925-
8574(96)00004-3.

Wollheim, W. M., Mulukutla, G. K., Cook, C., and Carey, R. O. (2017). Aquatic Nitrate
Retention at River Network Scales Across Flow Conditions Determined Using Nested In
Situ Sensors. Water Resources Research 53, 9740-9756. doi: 10.1002/2017WR020644.

Wollheim, W. M., Stewart, R. J., Aiken, G. R., Butler, K. D., Morse, N. B., and Salisbury, J.
(2015). Removal of terrestrial DOC in aquatic ecosystems of a temperate river network.
Geophysical Research Letters 42, 6671-6679. doi: 10.1002/2015GL064647.

Wologo, E., Shakil, S., Zolkos, S., Textor, S., Ewing, S., Klassen, J., et al. (2021). Stream
Dissolved Organic Matter in Permafrost Regions Shows Surprising Compositional

Similarities but Negative Priming and Nutrient Effects. Global Biogeochemical Cycles
35, €2020GB006719. doi: 10.1029/2020GB006719.

121



Worrall, F., Howden, N. J. K., Burt, T. P., and Bartlett, R. (2018). Declines in the dissolved
organic carbon (DOC) concentration and flux from the UK. JOURNAL OF
HYDROLOGY 556, 775-789. doi: 10.1016/j.jhydrol.2017.12.001.

Wright, M. N., and Ziegler, A. (2017). ranger: A Fast Implementation of Random Forests for
High Dimensional Data in C++ and R. Journal of Statistical Software 77, 1-17. doi:
10.18637/jss.v077.101.

Wu, P., Kainz, M. J., Valdés, F., Zheng, S., Winter, K., Wang, R., et al. (2021). Elevated
temperature and browning increase dietary methylmercury, but decrease essential fatty
acids at the base of lake food webs. Sci Rep 11, 16859. doi: 10.1038/s41598-021-95742-
9.

Wu, Y., Xu, X., McCarter, C. P. R., Zhang, N., Ganzoury, M. A., Waddington, J. M., et al.
(2022). Assessing leached TOC, nutrients and phenols from peatland soils after lab-
simulated wildfires: Implications to source water protection. Science of The Total
Environment 822, 153579. doi: 10.1016/j.scitotenv.2022.153579.

Wymore, A. S., Johnes, P. J., Bernal, S., Brookshire, E. N. J., Fazekas, H. M., Helton, A. M., et
al. (2021). Gradients of Anthropogenic Nutrient Enrichment Alter N Composition and
DOM Stoichiometry in Freshwater Ecosystems. Global Biogeochemical Cycles 35,
€2021GB006953. doi: 10.1029/2021GB006953.

Xu, J., Morris, P. J., Liu, J., and Holden, J. (2018). Hotspots of peatland-derived potable water
use identified by global analysis. Nat Sustain 1, 246-253. doi: 10.1038/s41893-018-0064-
6.

Yu, Z. C. (2012). Northern peatland carbon stocks and dynamics: a review. Biogeosciences 9,
4071-4085. doi: 10.5194/bg-9-4071-2012.

Yu, Z., Loisel, J., Brosseau, D. P., Beilman, D. W., and Hunt, S. J. (2010). Global peatland
dynamics since the Last Glacial Maximum. Geophysical Research Letters 37. doi:
10.1029/2010GL043584.

Zak, D., and Gelbrecht, J. (2007). The mobilisation of phosphorus, organic carbon and
ammonium in the initial stage of fen rewetting (a case study from NE Germany).
Biogeochemistry 85, 141-151. doi: 10.1007/s10533-007-9122-2.

Zak, D., Gelbrecht, J., and Steinberg, C. E. W. (2004). Phosphorus Retention at the Redox
Interface of Peatlands Adjacent to Surface Waters in Northeast Germany.
Biogeochemistry 70, 357-368. doi: 10.1007/s10533-003-0895-7.

Zarnetske, J. P., Bouda, M., Abbott, B. W., Saiers, J., and Raymond, P. A. (2018). Generality of
Hydrologic Transport Limitation of Watershed Organic Carbon Flux Across Ecoregions
of the United States. Geophysical Research Letters 45, 11,702-11,711. doi:
10.1029/2018GL080005.

122



Zarnetske, J. P., Haggerty, R., Wondzell, S. M., and Baker, M. A. (2011). Dynamics of nitrate
production and removal as a function of residence time in the hyporheic zone. Journal of
Geophysical Research 116. doi: 10.1029/2010JG001356.

Zolkos, S., Tank, S. E., Kokelj, S. V., Striegl, R. G., Shakil, S., Voigt, C., et al. (2022).
Permafrost Landscape History Shapes Fluvial Chemistry, Ecosystem Carbon Balance,

and Potential Trajectories of Future Change. Global Biogeochemical Cycles 36,
€2022GB007403. doi: 10.1029/2022GB007403.

123



Appendices

Appendix 1. Supporting information for Chapter 2
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Figure S1. Map of surficial geology for the 55 subcatchments.
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Figure S2. Correlation matrix (spearman correlations) of primary solutes, land use, surficial
geology, specific discharge, and water temperature. Significant correlations (p < 0.05) are bolded
and have background color.

125



3
BIX &
HIX ®+ Q',}o N
Peak Ratio @ g

Area 0p4 021 D04 -0.05 Y‘Db @@QQ

&
%Disturbed Peatland p.13 :0.35 006 0.08 025 Q@

&

%Intact Peatland l].ﬂ’.l].Z:i 03 o008 038 w}(@
%Forest po1-0.03 013 0.13 0.11 -0.05 0.14 o

SaAgriculture -0 18 .—Dz .26 0.19
%Infrastructure .14 0.43-0.1 -0.12 0.19

%Water p.12 -0.08 002 0.0 05 031 037 0.32-0.27-0.11 R &

o #pe
Distance to Outlet p.12 0.36 0.0 0.12 0.25 0.31-0.02-43.01 0\‘9' &éa
Qry .—0.3 .04 -0.04 0 001 0.01 0.01 -0.03 0.02 0¢¢" :\g‘

Water Temperature 0.38-0.13 0.38 0.38 0.24 0.11 002 -0.05 0.03 001 0.15-005 037 ,:\'99
pH —n.‘l.ﬂ_za —0.2.—0.25!.1!!].12 0.46 0.41 0.04 .—01711_04 a}
DOP poi -0.33-0.060.08 -001 0.31 014 —0.1-0.12 -0.24 0.1 0,47 -0.10 -0.03-0.29 QOQ
NHg* 003 -0.27-0.1-0.08034 0.24 0.13 -0.1+0.28-0.280.03 0.38-0.15 -0.20 .0.31 _\g’“
PO,* 022 -038 0.12 0.08 008 0.12 001 005-007 -01 013 008 -0.18 —0.08021 0.44 0.41 QO‘
SO_," 0.21 012 0.06 012 015 0.14-0.15-0.23-0.34+-0.070.39-0.05 0.17 -0.35 e‘C.';i
DON 0.4 0.43.002 0.43 0.41 0 -0.380.33021 0.31 024 0.32-0.29 0.35028 &‘1
NOy -0.070.11 —0.15-0.2-0.19 009 0.06 002 -0.05 0.14 007 01 0 -0.26028 0.22 0.46 03 013 0.07 \;0;3

Zn g1 —0.050.12 -0.15 -005 018 0.05 016 -0.05 0.12 -0.11 007 -0.26 002 0.12 024 016 003 01 007 008 1}\

Cu 018 -0.18 027 0.24 003 0.07 0.06 0.1 002 002 0.01 -0.05 051 0.13-0.11 0.1 012 -0.08001 01 0 [o08 ol

Fe ll.B.u.za 0.3 002 .mll-u.oz —0.38-0.3802¢ 0.3 o007 000 .l.umn..u 0.2 .0_15 0.13 0.08 <

Mn .01 -0.02 0.1 -D08 -D1 0.2 027 008 -0.16 0.15 0.12 0.18 “0.3%0.02 021 025 045 025 008 0.28 018 D24 -0.22 K

Base Cations -Imn.iﬂ—ﬂ.u—ll.:i-um 0.43 m—n.u'—uu_oa .0.31 —0.340.20 -a.ze -0.010.14 0.1

-1 -0.8 -0.8 -0.4 -0.2 '] 02 04 0.8 0.8 1

Figure S3. Correlation matrix (spearman correlations) of DOM composition variables,
hydrological variables, catchment characteristics, and water chemistry variables that were fed
into the initial RDA model before we reduced dimensionality with the ordiR2step function in the
vegan R package. Significant correlations (p < 0.05) are bolded and have background color.
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Table S1. The influence of hydrology, catchment characteristics, and water chemistry on DOM
composition across the stream network decomposed with partial redundancy analysis (pRDA).
Inertia is analogous to variance. The proportion of explainable variance represents the total
constrained variation explained by the full model.

Proportion of

. . Adj. . Proportion of
>
Partial RDA models Inertia R2 p (GF) expla.lnable total variance
variance

Full model: sk
DOM ~ hydrochem. + catch. 4.00 0.62  0.001 1 0.64
Pure hydrochemistry model: -
DOM ~ hydrochem. | (catch,) 2.04 0.51  0.001 0.82 0.51
Pure catch. characteristics model: -
DOM ~ catch. | (hydrochem.) 0.24 0.06  0.001 0.10 0.06
Confounded
hydrochemistry/catchment 0.80 0.20 0.13
characteristics
Total unexplained 1.45 0.36
Total inertia 6.25 1.00
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Figure S5. Leverage sensitivity analysis showing differences in the central tendency for leverage
values in response to specific discharge variability. Yellow diamonds indicate the mean and
boxplots show the median and 95% confidence interval about the median. Unweighted leverage
values indicate leverage values assuming equal specific discharge across subcatchments. Peat-
weighted leverage assumes specific discharge is a function of peatland cover (i.e., 10 * total
peatland cover). Randomly-weighted leverage assumes random variation (from 0.1 to 100 m* s!
km™) in specific discharge across subcatchments. Compact letter display shows statistical
differences among discharge assumptions (i.e., unweighted (control), peat-weighted, and
randomly-weighted).
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Table S2. Solute export and runoff for sites T1 (Tomahawk Creek catchment outlet) and T11.
Discharge was measured by Alberta Environment and Parks.

Site  Year Land Area Runoff DOC N-NH4" N-NO;3 PO
cover km? mm yr! Annual yield (g m? yr')
T1 2020 | Mixed 187.83 108 5.83 0.0043 0.0028 0.0086
Land Use
TI1 2020 | Mixed 96.85 100 6.99 0.0027 0.0050 0.013
Land Use
T1 2021 | Mixed 187.83 10 0.26 0.00031 0.000046 0.0011
Land Use
T 2021 | Mixed 96.85 4.9 0.17 0.00013 0.00010 0.00017
Land Use
Note: yields were calculated using ‘method 5° (Littlewood, 1995): Flux = K ZLZCZIQL Q@ where Ci and Qi

represent instantaneous concentration and discharge, Qr is mean river discharge during the period, and K is a
conversion factor.
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Appendix 2. Supporting information for Chapter 3

Table S3. Summary statistics for porewater (P) and stream water (S) samples.

Intact Peatland Extracted Peatland Burned Peatland
Analyte Units ‘_\::;Er n Mean sD n Mean sD n Mean 5D
1 P 2 88.52 837 2 243.60 112.85| 2 202.05 31.89
DoC mg L
S 7 84.40 9.54 5 99.06 52591 6 70.41 25.83
P 2 1.59 0.04 2 3.14 211 2 3.04 0.39
DON mg Lt
5 7 1.53 0.14 5 1.90 1.07] 6 1.80 0.28]
Dop mg Lt P 2 0.01 0.02 2 0.23 013 2 0.26 0.36)
5 7 0.07 0.04 5 0.16 012 6 0.06 0.04
P 2 2,20 0.97 2 511 461 1 2,93
BDOC2s %
S 2 1.56 0.35 2 1.63 0.26| 2 2.72 0.28]
P 1 0.48 1 25.00 1 -1.97
BDOCy %
5 2 1.584 146 2 1.27 0.04| 2 5.12 5.57]
BDOC,, % P 0 ¢ 0
5 4 0.42 0.42 3 0.45 033 4 1.27 233
BDON,, % P ° e 0
S 4 0.93 1.85 3 <dl <dl| 4 0.61 1.22
BDOP,, % F 0 0 0
5 a4 <dl <l| 3 <d| <dl| 4 <dl <dl
4 P 2 0.06 0.04 2 7.18 3.10] 2 2.89 0.20]
DIN mg L
5 7 0.28 0.17 5 2.27 3.25| 6 0.1% 0.30]
+ 4 P 2 0.05 0.03 2 6.48 386 2 2.86 0.18]
NH, -N mg L
S 7 0.26 0.18 5 1.23 130 o 0.16 0.31
R a P 2 <dl <dl 2 0.01 001 2 <dl <dl
NO; -N mg L
5 7 <dl <dl| 5 <dl <dl| 6 <dl <dl
R 1 P 2 0.01 <dl 2 0.69 087 2 0.03 0.02
NO3-N mg L
5 7 0.02 0.03 5 1.04 216| 6 0.02 0.05
3 4 P 2 0.03 <dl 2 0.57 071 2 5.02 318
PO, mgL
S 7 0.08 0.12 5 0.03 003 o 0.26 0.22
P 2 4.46 0.08 2 3.80 039 2 4.73 0.28]
SUVAzss  LmgClmw
5 7 3.80 0.76 5 3.44 0.78] 6 3.53 0.87|
g P 2 0.70 0.01 2 0.42 0.04 2 0.63 0.01
R
5 7 0.72 0.02 5 0.69 0.03] 6 0.78 0.07]
HIX P 2 0.58 0.33 2 0.34 0.00] 2 0.95 0.00)
S B 0.94 001 4 0.92 004 5 0.93 0.01
BIX P 2 0.45 0.01 2 0.35 002 2 0.43 0.06)
5 5] 0.52 005 4 0.36 013 5 0.32 0.08]
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Table S4. Statistics from one-way ANOVA tests across peatland sites for combined stream and

porewater samples.

me term df SUMS( meansq  statistic  p.value
BIX land_type 2 0.01 0.0052 0.93 0.41
BIX Residuals 18 0.1 0.0056

Cl_per land_type 2 0.00039 0.00019  0.052 0.95
C1_per  Residuals 18 0.067  0.0037

C2_per land_type 2 0.002 0.001 0.057 0.95
C2_per  Residuals 18 0.32 0.018

C3_per land_type 2 0.0037 0.0019 0.24 0.79
C3_per  Residuals 18 0.14 0.0078

C4 per land_type 2 0.0014 7.00E-04 0.62 0.55
C4 _per  Residuals 18 0.02  0.0011

C_Bio_per land_type 2 1.8 0.9 0.42 0.67
C_Bio_per Residuals 8 17 21

C_Bio_ugl land_type 2 49000 25000  0.078 0.93
C_Bio_ugl Residuals 8 2500000 320000

F14C land_type 2 0.086 0.043 100 6.10E-Q07 ***
F14C Residuals 9 0.0037 0.00041

HIX land_type 2 0036 0018 0.67 0.52
HIX Residuals 18 0.48 0.027

SR land_type 2 0071 0.036 39  0.035*
SR Residuals 21 0.19 0.009

din_ppm land_type 2 51 25 5.4 0.012 *
din_ppm Residuals 21 98 4.7

doc_ppm land_type 2 12000 6100 1.5 0.25
doc_ppm Residuals 21 85000 4000

don_ppm land_type 2 2.4 1.2 1.7 0.2
don_ppm Residuals 21 14 0.68

dop land_type 2 0.054 0.027 1.8 0.19
dop Residuals 21 0.31 0.015

pod_ppm land_type 2 9.5 4.7 2.2 0.14
pod4_ppm Residuals 21 45 2.2

suva254 land_type 2 1.4 0.68 1.2 0.32
suva254 Residuals 21 12 0.56
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Table S5. Statistics from one-way ANOVA across sampling dates for combined stream and

porewater samples.

Solute term df sUMSs(Q meansq statistic  p.value
BIX sample_gr 4 0.012 0.003 0.49 0.75
BIX Residuals 16 0.1 0.0062

Cl_per sample_gr 4 0.0095 0.0024 0.66 0.63
C1_per  Residuals 16 0.057 0.0036

C2_per sample_gr 4 0.029 0.0074 0.4 0.81
C2_per  Residuals 16 0.3 0.019

C3 per sample_gr 4 0.01 0.0026 0.31 0.87
C3_per  Residuals 16 0.13  0.0084

C4 per sample_gr 4 0.0084 0.0021 2.5 0.08
C4_per  Residuals 16 0.013 0.00083

C_Bio_per sample_gr 3 6.5 2.2 1.2 0.37
C_Bio_per Residuals 7 12 1.8
C_Bio_ugl sample_gr 3 920000 310000 1.3 0.35
C_Bio_ugl Residuals 7 1700000 240000

1

F14C sample_gr 3.50E-05 3.50E-05 0.0039 0.95
F14C Residuals 10 0.089 0.0089

HIX sample_gr 4 0.061 0.015 0.53 0.72
HIX Residuals 16 0.46 0.029

SR sample_gr 5 0.1 0.021 2.4 0.076
SR Residuals 18 0.16 0.0087

din_ppm sample_gr 5 31 6.1 0.94 0.48
din_ppm Residuals 18 120 6.6

doc_ppm sample_gr 5 42000 8400 2.7 0.051
doc_ppm Residuals 18 55000 3100

don_ppm sample_gr 5 5.7 1.1 1.9 0.14
don_ppm Residuals 18 11 0.6

dop sample_gr 5 0.11 0.022 1.6 0.22
dop Residuals 18 0.25 0.014

po4_ppm sample_gr 5 5.2 1 0.37 0.86
po4_ppm Residuals 18 50 2.8

suva254 sample_gr 5 10 2 11 4.80E-05 ***
suva254 Residuals 18 3.2 0.18
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Figure S6. Correlations among bulk DOC, DON, and DOP concentrations showing differences

in DOM molecular composition among disturbed and intact peatlands.
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Figure S7. Relationship between results from different lab incubations to measure % bioavailable

DOC (BDOC). Results from the 7-day bacterial regrowth incubation are on the x-axis, and

results from the concentration change incubations are on the y-axis. The plot on the left shows
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results from the 7-day concentration change incubation (BDOC.c7), while the plot on the right

shows results from the 28-day concentration change incubation (BDOCc2s).
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Figure S8. Relationships between stream water inorganic N and P and BDOC and BDON.
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Figure S9. Bacterial abundance in headwater peatland samples (and the Milli-Q control) across

all four sampling campaigns. The solid line shows average bacterial abundance in the unspiked

samples over time, and the dashed line shows average bacterial abundance in spiked samples

over time.
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Figure S13. Representative EEM from this study and the fingerprint of the validated 4-
component PARAFAC model.
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Table S6. PARAFAC component information.

PARAFAC | Peak location | Coble Peak Description Similar
Component Classification fluorophores from
Openfluor
Cl1 Ex:<300nm | A M Humic, terrestrial, C2 - (Cohen et al.,
Em: 414 nm allochthonous 2014)
C2 Ex: 335 nm C Humic-like, terrestrial, C6 - (Wheeler et
Em: 461 nm anthropogenic, agriculture | al., 2017)
C3 Ex: 360 nm C Humic-like, terrestrial, Model G C3 -
Em: 447 nm anthropogenic, agriculture | (Shutova et al.,
2014)
C4 Ex: 400 NA Humic- and fulvic acid, C3 - (Kothawala et
Em: >500 nm terrestrial, autochthonous | al., 2014)
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Table S7. Spearman rank correlations between BDOCy,: and BDONy,: concentrations (n = 11) and

water chemistry variables.

BDOC,, BDON, Temp EC pH DOC bor DON DIN NH4 cl NO2 P04 504 NO3 Na K
BDOC,, 1.00 0.64 -0.29 025 -0.05  -0.06 0.18 -0.35 0.36 020 -0.30 -0.26 0.53 0.18 0.44 -0.05 0.53
BDON,, 0.64 1.00 -0.65 -0.22 -0.02  -0.26 0.15 -0.12 -0.22 -0.33 -0.16  -0.15 0.67 003 -013 -0.07 071
Temp -0.29 -0.65 1.00 0.15 0.09 0.81 0.22 0.32 0.29 040 -041 -0.44 -0.29 0.04 0.19 0.14 -032
EC -0.25 -0.22 0.15 1.00 075 -011  -0.07 0.16  -0.05 0.02 021 -0.25 -0.12 -0.23  -0.09 0.94 0.21
pH -0.05 -0.02 0.09 0.75 1.00 -032 -035 0.06 -0.27 -0.32 017 -0.21 030 -0.02 -0.20 0.81 0.52
DocC -0.06 -0.26 081 -011 -0.32 1.00 0.58 0.33 0.39 053 -0.60  -0.52 -0.26  -0.06 0.26 -0.11 -0.27
DOP 0.18 0.15 022 007 -0.35 0.58 1.00 0.66 0.19 051 -0.08  -0.09 -0.12 -0.05  -0.05 0.06 -001
DON -0.35 -0.12 0.32 0.16 0.06 0.33 0.66 1.00 -041 -0.02 0.13 0.04 0.02 -0.09 -0.63 024 -001
DIN 0.36 -0.22 0.29  -0.05 -0.27 0.39 0.19 -0.41 1.00 091 -0.05 0.00 -0.32 -0.25 0.96 -0.06 -041
NH4 0.20 -0.33 0.40 0.02 -0.32 0.53 0.51 -0.02 0.91 1.00 0.06 0.07 -0.43 -0.29 0.75 0.03 -0.50
cl -0.30 -0.16  -0.41 0.21 017 -0.60 -0.08 0.13  -0.05 0.06 1.00 0.88 -0.21 -0.28  -012 0.23 -0.30
NO2 -0.26 -0.15 -0.44  -0.25 -0.21  -0.52  -0.09 0.04 0.00 0.07 0.88 1.00 -0.20 -0.24 -0.05 -0.25 -0.48
PO4 0.53 067 -029 012 030 026 -0.12 0.02 -032 -0.43 -0.21 -0.20 1.00 007 -0.21 0.04 0.68
504 0.18 0.03 0.04 023 -0.02  -0.06 -0.05 -0.09  -0.25 -0.29 -0.28  -0.24 0.07 1.00 -0.20 -0.09 0.39
NO3 0.44 -0.13 019  -0.09 -0.20 026  -0.05 -0.63 0.96 0.75 -0.12 -0.05 -0.21 -0.20 1.00 -0.11 -0.31
Na -0.05 -0.07 0.14 0.94 081 -0.11 0.06 0.24  -0.06 0.03 0.23  -0.25 0.04 -0.09 -011 1.00 0.38
K 0.53 0.71 -0.32 0.21 052 -0.27 -0.01 -0.01  -041 -0.50 -0.30 -0.48 0.68 039 -031 0.38 1.00
Mg -0.29 -0.20 0.25 0.94 081 -0.04 -013 019 -0.10 -0.06 0.19  -0.26 -0.03 -0.24  -012 0.93 0.21
In 0.62 0.25 -0.08  -027 -0.37 0.23 020 -0.54 0.87 071 -0.13 001 -0.06 -0.23 0.89 -0.23 -0.13
5 0.20 0.13 0.08 0.76 087 -019 -0.01 021 -019 -0.17 0.04 -037 0.39 016  -0.19 0.90 0.67
Ca -0.30 -0.17 0.13 0.90 0.87 -0.20 -0.20 015 -0.12 -0.09 0.37  -0.06 -0.02 -0.25 -0.12 0.91 0.22
Cu 0.37 034 -048 -049 -0.18  -0.38 0.21 0.06 -0.04 0.00 0.47 0.62 0.12 012  -0.07 -0.29 0.09
B 0.18 -0.25 0.47 0.59 0.33 0.40 018 -0.13 0.59 057 -016  -0.45 -0.35 -0.15 0.55 0.61 -0.02
Fe -0.37 -0.20 0.11 0.98 072 -013 -0.10 019  -0.15 -0.07 0.27 -0.18 -0.17 029 018 0.90 0.16
Mn -0.12 0.15 0.06 0.69 068 -0.10 -0.15 023  -0.23 -0.23 0.10 -0.23 0.43 -0.44  -0.20 0.70 0.31
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Mg Zn Ca Cu Fe Mn
-0.29 0.62 0.20 -0.30 0.37 0.18 -0.37 -0.12
-0.20 0.25 0.13 -0.17 0.34 -0.25 -0.20 0.15
0.25 -0.08 0.08 0.13 -0.48 0.47 0.11 0.06
0.94 -0.27 0.76 0.90 -0.49 0.59 0.98 0.69
0.81 -0.37 0.87 0.87 -0.18 0.33 0.72 0.68
-0.04 0.23 -0.19 -0.20 -0.38 0.40 -0.13 -0.10
-0.13 0.20 -0.01 -0.20 0.21 0.18 -0.10 -0.15
0.19 -0.54 0.21 0.15 0.06 -0.13 0.19 0.23
-0.10 0.87 -0.19 -0.12 -0.04 0.59 -0.15 -0.23
-0.06 0.71 -0.17 -0.09 0.00 0.57 -0.07 -0.23
0.19 -0.13 0.04 0.37 0.47 -0.16 0.27 0.10
-0.26 -0.01 -0.37 -0.06 0.62 -0.45 -0.18 -0.23
-0.03 -0.06 0.39 -0.02 0.12 -0.35 -0.17 0.43
-0.24 -0.23 0.16 -0.25 0.12 -0.15 -0.29 -0.44
-0.12 0.89 -0.19 -0.12 -0.07 0.55 -0.18 -0.20
0.93 -0.23 0.90 0.91 -0.29 0.61 0.90 0.70
0.21 -0.13 0.67 0.22 0.09 -0.02 0.16 0.31
1.00 -0.32 0.76 0.96 -0.49 0.59 0.95 0.82
-0.32 1.00 -0.28 -0.30 0.16 0.37 -0.34 -0.27
0.76 -0.28 1.00 0.75 -0.17 0.42 0.68 0.64
0.96 -0.30 0.75 1.00 -0.31 0.49 0.93 0.76
-0.49 0.16 -0.17 -0.31 1.00 -0.36 -0.49 -0.45
0.59 0.37 0.42 0.49 -0.36 1.00 0.53 0.26
0.95 -0.34 0.68 0.93 -0.49 0.53 1.00 0.73
0.82 -0.27 0.64 0.76 -0.45 0.26 0.73 1.00
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Table S8. Spearman rank correlations between BDOCy,: and BDONy,: concentrations (n = 11) and

UV-Vis indices.

BDOC,, BDON, SUVA254 a254 a300 E2:E3 E4.E6 $275:295 $350:400 S300:700 SR

BDOC,, 1.00 0.64 -0.44 -0.23 -0.21 0.10 -0.32 -0.55 0.17 0.11 -0.46
BDONy, 0.64 1.00 -0.58 -0.47 -0.46 -0.22 -0.16 -0.20 -0.14 -0.17 -0.02
SUVA254 -0.44 -0.58 1.00 0.74 0.73 0.29 0.71 0.34 0.34 0.36 -0.16
a254 -0.23 -0.47 0.74 1.00 1.00 0.68 0.57 0.16 0.69 0.72 -0.56
a300 -0.21 -0.46 0.73 1.00 1.00 0.67 0.56 0.11 0.69 0.71 -0.58
E2:E3 0.10 -0.22 0.29 0.68 0.67 1.00 0.17 0.30 0.97 0.97 -0.73
E4.E6 -0.32 -0.16 0.71 0.57 0.56 0.17 1.00 0.15 0.30 0.34 -0.25

$275:295 -0.55 -0.20 0.34 0.16 0.11 0.30 0.15 1.00 0.18 0.21 0.36
5350:400 0.17 -0.14 0.34 0.69 0.69 0.97 0.30 0.18 1.00 1.00 -0.84
5300:700 0.11 -0.17 0.36 0.72 0.71 0.97 0.34 0.21 1.00 1.00 -0.82
SR -0.46 -0.02 -0.16 -0.56 -0.58 -0.73 -0.25 0.36 -0.84 -0.82 1.00

Table S9. Spearman rank correlations between BDOCy, concentrations (n = 8) and fluorescence

indices.
BDOC,, B T A M C N Fl FreshIX BIX HIX Cl_per C2_per C3_per C4_per
BDOC,, 1.00 0.08 -008 -0.01 -0.03 -0.02 -0.02  -0.07 0.03 0.04 0.37 0.04 -0.31 0.31 0.38
B 0.08 1.00 0.76 0.85 0.80 0.82 0.83 0.03 0.02 0.03 -0.30 0.10 039 -046 -0.42
T -0.08 0.76 1.00 0.97 0.99 0.98 0.98 0.07 -0.06 -0.06 0.07 -0.09 0.28 -0.34  -0.09
A -0.01 0.85 0.97 1.00 0.99 1.00 1.00 -0.07 -017 -0.17 -0.03 -0.08 039 -0.45 -0.25
M -0.03 0.80 0.99 0.99 1.00 1.00 1.00 -0.02 -0.13 -0.13 0.03 -0.10 034 -040 -0.17
« -0.02 0.82 0.98 1.00 1.00 1.00 1.00 -0.05 -0.15 -0.16 0.00 -0.10 037 -0.43 -0.21
N -0.02 0.83 0.98 1.00 1.00 1.00 1.00 -0.02 -0.13 -0.13 0.00 -0.07 0.35 -0.42 -0.21
Fl -0.07 0.03 0.07 -0.07 -0.02 -0.05 -0.02 1.00 0.95 0.95 0.42 054 -0.78 0.74 0.59
FreshIX 0.03 0.02 -006 -0.17 -0.13 -0.15 -0.13 0.95 1.00 1.00 0.27 0.72 -0.79 0.72 0.50
BIX 0.04 0.03 -006 -0.17 -0.13 -0.16 -0.13 0.95 1.00 1.00 0.26 0.70 -0.78 0.71 0.50
HIX 037 -0.30 0.07 -0.03 0.03 0.00 0.00 0.42 0.27 0.26 1.00 -003 -071 0.76 0.87
C1_per 0.04 010 -009 -0.08 -0.10 -0.10 -0.07 0.54 0.72 0.70 -0.03 1.00 -0.55 0.44 0.02
C2_per -0.31 0.39 0.28 0.39 0.34 0.37 03 -078 079 -078 -071 -0.55 1.00 -099 -0.81
C3_per 031 -046 -034 -045 -040 -043 -0.42 0.74 0.72 0.71 0.76 044  -0.99 1.00 0.84
C4_per 038 -042 -009 -025 -017 -0.21 -0.21 0.59 0.50 0.50 0.87 0.02 -0.81 0.84 1.00
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Figure S14. Predicted BDOCy: concentration results from a multiple linear regression model
compared to actual BDOCy: concentration. Plotted results are shown for standardized and log-

transformed variables.
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Figure S15. Bacterial abundance on day 3 of bacterial regrowth incubations shows differences

Log(Bacterial Abundance (cells ml™))

C-limited N-limited P-limited

among nutrient treatments and samples. Boxplots show the interquartile range about the median
of bacterial abundance values, and the grey diamonds show the mean. Compact letter display

shows significant differences (p < 0.05) in bacterial abundance among nutrient treatments.
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Appendix 3. Supporting information for Chapter 4

Web of Science search query:

(“dissolved organic carbon” OR “DOC” OR “dissolved organic matter” OR “DOM”) AND
(peat® OR mire OR fen OR bog) AND (catchment* OR watershed* OR basin*) AND (runoff
OR discharge OR export) NOT (tropic* OR China)

Table S10. Description of the systematic review data that was used to train a random forest

model to predict DOC concentration and yield.

Meta data Description

DOC concentration Mean annual DOC concentration (mg L): average DOC
concentration reported at the site, typically spanning high and low

flow conditions and multiple seasons.

DOC yield Mean annual DOC yield during the ice-free season (g m? yr'!).
We estimated yield for studies that reported annual runoff and

mean annual DOC concentration but not DOC yield.

Runoff Annual catchment runoff (mm) reported from studies.
Catchment area Catchment area (km?) reported from studies.
Catchment land use and % Peatland: proportion of catchment covered by

land cover peatlands/wetlands.

% Disturbed peatland: proportion of catchment covered by
disturbed peatlands

% Forest: proportion of catchment covered by forests.

% Lakes: proportion of catchment covered by
lakes/ponds/reservoirs.

% Agriculture: proportion of catchment covered by agriculture.

% Urban: proportion of catchment covered by human

development including towns, cities, roads, etc.
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If values were not reported in the study then we estimated them

using Google Earth imagery.

Wetland type General wetland classification including bogs, fens, palsas, etc.

Peatland disturbance General disturbance classification including drained, permafrost

thaw, and wildfire.

Climate Mean annual air temperature (MAAT; °C) reported from the
study or estimated using Worldclim v2.1 data from the sampling
location.

Mean annual precipitation (MAP; mm) reported from the study or

estimated using Woldclim v2.1 data from the sampling location.
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Figure S16. Modelling exercise to show the effect of the western European data bias on model
performance. Plot a shows model performance for a model trained on data from outside western
Europe (i.e., North America, Eastern Europe, and Siberia) and predicting DOC yield for the
same region. Plot b shows model performance for a model trained on all DOC yield data
(including western Europe) predicting DOC yield for catchments outside of western Europe. The
solid black line indicates the linear regression line of best fit and the dashed line indicates a 1:1

relationship.
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Figure S17. Histogram of catchment area from systematic review data. Histogram bars are

shaded into % peatland cover to show range in values across catchment sizes.
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Figure S18. Histogram of catchments by country from the systematic review data.
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Figure S19. Spearman correlations among DOC concentration, DOC export, and landscape and
climate characteristics from synthesis data. Significant correlations (p < 0.01) are shown in bold

and have background color.
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Figure S20. Univariate relationships among DOC concentration, yield, and random forest
predictor variables (area, MAAT, MAP, peatland cover, and peatland drainage). Significant
linear regression relationships (p < 0.05) are reported in the biplots and the blue spline function
line shows non-linear relationships. Boxplots of peatland drainage show the median and 95%

confidence interval, and asterisks show significant differences based on a two-sample t-test.
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Figure S21. Comparing modeled DOC export versus literature values for political regions (black
font) and large Arctic rivers (blue font). Literature values were gathered from the following
studies: (Holmes et al., 2012b), (Clair et al., 2013), (Stackpoole et al., 2017), (Worrall et al.,
2018), (Humborg et al., 2010), (Raike et al., 2012).
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Figure S22. Spatial differences between current (1970-2000) and future climate (2080-2100).

Column 1 shows differences in MAAT in °C, column 2 shows differences in MAP in mm yr™!,

-5

column 3 shows differences in DOC concentration in mg L', and column 4 shows differences in

DOC yield in g C m™! yr'!. Each row shows spatial differences for the four SSP scenarios.
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