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Abstract

Understanding the source and fate of dissolved organic matter (DOM), a key
water quality variable, in boreal headwaters is of critical importance considering the
amount of carbon stored and processed in different ecosystem components within the
boreal forest and the sensitivity of these processes to climate change. Using historical
streamflow and stream chemistry data in combination with direct measurements of the
landscape sources of DOM and more detailed stream DOM quality data from 2021 at the
[ISD-ELA, | examined how the terrestrial source of DOM influences the quantity and
quality of DOM in three boreal headwater streams. Using historical stream data from
1981-2021, | found that concentration-discharge (c-Q) relationships varied based on both
catchment characteristics and hydrological conditions. Streams draining upland-
dominated catchments were more often transport-limited (i.e., concentration increased
with increasing flow), whereas a wetland-dominated stream was more often source-
limited (i.e., concentration decreased with increasing flow) in terms of stream DOM
concentration. DOM concentration and quality data in soil leachate indicated that
streamwater had DOM characteristics suggesting it originated from near-stream organic
soils, while after the drought the DOM came proportionally more from distal mineral
soils (in addition to near-stream organic soil contributions). | showed that the severe
drought in 2021 made streams with varying landscape characteristics respond similarly to
the post-drought flush. These findings also illustrate that while c-Q relationships may be
different among streams draining upland-dominated and wetland-dominated catchments

as a result of the different abilities of these landscape to accumulate and mobilize DOM,



DOM quality responded to this drought to post-drought flush synchronously among all
three streams. As climate change will alter the frequency, duration, and severity of future
hydrological conditions, this has repercussions for the DOM dynamics in headwater

streams and the resulting water quality downstream.
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1. General Introduction

1.1Dissolved organic matter

Dissolved organic matter (DOM) is most commonly defined as the fraction of
organic matter in dissolved form which passes through a 0.45 um filter (Thurman, 1985;
Zsolnay, 2003; Akkanen et al., 2012). DOM is a complex mixture of soluble organic
molecules and compounds (Jaffé et al., 2008), originating from vegetation, root exudates,
plant litter, soil humus, and microbial biomass (McDowell & Fisher, 1976; Thurman,
1985; Guggenberger & Zech, 1994; Mueller et al., 2016; Chen et al., 2017). DOM
contains primarily carbon (i.e., dissolved organic carbon [DOC], a term which is often
used interchangeably with DOM in the literature, which refers specifically to the carbon
fraction of DOM), but also smaller proportions of macronutrients nitrogen, phosphorus,
and sulfur, as well as micronutrients such as iron and toxic contaminants such as mercury
(Maranger & Pullin, 2003; Qualls & Richardson, 2003; Ravichandran, 2004; Ged &
Boyer, 2013). DOM represents the largest component of carbon flux to lakes from
watersheds and atmospheric sources (Emmerton et al., 2019). While DOM is only a
fraction of total soil organic matter, its mobility and reactivity makes it biogeochemically
relevant for downstream ecosystems (Kalbitz et al., 2000; Chantigny, 2003; McDowell,
2003; Zsolnay, 2003; Battin et al., 2008; Fellman et al., 2009; Tank et al., 2010; Aiken et
al., 2011; Bolan et al., 2011; Kaplan & Cory, 2016; Rodriguez-Cardona et al., 2021). In
particular, DOM quantity and quality influences light regime and aquatic ecosystems
(Pattanaik et al., 2010; Kritzberg et al., 2019; Webb et al., 2019), food web dynamics

(Mierle et al., 1991; Williamson et al., 1999; Karlsson et al., 2012), organic pollutant and



trace metal dynamics (Haitzer et al., 1998; Lawlor & Tipping, 2003; Dawson et al., 2009;
Tugulea et al., 2018), water acidification (Erlandsson et al., 2011; Valinia et al., 2014),
water quality and water treatment processing and costs (Ledesma et al., 2012; Lavonen et
al., 2013; Ritson et al., 2014)
1.2 Headwater streams and DOM

Inland surface waters like lakes, rivers, and streams, are important contributors to
the global carbon cycle, as they collect, process, and transport DOM from the landscape.
Headwater streams are a critical means by which DOM enters the inland aquatic system.
Despite their individually small scale, headwater streams make up an intricate network of
DOM receptors across the terrestrial landscape. Due to their intrinsic density and length
in comparison to larger aquatic systems, headwater streams often make up the majority of
total river length (Bishop et al., 2008). These streams also have relatively high surface
area to water volume ratios, meaning they receive disproportionately high quantities of
terrestrial DOM (Agren et al., 2007; Raymond et al., 2016) which is a highly
chromophoric mixture of different molecules and compounds derived from various
landscape sources (Sleighter et al., 2014; Mosher et al., 2015). Additionally, headwater
provide a unique opportunity to study the influence of specific landscape units as they

tend to be more homogeneous compared to larger catchments (Kohler et al., 2008).
1.3 The boreal forest is a globally relevant source of carbon containing many
headwater streams

Northern ecosystems store large amounts of organic matter in soils, peat, plant
biomass, and freshwaters (Gorham, 1991; Tarnocai et al., 2009; Pan et al., 2011;

Hugelius et al., 2014). The boreal forest contains 272 + 23 Pg of carbon, with 60% of the



carbon found in the soils (Pan et al., 2011). A large component of that carbon is stored in
organic soils and peatlands (Turanen et al., 2002; Limpens et al., 2008; Yu et al., 2010).
Variability in carbon flux from soils to surface waters often determines whether an
aquatic or terrestrial ecosystem functions as a source or sink of carbon (Waddington &
Roulet, 2000; Roulet et al., 2007). Carbon also varies vertically throughout boreal soils,
with increasing age, decomposition, and recalcitrance with depth (Ruess et al., 2003;
O’Donnell et al., 2011) due to the gradual accumulation of carbon through moss, root
production, and vegetation burial over time (Trumbore & Harden, 1997). Compared to
other biomes, boreal forests also have higher proportions of headwater streams (Horton,
1945; Bishop et al., 2008; Raymond et al., 2013). The sheer size of both carbon sources
and headwater stream extents makes boreal forests of particular interest in the context of
both the global carbon cycle and stream DOM dynamics. Boreal surface waters play a
significant role in processing DOM from the landscape on a regional and global C scale

(Cole et al., 2007; Tranvik et al., 2009).

1.4 Climate change is altering DOM cycling in the boreal headwater streams
The boreal forest is experiencing the most significant temperature increase of all

forest biomes in the 21st century (IPCC, 2013; Price et al., 2013; Gauthier et al., 2015).
Mean annual temperatures have increased by ~1.5°C since 1900 across most of the boreal
forest (Price et al., 2013), and this region could increase by another 4-11°C by the year
2100 (World Bank, 2014). While increases in DOC concentration have often been linked
to increases in temperature (Freeman et al., 2001; Evans et al., 2006; Kane et al., 2006;
Laudon et al., 2012; Kane et al., 2014), the hydrological changes inherent to climate

change are of particular relevance for the DOM dynamics in headwater streams. The



quantity and quality of DOM in headwater streams is a direct result of the interaction
between hydrology and landscape sources contained in headwater catchments. Hydrology
is particularly vulnerable to climate change (Battin et al., 2009), as changes to
precipitation, streamflow, water flowpaths, and hydrological connectivity are all expected
outcomes (Stocker et al., 2013). There is also predicted to be an increased frequency and
intensity of extreme weather events such as storms and droughts (Hansen et al., 2012;
IPCC, 2013), as well as hydrological intensification (Creed et al., 2015a). Hydrological
changes such as these inherently influence the way that DOM goes from land to waters,
and the resulting quantity and quality of DOM in headwater streams (Pagano et al.,
2014). Increased precipitation enhances DOM export from terrestrial landscapes to
surface waters (Evans et al., 2005; Tranvik et al., 2009), and predicted shifts in seasonal
timing of events may shift both the quantity and quality of DOM received downstream.
Hydrological intensification can influence the transport and transformation of DOM
(Raymond & Saiers, 2010). In northern regions, one consequence of climate change is
that the proportion of both water and DOM export are increasing in winter and decreasing
during spring and summer (Laudon et al., 2013). Seasonal changes to DOM export are
important because in combination with the environmental conditions, this dictates the
potential sources and fates of DOM. In addition to mobilization process changes induced
by climate change, the changing environmental factors may also influence the quality and
composition of DOM as it is transported from the landscape to surface waters (Battin et

al., 2008; Manzoni & Porporato, 2011).



2. Introduction

2.1DOM in headwater streams

Carbon flows within and across inland environments through surface water, soil
water, groundwater, and streamwater via dissolved organic matter (DOM), which is a key
component n the global carbon cycle (Battin et al., 2009; Tranvik et al., 2009).
Headwater streams connect terrestrial landscapes and downstream water bodies (Rasilo et
al., 2016; Fovet et al., 2020) as they receive, process, and transport DOM from their
surrounding catchments. Headwater streams represent the dominant pathway for carbon
via DOM to enter downstream water bodies in boreal ecosystem (Emmerton et al., 2019).
DOM is a key water quality variable in surface waters (Kaplan & Cory, 2016),
influencing food webs (Fisher & Likens, 1972; Vannote et al., 1980; Jansson et al.,
2007), light regimes (Pattanaik et al., 2010), algal growth (Creed et al., 2018) and trace
metal and organic pollutant dynamics (Haitzer et al., 1998; Lawlor & Tipping, 2003;
Tugulea et al., 2018). Headwater streams compose large proportions of terrestrial stream
networks (Alexander et al., 2007; Bishop et al., 2008; Downing, 2012), and their
extensiveness makes them intrinsically difficult to understand at a finer resolution in the
context of water quality and conservation management (Lowe & Likens, 2005; Nadeau &
Rains, 2007). As well, headwater catchments provide a unique opportunity to study the
influence of particular landscape units as they tend to be less heterogeneous than larger
catchments (Kohler et al., 2008). The quantity and quality of DOM in headwater streams
can inform us about both where the DOM came from on the landscape (Hood et al., 2006;

Agren et al., 2007; Broder et al., 2015; Birkel et al., 2017) as well as what impact it could



have on downstream water quality (Parr et al., 2015; Raeke et al., 2017; Baker et al.,
2021). By nature, DOM quantity and quality in headwater streams is particularly
sensitive to change because of the intrinsic link between headwater streams and their
surrounding landscape (Aitkenhead et al., 1999; Gomi et al., 2002; Mattsson et al., 2005;
Jaffé et al., 2008; Yates et al., 2019; Wymore et al., 2021), a relationship which is
stronger in smaller basins compared to larger river basins (Meyer & Wallace, 2001;
Alexander et al., 2007; Meter et al., 2007). But since headwater catchments contain
various spatial characteristics and configurations of landscape units (e.g., wetlands,

forests), this results in different DOM quantity and quality among proximal streams.
2.2 Landscape sources of DOM

2.2.1 Spatial characteristics and soil indices

The spatial characteristics of catchments can tell us a lot about the potential
landscape sources of DOM to downstream surface waters (Williamson et al., 2008;
Brailsford et al., 2021), and the flowpaths that can transport this DOM to streams under
different hydrological conditions (Lintern et al., 2018). Both quantity and quality of
DOM depend on both proximity to source material and the potential environmental
processing occurring (Hood et al., 2005; Coble, 2007; Helms et al., 2008). Although
mean catchment slope doesn’t tell us directly about landscape sources of DOM, flatter
landscapes tend to have higher water tables and greater potential to accumulate organic
matter and form wetlands (Creed et al., 2003; Andersson & Nyberg, 2008). Stream DOC
concentrations tend to be higher in streams draining flatter catchments with low mean
slope (Eckhardt & Moore, 1990; Andersson & Nyberg, 2008; Li et al., 2015; Connolly et

al., 2018; Musolff et al., 2018; Zarnetske et al., 2018; Jankowski & Schindler, 2019).



Topographic wetness index (TWI) is a spatial metric which is derived from the slope and
flow accumulation at each cell of a digital elevation model and is a metric can indicate
areas likely to be wetter (higher accumulation) in a catchment (Beven & Kirkby, 1979).
Areas with high TWI tend to have greater potentials to accumulate DOM (Grabs et al.,
2012; Ledesma et al., 2015) due to the intrinsic convergence of flow which may lead to
waterlogging (Luke et al., 2007) and anaerobic conditions (LaCroix et al., 2019). In
addition to higher potentials of accumulating DOM, areas with high TWI also tend to
experience greater runoff and thus transport of DOM to streams in comparison to low-
TWI zones (Werner et al., 2021). Stream DOC concentrations are highest in streams
draining catchments with high mean TWI (Andersson & Nyberg, 2009; Musolff et al.,
2018).
2.2.2 Wetlands

Wetlands typically possess high water tables and long water residence times,
creating anaerobic conditions that favour slower decomposition rates and greater
accumulation of organic matter (Eckhardt & Moore, 1990; Thomas, 1997; Waddington &
Roulet, 1997; Gorham et al., 1998; Elder et al., 2000; Kayranli et al., 2010; Walker et al.,
2012; Catalan et al., 2016; Hoyt et al., 2019; LaCroix et al., 2019). It is well established
in the literature that the proportion of catchments comprised of wetlands drives stream
DOC concentrations, with higher proportions of wetland being associated with higher
stream DOC concentrations (Dillon & Molot, 1997; Hinton et al., 1998; Aitkenhead et
al., 1999; Creed et al., 2003; Mulholland, 2003; Laudon et al., 2004; Agren et al., 2007;
Creed et al., 2008; Laudon et al., 2012; Walker et al., 2012; Winterdahl et al., 2014; Dick

et al., 2015; Hytteborn et al., 2015; Monteith et al., 2015; Tiwari et al., 2017; Zarnetske et



al., 2018; Casson et al., 2019). DOM quality in streams draining wetland-dominated
boreal catchments is typically older and more recalcitrant compared with streams
draining upland-dominated catchments (Laudon et al., 2011). However, the influence of
wetlands on the DOM in headwater streams depends not only on areal coverage but also
on the spatial arrangement of wetlands within a catchment (Laudon et al., 2011; Casson

etal., 2019).

2.2.3 Riparian zones

In catchments without widespread wetland coverage, riparian zones are key
contributors to the quantity of headwater stream DOM (Fiebig et al., 1990; Bishop et al.,
1994; Grabs et al., 2012; Knorr, 2013; Ledesma et al., 2015; Musolff et al., 2018).
Riparian zones often share similarities with wetlands in terms of their saturated soil
biogeochemistry (Vidon, 2017), and their ability to accumulate soil organic matter due to
their often-high water table (Grabs et al., 2012; Strohmeier et al., 2013; Ledesma et al.,
2015; Ledesma et al., 2018a; Musolff et al., 2018; Ploum et al., 2020). Riparian organic-
rich near-surface soil horizons are often the most important contributor to the DOM to
headwater streams (Boyer et al., 1997; Findlay et al., 2001; Bishop et al., 2004; Inamdar
et al., 2004; Winterdahl et al., 2011), as these soils accumulate organic matter in close
proximity to streams, thus making the DOM more readily available and mobilizable to
the stream network compared with more upland parts of the catchment (Bishop et al.,
2004; Seibert et al., 2009; Ledesma et al., 2015; Musolff et al., 2018). This process is also
magnified in headwater riparian zones, where soil-to-water ratios are highest in
comparison to larger stream and river systems (Aitkenhead et al., 1999; Gomi et al.,

2002; Mosher et al., 2015). Riparian zones can also contain wetlands, but these are often



hidden under the forest canopy (Creed et al., 2003). Research from the Krycklan
Catchment Study in Sweden indicates that DOM in boreal streams comes almost entirely
from riparian wetlands (Laudon et al., 2011; Ledesma et al., 2018a). Previous research
shows that DOM derived from riparian soils and wetlands is more aromatic compared to
DOM from mineral, upland sources (Agren et al., 2008a; Kothawala et al., 2015;

Ledesma et al., 2018a; Pisani et al., 2020).

2.3 Streamflow and DOM dynamics
Although the size and extent of landscape sources of DOM are critical to

streamwater DOM dynamics, their ability to behave as sources to streamwater depends
on the hydrology of the landscape and the hydrological connectivity between sources and
streams (Pacific et al., 2010; Inamdar et al., 2011; Voss et al., 2015). Concentration-
discharge (c-Q) relationships in headwater streams are influenced by both sources and
connectivity of those sources to streams, either decreasing with increasing flow (i.e.,
where DOM becomes diluted) or increasing with increasing flow [i.e., where DOM

becomes enriched; Creed et al., 2015; Moatar et al., 2017)].

2.3.1 Wetlands
Streams draining wetland-dominated catchments typically experience dilution of
DOM at high flow (Laudon et al., 2004; Laudon et al., 2011; Birkel et al., 2017). This is
because hydrological additions mix with organic-rich wetland porewater, resulting in
dilution of DOM in streamwater (Laudon et al., 2007; Vidon et al., 2010; Tiwari et al.,
2019). Since wetlands have intrinsically high water tables, organic-rich near-surface soil
horizons are generally always connected, regardless of additions of water (Schiff et al.,

1998). Regardless of hydrological conditions and event characteristics, streams draining



wetland-dominated catchments tend to have DOM dominated by near-stream sources

(Ducharme et al., 2021).

2.3.2 Riparian zones

Unlike wetlands, riparian zones have more dynamic water tables, making the
transport of DOM to streams more dependent on hydrological conditions. A critical
feature of many northern riparian zones is the vertical decrease in saturated hydraulic
conductivity with soil depth (Nyberg et al., 2001). This means that small additions of
water can raise the water table to where lateral hydraulic conductivity is much higher,
magnifying eventual export events (i.e., the transmissivity feedback mechanism) (Bishop
et al., 2004; Bishop et al., 2011; Ledesma et al., 2018b). In combination with the organic-
rich near-surface soil horizons, changes in flow can drive large changes in headwaters
streams. Under lower flow conditions, the water table is lower, deeper riparian soils have
lower hydraulic conductivity, and DOM export to streams is reduced; higher flow enables
shallower riparian soils which have higher hydraulic conductivity (Bishop et al., 2004) to
export greater amounts of DOM to streams (Hinton et al., 1998; Seibert et al., 2009;
Laudon et al., 2011; Winterdahl et al., 2011). However, riparian zones have been found to
be source areas to streams even during dry periods (Johnson et al., 1997; Stieglitz et al.,
2003). High flow in catchments dominated by riparian wetlands can cause connection
and activation of these sources of DOM to streams (Bishop et al., 2004; Seibert et al.,
2009; Laudon et al., 2011; Dick et al., 2015; Ledesma et al., 2015).

2.3.3 Hydrological connectivity
In addition to landscape characteristics, DOM dynamics in headwater streams are

also controlled by changes to the hydrological connectivity between the stream and the
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terrestrial sources of organic matter (Schiff et al., 1998; Singh et al., 2015; Birkel et al.,
2017; Broder et al., 2017; Covino, 2017; Zimmer & McGlynn, 2018; Hale & Godsey,
2019; Wen et al., 2020; Blaurock et al., 2021; da Silva et al., 2021a; Werner et al., 2021).
The hydrological connectivity between streams and catchment sources is heavily
influenced by hydrological events such as storms and droughts (McDowell & Likens,
1988; Hornberger et al., 1994; Boyer et al., 1997; Raymond & Saiers, 2010), as well as
the antecedent moisture conditions (McGuire & McDonnell, 2010; Penna et al., 2015;
Blaurock et al., 2021). Increased hydrological connectivity between streams and wetlands
tends to dilute DOM in streamwater since water is flushed from the landscape more
quickly, mitigating both the contact time with wetland soils as well as the extent of
processing which can occur (Schiff et al., 1998; Covino, 2017; Jeanneau et al., 2020).
Lateral hydrological connectivity matters in terms of which sources across the landscape
are connected to streams, but vertical connectivity matters for determining whether DOM
is coming from deeper groundwater flowpaths or shallow subsurface flowpaths. DOM
derived from deeper groundwater is typically less concentrated, less aromatic, and less
humic than DOM derived from shallow subsurface soil horizons (Kalbitz et al., 2000;
Fellman et al., 2009; Inamdar et al., 2011; Inamdar et al., 2012; Singh et al., 2014).
2.4 Knowledge gap and study impetus
2.4.1 The importance of studying DOM dynamics in the boreal forest
Understanding the source and fate of DOM is especially important in the boreal
forest, the biome which stores more than a third of the world’s terrestrial carbon
(Bradshaw & Warkentin, 2015) in peatlands (Gorham, 1991) and below-ground stores

(Pan et al., 2011). Elucidating the spatial distribution and pathways of landscape sources
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of streamwater DOM can help us understand biogeochemical activities in a given
catchment (Pacific et al., 2010; Laudon et al., 2011), as well as the downstream output of
DOM from headwater streams (Raymond & Saiers, 2010; Agren et al., 2014; Peralta-
Tapia et al., 2015), which has implications for atmospheric carbon fluxes (Hall et al.,
2019) and water quality and water treatment (Ledesma et al., 2012; Lavonen et al., 2013;
Ritson et al., 2014). There is a research need to further assess the spatiotemporal
variability and drivers of the source and fate of DOM from landscapes to surface waters
(Singh et al., 2015, Tunaley et al., 2016; Broder et al., 2017; Creed et al., 2018; Tank et
al., 2018; Emmerton et al., 2019; Werner et al., 2019; Fork et al., 2020; Wardinski et al.,
2022). Boreal watersheds contain various proportions and spatial arrangements of
organic-rich wetland and riparian peat and soils and mineral upland soils. Although the
existing literature shows relationships between landscape components (e.g., wetlands,
riparian soils) and streamwater DOM in terms of DOC concentration, landscape sources
of streamwater DOM are often inferred from streamwater DOM coupled with knowledge
of catchment characteristics rather than measured directly. As well, the relationship
between landscape sources of DOM and stream DOM quality is much less clear (Guarch-
Ribot & Butturini, 2016; Broder et al., 2017; Yates et al., 2019; Sebestyen et al., 2021).
Additionally, streamwater DOM dynamics can even differ among adjacent streams
(Schiff et al., 1998; Temnerud & Bishop, 2005) sometimes even more than what is
observed on a regional scale (Bishop et al., 2008); this is especially the case in higher
order streams (Creed et al., 2015a). This is because the spatial properties and arrangement
of headwater catchments controls how stream DOM dynamics respond to controlling

factors (Clark et al., 2010; Laudon et al., 2011; Monteith et al., 2015). Research on the
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source and fate of DOM is rare in landscapes with both uplands and peatlands (Clark et
al., 2008; Sebestyen et al., 2021), despite the variability in DOM composition (Agren et
al., 2008a; Kohler et al., 2009). Additionally, climate variables such as temperature and
precipitation alter both the spatial arrangement of landscape sources of DOM and the
hydrological mechanisms by which DOM is processed and transported to streams

(Covino, 2017; Wen et al., 2020).

2.4.2 Climate change and boreal forest headwater stream DOM dynamics

Northern regions such as the boreal forest are projected to face more severe
climate change, such as temperature increases and hydrological intensification (IPCC,
2014; Hansen et al., 2006; Kirtman et al., 2013; Abbott et al., 2016; Spinoni et al., 2018),
making understanding the relationship between catchments and headwater streams
increasingly important. It is uncertain how the terrestrial source of DOM influences both
the quantity and quality of DOM downstream across heterogeneous boreal landscapes
(Oswald et al., 2011; Laudon & Sponsellor, 2018; Creed et al., 2018; Yates et al., 2019;
Fovet al., 2020; Wen et al., 2020; Gomez-Gener et al., 2021) and influences variability in
concentration-discharge relationships (Oswald & Branfireun, 2014; Fork et al., 2020;
Gomez-Gener et al., 2021). Another critical piece to this puzzle is understanding how
climate drivers will influence the quantity and quality of DOM on its journey from land
to surface waters (Leach et al., 2016; Fork et al., 2020; Xenopoulos et al., 2021; Morison
etal., 2022). For example, it is largely unknown how drought events — which are
expected to become more common in the boreal region as climate change progresses
(IPCC, 2014, Biintgen et al., 2021) — influence the source, transport and transformation

of DOM (G6omez-Gener et al., 2020; Gomez-Gener et al., 2021; Tiwari et al., 2022;
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Wardinski et al., 2022). Research has focused more often on how climate change will
influence downstream DOC concentration and load, rather than how it may influence the
downstream DOM quality (Xenopoulos et al., 2021). Understanding the source and fate
of DOM under a changing climate is also difficult because it is incorrect to assume that
landscape sources of DOM will remain the same over time given the dependence of
accumulation and transport of DOM on temperature and hydrology, in addition to the

variability in landscape characteristics among boreal headwater catchments.

2.4.3 Research question and hypotheses

Here | ask how the terrestrial source of DOM influences the quantity and quality
of DOM downstream in three boreal headwater catchments. Using historical streamflow
and concentration data from IISD-ELA, as well as both DOM concentration and quality
analysis on streamwater and water-extractable organic matter from 2021, | attempt to
answer this question with three hypotheses:
H1: Concentration-discharge relationships vary between wet and dry years historically,
and these relationships depend on catchment characteristics.
H2: DOM quantity and quality in soil leachate depends on both topography and soil
organic matter content.
H3: Stream DOM concentration and quality depends on landscape sources of DOM,

which are mediated by hydrological conditions.

14



3. Methods

3.1 Study Sites

This study was undertaken in the surrounding watersheds of headwater lake 239
(L239) at the IISD-ELA, in Northwestern Ontario, Canada. This reference lake has
extensive long-term biogeochemical and hydrological data (1969-present) (Parker et al.,
2009). The L239 watershed (3.3 km?) comprises three small catchments which are
drained by first-order streams (Schindler et al., 1996), and are 62-93% jack pine (Pinus
banksiana) (Emmerton et al., 2019). These three catchments contain thin (<1m deep)
orthic brunisolic soils overlain on pink Precambrian granodiorite (Brunskill & Schindler,
1971; Parker et al., 2009). None of the three catchments have been managed (e.qg.,
logged, cultivated), but there have been major windstorms and fires which affected parts
of the L239 watershed in the 1970s and 1980s (Emmerton et al., 2018). During the non-
growing season (November — April), mean daily air temperatures range from -15.6 to
+3.8°C, while during the growing season (May — October) temperatures range from +4.7
to 19.4°C (Emmerton et al., 2019). Mean annual precipitation is 705 mm and ~78% falls
as rain (Emmerton et al., 2019).

The eastern catchment (EIF) has the largest area (1.7 km?), as well as the highest
mean elevation, highest mean slope, and lowest topographic wetness index
(Supplemental Table 1). This catchment contains the longest stream and largest riparian
area (Figure 1). The stream channel (~0.4 - 1 m wide) extends ~1 - 1.5 km from the L239
inflow (Parker et al., 2009). Additionally, an ephemeral stream connects and creates a
fork in the stream ~400m from the lake at times where catchment wetness is higher

(Bottomley, 1974). This narrow catchment is composed of 6% valley bottom, as well as
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primarily upland and riparian forests (80% of the catchment area) which are surrounded
by clearly defined rock outcroppings (10% of the catchment area) (Schindler et al., 1996).
This catchment also features a riparian wetland (~4% of the catchment area) which is
located the furthest upstream of all three catchments. This catchment is referred to as the
upland-large catchment.

The northwestern catchment (NWIF) has the second largest area (0.56 km?), as
well as the lowest mean slope and highest mean NDVI (Supplemental Table 1). This
catchment contains a small stream which extends only ~0.1-0.2 km from the lake inflow
(Parker et al., 2009). There is a small, forested wetland (~0.02 km?, ~3.5% of the
catchment area) near this stream at the bottom of the catchment (Schindler et al., 1996,
Parker et al., 2009). Much like EIF, the NWIF catchment is heavily forested, however,
this catchment is much flatter topographically. This catchment is referred to as the
upland-small catchment.

The northeastern catchment (NEIF) has the smallest area (0.12 km?), as well as
the lowest mean elevation and highest mean topographic wetness index (Supplemental
Table 1). This catchment also contains a small stream which extends only ~0.1-0.2 km?,
however, the gauged v-notch weir where streamflow and chemistry data is collected is
located near the end of the stream furthest inland (Figure 1). This catchment is defined by
a relatively large, sparsely treed, acidic Sphagnum bog which extends from the gauged
weir inland (0.037 km?, ~30% of the catchment area). The catchment area surrounding
this peatland is much like the other two catchments in that it features shallow soils and
dense, rocky, upland forests. However, the extent and proximity of the wetland to the

stream outflow means that it is likely that whatever DOM reaches the stream is funneled
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through this large wetland during most hydrological conditions. This catchment is

referred to as the wetland-dominated catchment.
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Figure 1: Site map showing the locations of soil samples juxtaposed on top of
topographic wetness index for the three L239 catchments. Lake inflows where stream

samples were taken are also labelled (“Weir”).

3.2 Sampling Design
3.2.1 Streamwater samples

3.2.1.1 2021 sampling campaign
Streamwater samples were typically collected weekly throughout the 2021 from
gauged v-notch weirs located near the lakeside edge of each catchment (Figure 1). The

total number of samples collected from these streams was limited by the hydrological
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drought which occurred from approximately June 20 to October 8 (Figure 2). Stream
samples were not collected when there was no flow crossing the threshold of the weir.
There were 28 total stream samples taken from all streams throughout 2021. Streamwater
samples were collected in polycarbonate bottles and were immediately refrigerated in the

dark at 4°C.
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Figure 2: Time series of discharge for 2021 with sample points noted by dashed vertical

lines.

3.2.1.2 Historical flow and chemistry data

Flow has been monitored continuously since 1971 at calibrated v-notch weirs
draining each of the three catchments (Figure 1) using automated water level recorders
(Beaty & Lyng, 1989). Mean daily specific discharge was calculated by dividing the flow
data for each stream by the catchment area of each respective watershed. Water chemistry
was also monitored weekly, except for non-flow conditions, from each of the streams at
the site of the v-notch weirs (Figure 1) since 1971. Samples were transported in
precleaned plastic bottles to the onsite laboratory at within a few hours of collection.
DOC concentration was analyzed by filtering the samples through pre-combusted
Whatman GF/C filters, acidifying the samples, stripping the samples of inorganic carbon,

and digesting the samples either with acid persulfate (from 1971-1975), UV irradiation
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(from 1975-1985), or heating the samples to 102°C and measuring the infrared
absorbance (1986 onwards) (Schindler et al., 1997). Only stream flow and chemistry data
from 1981-2021 was used, as this was following the forest fire which burned most of the
area around L239 in 1980 (Bayley et al., 1992).

Using the mean daily specific discharge across a given water year (e.g., Oct 1,
2020 — Sept 30, 2021), I quantified how dry or how wet a specific stream was in a given
water year. If mean daily specific discharge was below quartile 1, the water year was
considered dry. If mean daily specific discharge was between quartile 1 and 3, the water
year was considered average. If mean daily specific discharge was above quartile 3, the
water year was considered wet. The year 2021 was considered a dry water year in all
three streams according to this classification (Figure 3). Average years are excluded from

further analyses, so the focus is on comparing dry and wet years.
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Figure 3: Mean annual specific discharge histograms for dry, average, and wet water
years based on data from 1981-2021. 2021 was considered a dry year and is denoted by

vertical dashed lines.
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3.2.2  Soil samples
Throughout the three catchments, 60 total soil samples were collected in July of
2021 (Figure 1). At each location, an auger was used to collect three soil samples from 0-
20 cm soil depth within a 1 metre radius and immediately combined into a composite soil
sample. Sample location was limited by soil depth, as locations further upslope and

further from the near-stream organic soils typically have soil depths less than 20 cm.
3.3Analytical methods

3.3.1 Soil analysis

Composite soil samples were air-dried, sieved to <2mm, and homogenized via
mortar and pestle prior to analysis. Soil organic matter was determined via loss-on-
ignition (LOI) by measuring the loss in soil mass after placing 1 g of soil in a muffle
furnace for 3 hours at 550°C (adapted from Hoogsteen et al., 2015). Soils with more than
20% organic matter content were considered organic and with less than 20% were
considered mineral based on the Canadian Soil Classification (1998). Initial soil leachate
was extracted by placing 2.5 g of soil into 100 ml of ultrapure water (1:40 soil to water
ratio). The ratio was chosen such that the resulting DOC concentration was in the same
range as observed lysimeter soil water concentrations (Friesen-Hughes, unpublished
data). This mixture was then agitated on a horizontal shaker for 2 hours to enhance
leaching. The mixture was then centrifuged at 5000g for 20 min to accelerate the
subsequent filtration. Replicates were created every 1 in 20 samples by using a different
subsample of soil from the same soil sample to create the leachate. Duplicates were also

created every 1 in 20 samples by analyzing a second supernatant subsample from the
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same soil leachate. Soil leachate methodology was adapted from Guigue et al., (2014),

Bertolet et al., (2018), Hensgens et al., (2020), and da Silva et al., (2021b).

3.3.2 Water chemistry analyses

All water samples (soil leachate and streamwater) were filtered through 0.45 pm
polyethersulfone filters and refrigerated at 4°C in the dark in acid-washed polycarbonate
bottles. After initial filtration, all water samples were analyzed for DOC and total
dissolved nitrogen (TDN). DOC and TDN were measured simultaneously with a
Shimadzu TOC-L CSN + TNM-L analyzer equipped with an ASI-L autosampler.

Each water sample was subsampled and filtered through 0.22 pm polycarbonate
filters for optical analysis. DOM quality was determined using a Horiba Aqualog
fluorescence spectrometer with a Fast-1 autosampler using a 1 cm quartz cuvette.
Analysis of both absorbance and fluorescence spectroscopy data gives greater detail of
the overall quality of DOM compared to using either individually (D’ Andrilli et al.,
2022). Water samples were kept in the dark at 4°C but allowed to warm to room
temperature prior to being analyzed. UV absorbance spectra were measured from 220 to
600 nm at 5nm increments. Emission was measured in 5 nm increments from
wavelengths 220 to 600 nm; excitation was measured in 2.33nm increments from 250 to
800 nm and interpolated to 5nm increments. Blank subtraction (using ultrapure water),
inner-filter effect correction, Rayleigh masking, and Raman normalization were all part
of the pre-processing for optical parameters. All optical parameters were calculated using

the “staRdom” package (Pucher et al., 2019) for R (R Core Team, 2022).

21



3.3.2.1 Absorbance indices

Specific UV absorbance at 254 nm (SUVA2s4, L mg-C* m) is calculated by
dividing the absorbance coefficient at 254 nm by the DOC concentration (Weishaar et al.,
2003). SUV A2z, is used as an indicator of the aromaticity of DOM, with higher values
indicating higher aromaticity (Weishaar et al., 2003; Hur & Kim, 2009, Chen et al.,
2011). Spectral slope (S275-205) was calculated by determining the nonlinear fit of an
exponential function from 275-295 nm of the absorption spectrum (Helms et al., 2008).
S275-205 IS Used as an indicator of the average molecular weight of DOM, with higher
values indicating lower average molecular weight DOM (Helms et al., 2008). Spectral
slope ratio (Sr) is calculated by dividing the S275-205 by the spectral slope at 350-400nm
and is negatively correlated with the molecular weight of DOM (Helms et al., 2008).
Together, SUVAzs4, So7s-205, and Sy tell us about the molecular composition of DOM and
can help us in assessing potential changes in DOM quality which have repercussions for

downstream waterbodies.

3.3.2.2 Fluorescence indices

BIX is used as an indicator for freshly-produced autochthonous (i.e., microbially-
derived) DOM, with higher values corresponding to DOM more recently-produced
autochthonous origin and lower values corresponding to older, more allochthonous (i.e.,
terrestrially-derived) origin (Huguet et al., 2009). The Biological index (BIX) was
calculated by dividing the emission intensity at 380 nm by the emission intensity at 430
nm at an excitation spectrum of 310 nm (Huguet et al., 2009). Fluorescence index (FI) is
defined as the ratio between emission intensities at 450-500nm at an excitation of 370 nm

(McKnight et al., 2001). FI is used as an indicator for the terrestrial or microbial origin of
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fulvic acids in surface waters and is often related to aromaticity. Lower FI values indicate
higher aromatic content and more terrestrial origins (McKnight et al., 2001; Cory &
McKnight, 2005).

3.3.3 Data analysis

3.3.3.1 Concentration-discharge analysis

Water year (the 12-month period from October 1 of one year to September 30 of

the next), was used to classify streams into quartiles where a water year average of
streamflow below quartile 1 was considered a dry year, between quartile 1 and 3 was
considered an average year, and above quartile 3 was considered a wet year.
Concentration-discharge (c-Q) analysis was conducted on all stream data except for dates
between October 1 and January 1. This way, c-Q relationships were assessed from the
snowmelt period into the fall of one singular growing season. Concentration-discharge
analysis was conducted by fitting linear regressions to log-transformed mean daily
specific discharge and DOC and TDN concentration. This analysis was carried out from
April 1 — Nov 30 each year from 1981-2021, as well as June 1 — Nov 30 for assessing the
influence of snowmelt on annual concentration-discharge relationships. As mentioned
above, this analysis was conducted on dry and wet water year growing seasons.
Antecedent flow analysis was conducted by creating a rolling sum of daily flow data for
the preceding 7, 14, 21, and 28 days.

3.3.3.2 Statistical analysis

Linear regression models were used to analyze relationships between DOM

concentration, quality indices, flow, and antecedent flow. Relationships were considered

significant at p < 0.05. Spearman correlation coefficients were calculated to analyze the
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relationship between spatial variables (e.g., slope) and principal component values (see
below). Kruskal-Wallis tests were used to determine if significant differences existed
among catchments for DOM quantity and quality in the form of principal component
values in soil leachate (where p < 0.05 means there is a significant difference).

Principal component analysis (PCA) was used to characterize the relationship
among DOM concentration (DOC, TDN) and quality (SUVA2s4, S275-295, Sr, BIX, FI)
variables in soil leachate and streamwater samples. PCA extracts components to explain
variance among groups of variables loaded onto different axes. Each principal component
axis is independent and uncorrelated from one another. PCA was used to summarize
relationships among variables and also used to extract components to be used as response
variables to hydrological predictors. Positive and negative loadings on components 1 or 2
were only discussed where loadings were greater than 0.4. All statistical analysis were

performed using R 4.2.2 (R Core Team, 2022).
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4. Results

4.1 Stream chemistry
The DOC concentrations in the study streams during the 2021 water year fell

within the range of the historical data from each respective stream (Supplemental Figure
1). The wetland-dominated stream had the highest DOC concentration (historical mean =
41.87 mg/L; 2021 mean = 52.99 mg/L), whereas the two upland-dominated streams had
much lower DOC concentrations (EIF: historical mean = 23.29 mg/L, 2021 mean = 18.60
mg/L; NWIF: historical mean = 20.40 mg/L, 2021 mean = 19.76 mg/L) (Supplemental
Table 2). In 2021, the DOC concentration was above average in the wetland-dominated

stream and below average in the upland-dominated streams.
4.2 Concentration-discharge relationships

4.2.1 Daily c-Q relationships in dry and wet water years

In dry water years, DOC concentration (c) was significantly correlated with mean
daily specific discharge (Q) within all three streams (Figure 4). However, the strength
and direction of these relationships varied among streams. For both of the upland-
dominated streams, the slope of the c-Q relationship was slightly positive (EIF: slope =
0.046, r? = 0.079, p < 0.05, NWIF: slope = 0.033, r> = 0.032, p < 0.05), indicating that
DOC became mobilized to streams at high flow (Figure 4, Supplemental Table 3),
whereas in the wetland-dominated stream, the slope of the c-Q relationship was negative
(slope = -0.054, r? = 0.086, p < 0.05), indicating that streamwater DOC became diluted

during high flow in dry years (Figure 4, Supplemental Table 3).
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In contrast to dry years, the c-Q relationships of the two upland-dominated
streams were negative during wet years (EIF: slope = -0.024, r> = 0.018, p < 0.05; NWIF:
slope =-0.035, r?> = 0.039, p < 0.05), indicating a switch from transport-limitation in dry
years to source-limitation in wet years (Figure 4, Supplemental Table 3). In the wetland-
dominated stream, the slope of the c-Q relationship was even more negative in wet years
compared to dry years (slope =-0.081), indicating that dilution of DOC in this stream
increased in wet years, and that DOC in this stream is source-limited regardless of how
wet the year was overall (Figure 4, Supplemental Table 3).

Analyzing c-Q relationships during (April 1 — May 31) and after (June 1 — Nov
30) the snowmelt period revealed how this period potentially influenced annual c-Q
relationships (Supplemental Table 4). In dry years during the snowmelt period, c-Q
relationships were positive in the upland-dominated streams (EIF: p < 0.05, r?> = 0.098,
slope = 0.048; NWIF: p < 0.05, r? = 0.246, slope = 0.096). While in wet years during the
snowmelt period, c-Q relationships were more negative in the upland-dominated streams
(EIF: p>0.05, r2 = 0.002, slope = -0.007; NWIF: p > 0.05, r? = 0.039, slope = 0.030).
Whereas in the wetland-dominated stream, the c-Q relationship was negative in dry years
(p <0.05, r> = 0.319, slope = -0.110) and even more negative in wet years (p < 0.05, r? =
0.467, slope = -0.165).

After the snowmelt period (June 1 — Nov 30), the c-Q relationships were often
different than during the snowmelt period (Supplemental Table 5). Among the upland-
dominated streams, there were different c-Q patterns in the post-snowmelt period. In the
upland-large stream, the c-Q relationship was positive in dry years (EIF: p < 0.05, r? =

0.175, slope = 0.073) and slightly less positive in wet years (EIF: p < 0.05, r? = 0.034,
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slope = 0.030). Whereas in the upland-small stream, c-Q relationships were
approximately flat in dry (NWIF: p > 0.05, r? = 0.001, slope = 0.005) and wet years
(NWIF: p < 0.05, r> = 0.003, slope = -0.009). Concentration-discharge relationships were
still negative in the wetland-dominated stream, but less so than during the snowmelt
period, and not distinctly different among dry (p < 0.05, r? = 0.023, slope = -0.025) and
wet years (p < 0.05, r? = 0.020, slope = -0.029).

In summary, this indicates that streams draining upland-dominated catchments
tend to have c-Q relationships that are more transport-limited in dry years, and more
source-limited in wetter years. Whereas the stream draining the wetland-dominated
catchment experiences source-limitation regardless of the hydrological conditions of a
given water year. Additionally, the snowmelt period tended to substantially influence
annual c-Q relationships, being strongly negative in the wetland-dominated stream and
positive in the upland-dominated streams. In the post-snowmelt growing seasons, c-Q
relationships were less variable between dry and wet years, and the direction of these

relationships was distinct among all three streams.
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Figure 4: Concentration-discharge relationships in each stream for DOC concentration
during dry and wet water years from April 1 — Nov 30. All linear regression model fits

were significant (p < 0.05).

4.2.2 Does antecedent flow improve c-Q relationships in dry and wet water years?
In some cases, antecedent flow (AQ) was a better predictor of DOC concentration

than mean daily specific discharge. In the upland-dominated streams, daily flow was a
better predictor than 7-day, 14-day, 21-day, or 28-day AQ of DOC concentration in dry
years (Supplemental Table 6). However, 21-day AQ was a better predictor of DOC
concentration in the upland-dominated streams (EIF: p < 0.05, r> = 0.048, slope = -0.055;
NWIF: p < 0.05, r2 = 0.179, slope = -0.086) streams during wet years (Supplemental
Table 6). In the wetland-dominated stream, AQ was a better predictor of DOC
concentration in both dry (14-day AQ: p < 0.05, r? = 0.337, slope = -0.103) and wet years
(28-day: p < 0.05, r? = 0.339, slope = -0.175) (Supplemental Table 6). During the dry
snowmelt periods, daily flow was again the best predictor of DOC concentration in the
upland-dominated streams. The best predictor of DOC concentration in wet years in the
upland-dominated streams was either 21-day AQ (EIF) or was not significant in either
daily Q or AQ (NWIF). In the wetland-dominated stream, 14-day AQ was the best
predictor of DOC concentration in dry years during snowmelt (p < 0.05, r? = 0.640, slope
=-0.137) and wet year snowmelts (p < 0.05, r? = 0.620, slope = -0.182) (Supplemental
Table 7). In the post-snowmelt period, daily flow was the best predictor of DOC
concentration in the EIF in both dry and wet years. However, 28-day AQ was the best
predictor of DOC concentration in both the NEIF and NWIF streams in both dry (NEIF:

p < 0.05, r2 = 0.278, slope = -0.091; NWIF: p < 0.05, r? = 0.153, slope = -0.087) and wet
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years (NEIF: p < 0.05, r? = 0.254, slope = -0.150; NWIF: p < 0.05, r? = 0.157, slope = -
0.078) (Supplemental Table 8).
4.3 Patterns of DOM concentration and quality in soil leachate

Using the DOM quality analysis conducted on 2021 water samples, | sought to
better understand the historical c-Q relationships. Inferences of landscape source from
streamwater DOM quality can be strengthened by also measuring the DOM quantity and
quality among specific landscape sources among these boreal headwater catchments. To
do so, soil properties (loss-on-ignition [LOI]) and spatial characteristics (slope and
topographic wetness index [TWI]) were compared to the quantity and quality of DOM in

soil leachate.

4.3.1 Principal component analysis of DOM concentration and quality in soil
leachate
In soil leachate, the PCA of the 7 DOM quantity and quality variables explained

77.4% of the variance using 2 principal components, with 56.6% of the variance
explained by component 1 and 20.8% of the variance explained by component 2 (Figure
5). Positive loadings on component 1 correspond to higher DOC, higher SUVAz2s4, lower
S275-205, and lower Sy. Positive loadings on component 2 correspond to lower TDN, lower
BIX, and lower FI. Soil samples were well separated along both component 1 and
component 2, with organic soils (soils with >= 20% LOI) have significantly higher mean
component 1 and significantly lower component 2 scores (p < 0.05 in both cases,
according to a Kruskal-Wallis test). The mean, SD, min, and max of each individual

metric can be found in Supplemental Table 9.
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Figure 5: Principal component analysis (PCA) for DOC concentration, TDN
concentration and DOM quality (SUVA254, S275-295, Sr, FI, BIX) variables in soil
leachate separated by organic matter content (LOI >= 20% = organic, LOI < 20% =

mineral).

4.3.2 Using spatial characteristics to predict soil leachate DOM quantity and quality
Component 1 and component 2 are dependent on the soil properties and spatial
characteristics at each site (Figure 6). There are significant positive correlations between
LOI and both component 1 (p < 0.05, coefficient = 0.578) and component 2 (p < 0.05,

coefficient = -0.519) (Figure 6). There are significant correlations between slope and both
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component 1 (p < 0.05, estimate coefficient = -0.283) and component 2 (p < 0.05,
coefficient = 0.515) (Figure 6). There are also significant correlations between
topographic wetness index and component 1 (p < 0.05, coefficient = 0.430) and
component 2 (p < 0.05, coefficient = -0.342) (Figure 6). Taken together, these results
indicated that soil in wet locations in topographic depressions that are high in soil organic
matter content tend to have soil leachate with higher DOC and TDN concentrations, as
well as DOM quality that is more aromatic and of higher average molecular weight (as
indicated by higher SUVAzs4 and lower Sz7s.205 and lower Sy), as well as more recently
produced (as indicated by higher FI and BIX).

When grouping each location into mineral (<20% LOI) and organic (>=20%
LOI), it can also be seen that there are substantial differences among these two soil types
(Figure 6). In fact, upon conducting the same analysis as above after splitting the data in
this manner, it is clear that correlations between spatial indices and DOM indices (e.g.,
components 1 and 2) are driven heavily by soil groupings. Organic soil leachate was
significantly higher than mineral soil leachate along component 1 and significantly lower
than mineral soil leachate along component 2 (p < 0.05 in both cases, according to a

Kruskal-Wallis test).
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Figure 6: Scatterplots of principal components 1 (positive loadings = DOC; negative
loadings = S275-295) and 2 (negative loadings: BIX, FI, TDN) and LOI, slope, and TWI,

separated by whether LOI was >= 20% (organic) or < 20% (mineral).

4.4 Using specific discharge to predict DOM quantity and quality in streamwater

in 2021

4.4.1 Concentration-discharge and DOM quality-discharge relationships in 2021
In streamwater, the PCA of the 7 DOM quantity and quality variables explained
80.5% of the variance using 2 principal components, with 51.6% of the variance
explained by component 1 and 29.0% of the variance explained by component 2 (Figure
7). Positive loadings on component 1 correspond primarily to lower Sp7s.295, lower Sy, and
lower FI. Positive loadings on component 2 correspond to higher DOC, higher TDN, and

lower SUVA2s4. The three catchments were clearly separated along components 1, and
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not as clearly separated along component 2. In particular, the DOM in the wetland-
dominated stream had clearly higher component 1 values than the upland-dominated
streams. Along component 2, the DOM among all three streams was very similar,
however the upland-large stream (EIF) had a smaller and lower range of component 2

values. The mean, SD, min, and max of each individual metric can be found in

Supplemental Table 10.
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Figure 7: Principal component analysis (PCA) for DOC concentration, TDN

concentration and DOM quality (SUVA254, S275-295, Sr, FI, BIX) variables in 2021

streamwater colored by stream.
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4.4.2 DOM concentration and quality vs. daily flow in 2021

Many DOM concentration and quality indices depended on specific discharge, but
the strength and direction of these relationships varied among indices. During the 2021
growing season, the c-Q relationship in the upland-large stream was slightly positive
(Figure 8), which is consistent with the historically positive c-Q relationship in this
stream in dry water years from June 1 — Nov 30 (Figure 4). In the upland-large stream,
the c-Q relationship was approximately flat prior to the post-drought flush; after this
flush, DOC concentration increased with increasing flow (being highest immediately
post-drought and almost returning to baseline three weeks later) (Figure 8). The c-Q
relationship in the upland-small stream was flat (Figure 8), which was expected given the
historically flat c-Q relationship in this stream in dry water years from June 1 — Nov 30
(Figure 4). In the upland-small stream, the c-Q relationship was diluting prior to the post-
drought flush; after this flush, DOC concentration increasing with increasing flow (being
highest immediately post-drought and returning to baseline 3 weeks later) (Figure 8).
During the 2021 growing season, the c-Q relationship in the wetland-dominated stream
was flat (Figure 8), which was expected given the historically flat c-Q relationship in this
stream in dry water years from June 1 — Nov 30 (Figure 4). In the wetland-dominated
stream, the DOC concentration was substantially different from the pre-drought (mean =
37.4 mg/L) to the drought samples (mean = 41.9 mg/L) (Figure 8). As well, DOC
concentration was slightly diluted post-drought compared to during the drought. DOC
concentration and TDN concentration in each individual stream were highly correlated in
2021 (p < 0.05), and TDN concentration followed the same exact patterns in these

streams (Supplemental Figure 4).
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The SUVA2s5:-Q relationship in both of the upland-dominated streams was flat
during the drought, and experienced a decrease after this event, with the lowest SUVA2s4
(and thus, least aromatic DOM) coming immediately after the post-drought flush (Oct
12). In the upland-large stream, SUVAzs4 returned towards the pre-flush mean by
November 2, however, in the upland-small stream the SUV Azs4 was still lower than the
pre-flush mean at this time. In the wetland-dominated stream, SUV Azs4 decreased with
flow prior to the post-drought flush, and after this flush the SUV Azs4 was distinctly lower
than the rest of the growing season (with the exception of 2021-09-22), even 3 weeks
post-flush (Nov 2). The Sz75-205-Q relationship was in many ways very similar to the
SUVA254-Q relationship in these streams. Both of the upland-dominated streams had flat
S275-205-Q relationships during the drought and experienced an increase immediately after
the post-drought flush (and thus, had the lowest average molecular weight during this
time). Much like the SUVA2s4, Sa75-205 returned towards the pre-flush mean in the upland-
large stream but not in the upland-small stream by November 2. In the wetland-
dominated stream, Sz75-295 increased with flow throughout the entire growing season
(indicating decreasing average molecular weight with increasing flow). The FI-Q
relationship in the upland-large stream was negative prior to the post-drought flush (with
the exception of the June 1 stream sample) and positive after. The FI-Q relationships in
both the wetland-dominated and upland-small streams were flat prior the post-drought
flush (with the exception of the June 1 stream sample) and positive after as well. In all
three streams, the highest FI value is immediately post-drought (Oct 12) but returned to
the mean three weeks later (Nov 2). In the upland-large stream, there were significant

linear relationships between flow and DOC (p < 0.05, r? = 0.629, slope = 0.144, based on
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log10 DOC and Q) and TDN concentrations (p < 0.05, r? = 0.481, slope = -0.229, based

on log10 TDN and Q). In the wetland-dominated stream, there were significant

relationships between SUVA2s4 (p < 0.05, r> = 0.540, slope = -0.303, based on SUV A5,

and 10910 Q), Sz75-205 (p < 0.05, r> = 0.542, slope = 0.001, based on Sy7s-205 and log10 Q)

and FI (p < 0.05, r? = 0.456, slope = 0.038, based on FI and log10 Q). No significant

relationships were detected between daily flow components and principal components 1

and 2.
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5. Discussion

Historical data from three proximal headwater streams demonstrates that DOM c-
Q relationships vary between wet and dry years and that these differences reflected the
characteristics of each respective headwater catchment. Streams draining catchments with
lower proportions of wetlands had more positive c-Q relationships during dry years that
shifted to negative relationships during wet years, while a stream draining a wetland-
dominated catchment had negative c-Q relationships in both dry and wet years. In order
to further understand the mechanisms behind these historical c-Q patterns, | investigated
the DOM quality in both streamwater and soil water during a year with a mid-summer
drought. I found that DOM concentration and quality in soil leachate depends on the soil
type (i.e. organic or mineral), which is largely driven by topography. Specifically, that
organic soil leachate contained DOM which had a higher concentration of DOC, was
more aromatic and higher average molecular weight compared to mineral soil leachate.
Additionally, that organic soils were located in flatter locations with higher TWI. | found
that stream DOM concentration and quality were substantially different post-drought
compared to pre-drought. DOM was more concentrated, less aromatic, and of lower
average molecular weight in the post-drought stream samples compared to pre-drought
across all three streams. This indicates that as different parts of these catchments become
hydrologically connected and subsequently flushed, the DOM quality in receiving
streamwater changes. The monitoring data gives us insight into both the historically
observed c-Q relationships as well as it helps us further understand what stream DOM
dynamics in boreal headwater streams may look like in the future under changing drought

regimes.
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5.1 Long-term stream concentration-discharge relationships depend on catchment
characteristics and hydrological conditions
Understanding c-Q relationships in headwater streams can inform us as to

whether stream DOM dynamics are driven more by the spatial arrangement of landscape
sources of DOM or the hydrological connectivity between those sources and the stream
(Thompson et al., 2011; Creed et al., 2015; Moatar et al., 2017). As DOM concentrations
in streams respond to changes in flow and wetness differently among these three streams
historically, it follows that either the landscape sources of DOM and the ability of those
sources to become connected to the stream must differ among catchments according to

their landscape characteristics.

5.1.1 Wetlands
The presence and extent of wetlands in a catchment is a dominant driver of DOM

quantity and quality in streams (Dillon & Molot, 1997; Hinton et al., 1998; Aitkenhead et
al., 1999; Creed et al., 2003; Mulholland, 2003; Laudon et al., 2004; Agren et al., 2007;
Creed et al., 2008; Laudon et al., 2012; Walker et al., 2012; Winterdahl et al., 2014; Dick
et al., 2015; Hytteborn et al., 2015; Monteith et al., 2015; Tiwari et al., 2017; Zarnetske et
al., 2018; Casson et al., 2019). Streams draining wetland-dominated catchments
experience dilution of DOM at high flow (Schiff et al., 1998; Laudon et al., 2004;
Laudon et al., 2011; Peralta-Tapia et al., 2014; Birkel et al., 2017; Ducharme et al.,
2021), and this was observed in the wetland-dominated stream. Streams draining
wetland-dominated catchments tend to experience less fluctuations in DOC concentration
with hydrological change (Schiff et al., 1998); this was observed in the wetland-

dominated stream, where c-Q relationships remained negative regardless of time period
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observed (growing season, snowmelt, post-snowmelt) or water year wetness. This has
been attributed to the fact that wetlands have intrinsically high water tables and thus,
hydrological additions do not substantially alter hydrological connectivity with organic-
rich subsurface peat horizons (Schiff et al., 1998). Snowmelt tends to cause dilution of
DOM in stream draining wetland-dominated catchments (Buffam et al., 2007; Laudon &
Buffam, 2008; Agren et al., 2008a; Eimers et al., 2008; Laudon et al., 2011), which
matches the c-Q relationships observed during and after the snowmelt period in the
wetland-dominated stream. The post-snowmelt c-Q relationships were very similar
among dry and wet years in the wetland-dominated stream which highlights the resilience
to hydrological change in stream DOM dynamics that wetlands provide and the
dominance of source-limitation in streams draining wetland-dominated catchments
(Schiff et al., 1998; Laudon et al., 2004; Laudon et al., 2011; Peralta-Tapia et al., 2014;
Birkel et al., 2017; Ducharme et al., 2021).

Dry conditions affect the influence of wetlands on stream DOM either through
changes to hydrology via water table drawdown (Strack et al., 2008; Jager et al., 2009),
or biogeochemistry via enhanced redox of peat causing carbon mineralization and
processing of organic matter (Moore & Dalva, 1993; Kalbitz et al., 2000; Freeman et al.,
2001; Sippel et al., 2018). Dry conditions enable wetlands to have greater capacities to
absorb hydrological additions and delay stream response in comparison to wet conditions
(Lane et al., 2020) which explains why the c-Q relationship in the wetland-dominated
stream was less negative in dry years compared to wet years. The delayed response in
streamwater to hydrological additions in wetland-dominated landscapes (Lane et al.,

2020) also helps explain why antecedent flow was a better predictor than daily flow of
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streamwater DOC concentrations and provides context for previous research showing
how antecedent wetness controls stream DOC concentrations (Raymond & Saiers, 2010;
Oswald & Branfireun, 2014 Tunaley et al., 2016). Only when analyzing the driest 5% of
years (i.e. years where annual flow is below the 51" quantile based on the historical
record) did I see the c-Q relationship in the wetland-dominated stream switch from
negative to positive (p < 0.05, estimate = 0.391). This illustrates that under severe
drought conditions, wetlands may become disconnected from streams in a substantial
way, either due to water table drawdown from upper peat layers (Jager et al., 2009) or
laterally disconnected pools of wetland DOM (Schiff et al., 1998).

Dry conditions create lower water tables, a condition which has been shown to
both increase (Tipping et al., 1999; Worrall et al., 2004) and decrease stream DOM
concentrations (McLaughlin et al., 1994; Clark et al., 2005; McLaughlin & Webster,
2010). This is likely due to the unique and changing influence of two interacting controls:
hydrology and biogeochemistry. Dry conditions have lower hydrological connectivity
between streams and wetlands, as well as more aerobic conditions favouring enhanced
microbial processing and decomposition of soil DOM (Moore & Dalva, 1993; Fang &
Moncrieff, 2001; Freeman et al., 2001; Bertolet et al., 2018), both of which potentially
reduce the amount of DOM reaching streams. While drier conditions reduce loads of
DOM to streams, the inherently lower streamflow levels mean that resulting stream DOM
may be more concentrated than under wetter conditions. This difference between load
and concentration is well-illustrated in the wetland-dominated stream, where in the post-
snowmelt growing season, historical c-Q relationships are the same directionally among

dry and wet years.
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5.1.2 Riparian zones

The presence and extent of riparian zones is a critical control on stream DOM
concentrations in headwater streams (Fiebig et al., 1990; Bishop et al., 1994; Grabs et al.,
2012; Knorr, 2013; Ledesma et al., 2015; Musolff et al., 2018). Like wetlands, riparian
soils also accumulate large stores of organic matter (Grabs et al., 2012; Strohmeier et al.,
2013; Ledesma et al., 2015; Ledesma et al., 2018a; Musolff et al., 2018; Ploum et al.,
2020), however, riparian zones have a different influence on stream DOM dynamics due
to differences in hydrology and biogeochemistry. Hydrologically, riparian zones
experience greater variability in water table level than wetlands (Singh et al., 2014;
Broder et al., 2017) and riparian soils feature the transmissivity feedback mechanism
where hydrological additions raise the water table to surface soil horizons where lateral
hydraulic conductivity is higher which favours rapid flushing of DOM to streams (Bishop
et al., 2004; Bishop et al., 2011; Ledesma et al., 2018b). Biogeochemically, more variable
redox conditions change processing of riparian DOM, thus altering both the quantity and
quality of DOM available to streams (Singh et al., 2014; Broder et al., 2017). Streams
draining catchments with extensive riparian areas tend to experience mobilization at high
flow (Broder et al., 2017; Ledesma et al., 2018a; Fork et al., 2020), especially after drier
conditions (Raymond & Saiers, 2010; Broder et al., 2017; Bernal et al., 2019), and this
was also observed in the upland-large stream regardless of time period observed (i.e.,
during snowmelt, post-snowmelt, or the entire growing season).

One cause of transport-limitation in dry years in streams draining catchments with
extensive riparian zones is that as water tables rise, flowpaths intersect with organic-rich

shallow soil horizons (e.g., vertically in the riparian zone), creating a flush of DOM to
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streams (Bishop et al., 1990; Laudon & Slaymaker, 1997; Schiff et al., 1998; Sanderman
et al., 2009; Tiwari et al., 2014; Ledesma et al., 2015). Another cause may be that under
drought conditions, upper reaches of streams may dry up, resulting in the upstream
riparian pools of DOM becoming disconnected, until conditions wet up and these pools
become sources of DOM flushed to streams (Blaurock et al., 2021). Though water table
drawdown occurs in both wetlands and riparian zones, wetlands are more consistent
contributors to stream DOM under more variable hydrological scenarios. This is because
the ability of riparian zones to contribute to stream DOM depends on water table level
and whether or not organic-rich near-surface soil horizons are being flushed or not
(Hinton et al., 1998; Seibert et al., 2009; Laudon et al., 2011; Winterdahl et al., 2011).
Dry conditions cause riparian zones to detach from streams as sources of DOM due to
water table drawdown, whereas wetlands remain sources of DOM up until more extreme
drought conditions are met. This conceptual framework helps us understand why c-Q
relationships varied more in the upland-large stream compared to the wetland-dominated

stream.

5.1.3 Uplands
In streams draining catchments with lower proportions of wetlands, proportionally
more organic matter comes from mineral soils, although this proportion depends on both
hydrological conditions and the presence and location of organic soils (McGlynn &
McDonnell, 2003; Godsey et al., 2009; Herndon et al., 2015). These streams tend to have
positive c-Q relationships (Hinton et al., 1997; Hinton et al., 1998; Schiff et al., 1998;
Wiegner et al., 2009; Raymond & Saiers, 2010; Bass et al., 2011; Laudon et al., 2011,

Dhillon & Inamdar, 2014; Ducharme et al., 2021), which in snowmelt-dominated systems
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can be the result of high concentrations of DOC being flushed during the spring freshet
(Hornberger et al., 1994; Hinton et al., 1997; Agren et al., 2010). In the present study, c-
Q relationships were always positive in drier years at the upland-dominated catchments
but became less positive and sometimes negative during wetter years. This moisture-
related shift in c-Q relationship direction shows that upland-dominated streams are more
likely to become disconnected from landscape sources of DOM (e.g., riparian zones and
riparian wetlands) under drier conditions. Forest soils display greater vertical variation in
soil solution DOM compared with wetlands, which explains the higher DOM sensitivity
to flow observed in upland-dominated catchments compared with the wetland-dominated
catchment (Winterdahl et al., 2016). The switch to more source-limitation under wetter
conditions indicates that as hydrological connectivity increases in upland-dominated
catchments, the signal of DOM from near-stream organic sources is attenuated by more
distal mineral soils (Laudon et al., 2011; Wen et al., 2020). As well, | found that c-Q
relationships were much more positive in dry years during the snowmelt period compared
with wetter years in both upland-dominated catchments. This suggests that autumn and
winter stores of landscape DOM becomes more diluted during snowmelt in upland-
dominated streams in dry years compared to wet years.

Relatively small wetlands can be important sources of DOM to streamwater
(Hamond, 1990; Hinton et al., 1998) especially riparian wetlands (Inamdar et al., 2012;
Strohmeier et al., 2013) located in flatter catchments (Creed & Band, 1998; Creed et al.,
2003). This influence was observed in the flattest catchment which had a low proportion
of wetlands, little riparian extent, but a small near-stream wetland. While previous

research has shown that the overall wetland proportion is a better predictor than near-
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stream riparian proportion (Casson et al., 2019), the two upland-dominated streams
differed in c-Q relationships post-snowmelt perhaps as a result of the difference in the
location of their wetlands. The upland-large catchment has a wetland further upstream
past the riparian zone, while the upland-small catchment has a small wetland adjacent to
the stream outlet. The catchment with the near-stream wetland had less variable c-Q
relationships of streamwater between dry and wet years compared with the catchment
with a distal wetland. This suggests that the near-stream wetland is a more consistent
source of DOM to streamwater than the far-stream wetland, though the difference in
riparian extent and slope among these two catchments makes the influence of wetland
proximity difficult to isolate. | found that mean daily specific discharge was a better
predictor of DOC concentration in dry years whereas antecedent flow was a better
predictor of DOC concentration in wet years in the upland-dominated streams. This may
be caused by the enhanced DOM accumulation in riparian zones under dry conditions
which can be quickly mobilized with hydrological additions, whereas in wet years, where
riparian water tables are higher, catchment wetness - which antecedent flow is an
indicator of — must increase sufficiently so as to substantially alter the supply of both

water and DOM to streams (Tunaley et al., 2016).
5.2 Stream DOM concentration and quality depends on both landscape source and
hydrological connectivity
Topography exerts a primary control over soil formation, which includes the
accumulation of organic matter across the landscape. Stream DOM dynamics depend on
the slope (Eckhardt and Moore, 1990; D’Arcy and Carignan, 1997; Hazlett et al., 2008)

and area (Mulholland, 1997; France et al., 2000; Agren et al., 2007) of a given catchment,
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both of which couple with other topographic factors to influence subsurface water
dynamics, flowpaths, and water residence times (Beven and Kirkby, 1979; Wolock et al.,
1990; Dillon and Molot, 1997; McGuire et al., 2005; Wagener et al., 2007), which
altogether affects the accumulation of organic matter in flat, wet areas (Creed et al., 2003;
Andersson & Nyberg, 2008; Creed et al., 2008). Steeper catchments tend to result in
lower stream DOC concentrations (Eckhardt & Moore, 1990; Andersson & Nyberg,
2008; Li et al., 2015; Connolly et al., 2018; Musolff et al., 2018; Zarnetske et al., 2018;
Jankowski & Schindler, 2019), as flat areas where flowpaths converge tend to accumulate
organic matter more favourably (Andersson & Nyberg, 2009; Grabs et al., 2012;
Ledesma et al., 2015; Musolff et al., 2018).

Organic soils, which in this area are generally located in depressional wetlands
and riparian zones, are different from mineral soils in terms of their hydrology and
biogeochemistry which changes the quantity and quality of organic matter in soil and the
concentration and quality of DOM that ends up in streamwater (Berggren et al., 2007;
Agren et al., 2008a; Fellman et al., 2008; Kothawala et al., 2015). Organic soils have
been shown to contribute most substantially to stream DOM quantity (Eckhardt and
Moore, 1990; Creed et al., 2008; Laudon et al., 2004), particularly from riparian zones
(Fiebig et al., 1990; Bishop et al., 1994; Grabs et al., 2012; Knorr, 2013; Ledesma et al.,
2015; Musolff et al., 2018) and wetlands (Dillon & Molot, 1997; Hinton et al., 1998;
Laudon et al., 2004; Agren et al., 2007; Creed et al., 2008; Laudon et al., 2012; Walker et
al., 2012; Winterdahl et al., 2014; Dick et al., 2015; Hytteborn et al., 2015; Monteith et
al., 2015; Tiwari et al., 2017; Zarnetske et al., 2018; Casson et al., 2019). DOM from

organic soils tends to be more aromatic and of a higher average molecular weight
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(Kellerman et al., 2015; Wickland et al., 2007; Aukes et al., 2019). | found that organic

soils contained soil leachate with higher DOM concentration and DOM which was more
aromatic and of higher average molecular weight than mineral soils. Understanding how
DOM varies across the landscape via soil leachate measurements coupled with measures
of streamwater allows us to directly connect the DOM dynamics in streams to landscape

Sources.

5.2.1 Linking landscape sources of DOM to streamwater in 2021

Changes in DOM concentration and quality in streamwater over time and with
changes in flow in 2021 can be linked to changing landscape sources of DOM (Broder et
al., 2017; Birkel et al., 2017). Analyzing observations of DOM quality in stream in 2021,
a drought year, allows us to test the hypothesis that stream DOM concentration and
quality are related to landscape sources of DOM, in particular under the hydrological
conditions discussed prior with the historical c-Q data. In 2021, | found that there were
some similarities and some differences in DOM quality among streams, and also that
DOM dynamics were often influenced by the onset and abatement of the drought.

During drought conditions, boreal streams receive DOM that has been processed
more and is more aromatic (Broder et al., 2017; Tiwari et al., 2022), a result which was
also found in all three streams despite catchment differences. In particular, DOM in
streamwater was more aromatic and of higher average molecular weight during the
drought compared with after the drought which occurred in 2021. Given that organic soils
leach DOM which is more aromatic and of higher average molecular weight, I can say
that during the drought it is most likely that streamwater DOM comes from organic soils.

I may also infer that during the drought, DOM came from lower soil horizons where
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DOM is altered due to biogeochemical processes and sorption (Inamdar et al., 2012;
Kaiser & Kalbitz, 2012; Shen et al., 2015), however the bedrock depth in these
Precambrian Shield catchments is quite shallow outside of near-stream organic soils
which limits the soil depth variability of landscape DOM sources outside of these areas.
Coupled with the knowledge that droughts lower water tables and reduce hydrological
connectivity, these findings strongly indicate that deeper soil horizons and near-stream
riparian zones and wetlands are the primary sources of streamwater DOM during the
drought.

Hydrological events often mobilize fresh DOM to streams, particularly
immediately following events (Pellerin et al., 2012; Wilson et al., 2013; Broder et al.,
2017; Wagner et al., 2019), which explains the post-drought shift in both DOM quantity
and quality in streamwater. Streamwater DOM load was highest and DOM quality was
slightly less aromatic and of slightly lower average molecular weight following the post-
drought flush, and this was found in both wetland-dominated and upland-dominated
streams. The finding of DOM load being highest post-drought among all three streams
shows both the hydrological disconnection between streams and landscape sources of
DOM, as well as the warm, dry, aerated soil conditions which likely promoted production
of DOM precursors which were later flushed to streams following the drought (Inamdar
et al., 2008; Worrall et al., 2008; Raymond & Saiers, 2010; Mehring et al., 2013; Oswald
& Branfireun, 2014; Tunalay et al., 2016; Werner et al., 2019; Fazekas et al., 2020;
Blaurock et al., 2021, Tiwari et al., 2022). The observed shift in DOM quality among
streams with different dominant landscape sources highlights the potential influence of

droughts on stream DOM quality, particularly those with longer durations and greater
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severities (Blaurock et al., 2021; Wu et al., 2022). Combining the knowledge that DOM
in streams post-drought is less aromatic and lower average molecular weight with the
previous finding that DOM quality from mineral soils is less aromatic and of lower
average molecular weight, I can say that post-drought DOM is coming proportionally
more from mineral soils relative to during the drought. Coupled with increased
hydrological connectivity, these findings indicate that DOM in streams post-drought has
greater contributions from more surficial soil horizons and more distant sources as the
catchment wets up.

In rewetting periods following droughts in boreal systems, changes in DOM
quality are more pronounced in streams with lower proportions of wetlands (Tiwari et al.,
2022). The stream draining the catchment with the highest proportion of wetlands had the
smallest change in DOM aromaticity from drought to post-drought. The upland-
dominated catchments had streams with substantial differences in DOM aromaticity
following the post-drought flush, and particularly immediately following this event the
difference in DOM was greatest. This suggests that DOM quality in wetland-dominated
streams is more resilient to hydrological change, whereas upland-dominated catchments
are more susceptible to sudden shifts in DOM quality as a result of hydrological change.
Like DOM concentration (Schiff et al., 1998), DOM quality in wetland-dominated
streams is more resilient to hydrological change because (a) water table and soil aeration
conditions fluctuate less frequently (Broder et al., 2017), (b) wetlands buffer hydrological
additions reaching streams (Lane et al., 2020), and (c) near-stream zones are typically the
dominant stream source (Ducharme et al., 2021). Though I typically find source-

switching more frequently in catchments with lower proportions of wetland, the drought
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conditions in this year caused the wetland-dominated stream to experience source-
switching similar to mixed and forested catchments from other boreal landscapes
(Berggren et al., 2008; Laudon et al., 2011).

The less aromatic, lower average molecular weight, and slightly less
allochthonous DOM found in streamwater post-drought may also be a product of in-
stream processing of DOM during drought-caused stagnation (Inamdar and Mitchell,
2007; Guarch-Ribot & Butturini 2016; Bernal et al., 2019; Granados et al., 2020),
although changes of DOM quantity or quality in headwater streams are more likely the
result of changes to landscape source (Singh et al., 2015; da Silva et al., 2021).

The range of DOM quality metrics indicate that DOM was always primarily of
allochthonous origin. Lower values of FI (<= 1.3) and BIX (<= 0.7) indicate that there is
almost no autochthonous production, and that DOM is primarily terrestrially-derived
(McKnight et al., 2001; Huguet et al., 2009; Jaffé et al., 2012); in these streams the DOM
had Fl values < 1.25 and BIX < 0.6. Higher values of SUVAzs4 point towards
streamwater with DOM from organic landscape sources (Fleck et al., 2004; Olefeldt et
al., 2013; Hansen et al., 2016), and lower values of Sy75.295 point towards streamwater
with DOM from terrestrial systems (Spencer et al., 2012). This means that in 2021 the
DOM was always primarily terrestrially derived, a finding which is ubiquitous with
headwater streams (Mulholland, 2003; Jonsson et al., 2007; Creed et al., 2015), due to

their inherent interaction with terrestrial landscapes (Freeman et al., 2007).

5.2.2 Contextualizing the source and fate of DOM in 2021 within the historical data
Given that 2021 was a dry water year, | should expect the c-Q relationships to be

similar to what was seen historically in dry water years. As the stream samples spanned
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from May 18 — Nov 2, it may be more helpful to compare the 2021 growing season
stream samples to the historical post-snowmelt growing season (June 1- Nov 30). Given
that the best predictors of DOC concentration in dry years during the post-snowmelt
growing season were daily flow in the upland-large stream and 28-day AQ in the
wetland-dominated and upland-small streams, these should be the most useful
relationships to look at to compare 2021 to historical data. Based on the historical daily
and antecedent c-Q analysis from dry water years post-snowmelt, | should expect to see a
positive c-Q relationship in the upland-large stream (with daily flow) and negative c-Q
relationships in the wetland-dominated and upland-small streams (with 28-day AQ)
across the 2021 growing season. This was indeed what | saw in 2021. There appeared to
be a threshold c-Q relationship in the upland-large stream, where DOM concentration
only increased above a certain level of discharge, which is supported by previous
research in Precambrian Shield watersheds, and at this study site showing that there is a
threshold catchment storage capacity under which large parts of these catchments become
hydrologically disconnected until these surface depressions effectively ‘fill-and-spill’
(Spence & Woo, 2003; Oswald et al., 2011). In the upland-small stream, | saw DOM
concentration decrease with increasing 28-day AQ. And in the wetland-dominated
stream, DOM concentration was lowest at times with high 28-day AQ. Overall, c-Q
patterns in 2021 were clearly heavily influenced by the drought, with DOM concentration
often distinct among time periods (pre-drought, drought, post-drought). This perhaps
illustrates that although there are general trends in c-Q analyses across growing seasons,
finer temporal resolution is required to better understand stream c-Q relationships

(Strohmeier et al., 2013; Werner et al., 2019).

50



While c-Q relationships can help to infer DOM source, understanding how DOM
quality changes with flow coupled with measurements of DOM quality at specific
catchment locations is one way to confirm these c-Q based inferences. Given that the
2021 c-Q relationships during and after the drought were in-line with historical c-Q
relationships, | can say that both the streamwater DOM quality and soil leachate DOM
quality observed in 2021 can inform us not only about where the DOM comes from in
this year, but also about where it is coming from in historical years. If | extrapolate 2021
to other dry years, I can say that in dry years, DOM comes from near-stream organic soils
during lower flow, but from mineral soils when flow is higher. Given that c-Q
relationships flip in the upland-dominated streams historically from dry to wet year, | can
also estimate where the DOM is coming from in these wet years. In wet years,
contributions of mineral soil DOM (in addition to the likely already present contributions
of organic soils) to streams are proportionally greater at lower flow compared to dry
years due to greater antecedent moisture and hydrological connectivity. Whereas at
higher flow, both organic and mineral sources of DOM are likely diluted as diminishing
returns in terms of hydrological connectivity are not enough to prevent source-limitation

in stream c-Q relationships, even in wetland-dominated streams.
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6. Conclusions

Boreal regions are experience disproportionately substantial climate change
impacts (IPCC, 2014; Hansen et al., 2006; Kirtman et al., 2013; Abbott et al., 2016;
Spinoni et al., 2018), and extreme hydrological conditions such as drought are predicted
to occur with greater frequency and severity (IPCC, 2014; Hansen et al., 2012; Creed et
al., 2015a; Buntgen et al., 2021), which has ramifications for the both the source and fate
of DOM (Evans et al., 2005; Tranvik et al., 2009; Raymond & Saiers, 2010; Pagano et
al., 2014; Prijac et al., 2023). Combined with previous research (Broder et al., 2017,
Gomez-Gener et al., 2020; Wen et al., 2020; Gomez-Gener et al., 2021; Tiwari et al.,
2022; Wardinski et al., 2022; Prijac et al., 2023), this study demonstrates how drought
fundamentally affects DOM loading to downstream surface waters by influencing both
the hydrology and biogeochemistry in headwater catchments. The onset and abatement of
drought illustrated how severe hydrological disconnection can substantially affect the
landscape source, quantity, and quality of DOM received in downstream surface waters.
Under dry conditions, landscape sources of stream DOM are near-stream organic soils,
while under wetter conditions the contributions of more distal mineral soils are more
substantial. While concentration-discharge relationships both in this study and from other
research show that DOM quantity and quality in headwater streams varies according to
catchment proportions and spatial arrangements of landscape characteristics such as
wetlands, and riparian zones, and upland areas (Williamson et al., 2008; Lintern et al.,
2018; Brailsford et al., 2021), drought can cause streams to experience similar changes in
DOM quantity and quality despite differences in catchment characteristics. This drought-

induced DOM response has implications for headwater streams draining catchments with
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different landscape characteristics under climate change scenarios with more frequent and
severe droughts. Pulses of DOM that is less aromatic and of lower molecular weight from
these landscapes in post-drought flushes may influence downstream aquatic ecosystems
and water quality (van Hees et al., 2005; Dittman et al., 2010; Aiken et al., 2011,
Szkokan-Emilson et al., 2017; Kritzberg et al., 2020). Although drought can create
similar situations among different catchments, the degree and timing of response in DOM
concentration and quality differed among streams which illustrates the need to further
understand local-scale landscape heterogeneity into account when making landscape-
scale predictions about stream DOM dynamics (Schiff et al., 1998; Oswald et al., 2011,
Laudon & Sponsellor, 2018; Creed et al., 2018; Yates et al., 2019; Fovet al., 2020; Wen
et al., 2020; Gomez-Gener et al., 2021). While understanding how the source and fate of
DOM is affected by climate change is complicated by the interacting control of climate
drivers (e.g., changing precipitation, temperature) (Leach et al., 2016; Creed et al., 2018;
Fork et al., 2020; Xenopoulos et al., 2021; Morison et al., 2022), the hydrological
conditions and landscape characteristics of catchments have a clear influence on the

DOM quantity and quality in receiving surface waters.
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7. Supplemental materials

7.1 Supplemental Figures
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Supplemental Figure 1: Histograms of stream DOC concentrations from 1981-2020 and

2021 water years.
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Supplemental Figure 2: Histograms of stream TDN concentrations from 1981-2020 and

2021 water years.
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Supplemental Figure 4: DOC and TDN concentration in 2021

102



7.2 Supplemental Tables

Supplemental Table 1: Catchment characteristics

Catchment Variable Unit Mean SD Range Min Max
Upland-Large Elevation m.as.l. 428 155 66.6 391 457
Upland-Small Elevation m.as..l. 420 12.2  56.6 392 448

Wetland-dominated Elevation m.as..l. 420 10.3 437 406 450
Upland-Large NDVI 0.457 0.116 0.7 0 0.699
Upland-Small NDVI 0.485 0.112 0.761 0 0.721

Wetland-dominated  NDVI 0.467 0.093 0.615 0.077 0.692
Upland-Large Slope  degrees 857 751 5238 0 52.8
Upland-Small Slope  degrees 6.83 5.63 444 0 44.4

Wetland-dominated Slope  degrees 831 791 66.9 0 66.9
Upland-Large TWI 368 101 7.23 0 7.23
Upland-Small TWI 3.79 0904 7.48 0 7.48

Wetland-dominated TWI 387 147 794 0 7.94
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Supplemental Table 2: Comparing DOC and TDN from 2021 to 1981-2020 stream data.

Analyte Year Mean sD Min Max
Upland-Large
DOC (mg/L) 1971-2020 23.3 7.18 0.06 73.1
DOC (mg/L) 2021 18.6 2.3 15.1 22.4
TDN (mg/L) 1971-2020 0.785  0.475 0 4,78
TDN (mg/L) 2021 0469 0.063 0.381  0.555
Wetland-
dominated
DOC (mg/L) 1971-2020 41.9 13.8 0.06 98.5
DOC (mg/L) 2021 53 17 32.6 70.9
TDN (mg/L) 1971-2020 0.746  0.277 0 2.32
TDN (mg/L) 2021 0.686 0.176  0.488 0.913
Upland-Small
DOC (mg/L) 1971-2020 20.4 711 0.06 67.9
DOC (mg/L) 2021 19.8 3.5 14.3 24.4
TDN (mg/L) 1971-2020 0.606  0.315 0 2.63
TDN (mg/L) 2021 0424 0.059 0339 0.521
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Supplemental Table 3: Linear regression values for historical c-Q relationships (log10

DOC x log10 Q) among dry and wet years spanning from 1981-2021.

Water year wetness P Value Rsquared Slope Intercept
Upland-Large
Dry 0 0.079 0.046 1.39
Wet 0.017 0.018 -0.024 1.35
Upland-Small
Dry 0.004 0.032 0.033 1.35
Wet 0.001 0.039 -0.035 1.27
Wetland-dominated
Dry 0 0.086 -0.054 1.64
Wet 0 0.12 -0.081 1.56

105



Supplemental Table 4: Linear regression values for historical c-Q relationships (log10

DOC x log10 Q) among dry and wet years from 1981-2021 during the snowmelt period.

Water year wetness P Value R squared Slope Intercept
Upland-Large
Dry 0 0.098 0.048 1.36
Wet 0.703 0.002 -0.007 1.24
Upland-Small
Dry 0 0.246 0.096 1.31
Wet 0.107 0.039 0.03 1.15
Wetland-dominated
Dry 0 0.319 -0.11 1.6
Wet 0 0.467 -0.165 151
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Supplemental Table 5: Linear regression model values for historical c-Q relationships

among dry and wet years from 1981-2021 after the snowmelt period.

Water year wetness P Value Rsquared Slope  Intercept
Upland-Large
Dry 0 0.175 0.073 1.44
Wet 0.005 0.034 0.03 1.41
Upland-Small
Dry 0.77 0.001 0.005 1.38
Wet 0.413 0.003 -0.009 1.31
Wetland-dominated
Dry 0.051 0.023 -0.025 1.67
Wet 0.033 0.02 -0.029 1.59
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Supplemental Table 6: Linear regression values for historical c-Q relationships using

antecedent flow (log10 DOC x log10 AQ) among dry and wet years from 1981-2021.

Water year wetness  Antecedent flow P Value Rsquared Slope  Intercept
Upland-Large

Dry 7-day 0.009 0.026 0.027 1.37
Dry 14-day 0.269 0.005 0.012 1.37
Dry 21-day 0.631 0.001 0.005 1.38
Dry 28-day 0.984 0 0 1.38
Wet 7-day 0.003 0.028 -0.032 1.38
Wet 14-day 0 0.043 -0.048 1.4

Wet 21-day 0 0.048 -0.055 1.42
Wet 28-day 0 0.041 -0.054 1.43

Upland-Small
Dry 7-day 0.857 0 0.002 1.34
Dry 14-day 0.232 0.006 -0.014 1.35
Dry 21-day 0.078 0.012 -0.02 1.36
Dry 28-day 0.04 0.016 -0.023 1.37
Wet 7-day 0 0.116 -0.062 1.32
Wet 14-day 0 0.158 -0.077 1.35
Wet 21-day 0 0.179 -0.086 1.38
Wet 28-day 0 0.165 -0.086 1.4
Wetland-dominated

Dry 7-day 0 0.305 -0.094 1.71
Dry 14-day 0 0.337 -0.103 1.74
Dry 21-day 0 0.332 -0.103 1.76
Dry 28-day 0 0.317 -0.1 1.76
Wet 7-day 0 0.245 -0.125 1.68
Wet 14-day 0 0.307 -0.15 1.75
Wet 21-day 0 0.326 -0.156 1.78
Wet 28-day 0 0.339 -0.175 1.84
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Supplemental Table 7: Linear regression values for historical c-Q relationships using

antecedent flow among dry and wet years from 1981-2021 during snowmelt.

Water year wetness Antecedent flow P Value Rsquared Slope Intercept
Upland-Large
Dry 7-day 0.003 0.055 0.038 1.33
Dry 14-day 0.161 0.012 0.019 1.34
Dry 21-day 0.645 0.001 0.006 1.35
Dry 28-day 0.952 0 -0.001 1.36
Wet 7-day 0.08 0.037 -0.031 1.28
Wet 14-day 0.037 0.053 -0.039 1.29
Wet 21-day 0.03 0.057 -0.04 1.3
Wet 28-day 0.036 0.053 -0.037 1.3
Upland-Small
Dry 7-day 0.001 0.08 0.049 1.27
Dry 14-day 0.021 0.04 0.034 1.27
Dry 21-day 0.104 0.02 0.023 1.28
Dry 28-day 0.279 0.009 0.015 1.29
Wet 7-day 0.79 0.001 -0.005 1.16
Wet 14-day 0.415 0.01 -0.016 1.18
Wet 21-day 0.315 0.016 -0.019 1.19
Wet 28-day 0.281 0.018 -0.02 1.19
Wetland-dominated
Dry 7-day 0 0.6 -0.132 1.69
Dry 14-day 0 0.64 -0.137 1.73
Dry 21-day 0 0.622 -0.133 1.75
Dry 28-day 0 0.592 -0.129 1.75
Wet 7-day 0 0.594 -0.181 1.66
Wet 14-day 0 0.62 -0.182 1.71
Wet 21-day 0 0.622 -0.178 1.73
Wet 28-day 0 0.613 -0.173 1.74
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Supplemental Table 8: Linear regression values for historical c-Q relationships using

antecedent flow among dry and wet years from 1981-2021 after snowmelt.

Water year

Antecedent flow P Value Slope Intercept
wetness squared
Upland-Large
Dry 7-day 0.001 0.1 0.059 1.4
Dry 14-day 0.006 0.071 0.05 1.39
Dry 21-day 0.008 0.065 0.051 1.38
Dry 28-day 0.025 0.048 0.044 1.38
Wet 7-day 0.018 0.024 0.027 1.39
Wet 14-day 0.16 0.009 0.02 1.38
Wet 21-day 0.695 0.001 0.006 1.39
Wet 28-day 0.997 0 0 1.39
Upland-Small
Dry 7-day 0.048 0.031 -0.034 1.39
Dry 14-day 0 0.099 -0.065 1.43
Dry 21-day 0 0.135 -0.078 1.45
Dry 28-day 0 0.153 -0.087 1.47
Wet 7-day 0.002 0.047 -0.036 1.33
Wet 14-day 0 0.101 -0.056 1.36
Wet 21-day 0 0.148 -0.071 1.39
Wet 28-day 0 0.157 -0.078 1.42
Wetland-dominated
Dry 7-day 0 0.206 -0.072 1.72
Dry 14-day 0 0.251 -0.084 1.76
Dry 21-day 0 0.263 -0.088 1.77
Dry 28-day 0 0.278 -0.091 1.79
Wet 7-day 0 0.118 -0.078 1.66
Wet 14-day 0 0.182 -0.108 1.72
Wet 21-day 0 0.217 -0.12 1.76
Wet 28-day 0 0.254 -0.15 1.83
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Supplemental Table 9: Mean, SD, Min, and Max of soil leachate DOM quantity and

quality in 2021.

Analyte Mean SD Min Max
Upland-Large

DOC 6.72 4.79 2.19 18.8
TDN 1.2 1.17 0.141 3.86
SUVA 2.14 0.429 1.39 2.82
S275-295 0.015 0.001 0.013 0.016
Sr 0.826  0.043 0.75 0.897

BIX 0481 0.074 0.268 0.641

FI 1.11 0.088  0.937 1.24

Upland-Small

DOC 5.78 3.63 2.49 15.9
TDN 0.895 1.12 0.158 5.26
SUVA 2.05 0.535 1.09 2.94
S275-295 0.015 0.001 0.012 0.017
Sr 0.827 0.076  0.671 1.02

BIX 0.467 0.1 0.136 0.59

FI 1.1 0.1 0.904 1.25

Wetland-dominated

DOC 29.33 13.9 3.51 50.7
TDN 3.6 1.57 0.149 55
SUVA 2.89 0.499 2.03 3.8
S275-295 0.012 0.001 0.011 0.013
Sr 0.702 0.043 0.636  0.803

BIX 0.447  0.059 0.31 0.555

Fl 1.02 0.043  0.959 1.08

111



Supplemental Table 10: Mean, SD, Min, and Max of streamwater DOM quantity and

quality in 2021.

analyte mean sd min max
Upland-Large
DOC 21.6 6.8 15.1 37.1
TDN 0519 0.124 0381 0.797
SUVA 3.18 0.102 3.02 3.37
S275-295 0.013 0 0.012 0.013
Sr 0.723  0.009 0.71 0.737
BIX 0502 0.032 0434 0.543
Fl 1.15 0.02 1.12 1.17
Upland-Small
DOC 21.1 4.5 14.3 29.8
TDN 0.453 0.092 0.339  0.655
SUVA 2.94 0.154 2.68 3.15
S275-295 0.013 0.001 0.013 0.014
Sr 0.735 0.016 0.713  0.756
BIX 0.523 0.041 0.46 0.595
Fl 1.17 0.038 1.13 1.25
Wetland-
dominated
DOC 54.3 15.3 32.6 70.9
TDN 0.704 0.16 0.488 0913
SUVA 3.01 0.175 2.79 3.2
S275-295 0.013 0 0.012 0.013
Sr 0.695 0.011 0.677 0.711
BIX 0.489 0.018 0.468 0.534
Fl 11 0.024 1.06 1.15
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