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ABSTRACT

Climate warming has been extensively documented over the last few decades, with northern
environments experiencing greater increases in temperature than lower and mid-latitudes.
Impacts of climate warming include: an increase in the rain to snow ratio, changes in
precipitation magnitude and timing, increased soil warming, permafrost thaw, latitudinal
and altitudinal expansion of tree-line, proliferation of tall shrubs into tundra, intensification
of the freshwater cycle, and changes to stream volume and water quality. However,
forecasting how these changes will affect northern, high latitude environments is difficult
due to a lack of process-based research across scales. Wolf Creek Research Basin (WCRB)
in Southern Yukon is a well-established mesoscale alpine catchment comprised of three
ecozones and has hydrometric and meteorological records spanning 25 years. In this thesis,
extensive field campaigns generated hydrochemical, stable isotope, and high-frequency in-
situ datasets that were analyzed in conjunction with historical data from WCRB to refine
and advance existing conceptual models. These distinct datasets were collected within a
nested experimental design to more precisely describe relationships between catchment
conditions, ecohydrological processes and stream water quantity and quality beginning at
the headwater scale and with scaling to the outlet of WCRB. Optical data was combined
with dissolved organic carbon (DOC) concentrations to assess source areas and in-stream
dissolved organic matter (DOM) quality across landscape units. Headwater DOC
concentrations and fluxes from 2015-2016 were compared to the previous decade to assess
changing export. In situ sensors that record chromophoric DOM (CDOM) at high frequency

were paired with discharge and conductivity measurements to assess concentration-
iii
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discharge relationships at event, seasonal and annual scales. Conceptual models of
conductivity and major ion transport were confirmed while high-frequency CDOM-Q
insights refined our understanding of DOC movement. As vegetation community
composition and characteristics change, it is expected that components of the water balance
will be altered at both the canopy level and within the critical zone. Compartmentalization
of water within the critical zone is increasingly important to provide insights into how water
cycles within catchments. Dual isotope and Ic-excess approaches showed that bulk and
xylem water were significantly different from the LMWL and stream water isotopes of §°H
and §'%0. Meanwhile, an increasingly enriched xylem water isotope signal overlapped with
bulk soil water values as the growing season continued, which suggests the opportunistic

use of available mobile soil water.
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PREFACE

This Ph.D. dissertation is composed of five chapters. Chapters 2, 3, and 4 constitute
the main body of the dissertation; each of these three chapters is written as a peer-viewed
journal article. Chapter 2 explores how dissolved organic carbon (DOC) and related optical
indices vary across a mesoscale alpine catchment underlain by discontinuous permafrost in
Yukon Territory, Canada. Chapter 3 evaluates differences between high-frequency
monitoring data and more traditional grab samples in a concentration-discharge (C-Q)
framework. This chapter explores how headwater C-Q relationships can be assessed at a
range of time scales to improve process understanding and update previous conceptual
models of solute transport and export. Chapter 4 explores how stable isotopes of hydrogen
and oxygen can be used to provide insights into the critical zone and vegetation water use

acCross a gI‘OWil’lg s€ason.
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CHAPTER 1

INTRODUCTION

Climate warming has been extensively documented over the last few decades, with
northern environments experiencing greater increases in temperature than lower and mid-
latitudes. Impacts of climate warming include: An increase in the rain to snow ratio,
changes in precipitation magnitude and timing, increased soil warming, permafrost thaw,
latitudinal and altitudinal expansion of tree-line, proliferation of tall shrubs into tundra,
intensification of the freshwater cycle, and changes to stream volume and water quality.
However, changes to water balance partitioning and biogeochemical cycling is limited by
a lack of process-based research across spatial scales. Traditionally, catchment hydrology
has combined hydrometric data with stable isotopes of water to determine hydrograph
composition while approaches assessing flow pathways, water cycling, and storage
proliferated in later decades (e.g., Hooper and Shoemaker, 1986; Vitvar, Aggarwal and
McDonnell, 2005; McGuire and McDonnell, 2006; Tetzlaff et a., 2014; Kirchner et al.,
2016a,b; Penna et al., 2018). Solute concentrations and hydrochemistry are other staples to
investigate flow pathways, assess the linkages between terrestrial and aquatic
environments, and estimate solute fluxes at multiple catchment scales (e.g., Godsey et al.,
2009; Shogren et al., 2019). A framework that incorporates novel technologies and analysis
methods has enormous potential to provide new information on both the spatial and
temporal processes that determine the movement of water and chemicals in watersheds and

their susceptibility to change (Kircher et al., 2004). This thesis employed high-frequency
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monitoring, and combined soil and vegetation isotopic tracers, coupled with traditional
methods to gain new insights into catchment function and behaviour. The combination of
In the past ten years, there has been limited application of new techniques and technologies
in cold environments and it has been several decades since our ideas of runoff generation

and water and chemical cycling in permafrost watersheds have been challenged.

1.1 Background

Climate warming at high latitudes has been extensively documented over the last
few decades with northern environments experiencing greater increases in temperature than
lower latitudes (Serreze et al., 2009, 2011; Screen et al., 2014; DeBeer et al., 2016).
Alterations due to warming include: (i) an increase in the rain to snow ratio, (ii) changes
in precipitation magnitude and timing (Prokushkin et al., 2005; Pumpanen et al., 2014;
Spence et al., 2014; Dore, 2015; DeBeer et al., 2016; Duan et al., 2017), (ii1) increased soil
warming, (iv) permafrost thaw (O’Donnell et al., 2011; Natali et al., 2015; Loranty et al.,
2017), (v) latitudinal and altitudinal expansion of tree-line and shrubification (Serreze et
al., 2000; Jorgenson et al., 2001; Schuur et al., 2007; Bonfils et al., 2012; Teufel and
Sushama, 2019), (vi) intensification of the freshwater cycle, (vii) and changes to stream
volume and water quality (Frey and McClelland, 2009; Frey et al., 2015; Bring et al., 2016).
Disturbances, including thermokarst and fire, are triggered by these changes; in turn, these
disturbances often exacerbate the aforementioned changes leading to altered solute sources,

fluxes and movement across terrestrial and aquatic environments (O’Donnell et al., 2012;
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Malone et al., 2013; Kokelj et al., 2013; Nossov et al., 2013; Koch et al., 2014; Abbott et

al., 2015; Burd et al., 2018).

Historically, our understanding of catchment hydrology in northern regions has
been based predominantly on data and monitoring records from the MacKenzie, Yukon,
Lena, Ob, and Yenisey River watersheds (Dittmar and Kattner, 2003; Raymond et al.,
2007). These continental scale river basins have long been recognized for their
disproportionately large contribution of water, solutes, and dissolved organic carbon
(DOC) to the Arctic Ocean. Sporadic sampling and focus on the snowmelt period were
common (Raymond et al., 2007; McClelland et al., 2007; Manizza et al., 2009). At this
large scale, more recent studies have demonstrated uncertain trajectories of stream volume
and solute sources under climate change, which will affect solute fluxes and export across
catchment scales (Holmes et al., 2012; Hugelius et al., 2014; Toohey et al., 2016; Tank et
al., 2016). This approach is limited due to a lack of integrated, process-based studies
spanning a range of conditions. Inferences made from observations in complex landscapes
are often mistranslated and there is a strong risk of drawing incorrect conclusions without
datasets and analysis from nested catchment studies that incorporate altitudinal gradients

with consequent landscape heterogeneity and vegetation gradients.

Headwaters contribute disproportionately large amounts of solute flux to
downstream environments and are often considered to be a base unit of larger-scale
catchments. Despite their relatively small area, headwater catchments typically include a

large amount of diversity including functionally distinct parts of the landscape (Abbott et
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al., 2018) such as riparian zones. In montane environments at larger scales, precipitation
phase and magnitude, vegetation species and size, temperature and a whole host of
additional hydroclimatic and ecological factors change rapidly with increasing elevation.
The Wolf Creek Research Basin (WCRB) has a hydroclimatic dataset spanning more than
two decades and existing monitoring infrastructure located at varying elevations and within
distinct ecozones (Rasouli et al., 2019). The multitude of detailed process-based
investigations on snow processes and the freshet period from previous research campaigns
are the foundation of existing conceptual models of catchment behaviour. This thesis adds
new information and uses novel approaches to assess catchment function in a nested
catchment study design at a variety of temporal scales. Sample collection began in 2014
and new datasets assembled from fieldwork campaigns include: (1) Hundreds of major ion,
dissolved organic carbon, and optical (including fluorescence) samples, (2) high-frequency
records for multiple, consecutive years at 15-minute resolution, and (3) thousands of stable
isotopes of water from plant xylems, soil layers and surrounding water bodies and sources.
These new datasets were assessed in the context of the long-term hydrometric datasets and

previous, detailed biogeochemical studies at WCRB to provide insights into processes.

1.1.1 Dissolved organic matter and optical methods

There is an emerging scientific consensus and growing societal concern over the arctic
carbon bomb theory, which suggests that feedbacks from climate warming will accelerate
atmospheric carbon dioxide (CO.) concentrations through the massive release of organic
carbon (OC) from permafrost soils (Treat and Frolking, 2015). At present, arctic permafrost

soils contain an estimated 1700 Pg of OC, over twice the carbon stock of the atmospheric

4
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COz pool (Schuur et al., 2009; Tarnocai et al., 2009). This permafrost OC is increasingly
vulnerable to change as the arctic freezer is thawing. Average annual temperatures in the
Arctic have increased at almost twice the global average in recent decades (Serreze et al.,
2009, 2011; Screen et al., 2014) with dramatic increases forecast under business-as-usual
climate scenarios (Hinzman et al., 2005). It is projected that permafrost thaw resulting from
arctic warming will release 41-288 Pg-C by 2100 and up to 616 Pg-C by 2300 (Schaefer et
al., 2011; Schurr et al., 2013). These numbers are staggering when it is considered that the
atmospheric COz pool in 1750 contained 580 Pg-C and current climate change effects are
occurring with an additional accumulation of ~250 Pg-C in the atmosphere. While the exact
magnitude of increase is uncertain, increased methane emissions, ecosystem respiration,
dissolved organic carbon export, and widespread thermokarst that may liberate ancient OC
have been documented (Vonk et al., 2015).

With an enhanced focus on arctic carbon processes, particularly in the fluvial domain,
optical techniques have become increasingly common as an approach to measure carbon
quality and to partition carbon chemical character according to sources such as the relative
contribution of soil, microbial and plant-derived sources and connectivity based on time of
year as well as episodic wetness (Stedmon, Markager and Bro, 2003). Optical methods
including spectral fluorescence rely on the capacity of organic matter molecules to absorb
light and/or fluoresce. The wavelength(s) at which light is absorbed and fluoresced
provides information as to the molecular structure, composition of the sample and origin
(McKnight et al., 2001; Cory and McKnight, 2005; Murphy et al., 2008; Hansen et al.,

2016). The extent of the absorption or fluorescence reaction and the calculated ratios are
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an additional line of evidence that build on older studies that used concentrations to
investigate sources and transformation pathways of dissolved OC (DOC) and organic
matter (DOM) (Perdrial et al., 2014). In Chapter 2, a nested study design was used to
explore the role and seasonal contribution of different landscape elements (headwater,
wetland, lake) to variability in DOC concentrations, flux, and DOM quality with increasing
contributing area. Water samples were collected from two headwater streams, a lake,
wetland, and the outlet of a complex mesoscale catchment underlain by discontinuous
permafrost for two consecutive years (2015-2016), along with metereological and
hydrometric measurements. Samples were analyzed for DOC concentration, a suite of
optical indices (e.g., biological index (BIX), fluorescence index (FI), freshness index
(fresh), modified humification index (HIX)), and a combination of the two (e.g.,
SUVA254), to link DOC concentrations to DOM quality in both space and time across
landscape elements. Over 200 samples from three years of data (including 2017) were
placed in a principal component analysis (PCA) to determine how landscape elements and

seasonal controls influenced DOC concentrations and optical indices.

1.1.2 Chemistry-flow interactions

One of the largest unknowns is how permafrost thaw will affect carbon and nutrient
production and fluxes in northern catchments. Organic carbon plays a large role in the
global carbon budget in the form of dissolved organic carbon (DOC) and particulate organic
carbon (POC). Dissolved organic carbon (DOC) is important to numerous biogeochemical

processes and acts as an energy source for stream ecosystems (Wetzel, 2003; Jansson et al.,
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2007,). DOC is a complexing agent for metals (iron, copper, aluminum, zinc and mercury)
and affects their solubility, transport and toxicity (Palmer et al., 2005). DOC also influences
organic pollutant transport, pH buffering and contributes to the acidity of surface waters
(Laudon et al., 2013; Birkel, Soulsby and Tetzlaff, 2014). Changes in the temperature and
water flow pathways at high-latitudes will impact the production and mobilization of DOC
and other dissolved and suspended materials in terrestrial and aquatic ecosystems (Frey &
McClelland, 2009; Tetzlaff et al., 2013; Vonk et al., 2015). Processes of DOC production
are strongly controlled by hydroclimate, soil characteristics, microbial and fungal
biological activity and vegetation cover (Laudon et al., 2013; Tetzlaff et al., 2014; Vonk et

al., 2015).

Permafrost environments are also characterized by high hydraulic conductivity, low
mineral content and low DOC sorption capacity in the soil layer lying above permafrost
(Striegl et al., 2005). These properties limit microbial transformation by facilitating rapid
transport of DOC to streams and rivers. Increases in the temperature, seasonal duration and
depth of the active layer due to climate warming will result in new sources of DOC from
thawed permafrost and vegetation shifts (Sturm et al., 2005) and shifting flow pathways
may transport this DOC to stream ecosystems. However, it is uncertain as to whether
catchment processes will facilitate or mitigate the transport of newly mobilized DOC to
streams and larger rivers. Permafrost thaw is expected to increase water transit times, which
provides the opportunity for increased microbial mineralization as well as DOC respiration
rather than increased transport from terrestrial to aquatic systems (Striegl et al., 2005).

Uncertainties about DOC concentrations fluxes in northern river systems are mirrored in
7
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predictions of altered annual and seasonal patterns in nitrogen, silica and other major ion
concentrations (McClelland et al., 2007; Walvoord & Striegl, 2007; Frey & McClelland,

2009; Tank et al., 2012; Holmes et al., 2012, Koch et al., 2013).

The impacts of disturbances such as thermokarst and fire on major ion and DOC
concentrations and export have been investigated in recent years. These abrupt changes
occur in addition to climate change impacts with already uncertain trajectories and it can
be difficult to disentangle these disturbance-based changes from climate change impacts.
Climate change impacts are forecasted to affect processes occurring throughout the year
while most conceptual models of solute sources, mobilization and transport are based on
investigations during the freshet period. Major ions can provide important information
about flow pathways and water-rock interactions through analysis of hysteresis loops.
Hysteresis is almost ubiquitous in natural systems and occurs whenever timing of solute or
stream discharge responses differ. These concentration-discharge patterns are typically
referred to as “C-Q” hysteresis loops and there is an extensive collection of literature on
the topic. Early analysis of in-stream C-Q hysteresis typically included qualitative
characterization of C-Q loop direction to provide information about the source areas and
their distance from the in-stream monitoring location (Evans and Davies, 1998; Godsey et
al., 2009). Rotational pattern (clockwise, anti-clockwise), concavity/geometry (convex,
concave), and slope/trend (positive, negative) were initially used to determine component
source water mixing although interpretation of C-Q patterns was constrained by several

assumptions (Evans and Davies, 1998).
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Techniques developed in subsequent years include calculation of log-log regression
slopes to provide more information about typical catchment behaviour responsible for
solute movement from the terrestrial to aquatic environment (Godsey et al., 2009).
Catchment behaviour can be described by three categories based on the value of the log-
log regression slope: (i) dilution, (ii) chemostatic or (iii) mobilization. A slope value that is
negative describes dilution while a neutral or positive slope described chemostatic or
mobilization behaviour, respectively (Godsey et al., 2009; Saraceno et al., 2015). In recent
years, the development of in situ sensors with the capacity to record concentrations at high-
frequency has led to new approaches and insights into dynamics between hydroclimatic
factors and in-stream hysteresis (e.g., Ruhala and Zarnetske, 2017). Using in-situ optical
sensors to study dissolved organic carbon dynamics of streams and watersheds. In this
thesis, major ions and DOC were the primary solutes of interest. For major ions, the often-
used specific conductivity (SpC) in situ sensor record was assessed in tandem with a novel
technology developed by Turner Designs. This high-frequency optical sensor is used for
dye dilution discharge monitoring and to record wavelengths that describe chromophoric
dissolved organic matter (CDOM) concentration. The in-stream dissolved organic matter

measurements are typically highly correlated to DOC concentration (Stedmon et al., 2011).

New normalized C-Q hysteresis metrics have been developed to keep pace with
high-frequency datasets (Lloyd et al., 2016). In Chapter 3, I explored this higher resolution
monitoring data to traditional grab samples, and determine if our previously held views of

catchment function and calculations of solute flux are supported or challenged.
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1.1.3 Stable isotopes of water as tracers

Tracers, particularly 6'®0 and §%H, provide alternative insight into catchment
hydrological processes, and when combined with hydrometric measurements allow a more
nuanced understanding of how water is stored, mixed, and released. They provide
information on water sources and ages (e.g. McGuire and McDonnell, 2006; Kirchner,
2016a, b), and are useful as they reflect water velocity (as opposed to celerity, which refers
to the speed that precipitation is translated to runoff) and flow paths, which are often
difficult to observe (Botter, Bertuzzo and Rinaldo, 2010; Birkel and Soulsby, 2015).
Information on water storage and ages has become increasingly important as hydrological
research has broadened its focus from quantifying water fluxes toward understanding which
specific waters are in flux and which are less mobile in storage (Tetzlaff et al., 2015; Birkel,
Soulsby and Tetzlaff, 2011, 2015; Smith, Tetzlaff and Soulsby, 2019). Much recent work
suggests that there is considerable compartmentalization in the hydrological cycle and
mixing is poorer than assumed (Tetzlaff et al., 2014). The hypothesis was initially
introduced as “two water worlds” by McDonnell (2014) and theorized that two separate
soil-water pools were sourced for plants and streams. An emerging body of research has
focused on the exploration of this hypothesis along with the slightly more nuanced
“ecohydrological separation” theory (Brooks, Barnard, Coulombe, & McDonnell, 2009;
Goldsmith et al., 2012; McDonnell et al., 2014; Evaristo, Jasechko, & McDonnell, 2015;
Bowling, Schulze, & Hall, 2017; Evaristo, Mcdonnell, Scholl, Bruijnzeel, & Chun, 2016;
Hervé-Fernandez et al., 2016; Berry et al., 2017). A global analysis confirms an absence of

data with regards to soil, xylem and ground water isotopic investigations in permafrost

10



Ph.D. Thesis — Nadine J. Shatilla; McMaster University, School of Geography & Earth Sciences

regions (Evaristo et al., 2015; Amin et al., 2019). Travel times and hydrological
compartmentalization have been identified as grand challenges in hydrology (Bloschl et al.,
2019) and are critical in bridging complex geochemistry issues with large-scale, integrative
hydrological characterization. Many biogeochemical processes occur along hydrological
flow paths (e.g., redox reactions, heterogeneous reaction kinetics, varying solubility

equilibria).

As with much of the circumpolar North, vegetation is rapidly changing in the
Southern Yukon. Vegetation influences spatiotemporal patterns in soil water moisture,
groundwater recharge and flow paths through interception, stemflow, transpiration,
hydraulic redistribution, and soil physical hydrological characteristics through root
functions (Brantley et al., 2017). Interception and evapotranspiration influence travel times
and volumes of percolating water in the unsaturated zone (Zwieback et al., 2019), which
regulates streamflow generation and the time scales for transport of solutes (Snelgrove,
Buttle and Tetzlaff, 2019). With rapid changes in vegetation, it is critical to understand the
water sources and potential age distribution within the various compartments of the soil-
plant-atmosphere continuum (Tetzlaff et al., 2015; Tetzlaff et al., 2015; Soulsby, Birkel
and Tetzlaft, 2016; Penna et al., 2018; Dubbert and Werner, 2019). Quantifying water ages
within evaporation, transpiration, recharge and soil storage compartments has been a recent
focus of work in temperate zones, with an increasing number of studies assessing the impact
of ecohydrological separation and water sources. Much of this work suggests transpired
water is derived from deeper, older sources of water, and that soil evaporation is from

younger, more surficial water with larger pores (McDonnell, 2014; Goldsmith et al., 2012;

11
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Evaristo et al., 2015; Berry et al., 2017). Plants are also thought to preferentially sample
bound, immobile water as opposed to more freely accessible mobile water. Despite some
focus on global, aggregated datasets (Evaristo et al., 2015; Amin et al., 2019), there has
been a gradual shift to meta-analysis and increased attention on inferring process
understanding from spatially and temporally diverse isotope investigations within
individual catchments. In permafrost environments, frozen ground typically provides a
first-order control on flow pathways and water availability depending on time of year
(Woo, 1990). The expectation in this environment is that perennially and seasonally frozen
ground will also be a strong control on soil and transpired water, however, there has been
no testing of this hypothesis in permafrost regions. In Chapter 4, new and historical
datasets from Granger Creek headwater catchment and other locations in WCRB were
combined with newly emerged techniques for determining bulk soil and xylem water
isotope composition. Soil and vegetation samples collected from within the Granger Creek
headwater catchment across two growing seasons were used to assess: (1) Whether the main
tenets of the “two water world” hypothesis held true, (i1) if patterns in bulk soil water
observed in other environments were consistent with our observations in a cold, montane
environment in the discontinuous permafrost zone, and (iii) if landscape position

significantly influenced soil and xylem water isotopic composition.

1.2 Objectives

The goal of this thesis is to employ new technologies and tracers to further our

process understanding of conceptual models of water and solute transport in northern

12
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environments. This research introduces new types of data, results of analytical innovations
and applies novel approaches to explore how distinct streams of data can be used to refine
existing conceptual models. The new datasets were generated from extensive field
campaigns over multiple years using a nested study design in Wolf Creek Research Basin
to explore both temporal and spatial scaling. The mesoscale research catchment, along with
the headwater basin Granger Creek, are long-term study sites with hydrometric and climatic
records spanning 25 years (Rasouli et al., 2019) along with sporadic hydrochemical and
isotope datasets from previous research initiatives (Boucher and Carey, 2010, Carey,
Boucher and Duarte, 2013). Traditional approaches and data collection were combined with
novel measurement methods and analyses to question existing conceptual models, and
whether new streams of data can be used to improve our understanding. Specifically, 1

asked:

1) How does dissolved organic carbon quantity and quality vary seasonally and
spatially in a well-studied headwater environment?

2) Is concentration-discharge information revealed at finer temporal resolution
meaningful, and does it challenge existing conceptual models?

3) What can patterns of xylem and bulk soil water isotopes tell us about vegetation
water sources in a shrub taiga landscape and can we observe ecohydrological
separation?

The results of this research are presented as three chapters that follow the format of peer-
reviewed journal articles in Chapters 2, 3 and 4. Conclusions drawn from the three research

chapters are summarized in Chapter 5, which also includes suggestions for future work.
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CHAPTER 2
ASSESSING INTER-ANNUAL AND SEASONAL PATTERNS OF DOC AND DOM
QUALITY ACROSS A COMPLEX ALPINE WATERSHED UNDERLAIN BY

DISCONTINUOUS PERMAFROST IN YUKON, CANADA

ABSTRACT

High latitude environments store approximately half of the global organic carbon pool in
peatlands, organic soils and permafrost while large Arctic rivers convey an estimated 18-
50 Tg C a-1 to the Arctic Ocean. Warming trends associated with climate change affect
dissolved organic carbon (DOC) export from terrestrial to riverine environments. However,
there is limited consensus as to whether exports will increase or decrease due to complex
interactions between climate, soils, vegetation, and associated production, mobilization and
transport processes. A large body of research has focused on large river system DOC and
DOM lability and observed trends conserved across years, whereas investigations at
smaller watershed scales show that thermokarst and fire have transient impacts on
hydrologically-mediated solute transport. This study, located in the Wolf Creek Research
Basin situated ~20 km south of Whitehorse, YT, Canada, utilises a nested design to assess
seasonal and annual patterns of DOC and DOM composition across diverse landscape types
(headwater, wetland, lake) and watershed scales. Peak DOC concentration and export
occurred during freshet per most northern watersheds, however, peaks were lower than a
decade ago at the headwater site Granger Creek. DOM composition was most variable

during freshet with high A254, SUVA254 and low FI and BIX. DOM composition was
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relatively insensitive to flow variation during summer and fall. The influence of increasing
watershed scale and downstream mixing of landscape contributions was an overall
dampening of DOC concentrations and optical indices with increasing groundwater
contribution. Forecasted vegetation shifts, enhanced permafrost and seasonal thaw, earlier
snowmelt, increased rainfall and other projected climate driven changes will alter DOM
sources and transport pathways. Results here support a projected shift from predominantly
organic soils (high aromaticity, less fresh) to decomposing vegetation (more fresh and
lower aromaticity). These changes may also facilitate flow and transport through deeper

flow pathways and enhance groundwater contributions to runoff.
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2.1 INTRODUCTION

High latitudes, particularly north-western regions of North America, are
experiencing some of the most rapid documented warming on the planet (Serreze and
Francis, 2006; DeBeer et al., 2016). This warming has intensified the Arctic freshwater
cycle (Bring et al., 2016) and resulted in landscape disturbance and change that alters
biogeochemical cycles (Vonk et al., 2015; Wrona et al., 2016). Carbon storage and cycling
have been the focus of considerable attention, as soils and sediments in the northern high
latitudes are estimated to store approximately 1300 Pg (~40 %) of the global belowground
organic carbon pool (Hugelius et al., 2014) and deliver ~10 % of the total freshwater input
to global oceans (Gordeev et al., 1996; Opsahl et al., 1999; Shiklomanov, 2000). The
mobilization and delivery of this terrestrial organic carbon has been identified as critical to
the global carbon cycle given initial estimates that Arctic rivers convey 18-26 Tg C a™! to
the Arctic Ocean (Dixon et al., 1994; Dittmar and Kattner, 2003). More recent studies
estimate between 25 and 50 Tg C a! are exported (Raymond et al., 2007; McGuire et al.,

2009; Johnston et al., 2018).

Changes in DOC export associated with warming are largely associated with
analysis of data from large rivers and links to altered catchment characteristics and
processes vary across study areas (McClelland et al., 2007). Regionally, Tank et al., 2016
reported a 39% increase in DOC flux estimates between 1978 and 2012 while Striegl et al.
(2005) documented an increase in flux along with a 40% decline in flow weighted DOC

concentration between 1978-1980 and 2001-2003 for the Yukon River. In a more recent
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analysis of the Yukon River, Toohey et al. (2016) suggest that from 2001-2014, there has
been no trend in DOC export whereas Ca, Mg, Na and SO4 and P fluxes have increased
significantly over the last thirty years. These increases are attributed to deeper flowpaths as
permafrost degrades, increased weathering and increased sulphate oxidation (Toohey et al.,
2016). Typically, DOC flux estimates are derived from limited spot water quality sampling
and rely on a relationship between water yield and DOC concentration to calculate loads
(Raymond et al., 2007; McClelland et al., 2007; Manizza et al., 2009; Holmes et al., 2012;
Tank et al., 2016). While the influence of changing mean annual temperature on DOC
production and transport across 49 northern watersheds was summarized by Laudon et al.
(2012), northern landscapes are also susceptible to fire and thermokarst. These disturbances
have a transient influence on hydrologically-mediated DOC transport that confounds
spatial and temporal patterns of DOC flux from non-permafrost terrigenous sources to the

river-ocean continuum (Larouche et al., 2015; Littlefair et al., 2017; Burd et al., 2018).

In northern and permafrost landscapes, the link between hydrological and
biogeochemical cycles and the role of frozen ground and organic matter has been well
documented in process-based studies (e.g. Maclean et al., 1999; Carey, 2003; O’Donnell
and Jones, 2006; Petrone et al., 2006; Carey et al., 2013a; Koch et al., 2013; Olefeldt and
Roulet, 2014; Burd et al., 2018). While wetlands have been highlighted as a source of DOC,
particularly in Scandinavian catchments, in permafrost environments the presence of
thermally-mediated flowpaths are critical. DOC export is often greatest during snowmelt
freshet when DOC is mobilized from organic rich layers such that peak concentrations and

high spring flows result in a large annual ‘flush’ (Boyer et al., 2000; Carey, 2003; Finlay
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et al., 2006). This behaviour is often observed in Western Canada but is not ubiquitous (Li
Yung Lung et al., 2018). Dependent on the soil profile, as flowpaths descend in response
to soil thaw, DOC mobilization typically declines and flow in mineral layers provides more
opportunity for immobilization and adsorption (MacLean et al., 1999; review by Kalbitz et
al., 2000; Carey, 2003; Kawahigashi et al., 2004, 2006; Frey and Smith, 2005). In some
environments, an increase in late fall DOC flux has been ascribed to freezing processes in
the soil column (Johnson et al., 2018). How this temporal relationship varies across scales
is less certain as few studies provide nested datasets yet analysis by Tiwari et al. (2014,
2017), and synthesis by Creed et al. (2015), suggest downstream mixing and deeper
subsurface sources of DOC mask process drivers including in-stream transformation as
scale increases. In addition, the role of photodegradation and oxidation of DOC to CO> in
large Arctic rivers has received considerable attention (Cory et al., 2014; Ward and Cory,

2016).

The lability (i.e. biodegradability) of dissolved organic matter (DOM) is a key
regulator of ecosystem function and primarily linked to molecular structure and
environmental factors such as temperature, vegetation, oxygen availability and microbial
activity (Schmidt et al., 2011). DOC is the mass of C in the DOM pool whose lability,
aromaticity and origins can in part be characterized using optical techniques. DOM
exported from large Arctic rivers during spring freshet has previously been reported as
highly labile (Raymond et al., 2007; Holmes et al., 2008; Spencer et al., 2008) with more
refractory DOM during recession periods (Holmes et al., 2008; Wickland et al., 2012).

DOM quality is expected to shift in response to permafrost thaw, thermokarst, vegetation
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shifts, wildfire and increasing precipitation during summer months associated with climate
warming (Davidson and Janssens, 2006; Frey and McClelland, 2009; Schuur et al., 2015).
Spectral indices and multi-dimensional analysis of large optical data sets from northern
landscapes have resulted in important insights into how DOM quality varies seasonally
(e.g. Striegl et al., 2005; Neff et al., 2006; Finlay et al., 2006; Spencer et al., 2008, 2009;
Prokushkin et al., 2011; Mutschlecner et al., 2018), and is linked to source material,
landscape characteristics (Kawahigashi et al., 2004; Harms et al., 2016) and disturbance

(Balcarczyk et al 2009; Abbott et al., 2015; Littlefair et al., 2017; Burd et al., 2018).

While information from large rivers is critical for estimates of DOM loading to the
Arctic Ocean, research at headwater scales that identifies controls on DOC production and
transport is relatively scarce and often points to multiple process mechanisms (Maclean et
al., 1999; Temnerud and Bishop, 2005; Larouche et al., 2015). Furthermore, much of our
understanding of DOC is biased towards lowland ecosystems, with relatively scarce
information from northern alpine systems (Laudon et al., 2012). The goal of this paper is
to enhance our understanding of the coupled dynamics of hydrology and DOC export and
composition (using optical properties of DOM) in a well-studied, discontinuous permafrost
alpine catchment in subarctic Yukon, Canada. We collected samples over two consecutive
years from freshet to late fall from two headwater catchments, a lake, wetland and the outlet
of a mesoscale catchment in a nested design to explore seasonal and annual variability in
DOC concentrations and DOM composition. Impacts of increasing catchment scale and

differing landscape types on DOM optical indices were also assessed.
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The specific questions addressed in this work were:

1) How do DOC concentration and DOM composition vary over multiple seasons across a
diverse mountain watershed, and 2) what are the factors that drive this variability across

scales?

This study provides important insights into how season and scale influence the sources and

transport of DOM in a cold alpine setting.

2.2 METHODS

2.2.1 Study Area

Several headwater streams, a wetland and a high elevation lake outlet were studied
within the Wolf Creek Research Basin (WCRB, 61°310 N, 135°310 W) located ~20 km
south of Whitehorse in Yukon Territory, Canada (Fig. 2-1). WCRB is a long-term research
watershed located at the edge of the Coast Mountains, spans an elevation ranging from 712
m a.s.l. to 2080 m a.s.l., and has a drainage area of ~179 km?. WCRB straddles three
ecological zones with boreal forest at lower elevations (predominantly White Spruce (Picea
glauca var. porsildii)) covering ~28% of the watershed; at intermediate elevations shrub
taiga comprises ~47 %, and at elevations above ~1500 m, alpine tundra and bare rock
surfaces predominate. WCRB has a relatively dry Subarctic climate (Koppen classification
Dfc) with 30-year climate normals (1981-2010) reported for Whitehorse Airport (706 m).
Average airport air temperature is -0.1 °C and precipitation is 262.3 mm, with 161 mm
falling as rain. However, considering that WCRB covers a large elevation gradient, colder

temperatures and considerably larger volumes of precipitation have been reported for high-
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elevation sub-watersheds (Pomeroy et al., 1999; Carey et al., 2013b; Rasouli et al., 2019).
The geological setting of WCRB is sedimentary sandstone, siltstone, limestone and
conglomerate. Atop bedrock, thick stony till and glacial drift covers most of the basin. Soils
in the top metre are generally sandy to silty and at higher elevations (taiga and lower tundra
ecozones), a veneer of surface organic soils with variable thickness predominates.
Permafrost underlies much of the basin (~43 %), particularly at higher elevations and on

north-facing slopes in the taiga and alpine ecozones (Lewkowicz and Ednie, 2004).

Much of this study focussed on the headwater catchment of Granger Creek (GC),
which drains an area of 7.6 km? and ranges in elevation from 1355 to 2080 m a.s.l.
(McCartney et al., 2006; Carey et al., 2013a) (Fig. 2-1). GC is above treeline (~1200 m)
and is dominated by Willow (Salix Sp.) and Birch (Betula Sp.) shrubs at lower elevations
with dwarf shrubs, lichen and bare rock above 1500 m. South facing slopes have a thin
organic layer overtop sandy soils whereas north slopes have thicker organic layers (10-30
cm) and are underlain with discontinuous permafrost. A wide riparian zone (50 to 100 m)
with a consistently high water table in the lower reaches of GC lies between the slopes.
Buckbrush Creek (BB, 60°31'18.01" N, 135°12'17.27" W), another headwater catchment,
drains an area of 5.75 km? and is located approximately 2 km west of GC (Fig. 2-1). BB
ranges in elevation from 1324 to 2080 m a.s.l. with similar physiographic characteristics to
GC. However, Buckbrush Creek is less incised than GC and the riparian zone shows

evidence of multiple overbank channels during high flow events.
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The site Wetland 1 (W1, 60°31'18.72" N, 135°11'34.71" W) is located at the edge
of a wetland complex located downstream of BB with an indeterminate drainage area. The
vegetation is dominantly sedges, with ponded water covering 200 m?. Coal Lake (CL,
60°30'36.65" N, 135°9'44.47" W) is a long-term hydrometric station located approximately
at the mid-point in the watershed at the outlet of an ~1 km? lake (Rasouli et al., 2019). A
large wetland complex is located upstream of CL, which is surrounded by steep slopes and
vegetation that transitions from boreal forest at lake level to alpine tundra at the top of

surrounding slopes.
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Figure 2-1. Map of Wolf Creek Research Basin (WCRB) with BB and GC catchments
delineated. All stream gauges (BB, GC, CL, W1 and WCO) are indicated by circles;
weather stations within WCRB are shown as triangles.

2.2.2 Field measurements

Discharge was measured using rating curves developed for each study season at all
sites except the WCRB outlet (WCO) and CL, which has retained a stable curve for the
past several years (discharge measurements at the WCRB outlet exist from 1992). Stilling
wells at each site were instrumented with Solinst Leveloggers and compensated with
adjacent Solinst Barologgers measuring stage/pressure every 15 minutes to provide

continuous flow records. Manual flows were taken frequently using a SonTek Flowtracker
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during high and low flows with salt-dilution gauging during periods when the channels
were beneath ice. Bushnell game cameras and in-person observation were used to document
when the headwater streams and outlet were ice-free in spring to validate the use of pressure

transducer measurements.

WCRB has three long-term weather stations to characterize the climate in each
ecozone (Alpine, Buckbrush, Forest). All radiation components, air temperature, wind
speed, vapour pressure and total precipitation are measured at 30 minute resolution, year-
round at each site with some gaps due to power loss (Rasouli et al., 2019). The rainfall data
reported in this study is from a tipping bucket rain gauge located at the nearby Buckbrush
weather station and have been compared with an Alter-shielded Geonor total precipitation
gauge for accuracy. A fourth meteorological tower (Plateau) in GC watershed has been
operating since 2015. Monthly snow courses are completed in each ecozone to determine
snow water equivalent (SWE), and on-site continuous measurements from a SR50 sensor
at Plateau along with snow pillow measurements from Buckbrush (Rasouli et al., 2019

provide instrumentation details) supplement these and provide information on melt rates.

2.2.3 Surface water sample collection and preparation

Surface water samples were collected from April 2015 to December 2016, with the
bulk of collection between April and September of each year with most samples collected
at GC and frequent sampling at BB and WCO. Only a few samples were taken at W1 from
2015 to 2016. For DOC, samples were field filtered with single use plastic syringes

submersed in the sample water immediately prior to sampling. Water was displaced through
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a 0.45 um VWR polyethersulfone syringe filter and collected in a 60 ml opaque amber
HDPE bottle. Duplicates were taken approximately every 10 samples. All samples were
kept cool and out of direct light before being shipped for analysis. DOM water samples
were filtered in situ and stored cool in 40 ml glass amber vials. In situ filtration with a
syringe kept the time between sample collection and filtration to a minimum, particularly
during freshet when logistical constraints meant that researchers remained in the catchment

for up to two weeks at a time before returning to Whitehorse.

2.2.4 DOC and DOM fluorescence analysis

Water samples were sent to the Biogeochemical Analysis Service Laboratory
(University of Alberta) for analysis on a Shimadzu 5000A Total Organic Carbon analyzer
for DOC concentration following the US EPA protocol 415.1. The reportable detection
limit provided by BASL for these samples was 0.1 mg/L In total, 330 surface water samples
were collected from 2015 to 2016 as outlined in Table 1. Of the 330 DOC samples, ~215
were analysed for DOM quality using fluorescence spectroscopy. Seven additional samples

from CL in 2017 were analysed for DOC concentration and DOM quality.

The fluorescence excitation emission matrices (EEMs) were obtained from 0.45 pm
PES-filtered water samples using a Yvon Jobin Aqualog Benchtop Spectrofluorometer
(HORIBA Scientific, Edison, NJ, USA). I ran the majority of water samples at McMaster
University with support for samples from 2017-2018. Fluorescence spectra were recorded
at an excitation range of 240-600 nm in steps of 5 nm with an emission range of 212-620

nm, in steps of 3 nm. The integrated Raman spectrum was checked before each run and
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compared to prior values to ensure consistent lamp intensity. A sealed Quinone Sulfate
sample and blank pair were also run prior to each batch of samples and compared to prior
values to ensure consistency. Fluorescence spectra were normalized to the area under the
Raman scatter peak (peak excitation wavelength 397 nm) of a sealed Milli-Q water sample
prior to all sample runs. A lab blank of distilled water was also appended to each sample
run and every 4 sample runs, a sample was repeated. Scatter from the sealed Raman Milli-
Q sample was subtracted from each sample fluorescence spectrum. The correction and
normalization of samples to the Raman standard resulted in normalized intensity spectra

being expressed in Raman units (R.U., nm ™).

Blank subtraction, Rayleigh scatter and inner filter effects were corrected using the
Aqualog(R) software. Subsequent EEM corrections and smoothing were done with the
DrEEM toolbox (Murphy et al., 2013) in Matlab (Mathworks Inc., Massachusetts, USA).
Results were considered comparable to each other since all data were collected from a

single instrument and the Raman standard emission intensity was verified for each data run.

Optical data obtained from the Aqualog(R) was used to calculate optical indices.
SUVAss4 (L mg C! m™) is calculated as UV absorbance at 254 nm (m™') divided by DOC
concentration (mg L) (Weishaar et al., 2003) with a unit correction based on the cuvette
path length. SUVA2s4 is commonly reported along with DOC concentration and is
positively related to aromaticity in bulk DOM (Weishaar et al., 2003) with higher values
indicative of a strong terrestrial signal (Jaffé et al., 2008).Typically, SUVA values greater

than 4.5 L mg C! m™! denote high absorption at 254 nm due to colloids or iron (Weishaar
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et al., 2003; Hudson et al., 2007). Research in northern peatlands associated peat soil
leachates with relatively lower SUVAxs4 values of 3.0 L mg C! m™! (Olefeldt et al., 2013).
Allochtonous, terrestrial DOM 1is associated with increased aromaticity and a higher
SUVA2s4 value while lower SUVA values are related to modified terrestrial DOM. The
biological index (BIX) is the ratio of emission intensities at 380/430 nm at an excitation
wavelength of 310 nm (Huguet et al., 2009). Higher BIX values indicate greater
autotrophic productivity (Huguet et al., 2009) or greater relative freshness of bulk DOM
(Wilson and Xenopoulos, 2009) while lower values indicate older, more terrestrial DOM.
The fluorescence index (FI) is calculated as the ratio of fluorescence emission intensities
at 470/520 nm at an excitation wavelength of 370 nm (Cory and McKnight, 2005). FI is
used to differentiate between DOM derived from microbial sources (1.7-2.0) or higher
terrestrial plant sources (1.3-1.4) with intermediary values indicative of mixing (McKnight
et al., 2001; Jaffé et al., 2008; Fellman et al., 2010). Typical values reported for inland

rivers are between 1.3-1.8 (Brooks and Lemon, 2007).

In addition to the DOM quality indices reported and discussed throughout this
paper, absorbance at 254 nm (A254), the freshness index (Parlanti et al., 2000) and the
modified humification index (HIX: Ohno, 2002) were also calculated and compared with
the other indices. BIX and the freshness index were highly correlated (r* : 0.99, p<0.001)
for all sites, years and seasons. A254 and DOC concentrations also showed high correlation
(r? : 0.95-7, p<0.001). Due to similarity in temporal trends of DOM indices, HIX was not
reported independently of the parameters mentioned above. HIX is calculated by summing

the peak area under emission intensities from 435-480 nm divided by that of 300-345 nm
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at an excitation of 254 nm (Zsolnay et al., 1999). Higher HIX values are related to an

increased degree of humification (Huguet et al., 2009; Fellman et al., 2010).

2.2.5 DOC Load Calculations

DOC fluxes for GC were estimated using the R package RiverLoad (Nava et al.,
2019). RiverLoad provided several methods to generate estimates of DOC flux and for this
paper, Methodl (time- weighted Q and C) was chosen as most appropriate. Briefly,
Method]1 considers the mean concentration and mean flow of each sample to obtain a load
value and is biased towards underestimating load in some situations (see Nava et al. 2019,
Section 2.1.1 for full details and equation). Daily discharge data and DOC concentrations
(maximum of 1 measurement per day) for 2002, 2003, 2006 and 2008 were obtained from
the authors of Carey et al., 2013a. DOC concentrations (maximum of 2 per day) and
discharge at 15 minute resolution for 2015 and 2016 are outlined in Sections 3.2 and 3.3).
Any gaps in the discharge data were filled by time-weighted interpolation, however there
were no gaps greater than 3 days during springs flows for any year (2002, 2003, 2006,

2008, 2015, 2016.

2.2.6 Statistical analysis

General descriptive statistics including the mean and standard deviation were
calculated for DOC, SUVA;s4 and the fluorescence indices and compiled in Table 1. To
better assess differences between landscape units (e.g. headwaters, wetland, lake,
catchment outlet), principal component analysis (PCA) was performed using DOC

concentrations and optical indices (i.e. FI, BIX, Freshness, HI, SUV A»s4). These variables
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were scaled and then standardized into a covariance matrix to avoid larger magnitudes
exerting greater influence than smaller magnitudes. The PCA was performed using R
software version 3.4.0 (R Core Team 2017) in RStudio with R function princomp(), and
packages ggplot2, GGally, ggpubr, lubridate, magrittr, grid, dplyr and tidyr for calculating

descriptive statistics, correlations, data manipulation and visualization.
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Year Sites  DOC (mg/L) SUVA,s, BIX FI
Spring Summer Fiw Spring Summer  F/W Spring Summer F/w Spring Summer F/Iw
2015
BB 1.77£0.66(5)*  1.25£0.31(11)  1.19£0.39(9)*  3.30+0.58(3) 3.88+0.55 2.72+0.42  0.55£0.04  0.60£0.01 0.60£0.03 1.49£0.06  1.54+0.03 1.57+0.76
A o (S 2)
CL  2.90(1) 2.60(1)
GC 2.8942.29(52) 1.07x0.21(36)  1.75£0.76(17) 3.21+0.84(22)  3.81x0.75 2424033 0.69:0.06  0.60£0.02 0.65+0.02 1.52£0.06  1.54£0.04 1.57+0.04
Ar* A A B ( 1 4) (3)
Wi 15.8(1) 3.94(1) 0.47(1) 1.46(1)
wco 1.79£0.90(14) 2.210.17 0.66+0.03 1.62+0.03
B* ( 1 0)
2016
BB 2.34£0.87(14)  1.42+027(23)  1.50£0.20(3)  3.56:0.48(10)  2.81x0.59 2454028 0.513+0.03 0.58+£0.03 0.62+0.02 1.45£0.04  1.52£0.06 1.52+0.00
A Asepee A (16) (3) Arepe Ase B A A
Are e
CL 3.1540.35(2)
GC  4.324£2.56(43)  1.7120.34(32)  2.00=0.57(20) 3.86+1.40(37)  2.86+0.38 3.14£0.32 0.513£0.06 0.58+£0.03 0.60+0.04 1.45+0.04  1.50+£0.04 1.50+0.02
A Asepee A Asepes amn (11ya™ Are e Asepes A Are e A A
Are e
Wi 6.70(1) 73720.64(10)  6.95:0.21(2)  4.77(1) 4.04+0.60 0.58(1) 0.63+0.05 1.58(1) 1.540.04
(7
WCO  2.69+0.80(18) 2.58+0.44(22)  2.35£0.35(3)  2.83+0.42(12)  2.70£0.28 2.69+0.11 0.582+0.04 0.60+0.02 0.66+0.03 1.53£0.02  1.54£0.03  1.55+0.01
A Arepee A (19) 2) Arpr Arpe Arprr A

AYe e

Table 2-1. Summary statistics for DOC, SUVA, BIX and FI at all sites over 2015-6. Seasons are separated with spring (15 April
- 15 June); Summer (16 June - 15 August); Fall/Winter (16 August - 14 April). Significant differences from non-parametric
Kruskall-Wallis tests across seasons for the same site are indicated by A while significant differences across sites during the
same season in the same year were indicated by B. p<0.05 (*) or p<0.001 (**). Notation = + standard deviation (n: number of

samples).

40



Ph.D. Thesis — Nadine J. Shatilla; McMaster University, School of Geography & Earth Sciences

2.3 RESULTS

2.3.1 Climate

For 2015 and 2016, the average annual air temperature as recorded at the
Whitehorse airport weather station was 1.4 and 2.4 °C respectively, which is warmer than
the 30-year normal (1980-2010). May average monthly temperatures in both years were
well above the normal, with an average air temperature of 11.8 °C in May 2015 compared
with a normal of 7.3 °C. Average annual air temperatures measured at the Buckbrush
weather station (mid-basin) were -0.6 and -0.0 °C respectively for the two years (Fig. 2-2).
Persistent inversions in winter result in warmer temperatures at higher elevations from
December through to February. Accurate measurements of total precipitation have not been
recorded at Whitehorse airport for several years, limiting long-term context but rainfall
values from a nearby (~ 3 km) station were used for 2015-6 as well as rainfall from the

Buckbrush weather stations (Fig. 2-2).
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Figure 2-2. Climate variables from Whitehorse Auto (Rainfall; 60°43'59.000" N,
135°05'52.000" W135°05'52.000" W, 707 m a.s.l., Whitehorse Airport (Snow on ground,
Mean daily temp; 60°42'34.200" N, 135°04'07.800" W) and Buckbrush weather stations.
(Left) Rain (measured in mm) from Whitehorse Auto (Climate ID: 2101310) located 3 km
from Whitehorse Airport, snow on ground (in cm) and mean daily air temperature (°C)
from the Environment Canada Airport weather station (YXY, Climate ID: 2101300)
located ~ 14 km NW of Forest at 706 m a.s.l. (Right) Rainfall daily totals in mm were
derived from hourly measurements, snow water equivalent (SWE) in mm based on 3 hour
measurements from a snow pillow beside Buckbrush weather station. Daily average air
temperature (°C), derived from 30 min measurements.
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2.3.2 Discharge

The 2015 and 2016 hydrographs for GC and the Wolf Creek outlet (WCO) exhibited
patterns typical of northern watersheds but were distinct in that both years have a late-
season increase (Fig. 2-3), which is rare in the GC and WCO historical record (Carey et al.,

2013a,b; Rasouli et al., 2019).

4 —2015
I | - 2016
I
!
1.5
3,
_—
‘ Y
w c
X S
E 1.0 H
o 21 =
o 3
© 3
S o
2 -
fa
1 0.5
0 0.0
150 200 250
DOY

Figure 2-3. Historical flow at WCO with 2015-6 flows superimposed. Grey area represents
inter-quartile range of 1993-2013 data. Solid line = 2015; dashed line = 2016. Day of year
(DOY) along x-axis.
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Summer flows were also greater than typically observed. For GC, in 2015 while
there was an early measurable stream response on 9 May, freshet began on 14 May when
flows increased from ~0.02 m’s™ to daily flows averaging ~0.5 m’s™! over 9 days. Peak
2015 daily discharge was 0.67 m’s™! on 22 May, thereafter flows began to decline to
summer levels ~0.2 m®s!. In response to ~125 mm of rain between 17 August and 11
September, flows increased to ~0.46 m>s' on 14 September before gradually declining.
Discharge at BB for 2015 and 2016 were slightly lower magnitude than GC with delayed
flow response to both freshet and summer rainfall. Data loss resulted in incomplete
discharge data for both years at BB. Manual measurements are shown in Fig. 2-3 to
supplement continuous measurements. Discharge at WCO followed a similar pattern to
GG, rising from a winter baseflow of ~0.4-0.5 m’s! on 3 May to a peak freshet of 2.68 ms-
' on 24 May. As with GC, flows increased in September prior to the removal of the
transducer on 1 October. Flows in 2016 were distinct at both GC and WCO when compared
with 2015 and the historical record, exhibiting a more pronounced response to snowmelt
than 2015 that occurred much earlier in the year in comparison to the 25 year record (Fig.
2-3). There was no distinct snowmelt freshet event in 2016, instead a gradual increase in
flows was punctuated with hydrograph rises that corresponded with both snowmelt and
summer rainfall events. Flows were of the same general magnitude to those in 2015, and
once again large late season rainfalls (~115 mm between 17 August and 10 September)
resulted in high September flows, with peak discharge at WCO recorded at 3.9 m*s'on 13
September. Flows declined again until the transducers were removed on 17 October, yet

were very high compared with mid-season flows.
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Figure 2-4. Flow, DOC and optical indices for WCRB study sites. (a) Daily discharge data
from WCO shown from April 2015 to October 2016. (b) Daily discharge data from GC
(dark grey) and BB (light grey). (c) DOC concentrations in mg/L from grab samples over
the study period with BB (light grey, circle), GC (dark grey, triangle), Wetland 1 or W1
(orange, square), WCO (light blue, +).
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2.3.3 Dissolved Organic Carbon (DOC) Concentrations

Sampling in 2015 was largely confined to GC and BB with more extensive sampling
at other sites in 2016. For GC, similar patterns were observed in both years with over-winter
and pre-freshet DOC concentrations below 1 mg L™! and rising to ~10 mg L! on the rising
limb of the first snowmelt flush followed by a rapid decline to levels between 1 and 2 mg
L-! throughout the summer and with a slight rise in the fall. Seasonal statistics for DOC are
presented in Table 2-1. In 2015, the single freshet event corresponded with the rise in DOC,
yet the rise and fall in DOC concentration occurred fully on the rising limb of the freshet
hydrograph between 7 May and 29 May. The maximum DOC concentration of 9.8 mg L"!
on 15 May corresponded to a 13.8 mm rain event atop a sporadic snowpack with largely
frozen soils. After June, DOC concentrations continued to decline with slight increases
corresponding to rainfall events. Towards the end of the measurement period in 2015, DOC
concentrations rose to a maximum of 3.6 mg L' with increasing discharge in response to
sustained precipitation. Over-winter values in December and January declined to ~1 mg L~
!, This pattern of DOC behaviour was remarkably similar at the adjacent BB catchment
which had more limited sampling. In 2016, the spring rise in DOC at GC and BB
corresponded to the period immediately after the first small snowmelt pulse but prior to the
bulk of the freshet signal (Fig. 2-3). Concentrations again rose to ~11 mg L™! with a steep
recession to summer levels where rainstorms would occasionally increase concentrations
above 2 mg L', As in 2015, a wet late season with a large hydrograph increase resulted in
increased DOC concentrations near 3 mg L™! but concentrations were much less than for

corresponding freshet flows.
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Sampling at WCO began in late fall 2015 with DOC concentrations of ~2 mg L!
and remained near this level through April 2016. Concentrations increased during the early
phases of open water freshet, yet only rose to ~5 mg L' on 26 April and then declined to
summer levels between 2 and 3 mg L', with some variability related to rainfall events.
While sampling was limited, there did not appear to be a notable increase at WCO during
the wet fall in 2016. At W1, DOC was ~16 mg L™! on the first sampling date of 27 April,
and then post-freshet samples in June through September had concentrations between 7 and
9 mg L!. Concurrent DOC and fluorescence samples were only collected from CL post-

freshet during summer and fall of 2017.

2.3.4 DOC Loads

Export estimates for the six years of available data from GC range from 0.29 to 1.48
g C m during spring (15 April to 14 June); between 0.08 to 0.31 g C m™ in summer (15
June to 14 August); 0.28 and 0.20 g C m™ during fall in 2015 and 2016, respectively (Table
2-2). No estimates were made for fall in 2002, 2003, 2006 and 2008 due to a lack of
concentration data. Spring DOC export was lowest during 2003 (0.42 g C m™) and 2016
(0.29 g C m™), two years characterized by a staggered snowmelt leading to relatively low
discharge during peak DOC concentrations (Fig. 2-4abc; Fig 4 in Carey et al., 2013a). Total
export during summer was relatively consistent across 2002, 2003, 2006 and 2015 at 0.12,
0.19, 0.14 and 0.08 g C m™ while it was appreciably higher in 2008 and 2016 at 0.31 and
0.28 g C m™, respectively. Fall DOC export estimates for 2015 and 2016 were 0.28 g C m
2 and 0.20 g C m™. DOC export estimates for WCO in 2016 were 0.06 g C m™ in spring,

0.09 g C m™ in summer and 0.09 g C m™ for fall (Table 2-2).
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2.3.5 Optical Indices

While there exists a large number of optical indices in the literature (see Hansen et
al. 2016), in this work we report the widely utilized SUV A»s4, biological index (BIX) and
fluorescence index (FI) to help infer the source and composition of DOM (Table 2-1). For
GC, SUVA»s4 exhibited considerable variability compared with DOC concentrations. In
2015, SUVA2s4 declined from > 5 to ~ 1 L mg C' m™! rapidly between 19 and 26 April in
response to loss of channel ice, and then rose to reach a local maximum of ~4.1 L mg C"!
m' on 10 May that corresponds to the annual peak in stream discharge. SUVAxss then
declined on the receding freshet limb yet increased markedly in June in response to 18 mm
of rain (11 to 18 June), whereupon it ranged between 2.8 and 4.5 L mg C' m'.

Limited under-ice sampling suggests SUVAzs4 remained relatively consistent
between 2 and 3 L mg C!' m™! before falling to 1 L mg C"' m!, prior to the onset of freshet
when values rose dramatically to 5.2 L mg C! m™! before gradually declining through
August with considerable variability. Following the wet fall in 2016, SUVA2s4 began to
rise to values > 3 L mg C' m’. Patterns of SUVA,s4 for BB were similar to GC in both
years. SUVAps4 started low in spring 2015 at the headwater catchments before rising
slightly in summer whereas the opposite occurred in 2016. For WCO, samples over the
2015-16 winter declined slightly from 2.5 to 2 L mg C' m’!, and then during freshet
increased to ~3.7 L mg C!' m™! and then gradually declined to ~2.5 L mg C' m™! with some
increases associated with rising discharge. SUVA2s4 at W1 was on average higher
compared with other sites, although limited sampling makes it uncertain as to any temporal

pattern.
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BIX tended to be inversely related to discharge (and DOC concentration) during
freshet at the headwater sites (GC, BB) (Fig. 2-4). For GC in 2015, BIX fell from just above
0.7 to 0.49 during peak freshet and then increased to between 0.55 and 0.65 during summer.
Values increased over winter to a maximum of 0.71 prior to 2016 freshet where a steep
decline to values < 0.45 occurred during the early phase of runoff in May and then gradually
returned to values between 0.55 and 0.65 with declines associated with rainfall-driven
spikes in the hydrograph. The late season increase in discharge did not strongly influence
BIX at GC. BIX exhibited similar patterns between 2015 and 2016 at the headwater sites
with minimum values during spring in both years followed by an increase, which plateaued
in summer 2015 but continue to rise slightly during the 2016 summer. BIX for WCO
increased over winter before also declining during early melt in 2016 and then rose to
values ~0.65 with some large increases (as opposed to decreases at GC) during storm
events. Timing of declines to rainfall events was slightly offset between the headwater sites
and the outlet WCO. At W1, BIX values increased slightly throughout the sampling period

in 2016 (Fig. 2-4).

FI at GC and BB exhibited patterns similar to BIX but inverse to SUVA»s4 (Fig.
2-4). In 2015, FI declined from 1.65 to 1.4 as DOC rose on the rising freshet limb, and
then declined to values between 1.5 and 1.6 during summer. In 2016, FI values again
declined from 1.6 to 1. during freshet yet were on average lower than 2015 but also
gradually increased throughout summer with a small decline during the wet late summer.
For WCO, winter FI ranged between 1.55 and 1.65 and more gradually declined during

freshet to ~ 1.5 and then increased slightly with more limited variability throughout the
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summer. A small decline during the wet period in late September was observed. Over the
two study years at GC, BB and WCO, mean FI was lowest during spring, and higher in
summer (2015, 2016) than in fall 2016. For W1, FI was low at 1.45 on the first sampling
date in spring 2016 when DOC was high, and then increased with some variability but

values were on average greater than those at GC and BB.

2.3.6 Principal Component Analysis

A principal component analysis (PCA) using 216 samples from across WCRB over
three years was completed to explore landscape and seasonal climate controls on DOC
concentration and quality (Fig. 2-4). DOC concentrations and fluorescence indices at BB
(2015-7), CL (2017), GC (2015-7), W1 (2016-7) and WCO (2015-7) were introduced into
the PCA for insight into how landscape type influences DOM quality at WCO (Table 2-
S1). The first principal component (PC1) explained 56.8 % of the variance in the data and
was selected based on screeplot analysis, a drop in the proportion of variance explained and
the Kaiser criterion (Kaiser and Rice, 1974). The remaining principal components (PCs)
explained much less of the variance than PC1 (Table 2-S3). PC1 predominantly represents
the relationship among DOM quality and concentration and is positively and negatively
correlated with all DOM fluorescence indices except for HIX. PC2 explained 15.8% of the
variance and was most closely related to a single variable (HIX) with little relationship to
the other analytes (Fig. 2-4). Further PCs were not explored (See Supplemental Materials

for more details).
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BB and GC plotted similarly and are shown together (Fig. 2-5) to highlight
differences between the landscape types rather than between the two headwater sites. DOC
concentrations and SUVA»ss4, BIX/Freshness and HIX most strongly distinguish the
samples in the PCA. Spring samples from the headwaters and wetland plot mostly to the
right along PC1 due to high DOC concentrations and SUV A»s4 measured during that time
period. Headwater samples span almost the entire PC1 axis due to the high variability in
spring-time DOC and streamflow. Fall/winter samples are predominantly located left of the
zero-line (Fig. 2-5) for all sites. All CL samples cluster together. Some separation of DOC
concentrations and DOM indices is shown due to high DOC, BIX and/or SUV A2s4 values

(Fig. 2-6).

51



Ph.D. Thesis — Nadine J. Shatilla; McMaster University, School of Geography & Earth Sciences

HIX
X

w

o

PCZI (15.87% of variance explained)
w
&
$

-4 2 0 2 4 6
PC1 (56.83% of variance explained)
*BBeGCeCL>W1eWCO cFall WinterASpringmSummer

Figure 2-5. Biplot from PCA. PC1 on the x-axis and PC2 along the y-axis. X indicates
where the point of the loadings with the applicable index written nearby. Samples are
grouped by season: Triangles = Spring (15 April-15 June); Squares = Summer (16 June-15
August); Circles = Fall/Winter (16 August-14 April). Samples are also grouped by
landscape type: Bright blue = Mesoscale outlet (WCO); Dark blue = Lake (CL); Orange =

Wetland (W1); Grey = Headwaters (light grey — BB, dark grey — GC).

52



Ph.D. Thesis — Nadine J. Shatilla; McMaster University, School of Geography & Earth Sciences

@ 16 ) £ A1 OFall Winter
— £ ol A Spring
T2 A 0 ® Summer
[@)] -~ (o)}
E s - PO Es " *BB
O A A S in ... = A .GC
o , 3 p Py oY . Ve oCL
o ™ 'f A > 3  \ oW1
oA > 7[R *WCO
“Z 2 o0 2 & 6 4 2 0 2 4 6
PC1 PC1
(0 (d) o
1.6- 07
_ . X0.6
1.5- @
05
1.4-
-4
- = (H 095 = |
w 2.0 0.901 A
() = | A v
E 15 ._-? 5 0-851 o aa .
5 o= '-g‘-" a T 0.80; .
.g o > A ahay [
5 05 o, 33 4 A a 0.751
O & ﬁ‘h‘ AL a 0.70{ m
4 2 0 2 4 6 -4 2 0
PC1 PC2

Figure 2-6. Regressions of principal components to DOC concentrations and DOM indices.
Regression of PC1 to DOC concentrations implies some non-linear behaviour. Samples are
grouped by season: Triangles = Spring (15 April-15 June); Squares = Summer (16 June-15
August); Circles = Fall/Winter (16 August-14 April). Samples are also grouped by
landscape type: Bright blue = Mesoscale outlet (WCO); Dark blue = Lake (CL); Orange =
Wetland (W1); Grey = Headwaters (light grey — BB, dark grey — GC).

2.4 DISCUSSION
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2.4.1 DOC quantity and timing in streams

The most distinct feature of OC export in some northern watersheds is the sudden
increase in DOC concentration on the rising limb of the freshet hydrograph as the baseflow-
driven system switches to near-surface flowpaths in organic-rich soils (Striegl et al., 2005;
Raymond et al., 2007; Holmes et al., 2012). This is particularly well resolved in headwater
catchments where there is limited mixing of signals and sources (Agren et al., 2007). For

GC, DOC concentrations have now been observed over freshet for six years (Fig. 2-7).
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Figure 2-7. DOC concentration in mg/L is displayed on the y-axis with the left panel
showing DOC concentrations measured in 2002, 2003, 2006, 2008, 2015 and 2016 during
spring (April 15 to June 14). The right panel displays DOC concentrations for the same
years during summer, fall and winter (prior to April 15; June 15 to Dec 31). Season is
additionally indicated by shape and color (purple/filled triangle - Spring; light green/filled
square - Summer; open circle - Fall; open diamond - Winter).

There is a considerable variability in freshet timing and volume as some years show
a single, rapid event (e.g. 2015) while others have a staggered response in relation to
multiple spring warming events (e.g. 2003, 2016). Regardless of freshet timing and volume,
DOC concentrations always rise in response to the first onset of flows and are insensitive
to the volume of water exported during freshet. While there are notable contrasts in both
2015 and 2016 freshets, in both cases, the initial DOC response to flows is similar (Fig. 2-
4), and corresponds with those reported in earlier years (Carey et al, 2013a). The
implication of these historical and recent observations is that while DOC exported during

spring is hydrologically mediated via the transport pathways, DOC concentrations are not
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related to flow volumes at the headwater scale. Although investigation into headwaters is
relatively rare (Bishop et al., 2008), studies have reported greater variation in DOC at the
headwater scale than in large rivers (Sedell and Dahm, 1990; Wolock et al., 1997;
Temnerud and Bishop, 2005; Temnerud et al., 2010; Creed et al., 2015). Relatively small
amounts of water are sufficient to extinguish the available pool of OM responsible for DOC
peak concentration in the spring at this headwater catchment. For GC, estimates of DOC
export between 15 April-14 June over the six years range between 0.29 and 1.48 g C m™

with 2015 and 2016 on the lower end (Table 2-2).

Year Site Spring (g Cm?) Summer (g Cm?) Fall(gCm? Spring& Summer (g Cm?)  Spring, Summer
& Fall (g C m?)

2002 GC 0.83 0.12 0.95
2003 GC 0.42 0.19 0.61
2006 GC 1.48 0.14 1.61
2008 GC 0.97 0.31 1.28
2015 GC 0.55 0.08 0.28 0.63 0.90
2016 GC 0.29 0.28 0.20 0.57 0.77
2016 WCO 0.06 0.09 0.09 0.15 0.24

Table 2-2. Load estimates for GC and WCO for 6 years by individual season, spring and
summer, all relevant seasons together (spring, summer, fall) in g C m™.

In the years that had multiple spring warming events (2003, 2016), loads were typically
smaller as DOC concentrations had declined ahead of larger runoff volumes. For WCO, the
pattern of DOC concentrations during freshet was similar to GC, yet dampened with lower
values during freshet over a longer period from mixing of various landscapes that integrate
three distinct ecosystems and a small lake over a large elevation range. From an export
perspective, springtime area-normalized loads were much smaller at WCO, suggesting that

headwater ecosystems such as GC is where the bulk of DOC is sourced during freshet.

Following freshet, DOC concentrations were remarkably consistent across the
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sampling sites. The headwater GC and BB values were ~1.5 mg L! whereas those at WCO
were typically 2-3 mg L', suggesting that additional sources such as wetlands and Coal
Lake contributed slightly to downstream increases in DOC concentration during summer
months. There were small increases in DOC concentrations associated with rainfall events
in summer. A notable feature of both 2015 and 2016 were the substantial late season rains
that generated flows outside the typical range at both GC and WCO (Fig. 2-3). Despite
these large flows, DOC concentrations did not rise to the levels observed during freshet,
and the effect on DOC export varied between years (Table 2-2). In 2015, freshet was typical
of prior observations with a large increase in both discharge and DOC concentrations with
1.9 times the DOC exported compared to fall. While DOC concentrations peaked in spring
at both GC and WCO in 2016, export remained similar across all seasons. In both years,
DOC export was consistent or approached half of spring export suggesting either alternate
runoff pathways/flow generation mechanisms or a reduced source of soluble OM in soils
available for transport. Considering water tables were very high during this period, we
presume that the available pool of OM in shallow organic layers was more depleted than in

spring yielding less terrestrially-derived, aromatic DOM (Mutschlecner et al., 2018).

Unlike results elsewhere (Petrone et al., 2006, 2007; Raymond et al., 2007; Striegl
et al., 2007; Balcarczyk et al 2009; Prokushkin et al., 2011; Holmes et al., 2012), there is
no robust relationship between discharge and DOC over multiple years or within single
years, suggesting that for this environment and at the headwater scale, discharge is a poor
predictor of DOC export on an annual basis at the GC catchment (Table 2-S2). However,

on a seasonal basis, the relationship between DOC and discharge was at times stronger
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during summer, fall and winter when concentrations and discharge were relatively low

(Table 2-S2, Fig. 2-8).
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Figure 2-8. Concentration-discharge (C-Q) plots of DOC concentration, SUVA, FI and
HIX for GC (2015-6) and WCO (2016). Panels a, b, ¢, d show DOC concentration,
SUVA254, FI and HIX optical indices in relation to discharge for 2015 and 2016 at Granger
Creek (GC). The bottom four panels (e, f, g, h) show the same sets of concentration-
discharge relationships for 2016 at Wolf Creek Outlet (WCO). Season is indicated by shape
and color (purple/filled triangle - Spring; green/filled square - Summer; open circle - Fall;
open diamond - Winter). Y-axis values differ for each plot.

The lack of robust relationships between flow and DOC concentration over time is not

surprising given the complex interaction of transport pathways and available organic

carbon as the season progresses (Table 2-S2). The highly dynamic nature of freshet

complicates C-Q patterns when concentration and export is greatest, whereas later in the
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year as thaw increases and subsurface pathways contribute more, weaker (yet more
significant) relations exist. We caution the use of regression equations relating DOC and
flow to predict DOC loads, at least on an annual basis. However, for larger streams such as
WCO, this approach may be more tractable due to mixing of sources and process

integration (Buffam et al., 2007; Creed et al., 2015; Peralta-Tapia et al., 2015a).

A curious result was a notable decline in freshet DOC concentrations between the
four years in the 2000s (Carey et al., 2013a) and the 2015-2016 study years (Fig. 2-7). In
each of the early years, peak DOC concentrations ranged between 17 and 27 mg L' (0.42
to 1.48 g C m™ exported) with overall higher concentrations during freshet, whereas the
maximum DOC values for GC were 9.5 and 11.3 mg L™ (0.55 and 0.29 g C m™ exported)
in 2015 and 2016, respectively. The reason for this decline is uncertain, yet is not related
to freshet conditions as flows and climate during freshet were similar among certain years.
We have also largely ruled out instrumentation or sampling as a source of this difference
as mid-season values were unchanged. Tiwari et al. (2018), using 23 years of data from the
Krycklan research catchment in central Sweden, suggest that peak DOC concentrations are
most closely related to warm fall temperatures, cold winter conditions and shallow
snowpacks. In addition, Agren et al. (2010a) used 15 years of data from boreal catchments
also located in the Krycklan research catchment to show that high export of DOC in the
snow-free season led to decreased export in the subsequent year. For six years of data at
GC catchment, winter (Nov-Mar) temperatures show a weak correspondence with DOC
export, in that warmer winters tend to have lower DOC export during the following spring,

which is supported by Scandinavian research (Agren et al., 2010a,b; Haei et al., 2010).
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However, there was no relation between snow depth and peak DOC concentration for the
six years (data not shown, snow data available in Rasouli et al., 2019). A final possibility
may be that increased summer and fall wetness that has occurred in recent years is reducing

decomposition as outlined by Balcarcyzk et al. (2009).

2.4.2 DOM indices in streams

Optical indices are closely aligned with seasonal hydrological patterns in northern
rivers across scales (Neff et al., 2006; Striegl et al., 2007; Spencer et al., 2008; Holmes et
al., 2012). An expanding knowledge base linking optical indices with OM sources and
biodegradability (Balcarczyk et al., 2009; Kellerman et al., 2018) and catchment processes
exists with observations from both temperate and northern study sites. A number of widely-
used indices (reviewed in Hansen et al. 2016) facilitate comparison among sites, and
chemometric  components through the ever-expanding library  OpenFluor
(http://www.openfluor.org). We applied the widely used drEEM toolkit (Murphy et al.,
2013) to our dataset, yet we were unable to validate the model using a split-half approach
to the dataset. However, the overall relationship between CDOM and DOC is robust in
WCRB (Fig. 2-S1) as observed in other rivers (Stedmon et al., 2011; Spencer et al., 2012;

Frey et al., 2015), with a strong relationship between A254 and DOC (r*: 0.97, p<0.001).

The predominant signals in DOM indices observed in WCRB streams correspond well with
those reported in the literature for northern and permafrost basins (Walker et al., 2013; Cory
et al., 2014), and support conceptual models of coupled runoff generation and DOM

transport (Mu et al., 2017). At the onset of freshet and the rise in DOC, SUV A»s4 rises while
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both BIX and FI decline to annual minima. This freshet response is attributed to the
mobilization of DOM derived from leaf litter and older terrestrial precursor material with
high molecular weight and aromatic DOM (Wickland et al., 2012). This pattern is
particularly clear at GC, where BIX and FI are closely correlated with each other and
negatively correlated with SUVAzss. At this time, near-surface pathways across frozen
ground are the only mechanism to rapidly transport OM and water to the stream. Once DOC
declines, SUVAzs4 decreases and FI and BIX begin to increase. A number of mechanisms
can be attributed to these changes: an increase in more microbial DOM as thaw depths
increase and soil temperatures warm, and an increased ability of mineral soils to adsorb
DOM with high organic weight and large aromatic structures along flow pathways (Ussiri
and Johnson, 2004). The gradual change in the three fluorescence indices as summer
progresses suggests a continual decline in high molecular weight, older DOM (lower
SUVA2s4) and a greater proportion of recently produced DOM. During the unusually wet
fall periods, rising water tables and activation of near-surface and overland flow pathways
resulted in increases in SUVA and declines in BIX and FI, yet not to the same magnitude
as spring when flows were of similar volume. The smaller influence of wet fall periods on
changing DOM composition can be explained in part by a much wider range of flow
pathways across deeply thawed soils and also considerable adsorption sites for DOM. In
addition, sources of leaf decomposition compounds located in upper soil horizons leached
in spring have had less time to replenish prior to leaf-fall. As with DOC concentration,
the important implication is that seasonality as opposed to flow magnitude has a greater

influence on the quality of DOM. By early November, temperatures throughout WCRB are
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below freezing and a long winter recession occurs. Limited over-winter sampling at WCO
and GC show SUVA»s4 values declining to their lowest values prior to freshet with a
corresponding maximum in BIX and FI. This pattern corresponds to those reported
elsewhere in the Yukon River Basin and other watersheds in Alaska (Striegl et al., 2007,

O’Donnell et al., 2010; Mutschlecner et al., 2018).

2.4.3 Patterns across space and time

Understanding the integration of biogeochemical signals across temporal and
spatial scales is a fundamental challenge in diverse catchments such as WCRB. The link
between catchment processes and spatial scale to control coupled hydrological-
biogeochemical processes has garnered considerable attention (Agren et al., 2007; Buffam
et al., 2007; Creed et al., 2015; Tiwari et al., 2017). Whereas flowpaths at the headwater
catchments (GC, BB) are well documented (Quinton and Carey, 2008; Carey et al., 2013a),
the dominant hydrological pathways at the scale of WCRB shift from the supra- and intra-
permafrost pathways to one that is more groundwater driven. In addition, a ~1 km? lake in
the centre of the basin has an important storage and mixing effect. The impact of these
changes on the pattern of DOM indices at WCO is complex and not easily resolved back

to component landscape types.

From the PCA, a host of controls act to influence DOC and fluorescence indices throughout
WCRB (Fig. 2-5, Fig. 2-6). As scale increases, DOC concentrations increase during
summer and low flows yet are more muted during freshet at the outlet compared with

headwater streams in accordance with the river continuum concept (Creed et al., 2015).
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WCO had lower SUV A»s4, greater BIX and FI compared with both headwater and wetland
systems. The lower SUVA»s4 at WCO corresponds to an increasing dominance of
groundwater or greater baseflow along with deeper subsurface pathways due to a lesser
extent of frozen ground (Walvoord and Striegl, 2007; O'Donnell et al., 2010). In contrast,
higher FI and BIX likely reflect the influence of these deeper flow pathways and any
processes and production that occur in Coal Lake, which sits in the approximate mid-point
of WCRB. Most FI values at the headwater catchments are between 1.4 and 1.6, reflecting
terrestrial plants as the dominant source of DOM. By contrast, values in excess of 1.6 at
WCO, particularly during winter and low flow periods, suggest some microbial DOM
sources. The high values of BIX in winter at WCO supports some moderate autotrophic

production, yet certainly not at the levels of many aquatic ecosystems (Kellerman et al.,

2018).

Changes in DOC export as a result of climate change in permafrost regions are
uncertain for aquatic ecosystems and in the overall carbon balance of northern regions
(Striegl et al., 2005, 2007; Raymond et al., 2007; Frey and McClelland, 2009; Guo et al.,
2012; Laudon et al., 2013; Kicklighter et al., 2013; Abbott et al., 2015; Johnston et al.,
2018). DOC concentration, optical properties and associated biodegradability change with
source, residence time and processing, all of which vary with thaw depth (review by Kalbitz
et al., 2000; Wickland et al., 2007). At the scale of WCRB and its sub-catchments, results
from other research in permafrost regions not experiencing rapid thermokarst that suggest
a gradual increase in biodegradability (Spencer et al., 2008; Mann et al., 2015) are not

necessarily discernable. However, changes in DOC concentrations and export are likely
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due to mineralization and adsorption within the soil profile as thaw increases and active
layers expand (Striegl et al., 2007; Mu et al., 2017) with a warming climate. Whereas most
conceptual models have focussed on the implications of thaw and thermokarst on DOM
(Mu et al., 2017), in this study we had the opportunity to evaluate the influence of increased
late summer and fall precipitation, which is a notable feature in fall across much of subarctic
Canada (Spence and Rausch, 2005; Spence et al., 2015; DeBeer et al., 2016). Despite late-
season wetness and flow conditions similar to freshet in both years, which is anomalous in
the WCRB record (Fig. 2-5), the change in DOC concentration and DOM indices were
small compared to changes observed during snowmelt. Large late-season rain events on
deeply thawed soils did not transport the same volume of DOM as freshet despite high
water tables due to a depleted DOM source and increased adsorption potential. FI and BIX
were typically higher at the outlet than the headwater and wetland sites, which is attributed

to lake influences and greater autotrophic production with increasing stream order.

While there was an increase in concentrations and a shift to heavier, more aromatic

DOM during fall, values were still closer to those experienced during summer baseflow.

The implication is that changes in precipitation, particularly in summer, will have a limited
influence on changing DOC export and quality compared to changes that result from
emergent flow pathways, thermokarst or factors that influence values during freshet. From
DOC concentrations that have been measured intermittently over the course of 15 years,
we report a recent decline in freshet DOC concentrations at a headwater catchment, which

is difficult to reconcile with permafrost thaw (which has not been observed or documented).
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Possible explanations are warmer winters and winter soils (Haei et al., 2010; Tiwari et al.,
2017), or that the increase in fall wetness results in a decline in spring DOC concentrations

through a second, albeit smaller, flushing event (similar to Agren et al., 2010b).
2.5 CONCLUSIONS

This study reports patterns of DOC concentration and DOM quality derived from
optical indices over several years in a subarctic alpine watershed where hydrological
processes have been studied for approximately two decades. We show that DOC
concentration and optical indices have a strong temporal variability associated with
seasonality, and that A254 and CDOM were reliable proxies for DOC concentrations.
Observations from nested watersheds with drainage areas of ~6 to 179 km? indicate that
mixing and complex process interactions dampen variability in downstream responses and
result in a gradual shift in DOM characteristics. Despite considerable fluctuations among
years, DOC concentrations and export are consistently highest during freshet despite
differences in timing and magnitude of hydrological response during six years of coupled
DOC and discharge measurements. Optical indices also showed the largest variation during
freshet and were relatively insensitive to flow volumes despite large differences in freshet
between 2015 and 2016. At the headwater scale, DOM is less responsive to rainfall events

in summer when the water table descends into deeper mineral soil layers.

Mobilization and transport mechanisms operating at the headwater scale are linked
to stream hydrochemistry while material inputs from different landscape types causes
mixing and dilutes DOM signals at increasing watershed scales. Recent years have shown
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an increase in late fall streamflow that is uncommon in the long-term hydrometric record
that is more often observed across northern watersheds. DOC flux in recent years falls on

the low end of the range reported a decade ago.

Other factors that have the capacity to influence the availability, movement and
export of DOC and DOM are forecasted to change with rapid warming in this environment
(DeBeer et al., 2016). Factors at play are a longer growing season, a shift in vegetation
community composition and spatial extent, warmer winters, increased baseflow with
greater groundwater input, earlier freshet or disruption of the typical northern hydrograph
and an altered precipitation regime. Ultimately, watershed scale and the arrangement of
landscape types will play important roles in determining how DOC flux and DOM lability
change under a warming climate, and altered precipitation, disturbance and vegetation

regimes.
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Figure 2-S1. Correlation matrices of average daily CDOM (RFU), A254 (nm-1) and DOC
concentration (mg L-1). No CDOM was measured in 2015 so it was not possible to separate
out that year. Correlations were calculated using Pearson correlation tests at 95 %
significance level (p<0.001 in all cases).
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Year Sites DOC(mg/L) SUVA,;, BIX Fl
Spring Summer F/W Spring Summer F/W Spring Summer F/W Spring Summer F/W

2015

BB 1.7740.66(5) 1.2540.31(11) 1.1940.39(9) 3.30+0.58(3) 3.8810.55(4) 2.720.42(2) 0.55+0.04 0.60£0.01 0.60+0.03 1.49+0.06 1.54+0.03 1.57+0.76

cL 2.90(1) 2.60(1)

GC 2.8942.29(52) 1.0740.21(36) 1.75+0.76(17) 3.2140.84(22) 3.81+0.75(14) 2.42+0,33(3) 0.69+0.06 0.60£0.02 0.65+0.02 1.52+0.06 1.5410.04 1.57+0.04

wi 15.8(1) 3.94(1) 0.47 (1) 1.46(1)

WcCo 1.79+0.90(14) 2.2110.17(10) 0.66+0.03 1.62+0.03
2016

BB 2.34+0.87(14) 1.4240.27(23) 1.50+0.20(3) 3.5610.48(10) 2.8140.59(16) 2.45+0.28(3) 0.513+0.03 0.58+0.03 0.62+0.02 1.45+0.04 1.5240.06 1.52+0.00

CL 3.1540.35(2)

GC 4.32+2.56(43) 1.7140.34(32) 2.0040.57(20) 3.8611.40(37) 2.8610.38(17) 3.14+0.32(11) 0.513+0.06 0.58+0.03 0.60+0.04 1.45+0.04 1.50+0.04 1.50+0.02

w1 6.70(1) 7.3740.64(10)  6.95+0.21(2)  4.77(1) 4.04+0.60(7) 0.58(1) 0.6340.05 1.58(1) 1.54+0.04

wcCo 2.69+0.80(18) 2.5810.44(22) 2.35+0.35(3) 2.8310.42(12) 2.70+0.28(19) 2.6910.11(2) 0.582+0.04 0.60£0.02 0.66+0.03 1.53+0.02 1.5410.03 1.55+0.01
2017 BB 2.70(1) 2.1740.45(7) 1.15+0.14(6) 3.02+0.38(6) 3.1540.17(6) 0.55+0.03 0.61+0.02 1.48+0.03 1.55+0,02

CL 3.2340.15(4) 2.96+0.09(5) 2.66+0.15(3) 2.82+0.08(5) 0.6610.03 0.69+0.02 1.4840.01 1.50+0.03

GC 3.15+0.64(2) 2.33£0.71(7) 1.28+0.18(6) 3.14+0.23(5) 0.5540.03 1.4540.03

w1 6.10(1) 5.26(1) 0.62(1) 1.66(1)

WcCo 4.42+1.84(6) 2.7240.37(5) 2.14+0.11(5) 2.83+0.25(3) 2.9440.10(3) 0.6140.03 0.64+0.01 1.5140.02 1.57+0.02

Table 2-S1. This table is similar to Table 1 in the manuscript but incorporates all samples used for principal component
analysis (PCA). Additional sites (CL, W1) and additional years of data for sites BB, GC and WCO were used in the analysis to
investigate influence of landscape type. Notation: Mean + standard deviation (number of samples).
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Year Site Spring (R?) Summer (R?) Fall (R?) Spring & Summer (R2?)  Spring, Summer & Fall (R?)

2002 GC 0.047 0.180 0.063
2003 GC 0.041 0.001 0.034
2006 GC 0.021 0.175 0.029
2008 GC 0.024 0.215 0.005
2015 GC 0.263 0.004 0.547 0.316 0.314
2016 GC 0.115 0.536 0.551 0.039 0.048
2016 WCO 0.066 0.783 0.010 0.011

Table 2-S2. Regressions between discharge (Q) and DOC concentrations (DOC) were performed using the CQ regression
function in the RiverLoad package (Nava et al., 2019) for GC in 2002, 2003, 2006, 2008, 2015 and 2016. A statistically
significant correlation between C and Q was necessary to perform the regression.
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Kaiser-Meyer-Olkin factor
Overall MSA =0.77

MSA for each item:
FI=10.98

Fresh = 0.68

HIX =0.86

BIX =0.69

SUVA =091

DOC =0.94

WC_v2_prcomp

Figure 2-S2. Scree plot for PCA.
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PC1 PC2 PC3 PC4
Standard dev 1.8472 0.9747 0.8577 0.7702
Proportion of variance 0.5687 0.1583 0.1226 0.09887
Cumulative proportion 0.5687 0.7270 0.8496 0.9485

Table 2-S3. Standard deviation, proportion of variance explained by each PC (x100 for %)
and cumulative proportion explained.
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Figure 2-S3. Dot plots of loadings per PC in PCA.
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CHAPTER 3

NEW INSIGHTS INTO EVENT-SCALE CDOM AND CONDUCTIVITY C-Q
DYNAMICS FROM HIGH-FREQUENCY IN SITU SENSORS AT AN ALPINE
HEADWATER  CATCHMENT  UNDERLAIN BY  DISCONTINUOUS

PERMAFROST IN YUKON TERRITORY, CANADA

ABSTRACT

Permafrost-underlain watersheds in the Subarctic are extremely sensitive to warming, as
small changes in ground thermal status will alter all components of the hydrological cycle.
At continental and large river basin scales, observed increases in winter flows and
hydrochemical changes have typically been ascribed to permafrost thaw and deepening
runoff pathways. Few studies in northern headwater environments investigate interactions
between catchment conditions, and coupled concentration-discharge (C-Q) relationships.
C-Q approaches have historically been used to determine solute source location and
catchment behavior during key seasons and more recently, during flow events of differing
magnitudes. High-frequency monitoring of SpC and CDOM was compared to discrete grab
samples of major ions and DOC were assessed on the event to annual scale at a headwater
site situated in the Wolf Creck Research Basin situated ~20 km south of Whitehorse, YT,
Canada. Normalized C-Q hysteresis plots were calculated from high-frequency
measurements on an event basis and correlations with meteorological, eventflow and
catchment variables were overridden by seasonal patterns caused by thermally-mediated

flowpaths controlled by frozen ground. CDOM was highly correlated to DOC
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concentrations and flux estimates from continuous monitoring were 26% less than grab
sample estimates over the measurement period. The freshet flux was 3% greater than
previous estimates while summer and fall were 44% less. This comparison showed how
resolution loss due to infrequent sampling influences loading estimates to the downstream
environment. This has important implications for assessing carbon balances in northern
catchments and demonstrates the potential for more accurate flux calculations as well as

greater capture of hydrochemical dynamics to better understand catchment function.
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3.1 INTRODUCTION

From a global perspective, permafrost-underlain watersheds in the Subarctic are
extremely sensitive to warming, as small changes in ground thermal status will alter all
components of the hydrological cycle. At continental and large river basin scales, observed
increases in winter flows and hydrochemical changes have typically been ascribed to
permafrost thaw and altered runoff pathways (Spencer et al., 2015; Vonk et al., 2015;
Toohey et al., 2016). However, at small scales, fewer long-term records exist to be used as
baselines (Laudon et al., 2017) and this results in less frequent reporting of signals of
change. The lack of process-based information across all scales means that it is unclear to
what extent thawing permafrost drives hydrological and chemical change (Shogren et al.,
2019). Often, permafrost thaw occurs in response to a combination of climate warming and
disturbance, such as thermokarst (O’Donnell et al., 2012; Malone et al., 2013; Kokelj et al.,
2013; Anthony et al., 2014; Littlefair et al., 2017) and fire (Nossov et al., 2013; Koch et al.,
2014). For example, increased rainfall (Prokushkin et al., 2005; Pumpanen et al., 2014),
changing amount and seasonality of precipitation (Spence et al., 2014; Dore, 2015; DeBeer
etal., 2016; Duan et al., 2017), vegetation change (Serreze et al., 2000; Schuur et al., 2007,
Bonfils et al., 2012; Krogh, Pomeroy and Marsh, 2017; Krogh and Pomeroy, 2018) and
over-winter thaw events (DeBeer et al., 2016) can act to alter streamflow volume and
timing. The response of permafrost-underlain catchments to climate change is governed by
complex interactions. When these complex interactions are poorly understood at small and
intermediate scales, there is a risk that this process understanding will be inappropriately

applied, or oversimplified, at larger scales (Finlay et al., 2006). Additionally, there has been
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limited application of novel hydrological approaches due to limits in scientific capacity in

remote environments due to logistical issues (e.g., site access and increased cost).

Discussion of water quality at any scale is often tied to upstream source areas,
mobilization mechanisms, and transport processes operating in both time and space (Bishop
et al., 2004). Upstream catchments, headwaters in particular, are important sources and
conduits of solutes to downstream surface waters despite their relatively small drainage
areas (Finlay et al., 2006; Alexander et al., 2007; Bishop et al., 2008; Temnerud et al., 2016;
Creed et al., 2015; Ameli and Creed, 2017; Bol et al., 2018; Wollheim et al., 2018; Abbott
et al., 2018). Conceptual models of runoff developed for cold, montane ecosystems show a
strong seasonal control on flow pathways driven by a combination of frozen ground status,
the soil profile, and connectivity driven by snowmelt and the timing of precipitation (Carey
and Woo, 2001; Carey et al., 2013; Koch et al., 2013a,b). During spring freshet, a large
fraction of the annual water input to the catchment is delivered via snowmelt over several
weeks, yet frozen ground limits flow pathways to near-surface, organic-rich horizons
(Carey and Woo, 2001; Quinton and Carey, 2004; Agren et al., 2010; Laudon et al., 2011).
This results in a large pulse of dissolved organic carbon (DOC), yet relatively low
concentration of dissolved solutes (Carey et al., 2013). As seasonal thaw continues, deeper
flow pathways become active, DOC declines rapidly (Carey, 2003; Quinton and Carey,
2004; Chapter 2 (Shatilla and Carey, 2019)), and the concentration of weathering solutes
increases (Carey et al., 2013a). The nature and extent of groundwater (supra-, intra- and
sub-permafrost in sources) varies broadly, and there remains limited exploration and data

on groundwater’s relative contribution geographically (Walvoord and Kurylyk, 2016;
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Lamontagne-Hall¢ et al., 2018) and how this influences solute load and flow (Grosse et al.,
2016; Fovet et al., 2018). There has been considerable interest on the role of disturbance,
such as thermokarst and fire, on interactions between flow and DOC (Larouche et al., 2015;
Tank et al., 2018; Burd et al., 2018) or major ions (Petrone et al., 2007). Most often, this
focus is limited to shorter measurement scales although, increasingly, attention has shifted
to assess flow-chemistry interactions across multiple years to better account for seasonal
factors that strongly control most processes in northern, high latitude environments

(Townsend-Small, 2011; Burd et al., 2018)

There has been a transformation in our understanding of catchment functioning
through the utilization of new, high-frequency stream chemistry data available from new
low- and moderate-cost sensors (Bieroza and Heathwaite, 2015; Kémari et al., 2018). While
not widely utilized, particularly in cold regions, the ability to combine water balance and
discharge data with concomitant water quality measures, such as salinity, turbidity,
temperature, specific ions, and fluorescence indices, can be used to open new avenues to
understanding the links between hydrological, biogeochemical, and transport processes in
cold environments (e.g., Coch et al., 2019). Already these novel measurements have
revealed complex temporal dynamics that can be obscured by traditional sampling
frequencies (Halliday et al., 2013; Bieroza et al., 2014; Chappell, Jones and Tych, 2017;
Dupas et al., 2019), and have enabled new insights into the inner working of catchments
(Bende-Michl, Verburg and Cresswell, 2013; Sherson et al., 2015; Lloyd et al., 2016b;
Vaughn et al., 2017; Fovet et al., 2018; Burn et al., 2019; Knapp et al., 2020). In cold

environments, high-frequency data may be particularly relevant because of the strong
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vertical and spatial gradients in soil properties and time-variant flow pathways (Quinton
and Gray, 2001; Carey and Quinton, 2004; Carey and Woo, 2005), which confound our

understanding of transport processes and catchment connectivity (Ali et al., 2015).

Coupled flow-hydrochemical responses are often investigated to calculate solute
flux and gain a greater understanding of sources, mobilization, and transport processes
(e.g., Evans and Davies, 1998; Godsey et al., 2009; Musolff et al., 2015). The power-law
slopes generated in C-Q space provide insights into hydrochemical dynamics that lead to
observed downstream C-Q patterns and hysteresis. The C-Q hysteresis pattern occurs when
stream solute concentrations and flow are out of phase, resulting in clockwise,
anticlockwise or more complex loops. The overall direction, shape, and width of these
loops have been used to define the relative proximity of source areas to surface waters as
well as the relative proportions of contributing water sources (Evans & Davies, 1998; Lloyd
et al., 2016a). For a single storm-response event, clockwise hysteresis indicates a greater
concentration on the rising hydrograph limb than the falling and a positive hysteresis index
(HI). When the concentration is greater on the hydrograph falling limb, C-Q hysteresis is
anticlockwise (negative HI). Clockwise hysteresis is typically associated with sources of
solutes located near the stream and most often dilution whereas anticlockwise suggests a
combined contribution of near and distal sources (Evans and Davies, 1998). A second
component of the C-Q behaviour is the event slope, known as the flushing index (FI). A
positive FI indicates increasing concentrations throughout an event whereas negative FI
indicates decreasing concentrations with increased flows (Lloyd et al., 2016a,b; Minaudo

etal., 2019).
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Similar to the FI, C-Q slopes are also calculated in log-log space to minimize
dispersion effects and summarize longer-term hydrochemical behaviour as chemodynamic
or chemostatic (Godsey et al., 2009). This type of C-Q analysis commonly used to relate
log-log slopes to catchment characteristics such as geology, soil type, vegetation cover, and
other common descriptors (Godsey et al., 2009; Saraceno et al., 2015). However, Minaudo
et al., (2019) highlighted how high dispersion in C-Q patterns can render power-law slope
less appropriate to summarise hydrochemical behaviour. This high dispersion can be
introduced by multiple factors including: (1) source and transport limitations (Benettin et
al., 2017); (2) in-stream biogeochemical transformations disconnected from hydrological
changes (Bieroza and Heathwaite, 2015; Moatar et al., 2017); and (3) long-term and

seasonal variations (Hirsch, 2014; Zhang et al., 2016).

Monitoring of C-Q patterns over seasons and a range of flow conditions has been
explored using high-frequency methods across temperate to snow-dominated catchments
(Butturini et al., 2006; Bende-Mischl, Verburg and Cresswell, 2013; Blaen et al., 2017;
Vaughn et al., 2017; Burn et al., 2019; Knapp et al., 2020), although implementation in
northern environments is less common. Recent assessments of C-Q patterns made possible
through high-frequency measurements have introduced normalized metrics including a
flushing index (slope of normalized loop) and a hysteresis index (distance between rising
and falling limb) to facilitate event comparison across temporal and spatial scales (Butturini
et al., 2006; Lloyd et al., 2016a; Feinson et al., 2016). The improved temporal resolution
of C-Q can provide novel and nuanced information on solute sources, mechanisms of

mobilization, and the time sensitivity of processes that determine the measured stream C-
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Q response (Kirchner et al., 2004; Bieroza and Heathwaite, 2015; Coch et al., 2019; Knapp

et al., 2020).

Higher resolution monitoring is particularly important in high latitude environments
where seasonality exerts considerable control over stream solutes and flow volume
(Whitfield and Schreier, 1981; Finlay et al., 2006; Townsend-Small et al., 2011). The
combination of this high-frequency monitoring and more traditional water quality sampling
has the potential to advance conceptual models of catchment response based on grab
samples or more limited study periods (Kirchner et al., 2004). The objective of this chapter
is to identify how information emerging from high-frequency monitoring of water quality
variables: Specific conductance (SpC) and coloured dissolved organic matter (CDOM), can
be linked to traditional water quality sampling and flow data to advance our understanding
of runoff sources and transport processes in a cold, alpine watershed. We pair discrete
measurements of DOC and major ions with a high-resolution data set of CDOM and SpC
to evaluate the impact of resolution loss on annual and seasonal C-Q patterns over multiple
years in a well-studied discontinuous permafrost watershed. Then, we assess how these
differences in temporal resolution influence our understanding of catchment processes.
Finally, by coupling this new information with more spatially extensive findings from
Chapter 2, we help refine conceptual models of the processes that govern flow-chemical

processes at the headwater catchment scale.

3.2 METHODS
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3.2.1 Study Site

Granger Basin is an alpine headwater catchment with a watershed area of ~ 7.59
km? located above the treeline (~1200 m a.s.1.) within Wolf Creek Research Basin (WCRB)
(Figure 3-1). WCRB, a long-term research watershed situated ~20 km south of Whitehorse
in Yukon Territory, Canada. The climate is classified as continental subarctic and the 30-
year climate normal (1981-2010) obtained from Whitehorse Airport (706 m) has a mean
annual precipitation of 262.3 mm, with approximately 45% falling as snow (Carey et al.,
2010). However, WCRB has some orographic influence on precipitation, with high

elevation areas receiving greater than 400 mm in many years (Rasouli et al., 2019).

Granger Basin spans elevations of 1310 to 2080 m a.s.l., with vegetation ranging
from shrub taiga to alpine tundra, dependent primarily on elevation and aspect. Below 1500
m.a.s.l., willow (Salix sp.) and birch (Betula sp.) are common as dwarf shrubs with a
gradual increase in height downslope towards the riparian zone. White spruce (Picea
glauca) occur sporadically along the south-facing slope. Above 1500 m a.s.l., lichen and
bare rock predominate (Quinton and Carey, 2004; McCartney et al., 2006; Carey et al.,

2013).
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Figure 3-1. Map of Wolf Creek Research Basin (WCRB) with BB and GC catchments
delineated. All stream gauges (BB, GC, CL, W1 and WCO) are indicated by circles;

weather stations within WCRB are shown as triangles. Blue lines and polygons indicate
streams and water bodies, respectively.
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The geological setting is defined by sedimentary sandstone, siltstone, limestone and
conglomerate. Atop bedrock, thick stony till and glacial drift cover most of the basin. Below
1650 m a.s.l., soils in the top metre are generally comprised of silts and sands, while higher
elevations (taiga and lower tundra ecozones) have a veneer of surface organic soils with
variable thickness (0.1-0.4 m). South facing slopes have a thin organic layer overlying
sandy soils, whereas north slopes have thicker organic layers (10-30 cm) and are underlain
with discontinuous permafrost. Between the slopes in the lower portion of Granger Basin,

a wide riparian zone (50 to 100 m) exists with a consistently raised water table.

Elevation and aspect are the main controls of permafrost distribution and it is
assumed that >50 % of the catchment is underlain by permafrost (Lewkowicz & Ednie,
2004). South-facing slopes are dominated by seasonal frost, while north-facing slopes and
higher elevations are historically considered to have permafrost, yet the exact distribution

remains uncertain (Carey, 2003).

3.2.2 Meteorological and soil moisture records

A long-term weather station (WCB) is located approximately 2 km south of Granger
Basin and records all radiation components, air temperature, wind speed, vapour pressure,
and total precipitation year-round, with some gaps due to power loss (Rasouli et al., 2019).
Rainfall data reported in this study were obtained from a tipping bucket rain gauge at
Buckbrush weather station and verified against an Alter-shielded Pluvio total precipitation

gauge.
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Three automated soil stations instrumented with Stevens Hydra Probe II soil
moisture sensors (Frondriest Environmental, Fairfield, Ohio, USA) in GC were installed in
the riparian zone, at the mid-point of the north-facing slope and upslope in the plateau area
at the low, mid and high Soil Moisture Station locations, respectively (Figure 3-1). In the
riparian zone, sensors were installed at depths of 5, 15, 30, 45 cm, while the mid-slope
station also had an additional sensor at 60 cm depth. Soil sensors were also installed at 5,

15, 30 cm but not deeper due to the rocky soil at the Plateau site

3.2.3 Hydrometric measurements and continuous monitoring of SpC and CDOM

The long-term rating curve at Granger Basin outlet (Granger Creek, GC) was
updated by frequent measurements in 2015-2016 and less frequently in 2017-2018 using a
SonTek FlowTracker across a range of flow conditions each year once the channel was ice
free. A stilling well containing a pressure transducer (Solinst Levelogger) was compensated
with an adjacent, above-water Solinst Barologger to generate water pressure/stage at 15-
minute intervals. Loggers were in place once channels were no longer ice-covered and
removed in September or October to prevent freezing. When snow and ice covered the

stream, discharge was manually measured with salt-dilution gauging.

Electrical conductivity was measured every 15 minutes with in-situ Onset HOBO
U24-002-C conductivity loggers (Onset, Cape Cod, Massachusetts, USA) which have the
capacity to measure low conductivity values. Sensors were lab-calibrated for water
temperature and for conductivity using 413 uS/cm and 1413 uS/cm calibration solutions

obtained from Hoskin Scientific prior to deployment.
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A Turner C3 submersible fluorometer (Turner Designs, San Jose, California, USA)
was attached to the outside of the stilling well in 2016 to measure CDOM at [350 nm
excitation/430 = 30 nm emission] (Figure 3-2). The C3 sensor remained in the stream
throughout the study period, but some gaps in measurements occurred in 2016 due to access
issues and a faulty battery. The fluorometer was moved to a slightly less turbulent part of
the stream channel in 2017-2018 to diminish noise initially present in the 2016 record.
CDOM was recorded in relative fluorescence units (RFU) and was not converted to Raman

or Quinone Sulfate units.
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Figure 3-2. Photo of CDOM sensor deployed near Granger Creek stilling well.

3.2.4 Sample collection and analysis

Stream samples were collected from 2015-2018 with 258 samples analysed for
major ions and 236 for DOC. Water samples were collected at a sub-daily to sub-weekly
intervals from April to late August in 2015 and 2016, while winter sampling was limited to
opportunistic grab samples. Sample collection from 2017 to 2018 was less frequent with
no freshet samples collected due to difficulties accessing the catchment. For major ions and
DOC, samples were field filtered with single use plastic syringes submersed in the sample

water immediately prior to sampling. Water was displaced through a 0.45 pym VWR
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polyethersulfone syringe filter and collected in a 60 ml opaque amber HDPE bottle for
DOC and a separate 60 ml HDPE bottle for major ions. Duplicates were taken
approximately every 10 samples. All samples were kept cool and out of direct light before
being shipped for analysis. In-situ filtration with a syringe kept the time between sample
collection and filtration to a minimum, particularly during freshet, when researchers

remained in the catchment for up to two weeks at a time before returning to Whitehorse.

DOC was analysed by the Biogeochemical Analysis Service Laboratory (University
of Alberta) on a Shimadzu 5000A Total Organic Carbon analyzer for DOC concentration.
The method detection limit (MDL) for DOC was 0.1 mg/L and reportable results were
within 0.1 mg/L accuracy. Details for historical DOC in Carey, Boucher and Duarte
(2013a). Cations and anions (Na*, K, Mg?', Ca?*, CI", NOs~, SO4*) were analyzed at the
Biogeochemistry Laboratory (University of Waterloo) using a Dionex ICS 3000 with
results reported in mg/L. The MDL for Na®, K, Mg?*, Ca?*, CI", NOs~ as N and SO4> as
S were 0.13, 0.1, 0.3, 0.67, 0.12, and 0.1 in mg/L, respectively. Standards from
Thermofisher were used to build correction curves and 5% of samples were re-run for

QA/QC procedures.

3.2.5 Event data processing

3.2.5.1 Event delineation
The HydRun tool kit (Tang and Carey, 2017) was used to pre-process discharge,
SpC, and CDOM records as well as obtain metrics describing initial discharge values, and

SpC and CDOM concentrations for each event as well as event response metrics. Pre-
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processing steps included application of a recursive filter to the discharge time series and
subtraction of baseflow from the hydrograph. Events were subsequently identified from the
baseflow-free time series. HydRun identified 38, 29, and 45 events in 2016, 2017, and

2018, respectively.

Continuous SpC and CDOM were filtered to remove noise from these datasets
while maintaining appropriate responsiveness. Filtering for SpC in 2016, 2017 and 2018,
consisted of applying a moving median filter (window size = 5, nPass = 1) to smooth the
time series. Subsequently, a moving average filter (window size = 3, nPass = 1) was applied
to remove remaining artefacts and introduce smoother transitions between values. Only a
moving average filter was applied to CDOM measurements. The application of the moving
average filter differed between 2016 and 2017/2018 due to the change in sensor location
(2016: window size = 3, nPass = 10, 2017/2018: window size = 3, nPass = 1), since the
Turner C3 fluorometer was located in a relatively turbulent location during moderate to
high flows in 2016. Segments of the SpC and CDOM time series that matched the start and

end time of runoff events were clipped from the filtered time series.

3.2.5.2 Concentration-Discharge (C-Q) analysis
Discharge, SpC and CDOM were normalized in HydRun to values ranging from 0
to 1 by min-max normalization for each individual event (Equation 1) following procedures

outlined in Lloyd et al., (2016a).

x' = S min_ (Equation 1)

Xmax—Xmin

Where Xmin 1s the minimum value of x,
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Xmax 1S the maximum value of x, and

X is any value of x.
If each time series (discharge, CDOM, SpC) was intact throughout the event period, filtered
CDOM and SpC time series were matched to the discharge data. HydRun identified an
event using the abrupt increase from baseflow, while the end of each event was the return
to baseflow. Manual intervention was required to separate events based on the inflection
point prior to a subsequent increase. Additionally, event start and end points were adjusted

manually in some cases.

A new functionality added to HydRun enabled the transformation of dual time
series (i.e. SpC-Q, CDOM-Q) into normalized hysteresis loops and generated descriptive
hysteresis and flushing metrics based on recent C-Q investigations (Lloyd et al., 2016a, b).
For each event, normalized CDOM or SpC was plotted against normalized discharge.
Discharge at intervals (i.e. 25, 50, 75, 90 percentiles) specific to each event were paired to
the corresponding SpC or CDOM values of each rising and falling limb. For each specific
percentile, the hysteresis index (HI) was calculated as the distance between the rising and
falling limbs of normalized SpC (or CDOM) throughout each event. The slope of the
normalized hysteresis loop (flushing index per Lloyd et al., 2016a) began at the first
corresponding discharge and SpC (or CDOM) measurements of each delineated event and
ended at peak event discharge, which was the right-most point of the hysteresis loop within
the normalized x and y axes. Events where the normalized hysteresis metrics were well-
described were retained for further analysis (see Figure 3-S1) while other were not retained

further as their complex geometry was not well represented by either the flushing or
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hysteresis index (see Figure 3-S2). Further work is required to integrate these hysteresis

events into the analysis.

In addition to event variables defined using HydRun, variables reflecting antecedent
conditions were calculated for meteorological variables to assess their relationship to event
variables and hysteresis metrics. The pre-event window ranged from the start of a given
runoff event (at the ridge edge) to n days prior the start of the runoff event (at the left edge).
For the analyses, n was examined at the following levels: 1, 4, 10, 21 days, based on
previous research examining C-Q hysteresis in relation to precursor conditions. Antecedent
temperature was calculated as the mean of the pre-event window, while antecedent
precipitation was calculated as the sum of this same period. Total event precipitation was
also calculated by taking the sum of measured precipitation from 6 hours before the
hydrograph rise until the event peak. Individual events were numbered (Table 3-S1) and
each event ID represented the same time period/event for corresponding SpC and CDOM

time series.

3.3 RESULTS

3.3.1 Meteorology

Mean air temperature at Buckbrush weather station from 1 April to 31 October was
7.0 °C, 8.3 °C, 6.9 °C and 7.2 °C in 2015, 2016, 2017 and 2018, respectively (Figure 2).
Total precipitation for the same period was greatest in 2016 (250 mm), followed by 2018

(235 mm) and 2015 (201 mm). Summer and fall months in 2015 and 2016 were
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characterized by atypical large magnitudes of rainfall totalling 107 mm (170 mm including
fall) and 110 mm (203 mm including fall), respectively (Figure 3-3).

Snow accumulation and melt varied among years with 174 mm SWE snowpack in
2015 by mid-March and a rapid melt with Buckbrush beginning on 11 April before an
additional 30 mm of snowfall caused an increase in the snowpack. Accumulated SWE
reached ~ 144 mm by 3 May before rapid melt occurred with snow-free conditions reported
on 12 May 2015. The maximum SWE in 2016 ranged between 111-113 mm SWE by March
and had an earlier but more prolonged melt than the previous year. Snowmelt began on 27
March with the first recorded snow-free day on 27 April 2016. In both years, snowpacks
persisted past these dates at GC due to differences in elevation, aspect, and the presence of
shaded depressions. The subsequent year was characterized as snow-free on 7 May 2017
after the melt of 140 mm SWE. For 2018, 175 mm SWE had melted at Buckbrush by 11

May.
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Figure 3-3. (a) Precipitation from 30-minute tipping bucket rain gauge and (b) accumulated
SWE from snow pillow data at Buckbrush Weather Station. (c¢) Daily average discharge
data from Granger Creek outlet. (d) Daily chromophoric dissolved organic matter (CDOM),
shown as a continuous orange line, averaged from 15-minute measurements and dissolved
organic carbon (DOC) concentrations, shown as dark grey triangles, from Granger Creek.
(e) Daily average specific conductivity (SpC) concentrations from Granger Creek.
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3.3.2 Discharge

Discharge from 2015 to 2018 at GC varied due to snowpack accumulation (i.e.
SWE), snowmelt onset, and the timing of large magnitude rainfall events (Figure 3-3). Peak
discharge in 2015 coincided with freshet, following the rapid melt of a large snowpack (and
corresponding SWE volume) in spring (Figure 3-3). Similarly, peak discharge in 2016,
2017, and 2018 occurred in early June, coinciding with large magnitude rainfall events.
During 2016, the gradual increase prior to peak discharge was related to a staggered freshet
and freeze-thaw cycles between April and mid-June (Figure 3-3). In all years, summer
rainfall events resulted in increases in discharge. During 2015 and 2016, appreciable
increases in discharge occurred in fall, corresponding to late-season rainfall events.
Comparatively, no large magnitude rainfall events and consequent streamflow increases

were observed late in the open-water seasons of 2017 and 2018.

3.3.3 Discrete measurements of DOC and major ions

DOC concentrations typically reached an annual maxima near 10 mg/L during
freshet or immediately preceding the first discharge peak in all years (Figure 3-3).
Subsequent to peak DOC concentrations in spring, DOC declined throughout the rest of the
open-water season to values between 1 and 3 mg/L, with intermittent increases related to
summer precipitation events (and resultant increases in discharge). In particular, large
magnitude rainfall events in fall of 2015 and 2016 led to DOC concentrations increasing to
approximately half of their peak freshet concentrations (Figure 3-3). Although winter data
were sparse (note that no samples were collected in winter 2016 to 2017), DOC

concentrations appeared to consistently reach their minima over winter.
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Concentrations of Ca®", Mg?*, and to a lesser extent SO4>” and Na™, exhibited similar
patterns in 2015 and 2016 (Figure 3-4), while K™ followed a temporal pattern coincident
with DOC. Notable correlations, with 7 values greater than 0.50, were observed for K and
DOC (7 = 0.74), and Ca*" and Mg*" (+* = 0.91). Ca>*, Mg**, Na™ and SO4> reached their
annual minima during freshet in 2015 and 2016, subsequently increasing throughout the
summer and fall and eventually reaching their highest concentrations in the winter.
Comparatively, K" concentrations peaked in 2015 and 2016 during or shortly after spring
freshet and also exhibited slight increases in concentration in response to rainfall events.
NOs™ had a temporal pattern that was distinct from other anions and cations, where it
decreased during peak discharge in spring for both 2015 and 2016, but subsequently
increased throughout the summer. NO3™ concentrations fell below summer levels in fall
2015, then rose above summer concentrations in 2016 and were once again low in

fall/winter 2017-2018. The decline in grab sampling resolution for discrete data in 2017
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and 2018 obfuscated temporal relationships for cations and anions that were readily
apparent in 2015 and 2016 (Figure 3-4).
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Figure 3-4. Concentrations of major ions in mg/L from 2015 to 2018. (a) Calcium ion
denoted with pale beige filled-in circle. (b) Potassium ion in dark blue. (¢) Magnesium ion
in dark brown. (d) Sodium ion in light taupe. (e) Nitrate as N in light blue. (f) Sulfate ion
as S in black.

3.3.4 Continuous measurements of CDOM and SpC

3.3.4.1. General Trends
CDOM peaked during spring freshet at GC in all years (Figure 3-3), with RFU

maxima ranging from ~3200 RFU (2016) to 4500 RFU (2018), while minimum values
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typically occurred during late summer or fall and ranged from ~ 500 RFU (2016) to ~ 1000
RFU (2017). CDOM generally increased in response to rainfall events throughout the
summer, although the magnitude of these increases was small relative to increases observed
during freshet. Rainfall in 2017 and 2018 was less than in the previous two study years,
and no late summer/fall increase in CDOM was observed. SpC displayed an inverse
relationship to CDOM and discharge, where SpC consistently decreased with increasing
discharge and CDOM. The largest observable decreases in SpC occurred in response to
snowmelt water inputs in spring, with annual minima concurrent with annual peaks in

discharge in early June (Figure 3-3).

3.3.4.2 Inter-annual and intra-annual hysteresis

Inter-annual CDOM-Q hysteresis generally followed a clockwise pattern and was
consistent across years (Figure 3-5). Nested within the intra-annual pattern were shorter-
duration event-response anticlockwise loops and, less frequently, clockwise loops (Figure
3-5). Shorter-duration loops within the overall annual pattern were predominantly
clockwise during late May/early June and anticlockwise events occurred during spring,
summer and fall. The overall pattern (i.e. clockwise-dominant) was consistent across years,
with the primary difference between 2016 and 2017/2018 being the presence of larger
magnitude discharge events in 2017/2018, as evidenced by lower and less variable CDOM
values despite large concomitant discharge variability after mid-July (~ day of year 200;

Figure 3-3 and Figure 3-5).
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Figure 3-5. Annual concentration-discharge (C-Q) for Granger Creek in 2016, 2017 and
2018 for (a) specific conductivity (SpC) in uS/cm and (b) chromophoric dissolved organic
matter (CDOM) in RFU. The color ramp shows day of year 100 (light yellow) to day of

year 200 (dark blue).

Anticlockwise patterns dominated the annual SpC-Q pattern, while smaller loops

that were primarily clockwise occurred during events as well as diel variation. Hysteresis

response and patterns were more consistent for SpC than for CDOM, where a similar

magnitude change in discharge led to approximately the same magnitude of response in

SpC. This consistency in C-Q hysteresis has been reported for other northern river basins
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(Whitfield and Schreier, 1981). Similar to CDOM-Q hysteresis, the overall pattern (i.e.

anticlockwise dominant) was consistent among years.

3.3.4.3 Event hysteresis and relationships to antecedent conditions

Sixty events with sufficient CDOM, SpC and Q records were extracted using
HydRun, while 52 events were discarded due to: (1) gaps in the SpC or CDOM records; or
(2) avoid false equivalencies due to atypical loop geometry. Analysis of event hysteresis
loops was often confounded by complex patterns in sub-daily data, including diurnal
variability that obscured or exceeded event-based stream response. Events with hysteresis
characteristics inaccurately quantified using the loop analysis approach were discarded,
while well-characterized events were used for further analysis (Table 3-S1). Many
snowmelt-driven events were retracted from the analysis due to complex loop geometry
that could not be adequately characterized using the normalized hysteresis index (HI) and
flushing index (FI). Examples of discarded CDOM and SpC events (Figure 3-S1: events 5
and 11) and retained (Figure 3-S2: events 30 and 38) from the 2017 dataset are provided in
Supplemental Information (SI). Initial conditions and event changes were calculated (Table
3-1) in addition to normalized event hysteresis metrics (Table 3-2) based on hysteresis
metric calculations introduced in (Lloyd et al., 2016a). Summary statistics for antecedent

meteorological conditions and soil moisture are presented in SI (Table 3-S2).
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Initial Event
Season Qi CDOM; SpCi Pevent Qpeak AQ T r (hrs) ACDOM Event ASpC Event
(m3s) (RFU) (uS/cm) (mm) mean mean
CDOM SpC
Spring Mean 0.158 1988.9 50.4 0.6 0.433 0.277 12.0 632.4 2171.1 16.1 43.8
Std Dev 0.089 877.2 15.7 1.3 0.391 0.362 8.5 920.8 922.7 12.2 12.5
Min 0.001 528.6 15.5 0 0.065 0.047 4.0 106.8 568.2 1.0 24.8
Max 0.389 35552 87.7 5.4 1.485 1.401 48.25 2020.0 3657.5 55.0 68.5
IQR 0.099 1554 243 0.7 0.256 0.145 4.25 467.9 1565.0 8.6 21.0
n 34 33 34 34 34 34 34 34 34 34 34
Summer Mean 0.216 834.1 50.5 8.0 0.488 0.272 10.2 270.9 863.4 13.1 45.8
Std Dev 0.112 4443 10.9 5.0 0.255 0.195 4.5 3422 326.4 7.4 10.3
Min 0.095 445.4 33.6 0.6 0.185 0.064 4.75 61.6 447.1 3.7 28.4
Max 0.422 2217.2 70.2 19.6 1.015 0.634 22.75 648.4 1926.3 333 65.5
IQR 0.184 294.3 16.8 5.1 0.409 0.319 5.88 346.4 227.6 8.7 12.0
n 22 20 20 12 22 22 22 21 21 20 20
Fall Mean 0.111 5234 70.6 9.7 0.204 0.093 27.0 314.6 602.3 5.5 69.7
Std Dev 0.088 61.2 13.0 5.4 0.110 0.035 3.25 2.1 11.3
Min 0.059 476.4 52.2 3.6 0.133 0.055 23.75 3.0 52.8
Max 0.241 608.8 82.1 13.9 0.364 0.124 315 7.7 79.7
IQR 0.061 66.4 10.8 52 0.092 0.056 4.0 2.9 10.5
n 4 4 4 3 4 4 4 1 1 4 4
All seasons Mean 0.161 1115.5 57.2 6.1 0.375 0.214 16.39 415.0 1212.3 11.5 53.1

Table 3-1. Summary table of initial conditions and event response spanning 2016-2018 for events separated by season.
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CDOM SpC
Season HIys HIys Hlo Hlavg FI Loop Loop HlIys HIs Hlgo Hlavg F1 Loop Loop
slope  Area Area slope  Area Area
(+-) (+-)
Spring Mean -0.292 -0.258 -0.101 -0.299 0.443 0.295 -0.260 0.451 0.263 0.115 0367 -0.780 0.357 0.332
Std 0.322 0299 0.191 0286 0402 0.187 0.234 0315 0.206 0.091 0267 0235 0.192 0.232
Dev
Min -0.980 -0.86 -0.620 -0.850 -0.520 0.058 -0.746 -0.440 -0.120 0.010 -0.320 -1.10 0.107 -0.309
Max 0410 0360 0420 0410 1.092 0.746 0.338 0.880 0.660 0.330 0.780 -0.162 0.697 0.697
IQR 0.360 0413 0213 0310 0.590 0.181 0202 0505 0345 0.145 0445 0348 0347 0.363
n 31 31 31 31 31 29 29 27 27 27 27 29 26 26
Summer Mean -0.170 -0.141 -0.101 -0.168 -0.013 0.301 -0.131 0.363 0365 0.206 0.386 -0.801 0.352 0.332
Std 0436 0286 0.187 0312 0.785 0.156 0314 0240 0.274 0.181 0.223 0205 0.153 0.194
Dev
Min -0.730 -0.940 -0.680 -0.810 -1.278 0.073 -0.662 -0.140 -0.280 -0.060 -0.200 -1.032 0.128 -0.197
Max 0.560 0260 0.160 0340 1.005 0.662 0329 0.780 0990 0.710 0.810 -0.186 0.687 0.687
IQR 0.650 0.340 0.155 0480 1.523 0.160 0.483 0260 0318 0.253 0.228 0.263 0.215 0.215
n 18 18 18 18 17 18 18 20 20 20 20 20 20 20
Fall Mean -0.333 -0.128 -0.125 -0.350 0.612 0.360 -0.360 0.060 0.880 0.960 0.400 -0.479 0356 0.356
Std 0.132 0296 0334 0.135 0.078 0.085 0.085 0.344
Dev
Min -0.440 -0.480 -0.470 -0.480 0.496 0308 -0.458 -0.805
Max -0.140 0.200 0300 -0.210 0.660 0.458 -0.308 -0.118
IQR 0.083 0.358 0.328 0.135 0.045 0.075 0.075 0.343
n 3 3 3 3 4 3 3 1 1 1 1 3 1 1
All Mean -0.264 -0.176 -0.072 -0.278 0.347 0319 -0.250 0.291 0.503 0.427 0.384 -0.687 0.355 0.340
seasons
Table 3-2. Summary of hysteresis metrics for CDOM and SpC separated by season.
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Smaller, intra-annual hysteresis patterns (Figure 3-5) represented event and diel
CDOM-discharge and SpC-discharge dynamics. Diel amplitude was greatest in spring and
decreased during summer and fall. For CDOM-Q events, 42 of 60 events exhibited negative
HI (i.e. anticlockwise hysteresis), with a mean HI of -0.278 for all events (Table 3-2).
Additionally, 41 of 60 CDOM-Q events had a positive FI (i.e. increasing concentration
during event; Table 3-S1), with a mean FI of 0.347 (Table 3-2). Comparatively, SpC-Q
event hysteresis was characterized by positive HI indices (i.e. clockwise hysteresis), as
indicated by 46 of 60 events having positive HI indices (Table 3-S1) with a mean HI index
of 0.384 (Table 3-2). The flushing index for SpC-Q events was negative for 52 of the 60
events (i.e. decreasing concentrations during event), with a mean FI of -0.687 (Table 3-2).
SpC-Q events categorized using hysteresis metrics were more tightly clustered than

CDOM-Q events, but neither showed seasonal separation.

Pearson r correlations between descriptive variables are provided in SI (Table 3-
S3). Significance was set to 95% and only significant correlations are reported in this
section. Total event precipitation, runoff ratio, and other metrics related to precipitation
during the melt period were removed from the correlation analysis. Initial and event SpC
concentrations were clearly linked to stream discharge, hydrograph characteristics and
SpC-Q hysteresis metrics, whereas relationships with CDOM concentration were limited.
Specifically, SpC mean concentration was inversely correlated to Q start, peak and end,
and the time to recession. Similar relationships were not significant for CDOM
concentrations. Initial CDOM concentration was significantly and negatively correlated to

antecedent air temperature, soil moisture at 15 cm depth (mineral soil) and positively to
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antecedent rainfall, soil moisture at 5 cm (typically organic soil). Initial CDOM
concentration and CDOM-Q HI values were negatively correlated to near-surface soil
moisture and negatively correlated to deeper soil moisture values, while SpC-Q HI values
were negatively correlated to soil moisture at all depths. Both CDOM-Q (absolute value)
and SpC-Q loop area were positively correlated to total event precipitation while CDOM-
Q was also positively correlated to soil moisture. SpC-Q loop area was also negatively
correlated to storm discharge (peak, end, range), the runoff ratio and time to rise. CDOM-
Q slopes had a strong positive correlation to the runoff ratio, and weaker positive
correlations to antecedent air temperature. SpC-Q slopes were weakly negatively correlated
to SpC-Q loop area, and positively to SpC event concentration (minimum, maximum,
mean). Both hysteresis slopes were negatively correlated with 21-day antecedent rainfall
and discharge (initial, end), with SpC-Q slopes also negatively correlated to peak event and

the range in discharge.

3.4 DISCUSSION

In catchments with permafrost, shallow, active-layer soils are typically affected by
distinct soil boundaries, including the frozen boundary and the organic-mineral boundary
where highly porous and hydraulically conductive organic material overlies fine-grained
mineral soils (Koch et al., 2017). In two dimensions, the position of the water table controls
the rate of water movement from the catchment to the stream (Quinton et al., 2005). The
soil layers where flow is being generated also affects subsequent water quality parameters.

During freshet, the near-surface organic layer is typically flushed of dissolved organic
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carbon that is often produced the previous year and only transported once annually during
freshet (Boyer et al., 2000; Carey, 2003; Finlay et al., 2006). This behaviour is often
observed in cold northern and alpine catchments but is not ubiquitous (Li Yung Lung et al.,
2018). As thaw progresses, the thickening active layer deepens flow pathways into mineral
soils that have longer flow pathways and increases the frequency of DOC sorption while
increasing the load of dissolved solutes. In areas with discontinuous permafrost, unfrozen
taliks and areas without permafrost can elongate flow pathways and integrate a complex
mixture of DOC that includes inputs from vegetation, the active layer, and deeper microbial

composition.

While the above conceptual model has been developed and refined over several
decades, there remains limited longer-term multi-year data sets that combine flows with
water quality and DOC. In addition, how catchment spatial structure influences these flow-
chemistry patterns is less clear, as riparian and hillslope contributions in cold environments
have not been clearly defined. Finally, high-frequency water quality data has had limited
application in cold environments and provides avenues for discovery. In this work, we
utilize a novel, multi-year data set from a well-studied headwater catchment to advance our
understanding of runoff sources and transport processes and develop new research

directions.

3.4.1 Intra-annual and seasonal solute concentration patterns

Intra-annual patterns of major ions and DOC concentrations observed over four

years are largely consistent with those previously reported at GC (Carey and Quinton, 2004;

117



Ph.D. Thesis — Nadine J. Shatilla; McMaster University, School of Geography & Earth Sciences

Boucher and Carey, 2010; Carey et al., 2013a) and in other northern basins (Petrone et al.,
2006; Koch et al., 2013) for the snowmelt period. Both SpC and CDOM show distinct and
inverse patterns with discharge over multiple years (Figure 3-3). SpC consistently
decreased with increasing discharge, most notably during snowmelt in spring and during
rainfall events, which is a consistent pattern among permafrost watersheds (Koch et al.,
2013; Miller et al., 2014). SpC was highest just prior to freshet, reflecting deeper

groundwater-driven baseflow connections to the stream over winter.

Snowmelt provided a considerable volume of water and activated near-surface flow
pathways through organic soils containing limited dissolved solutes. Routing of water
through these pathways diminished the importance of deeper flow pathways, resulting in a
rapid decline in SpC and the concentration of weathering ions (Ca*, Mg?*, and Na") and
sulfate (SO4%). Following freshet and as thaw progressed, deeper flow pathways became
more active as water took increasingly longer and deeper subsurface pathways to the
stream, increasing SpC and weathering ion concentrations as spring transitioned into
summer and fall. During rainfall events, declines in SpC were observed suggesting newer
water contributions that can be explained by the activation of near-surface pathways (Carey

and Quinton, 2004).

The inverse pattern was observed for CDOM and DOC compared with discharge,
although there were notable exceptions. In Granger Basin, CDOM is a reliable proxy for
DOC (1>=0.93; Chapter 2 (Shatilla and Carey, 2019)) and is considered equivalent to DOC
concentration due to the consistent relationship between high-frequency CDOM and DOC

grab samples (Figure 3-3). Peak CDOM and DOC concentrations occur during freshet
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immediately preceding the first discharge rise when soils were largely frozen and freshet-
driven flow pathways were restricted to surface and organic layers. Peak DOC
concentrations on the rising limb of the freshet hydrograph have previously been reported
at GC and in other northern catchments. In addition, the more biologically active ions (NO3"
, K" rose (Figure 3-4), suggesting a shift to more shallow organic layers (Langmuir, 1997).
Following freshet, DOC concentrations and CDOM rapidly declined and were low
throughout most of summer with some increases in fall, during wet years (2015, 2016),
indicating wetter conditions favouring the reactivation of near-surface flow pathways and

an increase in DOC transport.
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3.4.2 New insights on C-Q and solute flux from high resolution data

3.4.2.1 Temporal resolution and information loss

While the 15-minute and discrete sampling data agree well, there is considerably
more information and dynamic behaviour captured with the higher frequency CDOM and
SpC records (Figure 3-5). This challenges our understanding of catchment behaviour from
infrequent water quality samples at large and intermediate time scales, which neglect the
dynamic nature of flow-chemistry interactions. The first step in quantifying the information
gathered from continuous monitoring and grab samples was to calculate linear regressions
in log-log space. Seasonal and annual regressions of SpC-Q and C-Q of major ions (Figure
3-6) were evaluated as were CDOM-Q and DOC-Q (Figure 3-7) The relation between flow,
SpC, and major ions in log-log space suggest that there is a chemostasis during low flows
and a dilution signal at higher flows, particularly with respect to weathering ions which all
showed similar dilution slopes (Figure 3-6). The SpC signal is comprised of differing
relative contributions from major ions, meaning that high-frequency SpC data could not be
directly compared to the ion data. However, similar patterns were apparent overall, and the
divergent patterns noted during 2018 high-flow conditions resulted from a staggered early
and late season snowmelt peak (Figure 3-6). The later and larger peak had similar
conductivity, despite higher flows. This pattern can largely be explained by water
pathways; when flow is in lower mineral layers it has a distinct composition that mixes

with less saline, near-surface organic layers at higher flow conditions.
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121



Ph.D. Thesis — Nadine J. Shatilla; McMaster University, School of Geography & Earth Sciences

To allow direct comparison, CDOM was converted to DOC concentration
(regression provided in Chapter 2 (Shatilla and Carey, 2019)). The slope of the DOC-Q
slope was predominantly positive yet varied among years, suggesting a general trend of
mobilization (accretion) of DOC with increasing flows. However, the dispersion evident in
the C-Q relationship also implies that a linear regression is perhaps inadequate to
summarize C-Q behaviour as a whole (Minaudo et al., 2019). Spring hysteresis showed
reduced slopes on an annual basis with slopes computed using data from sparse grab
samples during freshet in 2017 and 2018. Freshet slopes indicated a greater mobilization
signal compared to 2016 yet a more limited range of conditions was observed (Figure 3-

7).

To further explore the influence of temporal resolution on models of catchment C-
Q behavior, we focussed on 2016 when both CDOM and DOC measurements were most
complete. Depending upon the temporal selection (i.e. the inclusion of freshet), and the
season, the log-log slopes differed between CDOM-Q and DOC-Q (Figure 3-7). A positive
log-log slope supported the assertion of DOC flushing during freshet, however the higher
CDOM temporal resolution record captured between 2016-2018 suggests much more
complex dynamics not observed at daily or weekly sampling time scales (Figure 3-7). The
disconnect between C-Q slopes computed at smaller timescales compared to seasonal or
annual time scales has been reported in the literature in more temperate environments
(Duncan et al., 2017; Dupas et al., 2017; Li et al., 2019; Minaudo et al., 2019). In fact,
mobilization, dilution, and chemostatic C-Q frameworks (Musolff et al., 2017) were all

represented within GC during freshet by CDOM-Q with more limited representation from
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SpC-Q. The changing dynamic between CDOM/DOC and discharge patterns during freshet
has not been previously reported and suggests complex interplay between catchment
processes related to both sources and transport during this key period. For summer and fall,
log-log slopes were more constrained and showed a general mobilization pattern, although

flows and concentrations were lower.
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The effect of increased sampling frequency on load estimates has been explored in
previous research (Johnson et al., 1969; Harmel et al., 2009; Yanai et al., 2014; Chappell,
Jones and Tych, 2017) and was assessed for GC by applying the methodology used in
Chapter 2 based on the RiverLoad software (Nava et al., 2019). For 2016, the load
calculated for the entire study period using DOC grab samples was 26% or 0.20 g C m-2
higher than loads calculated from DOC-inferred CDOM. Seasonally, CDOM-based load
calculations were 0.30 g C m™, 0.16 g C m? and 0.11 g C m™ for spring, summer and fall,
respectively. Relative to Chapter 2 (Shatilla and Carey, 2019) the CDOM based load was
3% greater in the spring and 44% less in the summer and fall. This discrepancy between
estimates from grab samples and calculated DOC load from CDOM highlights how
resolution loss due to infrequent sampling can influence loading estimates to the
downstream environment. This has important implications for assessing carbon balances in

northern catchments.

3.4.2.2 Event-scale analyses

High-resolution measurements enable a more holistic assessment of integrated
catchment behaviour by sampling many (if not all) storm-response events over a sampling
period of interest. Here, using the approach of Lloyd et al., (2016a, b) we evaluated the
fine-scale controls on CDOM and SpC and by extension the behaviour of DOM and major
ions. Event loops were assessed and excluded from analysis if normalized event metrics
did not accurately summarize the C-Q hysteresis as summarized in Section 3.2.5.
Normalized SpC event slopes were predominantly negative indicating dilution; however,

slope reversals did occur. These reversals were not clearly linked to antecedent conditions.
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Rather, for both SpC-Q (and CDOM-Q), reversals in slope (from positive to negative or
vice versa) were observed when events had a secondary peak or occurred within 24 hours
of a previous event, similar to observations of days between discharge peaks indicating
enhanced mobilization (negative to positive) or source limitation (positive to negative)

(Feinson et al., 2016).

As with the annual SpC-Q and C-Q for weathering ions that exhibited dilution
behaviour, event-scale responses exhibited clockwise behaviour (positive HI) with higher
concentrations on the rising limb of the hydrograph and a negative flushing index,
indicating dilution during input events (Figure 3-8). SpC-Q hysteresis was relatively
consistent among conditions and years, with only two events in 2017 having anticlockwise
hysteresis. In contrast, anticlockwise (negative) loops dominated the CDOM-Q events,
with a generally positive flushing index, with CDOM peak following peak event discharge
(Figure 3-9). However, there was much greater variability within and among years, and
2018 had a large number of events with CDOM dilution signatures (negative FI). These
CDOM dilution events occurred primarily in the late spring and early fall. Unlike SpC-Q,
during individual storm events there was most often a mobilization CDOM signature

superimposed on the longer-term dilution signature.

Presumably there are distinct and complementary mechanisms driving annual,
seasonal, and event responses for SpC and DOC (as CDOM). While larger scale patterns
can be explained by existing conceptual models, event-scale responses provide information
on catchment connectivity and runoff processes. Using the HydRun toolbox (Tang and

Carey, 2017), we compared dozens of precipitation, flow, and hysteresis metrics (Table 3-
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S1) in a correlation matrix to evaluate possible factors that control loop behaviour in an
exploratory framework (Table 3-S3). We hypothesized that a number of distinct and

seasonal-dependent factors controlled the dominant source and transport processes driving

SpC-Q and CDOM-Q.
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Figure 3-8. Quadrant plots of flushing index (x-axis) and hysteresis index (y-axis) for 2016, 2017 and 2018 for individual events
captures from high-frequency specific conductivity (SpC) record.
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Figure 3-9. Quadrant plots of flushing index (x-axis) and hysteresis index (y-axis) for 2016, 2017 and 2018 for individual events
captures from high-frequency chromophoric dissolved organic matter (CDOM) record.
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SpC-Q and CDOM HI and FI for individual events were typically opposite to one
another, indicating the source and transport processes between these two constituents are
distinct. SpC-Q loops were explained well through existing conceptual models of
permafrost runoff processes. As flow pathways became deeper as the season progressed,
salinity increased, as did hysteresis and loop area, whereas the flushing index became less
negative (the slope between Q and SpC declined). The increase in hysteresis can be
explained by mixing of progressively more saline groundwater with less dilute precipitation
and potential near-surface or riparian waters, although the overall decline in runoff ratios
suggests less total water is mixing. The predominance of “old” water previously stored in
the catchment and large mixing volumes through the utilization of stable isotopes has been

previously reported for Granger Basin (Boucher and Care, 2010; Piovano et al., 2019).
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CDOM-Q patterns were driven by a series of more variable, complex interactions that

control catchment connectivity, water table position, and DOM production. Some seasonal

influence was accounted for through weak but significant positive correlations with

antecedent 10- and 21-day air temperature and loop area, HI average., and negative

correlation between slope and 1-10 day antecedent air temperature. This effect is assumed

to be a combination of seasonal characteristics and increased air temperature linked with

increased production of DOM and in-stream processing. Time series observations showed

increasing CDOM during events, reflected by strong positive correlations with total event

rainfall. CDOM concentrations during events did not always have strong positive

correlations with the previous 1-10 days of rainfall during drier periods, suggesting that the

event rainfall could sometimes overcome priming effects or that rainfall accumulated over

a longer period had an effect (Ali et al., 2015). The time required for transport along

flowpaths is important as shown by the strong positive correlation between increased event

CDOM concentrations and 21-day antecedent rainfall. With regards to FI, there was a

negative correlation between antecedent rainfall and slope, indicating that mobilization was

greatest for events during wetter periods. 3.4.3 Integration of high-resolution data into a

conceptual model

The conceptual models of flow, dissolved ion, and DOC transport discussed above
were developed without the utilization of high-frequency data, which provides additional
insight, particularly at shorter time scales. For CDOM-Q, anticlockwise loops dominated
the event hysteresis, yet followed a general clockwise loop on a seasonal basis.

Anticlockwise loops occurring in spring were associated with the system being “primed”
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with abundant organic carbon accumulated over winter, which coincided the flushing of
both proximal sources (i.e. riparian zone) and up-slope organic soils, primarily through the

near-surface due to a shallow frost table.

During spring, in-stream DOC was comprised of organic material from the previous
year collected from near-stream as well as more distant, upslope areas (Chapter 2 (Shatilla
and Carey, 2019)). Contributions of snowmelt water on top of mostly frozen soils
connected distant, typically disconnected areas to the stream during this time. The diel
variation in streamflow and solutes is exaggerated during the freshet period and confounds
the event response signal (Figure S3-3). In summer and fall, anticlockwise hysteresis
occurred on an event basis as periods of high rainfall and wetter antecedent conditions
facilitated hydrologically-mediated transport pathways. Clockwise CDOM-Q loops (i.e.,
higher DOC concentration on the rising slope) occurred much less frequently and occurred
primarily in late spring and fall (Figure 3-9). Clockwise loops suggest the importance of
near-stream riparian contributions (Laudon et al., 2011). The interplay between
anticlockwise and clockwise hysteresis during the latter part of the snowmelt period may
be attributed to the depletion of the previous year’s accumulated organic carbon source.
Previous research at GC showed that depleted freshness and fluorescence indices coincided
with peak DOC in response to freshet (Shatilla & Carey, 2019). During summer and fall,
active layer thickening presumably led to a disconnect between DOC sources and the

stream (Striegl et al., 2006; Petrone et al., 2006).

Thus, as most areas of the catchment showed decreased soil moisture and low water

tables, the riparian zone maintained near-surface water tables and was responsible for the
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DOC dynamics in the stream and newly produced organic material (Chapter 2 (Shatilla and
Carey, 2019)). High-frequency salinity and discharge data largely support our
understanding of flow pathways. In GC, the soil profile and the water and frost table
positions control the rate, timing, and magnitude of runoff. High-frequency data suggests
that there is considerable complexity in runoff responses, yet the well-documented seasonal
shift in runoff pathways from near-surface organic layers to deeper groundwater-driven

flow is observed at temporalities exceeding the event scale.

3.4.4 Implications for Change

Changes in water chemistry in large arctic rivers have almost been exclusively
attributed to thawing permafrost and shifting flow pathways, with much less emphasis on
alternate explanations such as changes in precipitation, vegetation, and other
biogeochemical processes. While this research occurs in only one well-studied headwater
catchment, multi-year, high-frequency data suggests that different processes drive the
response of weathering solutes and dissolved organic matter. SpC patterns in GC reflect
the seasonal interplay of near-surface and deeper groundwater pathways in a relatively
predictable matter. It is presumed that as frozen ground declines, deeper flow pathways will
increase their influence, resulting in greater dissolved loads and shifts in flow regimes.
However, CDOM and DOC show a much more complex response that links both

production and transport mechanisms.

Historical and recent studies have shown that the initial pulse of DOC at the

landscape-scale is largely mobilized during freshet when seasonal frost is widespread under
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current conditions (Carey, Boucher and Duarte, 2013). We suggest that a large freshet DOC
pulse will still occur in a warmer and wetter environment with less permafrost, but the
magnitude of this pulse may be controlled by a combination of precipitation and
temperature across multiple seasons prior to spring (Tiwari, Sponseller, and Laudon, 2019).
Summer DOM in this headwater stream is likely controlled by the riparian zone and near-
surface saturated areas with more limited permafrost; perhaps that change will be limited.
However, as shown in Chapter 2 (Shatilla and Carey, 2019), there has been an apparent
decline in DOC since the mid-2000s at GC, which cannot be explained. Wet falls and a
secondary seasonal flush were used to explain this decline, yet the lack of freshet sampling
in 2017 and 2018 was not able to confirm this hypothesis following dry years. Regardless,
more attention should be paid to in-stream biogeochemical transformations as well as other
late-season conditions and processes as drivers for change as stated in Shogren et al. (2019).
In addition, more information on spatial variability and the mobilization of DOM in pore

water to the stream is necessary (Vonk et al., 2019).

3.5 CONCLUSIONS

New insights into runoff production and associated chemical transport were
obtained through the use of high-frequency data at a well-studied subarctic alpine
catchment. On annual and seasonal time scales, conductivity and CDOM were largely
controlled by the predominant runoff pathways that shift throughout the year in response
to wetness and ground thermal status. At event scales, high-frequency data suggests that

conductivity from dissolved solutes becomes diluted, whereas organic material is
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mobilized. There is considerable complexity in these responses, which are controlled by a
host of interrelated factors that defy simple explanation. High-frequency data has provided
considerable information that suggests greater complexity in sources and pathways of water
and chemicals that are not captured by traditional sampling methods.

Estimates of chemical loading and their dilution and mobilization patterns are all
poorly represented by traditional sampling methods. While this multi-year study is limited
in its spatial representation, it is important to highlight that there are different hydrological
processes that drive the response of dissolved solutes and organic matter. The snowmelt
period is still a dominant driver of intra-annual hydrochemical patterns, but important
information on catchment processes have also been revealed in the summer and fall
seasons. The inclusion of snowmelt-driven events was constrained due to the superposition
of diel variability atop event signals. A better understanding of this phenomenon, which
was predominant during the snowmelt period at the headwater site, and its underlying
drivers will help with CQ analysis during this important period. Recent literature has
focussed almost exclusively on permafrost thaw as a means to explain hydrochemical
changes in large watersheds, but results here suggest that there are alternate mechanisms

that may act to partially explain chemical response.
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Year Season
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Summer
2016 Summer
2016 Summer
2016 Summer
2016 Fall
2017 Spring
2017 Spring
2017 Spring
2017 Spring
2017 Spring
2017 Spring
2017 Spring
2017 Spring
2017 Spring
2017 Spring
2017 Spring
2017 Summer
2017 Summer
2017 Summer
2017 Summer
2017 Summer
2017 Summer
2017 Summer
2017 Summer
2017 Summer
2017 Fall
2017 Fall
2018 Spring
2018 Spring
2018 Spring
2018 Spring
2018 Spring
2018 Spring
2018 Spring
2018 Spring
2018 Summer
2018 Summer
2018 Summer
2018 Summer
2018 Summer
2018 Summer
2018 Summer
2018 Summer
2018 Summer
2018 Fall

Main
Water
Input
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall

Start_Time
09-May 14:45
10-May 09:15
12-May 12:00
13-May 13:00
14-May 12:15
18-May 15:45
19-May 16:15
20-May 16:00
21-May 15:00
22-May 11:15
28-May 16:15
30-May 17:00
31-May 18:00
01-Jun 14:30
04-Jun 15:30
19-Jun 16:15
27-Jun 17:45
30-Jun 02:15
09-Jul 13:30
09-Sep 04:30
16-May 14:30
21-May 13:15
23-May 13:15
24-May 13:30
25-May 10:00
27-May 13:30
28-May 13:15
29-May 11:15
30-May 11:30
05-Jun 13:00
06-Jun 18:00
17-Jun 17:00
18-Jun 11:15
19-Jun 12:15
26-Jun 15:15
07-Jul 17:00

10-Jul 08:30

13-Jul 14:00

15-Jul 11:15

17-Jul 17:30
22-Aug 18:30
27-Sep 04:15
09-May 07:45
10-May 08:45
17-May 19:00
04-Jun 14:45
05-Jun 13:00
09-Jun 10:30
09-Jun 22:30
13-Jun 22:30
15-Jun 10:15
16-Jun 07:45
19-Jun 08:30
20-Jun 12:45
21-Jun 12:30
29-Jun 10:15

18-Jul 03:00
08-Aug 14:00
09-Aug 14:15
27-Aug 20:00

Event Identifiers

Peak_Time
09-May 22:45
10-May 22:15
12-May 20:00
13-May 20:30
14-May 19:45
18-May 20:30

20-May 22:30
22-May 01:00
22-May 22:45
29-May 01:45
30-May 23:45
31-May 22:45
01-Jun 23:15
04-Jun 23:
19-Jun2

30-Jun 20:45
09-Jul 18:30
10-Sep 05:30
17-May 04:30
23-May 04:00
23-May 23:00
24-May 20:30
25-May 21:15
27-May 23:30
29-May 02:00
29-May 23:15
30-May 22:30
05-Jun 21:45
08-Jun 15:45
17-Jun 21:30
18-Jun 17:00
19-Jun 22:30
26-Jun 20:00
08-Jul 09:00
11-Jul 07:15
13-Jul 22:00
15-Jul 20:45
17-Jul 23:45
23-Aug 02:15
28-Sep 07:45
09-May 17:30
10-May 15:30
19-May 19:15
04-Jun 23:30
05-Jun 21:00
10-Jun 17:15
10-Jun 1
14-Jun 18:45
15-Jun 20:15
16-Jun 20:15
19-Jun 18:45
20-Jun 18:30
21-Jun 18:45
29-Jun 20:15
18-Jul 17:30
08-Aug 23:45
10-Aug 03:45
28-Aug 19:45

End_Time
10-May 08:45
11-May 09:30
13-May 08:45
14-May 09:45
15-May 10:00
19-May 09:15
20-May 12:45
21-May 10:00
22-May 11:15
23-May 12:45
29-May 12:30
31-May 10:15
01-Jun 11:30
02-Jun 13:00
05-Jun 13:30
20-Jun 13:00
28-Jun 15:30
01-Jul 14:15

10-Jul 16:30
10-Sep 17:15
17-May 12:00
23-May 13:30
24-May 08:00
25-May 11:15
27-May 00:15
28-May 07:30
29-May 10:30
30-May 10:30
31-May 11:30
06-Jun 07:45
11-Jun 09:15
18-Jun 12:45
19-Jun 12:00
20-Jun 14:15
27-Jun 18:15
09-Jul 01:30

13-Jul 15:00

14-Jul 09:15

17-Jul 12:45

19-Jul 10:30
24-Aug 15:15
28-Sep 19:45
10-May 08:45
11-May 03:45
21-May 08:30
05-Jun 12:15
06-Jun 07:30
12-Jun 19:30
11-Jun 23:30
15-Jun 10:15
16-Jun 07:45
17-Jun 14:00
20-Jun 08:45
21-Jun 04:30
22-Jun 05:45
30-Jun 12:45

20-Jul 04:00
09-Aug 14:15
10-Aug 16:45
30-Aug 04:30

Initial
2500.8
2812.4
3154.4
2706.4
2338.4
1375.2
1405.2
1228.8
1201.2

1176

992.8

886

885.2

551.2

528.6

445.36
478.64
672.4
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CDOM

Concentrations HI
Mean Max Min HI25 HI50 HI7S HI90
2788.0 2933.2 2488.4 -0.81 -0.81 -0.62 -0.29
3008.4 3266.4 2675.6 -0.70 -0.67 -0.41 -0.32
3090.1 3419.6 2161.2 -0.31 -0.77 -0.69 -0.33
2974.7 3370.0 2473.6 -0.63 -0.87 -0.86 -0.62
2552.9 3013.2 2090.8 -0.26 -0.51 -0.52 -0.24
1560.4 1712.4 1296.8 -0.98 -0.87 -0.69 -0.30
1474.2 1650.0 1184.8 -0.02 -0.14 0.03 0.13
1421.8 1597.2 1172.8 0.01 -0.35 -0.22 -0.06
1216.1 1353.2 846.8
1199.1 1795.6 739.2 -0.45 -0.31 -0.49 -0.15
1113.4 1254.0 765.2 0.41 0.03 0.03 -0.06
979.2 1064.4 397.9 -0.06 -0.07 -0.03 -0.07
915.4 1000.8 447.2 -0.15 -0.17 -0.20 -0.17
814.8 953.6 261.6 0.16 -0.09 -0.10 0.06
568.2 752.4 227.6 -0.27 -0.45 -0.21 -0.01
447.1 535.0 84.6 0.49 0.06 0.01 0.00
573.8 730.0 1705 -0.73 -0.73 0.11 0.01
771.8 1063.6 428.0 -0.67 -0.64 -0.34 -0.17

-0.38 -0.55 -0.24 -0.03
3464.3 3752.8 3023.6 -0.46 -0.21 -0.12 -0.06
3369.1 3541.2 3139.2 -0.28 -0.49 0.13 0.42
3223.7 3277.6 3124.0 -0.40 -0.40 -0.19 -0.14
3042.0 3124.0 2918.4 -0.32 -0.33 -0.34 -0.11
2802.9 2979.2 2611.6 -0.28 -0.36 -0.30 -0.02
2287.1 2332.4 2225.6 -0.47 -0.43 -0.37 -0.04
2229.3 2384.4 2051.2 -0.27 -0.10 -0.11 -0.01
2142.9 2238.0 1937.6 -0.08 -0.09 -0.05 0.03
1924.7 2034.4 1776.0 0.02 -0.08 -0.43 -0.33
1651.1 1708.0 1539.4 0.38 0.48 0.36 0.11
935.3 1421.6 649.0
1069.0 1129.2 922.6 0.13 0.10 0.12 0.08
883.3 948.8 844.8
812.2 848.8 787.2 0.56 -0.27 -0.44 -0.14
729.7 784.0 600.4 -0.67 -0.82 -0.94 -0.68
583.8 622.8 516.4 -0.59 -0.19 -0.14 -0.11
883.5 1216.8 568.4 -0.48 -0.48 -0.26 -0.11
679.3 722.0 638.0 -0.17 -0.16 -0.23 -0.17
906.9 1036.8 588.4 -0.53 -0.44 -0.24 -0.11
969.3 1104.4 836.8 -0.42 -0.45 -0.13 -0.01

-0.37 -0.60 -0.48 -0.47

-0.14 -0.18 0.01 0.15
3279.1 37116 3049.6
3625.6 4337.6 2481.2 -0.69 -0.72 -0.57 -0.13
3657.5 4044.4 3222.4 -0.37 -0.24 -0.16 -0.08
1722.5 1808.0 1609.6 -0.42 -0.42 -0.24 -0.07
1671.8 1747.6 1590.0 -0.69 -0.74 -0.69 -0.29
2331.3 3222.0 1202.0 -0.16 -0.05 0.06 0.06
2706.1 3222.0 2173.2 -0.22 -0.05 0.26 0.06
2075.5 2568.0 1535.6
1926.3 2218.0 1695.6 0.46 0.31 0.25 0.03
1499.7 1828.0 1266.0 0.25 0.23 0.14 0.03
954.0 998.8 908.8
877.4 913.2 837.2 0.13 0.06 -0.10 -0.10
831.5 874.0 799.2 0.09 0.07 -0.09 -0.01
699.5 730.0 597.6 -0.39 -0.28 -0.19 -0.15
646.2 719.2 555.2 -0.49 -0.13 -0.33 -0.37
677.0 762.8 563.4 -0.03 0.29 0.26 0.16
710.0 762.4 650.4
602.3 817.2 475.6 -0.44 -0.38 0.20 0.30

0.05
0.55
0.30

0.64
1.09

Loop area

Typical  Incl. Dir

0.66

0.45
0.65
0.35
0.75
0.10
0.17

0.40
0.17
0.06
0.17

0.10
0.07
0.27

0.23
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-0.66

0.10
0.07

-0.31
0.23

-0.31

Rep.

Direction Geometry

acw

maybe

maybe
yes
yes
yes
yes
yes

yes

composite
yes
yes
yes
complex
complex
no

complex
complex
yes
maybe
maybe
no
maybe
maybe

Initial
74.7
15.5
44.8
43.1
36.6
62.8
65.9
59.6
44.7
28.1
66.1
70.0
69.9
63.5
63.9
41.7

Concentration

0.39
0.16

0.42
0.20

HI

0.21
0.14

SpC

0.09
0.02

0.34
0.17

Fl

-0.92

-0.85
-0.89

-0.93
-0.57

Loop area
Typical  Incl. Dir
0.22 0.22
0.31 0.31
0.32 0.32
0.56 0.56
0.56 0.56
0.38 0.38
0.20 0.20
0.11 0.11
0.62 0.62
0.70 0.70
0.60 0.60
0.61 0.61
0.54 0.54
0.55 0.55
0.44 0.44
0.31 0.31
0.13 0.13
0.18 0.18
0.31 -0.31
0.14 0.14
0.30 0.30
0.21 0.21
0.20 -0.20
0.42 0.42
0.42 0.42
0.30 0.30
0.41 0.41
0.35 0.35
0.29 0.29
0.26 0.26
0.64 0.64
0.21 0.21
0.53 0.53
0.22 0.22
0.15 0.15
0.14 0.14
0.31 0.31
0.21 0.21
0.13 0.13
0.17 0.17
0.21 0.21
0.24 0.24
0.51 0.51
0.40 0.40
0.69 0.69
0.59 0.59
0.36 0.36

Rep.

Direction Geometry

ow
ow
ow
ow
ow
ow
ow
ow
ow
ow
ow
ow
ow
ow
ow
ow
ow

ow
ow
ow
ow
ow
ow
ow
ow
ow
ow
ow
ow
ow
ow
ow
ow
ow
ow

yes
no
yes
yes

complex
yes
no

yes
complex
yes
yes
yes
yes
yes
composite
maybe
yes
yes
complex
complex
yes
yes
complex
yes
yes
maybe



Year Season
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Spring
2016 Summer
2016 Summer
2016 Summer
2016 Summer
2016 Fall
2017 Spring
2017 Spring
2017 Spring
2017 Spring
2017 Spring
2017 Spring
2017 Spring
2017 Spring
2017 Spring
2017 Spring
2017 Spring
2017 Summer
2017 Summer
2017 Summer
2017 Summer
2017 Summer
2017 Summer
2017 Summer
2017 Summer
2017 Summer
2017 Fall
2017 Fall
2018 Spring
2018 Spring
2018 Spring
2018 Spring
2018 Spring
2018 Spring
2018 Spring
2018 Spring
2018 Summer
2018 Summer
2018 Summer
2018 Summer
2018 Summer
2018 Summer
2018 Summer
2018 Summer
2018 Summer
2018 Fall

Main
Water
Input
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Snowmelt
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall
Rainfall

T_LP
3.25
14.25

9.00

15.25

11.50

17.25
10.00

-0.25
5.00

-46.00

2.75

19.50
16.75
21.00
16.75

HydRun Output

T_LC
5.84
14.66

8.58

12.02

10.98

10.24
-2.91

10.17
4.00

-19.56

4.94

10.60
-5.56

7.50
10.12

Tc
15.25
23.50

19.75

18.75
23.50
15.75

21.00

19.25
4.50

38.00
12.50

38.25

21.00

49.00

32.00
-13.75
6.25
28.50

Runoff
Ratio
0.40
0.49

0.35

133
0.45
0.08.

0.76.

0.17
0.48

9.19
0.67

3.19

44.96

2.07

Event

start
0.001
0.016
0.167
0.207

Event end
0.010
0.068
0.182
0.234

Discharge
Event
AQ Peak
0.064 0.065
0.114 0.130
0.172 0.339
0.178 0.385
0.181 0.428
0.049 0.105
0.123 0.173
0.114 0.213
0.206 0.434
0.295 0.579
0.080 0.197
0.077 0.210
0.101 0.228
0.089 0.225
0.086 0.228
0.068 0.324
0.064 0.234
0.323 0.505
0.634 0.807
0.123 0.364
0.063 0.104
0.228 0.334
0.066 0.269
0.174 0.380
0.279 0.497
0.047 0.179
0.187 0.306
0.066 0.266
0.117 0.262
0.070 0.238
0.839 1.141
0.093 0.206
0.157 0.266
0.077 0.185
0.444 0.538
0.246 0.376
0.472 0.648
0.128 0.376
0.615 0.873
0.385 0.695
0.055 0.137
0.071 0.133
1.363 1.398
0.201 0.474
0.514 0.714
0.097 0.207
0.075 0.202
1.401 1.486
1.097 1.486
0.593 0.861
0.486 0.867
0.593 1.015
0.356 0.755
0.150 0.541
0.115 0.461
0.136 0.300
0.245 0.342
0.096 0.206
0.108 0.224
0.124 0.183
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Volume
0.386
1.014
2.432
3.126

Air Temperature

Antedecent Period

HBP

23.50
45.75
24.50
23.25
96.75

4d

Table 3-S1. Events extracted from Hydrun and included in analysis.

2.1

13

5.4

0.7

12.4
4.1

0.2

0.1

5.0

9.5
19.6

117

Precipitation (Rainfall)

Cumulative

9.3
11.4
115
115
11.5
11.6
13.7
13.7
13.7
13.7
34.4
39.6
39.8

Antedecent Period

4d

146

10d

21d

5cm
depth,
1d
0.485

Plateau (high) Station

5cm  5cm  15cm
depth, depth, depth,
4d 10d 1d
0.489 0.489 0.279
0.487 0.489 0.393
0.481 0.489 0.451
0.463 0.480 0.427
0.438 0.469 0.419
0.355 0.412 0.398
0.348 0.398 0.392
0.343 0.383 0.389
0.339 0.368 0.386
0.336 0.357 0.382
0.331 0.333 0.378
0.327 0.330 0.370
0.325 0.329 0.369
0.324 0.328 0.367
0317 0.323 0.357
0.304 0.302 0.344
0.291 0.298 0.324
0.285 0.292 0.311
0.280 0.287 0.319
0.275 0.282 0.304
0.493 0.462 0.446
0.363 0.433  0.402
0.349 0.400 0.390
0.343 0383 0.384
0.338 0.368 0.378
0.329 0.345 0.368
0.326 0.340 0.365
0.323 0.335 0.362
0.320 0.331 0.359
0.317 0.318 0.352
0.313 0.316 0.346
0.295 0.293 0.341
0.295 0.292 0.332
0.295 0.291 0.323
0.277 0.283 0.309
0.273 0.275 0.299
0.276 0.276 0.316
0.288 0.281 0.323
0.287 0.282 0.322
0.288 0.287 0.328
0.141 0.143 0.166
0.196 0.190 0.212
0.112 0.084 0.127
0.122 0.092 0.131
0.399 0.351 0.427
0.306 0.309 0.366
0.306 0.308 0.366
0.301 0.304 0.360
0.301 0.304 0.360
0.307 0.304 0.355
0.303 0.305 0.368
0.302 0.305 0.357
0.292 0.302 0.341
0.287 0.297 0.332
0.284 0.295
0.279
0.224 0.228 0.258
0.109 0.117 0.141
0.132 0.125 0.213
0.180 0.185 0.216

15cm  15cm
depth, depth,
4d 10d
0.193  0.161
0.245  0.183
0.400 0.251
0.440 0.281
0.441  0.308
0.405  0.410
0.400 0.420
0.396  0.416
0.391  0.408
0.388 0.402
0.381 0.383
0.376  0.380
0.373 0.378
0.370 0.377
0.362  0.370
0.345 0.339
0.329 0.337
0.319  0.330
0.310 0.320
0.309 0.318
0.374  0.225
0.408  0.367
0.398  0.416
0.393 0.415
0.388  0.407
0.376  0.392
0.371 0.387
0.367  0.383
0.364  0.378
0.359 0.360
0.355  0.358
0.331  0.329
0.333 0.329
0.333  0.328
0.311  0.319
0.305 0.308
0.309  0.308
0.326  0.315
0.326  0.317
0.327 0.324
0.163 0.166
0.212 0.207
0.119  0.100
0.125 0.105
0.440 0.323
0.367 0372
0.367 0.370
0.361  0.365
0.361  0.365
0.365 0.364
0.361  0.364
0.360 0.363
0.349 0.359
0.343  0.354
0.340 0.352
0.332
0.261  0.266
0.142 0.151
0.159  0.156
0213 0.221

Soil Moisture

Mid-slope (mid) Station
5cm  15cm
depth, depth,

5ecm  5cm
depth, depth,
1d 4d
0.363 0.336
0.377 0.349
0.447  0.399
0.440 0.419
0.431 0.432
0.423  0.427
0.420 0.424
0.419 0.422
0.418 0.420
0.417 0.419
0.417 0.420
0.409 0.415
0.407 0.411
0.404  0.409
0.393  0.399
0.341 0.347
0.295 0.313
0.245  0.277
0.205 0.196
0.141  0.137
0.233  0.225
0.244  0.242
0.248  0.245
0.247  0.247
0.249 0.248
0.247  0.248
0.243  0.247
0.241  0.245
0.243  0.244
0.256  0.260
0.251  0.257
0.261 0.254
0.255 0.255
0.249  0.256
0.245  0.245
0.223  0.236
0.247  0.237
0.236  0.249
0.243  0.244
0.245  0.250
0.033 0.033
0.041 0.042
0.211  0.192
0.225  0.205
0.236  0.237
0.255  0.255
0.254  0.256
0.252  0.250
0.252  0.250
0.263  0.262
0.266  0.264
0.264  0.264
0.263  0.265
0.260 0.264
0.257 0.261
0.232  0.240
0.152  0.159
0.027  0.024
0.063 0.034
0.060 0.047

10d

0.288
0.301
0.342
0.360
0.374
0.418
0.424
0.428
0.428
0.425
0.420
0.418
0.417

1d
0.160
0.161
0.173
0.179

15cm  15cm
depth, depth,

4d 10d

0.150  0.135
0.154  0.138
0.165  0.149
0.170 0.155
0.176  0.160
0.202  0.184
0.211 0.190
0.220  0.198
0.230  0.205
0.239 0.212
0.346  0.290
0.400  0.330
0.457 0.365
0.504  0.394
0.587  0.485
0.523 0.510
0.438 0477
0.414 0.452
0.384  0.395
0.367  0.368
0.127 0.101
0.155  0.138
0.166  0.149
0.172 0.155
0.179  0.161
0.207  0.179
0.228 0.191
0.255  0.205
0.281  0.221
0.457 0.371
0.470  0.399
0.478  0.474
0.483 0.475
0.487  0.474
0.447 0.461
0.415 0.430
0397 0417
0.392  0.403
0.389  0.395
0.388  0.391
0.369 0.370
0.342 0344
0.085  0.067
0.101 0.074
0.161  0.139
0.406  0.352
0.426 0.370
0.482  0.435
0.482  0.435
0.574 0.517
0.580  0.539
0.585  0.549
0.594 0.582
0.583  0.582
0.566 0.578
0.463  0.495
0.384  0.390
0.356 0.355
0.360  0.357
0.368  0.369

S5cm

1d

0.322
0.288
0.239
0.225
0.217
0.191

Riparian (low) Station
5cm 15cm 15cm
depth, depth, depth,

4d
0.339
0.324
0.277
0.251

1d
0.220
0.223
0.232
0.238

depth,
4d
0.214
0.217
0.226
0.230
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Season Paan Py ay  Pioa(mm) Tempaan Tempad Tempioa (°C) SMip 14 SMip 4d SMip 240 15cm SMipad SMmid 240 5cm SMmid ¢ Scm SMmid24n 15 cm SMmid-slope 44 15
(mm) (mm) (°0) (°0) cm
Scm Scm 15cm

Spring Mean 1.0 4.5 9.5 6.5 52 4.9 0.223 0.232 0.365 0.354 0.319 0.315 0.306 0.283
StdDev 2.5 5.9 11.0 2.7 1.6 1.8 0.070 0.056 0.113 0.115 0.086 0.086 0.157 0.148
Min 0 0 0 2.0 2.3 1.1 0.169 0.183 0.192 0.188 0.211 0.192 0.112 0.085
Max 12.9 23.8 36 12.4 8.9 8.5 0.483 0.367 0.477 0.503 0.447 0.432 0.598 0.587
IQR 0.6 5.3 10.2 3.2 1.9 2.3 0.030 0.053 0.219 0.225 0.168 0.167 0.284 0.254
n 34 34 34 34 34 34 34 34 34 34 34 34 34 34

Summer Mean 1.9 8.2 22.3 10.3 9.2 9.3 0.184 0.183 0.438 0.437 0.231 0.233 0.454 0.459
Std Dev 2.8 6.4 16.4 34 3.0 2.3 0.016 0.014 0.020 0.018 0.069 0.075 0.079 0.080
Min 0 0 0 33 34 6.1 0.159 0.161 0.406 0.402 0.027 0.024 0.359 0.356
Max 8.7 17.6 49.3 17.7 15.5 14.3 0.216 0.208 0.511 0.476 0.341 0.347 0.601 0.594
IQR 2.7 12.1 27.5 34 3.4 2.3 0.026 0.023 0.015 0.018 0.028 0.026 0.123 0.124
n 22 22 22 22 22 22 22 22 22 22 22 22 22 22

Fall Mean 3.3 6.0 7.8 6.7 6.7 6.3 0.185 0.184 0.416 0.415 0.069 0.065 0.361 0.362
StdDev 5.5 4.7 6.4 4.6 1.4 2.6 0.028 0.030 0.014 0.015 0.050 0.048 0.013 0.012
Min 0 0 0 1.7 5.3 5.2 0.165 0.162 0.403 0.401 0.033 0.033 0.342 0.342
Max 11.4 11.4 15.3 12.2 8.6 10.0 0.226 0.228 0.436 0.436 0.141 0.137 0.369 0.369
IQR 4.1 44 6.7 5.4 1.5 2.9 0.019 0.023 0.010 0.013 0.041 0.030 0.007 0.008
n 4 4 4 4 4 4 4 4 4 4 4 4 4 4

Table 3-S2. Table summarizing event antecedent conditions for precipitation, air temperature, and soil moisture.
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Indep.
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_start
cdom_max
cdom_max
cdom_mean
cdom_mean
cdom_min
cdom_min
cdom_range
HI25_cdom
HI25_cdom
HI25_cdom
HI25_cdom
HI25_cdom
HI25_cdom
HI25_cdom
HI25_cdom
HI25_cdom
HI25_cdom
HI25_cdom
HI25_cdom
HI25_cdom
HI25_cdom
HI25_cdom
HI25_cdom
HI25_cdom
HI25_cdom
HI25_cdom
HI25_cdom

Ph.D.

Dep.

cdom_range
HI_avg_spc
HI50_spc

HI75_spc

HI90_spc
LoopArea_spc
P_accum
Rain_10_day
Rain_21_day
Rain_4_day
Runoff_Ratio
SM_H15_1_day
SM_H15_4_day
SM_H5_1_day
SM_H5_10_day
SM_H5_4_day
SM_L15_1_day
SM_L15_10_day
SM_L15_4_day
SM_L5_1_day
SM_L5_4_day
SM_M15_1_day
SM_M15_10_day
SM_M15_4_day
spc_max

spc_mean

spc_min
Temp_1_day
Temp_10_day
Temp_21_day
Temp_4_day
Tot_P

HBP

spc_min

HBP

spc_min

HBP

spc_min

spc_range
HI_avg_cdom
HI_avg_cdom
HI50_cdom
HI75_cdom
HI90_cdom
LoopArea_cdom
LoopArea_num_cdom
LoopArea_num_spc
Rain_21_day
Slope_cdom
SM_H15_10_day
SM_L15_1_day
SM_L15_10_day
SM_L15_4_day
SM_L5_1_

SM_LS
SM_M15_1_day
SM_M15_10_day
SM_M15_4_day
spc_range

Table
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Cor. Coeff. p-value

0.31
-0.32
-0.31
-0.48
-0.49
-0.34
-0.70

0.70

0.56

0.44

0.56

0.46

0.33

0.56

0.57

0.57
-0.73
-0.80
-0.77

0.57

0.70
-0.63
-0.71
-0.66
-0.42
-0.44
-0.45
-0.27
-0.67
-0.81
-0.50
-0.56

0.31
-0.32

0.32
-0.29

0.33
-0.29

0.35

0.89

0.89

0.81

0.56

0.42
-0.63

0.84
-0.32

0.50
-0.39

0.30

0.39

0.41

0.43
-0.28
-0.31

0.49

0.40

0.46
-0.34

3-S3.

0.0228
0.0336
0.0368
0.0008
0.0007
0.0255
0.0000
0.0001
0.0042
0.0303
0.0291
0.0004
0.0118
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0012
0.0008
0.0005
0.0458
0.0000
0.0000
0.0001
0.0290
0.0232
0.0190
0.0212
0.0342
0.0146
0.0357
0.0091
0.0000
0.0000
0.0000
0.0000
0.0020
0.0000
0.0000
0.0437
0.0176
0.0050
0.0303
0.0040
0.0029
0.0013
0.0420
0.0242
0.0003
0.0036
0.0005
0.0142

Table of significant correlations across event hysteresis metrics, catchment

Indep.

HI50_cdom
HIS0_cdom
HI50_cdom
HI50_cdom
HI50_cdom
HI50_cdom
HI50_cdom
HI50_cdom
HI50_cdom
HI50_cdom
HI50_cdom
HI50_cdom
HI50_cdom
HI50_cdom
HI50_cdom
HI75_cdom
HI75_cdom
HI75_cdom
HI75_cdom
HI75_cdom
HI75_cdom
HI_avg_cdom
Hi_avg_cdom
HI_avg_cdom
HI_avg_cdom
Hi_avg_cdom
Hi_avg_cdom
HI_avg_cdom
LoopArea_cdom
LoopArea_cdom
LoopArea_cdom
LoopArea_cdom
LoopArea_cdom
LoopArea_cdom
LoopArea_num_cdom
LoopArea_num_cdom
LoopArea_num_cdom
LoopArea_num_cdom
LoopArea_num_cdom
LoopArea_num_cdom
LoopArea_num_cdom
LoopArea_num_cdom
LoopArea_num_cdom
LoopArea_num_cdom
LoopArea_num_cdom
LoopArea_num_cdom

Dep.
HI_avg_cdom
HI75_cdom
HI90_cdom
LoopArea_cdom
LoopArea_num_cdom
Q_start
SM_L15_1_day
SM_L15_10_day
SM_L15_4_day
SM_L5_4_day
SM_M15_1_day
SM_M15_10_day
SM_M15_4_day
Temp_10_day
Temp_21_day
HI_avg_cdom
HI90_cdom
LoopArea_cdom
LoopArea_num_cdom
SM_H5_10_day
SM_H5_4_day
SM_L15_4_day
SM_L5_4_day
SM_M15_1_day
SM_M15_10_day
SM_M15_4_day
Temp_10_day
Temp_21_day
LoopArea_num_cdom
SM_H15_10_day
SM_L15_1_day
SM_L15_4_day
SM_M15_1_day
SM_M15_4_day
Q_start
Rain_21_day
SM_L15_1_day
SM_L15_10_day
SM_L15_4_day
SM_L5_4_day
SM_M15_1_day
SM_M15_10_day
SM_M15_4_day
Temp_10_day
Temp_21_day
Tot_P

Cor.

. Coeff. p-value
0.95 0.0000
0.77 0.0000
0.54 0.0000

-0.75 0.0000
0.95 0.0000
0.29 0.0386
0.47 0.0005
0.45 0.0008
0.49 0.0002

-0.35 0.0100
0.51 0.0001
0.42 0.0020
0.48 0.0003
0.37 0.0075
0.30 0.0298
0.86 0.0000
0.85 0.0000

-0.68 0.0000
0.83 0.0000

-0.29 0.0398

-0.29 0.0380
0.47 0.0004

-0.33 0.0153
0.51 0.0001
0.43 0.0013
0.49 0.0002
0.35 0.0105
0.30 0.0281

-0.75 0.0000

-0.39 0.0047

-0.33 0.0208

-0.33 0.0208

-0.32 0.0219

-0.28 0.0479
0.33 0.0226
0.48 0.0356
0.40 0.0045
0.42 0.0031
0.43 0.0023

-0.30 0.0363
0.47 0.0007
0.42 0.0033
0.46 0.0012
0.38 0.0082
0.30 0.0382
0.65 0.0234

conditions and meteorological parameters.

Indep.

spe_start
spc_start
spc_start
spc_start
spc_start
spe_start
spc_start
spe_start
spc_start
spe_start
spc_start
spe_start
spc_start
spe_start
spe_start
spe_start
spe_start
spc_start
spe_start
spc_start
spe_start
spe_start
spe_start
spc_start
spe_start
spc_start
spe_start
spe_start
spe_start
spc_start
HI25_spc
HI25_spc
HI25_spc
HI25_spc
HI25_spc
HI25_spc
HI25_spc
HI25_spc
HI25_spc
HI25_spc
HI25_spc
HI25_spc
HI25_spc
HI25_spc
HI25_spc
HI25_spc
HI25_spc
HI25_spc
HIS0_spc
HI50_spc
HIS0_spc
HI50_spc
HIS0_spc
HIS0_spc
HIS0_spc
HIS0_spc
HIS0_spc
HIS0_spc
HIS0_spc
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Dep.

cdom_min
cdom_start

HBP

HI_avg_spc
HI25_spc
HI50_spc
HI75_spc
HI90_spc
LoopArea_num_spc
LoopArea_spc
P_accum

Q_end

Q_start
Rain_10_day
Rain_21_day
Slope_cdom
Slope_spc
SM_H15_1_day
SM_H15_10_day
SM_H15_4_day
SM_H5_1_day
SM_H5_10_day
SM_H5_4_day
SM_M5_1_day
SM_MS5_10_day
SM_M5_4_day
spc_max
spc_mean
spc_min

T_LP
HI_avg_spc
HIS0_spc
HI75_spc
LoopArea_num_spc
LoopArea_spc
SM_M5_1_day
spc_max
spc_mean
spc_min
HI_avg_spc
HI50_spc
HI75_spc
LoopArea_num_spc
LoopArea_spc
SM_M5_1_day
spc_max
spc_mean
spc_min
cdom_min

da

HI_avg_spc
HI75_spc
HI90_spc
LoopArea_num_spc
LoopArea_spc
Q_peak
Rain_21_day
Runoff_Ratio
spc_max

Cor. Coeff. p-value

0.0457
0.0003
0.0022
0.0001
0.0007
0.0005
0.0003
0.0022
0.0000
0.0000
0.0232
0.0004
0.0000
0.0009
0.0001
0.0081
0.0216
0.0000
0.0001
0.0000
0.0002
0.0001
0.0002
0.0459
0.0380
0.0390
0.0000
0.0000
0.0000
0.0356
0.0000
0.0000
0.0009
0.0000
0.0000
0.0486
0.0007
0.0032
0.0018
0.0000
0.0000
0.0009
0.0000
0.0000
0.0486
0.0007
0.0032
0.0018
0.0216
0.0333
0.0000
0.0000
0.0010
0.0000
0.0000
0.0164
0.0099
0.0229
0.0004

Indep.

HIS0_spc

HIS0_spc

HIS0_spc

HIS0_spc

HI75_spc

HI75_spc

HI75_spc

HI75_spc

HI75_spc

HI75_spc

HI75_spc

HI75_spc

HI75_spc

HI75_spc

HI75_spc

HI75_spc

HI75_spc

HI75_spc

HI75_spc
LoopArea_num_spc
LoopArea_num_spc
LoopArea_num_spc
LoopArea_num_spc
LoopArea_num_spc
LoopArea_num_spc
LoopArea_num_spc
LoopArea_num_spc
LoopArea_num_spc
LoopArea_num_spc
LoopArea_num_spc
LoopArea_spc
LoopArea_spc
LoopArea_spc
LoopArea_spc
LoopArea_spc
LoopArea_spc
LoopArea_spc
LoopArea_spc
LoopArea_spc
LoopArea_spc
LoopArea_spc
LoopArea_spc
LoopArea_spc
LoopArea_spc
LoopArea_spc
LoopArea_spc
LoopArea_spc
LoopArea_spc
LoopArea_spc
LoopArea_spc

Dep.

spc_mean
spc_min
Temp_21_day
Tot_Q
cdom_max
cdom_mean
cdom_min

da

HI_avg_spc
HI90_spc
LoopArea_num_spc
LoopArea_spc
P_accum
Q_end

Q_peak
Rain_21_day
Runoff_Ratio
SM_H15_1_day
SM_H15_4_day
dQ

Q_end

Q_peak
Q_start
Rain_21_day
Runoff_Ratio
spc_max
spc_mean
spc_min

Tot_p

Tot_Q
cdom_max
cdom_mean
cdom_min

da
LoopArea_num_spc
Q_end

Q_peak
Q_start
Rain_21_day
Runoff_Ratio
SM_H15_4_day
spc_max
spc_mean
spc_min

Temp_21_day
Tot_P
Tot_Q
Tot_P

0.53
0.56
0.32
-0.33
-0.44
-0.44
-0.46
-0.32
0.83
0.85
0.81
0.74
0.45
-0.32
-0.37
-0.51
-0.80
-0.38
-0.34
-0.29
-0.32
-0.36
-0.32
-0.61
-0.79
0.60
0.61
0.58
0.70
-0.33
-0.30
-0.28
-0.34
-0.45
0.87
-0.49
-0.54
-0.45
-0.69
-0.61
-0.29
0.70
0.76
0.76
-0.50
0.53
-0.31
0.31
0.73
-0.48
0.65

. Coeff. p-value

0.0001
0.0000
0.0262
0.0224
0.0021
0.0020
0.0010
0.0247
0.0000
0.0000
0.0000
0.0000
0.0014
0.0277
0.0088
0.0171
0.0019
0.0097
0.0177
0.0482
0.0260
0.0140
0.0267
0.0033
0.0020
0.0000
0.0000
0.0000
0.0114
0.0227
0.0447
0.0627
0.0203
0.0016
0.0000
0.0004
0.0001
0.0013
0.0005
0.0356
0.0467
0.0000
0.0000
0.0000
0.0253
0.0249
0.0316
0.0324
0.0072
0.0006
0.0234
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Figure 3-S1. (a) CDOM-Q and (b) SpC-Q events from 2017 not retained for further
analysis.
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Figure 3-S2. (a) CDOM-Q and (b) SpC-Q events from 2017 not retained for further
analysis.
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CHAPTER 4
A MULTI-YEAR, SEASONAL EVALUATION OF ECOHYDROLOGICAL
SEPARATION IN A MONTANE HEADWATER CATCHMENT UNDERLAIN BY

DISCONTINUOUS PERMAFROST.
ABSTRACT

Climate warming is expected to intensify the freshwater cycle and solute fluxes in northern
environments. The compartmentalization of water within the critical zone is increasingly
important to provide insights into how water cycles within catchments under current and
changing conditions. However, the influence of changing vegetation communities and
shrub height on interception, evapotranspiration and soil moisture is unresolved. Stable
isotopes of water (6°H/5'%0) were collected from the headwater site Granger Creek situated
in the Wolf Creek Research Basin in YT, Canada to assess vegetation water sources and
evaporative effects in the soil. The concurrent, multi-year record of stable isotopes of
xylem, bulk soil, stream and meteoric waters were used to explore the “two water words”
hypothesis or ecohydrological separation (TWW/ES). Dual isotope and Ic-excess
approaches showed that bulk and xylem water were significantly different from the LMWL
and stream water isotopes. The bulk soil water isotope signal became more depleted over
time along a defined soil evaporation line at progressively deeper depths in response to
enhanced evaporation. Meanwhile, an increasingly enriched xylem water isotope signal
overlapped with bulk soil water values as the growing season continued, which suggests

the opportunistic use of available mobile soil water and refutes TWW/ES. Samples of the
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mobile and nonmobile soil waters that comprise the bulk soil water signal are likely
necessary to confirm the absence of TWW/ES at this site and resolve greatly depleted

xylem water signature source.
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4.1 INTRODUCTION

While there has been an enhanced interest in groundwater processes in permafrost
environments (Walvoord and Kurylyk, 2016), there has been less focus on processes that
occur in the seasonally frozen unsaturated zone, which provides water for vegetation
growth (Green water), groundwater recharge (Blue water), and is susceptible to abrupt
change (Chapin et al., 2005; Teufel & Sushama, 2019; Teufel et al., 2019). This is startling
as projected changes in rain and snow, enhanced thaw of seasonally frozen soils, and
changes in vegetation cover will all have large impacts on mediating evapotranspiration
(ET) and recharge dynamics (Loranty et al., 2018). There has been considerable research
documenting rapid vegetation change, particularly the advance of tree-dominated
communities into shrub-taiga and tundra ecosystems, and the proliferation of tall shrubs
into low tundra (Serreze et al., 2000; Schuur et al., 2007; Yang et al., 2010; Myers-Smith
et al.,, 2011; Bonfils et al., 2012; Pearson et al., 2013; Wallace and Baltzer, 2019).
Feedbacks from shrub expansion include enhanced snow trapping or redistribution (Sturm
et al., 2001, 2005; Essery and Pomeroy, 2004; Pomeroy et al., 2006; Marsh et al., 2010;
Myers-Smith and Hik, 2013; Domine et al., 2015; Krogh and Pomeroy, 2018; Vowles and
Bjork, 2019), changes in melt timing (Pomeroy et al., 2003), warming soils (O’Donnell et
al., 2011; Bonfils et al., 2012; Guo et al., 2018), and the potential to alter nutrient
availability (Cornelisson et al., 2007; Myers-Smith and Hik, 2013; Natali et al., 2015), most
of which enhance further shrub growth and potential for tree establishment (Jorgenson et

al., 2010).
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The influence of changing vegetation communities on hydrological storage and flux
remains uncertain (Lafleur and Humphreys, 2018), as modest changes in ET have been
observed based on shrub abundance (McFadden et al., 2003; Chapin et al., 2005; Krogh,
Pomeroy and Marsh, 2017). Yet vegetation characteristics (including height) and species
effects on transpiration, interception, and energy partitioning can be considerable (Bonfils
et al., 2012; van den Bergh et al., 2018; Zwieback et al., 2019).

Ecological responses to warming and other environment changes are often complex
and nonlinear (Brown et al., 2001; Wookey et al., 2009; Leuzinger et al., 2011; Lavergne
et al., 2019) with uncertain response timelines. Trajectories of future ecological change rely
on the assumption that the results of short-term experiments are projections of long-term
changes (Leuzinger et al. 2011; Wolkovich et al. 2012). This assumption is complicated by
responses affected by lag times, species interactions, or effects diluted over time due to
genetic adaptation (Brown et al. 2001; Leuzinger et al. 2011; Phoenix et al. 2012). How
vegetation changes and feedbacks affect soil recharge processes in specific locations
(Pomeroy et al., 2006; Loranty et al., 2018) and in the long term (Blume-Werry et al., 2016)
is highly uncertain, yet this is a first-order control on both gains and losses of water.

Tracers, particularly &°H/8'0, provide alternative insight into catchment
hydrological processes, and when combined with hydrometric measurements allow a more
nuanced understanding of how water is stored, mixed, and released in northern catchments
(Tezlaff et al., 2015). Information on water storage and ages has become increasingly
important as hydrological research has broadened its focus from quantifying water fluxes

toward understanding which specific waters are in flux and which are less mobile in storage
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(Birkel et al., 2011; Sprenger et al., 2018; Smith et al., 2019). Stable isotope analysis of
plant xylem water and various potential source waters have proved important to answering
questions of plant water use (Penna et al., 2018; Dubbert et al., 2019), and to address the
assumption that plants are generally highly opportunistic and capable of dynamically
sampling sources based on season, stress, and water availability (Bertrand et al., 2012).
However, more recent work suggests that there is considerable partitioning in the
hydrological cycle and less mixing between compartments than assumed (e.g., Tetzlaff et
al., 2014; Soulsby, Birkel & Tetzlaff, 2016; Evaristo et al., 2019; Smith et al., 2019). The
term “ecohydrological separation” (ES) has been used to suggest that there are two soil-
water pools: one that is available to plants and one that drains to the stream (Brooks,
Barnard, Coulombe, & McDonnell, 2009; Goldsmith et al., 2012; McDonnell et al., 2014;
Evaristo, Jasechko, & McDonnell, 2015; Bowling, Schulze, & Hall, 2017; Evaristo,
Mcdonnell, Scholl, Bruijnzeel, & Chun, 2016; Hervé-Fernandez et al., 2016; Berry et al.,
2017). This has been referred to as the "two water worlds" (TWW) hypothesis, which states
water sampled by vegetation has isotopic characteristics of tightly bound water held at high
suctions, as opposed to water that is more mobile and held at lower suctions (McDonnell,
2014). In other words, water that plants take up is not sourced from the same subsurface
storage as streamflow. Soils retain a mixture of water that reflects precipitation events over
both short- and long-term time scales, and it is uncertain as to why plants do not evenly
sample from this soil water isotope distribution although a number of hypotheses exist
(Brantley et al., 2017). There are a number of hypotheses and a growing literature on the

topic that relate to seasonality, energy limitations, and other ecological factors (Geris et al.,
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2017; McCutcheon et al., 2017; Benettin et al., 2018), but a global meta-analysis confirms
an absence of data with regards to soil and groundwater in permafrost regions (Evaristo,
Jasechko and McDonnell, 2015; Amin et al., 2019).

Understanding whether ecohydrological separation occurs and the water that
vegetation uses is critical for rapidly transitioning northern environments. What water is
used by plants and what water reaches the stream and recharges deeper aquifers has not
been evaluated in permafrost environments, yet is particularly important as permafrost thaw
and decreased frozen ground will dramatically change surface-groundwater partitioning
and soil moisture (Woo, 1990; Walvoord & Striegl, 2007; Subin et al., 2013; Walvoord and
Kurylyk, 2016). Much research suggests that transpired water is derived from older, deeper,
and difficult to access sources of water, and direct soil evaporation from younger more
surficial water with larger pores (Evaristo et al., 2015). Concurrently, the issue of
ecohydrological separation is particularly vexing in environments where one would
anticipate that frozen ground is a first-order control on water sources. Investigation into
ecohydrological separation has been undertaken in some cold environments with or without
snowmelt-driven stream response (Li et al., 2007; Geris et al., 2015; McCutcheon et al.,
2017; Knighton et al., 2019; Qiu et al., 2019). However, to our knowledge, there has been
no testing of this hypothesis in permafrost regions.

The objective of this paper is to test whether ecohydrological separation occurs in
a cold, permafrost-influenced headwater environment dominated by shrub vegetation.
Specifically, we will address:

1. What pools of water do plants sample?
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2. Is there an influence of frozen ground and snow on plant and soil water?
3. Does shrub size, slope position, or water table position (wetness) influence the plant

and soil water sampled?

These three questions will provide important insights into how meteoric water is processed
by the catchment, and elucidate interactions between infiltrated water and plant water use.

4.2 METHODS

4.2.1 Site description

All data was collected within the headwaters of Wolf Creek Research Basin
(WCRB), a long-term research watershed located approximately 20 km south of
Whitehorse in Yukon Territory, Canada. The climate in this area is classified as continental
subarctic and the 30-year climate normal (1981-2010) obtained from Whitehorse Airport
(706 m) has a mean annual precipitation of 262.3 mm, with approximately 45% falling as
snow (Carey et al., 2010). There is a notable orographic influence on precipitation, with
records from upper elevations of WCRB showing precipitation exceeding 400 mm in many
years (Rasouli et al., 2019).

Much of the detailed vegetation and soil sampling were conducted within two
headwater catchments. Granger Creek (GC) spans elevations of 1310 to 2080 m a.s.l. with
vegetation ranging from shrub taiga to alpine tundra, dependent primarily on elevation and
aspect. Below 1500 m.a.s.1., willow (Salix sp.) and birch (Betula sp.) are common as dwarf
shrubs with a gradual increase in height downslope towards the riparian zone. White spruce
(Picea glauca) occur sporadically along the south-facing slope. Above 1500 m a.s.1., lichen

and bare rock predominate (Quinton et al., 2004; McCartney et al., 2006; Carey et al.,
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2013). Buckbrush Creek (BB; 60°31'18.01"N, 135°12'17.27° W), another headwater
catchment, drains an area of 5.75km? and is located approximately 2 km west of GC
catchment (Figure 4-1). BB catchment ranges in elevation from 1324 to 2080 m a.s.l. and

has similar physiographic characteristics to GC.
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Figure 4-1. (Left) Inset map of Wolf Creek Research Basin (WCRB) located ~20 km south
of Whitehorse in Yukon Territory, Canada. (Right) Within WCRB, Buckbrush Creek (BB)
outlet is shown next to the nearby Buckbrush Weather Station (WCB) and Granger Creek
(GC) catchment is delineated. Additional isotope precipitation gauge locations Alpine and
Forest are shown. (Bottom left) GC is shown in greater detail with hydrologic response
units (HRUs) shown by color. (Bottom right) Locations of the isotope precipitation gauge,
wells and typical transect locations within GC headwater catchment are shown.

The geological setting for GC and BB is defined by sedimentary sandstone,
siltstone, limestone, and conglomerate. Atop bedrock, thick stony till and glacial drift cover

most of the basin. Below 1650 m a.s.l., soils in the top metre are generally comprised of
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silts and sands, while higher elevations (taiga and lower tundra ecozones) have a veneer of
surface organic soils with variable thickness (0.1-0.4 m). South-facing slopes have a thin
organic layer overlying sandy soils, whereas north-facing slopes have thicker organic layers
(10-30 cm) and are underlain with discontinuous permafrost. Between the slopes in the
lower portion of Granger Basin, a wide riparian zone (50 to 100 m) exists with a
consistently raised water table. Elevation and aspect are the main controls of permafrost
distribution and it is assumed that ~50 % of the catchment is underlain by permafrost
(Lewkowicz & Ednie, 2004). South-facing slopes are dominated by seasonal frost, while
north-facing slopes and higher elevations are historically considered to have permafrost,
yet the exact disposition remains uncertain (Carey, 2003).

Vegetation surveys were conducted in 2016 using the point-intercept method along
48 transects located within different hydrologic response units (HRUs) previously
identified within Granger Basin (McCartney et al., 2006). Surveyed HRUs in GC applicable
to this study were broadly classified as: (1) Riparian zone (RP), (2) south-facing slopes
(SF), (3) north-facing slopes (NF) and (4) high-elevation plateau (PL) (Figure 4-1). For all
transects, a straight rod was lowered vertically through the canopy at each 1 m increment
along the 50 m transect. Any contact with shrubs or other vegetation was considered a
single count or “intercept” and the vegetation type and/or species was recorded. A total of
2400 points were sampled within GC basin using the transect approach. Within the RP,
transects were laid out on either side of GC at multiple locations down the length of the
stream. For each slope, a series of five 50 m transects were laid out perpendicular to the

slope direction (and parallel to the stream), from the bottom towards the top of each slope.
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Each parallel transect was separated from the other by a minimum of 50 m. This
arrangement was repeated several times from the outlet towards the headwater of GC.
Surveys were also conducted at PL and BB in 2015 using the point-intercept method along
a 150 m transect.

Observations from throughout WCRB showed that willow species tended to
predominate in areas with a higher water table, with recorded riparian (RP) willow shrub
species reaching heights in excess of 200 cm. Birch shrub species also tended to grow taller
in wetter areas but were less frequent in areas with a consistently near-surface water tables.
At Granger Creek catchment, willow shrub height tended to decrease with increasing
elevation along north- and south-facing slope with mean heights typically greater than
mean birch shrub height (Table 4-1). A general trend of decreasing birch shrub height with
increasing distance upslope was noted for both north- and south-facing slope. Plateau (PL)
vegetation surveys showed the smallest mean shrub heights of ~56 cm and ~58 cm for birch
and willow species, respectively. Due to its lower elevation and deeper soils, shrubs in the
Buckbrush catchment were notably taller in areas close to the WCB weather station (Table

4-1).
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Catchment Slope aspect  Location Vegetation height (cm)
Birch Willow
Mean + SD Mean + SD
Buckbrush N/A Near tower  86.8 (43.8) 125.4 (36.2)
(BB)
Granger South-facing RP 87.9 (28.5) 138.4 (33.9)
(GO) (SF) Slope 84.3 (31.8) 105.1 (33.1)
North-facing RP 77.2 (21.6) 141.7 (58.3)
(NF) Slope 83.7 (33.2) 102.4 (33.1)
PL 55.8 (22.6) 57.8 (17.8)

Table 4-1. Summary of vegetation characteristics for transects reported in different
hydrologic response units (HRUs) of Granger Creek catchment and for a transect located
adjacent to the Buckbrush weather station.

4.2.2 Meteorological measurements

The longterm Buckbrush weather station (WCB) is located approximately 2 km
south of Granger Basin and records all radiation components, air temperature, wind speed,
vapour pressure, and total precipitation year-round, with some gaps due to power loss
(Rasouli et al., 2019). A snow pillow and a SR50A snow depth sensor are located at the
WCB location. The snow depth is reported every 30 minutes while the snow pillow
calculated SWE every 3 hours. Rainfall data at 30-minute sampling resolution summed to
the daily average reported in this study were obtained from a tipping bucket rain gauge a
WCB weather station and verified against an Alter-shielded Pluvio total precipitation gauge

at the same location (Figure 4-1).

4.2.3 Hydrometric measurements

The long-term rating curve at Granger Basin outlet (Granger Creek, GC) was

updated by frequent measurements in 2015-2016 using a SonTek FlowTracker
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(SonTek/Xylem Inc., CA, USA) across a range of flow conditions each year once the
channel was ice free. A stilling well containing a pressure transducer (Solinst Levelogger)
was compensated with an adjacent, above-water Solinst Barologger to generate water
pressure/stage at 15-minute intervals (Solinst Canada Ltd., ON, Canada). Loggers were in
place once channels were no longer ice-covered and removed in September or October to
prevent freezing. When snow and ice covered the stream, discharge was manually

measured with salt-dilution gauging.

4.2.4 Liquid water isotopes and calculation of the local meteoric water line (LMWL)

Surface water isotope samples were collected in 20 ml PETG displacement vials.
Rainfall was collected in 20 ml vials if sample volume was sufficient and if not, in 7ml
PETG vials. Precipitation that fell as snow was collected in a plastic ziplock bag with as
little airspace as possible, allowed to melt gradually and then collected in 20 ml
displacement vials. From 1994 to 2006, precipitation samples were collected in GC (1350
m.a.s.l.). For 2015-2016, rain and snow were collected from a range of elevations located
in the low-elevation forest area near Wolf Creek outlet (WCO) (750 m.a.s.l.), below the
mid-elevation shrub canopy at WCB (1250 m.a.s.l.), beside GC outlet, and at the high-
elevation Alpine site (1615 m.a.s.l.) (Figure 4-1).Whenever possible, duplicates were
collected for a given rain event and the averaged event values were retained in the record.
Snowmelt isotope samples were collected from snowmelt lysimeters in Granger Basin
during the 2015 melt period and to a lesser extent in 2016. Precipitation (1994-1998, 2002-
2008, 2013-2016) was collected from recent snowfall and following rain events from

multiple sites dispersed throughout WCRB. Sites were chosen to accommodate the
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elevation differences of ~1300 m between WCO to sites located above treeline.
Precipitation samples were collected opportunistically in winter and typically at lower
elevations due to site access limitations. Rainfall was collected in rain gauges manufactured

according to IAEA standards (IAEA/GNIP V2.02, 2014) with modifications for low

magnitude rainfall events (Figure 4-S3).

Figure 4-2. Photo of Alpine Alter-shielded Geonor total precipitation gauge and solar panel
with adjacent TAEA-standard precipitation collector (shown by yellow arrow).

Surface water isotope samples were collected from two headwater streams in
WCRB: Buckbrush Creek (BB) and Granger Creek (GC), from 2013 to 2016. More
intensive sampling occurred during spring through fall. Samples were collected throughout
the winter every 2 to 8 weeks depending on site access. Isotope samples were typically
collected by hand during site visits, however, a Teledyne Isco autosampler was used to

collect sample water while researchers were not stationed near GC (Teledyne ISCO, NE,
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USA). Isco autosampler bottles were emptied within 1-7 days of sample collection, with
shorter duration spans when the probability of evaporation was higher.

Groundwater isotope samples were collected from shallow wells primarily located
in the riparian zone of GC and BB catchments. Whenever possible, samples were collected
from wells located upslope of the GC riparian zone (Figure 4-1). Wells were emptied and
sampled once water levels returned to their pre-bailed water level. Samples were filtered if
well water had considerable dissolved material or particulates.

Stable isotopes of precipitation, snowmelt, stream, and well water (§*H and §'30)
were determined using a Los Gatos Research DTL-100 Water Isotope Analyzer at the

University of Toronto. §*H and §'®0 values are generally expressed in delta notation (5) as

§= (el _ 1) x1000 (Equation 1)

Rstandard

Where § is the ratio of 2H/'H and '80/!O ratio relative to Vienna Standard Mean Ocean
Water (V-SMOW) expressed in per mil (%o), R is the ratio (*H/'H and '*0/!°0) of sample
and standard (V-SMOW)), respectively. Five standards of known isotope composition, with
8’H ranging from —154%o to —4%o, purchased from Los Gatos Research were used for
calibration, in addition to periodic checks using the international standards, VSMOW?2 and
SLAP2. During analytical runs, samples were interweaved with standards at a ratio of 3:1.

The local meteoric water line (LMWL) for southern Yukon was calculated using
198 precipitation samples spanning 1994-2016 collected within WCRB. Historical
precipitation samples are presented in Boucher and Carey (2010). Snow and snowmelt
samples accounted for 67 of the total samples while rainfall comprised the remaining 131.

The composition of the calculated LMWL was dominated by rainfall rather than snow for
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recent years, and isotope values were not volume-weighted. The regression model was
considered a good fit due to the large correlation coefficient (close to 1), a small standard
error relative to the data magnitude, and a p-value less than 0.0001 (Helsel and Hirsch,

1992).

4.2.5 Soil vapour and plant xylem water isotopes

Samples of soil and xylem water were collected in GC in different HRUs (Figure
4-1) at different growth stages from spring to fall. Repeat sampling occurred in the riparian
zone (RP), along the north- and south-facing slopes (NF and SF, respectively), plateau (PL)
and upper basin (UB) areas. Along the south- and north-facing slopes, vegetation and soil
isotope samples were taken at slope positions from high (VS1) to low slope positions (VS4)

(Figure 4-3).
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Figure 4-3. (Top left) Composite of photographs showing north-facing (NF) slope transect
from VS4 to VS1 and plateau (PL) in winter taken from snow-free south-facing (SF) slope.
(Top right) Two soil pits from mid-summer season, shovel showing soil from > 40 cm
depth at PL, vegetation sampling. (Bottom left to right) Frozen ground during April,
organic soil with ice crystals, birch shrub branches to be destructively sampled for xylem
isotope composition.

The stable isotopic composition (§°H and §'%0) of soil water was sampled using the

direct-equilibration method of Wassenaar et al. (2008), and were analysed at the University
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of Saskatchewan with the methodology described by Hendry et al. (2015). The general
procedure for the direct- equilibration method was as follows: Disturbed soil samples were
stored in sealed bags and dry air was added to the bag in the laboratory. During 2 or 3 days
of storage at constant temperature, an isotopic equilibration between the soil water and the
headspace developed, and then, the vapour of the saturated headspace was sampled directly
via laser spectrometry using a Los Gatos Research instrument (model TWIA-45-EP, Los
Gatos Research, CA, USA) (Figure 4-4). Bags with standard waters of known isotopic
composition, ranging the expected soil water isotopic composition, were also analysed
using the above method and analytical instrumentation. These standard waters were used
for calibration to derive the isotopic composition of the liquid soil waters from the vapour
measurements, in reference to the Vienna standard mean ocean water as proposed by
Wassenaar et al. (2008). The accuracy of the direct-equilibration method was +0.31%o for
8180 and +1.13%o for *°H (Sprenger, Tetzlaff, & Soulsby, 2017).

Plant water isotopic compositions were sampled using cryogenic extraction at
100°C under vacuum of < 30 millitorr over 60 minutes (McCutcheon et al., 2016). The
accuracy of such analyses is given as +£0.15 %o for 6180 and +0.69 %o for 62H (West et
al., 2006). To avoid analytical bias arising from alcohol contamination (Martin-Gomez et
al., 2015), we also analyzed a subset of extracted waters using a ThermoFisher TC/EA
coupled with Thermo Delta V Plus mass spectrometer housed in the Stable Isotope
Laboratory at Boise State University. Column and GC temperatures were set at 1250 and
90 °C respectively, the flush rate was 90 ml/min, and sample injection volume was c. 0.2

ul. To avoid magnet jump instabilities, H and O were analyzed separately. Samples were
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standardized against reference waters from Los Gatos Research; typical reproducibilities

were d180 ~ £0.3%o (2s) and dD ~ +1.7%o (25).

Figure 4-4. Photo taken by K. Janzen showing soil sample bags being equilibrated with dry
gas before isotope analysis.

4.2.6 lc-excess calculation

The Ic-excess of isotopes samples is a commonly used metric for expressing §°H
evaporative fractionation from the LMWL and was calculated according to Landwehr and
Coplen (2006):

lc — excess = §°H —a* 680 — b (Equation 2)
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Where a and b are the slope and intercept of the LMWL, respectively. Typically, Ic-excess
quantifies the offset of sampled waters from meteoric waters (i.e., LMWL) with negative
values indicating evaporative fractionation under non-equilibrium conditions. In contrast,

positive lc-excess values indicate mixing of water sources (Landwehr and Coplen, 2006).

4.2.7 Statistical analyses, data manipulation and visualisation

Linear regressions were performed in R software (R Core Team, 2019). Significant
difference was determined using Wilcoxon rank sum test on non-parametric stable isotope
data using base R. Data handling and visualization was accomplished in R using ggplot
(Wickham, 2016), ggpubr (Kassambara, 2019), tidyr (Wickham & Henry, 2019), dplyr
(Wickham et al., 2019), cowplot (Wilke, 2009), magrittr (Milton Bache & Wickham, 2014),
lubridate (Grolemund & Wickham, 2011), naniar (Tierney et al., 2020), and Hmisc

(Harrell, 2020).

4.3. RESULTS

4.3.1 Weather and streamflow

Mean air temperature at Buckbrush weather station from 1 April to 31 October was
7.0 °C and 8.3 °C in 2015 and 2016, respectively (Figure 4-5). Total precipitation for the
same period was greatest in 2016 (250 mm), followed by 2018 (235 mm) and 2015 (201
mm). Summer and fall months in 2015 and 2016 were characterized by atypical, large
magnitudes of rainfall totalling 107 mm (170 mm including fall) and 110 mm (203 mm

including fall), respectively (Figure 4-5).
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The maximum snowpack in 2015 approached 174 mm SWE by mid-March before
melt began on 11 April. Daily average air temperature was generally below 0 °C throughout
April and an additional 30 mm of snowfall caused accumulated SWE to reach ~144 mm by
3 May. At this point, the snowpack declined rapidly over 9 days coincident with
consistently increasing air temperature during the atypically warm May. Snowpack
accumulation was much less in 2016 compared to 2015 with the greatest accumulated SWE
ranging from 111 to 113 mm recorded between 20-26 March. Snowmelt began on 27 March
and progressed over 30 days until late April. Snow-free days were observed at Buckbrush
weather station on 12 May 2015 and 27 April 2016. In both years, snowpacks persisted past
these dates at GC due to differences in elevation, aspect, and the presence of shaded
depressions.

The 2015 and 2016 hydrographs for GC exhibited patterns typical of northern
watersheds, with a distinct late season increase attributed to rainfall (Figure 4-5), which is
rare in the GC historical record (Carey et al., 2013 a,b; Rasouli et al., 2019; Chapter 2
(Shatilla and Carey, 2019)). Stream discharge first increased on 9 May 2015, while freshet
began on 14 May 2015, with an increase in flow from ~0.02 m* s™! to daily flows averaging
~0.5 m® s! over a nine-day period. Peak 2015 daily discharge was 0.67 m* s' on 22 May,
after which, flows declined to summer levels of ~0.2 m*® s~!. Accumulated rainfall of ~125
mm between 17 August and 11 September led to an increase in flow to ~0.46 m* s™! on 14
September before a gradual decline until the transducer was removed on 1 October. Flows
in 2016 differed from 2015, with a distinct response to snowmelt, which occurred much
earlier in the year in comparison to the 25-year record (Chapter 2 (Shatilla and Carey,
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2019)). There was no distinct snowmelt freshet event in 2016; instead, a gradual increase
in flows was punctuated with hydrograph rises that corresponded to both snowmelt and
summer rainfall events. Flow magnitude was similar to 2015, and large late-season rainfall
(~115 mm between 17 August and 10 September) once again resulted in high September

flows.
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Figure 4-5. (a) Precipitation daily sum from 30-minute tipping bucket rain gauge record,
(b) average daily air temperature from 30-minute measurements and (c) snow pillow record
from 3-hour measurements at Buckbrush weather station (WCB). (d) Daily average
discharge measurements at Buckbrush Creek (BB) and Granger Creek (GC) outlets.
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Flows declined again until the transducer was removed on 17 October. Streamflow

at BB is described in Chapter 2 (Shatilla and Carey, 2019).

4.3.2 Stable Isotopes

The stable isotope composition of precipitation exhibited a large range, with snow
more depleted in heavy isotopes than rain as expected (Figure 4-6, Table 4-2). Rain
exhibited a greater overall variability than snow, yet the sample size and seasonal
representation was greater. Snowmelt water collected in lysimeters was enriched compared
with bulk snow samples, an observation that has been reported elsewhere (Sitchler, Rauert
& Martinec, 1981). While all seasons are represented, we do not estimate a volume-
weighted isotope precipitation due to the complexities of accumulation, melt, and
interception of both snow and rain. Using all rain and snow 8°H and §'30 values, the local
meteoric water line (LMWL) was computed: §°H = 6.15*§'0-32.26 (> = 0.99, n = 191, p
<0.0001). To our knowledge, no other LMWL has been reported for Southern Yukon.

The isotopic composition of GC and BB stream water was clustered along the
LMWL, as was groundwater sampled from near-stream riparian wells (Figure 4-6). The
streamwater had a bulk isotopic composition lying between rain and snow and the lack of
variance suggests streamwater is well mixed (Tetzlaff et al., 2009). Streamwater §'*0 and
8’H exhibited seasonal variation of -23.50 %o to -18.07 %o for 8'0 and -181.45 %o
to -136.80 %o for §?H. For groundwater, 47 samples showed a limited variation from -22.78
%o to -19.45 %o for §'%0 and -169.36 %o to -151.73 %o for 5°H (Table 4-2). In addition,

streamwater largely fell along the LMWL.

175



Ph.D. Thesis — Nadine J. Shatilla; McMaster University, School of Geography & Earth Sciences

Departures of isotope signatures from the LMWL occur as a result of kinetic
fractionation induced by evaporation and the differing slope and intercept are referred to as
the local evaporation line (LEL) (Kendall & McDonnell, 1990). Bulk soil water isotope
values fell along the LMWL while also exhibiting varying degrees of evaporative
enrichment (Figure 4-6, Table 4-2). The soil evaporation line (SEL) calculated for bulk soil
was 2.70%3'30 — 106.68 (adjusted r* = 0.584, p <0.001). While bulk soil and xylem isotope
values did overlap in dual isotope space, the bulk soil water isotope signal had a large range
with mean values more enriched in heavy isotopes compared to xylem water from birch
and willow species (Table 4-2). In addition, bulk soil and xylem waters exhibited a large
range for each discrete sampling period over the two years, and there were some shifts in
the variance based on time of year at GC (Figure 4-7) and BB (Figure 4-S1). The xylem
water isotope signal had minimal overlap with the LMWL and often appeared almost
parallel to the LMWL, with a regression equation of 3.175%8'%0-111.37 (> = 0.53, p
<0.01). Willow species average values exhibited greater depletion in §%0 and §°H

compared to birch species averages (Table 4-2).
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Figure 4-6. Precipitation data and LMWL for Wolf Creek Research Basin from 1994-2016.
Granger Basin and Buckbrush Basin isotope data spanning 2015-2016 for bulk soil water,
xylem water, groundwater from shallow riparian wells, stream and snowmelt water.
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n 62H 5180 lc-excess

Mean + SD Min Max Mean + SD Min Max Mean + SD Min Max
LMWL 191 -150.02423.83 -189.77  -76.86 -19.17+3.81 -25.79  -7.16 -0.065+5.21 -22.79 1533
Precip 180  -149.50+24.39 -189.77  -76.86 -19.07+3.89 -2579  -7.16 -0.114£5.26 -2279 1533
Rain 127 -139.85£21.48 -188.35  -76.86 -17.4243.33 2452 -7.16 -0.58+4.92 -2279 1397
Snow 53 -172.62+12.54 -189.77  -145.30 -23.02+1.61 2579 -18.87 1.01+£5.91 -1049 1533
Snowmelt 11 -158.55+7.63 -168.76  -141.60 -20.63+1.51 -23.00  -17.22 1.04+3.31 -4.43 7.85
GW 47 -162.46+4.01 -169.36  -151.73 -21.1340.67 -22.78  -19.45 -0.40+2.36 -6.54 7.02
Headwater 693 -162.08+5.91 -181.45  -136.80 -21.16+0.79 -23.50  -18.07 0.13+3.83 -10.28  24.99
streams
BB 102 -159.95+7.43 -172.58  -136.80 -20.89+0.91 -2298  -18.07 0.64+3.23 -8.63 8.13
GC 591  -162.45+5.52 -181.45  -146.1 -21.20+0.75 -23.50  -18.59 0.04+3.92 -10.28 2499
Xylem 313 -162.85+11.86 -207.35  -125.50 -16.19+2.70 -24.75  -9.52 -31.07+11.35  -65.33  -7.88
Birch 142 -159.61£11.78 -190.26  -125.50 -15.37+2.44 -20.89  -9.52 -32.96+10.90  -6533  -7.88
Willow 169  -165.55+11.34 -207.35  -129.25 -16.86+2.74 -24.75 -10.08 -29.55¢11.57  -57.88  -7.95
Soil (bulk) 434  -155.68+12.94 -190.20  -104.50 -18.18+3.67 -24.63  -2.67 -11.77+15.15  -7835  8.24

Table 4-2. Summary statistics of 82H, 8180 and lc-excess for each component of precipitation, groundwater, headwater streams
(GC and BB), xylem water (birch and willow species) and bulk soil water.
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Figure 4-7. Time series of 8'*0 and §*H for precipitation components, streams, shallow
groundwater, xylem and bulk soil water at GC in 2015-2016.
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Information derived from dual isotope space is often summarized as the deviation
of water samples from the GMWL due to evaporative fractionation using “deuterium
excess” (Dansgaard, 1964), and more recently, “line-conditioned excess” (Landwehr and
Copen, 2006). Deuterium excess (d-excess) and line-conditioned excess (Ic-excess)
quantify the deviation of water samples from the GMWL and LMWL, respectively. Stable
isotope data from WCRB was transformed to Ic-excess values using regression line
parameters from the WCRB-specific LMWL and Equation 2 (Section 4.2.6). Values of lc-
excess that plot closer to 0 %o and more closely resemble the LMWL than values with
greater distance from 0 %o. Snow and rain (2015-2016) plot close to 0 %o with some
variation. Snowmelt samples from lysimeter water collected within Granger Basin plotted
at 0 %o or slightly above, indicating greater enrichment in heavy isotopes. Stream water lc-
excess values for Buckbrush Creek (BB) and Granger Creek (GC) overlapped almost
entirely for the two study years with the bulk of samples falling within a similar range as
precipitation despite a more evaporated signal (more positive lc-excess). Groundwater and
seep lc-excess values plotted close to 0 %o with minimal variation between GC- and BB-

derived sample waters (Figure 4-8).
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Figure 4-8. Boxplots of lc-excess for each precipitation components (1994-2016), stream,

shallow groundwater, flowing (seep), bulk soil and xylem (willow and birch species) at BB
(HWT1) and GC (HW2) from 2015-2016.

Unlike precipitation, streamflow, and groundwater, which all have lc-excess near 0 %o, soil
and vegetation samples showed considerable spatial and temporal variability in lc-excess
values that were strongly negative and an overall isotopic composition that exhibited
greater variance in dual isotope space. Soil water was less negative than xylem waters, and
on average birch had a more negative lc-excess than willow (Figure 4-8).

To evaluate sources of water for transpiration and ecohydrological separation, soil
and vegetation samples were separated into seasons linked with growth stages of vegetation

progressing from (i) winter dormancy in early April to mid-May, through (ii) bud burst in
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mid-May to end-June, (iii) peak greening at the end of June through July, (iv) lower
transpiration in mid-August, followed by (v) senescence in late September (Figure 6). Note
that there were small differences in leaf growth and stage between willow and birch based
on species differences and environmental factors such as aspect and elevation. The study
periods spanned April 2015 to late September 2016 for GC and April 2016 to late
September 2016 for BB.

Because of the position of frozen ground, depth of soil sample collection increased
throughout the five sampling periods. In early April to mid-May, snow and frozen ground
restricted sampling to the upper 10 cm of soil. As thaw progressed, deeper soil samples
were obtained. Sampling began in 2015 in GC, with 2016 more fully capturing the seasonal
dynamics of soil and xylem waters (Figure 4-7). Beginning in early April to mid-May 2016,
bulk soil and xylem water stable isotopes were more enriched in heavy isotopes than
recorded in late September 2015 in the near surface at GC (Figure 4-9), suggesting that
there was change in composition over winter. Between late September 2015 and early
spring period in 2016, vegetation was not transpiring yet there was a shift in xylem isotope
composition to more enriched and with an overall greater fractionation. For the mid-May
to end-June period, there was sporadic snow early in the period that was completed by mid-
June and bud burst of the willow and birch shrubs began. Increasing thaw allowed sampling
of deeper soils, yet the majority of these samples fell along the LMWL and there was a
slight overlap with xylem water that was notably depleted in §'*0 and had moved closer to
the LMWL (Figure 4-9). This was best observed in 2016 at GC due to the number of soil

and xylem water samples.
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During peak growing season (end-June to end-July), the isotopic composition of
near-surface soils moved away from the LMWL indicating isotopic fractionation, whereas
deeper soil layers remained superimposed on the LMWL (Figure 4-9) as in other cold
environments (Oerter and Bowen, 2017; Amin et al., 2019). Xylem water was positioned
closer to the LMWL during the peak growing season, with 6*H values depleted in heavy
isotopes similar to the deeper bulk soil water 3*H values. §'®0 was enriched in heavy
isotopes and plotted proximal to the near-surface soil layers and was compressed in dual-
isotope space, suggesting plants are sampling a well-mixed water source. By mid-August,
bulk soil isotopes showed their greatest range due to evaporative fractionation in depths
down to 25 cm, whereas below 25 cm soil samples remained along the LMWL. Xylem
isotopic samples were similar (at GC) to values during the earlier period yet showed
increased spread and there was a greater portion of samples with a depleted signature. By
late September, colder ground temperatures and advancing seasonal frost developed in soils
while shrubs had senesced and become dormant. Near-surface soils were depleted in §*°H
and 8'%0 compared to mid-August due to an influx of depleted rainwater (-141.84 to -
181.09 §%H, -17.49 to -23.73 §'80) associated with high magnitude rain events in late 2016
(Figure 4-7; Figure 4-S1; Figure 4-S2). Insufficient samples were collected in 2015 at GC,
so no similar inference was made. Deep soil samples showed little evaporative effect at any
time of year and samples typically remained along LMWL. In late September, when shrubs
were dormant, xylem samples closely resembled soil water isotope values (Figure 4-9).

Replotting the dual-isotope data in lc-excess space more clearly shows the

differences among the shrub and soil waters for different sampling periods (Figure 4-9).
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While most data were collected at GC in 2016, data in 2015 at GC and 2016 at BB support
the overall patterns. Near-surface bulk soil Ic-excess values were less negative between
early April to end-June when ground was frozen and during the initial stages of thaw. As
thaw is prolonged and meltwater contributes a large volume of water to soils, soil water
isotope composition is similar between the first two sampling periods. By mid-summer,
near-surface Ic-excess values became more negative (further from zero) while deeper and
more well-mixed bulk soil values remained close to zero. Xylem lc-excess values for
willow species position slightly closer to 0 %o than values from birch shrubs the majority
of the time in GC, and most notably later in the study period, but not consistently at BB.
Although rooting depths were similar between willow and birch shrubs, willows dominated

wetter areas where soil water is assumed to be well-mixed.
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Figure 4-9. Seasonal progression of bulk soil and xylem water isotope signal.
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4.4. DISCUSSION

4.4.1 General patterns in isotope composition and lc-excess

There is a considerable variability in isotope composition of all waters in space and
time (Figure 4-6, Figure 4-7). Meteoric waters sampled over several years provide a robust
LMWL for Southern Yukon and reflect expected differences in snow and rain along with
temperature effects (Daansgard, 1964). While there is considerable variance in
precipitation composition, stream and groundwater isotopes were dampened, suggesting
considerable mixing. As previously reported, the lack of a strong depleted signals during
snowmelt and overall stability of groundwater and streamflow isotopes suggests that
subsurface pathways and mixing predominate (Carey et al., 2013; Piovano et al., 2019).
Lc-excess was also similar among precipitation, soil, and groundwater, indicating that
water recharging groundwater and streamflow water was not subject to significant
evaporative fractionation (Figure 4-8).

Soil and xylem water exhibit large variability compared with streams and
groundwater and are subject to evaporative fractionation (Figure 4-6, Table 4-2). Data from
GC and BB indicate that soil water generally plots along the LMWL during snowmelt and
later in the season at depth where soil moisture is typically high. As the season progresses,
soil water samples begin to plot below the LMWL indicating non-equilibrium fractionation
processes (Hervé-Fernandez et al., 2016). This pattern is expected given that
evapotranspiration exceeds rainfall during summer and plants source snowmelt recharge

water to satisfy transpiration (Carey and Woo, 2001).
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4.4.2 Does ecohydrological separation exist at this site and how does snowmelt influence
soil and xylem water patterns?

Determination of TWW/ES presence or absence was based primarily on
simultaneous or near-simultaneous sampling of bulk soil and xylem water isotopes in 2016,
and to a lesser extent, in 2015. If two separate pools of water did not exist at GC, xylem
water Ic-excess would be expected to equal or be close to zero with an isotopic composition
that plots along the LMWL (Goldsmith et al., 2012). Deviations from the LMWL occur
due to non-equilibrium fractionation, whereas movement along the LMWL shows
equilibrium fractionation (Kendall & McDonnell, 1998). Xylem water samples were
distinct from soil water samples as they plotted separately from soil values in dual-isotope
space (Figure 4-9) and had distinct temporal dynamics (Figure 4-7). Xylem and bulk soil
water were most similar in the mid-growing season and furthest apart in the late spring
(Figure 4-9) and there were distinct species differences between willow and birch shrubs.
Throughout the sample period, lc-excess values of xylem water lc-excess for both birch
and willow shrub species were much lower than 0 %o (Table 4-2) and typically significantly
different from bulk soil Ic-excess values (Figure 4-10).

A dual isotope approach was used along with lc-excess values to explore ES with
additional information provided by the position of bulk soil water along the LMWL. Xylem
water stable isotopes showed the greatest enrichment (particularly along the §'%0 axis) and
distance from the LMWL prior to snowmelt with the majority of xylem water samples
almost parallel to the LMWL. The influx of snowmelt water caused a notable shift in the

bulk soil water isotope towards the LMWL (Figure 4-9). The effect of snowmelt water on
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soil isotope water composition is an important input and causes a reset of the mobile water
content within the soil volume (e.g., Oerter and Bowen, 2017).

From June through September in 2016, bulk soil water values showed evaporative
fractionation in the near-surface to 25 cm depth. This result is in line with studies in cold
areas with little seasonal difference in precipitation (Geris et al., 2015; Schmid et al., 2016),
a snow-dominated, semi-arid environment with relatively little summer rainfall
(McCutcheon et al., 2017), global re-analysis of cold regions isotope data (Amin et al.,
2019) and other cold environments (Oerter and Bowen, 2017). As soil water became
progressively more enriched due to evaporation after the melt period, birch and willow
xylem water showed an increasing tendency to overlap with bulk soil water, particularly in
the end-June to end-July peak growing period. In August, a period of prolonged drying
occurred before sampling and soil waters were enriched along the developing SEL,
particularly near-surface soils. However, xylem water results suggest that during this period
of water stress, shrub species at GC may be accessing more tightly bound depleted water
as there were some willow samples that were below -20 %o 8'*H and -180 %o &°H; lower
than any bulk water sampled at that time.

Following considerable late August rains, xylem water became more enriched as
the bulk soil water became more negative (Figure 4-9), likely due to an influx of highly
depleted rainwater. The relatively elastic behaviour observed in xylem water values
(relative to bulk soil values) suggests that shrubs are likely opportunistic and use available
water sources with no distinct preferences for immobile water, even during periods when

soil moisture is limited. Shrubs at GC appear to be accessing sources of water more depleted
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than any “blue water” sources or bulk soil water (Figure 4-9). A similar differentiation
between the xylem water isotope signal and potential water sources was outlined at only
one out of four sites (differing landscape positions) explored in Geris et al. (2017), while
temporal dynamics remained similar across all four locations.

From the perspective of Ic-excess, there is substantially greater overlap (Figure
4-10), which demonstrates that multiple lines of approach are necessary to fully understand
the isotope signal between bulk soil and xylem water from a hydrological perspective (Qiu

etal., 2019).

4.4.3 Does shrub size, landscape position or wetness influence bulk soil and xylem water
1sotope signals?

A distinguishing feature of GC is the difference in soil characteristics and
vegetation community and size, based on landscape position (McCartney et al., 2006). To
evaluate whether position along a wetness catena influences soil and plant water isotopes,
the PL, NF, and RP sites at GC were compared in dual-isotope (Figure 4-11) and Ic-excess
space (Figure 4-12). The most striking contrasts between shrub size, elevation, and water
table position occurs between the RP and PL sites. The NF transect is located at the mid-
point between the other two sites, albeit with an increased persistence of snow cover and a
shallower frost table due to its aspect (Figure 4-1) The influence of vegetation, elevation,
and topography on bulk soil §?H and lc-excess at the RP and PL sites was partially detailed
in Sprenger et al. (2018).

There were differences in sampling depths based on frozen ground (seasonally) and

the RP site had a persistently high water table, which limited sampling at depth. Overall,
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riparian soils were slightly more depleted than the NF and PL sites, yet there was
considerable scatter in values for all sampling periods. These more depleted values are
related to the initial influx of depleted snowmelt water having a stronger influence on bulk
soil isotopic composition at RP than precipitation. Bulk soil water 3*H was negatively
correlated to 2-day antecedent precipitation at 5 cm but very weakly correlated with
antecedent rainfall for 7-30 days prior to sampling. At soil depths greater than 15 cm,
correlations with bulk soil were less than 0.2, suggesting that the RP was typically
disconnected from infiltrating rainfall (Sprenger et al., 2018). RP §'30 and §°H were more
tightly clustered along the LMWL at depths greater than 15 cm (Figure 4-11), indicating
that water was particularly well mixed. At PL, positive correlations were much stronger
between antecedent precipitation 6*°H (2-30 day) and bulk soil 8°H values at 5 cm and 25
cm depth, and relatively strong between 14-30 day antecedent precipitation *H and bulk
soil 8°H (Table 4-S3). This coherence between precipitation §°H and bulk soil 5°H at PL,
particularly in contrast to RP, indicates a much greater importance of precipitation on the
bulk soil water isotope signal in a more elevated, exposed shrub tundra environment where
canopy interception is minimal. The significant differences between RP and PL soil Ilc-
excess provide some evidence that flowpath distribution affects soil water isotope patterns
through mixing of water ages while canopy interception may limit the amount of rainfall
that infiltrates into the ground.

Sprenger et al. (2018) also demonstrated that 30-day average potential
evapotranspiration (PET) and the maximum kinetic fractionation effects were not

necessarily synchronized in GC and other high latitude catchments. This delayed kinetic
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fractionation was linked to the highly depleted soil values observed in fall (Sprenger et al.,
2018) We hypothesise that an influx of depleted rainwater contributed to this effect at GC
in 2016. This depletion was observed for soil water in dual isotope space at all three sites
in late September, along with an enriched xylem water signal at RP (Figure 4-11).
Aggregating samples over entire seasons or years is not uncommon in studies investigating
ES (Brooks et al., 2009; Evaristo et al., 2015), yet rainfall can alter soil water isotope values
(Sprenger et al., 2016, 2017; Figure 4-S2) and spatiotemporal variability exerts a strong
influence on isotope values in some environments (Soulsby, Birkel & Tetzlaff, 2016; Geris
et al., 2017; Benettin et al., 2018; Allen et al., 2019). This brings into question the validity
of analyzing aggregates of isotope data (in space or time), and to what extent rainfall events
or other episodic changes can bias longer-term patterns in contrasting HRUs within the
same catchment.

Xylem water isotope values in dual isotope and Ic-excess space showed very similar
behaviour to what was observed within GC and BB catchments (Figure 4-9 and Figure 4-
10) and across HRUs of GC catchment (Figure 4-11 and Figure 4-12), with significant
differences between Ic-excess of xylem and bulk soil water at all sites (Figure 4-12). For
all three sites, the willow xylem water lc-excess was slightly closer to 0 %o than birch lc-
excess (exception in mid-May to end-June at PL), suggesting a link between more meteoric
water in wetter soils typically colonized by willow rather than birch shrubs. The
relationship between bulk soil water and xylem water in these three landscape units
confirmed that patterns of increasingly positive lc-excess for bulk soil and xylem water

throughout the growing season are ubiquitous within this catchment. The drier soils and
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dwarf shrubs at PL were directly contrasted with the wetter soils and taller vegetation in
the RP, with the only significant differences between soil water Ic-excess from August to

late September.

4.5 CONCLUSIONS

The application of stable isotopes in hydrological research has become widespread.
Whereas traditional application focussed on runoff pathways and storage estimates, more
recent work has sought to understand the role of vegetation in cycling water and whether
there are separate sources of water for transpiration (“green water”) and runoff (“blue
water”). In this well-studied headwater catchment, results do not fully support the concept
of ecohydrological separation or the “two water worlds” hypothesis. “Blue water” has an
isotopic composition that lies compressed along the LMWL and reflects a mixture of
precipitation sources that have not experienced considerable evaporation. In contrast, plant
xylem and near-surface soil water fall off the LMWL reflecting an evaporative signature
with considerably negative Ic-excess values. Plant xylem water shifts during the year, in
tandem with near-surface soil water that shrubs are presumed to be sampling during the
peak of the growing season. While there are some very depleted xylem water values that
suggest plants are sampling more tightly-bound, immobile water and ES, most often xylem
water shifts towards the composition of near-surface soil water, suggesting there is a
relatively rapid response to mobile and available water in the rooting zone.

Overall, there is considerable intra-catchment and within-year variability and

variance in soil and xylem water isotopes, suggesting a complex interaction between
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antecedent conditions, soil wetness, and plant water use strategies that explain stable
isotopes in soils and vegetation. In addition, there appears to be a slight species
differentiation in lc-excess, suggesting willows and birches sample slightly different
waters. Whether this is simply a function of different rooting architecture or physiological
processes is unknown. While vegetation is shifting rapidly in northern environments and
shrubs are becoming more widespread, it is unclear as to the effect of this on streamflow
and groundwater isotopic signatures, which seem to appear insensitive in GC near-surface
processes. As integrated ecohydrological isotopic studies are new, continued research is
necessary to evaluate the efficacy of isotopes in tracking sources of water in the critical

zone.
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Figure 4-S1. Time series of §'®0 and §*H from Buckbrush (BB) Creek spanning 2015 to
2016.
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Figure 4-S3. Close-up of modified IAEA/GNIP-compliant isotope precipitation gauges
deployed in Wolf Creek Research Basin (WCRB).
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CHAPTER 5

SUMMARY AND CONCLUSIONS
5.1 Research significance

Northern environments are under increasing pressure from the effects of climate
change, and have undergone abrupt alterations to their hydroclimatic regime within the last
few decades. Enhanced warming and other observed changes have resulted in permafrost
thaw, intensification of the freshwater cycle, and altered vegetation community and
characteristics along both altitudinal and latitudinal gradients. Feedbacks have increased
soil temperature resulting in changes to soil moisture regimes, hydrological flowpath
distribution, and hydrochemical sources and transport. Observed and predicted catchment
responses to a changing hydroclimatic regime are difficult to measure or support. Other
barriers persist including logistical obstacles, increased costs and more extreme working
conditions that are inherent to the study of remote northern catchments but limit scientific
studies in these challenging environments. Longterm hydroclimate and hydrochemical
datasets at scales <200 km? in the discontinuous to continuous permafrost zone are sparse,
particularly in North America, with a handful of established research areas in Canada (e.g,
DeBeer et al., 2014; Spence and Hedstrom, 2018; Rasouli et al., 2019; Quinton et al., 2019)
and the United States (e.g., Kane et al., 2004). Process-based studies are essential to
understanding how northern systems will respond to climate warming and change,
however, large scale observations can be (mis)used as the basis for mechanistic

understanding in the absence of studies at smaller scales. Additionally, while permafrost is
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often a first order control on hydrological flowpaths, which determine hydrochemical
source areas and export, it is common that results from cold or snow-dominated

environments are considered equivalent for permafrost areas.

This thesis utilised natural tracers and novel approaches within the context of a
multidecadal dataset to better understand the interplay of ecohydrological processes,
catchment function and stream hydrochemistry in a cold montane catchment with
discontinuous permafrost. A nested study design permitted an expansion built on current
understanding of catchment function at the ~7 km? headwater to ~180 km?. Previous
research in this area acted as a foundation from which we questioned conceptual models
developed for larger river systems and the ubiquity of cold region observations from non-
permafrost regions. Additionally, conceptual models specific to this location have been
validated or revised using overlapping hydrometric, tracer, hydrochemical and optical
datasets. Samples were collected at varying temporal resolutions across seasons to
incorporate catchment conditions distinct from the well-studied snowmelt and summer

periods.

5.2 Research summary

The principal conclusions of this thesis are outlined below for each chapter:

A combination of DOC concentrations and optical indices collected at the outlet of
different landscape elements within a nested study design were examined in Chapter 2.
Results showed DOM composition was most variable during freshet with high A254,

SUVA254 and low FI and BIX. This means that in-stream fluorescing DOM was more
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aromatic and comprised of older, terrestrially-derived material. DOM composition differed
across landscape elements but was relatively insensitive to flow variation during summer
and fall. The influence of increasing watershed scale and downstream mixing of landscape
contributions was an overall dampening of DOC concentrations and optical indices with
increasing groundwater contribution with patterns reported at the headwater scale
conserved further downstream. Findings support a projected shift from predominantly
organic soils (high aromaticity, less fresh) to decomposing vegetation (more fresh and
lower aromaticity). DOC concentrations and load at the headwater were compared to results
from a decade ago. These changes are likely linked to flow and transport through deeper
flow pathways and enhanced groundwater contributions to runoff over time and with

increasing catchment size.

Chapter 3 explored how novel technologies (i.e., high-frequency monitoring of
chromophoric dissolved organic matter (CDOM)) and analysis approaches (i.e., normalized
CQ hysteresis metrics) can be utilized at the event, seasonal and annual scale. High-
frequency monitoring provided new insights into previously undiscovered dissolved
organic carbon (DOC) dynamics, improved our understanding of dissolved organic matter
processes and evaluated export estimates. Increased temporal resolution of monitoring in a
headwater catchment demonstrated that there are in-stream dynamics that have not yet been
observed in, or explained by, current conceptual models. From the event to the annual scale,
patterns between solute concentrations and discharge are complex and different types of
CQ analysis provided information about overall system behavior through log slopes

(chemostasis, accretion/mobilization, dilution) as well as hysteresis behavior at the event,
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seasonal and annual scale. Hysteresis metrics related to loop geometry revealed differences
between behavior at the event scale relative to seasonal and annual patterns. Use of the
HydRun toolkit at Wolf Creek Research Basin revealed that high diel variability
complicated event extracted and few snowmelt-driven CQ event patterns could be
appropriately summarized by the conventional hysteresis metrics. Correlations between
later season event CQ hysteresis and other variables (e.g., event rainfall, and antecedent
rainfall, air temperature and soil moisture) showed that factors interact to lead to varying
precursor conditions, which was not accounted for in our analysis. Event response is often
non-linear and threshold-mediated (Ali et al., 2015) so complex interactions merit further

study and monitoring.

Chapter 4 introduced a robust stable isotope dataset and incorporated historical
precipitation isotope data to develop a local meteoric water line for Southern Yukon.
Isotopic composition of meteoric waters were matched in space and time with results of
newly developed isotope analysis methods for shrub xylem and bulk soil water. The
isotopic composition was used to assess whether the ecohydrological separation (ES)
operated in this alpine permafrost headwater catchment. Shallow soil water during cold
conditions, deeper soil water signatures overlapped in dual isotope space while xylem water
isotope composition differed significantly, which satisfies the criteria for ES. However,
results from 2016 captured movement of xylem water isotope composition towards the bulk
soil water signature during the growing season suggesting that willow and birch shrubs

opportunistically and dynamically change water source due to availability. The isotope
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composition of the ‘missing’ water source is more depleted in heavy isotopes than any of

the isotope signatures recorded within the headwater site.
5.3 Limitations and suggested directions of future research

The results presented in this dissertation have refined existing conceptual models
by investigating catchment behavior and function using solute quantity and quality, and
natural tracers (8'%0, §?H). Insights were gleaned from an expansive dataset that builds on
historical data while incorporating novel techniques, approaches and spatiotemporally-
diverse solute and environmental information. The diversity in the types of data collected,
the analysis methodology and techniques, and the applications shown within this thesis and
in peer-reviewed publications provided a meaningful opportunity to evaluate limitations

and outline future lines of inquiry.

These limitations will be described before discussing potential future research
directions made possible by this dataset and by building on lessons learned throughout this
process. Relatively new types of data collected for this dissertation include optical and
fluorescence data, high-frequency optical measurements, and stables isotopes of bulk soil

and xylem water.

Optical characteristics and fluorescence behavior of dissolved organic matter is
collected and investigated in hydrological studies, however, this information can often
result in an oversimplified interpretation (Rosario-Ortiz and Korak, 2017). Although it was
not discussed extensively in Chapter 2, each sample analysed resulted in an excitation-

emission matrix (EEM). EEMs can be assessed qualitatively by comparing fluorescence
213



Ph.D. Thesis — Nadine J. Shatilla; McMaster University, School of Geography & Earth Sciences

intensity within specific wavelength ranges typically representative of humic, protein-like
and tyrosine substances (i.e., pick peaking). From a quantitative perspective, EEMs can be
assembled in an additive linear model and then decomposed into a specific number of
independent fluorophores using parallel factor analysis (PARAFAC). A common
misconception is that this type of data can be used to characterize distinct chemical
constituents of the DOM pool with high certainty using either qualitative or quantitative
methods. In reality, only a subset of DOM molecules is capable of absorbing light in the
UV-visible range to be characterized as chromophoric DOM (CDOM) and an even smaller
portion will exhibit fluorescence (i.e., FDOM) once excited by a light source. In natural
environments, an added complication is that the optical and fluorescence behavior of
molecules catalogued within EEMs are not necessarily due to the presence of individual
chemical constituents but can result from superposition or interaction between different
components. In addition, classifications that are applied (e.g., marine-like, protein-like) in
this research and elsewhere rely on early investigations that employed cross-validation with
laboratory analyses and assume consistency across environments. The optical fluorescence
community has outlined and addressed several of these limitations in Rosario-Ortiz and
Korak (2017) including a careful consideration of the environmental context, cross-
validation of sample results with other chemical methods and an understanding of the

representativeness of FDOM and CDOM within the larger DOM reservoir.

CDOM at high frequency represents the same subset of DOM as discrete samples
but has been shown to be highly correlated with DOC. The analysis undertaken to assess

event hysteresis and characteristics using 15-minute measurements of CDOM, SpC and
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discharge was weakened by high diel variability. The diel amplitude in all three signals
often masked event response or led to more complex C-Q hysteresis that could not be
summarized by the normalized metrics. Initial exploration into drivers of 24-hour variation
in streamflow, SpC and CDOM was undertaken in 2018 and precluded water temperature
and viscosity as main causes for observed variability. This diel signal is ubiquitous in
streams and rivers but the potential processes and mechanisms that cause this behavior are
often hypothesized (Nimick et al., 2011) yet rarely confirmed. Diel behavior was observed
early during snowmelt and throughout the open-water period at Granger Creek and Wolf
Creek. Gleaning insights into underlying drivers will guide the development of a processing

step prior to C-Q analysis to separate underlying variability from event response.

In addition to ongoing methodological development to determine the isotope
composition of bulk soil and xylem water, there have been many calls for greater
knowledge transfer across disciplines to better understand vegetation physiological and
hydraulic processes (Brantley et al., 2017) that may cause fractionation. Studies over the
last decade introduced soil water in a catchment compartmentalized into immobile and
mobile components (Brooks et al., 2009, McDonnell, 2014, Evaristo et al., 2015). The “two
water worlds” or ecohydrological separation (TWW/ES) hypothesis suggested that the
immobile fraction of soil water was separate from mobile water and preferentially uptaken
by plants despite the implied energetic inefficiency (McDonnell, 2014). A central
assumption of TWW/ES is that isotopic fractionation during water uptake and transpiration
processes is negligible (Dawson & Ehleringer, 1991; Roden & Ehleringer 1999) as this

immobile water is taken up by root systems (McDonnell, 2014). Additional focus on this
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topic has demonstrated that plants can discriminate against isotopes of oxygen and
hydrogen as a function of soil water loss and soil type (Vargas et al., 2017) although more
research is needed to determine to what extent this applies across vegetation species,
environmental conditions and characteristics. Hypotheses that relate plant physiological
mechanisms (Brantley et al., 2017) and isotopic fractionation during eco/hydrological
processes could be answered by greater integration between research domains. An
investigation into isotopic fractionation at the root-soil interface by Ellsworth and Williams
(2007) occurred prior to the formulation of TWW/ES and recorded potential fractionation
in line with Vargas et al. (2017). These studies provide nuance and lessen the binary
introduced by early TWW/ES research by negating the assumption of negligible
fractionation between soil and plant xylem water in all environments regardless of

vegetation type, soil type and characteristics, and myriad other factors.

Further research into plant water use using stable isotopes should aim to take
advantage of new methodological and analytical insights into plant xylem water (Millar et
al., 2019) and soil water isotopic composition measurements (Oerter et al., 2014; Orlowski
et al., 2018). Improved assessments of the limits of analytical techniques as well as
improved certainty (Orlowski, Breuer, and McDonnell, 2016; Orlowski, Pratt and
McDonnell, 2016; Newberry et al., 2017) have emerged in recent years as investigations of
TWWV/ES have occurred in catchments globally. The utility of stable isotope tracers
depends on increased scrutiny across soil types, analytical methods and analytical setups at
different laboratories (e.g., Orlowski et al., 2018 for cryogenic distillation of soil water) to

ensure standardized results for individual catchments. Although this standardization is
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important for reconciling local results with regional or global studies, standardization of
results within individual studies can still provide important insights into water use and
ecohydrological interactions between different compartments of catchment systems.
Synchronous measurements of evapotranspiration, soil moisture and xylem isotopic
composition at greater temporal resolution could provide greater insights into plant water
use at key stages of the growing season in the three ecozones of Wolf Creek Research
Basin. Decoupling of evaporation and transpiration in this environment would mean that
water cycle compartments and isotope composition could be tracked and linked to fluxes
more explicitly. Other key applications using stable isotopes include determining the
distribution of water ages associated within catchment compartments (including storage)
and further tests of catchment flowpaths using tracer-aided modelling. From the standpoint
of stream water stable isotopes, greater effort should be expended to increase the temporal
resolution of sampling due to observations from 24 hour sampling campaigns in CDOM,

SpC and stables isotopes (expressed as lc-excess in Figure 5-1).
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