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Abstract

The subarctic is anticipated to undergo hydroclimatic regime change, which can impact
hydrological processes and water yield. Explaining landscape-scale carbon (C) budgets and
pollutant transfer is necessary for understanding the impact of changing hydroclimatic regimes.
This research investigates dissolved organic carbon (DOC) fluxes in a hydrologically complex
watershed (Baker Creek) in the Northwest Territories. Discharge, DOC concentration, and DOC
export were simulated using a rainfall-runoff model (PERSIST), and a catchment biogeochemical
model (INCA-C). Model calibration (2012-2016) was done using available discharge and DOC
concentration data in sub-catchments of Baker Creek. The model successfully reproduced
hydrological flow in the catchment (R?: 0.87-0.94; NS: 0.82-0.91) and reasonably captured DOC
concentration (R?: 0.19-0.31). Future conditions were simulated using two climate scenarios
(elevated temperature, elevated temperature and precipitation), and compared against a scenario
with baseline conditions. Average discharge over 30 years is predicted to decrease under elevated
temperature scenario (22—-27% of baseline) and increase (116-175% of baseline) under elevated
temperature and precipitation scenario. For this scenario, discharge increases in early winter
indicate a change in hydroclimatic regime from nival to combined nival and pluvial. Average DOC
flux over 30 years is predicted to decrease (24-27% of baseline) under elevated temperature
scenario and increase (64—81% of baseline) under elevated temperature and precipitation scenario
where a large increase in DOC export will occur in early winter. DOC flux in Baker Creek is
controlled by runoff in the catchment. Under future climate scenario, increased DOC export from
Baker Creek catchment with increased discharge can increase the mobility of previously deposited
airborne metal contaminants such as arsenic from Giant Mine.
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Chapter 1: Introduction

1.1 Introduction

Many studies have highlighted the impact of climate change on hydroclimatic regimes (e.g., ACIA,
2004; Furgal et al., 2008; Lemmen et al., 2008). Understanding the impact of changing
hydroclimatic regimes on dissolved organic carbon (DOC) is crucial in explaining the landscape-
scale carbon (C) budget and pollutant transfer in catchment areas (Hudson et al., 2003; Oni et al.,
2012), and DOC flux is known to change with hydroclimatic regimes (Evans et al., 2005; Futter
et al., 2009; Noacco et al., 2019; Spence et al., 2015; Striegl et al., 2005; Walvoord & Striegl,
2007). Various driving factors are affecting DOC export in catchments, but these factors vary with
the local landscape and regional hydroclimate. Thus, understanding the process of DOC export in
the past can help determine how it will likely respond under future climate.

Within Canada, the Northwest Territories (NWT) are projected to undergo significant climatic
change during the remainder of this century (ACIA, 2004, 2005; GNWT, 2008). Climate induced
changes in runoff in catchments of NWT such as Baker Creek can affect seasonal DOC loads in
surface water (Spence et al., 2015). The Baker Creek catchment has been polluted by metal
deposition from nearby mines (Baldwin, 2006; Falk et al.,1973; Golder, 2013; Golder 2018). As
DOC plays a significant role in metal mobility (Al-Reasi et al., 2013; Baken et al., 2011), it is
crucial to understand the process of DOC export in these catchments and predict changing
concentrations in the future under changing hydroclimatic regimes. Process-based catchment
models can help achieve these aims. This study uses a catchment-scale water quality model to
simulate DOC concentration and predict DOC export under different climate scenarios for Baker
Creek. The research both develops knowledge about the sensitive parameters for DOC dynamics
in subarctic catchments and can assist policymakers more generally in thinking through adaptation
measures for potential water contamination.

1.2. Literature review

This literature review discusses the potential impact of changing hydroclimatic regimes on DOC.
The review first summarizes the current understanding of changing hydroclimatic regimes and
discusses the source, behavior, and pattern of DOC in catchments. Then, the export of DOC with
changing hydroclimatic regimes is reviewed. The last part of the literature review discusses water
quality models for C, which helps in selecting a suitable water quality model for understanding
DOC dynamics in changing hydroclimatic regimes on a catchment scale. The review ends with
the identification of critical gaps in knowledge, the purpose of the proposed research, and its
significance.

1.2.1 Changing subarctic hydroclimatic regimes

Climate change is the pressing challenge of the 21°% century. Almost all regions of the world have
experienced warmer conditions during the last four decades (IPCC, 2021). The global surface
temperature (2001-2020) has increased by 0.99 (0.84 to 1.10) 'C and increased by 1.09 (0.95 to
1.2) °C from 2011 to 2020 compared to 1850—-1900 (IPCC, 2021). Similarly, climate change has

1



increased the frequency and intensity of precipitation events since the 1950s and has changed
seasonal precipitation patterns from the tropics to higher latitudes (IPCC, 2021; Lemmen et al.,
2008; Song et al., 2018). In preindustrial times the primary cause of the increase in atmospheric
carbon dioxide (CO.) was due to deforestation and land-use change (Ciais et al., 2013); however,
the rise in global temperature since the industrial revolution (after 1750) is unequivocally caused
by anthropogenic greenhouse gas (GHG) emission via fossil fuel combustion and other industrial
processes (IPCC, 2021). According to the World Meteorological Organization’s (WMO) annual
Greenhouse Gas Bulletin, the atmospheric CO2 concentration in 2017 reached 146% of the
preindustrial (pre—1750) level (WMO, 2017). Of C emitted by humans since 1959, 45% has been
absorbed by the atmosphere, 24% by the oceans, and 30% by land (Quéré et al., 2018).

There is evidence of the unprecedented impacts of climate change, such as the increasing
frequency of climate-related hazards, extreme weather events, change in precipitation phases,
decreases in snow cover, changes in the groundwater table, permafrost thaw, and sea-level rise
(Bauwens et al., 2013; IPCC, 2014; IPCC, 2021; Stagl et al., 2014; Huang et al., 2019). Last four
decades were the warmest ones since 1850 (IPCC, 2021). Warming and acidification of global
upper ocean (0—700 m) and decrease in oxygen levels in many upper ocean regions have observed
(IPCC, 2021). Indeed, the atmospheric moisture-holding capacity has also increased due to the
warmer atmosphere (Stagl et al., 2014). Many regions, such as the Middle East and the
Mediterranean basin are experiencing prolonged and robust drought events (Hoegh-Guldberg et
al., 2018). Hence, substantial and varying evidence of global climate change and its impacts are
seen in different regions.

Climate change impacts are particularly severe in arctic and subarctic regions (typically between
50°N and 70°N latitude: Figure 1.1). The average temperature increase for this region (1.9°C over
the past three decades) is almost double that of the rise in global average temperature (Warren &
Lemmen, 2014). The average annual precipitation in the form of rain has increased by 8% over
the past century (Furgal & Prowse, 2007), while the snow cover (1974—2003) has declined by 10%
(ACIA, 2004). Similarly, permafrost has warmed by 2 to 3°C in recent decades and the southern
extent of continuous permafrost is projected to shift northward by several hundred kilometers
(ACIA, 2004). These changes in precipitation and temperature, and shifts in permafrost can affect
infiltration, flow pathways, primary productivity, and microbial activities, all of which, in turn,
affect river flows and nutrient export (Santin & Doerr, 2016; Walvoord & Striegl, 2007).
Additionally, other consequences such as decreasing lake and sea ice, melting glaciers, rising sea
levels, melting ice sheets, and various other impacts on the biophysical environment have been
observed due to changing climate in subarctic regions (ACIA, 2004; Foy et al., 2011; Nistor, 2017;
Nistor & Petcu, 2015).
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Figure 1.1: Map of regions with sub-arctic climate classified by Koppen-Geiger climate
classification (Source: https://commons.wikimedia.org/wiki/File:Koppen_World_Map_Hi-
Res.png)

Climate projections of 36 Earth System Models (ESM) predict an average increase in subarctic
mean annual temperature by 3.7°C by 2050 in comparison to the 1981 to 2005 period (Overland
et al., 2013). These models project that, by 2050, the mean summer temperature will increase by
2°C and the mean winter temperature by 5.3°C (Overland et al., 2013). The projected warming in
summer is about 1.5-2 times and winter is 3 times the rate of global warming (IPCC, 2021).
Furthermore, ESMs under an intermediate GHG emission scenario project a rise of 4.3°C and those
more extreme scenarios a rise of 8.7°C in mean annual temperature by 2100 (Schuur, McGuire,
Romanovsky, Schadel, & Mack, 2018). The increased warming in the subarctic is projected to
increase evaporation and is also projected to increase total precipitation by 20% by the end of the
century (ACIA, 2004, 2005). The Coupled Model Intercomparison Project Phase 5 projected loss
of more than 75% of glaciers in some regions of the subarctic, such as Scandinavia and western
Canada, by the end of the century (Shannon et al., 2019). Under mid and high GHG emission
scenarios, the Arctic Ocean is projected to be ice-free at least once before 2050 (IPCC, 2021). The
projected change in precipitation, temperature, snow, ice, and glacier cover can affect energy
balance, decrease feedback on land-surface albedo, and can affect hydrological and nutrient cycles
(Lemmen et al., 2008).

There are various indications of a changing subarctic hydroclimatic regime. Since the middle and
late 1900s, winter streamflow in northern Canada has been increasing (Walvoord & Striegl, 2007).
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Climate warming (1977—2007) has increased the glacial retreat of Kaskawulsh Glacier, Yukon,
decreasing the total area of the glacier by 1.5% (Foy et al., 2011; Ge et al., 2013). Glacial retreat
has increased the discharge of glacial-fed rivers, which has affected the hydrological regime of the
Yukon River (Moore et al., 2009). Furthermore, climate change impacts are also severe in
Scandinavia, with warming driving earlier ice melt and decline in summer sea-ice cover (ACIA,
2005). Likewise, in some areas of northern Sweden, frequently fluctuating warm and cold episodes
affecting the freeze-thaw cycle have been observed (ACIA, 2004). Indeed, there is high
uncertainty for the future subarctic hydroclimatic regime but understanding past and present
climate scenarios can assist in the better projection of future hydroclimatic patterns.

1.2.2 Catchment controls on organic carbon

Biogeochemical cycles are tied to physical conditions, including temperature, water availability,
and water movement; therefore, the impacts of climate warming can be seen in biogeochemical
cycles. Warming in high latitude regions increases primary productivity and also stimulates
permafrost thaw. Permafrost thaw can change the C budget by releasing stored methane and CO>
to the atmosphere, and also mobilizing DOC (Ma et al., 2019). Understanding drivers and
processes of catchment control on C (source, behavior, pattern, and export), including flow
pathways is necessary to know DOC dynamics in the catchment.

1.2.2.1. Dissolved organic carbon

The DOC in an aquatic ecosystem is derived from either autochthonous or allochthonous sources.
Autochthonous sources are produced inside the water bodies by algal and bacterial biomass. In the
formation of autochthonous sources, nutrients present in water bodies play a major role (Kaplan
& Bott, 1982), helping in the growth of algal and bacterial biomass. In contrast, allochthonous
sources are produced outside the water bodies from the soil, vegetation, and microbes in the
terrestrial ecosystem (Hood et al., 2003). The DOC from these sources have free radicals which
can act as both electron donors, and acceptors depending upon the situation and are also active in
oxidation-reduction reaction with transition metals (McKbnight et al., 1992) which can alter water
chemistry.

DOC is a complex substance that controls a large number of physicochemical and biological
parameters in water bodies (Hudson et al., 2003). DOC complexes can affect bioavailability,
toxicity, and mobility of metals in the environment (Koprivnjak & Moore, 2006; Ledesma et al.,
2012; McKnight et al.,, 1992) such as copper (Ashworth & Alloway, 2007), mercury
(Ravichandran, 2004), aluminum, iron (McKbnight et al., 1992), and arsenic (Howell, 2014). DOC
is composed of diverse functional groups having a strong metal binding capacity (Mostofa et al.,
2013). DOC undergoes oxidation-reduction reactions with metal pollutants and binds protons,
affecting the redox property of organic ligands (Koprivnjak & Moore, 2006; Ledesma et al., 2012;
McKnight et al., 1992).

Additionally, DOC makes organic complexes with nutrients such as nitrogen and phosphorus,
increasing their solubility and mobility (Yang et al., 2013), and those nutrients act as fuel for
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microbial production (Biddanda & Cotner, 2002). DOC can absorb ultraviolet radiation, which
reduces the biological activities of aquatic organisms (Rautio & Korhola, 2002). Furthermore,
DOC in the source of drinking water is harmful to human health. Drinking water treatment involves
the chlorination process which prevents microbial growth during water distribution; however, this
chlorine can react with available DOC in water (Chow et al., 2003) to form carcinogenic and
mutagenic by-products such as trinalomethanes and haloacetic acids (WHO, 2011). Thus, DOC is
an important consideration in drinking water treatment processes.

1.2.2.2. Dissolved organic carbon behavior at catchment scales

Multiple catchment-scale drivers such as landcover, hydrology, connectivity, temperature, sea salt
deposition, and acid deposition can influence DOC dynamics. These drivers can control in-soil
and in-stream DOC behavior in a catchment (Evans et al., 2005; Koprivnjak & Moore, 2006; de
Wit et al., 2016). The type and properties of the catchment play a significant role in DOC
concentration. In the study of boreal catchments, peatlands were found to be the major source of
terrestrially derived DOC concentration due to slow water movement and slow decomposition of
organic matter (Dillon & Molot, 1997). In peatlands, newer peat is easily mineralized compared
to peat that has accumulated over many years (Dillon & Molot, 1997). Similarly, because of the
high productivity of forested catchments, DOC concentrations are generally higher in forest
dominated catchments than in those with rock covers (Moore, 1989).

Several studies have found catchment hydrological factors such as runoff, water table, and
catchment connectivity as the significant drivers in determining DOC behavior in the catchment
(Baker et al., 2006; Clair et al., 1999; Daniels et al., 2008; Evans et al., 2005). Increased runoff in
the catchment can both increase and decrease DOC concentration depending upon the flow
pathways (Evans et al., 2005; Walvoord & Striegl, 2007). The DOC concentration increases where
flowpaths through the shallow organic soil layer are dominant, whereas it can decrease where the
bulk of the water transits through the deep mineral layer (Clair et al., 1999; Valley & McDoweell,
1988). The water table can also affect DOC concentration; decline in the water table in peatlands
during dry periods can oxidize peat and lead to flushing of organic C during high flow events
(Daniels et al., 2008; Petrone et al., 2006).

Additionally, understanding source connectivity is essential to understand DOC concentration in
the stream (Baker et al., 2006). In wetter seasons, due to hydrological connectivity with C sources,
high concentration of C can be seen; however, in dry seasons hydrological connectivity can be
interrupted with C sources resulting in lower C concentrations (Dick et al., 2015; Spence et al.,
2018). The hydrological disconnectivity is because of disrupted surface flow and high evaporation
along the flow path which prevents runoff between upper and lower reaches (Dick et al., 2015).
Thus, in dry periods, groundwater contributes to the DOC concentration (Dick et al., 2015).

Carbon concentration can be affected by changing climate. The catchments in the circumpolar
north are estimated to have a total of 1,672 Pg C which accounts for approximately 50% of global
below ground soil C (Tarnocai et al., 2009). With changing climate these catchments could release
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a total of 162—288 Pg C by 2100 under RCP 8.5 (Schuur et al., 2013). There are many cases where
DOC concentration is increasing with temperature (Chapman et al., 1995; Evans et al., 2005;
Michalzik et al., 2003; Tipping & Hurley, 1988). Temperature increases can increase primary
productivity (Striegl et al., 2005). Furthermore, the increased temperature can decrease water table
position and can enhance oxygen availability in soil. Organic C mineralization in wetlands is
highly sensitive to oxygen availability (Chapman et al., 2019). Although mineralization can occur
under both aerobic and anaerobic conditions (Kane et al., 2019), aerobic soil conditions are found
to mineralize 3.2 times more C comparing to anaerobic conditions (Schadel et al., 2016). In aerobic
conditions, the presence of a strong electron acceptor (oxygen) deconstructs even strong enzymes
such as oxidases and peroxidases in organic compounds (Sinsabaugh, 2010). Thus, aerobic
respiration in microorganisms oxidizes C in organic matter into inorganic C (Lin et al., 2021).
When microbial decomposition of the organic matter becomes sufficiently elevated, DOC
concentration decreases (Weiman, 2015).

Increased evapotranspiration can also affect DOC concentration; in North America, an increase in
summer temperature of catchments yields decreased soil moisture, increasing lake residence time
and providing greater opportunity for DOC degradation (Hudson et al., 2003). The change in
rainfall amount can also alter DOC concentration in catchments via dilution in surface water.
Other drivers such as elevated atmospheric CO2 (Clair et al., 1999; Freeman et al., 2004; Evans et
al., 2005), sea salt deposition (de Wit et al., 2016), and acid deposition (Evans et al., 2005) can
alter DOC concentration. Increasing trends in DOC concentration over the last few decades in
northern Europe have been reported (Evans et al., 2006; Freeman et al., 2001; Monteith et al.,
2014), whereas some authors have highlighted weak to no trends of DOC concentration in central
Europe (Oni et al., 2012). Although in North America increasing DOC concentration trends have
been observed, these trends are weak (Monteith et al., 2007; Oni et al., 2014). Drivers for the
increasing trend in DOC concentration in catchments of North America and North Europe are due
to change in runoff (Eimers et al., 2008; Oni et al., 2012), climate variability (Noacco et al., 2019;
Striegl et al., 2005), and acid deposition (Monteith et al., 2007). In Norway, changes in climatic
variables with sea salt deposition in catchments have changed DOC trends (de Wit et al., 2016).
Thus, DOC behavior and pattern in catchment depends upon multiple catchment drivers.

1.2.2.3 DOC export under changing hydroclimatic regime

Understanding the export of C from the terrestrial ecosystem to the aquatic ecosystem is significant
for knowing the sensitivity of the C cycle to changes in the hydroclimatic regime. Numerous
studies have highlighted cases of DOC export with changing hydroclimatic regime (Clair et al.,
1999; Futter et al., 2009; Ledesmacetal., 2012; Noacco et al., 2019; Striegl et al., 2005). The drivers
for DOC export such as runoff, hydrological connectivity, flow pathways, and soil moisture can
be affected by changes in the hydroclimatic regime. For instance, an increase in temperature can
increase evapotranspiration, decrease soil moisture, and decrease hydrological connectivity
leading to lower flushing of C (Clair et al., 1999; Tranvik & Jansson, 2002).



Additionally, temperature increases can increase terrestrial C fixation, increasing C pools in the
catchment (Freeman et al., 2004). Also, the increased temperature can increase the active layer of
permafrost, enhancing oxidation of stored C in permafrost soil, which becomes the net source of
DOC (Petrone et al., 2006). Permafrost thaw can also modify flow pathways; flow paths from
shallow organic layer enhances DOC export whereas through deeper mineral layer can decrease
export. Thus, overall C fluxes in the catchment are sensitive to hydroclimatic drivers.

1.2.3 Catchment biogeochemical modeling

Water quality in a catchment is determined by physical, chemical, and biological parameters in the
system. As a result, complex water quality models are essential tools in predicting and simulating
various mechanisms affecting water quality in a system (Tsakiris & Alexakis, 2014). Factors such
as topography, vegetation type, land use, and landcover, as well as anthropogenic activities, all
play a critical role in determining water quality (Tsakiris et al., 2009). Historically the development
of water quality models has undergone three critical phases (Wang et al., 2013). The first phase
(1925-1965), began with the development of the first water quality model to characterize water
pollution in Ohio, USA (Streeter & Phelps, 1958; Wang et al., 2013). In this phase, a one-
dimensional BOD-DO model was successful in understanding water pollution issues in water
bodies such as rivers and estuaries (Burn & Mcbean, 1985; Bencala & Walters, 1983).

In the next phase, (1965—1995) two and three-dimensional models were developed (Wang et al.,
2013). In this stage, catchment models were combined with water quality models to include more
variables determining water quality (Tim & Jolly, 1994). In this phase, various models were
developed: QUAL models for dendritic rivers and non-point source pollution by USEPA (Wang
et al., 2013); WASP models developed by USEPA for rivers, lakes, wetlands, estuaries, and
reservoirs (Robert et al., 1988); and MIKE11 by Denmark Hydrology Institute for rivers, tidal
wetlands, and estuaries (Robert et al., 1988; Talebbeydokhti et al., 2017). Models at this stage were
successful in providing detailed knowledge about non-point sources (Wang et al., 2013).

Another phase began where water quality models were integrated with air pollution models to
include aerosol deposition in the surroundings of water bodies and indirect contamination in water
bodies (Esterby, 1996). The water quality models developed in these phases are complex. The
reason for this complexity is that these models consider the function of four parameters: spatial
detail, temporal detail, water quality indicators, and complexity of water bodies (USEPA, 1998).
At this stage, with the advancement of earlier models many new water quality models were
developed, such as SWAT developed by the U.S. Department of Agriculture; the QUASAR model
and BASINS models developed by USEPA (Wang et al., 2013); and the semi-distributed INCA
model (Whitehead et al., 1998).

1.2.3.1. Water quality models for carbon

Water quality models for C are used to predict the concentration and transport of DOC in spatial
or temporal scales. Different water quality models for C have been designed with different
characteristics ranging from empirical to process-based models (Oni et al., 2012). These models
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have various strengths and limitations for different applications. Empirical models are based on
cause-effect relationships and identify drivers (Oni et al., 2012); however, these models fail to
explain complex biogeochemical processes (Futter & de Wit, 2008) and they have significant
limitations in forecasting scenarios for future conditions (Oni et al., 2012).

Limitations can be seen in the DOC model (DocMod), which uses C to nitrogen ratio of vegetation
species and leachate quality and quantity to predict DOC fluxes (Currie & Aber, 1997). Similarly,
drawbacks can be seen in the integrated biogeochemical model (PnET-BGC), which is a one-
dimensional coupled model and works on monthly time series (Gbondo-Tugbawa et al., 2001), as
does the ORCHIDEE-SOM model. Although the ORCHIDEE-SOM model is good at representing
the DOC and Solid Organic Carbon (SOC) dynamics, it is not able to capture the processes beyond
2 m vertical discretized soil. The various biological, environmental, and geological factors result
in soil heterogeneity leading to change in DOC concentration with time which is not captured by
ORCHIDEE- SOM model (Camino-Serrano et al., 2018). Thus, it fails to capture the temporal
dynamics of soil C concentration (Camino-Serrano et al., 2018).

Furthermore, some other process-based water quality models can simulate DOC behavior in
catchments (Oni et al., 2012) such as the Dynamic DOC model (Michalzik et al., 2003) which is
good at describing soil C processes but fails to describe the in-stream C process. The same is the
case of landscape-scale C models (Hanson et al., 2004), which are adequate for understanding
DOC patterns in the lake but fail to reproduce the terrestrial part of the catchment.

The Integrated Catchment Model for Carbon (INCA-C) was developed (Futter et al., 2007) to
address the shortcomings of various water quality models for C. This model combines soil and
stream parameters and projects long-term C dynamics at landscape scales. It was the first
landscape-scale model designed to project temporal changes in DOC in forested, temperate, and
boreal catchments (Futter et al., 2007). The INCA-C model helps to understand the mechanism
controlling DOC concentration. Additionally, this model can simulate DOC concentrations under
future climate scenarios (Futter & de Wit, 2008). This model has been successfully used to
simulate observed DOC patterns, and subsequently used to explore future scenarios in headwater
and larger catchments in Europe and Canada (Futter et al., 2007; Futter et al., 2009; Oni et al.,
2012; Oni et al., 2014; de Wit et al., 2016; Xu et al., 2020). INCA-C consists of hydrological and
biogeochemical sub-models. The C fluxes in soil and stream C pools (SOC, Dissolved Inorganic
Carbon (DIC), Potentially Dissolved Carbon (PDC), and DOC) are shown in figure 1.2.
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Figure 1.2: C pools and fluxes in soil and stream in INCA-C model (modified from Ledesma et
al., 2012). Hydrologically Effective Rainfall (HER) and Soil Moisture Deficit (SMD) are
hydrological inputs for INCA-C, litter fall represents C input, white boxes represent different C
pools in soil and stream and green boxes show processes. Note that atmospheric deposition of C
is not considered in the model.

1.2.4 Dissolved organic carbon as a mediator of contaminant transport

Baker Creek lies near the Giant Mine site. The lower part of the catchment has a history of
contamination of arsenic, mercury, and other heavy metals from 1948 to 1980s due to untreated
tailings and effluents being deposited (Baldwin, 2006; GMRP, 2013; Golder, 2018; Howell, 2014;
Olivie-Lauquet et al., 2001; Wrye, 2008). Another source of contaminants to Baker Creek
(upstream of Lower Martin) was atmospheric deposition (GMRP, 2013; Golder, 2018).
Historically, the mine emitted 20,000 tonnes of arsenic during its operational period (Howell,
2014; Wrye, 2008) which was deposited up to 30 km from the historical roaster stack (Jamieson
etal., 2017). In Baker Creek, a high concentration of bioavailable arsenic and mercury in whitefish
(Cott et al., 2016), elevated sediment arsenic concentrations (GMRP, 2013; Golder, 2018) and
high concentrations of total dissolved solids and heavy metals in downstream locations
(2016—2018) (GNWT, 2017; Golder, 2018) were reported. The contaminants in the terrestrial part
of the catchment could have impacts on aquatic and human health if exported to water bodies
(Golder, 2018). It has been observed that DOC plays a major role in contaminant transport
(Howell, 2014; Koprivnjak & Moore, 2006; McKnight et al., 1992; Mostofa et al., 2013). Thus, it
is important to understand DOC export in Baker Creek to understand how this might be important



for metal mobility. At present there has been limited monitoring of DOC export. It remains
uncertain how these patterns may change in response to changing hydroclimate and if DOC is
sensitive to temperature and hydrological changes in the catchment. Thus, it is important to
understand the behavior and pattern of DOC export as in Baker Creek under future hydroclimatic
conditions.

1.3 Objectives
The purpose of this research is to understand how DOC responds to a changing hydroclimatic
regime in the subarctic catchment. The specific objectives for this research are listed below.

Objective 1: Identify historical hydroclimatic trends in the catchment

Objective 2: Simulate catchment DOC export to understand landscape-scale factors controlling
DOC

Objective 3: Forecast future catchment behavior and understand DOC response under a changing
hydroclimatic regime
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Chapter 2: Methodology

2.1 Description of the study site

The Baker Creek catchment is located in Canada’s NWT on the northern side of Great Slave Lake
near the city of Yellowknife. It is located between 62°45°00” N and 62° 30°00” N latitude, and
114°30°00” W and 114°20°00” W longitude (Figure 2.1), within a region of discontinuous
permafrost. The catchment area is 165 km? and elevation ranges from 200 to 266 m (above sea
level). Additionally, Baker Creek catchment is close (northwest within 30 km) to mining activities
which are likely to have contributed to atmospheric deposition of metals including arsenic, copper,
zinc, lead, nickel, cyanide, and chromium from the historic roaster stack (Baldwin, 2006; Galloway
etal., 2012; Golder, 2013; Nasser, 2014; Nathan, 2018; Nasser et al., 2017).

The major land cover in Baker Creek catchment is exposed bedrock, which occupies 40% of the
total area, followed by open water (23%), forest (21%), and wetlands and peatlands (16%
combined) (Spence et al., 2018). The major soil types are derived from organic, sandy till,
glaciofluvial deposits, with a trace amount of organic cryosols in poorly drained areas (Spence et
al., 2010). The thickness of the organic soil layer ranges from less than a meter to more than 10
m (Spence & Hedstrom, 2018). The major flora of the region consists of Labrador tea
(Rhododendron groenlandicum), black spruce (Picea mariana), paper birch (Betula papyrifera),
jack pine (Pinus banksiana), and many species of moss and lichen with the majority of (Sphagnum
spp. and Cladonia spp.).

Data from a climate station in the catchment (Vital Tower) and nearby stations characterize very
long and cold winters with an average daily temperature in January of —24°C and short, cool
summers with an average daily July temperature of 17°C. There is considerable interannual
variability in temperature owing to the influence of oceanic-atmospheric circulation modes in
western Canada (DeBeer et al., 2016). Average annual temperatures varied between —7°C and
—1°C during the past 65 years (1955-2019). The average annual precipitation in the catchment is
249 mm, of which 36% falls as snow. Precipitation in the catchment typically falls as rain from
May to September and snow from October to April. February—April are the driest months (average
monthly precipitation: 35 mm) and July-September are the wettest months (average monthly
precipitation: 103 mm). Annual precipitation ranged between 170 mm to 423 mm during the past
65 years (1955-2019).

The catchment contains 349 perennial lakes among which Duckfish is the largest headwater lake
by area (6.2 km?), followed by Martin Lake (3 km?), Vital Lake (1.5 km?), and Landing Lake (1.1
km?) (Spence, 2006). The sub-catchments where these lakes are located demonstrate different
physical features and hydrological behavior (Table 1), and during wet years, a greater proportion
of the catchment contributes to discharge at the outlet of Lower Martin Lake (Spence, 2006). The
outlet at Lower Martin Lake is gauged (Water Survey of Canada station: 07SB013) a short distance
upstream of Great Slave Lake. There is a large variation in average annual discharge at the outlet
of Lower Martin, ranging from 0.0009 to 0.43 m3s%. Maximum discharge occurs during snowmelt
in spring (April-June).
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Figure 2.1: Baker Creek catchment showing land covers and hydrometeorological stations
(Projection: NAD 1983, UTM 11N).

12



Table 2.1: Catchment characteristics for the Baker Creek catchment (Lower Martin Lake), and
several of its sub-catchments (Spence & Hedstrom, 2018)

Land cover (%) Average
Name Catchment annual
area (km?)  Surface runoff
water Forest Wetland Bedrock (mm)
Duckfish Lake 25 34 17 16 33 40
Lake 690 9 21 25 15 39 115
Vital Lake 102 22 19 16 43 108
Lower Martin Lake 153 23 21 16 40 49

2.2 Modelling approach

A coupled model framework using PERSIST and INCA-C was used in this research (Figure 2.2).
PERSIST is a semi-distributed hydrological model designed for modeling rainfall-runoff patterns
for the INtegrated CAtchment (INCA) family of models (Futter et al., 2014). Input data for
PERSIST consists of daily temperature and precipitation (Futter et al., 2014; de Wit et al., 2016).
PERSIST has been used in all scales of catchments from small headwater boreal systems in
Sweden (Salmonsson, 2013), to moderate-sized temperate catchments in Norway (Couture et al.,
2014) and the UK (Futter et al., 2014), as well as in large sub-tropical catchments like the upper
Ganga and Brahmaputra (Futter et al., 2015). PERSIST is used to generate time series of daily
HER and SMD for use in INCA. PERSIST calculates HER as precipitation minus the sum of
evapotranspiration and interception. PERSIST model version 1.6.4 was used in this study.

The semi-distributed, processed-based INCA-C model was used in this study to simulate DOC
behavior. This model is based on the Integrated Catchment Model for Nitrogen, developed in
Europe with the aim of understanding catchment nutrient budgets (Whitehead et al 1998). The
model integrates hydroclimatic processes with terrestrial components and simulates DOC fluxes
(Futter et al., 2007; Oni et al., 2012) at daily time steps. It incorporates information about in-soil
C processes, surface water processes, and landscape-scale water movement (Futter et al., 2007).
The model represents the transfer of organic C between terrestrial and surface water environments,
with sub-catchments used as the basis for model parameterization (Futter et al., 2007). The
terrestrial part of the model has up to six land cover classes consisting of up to three soil
compartments. The surface water environment (stream) is modeled as a single stream reach or a
branched stream network. The model is run using daily HER and SMD as inputs and operates at a
daily time step. This study used the new branching version of INCA-C (Version:
Branching_INCA-C_v2.0.0 BETA _14) to model C behavior in Baker Creek sub-catchments.

As shown in figure 2.2, PERSIST model was run using daily temperature and precipitation data of
Vital Tower station and calibrated using observed stream flow data. Flow in the catchment from
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headwater lake (Duckfish) to outlet of Lower Martin were directed by using structure file as input.
Model was calibrated in sub-catchments scale using streamflow observations of sub-catchments
(Duckfish Lake, Lake 690, Vital Narrows, and Lower Martin). The generated HER and SMD from
best parameter set of PERSIST model were used as input for INCA-C model. INCA-C model was
calibrated by using observed stream flow and DOC concentration in sub-catchments. Both manual
and Monte Carlo calibration were conducted to obtain best performing parameter set. The best
parameter set obtained by running INCA-C was used for simulating future DOC simulations.
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Figure 2.2: Modelling approach (gold colour represents the input, green represents method, and
blue colour represents output). Note: Daily temperature and precipitation data of Vital Tower
station was used as input for PERSIST. Output from PERSIST (SMD and HER) were used as input
for INCA-C. PERSIST model was calibrated using streamflow data. INCA-C model was calibrated
by streamflow and available observed DOC concentration data of Baker Creek sub-catchments.

2.3 Data sources

Most of the data collected in the catchment to date have been previously published as a dataset
(Spence and Hedstrom, 2018), which is used extensively here (details below).

2.3.1 Topography and Land Cover

Digital elevation and land cover data were obtained from Spence & Hedstrom (2018). Recent
available elevation data were collected on August 21, 2007, using Light Detection and Ranging
(LIiDAR) at 10 m resolution. The elevation data uses the NAD1983 UTM Zone 11N Projection
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system (Spence et al., 2010). Land cover classification data were collected via the SPOT5 MS
satellite image at 10 m resolution (May 24, 2008-June 20, 2009; Spence & Hedstrom, 2018).
Imaging was mapped using the maximum likelihood of supervised classification of a composite
image of two satellite images using Normalized Difference Vegetation Index and multispectral
bands as input (Spence & Hedstrom, 2018).

2.3.2 Climate and Hydrology

Temperature and precipitation data for Vital upland (2005—2016) were obtained from Spence &
Hedstrom (2018) and by retrieving data (package: ‘weathercan’; LaZerte & Albers, 2018) for
Meteorological Service of Canada Yellowknife (YKA) station #1706 (1955-2013) and station
#51058 (2013-2019) (http://www.climate.weather.gc.ca). At Vital tower (VT), temperature data
were obtained with a Vaisala HMP45C thermohygrometer, and rainfall data were collected with a
Texas Instruments TE-525M tipping bucket rain gauge (Spence & Hedstrom, 2018). The Vital
station operates from ~early April until ~early October annually. Gaps in the Vital temperature
and precipitation data, due to intermittent or seasonal gaps in sensor recordings, were addressed
using data from YKA, which lies ~5 km from the southern end of the catchment (see section 2.4).
End of winter snow on the ground (November—March) in the catchment was estimated using
annual snowpack surveys in April (2003—2016) (Spence & Hedstrom, 2018).

Hydrological data at the outlet of Lower Martin Lake collected by WSC (1983-2017) was
retrieved from https://wateroffice.ec.gc.ca/search/historical_e.html. Hydrological data of three
other stations (Figure 2.1), i.e. Duckfish Lake (2009-2016), Lake 690 (2008—2016), and Vital
Narrows (2005-2016), operated by the Science and Technology Branch of Environment and
Climate Change Canada, were available from Spence & Hedstrom (2018).

2.3.3 Organic Carbon Chemistry

Water samples for DOC analysis were collected approximately biweekly (during open-water
season) by the Government of the Northwest Territories Water Resource Division, at the
footbridge downstream of the outlet of Baker Creek at Lower Martin Lake (April 2010 to
November 2019). Similarly, for two other sites, Lake 690 (2010—2014) and Vital Narrows
(2015—-2019), grab samples were taken each spring and summer. These water samples were
analyzed for DOC using infrared combustion (detection limit 0.5 mg L) at the Taiga
Environmental Laboratory, NWT. Additionally, DOC samples collected in Duckfish Lake and
analyzed by Shimadzu Total Organic Carbon combustion analyzer at the Environmental
Geochemistry Laboratory (University of Waterloo) in the summer of 2019 were used in this study.

2.4 Data processing

Data processing, data visualization, and statistical analyses were all performed using R: A
Language and Environment for Statistical Computing, 2017 (R Core Team 2020; version 3.6.3).
Half-hourly temperature and rainfall over 2005-2016 at VT were processed to daily average
temperature and total daily precipitation. We used a two-step approach to infill temperature and
precipitation data.
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The half-hourly temperature was converted into daily values and missing values in temperature
data were filled using data of the YKA station; linear regression of daily observations (package:
‘stats’; function ‘Im’) was used to infill the VT record. After infilling missing values in VT, the
small number of remaining missing values (days when data was missing in both stations) were
infilled by using the predictive mean matching method (package: ‘imputeTS’; function ‘mice’).

For precipitation data, warm-season half-hourly rainfall for VT was converted into daily values,
and missing values in daily rainfall were infilled using nearby Y KA station data according to linear
regression (package: ‘stats’; function ‘lm’). Likewise, for the winter period outside of normal
tipping bucket operation at VT, rainfall amounts for days with an average temperature above zero
degrees were estimated as above, assuming precipitation under these conditions falls as rain.
Winter period days with an average temperature above zero when data were missing in both
stations were infilled by using the predictive mean matching method (package: ‘imputTS’;
function ‘mice’). Daily snowfall accumulation during the period when rainfall gauges were not in
operation was estimated by interpolation, according to the snow water equivalent (SWE) amount
measured in April. The snowpack data (SWE) had a missing value (for the year 2006), which was
filled by a predictive mean matching method (package: ‘imputeTS’; function ‘mice’). Total daily
precipitation at VT (2005-2016) was taken as the sum of these rainfall and snowfall
reconstructions.

2.5 Model Calibration

2.5.1. PERSIST

The PERSIST model was first calibrated manually using daily discharge data for four sub-
catchments (Duckfish Lake, Lake 690, Vital Narrows, and outlet at Lower Martin). Initially,
parameter values were set according to default recommended values from PERSIST applications
in other catchments. Landscape-scale parameters were set according to Table 2.1. The main focus
of manual calibration was to get appropriate water balance parameters and water routing matrix
(partition of runoff generation between soil boxes (Ledesma & Futter, 2020)). In PERSIST, water
is routed directly from each land cover to the stream reach. Soil buckets in each land cover receive
water (HER) and the flux of water through each compartment (bucket) is calculated by water
routing matrix. The elements of the water routing matrix (i, j) represents the fraction of water
leaving a bucket “i” and adding to another bucket “j” (Ledesma & Futter, 2020). Water fluxes in
buckets (m®d 1) are calculated at 1 km?area in each land cover and total fluxes from sub-catchment
to reach are calculated by multiplying fluxes with catchment area (Futter et al., 2014). For the
Baker Creek catchment, to simulate discharge sensibly, PERSIST was parameterized to allow
water to move quickly with low water loss by evapotranspiration; much of the water was routed
via the faster layer to streamflow. The influential parameters were updated iteratively when a
better-simulated result than the previous starting point was obtained. When model performance
wasn’t improved with the adjusted values, the parameters were reset to the previous values. The
parameter ranges were explored until no further improvement in model performance was obtained.
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Model performance at each iteration was estimated by goodness-of-fit metrics. Pearson
Correlation coefficient (R?), Nash-Sutcliffe (NS), Log Nash Sutcliffe (Log (NS)), the absolute
proportional difference (AD), and the ratio of variances (Var) were evaluated, considering the
optimal values (Table 2.2) for these metrics. A quasi-nested approach to manual calibration was
used, where headwater catchments (Duckfish and Lake 690) were calibrated first. After obtaining
a satisfactory fit for these records, the downstream stations at Vital Narrows and Lower Martin
were calibrated.

After getting the best performance set from manual calibration, Monte Carlo (MC) analysis with
25 parameter sets, each chain consisting of 500 model runs, was applied to explore parameter space
and generate behavioral parameter sets. The MC tool uses tolerance windows (minimum and
maximum) for sensitive catchment-scale parameters (degree day melt factor, growing degree
threshold, time constant, and evapotranspiration adjustment), sub-catchment parameters
(precipitation multipliers), and reach scale parameters (flow parameters: a, b, c, f) (Table A.1).
Tolerance windows were set as + 25% of the values obtained through manual calibration.
Differential weights were assigned for different parts of the catchment. Higher weights (five) were
assigned to the Lower Martin stations, because it had the most complete observational record
available, whereas lower weights (one) were used for Vital Narrows and Lake 690. Although, there
was not specific guideline for selecting weighing values, we evaluated alternate weighting ratios
(2:5 and 1:10), and found that this did not influence the results. Similarly, a higher weight (two)
was given to NS in an effort to better-capture flow peaks which the manual calibration was less
successful in reproducing, while Log (NS), Var, and AD were assigned weights of one. The MC
analysis gave one best-performing parameter set for each iteration. The best-performing parameter
set from all iterations was evaluated by checking goodness-of-fit metrics and by visual time-series
assessment. The best-performing parameter set from the MC analysis was used to generate SMD
and HER for input to INCA-C.
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Table 2.2: Optimal values of the goodness of fit metrics used to evaluate model performance
(Ledesma & Futter, 2020)

Performance Range

indicator

R? 0 (No match) to 1 (Perfect match)

NS 0 (Fitting mean value) to 1 (Perfect match)

Log (NS) 0 (Fitting mean value) to 1 (Perfect match)

AD Closer to zero (Perfect match); Positive value (under prediction);

Negative value (Over prediction)

Var 1 (Perfect match)

2.5.2. INCA-C

The INCA-C model was calibrated manually using daily discharge and DOC data for four sub-
catchments (Duckfish Lake, Lake 690, Vital Narrows, and the outlet of Lower Martin Lake).
Initially, parameter values were set according to default recommended values from the INCA-C
application to other catchments. Available sub-catchment parameters (area and land cover) were
set according to Table 2.1. The remaining sub-catchment, reach, instream, and land phase groups
of parameters were adjusted in order, moving on to the next group of parameters when no further
improvements were achieved. The initial focus of manual calibration was streamflow, to achieve
similar or better performance than obtained from PERSIST. After calibrating for streamflow, the
in-soil parameters related to C processes (C input, transformation, and processes) were calibrated
to model DOC concentration. INCA-C has two soil boxes in each land cover type (upper organic
and lower mineral). Each soil box has four C pools (SOC, PDC (Potentially Dissolved Carbon),
DOC, and DIC). Carbon input occurs through litter fall, root breakdown, and microbial death and
transported from soil to stream through diffuse flow (Futter et al., 2007).

Model performance for discharge and DOC simulations was evaluated by the goodness of fit
metrics (Pearson Correlation coefficient (R?) and Nash-Sutcliffe (NS)). At Baker Creek, there
were several DOC observations at Lower Martin each year, while Vital Narrows had sparse
observations of only two years. Observations were not available at Duckfish in the calibration
period, however a single observation for 2019 and anecdotal observations were used to inform the
calibration. Visual assessment was used for this sub-catchment in an effort to simulate higher DOC
levels anticipated for this location. In addition to evaluating discharge and DOC, the manual
calibration was also evaluated for the behavior of PDC fluxes (direct runoff layer) and DOC
(organic and mineral layer) pools. In instances where the calibration did not yield relatively
constant pools (which leads to unstable forecast simulations), further calibration was performed.
Land phase (fast pool fraction in organic and mineral layer, organic and mineral layer retention
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volume, PDC to DOC processes, threshold soil zone flow) and reach parameters (DOC to DIC
self-shading factor, radiation multiplier, and microbial degradation) were calibrated to ensure the
stability of PDC and DOC. This proved to be important, as the first iteration of the manual
calibration and MC analysis failed to be robust enough to generate forecast simulations.

After getting the best performance set from manual calibration, MC analysis was carried out, as
described above but using parameter specific tolerance windows for sensitive parameters (Table
A.2). As above, differential weights were assigned to favor calibration performance for different
processes and parts of the catchment. The highest weight (two) was assigned to Lower Martin
which had the most complete record of observed DOC. Carbon process parameters were assigned
weights of five while parameters controlling hydrology were assigned a weight of one. The best
performing parameter set from the 25 MC-derived parameter sets was identified by visual
assessment and assessment of goodness-of-fit metrics for DOC and discharge; this was used to
simulate future catchment behavior.

2.6 Historic trend analysis and future hydroclimatic scenarios

The temperature and precipitation data of nearby climate station YKA (1955—-2019) located 5 km
from the southern end of the catchment, and discharge data at the outlet of Lower Martin
(1983—2017) were used for historic trend analysis. Historic annual trends analysis of temperature
and precipitation was done by non-parametric Mann-Kendall test (package: Kendall; function:
‘MannKendall’). Trend analysis of discharge was done by using modified Mann-Kendall test
(package: modifiedmk; function: ‘mmkyllag’). Seasonal and monthly trend analysis of
temperature, precipitation, and discharge was done by using seasonal Mann-Kendall test (package:
trend; function: ‘smk.test’). Seasonal trend analysis was done for early winter (October—
December), late winter (January—March), spring (April-June), and summer (July—September). The
historical trend analysis for discharge was done in the hydrological year (September—August). The
Mann-Kendall test was performed using alpha = 0.05, but the p-value was Bonferroni adjusted in
cases where multiple comparisons were made (e.g. seasonal and monthly tests).

Future catchment behavior was simulated by running PERSIST and INCA-C for three 30-year
scenarios. Daily temperature and precipitation for input to PERSIST were generated using the
package CoSMoS (Strnad et al., 2020), which is used to extend or generate time-series data by
preserving the probability distribution and linear autocorrelation structure. The baseline scenario
was generated using the data record for VT, extended to 30 years. The baseline scenario was
created as a reference to evaluate the future scenarios. Future scenarios for a warmer (elevated
temperature) and a warmer and wetter climate (elevated temperature and precipitation) were also
generated using this method. To derive these scenarios, it was assumed that temperature and
precipitation increased linearly according to the trends (+0.52°C per decade, +6.5% precipitation
per decade) reported by DeBeer et al. (2016) through 2080. Using these temperature and
precipitation levels projected for 2080, 30-year (nominally ~2066-2095) time-series for
temperature and precipitation were created using CoSMoS, preserving the probability distribution
and linear autocorrelation structure from the observed record. Note that this approach does not

19



account for seasonal changes in precipitation or temperature patterns reported by DeBeer et al.
(2016).

Future discharge under baseline and future climate scenarios was simulated by INCA-C. The
projected total annual runoff (obtained from simulated discharge) and projected total annual
precipitation were used to calculate the annual runoff ratio under baseline and future scenarios.
Similarly, annual C fluxes under baseline, elevated temperature, and elevated temperature and
precipitation scenario were calculated as the sum of daily fluxes, which were estimated as the
product of simulated daily DOC concentration and flow divided by catchment area given below:

Qx*C (2.1)
A

C export =

where C export is average daily C export (g m2 d 1), Q is average daily simulated discharge (m*

d™), C is average daily simulated DOC concentration (mg L), and A is the area (m?) of the
catchment. To understand the certainty of projection of average annual discharge and DOC flux,
95% confidence interval values were calculated for baseline, elevated temperature, and elevated
temperature and precipitation scenario over 30 years at Duckfish, Vital Narrows, and Lower
Martin station. Additionally, 5™ percentile (Q5) and 95 percentile (Q95) values were calculated
for average discharge, DOC concentration, and DOC flux
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Chapter 3: Results

3.1 Historical Trend Analysis

3.1.1 Temperature

Historic trend analysis of temperature was done with 65 years of temperature data from the
Yellowknife station (1955-2019; Figure 3.1). The Mann-Kendall test result showed a statistically
significant positive trend for average annual temperature (p-value: 9.8 x 10°%; Kendall's Tau: 0.41),
average annual maximum temperature (p-value: 7.7 x 107'; Kendall's Tau: 0.45), and average
annual minimum temperature (p-value: 7.5 x 10°; Kendall's Tau: 0.38) (Table 3.1; Figure B.1;
B.2). Also, test analyzing seasonal average temperature have shown significant trends in all of four
seasons (Table 3.1). Monthly average temperature showed no significant trends; however monthly
temperature had shown significant values before Bonferroni correction in January, February,
March, June, July, and December (Table B.1).
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Figure 3.1: Average annual temperature (1955-2019) at Yellowknife station (located 5 km from
the southern end of the Baker Creek catchment). Note: Black dashed line is trend line.
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Table 3.1: Mann-Kendall test results for annual and seasonal temperature (Early winter: October—
December, Late winter: January—March, Spring: April-June, and Summer: July—September) trend
at Yellowknife station (1955-2019).

Parameter Tau p-value Interpretation
Average annual temperature 041 24x10° Positive trend
Average annual maximum temperature 045 56x10°8 Positive trend
Average annual minimum temperature 037 45x10° Positive trend
Average late winter temperature 0.03 1.8x10°3 Positive trend
Average early winter temperature 003 9.6x10* Positive trend
Average spring temperature 0.03 19x10°3 Positive trend
Average summer temperature 0.02 0.03 Positive trend

3.1.2 Precipitation

Historic trend analysis of precipitation was done with 65 years of precipitation data from the
Yellowknife meteorological station in hydrological years (1954—2018; Figure 3.2). Significant
trends for total annual precipitation, total annual rainfall, and total annual snowfall were not
detected (Table 3.2; Figure B.3; B.4). There was no significant trend for monthly and seasonal
average precipitation, rainfall, and snowfall (Table B.2; B.3) except spring rainfall, which
exhibited a significant positive trend. Moreover, the long-term data for precipitation (Figure 3.2)
showed periodic cycles of wet and dry years.

Table 3.2: Mann-Kendall test results for annual precipitation trends at Yellowknife station
(1954-2018) in hydrological years

Parameter Tau p-value Interpretation
Total annual precipitation 6x1073 0.9 No trend
Total annual rainfall 0.13 0.1 No trend
Total annual snowfall 0.02 0.8 No trend
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Figure 3.2: Total annual precipitation in hydrological years (1954-2018) at Yellowknife station
(located 5 km from the southern end of the Baker Creek catchment).

3.1.3 Discharge

Annual discharge at Lower Martin during 1983—2017 (hydrological years) was demonstrated to
have no significant trend (p-value: 0.7; Kendall’s tau: 0.03; Table 3.3), whereas seasonal discharge
has shown significant positive trends in all of four seasons. Additionally, we note that as with
precipitation, interannual variability in discharge is high (Figure 3.3).

Table 3.3: Mann-Kendall test results for annual and seasonal discharge (Early winter: October—
December, Late winter: January—March, Spring: April-June, and Summer: July—September)
observed at Lower Martin Lake (1983—2017) in hydrologic years.

Parameter Tau p-value Interpretation
Average annual discharge 0.03 0.7 No trend
Average late winter discharge 0.03 0.04 Positive trend
Average early winter discharge 0.03 0.03 Positive trend
Average spring discharge 0.03 0.03 Positive trend
Average summer discharge 0.03 0.04 Positive trend
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Figure 3.3: Average annual discharge (m*® s™!) from Lower Martin Lake (1983-2017) in
hydrological years.

There were significant trends for average seasonal discharge in all four seasons (Table 3.3). The
observational record coincided with natural dry and wet cycles may influence trend detection.
Moreover, there were no significant trends for average monthly discharge (Table B.4). The average
annual discharge at Lower Martin station during this period ranged from 8 x 10#t0 0.59 m3s™%,

3.2 Model Calibration

3.2.1 PERSIST manual calibration

Initially, PERSIST was manually calibrated for the full period for which temperature, precipitation,
and discharge data were available (2005-2016) (Figure 3.4). The period consists of high-quality
continuous discharge measurement at Lower Martin with discontinuous records in the other three
sub-catchments. Duckfish Lake and Lake 690 have seasonal discharge measurements (spring to
fall) whereas Vital Narrows has continuous discharge measurements with few missing values. The
record consists of both hydrologically wet (2005-2007, 2009-2011) and dry (2013-2016) years.

For the period (2005-2016), model performance was generally good for Duckfish Lake and Lower
Martin; however, simulations of the hydrological behavior of Lake 690 and Vital Narrows were
much poorer (Table 3.4, Figure 3.4). Lake 690 is a small reach, and thus despite the poor model
performance here (NS: 6 x 10°%), the impact on calibration for the Baker Creek catchment (NS:
0.74 at Lower Martin) is small. Thus, simulated and observed fits of main catchments were the
primary focus during calibration. Simulated discharge at Duckfish suggests the model somewhat
overestimated high flow during dry years while underestimating peak flow during wet years.
Similarly, simulation of discharge at both Vital Narrows and Lower Martin shows the model
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underestimated high flow during wet years while overestimating base flow and high flow periods
during dry years. For all three stations, the model overestimated discharge in the drier period at

the end of the record.

Table 3.4: PERSIST and INCA-C manual calibration results for discharge in four sub-catchments

of Baker Creek catchment.

Model Sub-catchment  R2 NS Log(NS) Var AD
PERSIST Duckfish 0.76 0.68 0.68 0.79 0.04
(2005-2016)  Lake 690 0.32 6x10° -0.05 371 0.59
Vital Narrows ~ 0.42 0.18 0.02 1.98 0.56
Lower Martin 0.77 0.74 0.75 1.56 0.08
PERSIST Duckfish 0.91 0.89 0.89 1.03 -0.17
(2012-2016) Lake 690 0.67 0.6 0.59 1.04 0.21
Vital Narrows ~ 0.87 0.82 0.8 1.64 0.33
Lower Martin 0.94 0.91 0.82 1.43 —-0.29
INCA-C Duckfish 0.8 0.79
(2012-2016)  Lake 690 0.55 0.51
Vital Narrows 0.8 0.72
Lower Martin 0.87 0.85
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Figure 3.4: PERSIST simulated (blue) and observed (red) discharge (m® s?) (2005-2016) at
Duckfish Lake (top), Vital Narrows (middle), and Lower Martin (bottom). Note that the y-axis
scale varies by catchment and that discharge monitoring is limited to warm seasons at Duckfish
Lake and Vital Narrows.
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The overestimated discharge in drier records and data availability of DOC being limited to the
later, drier part of the record presents a challenge for modeling DOC behavior. Thus, this drier part
of the record (2012-2016) for which DOC observations were available was used in a second
calibration (Figure 3.5). Calibration for this shorter record indicated an improved fit between
observed and simulated discharge (Table 3.4). The calibration did an adequate job of reproducing
discharge peaks with the Var (~1) for all four sub-catchments. Discharge was overestimated for
Duckfish Lake (AD: —0.17) and Lower Martin (AD: —0.29) and underestimated for Lake 690 (AD:
0.21) and Vital Narrows (AD: 0.33). Peak flows were reasonably simulated in a high flow year
(2012) and NS showed overall good performance at Duckfish Lake (0.89), Vital Narrows (0.82),
and Lower Martin (0.91), but not at Lake 690 (0.6). Low flows were also better captured and Log
(NS) showed reasonable performance at Duckfish Lake (0.89), Vital Narrows (0.8), and Lower
Martin (0.82), but was weaker for Lake 690 (0.59).

Though the model has slightly overestimated discharge in low flow periods, this nonetheless
represents an improvement over performance achieved using the longer-term record. Simulated
peak flow at Vital Narrows (2013) and Lake 690 (2013; Figure B.5) was somewhat early, while at
Lower Martin simulated peak flow was delayed relative to observations in some years. The overall
timing of streamflow was well-captured at Duckfish Lake (R% 0.91), Vital Narrows (R?: 0.87),
and Lower Martin (R%: 0.94).

3.2.2 INCA-C manual calibration
3.2.2.1 Discharge

The INCA-C model indicated a good fit between observed and simulated discharge (Figure 3.6)
with similar model performance as PERSIST (Table 3.4). The manual calibration did an adequate
job of reproducing discharge peaks. Simulations of peak flows were reasonable at Duckfish Lake
(NS: 0.79), Vital Narrows (NS: 0.72), and Lower Martin (NS: 0.85) but problematic at Lake 690
(NS: 0.51).

Compared to PERSIST, the INCA-C model better reproduced the magnitude of peak flow (Figure
3.6) at Duckfish Lake (2012) and Vital Narrows (2014, 2015). Peak flow at Duckfish and Vital
Narrows was underestimated in some years and generally overestimated in dry years at Lower
Martin (2014-2016). As was the case with PERSIST, INCA-C simulated peak flow tended to be
slightly late in some cases (e.g. Vital Narrows: 2012, 2015; Lower Martin: 2012-2014). Overall,
it was possible to reasonably capture different hydrological behaviors such as peak flow in spring,
hydrological drought after 2012, variation in flow amount in wet and dry years using INCA-C
(Figure 3.6).
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Figure 3.5: PERSIST simulated (blue) and observed (red) discharge (m3 s?) (2012-2016) at
Duckfish Lake (top), Vital Narrows (middle), and Lower Martin (bottom).
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Figure 3.6: INCA-C simulated (blue) and observed (red) discharge (m*s™?) at Duckfish Lake (top),
Vital Narrows (middle), and Lower Martin (bottom) (2012-2016).
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3.2.2.2 Dissolved organic carbon

Manual calibration of INCA-C was able to provide a reasonable simulation of DOC dynamics in
sub-catchments (Figure 3.7). Both high and low DOC concentrations after 2014 at Lower Martin
were captured. Simulated DOC concentrations at Duckfish Lake were higher compared to Vital
Narrows and Lower Martin.
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Figure 3.7: INCA-C simulated (blue) and observed (red) DOC (mg L) at Duckfish (top), Vital

Narrows (middle), and Lower Martin (bottom) (2012—-2016) from the manual calibration. Note:

Regular DOC observations were available only at Lower Martin whereas irregular grab sampling

is conducted elsewhere, and Duckfish was not sampled during this period.
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At Duckfish Lake, observed DOC concentration is higher in the post-drought period (52 mg L™
in 2019), while visual observations suggest different colour of water in downstream reaches when
it is connected (C. Spence, pers. comm.). Together, this suggests that the connectivity of Duckfish
Lake can be important for downstream DOC npatterns in Baker Creek. Low R? for DOC
concentration at both Vital Narrows (0.31) and Lower Martin (0.19) were reported. The best model
fit is observed in dry years (2014 and 2015) when the catchment was more disconnected. In Baker
Creek, although we have robust record of observations only at Lower Martin (2012—2016) we are
still modelling other parts of catchment to get the better simulations in lower part. As, observed
data at Duckfish is missing, simulations were compared with single year data in 2019.

Evaluation of weekly C fluxes (2012—2016; Figure 3.8) for Lower Martin shows evidence that
DOC can be both underestimated and overestimated at times during the calibration period. Except
few observations in 2013 and 2014, the overall tendency was for DOC flux to be overestimated
(Figure 3.8), despite DOC concentrations being underpredicted overall (Figure 3.8). The
overestimated DOC flux was because of overestimated discharge in that period.
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Figure 3.8: INCA-C simulated and observed weekly DOC flux (g m2 yrt) at Lower Martin
(2012-2016). The color lines (red: 2012, blue: 2013, black: 2014, orange: 2015, cyan: 2016)
represent a regression line of the weekly observations (when available) in a given year (colored
points; red: 2012, blue: 2013, black: 2014, orange: 2015, cyan: 2016). The dashed black line
represents 1:1 line of overall data.
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The discharge was a major control on annual DOC export in the Baker Creek catchment (Figure
3.9). For instance, at Lower Martin flow weighted mean DOC export in wet year (2012) was 0.36
gm~2yrtand in dry years (2013—2016) was 0.05 g m 2 yr* on average. High DOC export in 2012
and low export in the other dry year shows the importance of hydrological connectivity with C
rich sources for C export. This is further explained by the connectivity of Duckfish Lake to the
lower reaches. In 2012, Duckfish Lake was connected to lower reaches for a prolonged period
when DOC concentrations remained elevated; however, in dry years surface flow from Duckfish
Lake (Figure 3.9) was interrupted and DOC concentrations decreased more rapidly on the falling
limb of the hydrograph (2014, 2015, 2016).
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Figure 3.9: Runoff control on DOC (2012—2016). The plot shows observed DOC (red), simulated
DOC (light blue), observed discharge at Lower Martin (grey), Vital Narrows (black dashed), and
Duckfish (blue) colour.
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3.2.3 Monte Carlo analysis

The MC tool for INCA-C generated 24 best parameter sets (one was not behavioural). Exploring
the performance results and time-series plots helped to select the best-performing parameter set
(Figure 3.10). The best performing parameter set was identified based on performance metrics (R?
and NS) for Lower Martin, where the most complete record of DOC was available.
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Figure 3.10: INCA-C simulated DOC (mg L) from 24 (excluding one which was not behavioral)
Monte Carlo generated parameter sets at Lower Martin (2012-2016). Note: light blue solid line
indicates DOC from the best performing parameter set, dashed lines represent 23 other parameter
sets and red points indicate observed DOC concentration.
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The parameter set showing the best fit between observed and simulated discharge and DOC and
have R? and NS values closer to one was selected as the best parameter set. The best parameter set
obtained from the MC tool showed a similar fit for discharge as the best parameter set from manual
calibration in all parts of the catchment (Figure 3.11) except at Duckfish Lake in 2012 where the
MC parameter set slightly overestimated the discharge (Figure 3.11a).
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Figure 3.11: Plot comparing INCA-C simulated discharge (m® s™*) from manual calibration (black
dashed), best Monte Carlo parameter set (light blue dashed), and observed discharge (red) at
Duckfish (top), Vital Narrows (middle), and Lower Martin (bottom) (2012-2016).
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The model performance result for discharge at Duckfish, Lake 690, and Vital Narrows was
comparatively good from the MC parameter set whereas the model performance result from the
manual calibration at Lower Martin was slightly better (Table 3.5).

For DOC concentration, both manual calibration and MC calibration gave a similar R? (0.19).
Although the R? value for Lake 690 and Vital Narrows is slightly better in the manual calibration,
there were few observations used to calculate the metrics. Due to available long-term DOC
observations at Lower Martin, our main focus while selecting model performance was based on
Lower Martin. The MC calibration was comparatively better at capturing higher DOC
concentration (2015) and late summer DOC concentration at Lower Martin (2012—-2014) than the
manual calibration (Figure 3.12c) and produced a better simulation of Vital Narrows (Figure
3.12b). Thus, together the performance metrics and time series suggest that the MC approach
yields a somewhat better simulation of the observational record.

Table 3.5: Performance indicators for INCA-C Monte Carlo and manual calibration in Baker Creek
catchment (2012—2016). Note: Only Lower Martin has a long record of DOC observations.

Indicators Monte Carlo Calibration Manual Calibration
Duckfish Lake Vital Lower Duckfish Lake Vital Lower
Lake 690 Narrows Martin Lake 690 Narrows Martin
R? (Flow) 0.83 0.57 0.83 0.86 0.8 0.55 0.8 0.87

NS (Flow) 0.80 0.53 0.76 0.84 0.79 0.51 0.72 0.85
R? (DOC) 0 0.17 0.19 6x 1073 0.31 0.19
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Figure 3.12: Plot comparing INCA-C simulated DOC (mg L) from manual calibration (black
dashed), best Monte Carlo parameter set (light blue dashed), and observed DOC (red) at Duckfish
(top), Vital Narrows (middle), and Lower Martin (bottom) (2012-2016).
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3.3 Forecasting future catchment behavior

Initially, the best MC parameter set was selected for simulating future catchment behavior, as there
was minimal functional difference in performance for discharge (Table 3.5), but DOC was better
for this MC derived parameter set (Figure 3.12). While the best MC parameter set was capable of
simulating discharge in the sub-catchments under these scenarios; simulations of DOC (at Vital
Narrows and Lower Martin) were problematic and suggested instability of C pools under these
parameterizations. Thus, the manually calibrated best parameter set was used for simulating future
catchment behavior under future scenarios.

3.3.1 Discharge

Simulated average annual discharge at the Baker Creek catchment (for the 30-year) under baseline,
elevated temperature, and elevated temperature and precipitation scenarios revealed important
differences (Figure 3.13). The simulated annual average discharge at Duckfish (9 x 10°-0.1 m®
s, Vital Narrows (0.01-0.4 m®s™), and Lower Martin (0.03-0.7 m®s™) under the baseline
scenario were highly variable, reflecting the contrasting wet and dry conditions observed for
Lower Martin Lake during the operation of the WSC gauge. Under the elevated temperature
scenario, annual average discharge ranges at Duckfish (4 x 1073-0.07 m3s ™), Vital Narrows (9 x
103-0.37 m® s1), and Lower Martin (0.02-0.6 m®s™*) demonstrated an absolute decline in
discharge relative to the baseline. Under the elevated temperature and precipitation scenario,
annual average discharge ranges at Duckfish (0.03-0.27 m®s™), Vital Narrows (0.2-0.98 m3s 1),
and Lower Martin (0.3-1.6 m®s™1) were notably higher than the baseline condition.

Average annual discharge under elevated temperature scenario shows less interannual variability,
whereas under elevated temperature and precipitation scenario the range in annual average
discharge in all three catchments increases (Figure 3.13). The 90™ percentile of discharge under
elevated temperature scenario is less than the 25" percentile of discharge under elevated
temperature and precipitation scenario.

The 5™ percentile (high flow) and 95" percentile (low flow) annual discharge are projected to
decrease under elevated temperature scenario, and increase under elevated temperature and
precipitation scenario (Table 3.6). Annual high flows under the elevated temperature scenario are
projected to decrease by 33% at Duckfish, 25% at Vital Narrows, and 25% at Lower Martin.
Similarly, annual low flows under this scenario are projected to decrease by 37% at Duckfish, 22%
at Vital Narrows, and 24% at Lower Martin. In contrast, under the elevated temperature and
precipitation scenario high flows at Duckfish, Vital Narrows, and Lower Martin will increase by
133%, 150%, and 150% respectively. Likewise, low flows will increase by 137% at Duckfish,
93% at Vital Narrows, and 73% at Lower Martin.
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Figure 3.13: Boxplot showing INCA-C simulated average annual discharge (m®s™1) under baseline
(black), elevated temperature (red), and elevated temperature and precipitation (blue) for the 30-
year scenarios at Duckfish Lake (top), Vital Narrows (middle), and Lower Martin (bottom). Note:
Points shown in box plot are average annual discharge in individual years for each scenario.
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Table 3.6: INCA-C model projected average annual Q5, Q95, average annual discharge (m® s™?)
with 95% confidence interval (in parentheses) under baseline, elevated temperature, and elevated
temperature and precipitation scenarios. Change in discharge from baseline (in % with confidence

interval) over 30 years at Duckfish, Vital Narrows, and Lower Martin is also shown.

Scenario Statistics Duckfish Vital Narrows Lower Martin
Baseline Q5 3x107% 0.08 0.12

Q95 0.16 0.44 0.75

Average 0.040 (0.030-0.050)  0.22(0.18-0.27)  0.37 (0.29-0.44)
Elevated Q5 2x107% 0.06 0.09
Temperature o 0.10 0.34 0.57

Average 0.030 (0.020-0.039)  0.17(0.13-021)  0.27 (0.20-0.33)

Change (%) —25 (-33, —22) 22 (-27, -22) —27 (-31, —25)
Elevated Q5 7x1070 0.2 0.3
lﬁznperature Q95 0.38 0.85 13
Precipitation Average 0.11 (0.09-0.13) 0.49 (0.42-056)  0.80 (0.68-0.92)

Change (%)

175 (200, 160)

122 (133, 115)

116 (126, 119)

The projected average annual discharge under the baseline scenario at Duckfish Lake is 0.04 m3
s1, Vital Narrows is 0.22 m®s™?, and Lower Martin is 0.37 m3s over 30 years (Table 3.6). As
with the patterns for low and high flows, the annual average discharge will decrease under elevated
temperature and increase under elevated temperature and precipitation scenarios. The 95%
confidence interval for discharge under elevated temperature and elevated temperature and
precipitation scenario in parts of catchment are shown in table 3.6. The annual runoff ratio under
the baseline scenario at Duckfish Lake is 0.17, Vital Narrows is 0.24, and Lower Martin is 0.26
over 30 years. The runoff ratio will decrease under elevated temperature (Duckfish: 0.13, Vital
Narrows: 0.18, Lower Martin: 0.19) and increase under elevated temperature and precipitation
scenarios (Duckfish: 0.35, Vital Narrows: 0.37, Lower Martin: 0.4).
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3.14: Average daily discharge (m® s™%), Q5 (thin dashed line), and Q95 (thick dashed line)

over 30 years under baseline (a), elevated temperature (b), and elevated temperature and
precipitation (c) scenario at Lower Martin.

At Lower Martin, under the elevated temperature scenario average daily discharge is projected to
increase in March and April and decrease from May to November (Figure 3.14). Under the
elevated temperature and precipitation scenario, average daily discharge and Q95 values of
average daily discharge is projected to increase throughout the year, although the magnitude of
increase varies seasonally (Figure 3.14). Under this scenario, a pronounced secondary peak of
discharge in early winter is predicted.
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and precipitation (blue) scenario. Note: Average daily rainfall and average daily snowfall is
calculated as average of 30 years.
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The average daily rainfall is projected to increase under elevated temperature scenario from March
to mid-May and from mid-October to November whereas snowfall from mid-October to mid-
November is projected to decrease (Figure 3.15). Under the elevated temperature and precipitation
scenario, both rainfall and snowfall are projected to increase with the shift in the highest rainfall
peak from July to September (Figure 3.15). This shifted rainfall peak in September is the likely
driver of the secondary discharge peak from September to November.

3.3.2 Dissolved organic carbon

INCA-C simulated average annual DOC concentration at the Baker Creek catchment over 30 years
under baseline, elevated temperature, and elevated temperature and precipitation scenarios
revealed key differences (Figure 3.16). The simulated annual average DOC concentration at
Duckfish (15-31 mg L), Vital Narrows (5-12 mg L™1), and Lower Martin (7—15 mg L) under
the baseline scenario were highly variable, but Duckfish was notably higher, consistent with
observations of colour of water and a single observation collected in 2019. Under the elevated
temperature scenario, annual average DOC concentration at Duckfish (14-36 mg L), Vital
Narrows (4—12 mg L™?), and Lower Martin (6—15 mg L) demonstrated concentrations similar to
the baseline scenario. Under the elevated temperature and precipitation scenario, annual average
DOC concentration at Duckfish (8—19 mg L ™), Vital Narrows (4—8 mg L ™), and Lower Martin
(6—-12 mg L) demonstrated an absolute decline in DOC concentration relative to the baseline
condition. Moreover, average daily DOC concentration under the elevated temperature scenario
is predicted to increase transiently in March and April and decrease from October to December at
Lower Martin (Figure 3.17).
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Figure 3.16: Boxplot showing INCA-C simulated average annual DOC concentration (mg L™)
under baseline (black), elevated temperature (red), and elevated temperature and precipitation
(blue) scenarios at Duckfish (top), Vital Narrows (middle), and Lower Martin (bottom) over 30
years. Note: Points shown in box plot are average annual DOC concentration in individual year
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Calculation of DOC export at the Baker Creek catchment over 30 years under baseline, elevated
temperature, and elevated temperature and precipitation scenarios assisted understanding C
dynamics (Table 3.7). The average DOC export under the baseline scenario at Duckfish is 1.10 g
m~2yr 1, Vital Narrows is 0.90 g m2yr !, and Lower Martin is 2.51 g m2yr 1. DOC export is
projected to decrease (Duckfish: 0.80 g m~2yr%; Vital Narrows: 0.67 g m2yrt; Lower Martin:
1.89 g m~2yr 1) under the elevated temperature scenario compared to the baseline scenario. Under
conditions of elevated temperature and precipitation, however, DOC export is projected to increase
(Duckfish: 2.0 gm~2yr?; Vital Narrows: 1.48 g m2yr *; Lower Martin: 4.19 gm2yr ). The 95%
confidence interval for DOC export under elevated temperature and elevated temperature and
precipitation scenario in parts of catchment are shown in table 3.7. At Lower Martin, the average
daily DOC export and Q95 values for DOC export are projected to increase from March to May
and October to December under elevated temperature and precipitation scenario (Figure 3.18);
however, under elevated temperature scenario, it is projected to increase in April and noticeably
decrease in May and June.

Table 3.7: Average DOC flux (g m2 yr1) with 95% confidence interval range (in parentheses)
under baseline, Elevated temperature, and Elevated temperature and precipitation scenario and
change in DOC export (comparing to baseline scenario in %) over 30 years at Duckfish Lake, Vital
Narrows, and Lower Martin.

Scenario Statistics Duckfish Vital Narrows Lower Martin
Baseline Average 1.1 (0.8-1.4) 0.90 (0.72-1.08)  2.51 (2.03-2.99)
Elevated Average 0.8 (0.6-1.1) 0.67 (0.52-0.82)  1.89(1.49-2.28)
Temperature Change (%) —27 (—25,-21) —25(-27,-24) —24 (—26, —23)
Elevated Average 2.0 (1.6-2.3) 1.48 (1.24-1.71)  4.19 (3.56-4.82)

Temperature and

0,
Precipitation Change (%) 81 (100, 64) 64 (72, 58) 67 (75, 61)

45



a Baseline
0427 S
|> | ' ‘
Ng 0.09 ; ‘0\
€ 0.06 ! \
2
O 0.031 / $
8 7 - -~ A -~ - i . —
0.00 N " . v == =
0 30 60 90 120 150 180 210 240 270 300 330 360
Day
b Elevated Temperature
_0.12;
& 0.09- I~y
o I~
€ 0.06 £ i
o I \
O 0.031
0.00 — oy -~ : i = . ——————
0 30 60 90 120 150 180 210 240 270 300 330 360

Day

Elevated Temperature and Precipitation

Q
—
(o))

o
—
N

DOC (gm2day) ©
o o
o (]
-&? 0

o
o
o

Day

\Figure 3.18: Average daily DOC export (g m™2 day?), Q5 (thin dashed line), and Q95 (thick
dashed line) over 30 years under baseline (a), elevated temperature (b), and elevated temperature
and precipitation (c) scenario at Lower Martin.
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Chapter 4: Discussion

Baker Creek is a complex and fascinating catchment to study with diverse hydrological behavior.
Despite a complex catchment, overall catchment behaviour was captured. However, there was a
tendency for the models to overestimate the flow and underestimate concentration in certain years.
PERSIST simulations of hydrology and INCA-C simulations of both hydrology and DOC patterns,
were reasonable but not particularly strong. Exploration of hydroclimatic control on DOC export
using INCA-C has highlighted the importance of understanding the present and future
hydroclimatic changes in the catchment. Historic hydroclimatic data have shown evidence of
climate warming and future climate scenarios reflect changes in the hydroclimatic regime. The
changing hydroclimatic behavior can be important for future DOC fluxes, which could contribute
to changing patterns of metal export.

4.1 Catchment hydrology and response to changing hydroclimate

Historic temperature records nearby YKA meteorological station (1955-2019) have shown
evidence of climate warming. Analysis of available temperature data over the past 65 years showed
statistically significant annual and seasonal warming. The annual warming signals were similar to
changes since 1950 summarized by DeBeer et al., (2016) for western Canada. Assessment of
basins in northern Canada has also shown strong signals of climate warming with extreme warm
winters (Furgal & Prowse, 2007; Gillet et al., 2019). Analysis of available precipitation data over
the past 65 years at the YKA station detected no significant change in annual and seasonal
precipitation except spring rainfall. The average annual precipitation trend result is different from
other observations (1950—2018) in North America (Douville et al., 2021) and western Canada
(1950-2012) (DeBeer et al., 2016), which showed an increasing trend in annual precipitation. As,
there was only single station available long-term data (YKA), it might not be robust comparing to
multi-station analyses.

Changing climate can play a significant role in changing catchment hydrology (Dery et al., 2016;
Rood et al., 2017). For example, increasing precipitation in northern Eurasia (Smith et al., 2007),
increasing active layer thickness due to warming in Sweden (Akerman & Johansson, 2008);
permafrost melting in the Yukon river basin (Walvoord & Striegl, 2007) were observed changing
discharge. In the Baker Creek catchment, a large number of lakes are connected by short channels
(Spence, 2006). The catchment has maximum discharge in spring freshet (peak in May). The fill-
spill process of lakes affected by climate variables controls discharge in the catchment (Spence et
al., 2013; Spence & Woo, 2003). The connectivity of part of the catchment has a significant role
in the outflow amount in the outlet of Lower Martin. For example, Duckfish shows attenuating
behavior, while the eastern part of Vital Narrows shows flashy nature. In spring and summer,
connectivity of sub-catchments through surface runoff controls discharge (Phillips et al., 2011)
whereas base flow from lake storage controls runoff in the winter (Aukes, 2019; Jacques &
Sauchyn, 2009). In winter, although air temperature remains lower than freezing temperature, soil
temperature below 40 cm remains above freezing, which maintains sub-surface flow (Spence et
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al., 2013). However, during dry periods, the upper part of the catchment dries, interrupting
connectivity, and the contributing area contracts.

Whereas there is no evidence of changes in annual streamflow via available long-term flow records
(Table 3.3), seasonal discharge has shown significant positive trends. Additionally, future
discharge projection for Baker Creek under an elevated temperature scenario suggested a decrease
in average annual discharge. Decreased average annual discharge is projected in other subarctic
catchments such as northern Fennoscandia (Lotsari et al., 2010). In Baker Creek, decrease in runoff
ratio (Duckfish Lake: —23.5%; Vital Narrows: —25%; Lower Martin: —27%) over 30 years is
associated with a decline in discharge under elevated temperature scenario. The increased
temperature can decrease snowfall amount and change the form of precipitation from snow to rain
which is already observed (Bintanja, 2018; Bintanja & Andry, 2017). The decreased snowfall
amount can decrease total annual runoff and groundwater recharge (Jenicek & Ledvinka, 2020).

At Baker Creek, daily discharge in early spring is projected to increase in the future as peak
discharge shifts earlier in the year under warmer conditions that prompt earlier snowmelt. The
decrease in discharge during the remainder of the year is linked with increased evapotranspiration,
as it has been shown that increased rainfall is balanced by increased evapotranspiration in the
circumpolar north (Vihma et al., 2016). Moreover, increasing evapotranspiration has the potential
to decrease the contribution of discharge from upstream lakes such as Duckfish, which ultimately
limits the active stream network and lowers contributing area (Phillips et al., 2011; Spence et al.,
2010).

Predictions of elevated discharge under the elevated temperature and precipitation scenario are
similar to observations for other subarctic catchments such as in northern Sweden (Andreasson et
al., 2004). The increase in precipitation and temperature in the catchment can affect hydrological
drivers such as runoff contributing area, effective precipitation, active stream networks, permafrost
melting, hydrological storage, and baseflow (Connon et al., 2014; Phillips et al., 2011; Spence et
al., 2010; Morse et al., 2016). In Baker Creek, a projected increase in discharge over 30 years is
linked with projected increase in runoff ratio (Duckfish Lake: increased by 106%; Vital Narrows:
increased by 54%; Lower Martin: increased by 54%) under the elevated temperature and
precipitation scenario.

Another important projection is a shift in a flow regime from nival to combined nival and pluvial.
The elevated temperature and precipitation scenario had a projected secondary discharge peak in
early winter at Lower Martin (Figure 3.14). Spence et al. (2011) have reported evidence of this
shift in flow regime in Baker Creek for a recent wet period. The shift in regime from nival to
combined nival and pluvial was attributed to a shift in timing and form of precipitation (Spence et
al., 2011), mainly a shift in precipitation from snowfall to rainfall and increasing rainfall in fall
(Figure 3.15). The elevated temperature and precipitation scenario predicted high rainfall in
summer and fall, with fall rainfall being larger. This projected shift in the flow regime in Baker
Creek coincides with the studies in other subarctic catchments such as northern Fennoscandia
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(Lotsari et al., 2010), northern Sweden (Bergstrom et al., 2001), and Norway (Beldring et al.,
2008).

4.2 Carbon Flux

Changing hydroclimatic patterns could have major control on C concentration in catchments.
However, in Baker Creek, the projected annual DOC concentration under the elevated temperature
scenario is similar to the baseline scenario. This finding contrasts with cases where DOC
concentration increased with temperature (Evans et al., 2005; Xu et al., 2020); however, it is
consistent with other observations from northern Europe (Oni et al., 2012) where no increase in
DOC concentration was observed. In contrast, the DOC concentration is predicted to decrease
under the elevated temperature and precipitation scenario. This finding is consistent with Clair et
al. (2008) in catchments in Nova Scotia where the decreasing trend of DOC concentration was
observed with enhanced surface flow resulting in DOC dilution in water bodies. Another important
finding of this study is the changes in C export under both climate scenarios. The DOC export in
Baker Creek catchment showed that C export would decrease if temperature increases occur in the
absence of changes in precipitation. The predicted decrease in C export was similar to the
projection of Lake Simcoe catchment in Canada (Oni et al., 2011). Decreased DOC export under
elevated temperature scenario is related to a projected decrease in discharge (due to increased
temperature) and hydrological connectivity with C rich sources such as Duckfish Lake. Export of
DOC is projected to increase under the elevated temperature and precipitation scenario in all three
study locations at Baker Creek which supports the previous projections of an increase in DOC
export in northern catchments (Clair et al., 1999).

In Baker Creek, the lakes are oligotrophic, and likely act as sinks, rather than sources of C. The
major source of aquatic C in Baker Creek is terrestrial C. Elevated warming can increase
permafrost melting which can enhance allochthonous C sources to the aquatic system (Roiha et
al., 2016). The extent of permafrost immediately north of Great Slave lake (including Baker Creek)
has been found to align with the distribution of forest types (Morse et al., 2015). Permafrost occurs
in hillslopes, peat bogs, and plateaus where organic material lies over glaciolacustrine clays (Morse
et al., 2015). Permafrost is absent from areas of exposed bedrock and well-drained coarse thin
overburden. In Baker Creek, since lakes and exposed bedrock comprise ~60% of the catchment;
permafrost would cover less than 40%. Projected enhanced temperature can increase the active
layer thickness of permafrost soil. Thus, the net flux of C also depends upon the active layer
thickness. In Baker Creek, flow pathways are projected to be proportionally similar under elevated
temperature and elevated temperature and precipitation scenario comparing to baseline scenario
(~80% flow from organic layer). However, the flow amount from organic horizon is projected to
be two times higher under elevated temperature and precipitation scenario (Table B.5) and ~0.75
times lower under elevated temperature scenario compared to the baseline scenario. Thus, under
elevated temperature and precipitation scenario, increased flow amount can increase the flux
owing to a much greater volume of water, while at the same time being more dilute with respect
to DOC concentration. Moreover, in the model representation is not necessarily flowing along a
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catena from upland to forest and forest to wetland and finally to water bodies. The water from
bedrock moves directly to the water bodies. The consequence could be low stream concentrations
even with more flow under this scenario. However, the projected increase in DOC flux could be
because of longer connectivity due to longer periods of DOC flushing from the organic layer.

Simulations of DOC concentration in Baker Creek show sensitivity to parameters that can be
affected by the change in temperature and precipitation such as terrestrial productivity, residence
time, and microbial mineralization. DOC concentration in the catchment is rather insensitive to
change in the productivity of wetland and forest areas. For example, a five-fold increase in the
productivity of wetland and forest areas of the catchment results in only a three-fold increase in
DOC concentration. Nonetheless, under an elevated temperature scenario, the productivity of the
catchment can increase (Striegl et al., 2005), which could increase DOC concentration. Water
residence time also increases with the increased temperature (Weiman, 2015), however, increasing
the potential for aquatic DOC degradation to occur. The residence time of C-rich locations such as
Duckfish Lake (140 d) and other lakes (Vital Narrows: 19 d; Lower Martin: 54 d) is projected to
increase under elevated temperature scenario and projected to decrease (Duckfish: 86 d, Vital
Narrows: 14 d, Lower Martin: 31 d) under elevated temperature and precipitation scenario
compared to baseline scenario (Table B.6).

Microbial mineralization in lakes is greater under the elevated temperature and precipitation
scenario (Table B.7) as more DOC is being flushed in from the catchment and the rate of
mineralization has a strong positive relationship with temperature (Gudasz et al., 2010). The
increased mineralization explains the reason behind the projected decline in DOC concentration
under elevated temperature and precipitation scenario. In contrast, less mineralization is projected
under elevated temperature scenario (Table B.7). Under an elevated temperature scenario, less
DOC is being flushed into the lakes from the catchment due to projected decline in runoff. Under
an elevated temperature scenario, the actual rates of microbial mineralization (% DOC mineralized
per day) are going to be higher because the water will be warmer for longer, but because the amount
of total amount of DOC received by the lakes is less, the total amount mineralized is predicted to
be lower.

Additionally, climate scenarios in Baker Creek support evidence from numerous previous
observations where runoff-driven control in DOC export was observed (Creed et al., 2008; Grant
et al., 2008; Worrall & Burt, 2007). For instance, the elevated temperature scenario has projected
a decrease in C flux (24—27%) under similar DOC concentration but lower discharge (22-27%).
Similarly, the elevated temperature and precipitation scenario projected an increase in C flux (64—
81%) under decreased DOC concentration and increased discharge (116-175%) projection. Both
climate projections have highlighted the control of discharge on C fluxes. Similarly, runoff control
in seasonal C load has also been projected in the catchment. A secondary DOC export peak is
projected in winter in Baker Creek under warmer and wetter climate conditions, which coincides
with the winter discharge peak. Spence et al. (2015) previously observed this type of seasonal C
export behavior in Baker Creek during an exceptionally wet fall.

50



Thus, under an elevated temperature and precipitation scenario, increased dilution (with increased
precipitation) and increased microbial mineralization appear to control the C concentration,
suggesting the potential for lower DOC concentration (Figure 3.16) compared to the baseline
scenario. Increased runoff, flow amount from organic soil column, and connectivity for a longer
period has projected higher DOC export under elevated temperature and precipitation scenario.
Under an elevated temperature scenario, the decreased mineralization appears to balance the
increased C concentration (by increased productivity and/or active layer of permafrost) keeping
DOC concentration similar to the baseline scenario. Decreased runoff, specifically lower flow
amount from the organic column and therefore less connectivity with C sources, and
mineralization for longer time due to higher residence time appear to contribute to a decline in
DOC export under elevated temperature scenario compared to baseline scenario.

4.3 Model performance

4.3.1 PERSIST

The PERSIST model was successful in simulating inter and intra-annual patterns in Baker Creek
and its sub-catchments. Among the four sub-catchments, PERSIST captured discharge in three
locations (Duckfish Lake, Vital Narrows, and Lower Martin), reasonably well. In these locations,
model performance was better during the shorter (2012—2016), dry portion (period with available
DOC observations) of the record (R? ranging from 0.87 to 0.94 and NS ranging from 0.82 to 0.91)
compared to the longer (2005—2016) record (R? ranging from 0.42 to 0.77 and NS ranging 0.18 to
0.74) (Table 3.4). In previous applications of hydrological models, NS performance (>0.5) is
considered good (Moriasi et al., 2007). Previous applications of the model have also observed
better simulations in shorter records compared to longer ones (Futter et al., 2014). In the longer
record, capturing a wider range of conditions such as wet and dry cycles (as observed in Baker
Creek) using a single parameter set was challenging. However, in shorter record there is lesser
likelihood of having extreme conditions and can be more easily simulated by using single
parameter set (Ledesma et al., 2012).

Higher flow years with high precipitation (e.g. 2012) were better captured; however, during dry
periods (after 2012), discharge at Duckfish was intermittent or zero, and the model was not able
to represent these periods of disconnectivity, and also overestimated baseflow. Moreover, external
disturbance in the hydrological system by beaver activities (Spence & Hedstrom, 2018) which lead
to transient changes in connectivity, could be another challenge in accurately simulating flow.

4.3.2 INCA-C

Simulations of discharge and C processes in sub-catchments of Baker Creek with INCA-C were
reasonable. Although the model performance (R?ranged from 0.19 to 0.31) was not strong as other
INCA-C applications in northern catchments (de Wit et al., 2016; Futter et al., 2011; Ledesma et
al., 2012; Oni, et al., 2012; Oni et al., 2014; Xu et al., 2020), it has done a good job in capturing
DOC concentration in three sub-catchments of the rather complex Baker Creek catchment.
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The performance of the INCA-C model is affected by data availability (available observations),
characteristics of the catchment (such as connectivity, flow pathways, C content in soil layers),
and calibration process (initial parameter values, parameter adjustment, and selection). Among
sub-catchments of Baker Creek, model performance was comparatively better at Vital Narrows.
This could be due to the limited number of observations at Vital Narrows compared to Lower
Martin. With a lower number of observations, the chance of having extreme conditions is lessened,
which improves the chance of getting a better model fit (Ledesma et al., 2012; de Wit et al., 2016).
Simulated DOC concentration was much lower than measured values in the period when
catchment is connected (2012-2014) and was well captured in the period when catchment was
disconnected (after 2014). Accurate discharge simulation is crucial for the simulation of DOC
concentration. At Lower Martin, where discharge is overestimated, simulated DOC concentration
is underestimated (2012—-2014). In the wet hydrological year (2012), 83% (at Duckfish), 93% (at
Vital Narrows) and 94% (at Lower Martin) of water travels through the organic layer and in dry
hydrological years (2013-2015), 82% (at Duckfish), 93% (at Vital Narrows) and 94% (at Lower
Martin) of water travels through the organic layer. This suggests the same source of DOC in dry
and wet years; however, the difference in the amount of DOC export could be because of the
difference in the amount of water flowing.

The hydrological complexity could be another reason behind lower model performance for DOC
concentration. For instance, during wet periods, some sub-catchments with (at least intermittently)
high organic C (Duckfish) are connected. Connectivity of such lakes with different DOC
characters can be an important influence on C concentration in lower reaches, making it necessary
to accurately represent both the magnitude and timing, as well as the DOC concentrations in these
waters, to effectively represent the larger catchment. Additionally, the presence of large number
of lakes in Baker Creek and uncaptured permafrost processes in catchment could be another reason
for lower model performance.

Calibration of INCA-C requires initial values of some parameters. Due to the lack of actual data
of those parameters, estimated values were used. Although estimations were done in a sensible
way to get better performing result and represent the real conditions such as high SOC and DOC
in organic layer than a mineral layer, and high SOC and DOC in wetland and forest than bedrock
and water bodies, there remains the risk of not adequately characterizing these parameters. A more
robust representation of catchment hydrological behavior is also crucial for better simulation of
DOC concentration by INCA-C. In Baker Creek, the inability to simulate discharge peaks has also
affected the performances of DOC simulations. For instance, INCA-C had overestimated peak
discharge at Lower Martin in later dry years (2014—2016). The overestimated discharge could have
diluted DOC concentration and lead to underestimated DOC concentration during that period.
Thus, further improved discharge simulation could improve DOC simulation.

4.3.3 Model sensitivity, uncertainty, and limitations
Sensitive PERSIST and INCA-C parameters for discharge and DOC simulations in the calibration
period were identified (Table A.1; Table A.2). The precipitation-related parameters such as
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precipitation multipliers, flow velocity parameters, time constant and temperature-related
parameters such as degree-day melt factor, growing degree threshold, and evapotranspiration
adjustment were most sensitive in discharge modeling. The precipitation multipliers (rain
multiplier and snow multiplier) are adjustment factors used to represent potential differences in
rainfall and snowfall across sub-catchments. Flow velocity parameters are empirical scaling
factors used for the calculation of streamflow velocity, and the time constant is the residence time
of water in a soil column as a proxy of hydrological connectivity. Degree-day melt factor adjusts
the temperature-dependent rate of snowmelt, growing degree offset is threshold temperature above
which evapotranspiration occurs and evapotranspiration adjustment is the factor to limit water loss
by evapotranspiration. These parameters have been demonstrated to play a strong role in discharge
simulation for other catchments (e.g. Oni et al., 2012; Xu et al., 2020).

Simulated DOC concentration in the catchment was sensitive to both hydrological and chemical
parameters (Table A.2) such as flow velocity (controlling streamflow velocity), partitioning
(controlling flow through organic/mineral layer as shown in Table B.5), and residence time (Table
B.6) and microbial degradation (Table B.7) which can control DOC mineralization. DOC
simulation was also sensitive to litterfall (controlling C input) and C processes in the soil layers,
which determines DOC absorption and desorption rates. These sensitive chemical parameters
control C production and transformations in soil, which is governed by temperature whereas
hydrological parameters control DOC export mainly governed by precipitation. Thus, the
combination of higher temperature and precipitation in future simulations suggests the potential
for higher DOC export.

Model simulations have some limitations related to model input and calibration strategy. For
instance, in PERSIST model, temperature and precipitation data of a single station were used
throughout the catchment. During calibration, specific rainfall and snowfall multipliers were used
to improve model performance, but the true nature of variability in precipitation amount across the
catchment is not well known. Additional precipitation time series of upstream and downstream
reaches could have helped to get a more robust model performance, or at least reduced the need to
rely on these parameter adjustments during calibration. In INCA-C, DOC input from aerial source
is not considered. Although, there could be many sources for aerial DOC, one major source is
forest fire. However in Baker Creek there is no evidence of forest fire since 1960s (Spence et al.,
2020). Thus, aerial deposition of C in Baker Creek could be less in amount. Furthermore, the
calibration period of record selected was dry and did not capture the full range of hydrological
variability exhibited over the last several decades, thus the model performance during wetter
periods remains unknown. In PERSIST and INCA-C, equifinality was another challenge where
multiple sets of parameters with different parameter spaces were showing equivalent calibration
performance. Previous modeling applications have highlighted over-parameterization and
compensatory behavior in parameter space as reasons for equifinality (Beven & Binley, 1992;
Futter et al., 2007). Despite improved DOC simulations by MC analysis, there were some
mathematically possible but scientifically implausible simulations. For example, the MC
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calibration of INCA-C had two different best parameter sets with the same model efficiency.
However, one among them had unstable PDC in direct runoff and organic layer and it was losing
C in the soil and was deemed implausible. As model simulations don’t capture the permafrost
processes in the catchment, incorporating the permafrost processes in a new version of model could
help to better simulate uncaptured C processes and improve model performance.

4.4 Contaminants transport under changing scenario

Future climate scenario projections indicated the potential for both increases or decreases in DOC
export from Baker Creek. These future changes in DOC export can affect bioavailability, toxicity,
and mobility of historically stored heavy metals in the catchment (Koprivnjak & Moore, 2006;
Ledesma et al., 2012; McKnight et al., 1992). The organic acid present in DOC acts as chelators
and binds with metal, making organic complexes (Hudson et al., 2003). For instance, studies have
found evidence of soil contamination (up to 20 to 30 km) from the historic roaster stack of Giant
Mine, and contamination was mainly found in the shallow soil of forest and wetland areas (GNWT,
2019; Jamieson et al., 2017).

In Baker Creek, organic C input in the upper soil column is approximately 10 times higher than
organic C input in the lower soil column. For example, under the baseline scenario, at Lower
Martin, Simulated C in upper soils is 10 times higher than lower soils (49.7 vs 4.8 g m2). With
elevated temperature and precipitation scenario, C input in both soil columns at Lower Martin is
projected to increase (upper soil column: 69.9 g m~2; lower soil column: 6.9 g m™?). With the
increase in C input, DOC export from the upper soil column to streams is projected to increase.
The projected increase in DOC export from the upper soil column under warmer and wetter future
conditions can make organic complexes with metal contaminants present in the upper soil layer
(in wetland and forest areas) and can enhance the mobility of stored metals. For example, copper
present in soil can bind with DOC and form the Cu-DOC complex which enhances the desorption
of copper in soil (Ashworth & Alloway, 2007). The formation of Cu-DOC complexes with
increased DOC export can increase the concentration and mobility of stored copper from the outlet
of Baker Creek. Moreover, DOC have multiple functional groups that can bind with metals such
as amino, carboxyl, phenolic, thiols (Smith et al., 2002). It also shows polyelectrolyte nature such
as it carries either positively or negatively charged ionizable groups. For instance, humic substance
have a strong negative charge at their outer surface due to which they love to bind with metal
cations. Thus, it easily makes complexes with alkali and alkaline earth metals. However, some
metalloids such as arsenic behave differently. Arsenic forms an anion with —3 charge (arsenate)
which can bind with amine groups on humic acids, allowing DOC to complex these anions.
Additionally, with the projected increase in DOC mineralization under elevated temperature and
precipitation scenario in land covers such as wetland area, more oxygen is consumed and can
undergo redox reactions with metal pollutants binding protons.

Additionally, sediment analysis in Baker Creek has shown five contaminants of potential concern:
arsenic, chromium, copper, manganese, and nickel (Golder, 2013). The projected increase in DOC
export may increase the transport of these metal contaminants and increase the bioavailability of
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metals. For example, in natural bodies, initially, mercury is available in an ionic state. DOC
facilitates the conversion of ionic mercury to methylmercury and makes it bioavailable in the food
chain. The evidence of arsenic concentration in tissues of benthic organisms and fish species have
already been reported in the area (Cott et al, 2016; Golder, 2013; 2018). With increased DOC
export, the bioavailability of heavy metals could increase and can accumulate in the food chain.
Thus, the projected increase in DOC export could increase the transfer of heavy metal pollutants
(Palmer et al., 2019) raising the risk of impacts to aquatic and human health.
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Chapter 5: Conclusions

In summary, Baker Creek is a fascinating catchment and one that proves challenging to simulate.
Historic hydroclimatic data in Baker Creek has shown evidence of climate warming and seasonal
hydrological changes. Understanding past and present hydroclimatic patterns have assisted in the
simulation of future hydrological behavior and C export (over 30 years). The hydrological model
PERSIST and biogeochemical model INCA-C were used to simulated discharge and DOC patterns
in sub-catchments of Baker Creek. A shorter calibration record (2012-2016) worked well in model
simulations, with the R? and NS for discharge 0.87-0.94 and 0.82-0.91, respectively. Well-
simulated hydrological processes helped in capturing DOC concentration. While INCA-C
captured broad DOC patterns in Baker Creek (R% 0.19-0.31), there is room to improve.
Nonetheless, because the models were calibrated to the driest period on record, there remains
uncertainty about how these models as currently calibrated, and how well they will represent
longer-term periods that exhibit greater hydrologic variability. Simulated future discharge over 30
years suggests that both increases (under elevated temperature and precipitation scenario) and
decreases (under elevated temperature scenario) in annual discharge are possible. The changes in
runoff ratio i.e. decreased runoff ratio under elevated temperature scenario and increased runoff
ratio under the elevated temperature and precipitation scenario has contributed to changes in
discharge, respectively. Additionally, simulations of daily discharge under the elevated
temperature and precipitation scenario demonstrate increased winter discharge and a shift in
hydrological regime from nival to combined nival and pluvial.

In Baker Creek, the temperature had a positive effect on terrestrial productivity, microbial
activities, and water residence time, which resulted in negligible change in DOC concentration
under the elevated temperature scenario. The decrease in DOC concentration under the elevated
temperature and precipitation scenario is related to the negative effect of precipitation on DOC
concentration. Despite this, DOC export in Baker Creek was highest under this future scenario;
increased connectivity with C rich parts of the catchment and increased flow amount through the
C-rich upper organic layer are likely important for this pattern. Furthermore, with the shift in the
hydroclimatic regime, the catchment is projected to have increased DOC export in winter. Thus,
this research highlights the control of hydroclimatic drivers on inter and intra annual patterns of
DOC export.

An increase in DOC export in the Baker Creek catchment can increase the mobility of historically
deposited metal contaminants in soil and sediments. Overall, contaminant transport could increase
under elevated temperature and precipitation scenario and could decrease under elevated
temperature scenario. These projected patterns of discharge, DOC concentration, and DOC export
could be a launching point for future research to formulate hypotheses to examine patterns of
contaminant transport under projected conditions. Findings from this research could be a good
source of knowledge for understanding the impact of changing hydroclimatic regime on C export
in this and similar sub-arctic catchments. These findings could assist policymakers more generally
in thinking through adaptation measures for predicted water contamination, which could affect
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aquatic health and the health of nearby aboriginal communities that are exposed to contaminated
water and fish from Baker Creek. Further research using a coupled model for both DOC and metal
fluxes together could help in watershed and water quality management planning for possible future
impacts.
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Appendix A: Supplemental information for chapter 2

Table A.1: Tolerance window for sensitive PERSIST parameters used in the Monte Carlo analysis.

Parameter Unit Value

a 0.01-2.7

b 0.67-0.99
c 75x1073-0.12
Rain Multiplier 0.8-1.1
Snow Multiplier 0.8-1.1
Degree day melt factor (mm C?) 0.5-3
Growing degree threshold ('C) —0.6-1.62
Time Constant (Quick box) days 0.78-3.5
Time Constant (Fast box) days 4-32

Time Constant (Slow box) days 7.8-52
Evapotranspiration Adjustment 0.075-0.55
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Table A.2: Tolerance windows for sensitive INCA-C parameters used in the Monte Carlo analysis.

Parameter Unit Value

a 0.75-2.25

b 0.33-1.18

c 75x10°%-25x 10°*
f 0.17-0.75

DOC — DIC microbial day ! 75x 107°-0.11
SOC — DOC (Organic layer) day ! 1x107-0.012
PDC — DOC (Organic layer) day ! 7x1073-0.1

DOC — DIC (Organic layer) day ! 8 x 107-0.012
DOC — SOC (Organic) day ! 1x10*-13x 104
Retention volume (Organic) m3 18700-69835
Runoff layer residence time days 0.75-1.25
Organic layer residence time days 1.5-3.7

Mineral layer residence time days 15-31

Litter fall kghatd™ 0.07-1.7
Partitioning (Organic/Mineral layer) 0.45-0.75

59



Appendix B: Supplemental information for chapter 3

Table B.1: Result of Mann-Kendall test for average monthly temperature (1955-2019) at
Yellowknife station (1706 and 51058).

Parameter Tau p-value Adjusted p- alpha Interpretation
value
January 0.03 0.01 0.2 0.05 No trend
February 0.03 0.01 0.1 0.05 No trend
March 0.03 0.03 0.3 0.05 No trend
April 0.02 0.05 0.6 0.05 No trend
May 0.02 0.05 0.6 0.05 No trend
June 0.03 0.03 0.3 0.05 No trend
July 0.03 0.04 0.4 0.05 No trend
August 0.02 0.07 0.8 0.05 No trend
September 0.02 0.1 1 0.05 No trend
October 0.02 0.05 0.6 0.05 No trend
November 0.02 0.03 0.3 0.05 No trend
December 0.03 0.3 0.05 No trend
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Table B.2: Mann-Kendall test result for seasonal precipitation, rainfall, and snowfall (1955-2019)
at Yellowknife station (1706 and 51058).

Reach Precipitation Rainfall Snowfall

Tau p-value Tau p-value Tau p-value
Late Winter  —0.01 0.2 0.01 0.03 —0.01 0.1
Spring -6x10° 05 0.03 3x10°%  -0.01 0.1
Summer —6x10° 0.6 0.02 0.1 —0.01 0.1
Early Winter -5x102 0.5 0.01 1 -9x10°3 0.3

Table B.3: Mann-Kendall test result for average monthly precipitation, rainfall, and snowfall
(1955-2019) at Yellowknife station (1706 and 51058).

Precipitation Rainfall Snowfall
Month alpha Tau p-value Tau p-value Tau p-value
January 0.05 -0.01 0.5 0.03 0.9 -0.01 0.3
February  0.05 0.01 0.4 0.02 1 —6x10°° 0.7
March 0.05 -2x10° 0.8 0.03 0.3 -8x1073 0.6
April 0.05 0.02 0.2 0.01 1 —7x10°8 0.6
May 0.05 —-0.01 0.5 0.01 1 -0.01 0.5
June 0.05 —0.01 0.5 0.04 0.1 —0.01 0.2
July 0.05 —0.02 0.2 0.03 0.6 -0.02 0.1
August 0.05 —0.02 0.1 0.003 1 —7x10°8 0.6
September 0.05 —-0.01 0.5 0.01 1 —0.01 0.3
October 0.05 —0.01 0.3 0.03 0.6 —0.02 0.1
November 0.05 0.00 0.9 —0.01 1 —0.01 0.5
December 0.05 —-9x10° 0.5 0.016 1 -0.01 0.4
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Table B.4: Result of Mann-Kendall test for average monthly discharge (1983-2017) at Lower
Martin station (07SB013).

Parameter Tau Adjusted p- alpha Interpretation
value
January 0.032 0.14 0.05 No trend
February 0.034 0.12 0.05 No trend
March 0.035 0.11 0.05 No trend
April 0.033 0.12 0.05 No trend
May 0.032 0.14 0.05 No trend
June 0.033 0.13 0.05 No trend
July 0.032 0.14 0.05 No trend
August 0.032 0.14 0.05 No trend
September 0.033 0.12 0.05 No trend
October 0.031 0.15 0.05 No trend
November 0.032 0.14 0.05 No trend
December 0.031 0.15 0.05 No trend
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Table B.5: Projected flow (m®s™) from organic layer and mineral layer under baseline, elevated
temperature, and elevated temperature and precipitation scenario over 30 years at Duckfish, Vital
Narrows, and Lower Martin.

Duckfish Lake Vital Lake Lower Martin

Organic ~ Mineral ~ Organic ~ Mineral Organic Mineral

Layer Layer Layer Layer Layer Layer
Wetland
Baseline 15x10° 29x10%* 20x10°% 23x10* 22x10°% 21x10*
Elevated Temperature 1.1x10° 21x10% 14x10° 1.7x10* 16x10° 15x10*
Elevated Temperature 4.6x10° 8.8x10* 4.8x10° 6.1x10* 53x10° 53x10*
and Precipitation
Forest
Baseline 15x10°% 29x10* 24x10°% 16x10* 27x10°% 16x10*
Elevated Temperature 1.1x10° 21x10% 18x10° 1.2x10* 1.9x10°% 1.1x10*
Elevated Temperature 4.6x10° 88x10*% 49x10° 34x10* 6.1x10°% 36x10*

and Precipitation
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Table B.6: Average residence time (days) under baseline, elevated temperature, and elevated
temperature and precipitation scenario over 30 years at Duckfish, Vital Narrows, and Lower

Martin.

Scenario Duckfish Lake Vital Narrows  Lower Martin
Baseline 127 18 49

Elevated Temperature 140 19 54

Elevated Temperature and 86 14 31

Precipitation

Table B.7: Average microbial mineralization of DOC (kg d?) of 30 years in lake under baseline,
elevated temperature, and elevated temperature and precipitation scenario at Duckfish, Vital
Narrows, and Lower Martin.

Scenario Duckfish Lake Vital Narrows  Lower Martin
Baseline 40 117 0.37
Elevated Temperature 37 100 0.36
Elevated Temperature and 45 174 0.47

Precipitation
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Figure B.1: Average annual maximum temperature (1955-2019) at Yellowknife station (located 5
km from the southern end of the Baker Creek catchment). Note: Black dashed line is a trend line.
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Figure B.2: Average annual minimum temperature (1955-2019) at Yellowknife station (located 5
km from the southern end of the Baker Creek catchment). Note: Black dashed line is a trend line.
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Figure B.3: Total annual rainfall (mm) (1954-2019) at Yellowknife station (located 5 km from the
southern end of the Baker Creek catchment)
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Figure B.4: Total annual snowfall (mm) (1954-2019) at Yellowknife station (located 5 km from
the southern end of the Baker Creek catchment)
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Figure B.5: PERSIST simulated (blue) and observed (red) discharge (m®s™) (2012—-2016) at Lake
690.
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