IMPACT OF ACTIVE LAYER DETACHMENTS ON SEASONAL
DYNAMICS OF NITROGEN EXPORT IN HIGH ARCTIC
WATERSHEDS

by

Nicole Liselotte Louiseize

A thesis submitted to the Department of Geography
In conformity with the requirements for
the degree of Master of Science in Geography

Queen’s University
Kingston, Ontario, Canada
(May, 2014)

Copyright ©Nicole Liselotte Louiseize, 2014

Abstract
This study examined the impact of active layer detachments (ALDs) on seasonal
dissolved nitrogen (N) export from continuous permafrost headwater catchments at the Cape
Bounty Arctic Watershed Observatory (CBAWO), Melville Island, Nunavut. Runoff samples
collected throughout the summer of 2012 from an undisturbed catchment (Goose; GS) and from
one that was disturbed by ALDs (Ptarmigan; PT) were analyzed for dissolved inorganic ions and
species of total dissolved N (TDN), including dissolved organic N (DON) and dissolved
inorganic N (DIN; ammonium (NH4+), nitrite (NO2-), and nitrate (NO3-)). Rainfall samples were
also collected for dissolved ions analyses. Select runoff and rainfall samples were analyzed for
stable isotopes of nitrogen and oxygen in NO3- (!15N-NO3- and !18O-NO3-, respectively) to
determine its origin streamwater. Data from 2012 were compared to predisturbance data to assess
the long-term effects of ALDs on N export.
ALDs increased the proportion of DIN/TDN in PT from 4% (predisturbance) to 37% in
2012. The increase in DIN/TDN in PT largely resulted from significantly higher NO3- in runoff.
Values of !18O and !15N-NO3- as well as correlations between NO3- and major ions indicated that
the higher NO3- in PT was due to the exposure of mineral soils in ALDs, which likely reduced
NO3- sinks (e.g. plant uptake) and increased inputs of nitrified-NO3-. Values of !18O-NO3- during
initial runoff showed that NO3- supplied from the snowpack overwhelmed NO3- sinks in PT,
leading to a twelve-fold higher peak NO3- concentration relative to GS. Low !18O-NO3- values in
runoff during stormflow indicated that inputs of DIN from rainfall (1545 ± 148 and 1838 ± 174 g
N-DIN to GS and PT, respectively) supplied less than 30% of the NO3- in both streams, and that
exceptionally high NO3- concentrations in PT resulted from flushing of mineralized-NO3- from the
mineral soils. Seasonal DIN flux was 95% higher in PT relative to GS, because NO3- export from
PT was 27 times that of GS. This is the first study to show that ALDs can have persistent impacts
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on DIN export from High Arctic watersheds, and that this results from enhanced export of
mineralized-NO3-.
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Chapter 1
Introduction
1.1 Arctic environmental change and study justification
Global mean surface temperatures are expected to rise by 0.3 to 4.8°C by the end of the
21st century and it is highly probable that the Arctic regions will warm more rapidly (IPCC,
2013). Among the many consequences associated with climate warming, permafrost degradation
is expected to increase in frequency and areal extent (Jorgenson et al., 2010; Lacelle et al., 2010).
Permafrost is an essential characteristic of Arctic landscapes as it supports the intricate
relationships between morphology, hydrology, and river biogeochemistry (Bowden et al., 2008;
Townsend-Small et al., 2010). Thus, physical alterations to permafrost will undoubtedly affect
nutrient transport dynamics from Arctic watersheds (Bowden et al., 2008; Frey and McClelland,
2009). This is of concern because inputs of nitrogen (N), including dissolved organic N (DON)
and dissolved inorganic N (DIN; ammonium (NH4+) and nitrate (NO3-)), from Arctic rivers play a
fundamental role in the primary productivity of downstream aquatic ecosystems (Dittmar, 2004),
and changes in fluvial total dissolved N (TDN, including DON and DIN) export could affect total
production in Arctic coastal waters (McClelland et al., 2007).
While it is widely accepted that permafrost disturbance will somehow alter seasonal N
transport dynamics, the ultimate implications of disturbance on fluvial N budgets are not yet
clear. Most certainly, permafrost disturbance will alter two of the main controls on N transport:
runoff volumes and hydrologic flow paths. Arctic rivers carry significant amounts of dissolved
organic matter (DOM) (Hansell et al., 2004) but rank among the lowest in the world for inorganic
nutrient concentrations (Dittmar and Kattner, 2003) because permafrost confines the majority of
1

seasonal runoff (e.g., snowmelt) to organic soil horizons (Woo, 1983). Transitions from shallow
organic-rich flow paths to deeper mineral-rich subsurface flow paths will likely lead to reductions
in DON (Lewis et al., 2011) and increases in DIN (McClelland et al., 2007; Harms and Jones,
2012). Disturbances could also stimulate the decomposition of soil organic matter (SOM) (Paulter
et al., 2010) sequestered within deeper permafrost and lead to the release of “stored” N (Jones et
al., 2005). This could enhance the pool of N available for microbial activity (Shaver et al., 1992;
Keuper et al., 2012) and result in increased susceptibility to DIN leaching and export (Levine and
Whalen, 2001; Jones et al., 2005; McClelland et al., 2007; Frey and McClelland, 2009; Woods et
al., 2011; Harms and Jones 2012). These scenarios trigger the following questions about seasonal
N export: Will permafrost disturbance cause a shift in the relative composition of TDN? Will
increases in DIN be balanced by decreases in DON, or will TDN flux ultimately increase? How
will permafrost disturbance affect the timing of seasonal N delivery?

1.2 Research objectives and importance
The Cape Bounty Arctic Watershed Observatory (CBAWO), Melville Island, Nunavut,
provides an excellent setting to examine the potential consequences of permafrost degradation on
fluvial N export dynamics (e.g., timing, magnitude, and relative composition of TDN). The West
Watershed (8.0 km2) (unofficially named) at CBAWO is host to several small subcatchments with
varying degrees of permafrost disturbance but with otherwise similar physiographic features,
which have been monitored for discharge and solute chemistry for three to five years. This allows
for a small-scale multi-watershed approach to evaluate the impacts of permafrost degradation on
fluvial N flux.
In this study, I compare seasonal N transport between an undisturbed watershed (Goose,
GS), and one that has been subject to several active layer detachments (ALDs) in recent years
2

(Ptarmigan, PT) (both unofficially named). These skin-flow type disturbances are a prominent
feature at CBAWO, and displace large amounts of material relative to their size (Balser et al.,
2009, Lamoureux and Lafrenière, 2014). ALDs result from the sliding of soils above the ice-rich
permafrost table, which exposes the underlying mineral soils in the scar zone and typically results
in the folding of soils at the toe of the feature (Lewkowicz and Harris 2005).

The goals of this thesis research are to:
1. Understand seasonal variations in fluvial N transport;
2. Determine how ALDs affects the timing, magnitude, and relative composition of TDN
flux; and
3.

Identify the origin of N in the undisturbed (GS) and disturbed (PT) streams

These objectives were investigated by taking measurements of discharge and collecting daily
(or twice daily) stream samples at the catchment outlets for ion, dissolved organic matter, and
stable isotope analyses, including the isotopic composition of species of NO3- (!15N and !18O).
Precipitation samples were collected to quantify atmospheric deposition of DIN, and select
samples were analyzed for !15N and !18O in NO3- to determine if streamwater NO3- was
predominantly of atmospheric or microbial origin.
Chapter 3 investigates the seasonal impact of ALDs on the magnitude, composition, and
timing of N fluxes by comparing the seasonal evolution of N species concentration (DON, NH4+,
NO3-) in runoff and total seasonal N fluxes in the undisturbed (GS) and disturbed (PT)
catchments. The data collected in 2012 are compared to data collected from these streams prior to
disturbance (2007) in order to assess the duration of ALD impacts on dissolved N transport.
3

Chapter 4 examines how ALDs affect the processes that regulate NO3- export by comparing
the seasonal evolution of NO3- concentrations and the stable isotope compositions of !15N and
!18O in NO3- in runoff and rainfall.
Numerous studies have investigated the potential implications of permafrost disturbance on
water quality of downstream aquatic ecosystems (Kokelj and Lewkowicz, 1998; Lamoureux and
Lafrenière, 2009; Lewis et al., 2011; Malone et al., 2013); however, there is limited
understanding of the spatial and temporal dimensions of the impact of ALDs on N cycling and
transport dynamics. This study is the first that combines measurements of discharge, N species
concentrations, and stable isotope compositions of !15N and !18O in NO3- in runoff and rainfall to
show how ALDs affect the magnitude, composition, and timing of seasonal fluvial N export from
Canadian High Arctic watersheds. This study is also the first to provide measurements on the
composition of !15N and !18O in NO3- in summer precipitation in this region and can therefore
benefit other researchers conducting similar studies in the region. This work provides a better
understanding on the potential duration of the impact of ALDs on seasonal fluvial N export from
High Arctic watersheds and how the effects of ALDs on N export compare to the effects of
changes in temperature and precipitation alone in the last 5 years. Northern communities can
benefit from this research by gaining a more complete understanding of how permafrost
disturbance will affect water quality.
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Chapter 2
Literature Review
2.1 Introduction
Riverine transport of nitrogen (N) species from Arctic watersheds plays an integral role
in downstream freshwater and marine productivity (Dittmar and Kattner, 2003). However, total
dissolved N (TDN) export dynamics are subject to deviate from the norm of past decades because
changes in climate and permafrost conditions will affect the tightly interconnected components
that characterize N transport, including catchment morphology, flow path (or flow routing),
hydrologic response times, and soil N cycling processes (Bowden et al., 2008; Frey and
McClelland, 2009; Harms et al., 2013). Previous studies have linked changes in the geochemistry
and total suspended sediments on fluvial systems to permafrost disturbance (Kokelj and
Lewkowicz, 1998; Lamoureux and Lafrenière, 2009; Lafrenière and Lamoureux, 2013;
Lamoureux and Lafrenière 2014), but very few have focused on the implications of disturbances
such as active layer detachments (ALDs) on seasonal N transport (Lewis et al., 2012).
Furthermore, little is known about the changes in the contributions from different N components
(e.g. DIN vs. DON), and even less about the seasonality and long-term effects of these
disturbances on watershed N export. This chapter begins with a review of soil N cycling,
discusses the main controls on hydrologic N transport, and examines how permafrost disturbance
could alter seasonal N transport dynamics.
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2.2 Soil N Cycle
N in soil exists as part of soil organic matter (SOM) in various simple and complex forms
and as inorganic ammonium (NH4+), nitrate (NO3-), and nitrite (NO2-). In soil, NH4+ and NO3- are
the dominant forms of inorganic N and exist as exchangeable ions weakly held to charged soil
particles (such as clay minerals or organic complexes). These inorganic forms of N can be
reincorporated in organic biomass through uptake by vegetation and immobilization by microbes
(Schlesinger, 1997). NH4+ can also be transformed to NO3- (e.g., nitrification) or be removed from
the system by volatilization to ammonia (NH3), while NO3- can be lost through conversion to
gaseous forms as nitrous oxide (N2O) or dinitrogen (N2) when denitrified (Figure 2.1). NO2- tends
to be the least common in soil, as this intermediate species of nitrification and denitrifcation is
rapidly converted to the end product. These inorganic N species can be leached from soil particles
and exist in aqueous solution as dissolved organic N (DIN) (Schlesinger, 1997).
Similarly, some forms of organic N exist in solution as dissolved organic N (DON). DON
is generated in various ways (e.g., decomposition, desorption of organic matter, etc.), and
concentrations tend to be higher in soils with higher organic matter (Neff et al., 2003). Plants can
consume some of the more simple forms of DON, and certain species prefer certain DON sources
over inorganic N, but a large fraction of DON is lost from the system during runoff (Schimel and
Chapin, 1996; Jones and Kielland, 2002; Neff et al., 2003, Lafrenière and Lamoureux, 2008).
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Figure 2.1 Soil Nitrogen Cycle
Based on diagram from National Park Services, 2014

2.2.1 Sources of N
Bioavailable or reactive N (e.g., NH4+, NO3-, and NO2-) in Arctic ecosystems can
originate from N2 fixation, atmospheric deposition, or through internal microbially-mediated
processes that recycle N from decomposing SOM and dead plant litter (Figure 2.1) (Shaver et al.,
1992; Schlesinger, 1997; Perakis, 2002). N2 fixation, a process whereby plants and microbes
convert atmospheric N to ammonia (NH3), NH4+, or any organic N compound, offers a critical
source of new N to Arctic ecosystems (Hobara et al., 2006; Stewart et al., 2011). Research at
Imnavait Creek in Alaska showed that N2 fixation can add between 0.8 to 1.31 kg N ha-1 yr-1, or
85 to 90% of the total watershed N inputs (Hobara et al., 2006). Comparatively, atmospheric N
deposition in Arctic regions averages approximately 1 kg N ha-1 yr--1, although N deposition rates
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have doubled since the last century and in some cases have exceeded the amount of N fixed in
Arctic ecosystems (Gordon et al., 2001; Robinson et al., 2004). These two sources of N are
therefore essential for N-limited Arctic environments because they replace N lost from the
system. However, the slow turnover of SOM and processes such as mineralization and
nitrification provide an even larger fraction of bioavailable N in Arctic soils (Shaver et al., 1992).
2.2.2 Mineralization
Mineralization is a process whereby microbes convert organic N to NH4+ through
ammonification (Figure 2.1). Net N mineralization occurs when gross mineralization (e.g., the
release of N) exceeds N consumption. Mineralization can occur under aerobic and anaerobic
conditions and is therefore more strongly modulated by factors such as temperature and organic
matter quality, availability, and composition (e.g., carbon to nitrogen ratios (C:N)) (Naddelhoffer
et al., 1991; Giblin et al., 1991; Schimel et al., 2004; Booth et al., 2005; Chu and Grogan, 2010).
For example, higher temperatures, more labile (e.g., readily decomposable) SOM, and lower C:N
ratios will foster higher rates of mineralization (Chu and Grogan, 2010).
Net N mineralization is largely a winter phenomenon, and although mineralization can
also occur throughout the growing season, net N mineralization during this time is generally low
and sometimes negative because of high rates of N uptake and immobilization (Giblin et al.,
1991; Nadelhoffer et al., 1991; Schmidt et al., 1999; Schmidt et al., 2002; Schimel et al., 2004).
Rates of mineralization during the winter are constrained by lower temperatures; however the
cumulative effects of winter mineralization can contribute a substantial amount towards the
annual total, because biological consumption is limited (Strum et al., 2005). Like alpine
environments, mineralization in Arctic regions often supplies more NH4+ than atmospheric
deposition and N2 fixation combined (Stewart et al., 2011). Brooks et al (1996) found that two
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months of subnival mineralization provided between 2.23 to 6.63 g N m2, accounting for 94 to
97% more inorganic N than inputs from snowmelt at Niwot Ridge, Colorado, and Schimel et al.
(1996) also reported that inorganic N from snow was approximately 5% of the NH4+ supplied
from subnival mineralization in Arctic tundra. Hence, mineralization of organic matter is often
the largest source of inorganic N during melt (Brooks et al., 1996).
2.2.3 Nitrification
Nitrification involves the oxidation of NH4+ to NO2- and then NO3- (Figure 2.1) mainly by
chemolithoautotrophic bacteria, which use NH4+ and NO2- for energy to fix carbon (Hayatsu et
al., 2008). The conversion NH4+ to NO2- in soils is mediated primarily by ammonia oxidizing
bacteria (AOB) such as Nitrosomonas and Nitrosospira but also by ammonia oxidizing archaea
(AOA) such Nitrosopumilus maritimus, while the conversion of NO2- to NO3- is performed by
nitrite oxidizing bacteria (NOB) such as Nitrobacter (Hayatsu et al., 2008).
Nitrification is the only mechanism that supplies NO3- to the terrestrial catchment in the
case where atmospheric deposition is not prevalent. Nitrification requires aerobic conditions and
is therefore largely constrained by oxygen supply in soils, but other factors that limit nitrification
include abundance of NH4+ and temperature (Giblin et al., 1991; Jonasson et al., 1993; Robinson,
2000; Booth et al., 2005). Strong preference of NH4+ over NO3- by plants and microbes generally
limits the amount of NH4+ available for nitrification, and nitrification potential is further curbed
by the fact that heterotrophic organisms (e.g. organisms that use inorganic N for nutritional
needs) generally outcompete the autotrophic nitrifying bacteria for NH4+ (Chapin et al., 2002;
Nordin et al., 2004; Booth et al., 2005). Hence, nitrification may proceed after plant and
heterotrophic microbial demands have been satisfied, but rates tend to be low in nutrient depleted
ecosystems such as those in the Arctic (Giblin et al., 1991; Schimel and Bennett, 2004).
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Nonetheless, nitrification has been shown to be a source of NO3- in streams in Arctic, alpine, and
glacial systems (Williams et al., 1995; Wynn et al., 2007; McNamara et al., 2008; Ansari et al.,
2012). Although nitrification is not the dominant source of NO3- in Arctic streams during melt
runoff, excess NH4+ produced from subnival mineralization can be nitrified and exported during
melt if not subsequently denitrified (Schimel et al., 2004; Jones et al., 2005).
2.2.4 N Immobilization/Uptake
Immobilization or uptake of N occurs when heterotrophic microbes/organisms and plants
consume and convert inorganic N to organic compounds (Figure 2.1). Hence, inorganic N is
removed from the soil pool and allocated towards plant and microbial biomass. These processes
often proceed rapidly when N is made available (e.g., through mineralization) because N is a
limiting nutrient to growth and bioavailable forms are not abundant in Arctic soils (Shaver and
Chapin 1980; Perakis, 2002). Microbes and plants preferentially consume NH4+ over NO3-, but all
forms of N can be taken up (Nordin et al., 2004; Booth et al., 2005). In some cases, simple forms
of DON (e.g., amino acids) are preferred over NH4+ (Schimel and Chapin, 1996; Jones and
Kielland, 2002; Neff et al., 2003).
While N uptake by plants is controlled by growth, microbial N immobilization largely
depends on substrate availability (Schimel et al., 2004; Weintraub and Schimel, 2005). For
example, microbes mineralize N when they are C limited but immobilize N when they are N
limited; thus, high C availability (or a high C:N ratio) triggers N immobilization (Schimel et al.,
2004; Weintraub and Schimel, 2005). Research also shows that microbes switch from
mineralization during the winter to immobilization upon thaw (Brooks et al., 1996; Schimel et al.,
2004). Hence, plants must compete with microbes for available N during the growing season.
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This strong competition for N among organisms fosters tight N retention and limits potential for
hydrologic N export from Arctic watersheds during the growing season (Perakis, 2002).
2.2.5 Denitrification
Denitrification, which is the anaerobic reduction of NO3- to gaseous forms of N such as
nitrous oxide (N2O) and N2, leads to permanent NO3- loss from the system (Figure 2.1) and is key
in limiting NO3- export from Arctic watersheds (Groffman et al., 2009; MacLean et al., 1999;
Harms and Jones, 2012). As for mineralization and nitrification, rates of denitrification depend on
soil moisture conditions and are positively correlated with temperature and substrate availability
(Chapin, 1996; Chen et al., 2005). Consumption of NO3- by plants and heterotrophic organisms
generally limits denitrification potential; however denitrification may be a prominent removal
mechanism in saturated, organic-rich soils (Högberg et al., 2006; Harms et al., 2012).
Denitrification has been proven an important sink of NO3- during melt in Arctic and
alpine systems (Sickman et al., 2003; Brooks et al., 1996; Hodson et al., 2005; Harms and Jones
2012). Harms and Jones (2012) used in-situ measurements to show that the rate of denitrification
in soil-stream flowpaths exceeded that of hydrologic flux (thus limiting hydrologic NO3- export)
during melt in the Upper Kuparuk River basin, and Brooks et al. (1996) estimated that subnival
denitrification, measured through N2O fluxes, could eliminate almost all of the snowpack NO3- at
Niwot Ridge, Colorado. During this time, saturation of soils from snowmelt and thawing soils
diminishes O2 availability, thus prompting NO3- to become the preferred terminal electron
acceptor (Buckeridge et al., 2010).
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2.3 Controls on N transport
Fluvial N export from Arctic watersheds reflects the interplay between catchment
morphology, runoff, flow path, and N cycling activities (Hagedorn et al., 2000; Perakis 2002;
Pinay et al., 2002, McNamara et al., 2008; Petrone et al., 2007; Lafrenière and Lamoureux 2008).
These factors are strongly coupled in continuous permafrost catchments because permafrost
restricts hydrological activity to a relatively shallow area termed the active layer, which is the
portion of the soil that thaws seasonally (MacLean et al., 1999; McNamara et al., 2008;
Townsend-Small et al., 2010; Harms and Jones, 2012; Woo, 2012).
Among the controls of N export, catchment morphology plays an overarching role in
shaping N flux: it greatly influences hydrologic flow paths, as well as stream response times to
hydrologic inputs, and therefore soil moisture regimes as well as the reduction/oxidation state of
soils, which are critical determinants of N cycling processes (Beven et al., 1998; Pinay et al.,
2002; McNamara et al., 2008; Frey and McClelland, 2009). Catchment morphology also strongly
affects runoff volume because of its influence on snow accumulation. Snow redistributed by wind
typically accumulates in concavities and areas with taller vegetation, leaving hilltops and flat
areas with a thinner snow cover (Kane et al., 1991). Hence, catchments with hillier topography or
concavities tend to generate greater snowmelt runoff and therefore larger hydrologic N fluxes in
comparison to catchments with more subtle topography.
Although runoff is a primary control of N flux because it is needed to induce export,
hydrologic flow path and biological processes tend to exert a stronger influence on N flux than
runoff unless runoff ceases (MacLean et al., 1999; Cooper et al., 2007; McClelland et al., 2007;
Petrone et al., 2007; McNamara et al., 2008; Lafrenière and Lamoureux, 2008; Yano et al., 2010;
Lewis et al., 2012). Hydrologic flow paths and N cycling activities influence both the amount of
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N available for hydrologic export and the relative composition of TDN. Flow paths through
shallower organic-rich horizons tend to produce water rich in DON because this is the dominant
source area of DON, whereas flow paths through mineral soils can lead to depleted DON
concentrations in runoff due to adsorption of dissolved organic matter (DOM) on clay surfaces
(Kawahagashi et al., 2006; Lewis et al., 2012). At the same time, deeper flow paths in mineral
soils can yield greater concentrations of DIN in runoff because these horizons contain larger
pools of leachable inorganic N derived from mineralization of SOM and DOM (Nadelhoffer et
al., 1991; Hobbie and Gough, 2002; Jones et al., 2005; McClelland et al., 2007; Harms et al.,
2013). Productive processes such as mineralization and nitrification are encouraged by the lower
C:N ratios of SOM in mineral soils and can therefore lead to the accumulation of DIN in these
horizons (Nadelhoffer et al., 1991; Kaye and Hart, 1997; Booth et al., 2005). While deeper flow
paths can also increase water contact time with soils and therefore increase opportunities for
consumption processes such as uptake, immobilization, and denitrification to diminish the
amount of DIN available for export (MacLean et al., 1999; Pinay, 2002; Petrone et al., 2006),
flow paths that extend beyond the rooting zone may encourage greater DIN export (Harms and
Jones, 2012).

2.4 Nitrogen flux from Arctic watersheds
Fluvial N transport from Arctic watersheds provides an essential supply of nutrients to
downstream aquatic ecosystems (Dittmar, 2004). In Arctic catchments, the nival melt typically
generates the greatest TDN flux of the year because snowmelt is usually the dominant
hydrological input of the year and flushes nutrients from the thin organic soils (Woo 1986;
MacLean et al., 1999; Hinzman et al., 2003; Lafrenière and Lamoureux, 2008; Frey and
McClelland, 2009; Lewis et al., 2012). The release of eight or nine months of accumulated
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precipitation can generate between 50 to 90% of the annual streamflow (Woo 1986; Hinzman et
al., 2003). The thin active layer during this time limits hydrologic storage in soils; hence, upwards
of 70% of the meltwater can be directed to the stream (McNamara et al., 1997; Quinton and
Marsh, 1999; Carey and Quinton, 2004). Given that meltwater is restricted to shallow subsurface
organic soils, where DON concentrations are high due to the decomposition and leaching of Nbearing compounds in SOM, DON tends to dominate TDN flux during this time (Petrone et al.,
2006; Lafrenière and Lamoureux, 2008; Yano et al., 2010). Inputs of snowpack NO3- and
leaching of NH4+ and NO3- from shallow soils can lead to high proportions of DIN in early melt
runoff; however, DIN concentrations tend to drop significantly after initial discharge due to the
rapid depletion of inorganic N in these reservoirs (Maclean et al., 1999; McNamara et al., 2008;
Townsend-Small et al., 2010; Lewis et al., 2012). The relatively high DIN concentrations during
initial melt are thought to result from temporal discrepancies between sources and sinks of
inorganic N (Brooks et al., 1998; Perakis, 2002; Jones et al., 2005; Yano et al., 2010). For
example, vegetative uptake during melt is relatively low and can therefore lag the release of
bioavailable N from the snowpack and soils (Lipson and Monson, 1998; Bilbrough et al., 2000;
Lafrenière and Lamoureux, 2008; Yano et al., 2010). Microbial immobilization of N upon thaw
and denitrification of NO3- during melt can greatly reduce the amount of DIN available for export
(Brooks et al., 1996; Sickman et al., 2003; Schimel et al., 2004; Harms and Jones 2012), but large
supply of N by these hydrologic inputs can overwhelm rates of microbial uptake or gaseous
losses and lead to relatively high export of DIN.
As nival melt recedes, the active layer continues to develop and the source of N in runoff
shifts accordingly. Thawing of the active layer releases more inorganic N from soils and can
allow runoff to interact with mineral soils (Petrone et al., 2006; Lewis et al., 2012). However, low
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runoff volumes during baseflow, which largely result from lack of meltwater infiltration during
melt, may not allow for effective transport of N (McNamara et al., 1997; Carey and Quinton,
2004; McClelland et al., 2007). Hence, lack of hydrological connectivity and flushing of soils
during baseflow can enable N that is produced during decomposition, mineralization, or
nitrification to accumulate within the active layer because the export is discharge limited (Petrone
et al., 2006; McNamara et al., 2008).
Rainfall events are capable of inducing large N fluxes if moisture deficits are satisfied
(Petrone et al., 2006; MacIntyre et al., 2006; McNamara et al., 2008; Townsend-small et al.,
2010; Lewis et al., 2012). Unlike during peak melt discharge, the active layer during stormflow is
more developed, and this increases the total volume of soil potentially available for flushing.
Rainfall can reinitiate widespread hydrological connectivity and the resulting runoff can mobilize
N that accumulated in soils during baseflow (Lewis et al., 2012). Deepening of flow paths
throughout the growing season can lead to lower DON concentrations in runoff due to decreasing
concentrations of organic matter with depth and adsorption of DOM onto mineral soil surfaces.
However, stormflow runoff can also yield high DON concentrations as a result of increased
organic matter decomposition and/or the long residence time of pre-event water within organic
soils of the active layer (Petrone et al., 2006; Frey and McClelland, 2009). In many cases,
stormflow yields increases in the export of DIN, particularly NO3- (Petrone et al., 2006;
Townsend-Small et al., 2010; Lewis et al., 2012). Heightened N demand during the growing
season should limit the amount of NH4+ and NO3- available for hydrologic export, but recent work
has shown that DIN concentrations in runoff can increase if the active layer extends beyond the
depth that is conducive to N uptake by plants or denitrification (in the case of NO3-) (Harms et al.,
2012).
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2.5 Permafrost disturbance
Permafrost is an important characteristic of Arctic landscapes and is becoming
increasingly unstable as climate in the region continues to warm at an alarming pace (IPCC,
2013; Jorgenson and Osterkamp, 2005; Bowden et al., 2008; Vincent et al., 2013). It is expected
that the frequency and areal extent of permafrost degradation will continue to increase in the
future (Rowland et al., 2010; Vincent et al., 2013). Recent evidence suggests that landscapes have
begun to respond to a changing climate (Rowland et al., 2010), as permafrost disturbances are
becoming prevailing features in Arctic regions (Lewkowicz and Harris 2005; Jorgenson et al.,
2006; Lamoureux and Lafrenière, 2009; Osterkamp et al., 2009; Rudy et al., 2012). Disturbance
types vary from thermal perturbation, such as ice wedge degradation and active layer deepening,
to physical landscape alterations, including slumping, thermokarst, and active layer slope failures
(Jorgenson and Osterkamp, 2005; Frey and McClelland, 2009). One of the numerous concerns of
permafrost disturbance includes its potential impacts on hydrological N transport from Arctic
watersheds.
Permafrost disturbance threatens to affect seasonal hydrological TDN transport because it
disrupts catchment morphology and hydrology, which in turn influence nutrient cycling and river
biogeochemistry (Bowden et al., 2008; Jorgenson and Osterkamp, 2005; Frey and McClelland,
2009). Disturbances can reveal new hydrologic flow paths or transform seasonally inactive
pathways into perennial ones. For example, seasonal active layer development usually restricts
meltwater runoff to organic soil horizons and only activates pathways through mineral soils after
sufficient thawing; however, physical disruptions to the soil profile can provide opportunities for
runoff to interact with mineral horizons much earlier and year-round. Permafrost disturbance can
also affect the relative importance inorganic N production (e.g., nitrification, mineralization) or
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consumption (denitrification, immobilization) due to the ensuing changes on controls of N
cycling, including soil temperature, moisture, oxygen availability, and organic matter
composition (Lantz et al., 2009; Paulter et al., 2010; Harms et al., 2013). For example, Lantz et al.
(2009) reported that retrogressive thaw slumps had increased subnival ground temperatures
compared to undisturbed soils due to their ability to preferentially accumulate snow. These
changes are favourable for greater rates of subnival mineralization (Schimel et al., 2004). It is
also thought that deeper sources of N, that were previously inaccessible to cycling and hydrologic
export, could be liberated as a result of permafrost disturbance (Shaver et al., 1992; Levine and
Whalen, 2001; Jones et al., 2005; McClelland et al., 2007; Frey and McClelland, 2009; Woods et
al., 2011; Keuper et al., 2012; Harms and Jones 2012; Harms et al., 2013). This is not surprising
considering that Lantz et al. (2009) also found that active layer depth in disturbances was nearly
twice as deep as in undisturbed areas. The numerous changes to ecosystem function brought on
by permafrost disturbance can ultimately affect the concentration, relative composition, and
timing of N delivery from Arctic watersheds.
Indeed, recent work in Alaska has shown that permafrost disturbance can dramatically
affect the concentration of N species in runoff. Bowden et al (2008) found that concentrations of
NH4+ upstream of thaw slumps and thermokarst gullies measured between 0.09 and 0.13 uM but
that concentrations increased by 40 times immediately downstream of the disturbances. The NH4+
concentrations measured below one of the studied thaw slumps were among the highest recorded
in the region. This same study showed that NO3- concentrations in streams were also affected by
thermokarst gullies and thaw slumps, where NO3- measured between 0.09 and 0.57µM upstream
of the disturbance but increased by 24 times immediately downstream of the disturbance. Kling et
al (2011) found that the TDN concentration immediately below a thaw slump draining into Toolik
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Lake, Alaska, was more than two times higher than the TDN imported from undisturbed stream
inlets. Concentrations of NH4+ and NO3- below the slump reached up to ~15 µM and 30 µM,
respectively, while those from the stream measured below ~2 µM. Findings of elevated DIN
concentrations in runoff are consistent with those of Harms et al. (2013), who reported that
thermokarst gullies contained higher levels of nitrification than adjacent undisturbed tundra. In
the MacKenzie delta region, Lantz et al. (2009) found increased nutrient availability in stable
retrogressive thaw slumps compared to undisturbed soils. The active thaw slumps in that study
also contained little to no organic layer. Although Lantz et al (2009) did not report on how
disturbance affected concentrations of N in runoff, their results provide further evidence that
disturbance could lead to lower concentrations of DON and higher concentrations of DIN in
runoff due to the ensuing changes in flow path and N cycling activities (Jones et al., 2005;
Petrone et al., 2006; 2007; Frey and McClelland, 2009)
2.5.1 Active Layer Detachments
Active layer detachment (ALDs) are one of the most common types of permafrost
disturbance and can displace a considerable amount of material relative to their average size
(Balser et al., 2009). ALDs often form near streams in headwater catchments and can lead to the
development of retrogressive thaw slumps (RTS) (Balser et al., 2009; Jorgenson and Osterkamp,
2005; Lewkowicz and Harris, 2005). ALDs develop in response to warmer temperatures and
wetter conditions, which trigger the downslope movement of the vegetation cover and saturated
soils along the ice-rich permafrost table (Lamoureux and Lafrenière, 2009; Lacelle et al., 2010).
In doing so, ALDs expose underlying mineral soils in the scar zone, cause folding of overburden
downslope, and can lead to mixing of the upper most portions of nutrient-rich permafrost soils
with those of the nutrient-depleted active layer (Lewkowicz and Harris, 2005; Frey and
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McClelland, 2009; Paulter et al., 2010). The exposed mineral soils and ice-rich permafrost table
are then subject to rapid degradation (Jorgenson and Osterkamp, 2005).
While studies regarding the impact of ALDs on N flux and species concentrations in
streams are limited, a number of reports have shown that ALDs can have considerable
implications on the components that modulate N export, including organic matter concentrations,
microbial activity, and hydrology (Kokelj and Lewkowicz, 1998; Kokelj et al., 2002; Paulter et
al., 2010). Kokelj et al. (2002) found that dissolved organic matter (DOM) concentrations in the
active layer of ALDs were lower than DOM concentrations in undisturbed sites and similar to
those in deeper permafrost soils. Removal of the vegetation cover in ALD scar zones could
trigger mineralization during the summer due to the a lack of fresh litter inputs and lower total
C:N ratio of mineral soils (Nadelhoffer et al., 1991; Kaye and Hart, 1997). Paulter et al. (2010)
demonstrated that ALDs stimulated microbial activity and led to increased degradation of
previously frozen SOM. Lamoureux and Lafrenière (2014) found that the quantity and age of
particulate organic C (POC) released from ALDs in headwater catchments was significantly
higher that from than undisturbed headwater catchments and that this affected the age and
character of the POC in the larger watershed. Thawing and mobilization of previously frozen
SOM could further enhance mineralization rates (Shaver et al., 1992) in ALDs.
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Figure 2.2 Disturbed terrain due to ALD in upper Ptarmigan (A). Meltwater discharge in
disturbed stream channel in Ptarmigan (B). Incision of channel and high turbidity due to
disturbance (C). Exposure of mineral and clay soils in disturbance (D).
Photo credits: K. Rutherford (A); M. Lafrenière (B, C); S. Lamoureux (D).

ALDs are also shown to affect hydrology: these features preferentially accumulate snow,
but because they are largely unvegetated, runoff response during melt (and rainfall) is higher in
ALDs relative to undisturbed sites (Kokelj and Lewkowicz, 1998). Greater snow accumulation in
ALDs during the winter can encourage higher rates of mineralization due to thermal insulation of
soils, and the resulting NH4+ can be subject to nitrification (Schimel et al., 2004). A comparison
of trace gas flux along a disturbance gradient at CBAWO revealed that NO3- concentrations were
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higher in ALDs than in vegetated soil, suggesting either less efficient uptake/removal of NO3- or
greater nitrification (Neal Scott, unpublished data). Nitrification in ALD scar zones may be
promoted by the presence of excess NH4+ (Neal Scott, unpublished data), which may result from
lack of demand or competition between microbes and plants. Overall, the concentration and
composition of N exported from ALDs will reflect the balance between consumptive (uptake,
denitrification, immobilization) and productive processes (ammonification, nitrification);
however it is clear that ALDs have the potential to severely impact hydrological and
biogeochemical functions as well as N export from the watersheds they affect.

2.6 Conclusion
Export of N species from Arctic watersheds represents a critical source of N for
downstream aquatic ecosystem and depends on the relationships between various hydrological
and biogeochemical processes. Due to the confinement of hydrologic activity to the active layer,
Arctic rivers transport considerable amounts of DOM to downstream aquatic ecosystems and rank
among the highest in the world for DOM concentrations (Dittmar and Kattner, 2003; Hansell et
al., 2004). Fluvial export of bioavailable N in Arctic watersheds is low due to nutrient limitation,
which fosters strong catchment retention of inorganic N. Strong assimilation of NH4+ by
organisms constrains nitrification potential, and export of NO3- is further limited by
denitrification. Hence, DIN composes a small fraction of the annual TDN export from Arctic
rivers, which rank among the lowest globally for inorganic nutrient concentrations (Dittmar and
Kattner, 2003).
A growing body of research shows that permafrost disturbances, which are becoming
increasingly prominent in Arctic landscapes, will alter N transport from Arctic watersheds by
disrupting relationships between the various components that modulate N export. The effect of
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permafrost degradation on N export is of concern because changes to N export from arctic rivers
can have substantial effects of downstream aquatic activity (McClelland et al., 2007). Yet, the
detail of the spatial extent and temporal characteristics of the impacts of ALDs on N transport
have received little attention. Given that these disturbances often occur near waterbodies and have
been shown to affect hydrologic and metabolic functions, it is imperative to understand how they
will affect N export.
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Chapter 3
Active layer slope disturbances affect magnitude and relative
composition of seasonal dissolved nitrogen fluxes in High Arctic
headwater catchments
3.1 Abstract
Permafrost disturbances can affect nitrogen (N) export by disrupting relationships
between morphology, hydrology, and soil N cycling processes. We examined total dissolved N
(TDN) loads and N species concentrations in the 2012 seasonal runoff from an undisturbed
continuous permafrost headwater catchment (Goose; GS) and one that was disturbed (Ptarmigan;
PT) by active layer detachments (ALDs), and compared this to data collected from these streams
prior to disturbance (2007) in order to assess the impact of ALDs on the magnitude, composition,
and timing of fluvial N fluxes. Concentrations of dissolved organic N (DON) and dissolved
inorganic N (DIN, including ammonium (NH4+) and nitrate (NO3-)) were similar in both
catchments prior to disturbance, but in 2012, NO3- concentrations were significantly higher in PT
relative to GS. Persistently low NO3- concentrations in GS suggest that sink mechanisms limited
NO3- export in this undisturbed catchment. In PT, ALDs resulted in seasonal fluxes of NO3- and
DIN that were 27 times and 95% higher than in GS, yet seasonal TDN flux in GS was slightly
higher due to increases in DON and NH4+ that occurred over the extended baseflow period in this
catchment. Hydrological flushing of soils in the late season by meltwater and especially rainfall
appears to be a dominant control on seasonal TDN flux in these catchments. Stormflow yielded
45% and 60% of the seasonal TDN flux in GS and PT respectively, although it provided only
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11% (GS) and 22% (PT) of the seasonal discharge. The input of DIN from 56 mm of rainfall
(1545 ± 148 and 1838 ± 174 g N to GS and PT, respectively) exceeded the stormflow export by
approximately 1460 g N in GS and 1326 g N in PT, but the specific mass flux of NO3- (g N mm-)
from PT was almost double that of rainfall. Our findings show that although disturbance does not
appear to greatly affect total seasonal N export, it significantly increases the amount of reactive N
(as NO3-) in seasonal runoff. These results also indicate that regional climate change, through the
combined effects of increased frequency of disturbance and importance of rainfall, can
significantly enhance reactive N fluxes from High Arctic watersheds.

3.2 Introduction
The timing, magnitude, and composition of total dissolved nitrogen (TDN, including
dissolved organic and inorganic N (DON, DIN)) export depend on the interplay between
watershed morphology, hydrology, and N cycling dynamics (Bowden et al., 2008; McNamara et
al., 2008). In Arctic catchments, these factors are tightly linked: permafrost confines runoff and
biological activity to a relatively shallow zone termed the active layer, and hydrologic processes
exert a strong control on nutrient export dynamics (MacLean et al., 1999; Stieglitz et al., 2003;
Carey and Quinton 2004; McNamara et al., 2008; Townsend-Small et al., 2010; Harms and Jones,
2012; Woo, 2012). The timing of TDN flux depends largely on runoff volume and how a
catchment responds to hydrological inputs. Runoff, which is needed to induce N transport
(Perakis, 2002), is greatly influenced by catchment morphology, as the latter constitutes an
underlying control of hydrological flow paths and response (Beven et al., 1988). The composition
of TDN exported also varies according to flow path and catchment morphology as these also
regulate soil moisture regimes, the reduction/oxidation state of soils, and hence the N cycling
processes (e.g., decomposition, mineralization, nitrification, denitrification,
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uptake/immobilization) that dominate in a given catchment (Pinay et al., 2002; Petrone et al.,
2007; McNamara et al., 2008; Frey and McClelland, 2009; Yano et al., 2010; Harms and Jones,
2012).
The strong couplings between morphology, hydrology, and N cycling in permafrost
environments also mean that fluvial N export in Arctic watersheds is highly sensitive to
permafrost disturbance (Bowden et al., 2008; Kokelj et al., 2009; Harms and Jones 2012).
Permafrost disturbances such as retrogressive thaw slumps, thermokarst, and active layer slope
disturbances, are expected to continue to increase in frequency and areal extent with warming
climate (Rowland et al., 2010, Vincent et al., 2013). Disturbances could release pools of N that
were previously secluded (frozen and/or buried) from cycling activities and hydrological export
(Shaver et al., 1992; Levine and Whalen, 2001; Jones et al., 2005; McClelland et al., 2007; Frey
and McClelland, 2009; Woods et al., 2011; Keuper et al., 2012; Harms and Jones 2012; Harms et
al., 2013). Disturbances may also expose new hydrologic flow paths (Petrone et al., 2006;
Lafrenière and Lamoureux, 2013) or activate pathways that are otherwise absent or dormant at
certain times of the thaw season. Disturbed areas may also stimulate inorganic N production (e.g.,
nitrification, mineralization) but dampen N consumption (e.g., denitrification, uptake) relative to
undisturbed areas due to changes in vegetation cover, soil temperature, moisture, oxygen content,
and nutrient availability (Paulter et al., 2010, Harms et al., 2013). Indeed, studies in Alaskan
watersheds recently documented greatly increased DIN concentrations immediately downstream
of thermokarst gullies and thaw slumps (Bowden et al., 2008).
Despite the agreement among many researchers that permafrost disturbance will
somehow affect N export from Arctic Rivers, the magnitude, seasonal characteristics, and long
term duration of impact of active layer detachments (ALDs) on seasonal TDN export dynamics is
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poorly constrained in High Arctic ecosystems (Frey and McClelland, 2009; Lewis et al., 2012).
This is of concern because Arctic Rivers provide an important source of bioavailable N to
downstream aquatic ecosystems (Cornell et al., 1995; Dittmar 2004; Pace et al., 2004; Mayorga et
al., 2005), and even minor changes to the composition, magnitude, or timing of N export from
Arctic Rivers can affect downstream aquatic productivity (McClelland et al., 2007). Furthermore,
ALDs are one of the most common types of permafrost degradation and can displace considerable
amounts of material relative to their average size (Balser et al., 2009). These skin-flow type
disturbances result from the sliding of the vegetation cover and soils over the ice-rich permafrost
table and cause exposure of the underlying mineral soils in the scar zone as well as folding of
soils at the base of slopes (Lewkowicz and Harris 2005).

The aim of this research is to evaluate the impact of ALDs on the composition, magnitude, and
timing of streamwater TDN export in continuous permafrost watersheds in the Canadian High
Arctic. The field study compares the seasonal evolution of N species (DON, NH4+, NO3-)
concentrations in runoff from two small headwater catchments (one affected by ALDs and
undisturbed) during June and July 2012 at the Cape Bounty Arctic Watershed Observatory on
Melville Island, Nunavut, Canada (Figure 3.1). Results from 2012 are compared to predisturbance data in 2007. To our knowledge, this is the first study to look at the seasonal and
long-term impacts of ALDs on TDN flux dynamics in the High Arctic.
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3.3 Methods
3.3.1 Site description
This research was conducted in the Goose (GS) and Ptarmigan (PT) catchments of the
West watershed (all unofficial names) at the Cape Bounty Arctic Watershed Observatory
(CBAWO) (74°54’N, 109°35’W) on Melville Island, Nunavut (Figure 3.1). The study area is
underlain by continuous permafrost, with an active layer depth typically varying between 0.75
and 1m during the growing season. Soil moisture conditions vary from dry to saturated, which
gives rise to various vegetation communities (Atkinson and Treitz, 2012). Low moisture sites
primarily consist of rock or till but accommodate mosses and polar desert vegetation community
types such as Thamnolia subliformis spp. (Worm Lichen) and Cetraria nivalis spp. (Snow
lichen). Moderately wet areas predominantly host mesic type vegetation, including Nostoc
commune spp. (nitrogen fixing cyanobacteria) and Salix arctica spp., while wet areas have 100%
vegetation cover consisting of a wet sedge community type including species such as
Eriophorium spp. and Sphagnum spp. (Atkinson and Treitz, 2012).
The disturbed catchment, Ptarmigan (PT), hosts three ALDs that formed in late July 2007
after a large rainfall event and an extended period of warmer temperatures (Lamoureux and
Lafrenière, 2009). These disturbances include two elongate ALDs (19,587 and 676 m2) that are
physically coupled to the stream channel, and an actively retrogressing isolated, compact ALD
(3,774 m2) (Ashley Rudy, unpublished data), which collectively define approximately 12% of the
total catchment area (213,000 m2) (Lafrenière and Lamoureux, 2013). The scar zones of each
ALD remain free of vegetation and therefore bare clay-rich mineral soils. In undisturbed zones of
the catchment, vegetation largely consists of polar semi-desert and mesic heath communities. The
runoff in the catchment is predominantly focused through a well-cut channel that carves into the
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mineral soils of the two elongate disturbances. The reference catchment, Goose (GS), spans
179,000 m2 and remains completely free of physical disturbance. Drainage in GS occurs via a
poorly defined, vegetated channel or water track. The presence of a large hill on the northern edge
of the GS catchment enables greater snow accumulation and therefore a prolonged baseflow
period compared to PT. The majority of the GS catchment retains sufficient moisture so that the
dominant vegetation community in this catchment is mesic heath (Gregory, 2011).
The regional climate, as obtained from the long-term (1971-2000) meteorological record
at Mould Bay, NU (~200km west of CBAWO), is characterized by mean winter (December –
February) and summer (June – August) temperatures of -32.6°C and 1.7°C, respectively
(Environment Canada, 2013). The mean summer air temperature over the past 10 years (2003 to
2012) has increased to 4.1°C, or 2.4 °C above the climate normal for 1971-2000. Mean annual
precipitation at Mould Bay (1971-2000) was 111 mm and mainly occurred as snowfall. The
Mould Bay record indicates that rainfall has generally been infrequent and of low magnitude, but
recent (2003 to 2012) annual totals at CBAWO have reached 66.8mm (Lewis et al., 2012,
Lamoureux, unpublished). Melt season runoff in the subcatchments at CBAWO generally lasts
from early to mid-June until mid-July (Lafrenière and Lamoureux, 2013).
3.3.2 Hydrological and environmental measurements
Instantaneous discharge was measured at the outlet of each catchment in 8” cutthroat
flumes by recording stage with Onset U20 level loggers (±2 mm) at 10 minute intervals. Water
level was obtained by correcting the stage measurement for barometric pressure variations, as
recorded by an Onset U30 logger (±0.15 kPa). Level was converted to average hourly discharge
(Q; m3s-1) by using the standard equations for the flumes and by taking the average discharge
measured over an hour period (American Society of Civil Engineers, 1974). In-situ water
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temperature (±1°C), pH (±0.1 pH), and electrical conductivity (±2% µS cm-1) were measured with
an Extech Exstik II pH/conductivity meter. In 2012, shielded air temperature was measured at the
MainMet weather station using an Onset Temperature/RH sensor (±0.21°C temperature, ±2.5%
relative humidity) placed 1.5m above ground. Precipitation was also recorded at MainMet using
an Onset tipping bucket gauge (0.2mm tip). Both of these parameters were logged with an Onset
U30 logger. In 2007, shielded air temperature was recorded with a Humirel 2500H temperature
sensor (0.2°C) placed 1.5m above ground and precipitation was recorded using a Davis industrial
tipping bucket (0.2mm resolution). Both of these were logged with a Unidata Prologger.
3.3.3 Hydrologic regimes
Hydrographs for PT and GS in 2012 are separated into nival melt (nival), baseflow (BF),
and stormflow (SF) periods (Figure 3.2b). These periods were determined based on large changes
in seasonal discharge and the occurrence rainfall. In 2012, the nival melt period began on June 5
and ended on June 15 in both catchments. Baseflow commenced on June 16 and persisted until
streamflow ended on June 24 in PT and on July 1 in GS. Stormflow in 2012 includes two distinct
rainfall periods that regenerated streamflow from July 9 to 10 and from July 18 to July 25. The
2007 hydrological seasons for PT and GS spanned June 11 to July 1 and June 11 to July 3,
respectively, and included only nival and stormflow periods, as rainfall occurred following the
recession of nival discharge peak. Thus, baseflow period was not discernable during this year
(Appendix B).
3.3.4 Hydrochemistry
Stream water sampling in 2012 occurred from the first day of discharge (June 5) to the
end of streamflow (June 24 in PT and July 1 in GS) and during stormflow (July 9-10; July 18-25).
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Samples were retrieved at stream outlets during peak and low discharge (approximately 10:00
and 18:00) throughout the nival melt and stormflow periods, and at approximately 18:00 during
baseflow conditions. Samples were collected in 1L Nalgene bottles specific to each stream, which
were triple-rinsed with distilled water before sampling campaigns and with streamwater
immediately before collection. The bottles were filled to minimize headspace and stored cool and
in the dark until filtration (typically within 30 to 120 minutes). Stream sampling in 2007 was
carried out in the same manner, with samples collected from June 11 to July 1 and 3 in PT and
GS, respectively.
In 2012, rainfall samples were collected with passive collectors that were made by
securing 20L polycarbonate funnels (24 cm diameter) within a PVC frame so as to elevate the
funnel openings 50cm above ground. A small funnel placed at the base of the the collector
drained the rainfall into a 45ml glass amber EPA vial through a 10cm long Tygon R-3603 tube
that penetrated the teflon septum of the vial cap. The EPA vial was suspended within a removable
1L Nalgene bottle that was wrapped with black-out material and fastened to the neck of the
collector. The collectors were opened manually during precipitation events and covered by plastic
lids at all other times. Upon collection, the EPA vials were removed, closed with new caps, and
replaced with a clean vial. All vials and caps were triple rinsed with distilled water before and
after use.
Stream samples were filtered for dissolved inorganic N (NO2-, NO3-, and NH4+) and TDN
within two hours of collection, while precipitation samples were prepared only for DIN analyses,
as the use of plastics in collectors precluded the accurate quantification of DON. Aliquots of TDN
were filtered through pre-combusted 0.7 mm (GF/F) glass fiber filters using a glass filtration
apparatus. The filtration unit was soaked in 3% hydrochloric acid overnight every day, and triple49

rinsed with distilled water before use and between samples. TDN samples were acidified to pH 2
and stored in 45ml amber EPA vials with Teflon lined septa that were rinsed with filtered sample
and completely filled to eliminate headspace. Samples of DIN were filtered through 0.22µm
PVDF membrane filters using disposable syringes. The syringes were triple-rinsed with distilled
water and sample water before and after use, while filters were rinsed with 10ml of sample before
filling the vials and discarded after each use. Aliquots of DIN were stored in plastic scintillation
vials, which were pre-cleaned (triple soaked and rinsed with Milli-Q water at Queen’s
University), rinsed with filtered sample, and filled with no headspace. All samples were
refrigerated until analyzed at Queen’s University.
3.3.5 Analytical methods
TDN was analyzed by NDIR and chemiluminescent detection using a Shimadzu TOCVPCH/TNM system equipped with a high sensitivity catalyst. Analytical error was 2.3% based
on replicate analyses of standards and the detection limit was 0.015 ppm. Concentrations of NO2and NO3- were measured by liquid ion chromatography using a Dionex ICS-3000. The system
employed a gradient elution of 11–40mM KOH (using a EG II KOH) flowing at 1.0ml/min and
was equipped with an ASRS 300 suppressor as well as an AS18 analytical column. The analytical
error for NO3- was 2% based on replicate analyses of standards, and the detection limit was 0.003
ppm (0.0007 ppm N). The analytical error for NO2- was 2.5% and the detection limit was 0.0001
ppm. NH4+ concentration for the 2012 samples was measured via colorimetry using an Astoria
Pacific FASPac II Flow Analyser. The detection limit was 0.01 ppm N and the analytical error
was 0.9%. In 2007, NH4+ was determined by ion chromatography, and precision was 0.003 ppm
N (or 5%) (Lewis et al., 2012). For NH4+analyzed by ion chromatography, the detection limit was
dependent on Na+ concentrations, such that higher concentrations of Na+ resulted in an increased
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detection limit of NH4+. Due to the elevated concentrations of Na+ in PT, the NH4+ concentrations
for 2007 in PT were likely underestimated by up to a factor of 3. Therefore, the different
analytical techniques used for determining NH4+ must be considered when comparing
concentrations of NH4+ and DON between 2007 and 2012 in PT. DIN is calculated as the sum of
the N from NH4+, NO3- and NO2- (when detectable), while DON is the difference between TDN
and DIN.
3.3.6 Mass flux calculations
Fluvial mass N export (g) for each hydrological period (nival melt, baseflow, stormflow,
and seasonal) in 2012 was calculated as the sum of daily N yields (Md (gd-1)). For days when two
samples were collected, the daily flux was calculated as the product of the mean concentration
(ppm N) and the total mean daily discharge (Qd (m3s-1)), while that of single sample days was
calculated as the concentration multiplied by the total mean discharge. Specific fluxes of N (g N
mm-1) were obtained by dividing N yield (g N) by catchment discharge (mm). The total rainfall
inputs of DIN (g N) for each subcatchment were estimated as the product of measured
concentrations of DIN (sum of N from NH4+ and NO3-) in rain sample and rainfall volume in the
catchment (rainfall depth times catchment area) over the rainfall period. Total rainfall N inputs (g
N) were divided the by the amount of rainfall (mm) in order obtain the specific DIN input per unit
of rain (g N mm-1).
3.3.7 Statistical analyses
Differences in mean concentrations of N species (e.g., NH4+, NO3-, DON, TDN) between
catchments and between each hydrological period in 2012 were analyzed using one-way
ANOVA. Data were corrected for normality using log transformations, and the Tukey-Kramer
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Test for differences was applied to compare differences among groups (e.g., GS nival melt NO3vs. PT nival melt NO3-). All analyses were performed in StatPlus with a significance level of " =
0.01. Statistical comparisons between 2007 and 2012 in PT and GS are restricted to the nival melt
period due to the small sample size during 2007 stormflow.

3.4 Results
3.4.1 Climate
The mean daily air temperature (MDAT) for June was 3.5°C. MDAT above 0°C was
maintained as of June 5 (Figure 3.2a). The most rapid and pronounced increase in MDAT
occurred between June 28 and 30, when MDAT increased by 10°C reaching a maximum of
16.8°C. MDAT dropped to 4.6°C on July 9 in accordance with a large rainfall event (total 35
mm), and subsequently increased to 10.6°C before trending downwards through late July. MDAT
for July was 8.7°C. Three small rainfall events occurred on July 18, 22, and 24, measuring 4mm,
1.8mm and 15 mm, respectively. The cumulative rainfall between June 1 and July 26 was 63 mm,
hence more than half the seasonal rainfall fell on July 9th (Figure 3.2a).
3.4.2 Discharge
Streamflow began on June 5 in both streams; however, peak runoff in GS (0.051 m3s-1)
occurred on June 6 while that of PT (0.061 m3s-1) occurred two days later on June 8 (Figure 3.2b).
After peak-melt, runoff was higher in GS until a last melt-related pulse caused discharge to spike
in PT on June 13. Runoff decreased notably in both catchments by June 15 and ended in PT on
June 24, while snowbanks and wetter organic soils in GS maintained baseflow until July 1. Total
discharge during the nival melt (June 5 – 15) and baseflow (June 16 to end of streamflow) were
higher in GS (68 and 11 mm, respectively) than in PT (41 and 8 mm, respectively) (Table 3.1).
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Discharge resumed from July 9 to July 10 in both catchments following the large rainfall event
(35 mm), but hydrograph responses were subdued by dry antecedent moisture conditions (Table
3.2; Figure 3.2b). A subsequent series of smaller magnitude rainfall events reinitiated discharge in
both catchments from July 18 to 25, and the wetter antecedent moisture conditions allowed mean
hourly discharge to reach 0.03 m3s-1 in PT and 0.007 m3s-1 GS on July 24. In contrast to the nival
and baseflow periods, the cumulative specific discharge during stormflow was higher in PT (14
mm) than in GS (10 mm), likely because the relatively impermeable nature of clay soils in the
ALDs minimized hydrologic storage compared to the organic soils in GS (Table 3.1, Table 3.2).
3.4.3 Nitrogen concentrations and fluxes
3.4.3.1 Ammonium
Mean seasonal concentrations and fluxes of NH4+ were similar in the two catchments in
2012 (Table 3.3 and Table 3.4), although seasonal patterns of NH4+ concentrations varied slightly
between catchments (Figure 3.3a). NH4+ in GS peaked at 0.399 ppm N at the onset of discharge
and declined sharply before gradually decreasing to a low of 0.014 ppm N on June 14. NH4+
concentrations remained relatively stable from then until June 25. In PT, there was no major peak
in NH4+ at the onset of melt and concentrations varied minimally during the nival period (Figure
3.3a). The mean NH4+ concentration in GS during the nival period (0.075 ppm N) was higher than
for PT (0.056) (p > 0.01), yet the normalized mass fluxes (g N mm-1) and proportions of NH4+ to
TDN flux were similar (Table 3.3, Table 3.4, Figure 3.4). In 2007, the mean NH4+ concentration
was approximately three times higher in GS than in PT during the nival period (p < 0.01) (Table
3.3).
Near the beginning of baseflow in 2012, NH4+ concentrations were nearly identical
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between the GS and PT (Figure 3.3a); however after June 25, NH4+ concentrations in GS
increased until the end of streamflow, reaching up to 0.135 ppm N on June 28. This increase in
NH4+ concentrations combined with the prolonged runoff resulted in the specific mass flux of
NH4+ from GS being more than twice that of PT during baseflow (Table 3.4). During stormflow
in 2012, the mean NH4+ concentration in PT (0.070 ppm N) was approximately 40% higher than
in GS (0.049), although this was not significant (p > 0.01). The specific flux of NH4+ was also
higher in PT by approximately 55%. Mean seasonal NH4+concentrations were significantly
different pre-and-post-disturbance in both catchments (p < 0.001). Even if the analytical
technique used in 2007 underestimated the NH4+ concentrations by a factor of 4 (i.e. if the mean
concentrations of NH4+ in 2007 are tripled) the inter-annual differences in concentrations are still
significant (p < 0.001).
Rainfall contributed approximately 1132 ± 126 g N-NH4+ to PT and 951 ± 107 g N-NH4+
to GS (Table 3.5). The quantity of NH4+ exported from GS and PT during stormflow was
approximately 6 to 12% (83.8 ± 16.2 g N) and 14 to 22% (197 ± 27.2 g N), respectively, of the
rainfall amount. Although this might be expected given that PT had higher stormflow discharge
than GS, even on a per-unit discharge basis, PT exported a greater proportion of the rainfall NH4+
(48 to 78% or 130 ± 17.3 g N mm-1) than GS (34 to 63% or 84.1 ± 16.2 g N mm-1) (Table 3.5).
3.4.3.2 Nitrate
Streamwater NO3- concentrations and fluxes in PT exceeded those of GS throughout the
entire 2012 season, but this was especially evident at the beginning of nival melt and during
stormflow events (Table 3.3, Table 3.4). In GS, NO3- concentrations peaked at 0.016 ppm N with
the second peak in snowmelt runoff on June 7 (Figure 3.3b). Following this nival flush, NO3concentrations in GS were typically below detection limit. In PT, the initial peak in NO354

concentrations (0.193 ppm N) occurred on June 6, approximately two days before peak snowmelt
discharge (Figure 3.3b). Thus, the peak nival NO3- concentration in PT exceeded that in GS by a
factor of twelve. NO3- in PT decreased considerably by June 9, but rose to 0.051 ppm N on June
14 and remained above 0.021 ppm until June 20. After June 20, NO3- concentrations decreased to
near detection limit until the end of streamflow (June 24). NO3- in PT accounted for
approximately 17% and 12% of the TDN flux during nival melt and baseflow, respectively
(Figure 3.4). In contrast NO3- only accounted for approximately 1% of the TDN flux in GS for the
same periods. Mean 2012 NO3- concentrations in PT during the nival and baseflow periods were
0.044 and 0.018 ppm N, respectively, compared to 0.002 ppm N in GS for both hydrological
periods (Table 3.3). These differences in mean NO3- concentrations between catchments in 2012
were statistically significant (p < 0.001). In contrast, mean NO3- concentrations during nival melt
were similar in GS (0.001 ppm N) and PT (0.002 ppm N) prior to disturbance in 2007 and were
higher by 21 times in 2012 in PT (p < 0.001) (Table 3.3).
Stormflow 2012 resulted in the highest measured NO3- concentrations in PT. A maximum
NO3- concentration of 0.348 ppm N was recorded on July 18, 2012, and concentrations in excess
of 0.128 ppm N persisted until July 21 (Figure 3.3b). Stormflow concentrations of NO3- in PT
exceeded rainfall NO3- concentrations by up to 0.224 ppm N (almost double), whereas NO3concentrations in GS remained near or below detection limit throughout stormflow. The mean
stormflow NO3- concentration in 2012 was significantly higher (p <0.001) in PT (0.149 ppm N)
than in GS (0.001ppm N) (Table 3.3). The mean NO3- concentration during stormflow in PT was
more than 70 times higher in 2012 relative to 2007 predistubance stormflow values, while mean
stormflow NO3- in GS in 2012 was only twice as much as in 2007 (Table 3.3). Although the mean
seasonal NO3- concentrations were statistically different (p < 0.01) in GS (0.001 ppm N) and PT
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(0.002 ppm N) prior to disturbance, the mean seasonal NO3- concentrations in 2012 were 31 times
higher than in 2007 for PT (p < 0.001) and only twice as high as in 2007 for GS (p > 0.01) (Table
3.3).
Rainfall added 706 ± 48.4 g N-NO3- to the PT watershed, and approximately 315 ± 9.19 g
N-NO3- (40 to 50% of rainfall input) was exported during stormflow (Table 3.5). Specific
stormflow NO3- flux in PT (237 ± 5.87 g N mm-1) surpassed rainfall inputs to the catchment (128
± 10.7 g N-NO3- mm-1) by a ratio of approximately 1.85 (Table 3.5). In contrast, rainfall added
approximately 594 ± 40.7 g N-NO3- to the GS catchment, but stormflow NO3- export in GS
measured only 1.46 ± 5.26 g N-NO3-, or at most 1.2% of the rainfall NO3- input.
3.4.3.3 Dissolved Organic Nitrogen
Seasonal variations in streamwater DON were similar between watersheds in 2012.
However, DON concentrations in GS were at least marginally higher than those of PT throughout
the majority of the season and this difference was greater between late-June and early-July
(Figure 3.3c). The highest melt-related DON concentrations were observed at the onset of
discharge in both catchments. The mean DON concentrations during this time were 0.181 ppm N
in GS and 0.129 ppm N in PT, and this difference was statistically significant (p < 0.01) (Table
3). During baseflow DON concentrations in PT diminished until the end of streamflow, while
those in GS increased from 0.106 ppm N on June 28 to 0.339 ppm N on July 1 (or by 220%) in
conjunction with a 10°C increase in MDAT (Figure 3.2a, Figure 3.3c). As a result of this
extended baseflow period, the mean DON concentration in GS during baseflow was significantly
higher (p < 0.001) than in PT and the specific DON flux from GS during this time was over three
times higher than from PT (Table 3.3, Table 3.4). DON composed the majority of the nival melt
TDN flux in PT (55%) and GS (73%) (Figure 3.4).
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The highest DON concentrations in both catchments were observed during stormflow in
2012. The mean stormflow DON concentrations (0.441 ppm N in GS and 0.377 ppm N in PT)
were not significantly different between catchments (p > 0.01) but were significantly higher than
for the other hydrological periods (p < 0.001). DON in GS peaked at 0.789 ppm N on July 10 and
declined sharply between July 18 and July 23 (Figure 3.3c). In PT, DON increased more than
two-fold in response to the July 9 rainfall event and measured above 0.219 ppm N throughout the
stormflow season. The contribution of DON to TDN was greatest during stormflow for GS (90%)
(Figure 3.4), but in PT, the DON contribution to the TDN flux was only 67%, which was similar
to the baseflow period for PT. Seasonal contributions of DON to the TDN flux were 64% in PT
and 82% in GS (Figure 3.4), indicating that in the disturbed PT catchment, a much higher
proportion of the total seasonal N flux consisted of inorganic N species, particularly NO3-. In
2007, PT and GS had similar mean DON concentrations, and DON supplied approximately 95%
of the seasonal TDN in both catchments that year (Table 3.3, Figure 3.4).
3.4.3.4 Total Dissolved Nitrogen
In 2012, TDN concentrations were similar between catchments and usually slightly
higher in GS except during stormflow (Figure 3.3d). Mean TDN concentrations were similar in
GS (0.259 ppm N) and PT (0.229 ppm N) during nival melt in 2012 but differed significantly (p <
0.01) between catchments during baseflow when both NH4+ and DON concentrations were higher
in GS (Table 3.3). TDN export during baseflow in GS (654 ± 6.1 g N/mm) was much higher than
in PT (248 ± 4.0 g N mm-1) and baseflow in GS contributed 13% more to seasonal TDN flux than
the nival period despite lower discharge. Although PT exported more TDN than GS during the
nival and stormflow periods, seasonal TDN flux was greater in GS than in PT due to the extended
baseflow period and rise in DON and NH4+ concentrations during that time (Table 3.4. Figure
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3.3a, c).
TDN concentrations nearly doubled in GS and more than quadrupled in PT relative to
baseflow in response to the July 9 rainfall event in 2012. High DON was the main cause for the
TDN increase in both catchments for this rainfall event. TDN was also elevated in both
catchments during stormflow between July 18 to July 25, measuring between 0.317 to 0.650 ppm
N in GS and 0.450 to 0.770 ppm N in PT. The stormflow period yielded the greatest TDN flux of
the season in both catchments (approximately 45% in GS and 61% in PT), although cumulative
discharge was low for this period (Table 3.4). Stormflow TDN export in PT totaled 1109 ± 4.4 g
N mm-1, exceeding that of GS by approximately 30%.
Nival melt TDN concentrations were similar in the two catchments both pre-and postdisturbance, but the 2012 concentrations were higher than those in 2007 in both catchments (p <
0.01) (Table 3.3). Relative to pre-disturbance (2007), the mean TDN concentrations during
stormflow in 2012 were approximately 0.310 ppm N higher in GS and 0.403 ppm N higher in PT
(Table 3.3). Pre-and-post disturbance total seasonal TDN fluxes and mean seasonal TDN
concentrations in the two catchments were similar; however, the concentrations in 2012 were
higher than those of 2007 by approximately 1.74 times in both catchments.

3.5 Discussion
3.5.1 2012 Seasonal TDN fluxes
The bulk of hydrological N fluxes in High Arctic watersheds usually occurs during the
nival melt period, as this has historically been the time of greatest runoff and hydrological
connectivity (Woo 1986; Hinzman et al., 2003; McNamara et al., 2008; Lafrenière and
Lamoureux, 2008, Lewis et al., 2012). While this was reflected in the 2007 data, nival melt in
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2012 (June 5 – 15) represented only approximately 20% to 25% of the TDN flux in both
catchments despite generating 77% and 65% of the seasonal discharge in GS and PT, respectively
(Table 3.4). TDN concentrations in 2012 were initially high in both catchments, likely due to the
flushing of DON from the thin organic-rich active layer as well as the loss of DIN from the
snowpack and microbially active soils (Hornberger et al., 1994; Williams et al., 1995; McNamara
et al., 2008).
Although stormflow (July 9 to 25, 2012) contributed minimally to seasonal discharge
(11% in GS and 22% in PT), it generated approximately 45% and 61% of the seasonal TDN flux
in GS and PT, respectively, due to the flushing of large quantities of NO3- from PT and DON
from both watersheds (Table 3.4). Stormflow was preceded by a period of exceptional warmth
(Figure 3.2a) and TDN concentrations during this hydrologic season were on average
approximately 89 and 161% higher in GS and PT, respectively, than during the nival season
(Table 3.3). The high stormflow DON concentrations likely reflect increased organic matter
decomposition during the preceding warm period; however, brief increases in DON in PT during
stormflow could have also stemmed from thawing of deeper permafrost soils within ALDs and
subsequent leaching of previously sequestered organic matter (Petrone et al., 2006; Striegl et al.,
2007; Frey and McClelland, 2009). For example, Lamoureux and Lafrenière (2014) showed that
the age of particulate organic C (POC) released from ALDs in PT was significantly older that that
exported from GS, suggesting that some of the N exported from PT during this study may be
derived from older sources of organic matter. Large stormflow-related TDN fluxes have been
observed within the larger West and East watersheds (unofficial names) at the CBAWO and
elsewhere in the Arctic, suggesting that stormflow may become increasingly important for N
delivery if projected increases in temperature and summer rainfall hold true (Petrone et al., 2006;
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MacIntyre et al., 2006; Kirtman et al., 2013; McNamara et al., 2008; Townsend-Small et al.,
2010; Lewis et al., 2012).
Rainfall was also vital for inorganic N inputs to each watershed. High Arctic catchments
typically receive limited amounts of N from wet deposition (Gordon et al., 2001), but in this
study, four rainfall events totaling 56 mm supplied approximately 1545 ± 92 g N-DIN to GS and
1838 ± 108 g N-DIN to PT within 6 days. This exceeded the stormflow mass flux of DIN by
approximately 1460 g N in GS and 1326 g N in PT. Considering that the flux from rainfall only
included 56 mm of precipitation, the total load of DIN received from late season rainfall in this
study (0.086 kg N-DIN ha-1) is sizeable when compared to summer (June – August) DIN
deposition totals estimated at various Alaskan sites in 2012, where cumulative rainfall amounts
ranging between 116 to 218 mm delivered 0.069 to 0.14 kg N-DIN ha-1 (National Atmospheric
Deposition Program, 2013) (2012 deposition data unavailable in Canadian High Arctic). Thus,
late season precipitation in our study represented an important source of inorganic N to the
terrestrial ecosystems, and much of this atmospheric N was retained within the catchments during
the stormflow season. This research shows that although rainfall contributes a large quantity of
reactive N to the terrestrial system and that stormflow can deliver more N to streams than
baseflow and nival melt combined, the majority of the N delivered to streams from stormflow is
still in the form of DON rather than inorganic species (Table 3.4 and Figure 3.4).
3.5.2 Intercatchment differences
3.5.2.1 TDN composition
One of the main differences between the disturbed PT and undisturbed GS catchments in
2012 was the composition of TDN flux. In continuous permafrost watersheds, DON usually
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dominates TDN because much of the seasonal runoff interacts with organic-rich horizons, where
DON is high due to the decomposition and subsequent leaching of N-bearing compounds from
SOM (Woo, 1986; Petrone et al., 2006; Lafrenière and Lamoureux, 2008; Yano et al., 2010;
Lewis et al., 2012). Although DON composed the majority of TDN in both catchments
throughout the 2012 season, proportions of DIN in runoff from PT were on average 20% higher
than in GS in 2012, whereas in 2007, DIN constituted only approximately 5% of the TDN flux in
both catchments (Figure 3.4). The higher DIN contribution to TDN in PT post-disturbance is
consistent with other studies that report diminished concentrations of organic constituents (Kokelj
et al., 2002) and elevated concentrations of DIN due to disturbance (Bowden et al., 2008; Lantz et
al., 2009).
It is commonly thought that permafrost disturbance will result in lower concentrations
and export of DON (and therefore lower DON/TDN) because of diminished runoff contact with
organic soil horizons (MacLean et al., 1999; Walvoord and Striegl, 2007). The similarity in mean
DON concentrations and export between the two catchments prior to disturbance (2007) but
lower seasonal DON export and significantly lower mean DON concentrations in PT compared to
GS post disturbance (2012) indicate that ALDs influenced DON concentrations and DON/TDN
ratios in PT, likely because of the removal of a significant portion of the source area of DON
(e.g., organic soils). Furthermore, the large areas of exposed mineral soils within ALD scar zones
may have promoted DON removal by adsorption of DOM onto mineral soils (Kawahagashi et al.,
2006) or mineralization (e.g., ammonification of organic N including DON to NH4+).
Mineralization in the unvegetated ALD scar zones could be encouraged by carbon (C) limitation
or satisfaction of microbial N demand resulting from lack of a labile C-rich substrate (e.g., fresh
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litter inputs) and lower competition/demand for N (Schimel et al., 2004; Weintraub and Schimel,
2003).
The similar mean NO3- concentration between catchments prior to disturbance (2007) but
significantly higher NO3- concentrations in PT relative to GS in 2012 indicates that disturbance
also led to higher NO3- in PT and that this played a large role in the difference in relative TDN
composition between catchments in 2012 (Table 3.3, Figure 3.4). Nutrient retention theories and
studies of watershed N fluxes suggest that hydrologic NO3- loss from N deficient ecosystems,
such as those in High Arctic regions, should only result from spatial or temporal separation of
sources and sinks of NO3- (Shaver et al., 1992; Perakis, 2002; Lafrenière and Lamoureux, 2008;
Yano et al., 2010). Sinks of NO3- include retention via plant uptake, microbial immobilization, or
hydrologic storage, as well as permanent removal via denitrification (e.g., a microbially mediated
process whereby NO3- is reduced to nitrous oxide (N2O) or dinitrogen (N2) under anaerobic
conditions). The two dominant sources of NO3- in unpolluted watersheds include atmospheric
deposition (e.g., snowmelt or rain) and nitrification, which is the oxidation of NH4+ to NO3-.
However, nitrification in these environments is often low during the growing season because
NH4+ availability, which is a primary control of nitrification, is strongly limited by the high
demand and preferred uptake of NH4+ by plants and heterotrophic microrganisms (Giblin et al.,
1991; Nordin et al., 2004; Booth et al., 2005; Weintraub and Schimel, 2005; Yano et al., 2010).
NH4+ that exists in excess of plant/microbial demand can undergo nitrification and the resulting
NO3- can be subject to export.
In GS, the greatest NO3- export occurred at the onset of melt (June 5 – 7) but the peak
NO3- concentration at this time was twelve-fold lower than in PT. While the high NO3- export
confirms the likeliness of a short-lived temporal mismatch between NO3- supply from snowmelt
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and biologic N demand in both catchments, the significantly lower NO3- concentrations in GS
indicates that NO3- sinks were more effective in the undisturbed GS catchment upon melt. It is
possible that the saturated, organic-rich soils in GS supported NO3- removal via denitrification,
which has been proven as an important sink during melt (Sickman et al., 2003; Brooks et al.,
1996; Hodson et al., 2005; Harms and Jones 2012). A comparison of trace gas fluxes along a
disturbance gradient at CBAWO revealed that N2O emissions were highest in undisturbed,
vegetated sites and especially at the beginning of the growing season (Neal Scott, unpublished
data). In PT, the ALDs lack organic soils and are drained by a well-channelized stream. Hence, it
is probable that the ALDs enhanced NO3- export during this time because the supply of NO3from the snowpack overwhelmed the capacity of removal mechanisms within the mineral
sediments in the scar zones.
Stormflow data further highlight that NO3- sinks were effective in GS but not in PT. In
GS, the low concentrations and export of NO3- despite substantial inputs from rainfall indicate
that NO3- was mostly retained within the catchment or lost via denitrification, which is consistent
with increased N demand during summer months (Lipson and Monson, 1998). On the other hand,
the specific flux of NO3- from PT during stormflow was approximately 130 times that of GS, and
NO3- in runoff from PT exceeded NO3- inputs from rainfall both in terms of concentration and
specific mass flux (Table 3.3, Table 3.4, Table 3.5). The mean stormflow NO3- concentration in
PT measured greater than that recorded downstream of thermokarst gullies and thaw slumps
(0.095 ppm N, n = 8) (Bowden et al., 2008). The higher specific flux and concentrations of NO3in PT compared to rain indicate that there was likely an additional source of NO3- in the
catchment that was spatially disconnected from sink areas. A previous study at the CBAWO
found that soil NO3- concentrations were higher in ALDs than in vegetated soil, suggesting either
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less efficient uptake/removal of NO3- or greater nitrification relative to undisturbed soils (Neal
Scott, unpublished data).
Not only do ALDs support hydrologic pathways through areas with potentially less N
demand (e.g., unvegetated mineral soils in scar zones), these features also facilitate enhanced
microbial activity and degradation of SOM by providing favorable moisture, oxygen, and nutrient
conditions (Paulter et al., 2010). In another study at CBAWO, Paulter et al. (2010) found
evidence that additional nutrients introduced by ALDs stimulated microbial activity and led to
increased degradation of previously frozen SOM, which is consistent with the release of older
POC from PT (Lamoureux and Lafrenière, 2014). Harms et al. (2013) found higher rates of
nitrification but lower denitrification in disturbed compared to adjacent undisturbed soils near the
Toolik Field Station in Brooks Range, Alaska. These findings, as well as those from this study
support the theory that permafrost degradation could liberate N that was previously inaccessible
to cycling and export, thus resulting in relatively higher nitrification and NO3- leaching loss
(Jones et al., 2005).
Hence, seasonal NO3- export from the disturbed PT catchment is likely enhanced because
1) the removal of the organic soil horizons can result in poor NO3- retention; 2) ALDs may
represent a source area for NO3- (e.g., area of higher nitrification) and; 3) the direct coupling
between ALDs and the stream channel facilitates hydrological NO3- export.
3.5.2.2 Magnitude of TDN flux
The magnitude of TDN and DIN flux was greater in PT than in GS during the nival and
stormflow periods, largely because of the elevated NO3- concentrations in runoff from PT (Table
3.4). The high NO3- concentrations in PT resulted in a seasonal DIN flux that was 95% greater in
PT than in GS. Note also that relative to pre-disturbance conditions, the seasonal mean NO364

concentration, NO3-/TDN flux, and DIN/TDN flux increased by 31 times, 19%, and 32%,
respectively, in PT post-disturbance, while there was only a 12% increase in the seasonal
DIN/TDN flux and very little change in the seasonal proportion and mean NO3- concentrations in
GS between 2007 and 2012. These results support that physical permafrost disturbance will likely
lead to increased DIN export as has been suggested by other studies (Petrone et al., 2006;
Walvoord and Striegl, 2007; Harms and Jones, 2012; Harms et al., 2013). Additionally, this study
demonstrates that this enhancement of DIN can persist for up to 5 years post disturbance in
catchments like these.
Despite the fact that TDN flux in PT was greater in 2 of the 3 hydrological periods, the
total seasonal TDN flux in GS exceeded that of PT because DON and NH4+ fluxes during
baseflow were more than two times higher in GS (Table 3.4). Lack of water movement through
soils rendered the baseflow period relatively ineffective for N transport in PT; however in GS,
baseflow (June 16 – July 1) was more pertinent than the nival period in delivering TDN because
of the high NH4+ and DON concentrations that resulted during a period of rapid and pronounced
warming (Figure 3.3a,c). The rising temperatures during this time likely stimulated increases in
decomposition and mineralization, thus enabling DON and NH4+ to accumulate in the active layer
(Nadelhoffer et al., 1991; Schmidt et al., 1999; McNamara et al., 2008; Schaeffer et al., 2013).
The large snowbank in the GS catchment provided a prolonged source of runoff while organic
soils likely helped retain moisture as the active layer continued to develop (Woo, 2012). Hence,
hydrological connectivity in GS was sufficient to mobilize high concentrations of DON and NH4+
to the stream, and this led to a relatively large TDN flux despite minimal runoff at this time. In
both catchments, however, the dominance of stormflow in generating TDN flux highlights that
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hydrological reconnectivity (due to precipitation) after periods of warming can mobilize much
larger quantities of N from High Arctic watersheds (Table 3.4).
These results show that hydrological connectivity following snowmelt, whether
maintained by melt runoff or slow release from storage during the baseflow period or rainfall
later in the season, is the dominant factor controlling nutrient delivery. Unlike the nival season,
increasing soil temperatures and greater active layer development later in the season can lead to
the development of otherwise dormant flow paths as well as new sources or enhanced net
production of N (Petrone et al., 2006; McNamara et al., 2008).

3.6 Conclusions
ALDs have the potential to impact seasonal N transport by perturbing linkages between
morphology, hydrology, and N cycling processes. We examined the seasonal and long-term
impacts of ALDs on TDN export by comparing N species (DON, NH4+, NO3-) concentrations
between the GS and PT catchments before and after ALDs affected PT. Similarities in N species
concentration and seasonal TDN fluxes between catchments prior to disturbance in 2007 suggest
that in 2012, differences in TDN composition and DIN flux magnitude between GS and PT were
caused by disturbance. Relative to the undisturbed GS catchment, high NO3- concentrations in the
disturbed PT catchment were largely responsible for increasing the inorganic composition of
TDN flux by 11 to 23% and for generating 95% more DIN flux relative to GS during 2012.
Nevertheless, the undisturbed catchment exported slightly more TDN on a seasonal basis because
its baseflow period persisted for 7 days longer and during an extreme warming period when TDN
concentrations increased notably.
Our study also found that rainfall provided a significant source of DIN to High Arctic
watersheds and that this was largely retained within the terrestrial system of both catchments.
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However, the specific DIN flux (e.g., g N mm-1) from the disturbed catchment during stormflow
exceeded the flux in, suggesting that disturbance and rainfall combined can result in much higher
losses of DIN from catchments with permafrost disturbance.
Our study is the first to show that although disturbances don’t appear to greatly affect the
total fluxes of N from the landscape, ALDs can have a persistent (~5 years) impact on the
composition of TDN export and magnitude of DIN export from High Arctic watersheds. Our
results demonstrate that permafrost disturbance results in diminished hydrologic transport of
DON but increased transport of NO3- especially later in the season when aquatic productivity and
nutrient requirements are high. Given that disturbances often occur adjacent to streams and lakes,
this has important consequences for downstream aquatic ecosystems, especially if future climate
change projections are realized.
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Table 3.1 Total seasonal discharge (Q x 103 m3) and total area specific discharge (mm)
observed in Goose (GS) and Ptarmigan (PT) in 2012, partitioned into nival melt (Nival),
baseflow (BF), and stormflow (SF)

GS
PT

Total Q ( x 103 m3)
Seasonal Nival BF
SF
15.8
12.1 1.92 1.75
13.4
8.68 1.73 3.01

Total Q (mm)
Seasonal Nival BF
88
68
11
63
41
8

SF
10
14

Table 3.2 Stormflow runoff ratio in Goose and Ptarmigan in 2012

07/09-07/10
07/18-07/25

PT
0.052
0.658

GS
0.052
0.395

Table 3.3 Mean concentration of NO3-, NH4+, DON, and TDN streamwater during nival
melt (nival), baseflow (BF), and stormflow (SF) for Goose and Ptarmigan in 2007 and 2012,
and in rainfall for 2012
Mean concentration (ppm N)
2007
2012
+
NO3
NH4
DON TDN NO3
NH4 DON
TDN
a
Nival
0.001 0.013 0.159 0.173 0.002
0.075 0.181
0.259
BF
/
/
/
/
0.002
0.042 0.173
0.217
GS
SF
0.001 0.001 0.179 0.181 0.001
0.049 0.441
0.491
Seasonal 0.001 0.010 0.164 0.174 0.002
0.056a 0.245d 0.303
Nival
0.002 0.004c 0.159 0.167 0.044ab 0.056a 0.129cd 0.229
BF
/
/
/
/
0.018b 0.029 0.088b 0.135c
PT
SF
0.002 0.009 0.179 0.190 0.149b 0.070 0.377
0.596
c
ab
a
b
Seasonal 0.002 0.005 0.163 0.171 0.064
0.051 0.183
0.298
Rain
/
/
/
/
0.060
0.100 /
/
a
significantly different between years for a given catchment at p < 0.001.
b
significantly different between catchments for similar years at p < 0.001.
c
significantly different between catchments for similar years a p < 0.01.
d
significantly different between years for a given catchment at p <0 .01
Note that statistical comparisons between 2007 and 2012 for PT and GS only include the nival
melt and entire season due to the small sample size during 2007 stormflow.
-

+
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Table 3.4 Percent yield of seasonal discharge (Q) per hydrological period and specific fluxes
(discharge and area normalized) of NO3-, NH4+, DON, and TDN partitioned into nival melt
(Nival), baseflow (BF), and stormflow (SF) for Goose and Ptarmigan in 2007 and 2012.
Flux (g N mm-1)
2007
% Seasonal Q NO3
NH4+
DON
TDN
Nival
68
2.43 ± 0.502 59 ± 8.62 740 ± 32.9
803 ± 14.3
GS SF
31
1.06 ± 0.530 1.0 ± 1.07 256 ± 90.5
258 ± 85.1
Seasonal 100
3.49 ± 1.03 60 ± 9.70 996 ± 123
1061 ± 99.4
Nival
51
9.63 ± 0.686 24 ± 5.12 884 ± 39.2
921 ± 17.1
PT SF
49
2.20 ± 0.172 12 ± 1.92 228 ± 9.06
243 ± 3.96
Seasonal 100
11.8 ± 0.858 36 ± 7.05 1113 ± 48.3 1164 ± 21.0
2012
Nival
77
4.38 ± 5.37 106 ± 16.2 290 ± 34.2
401 ± 3.78
BF
12
6.84 ± 8.60 137 ± 25.8 508 ± 54.7
654 ± 6.05
GS
SF
11
1.81 ± 5.37 84.1 ± 16.2 782 ± 34.4
869 ± 4.01
Seasonal 100
13.0 ± 19.3 326 ± 58.2 1580 ± 123 1923 ± 13.8
Nival
65
93.2 ± 6.44 118 ± 19.2 264 ± 40.6
475 ± 4.50
BF
13
28.7 ± 5.77 54.4 ± 17.3 164 ± 36.5
248 ± 3.96
PT
SF
22
237 ± 5.87 130 ± 17.3 742 ± 36.8
1109 ± 4.39
Seasonal 100
359 ± 18.1 303 ± 53.8 1170 ± 114 1832 ± 12.8
± refers to uncertainty based on propagation of errors in discharge and concentrations

-

+

Table 3.5 Fluxes of NO3 and NH4 from cumulative rainfall and stormflow for Goose and
Ptarmigan in 2012.
-

Loads

N-NO3
N-NH4+
-1
g
g/ mm
g
g/ mm-1
Rain
594 ± 40.7
108 ± 9.0
951 ± 107
179 ± 22.3
GS SF
1.46 ± 5.26 1.81 ± 5.37 83.8 ± 15.8 84.1 ± 16.2
Ratio 0.002
0.017
0.088
0.470
Rain
706 ± 48.4
128 ± 10. 7 1132 ± 126 213 ± 25.5
315 ± 9.19
237 ± 5.87
197 ± 27.2
130 ± 17.3
PT SF
Ratio 0.446
1.85
0.174
0.610
± refers to uncertainty based on propagation of errors in rainfall and concentrations
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Chapter 4
Stable isotopic evidence of enhanced export of microbially derived NO3following active layer slope disturbance in the Canadian High Arctic
4.1 Abstract
Permafrost disturbance is expected to alter nitrogen (N) export in High Arctic watersheds
by enhancing loads of dissolved inorganic N (DIN), particularly nitrate (NO3-), by enabling
nitrification and/or the mobilization of N previously sequestered in deeper permafrost soils. Using
chemical, isotopic, and hydrologic measurements, we compare the seasonal evolution of
concentrations and sources of NO3- in streams draining an undisturbed catchment with one that
has been affected by active layer detachments (ALDs) at the Cape Bounty Arctic Watershed
Observatory (74°54’N, 109°35’W) on Melville Island, Nunavut. Oxygen stable isotope values of
NO3- (!18O-NO3-) from streamwater indicate that NO3- in runoff predominantly originated from
atmospheric sources in both catchments only during the first days of melt. In the undisturbed
catchment, low NO3- concentrations and elevated streamwater !18O-NO3- values relative to the
disturbed catchment indicate that NO3- export was suppressed by sink mechanisms. In contrast,
low !18O-NO3- values and high NO3- concentrations in runoff from the disturbed catchment
indicate that the supply of NO3- from microbial sources far outweighed sinks in the watershed.
This research demonstrates that ALDs enhanced the export of microbially derived NO3- relative
to undisturbed watersheds, and that this is likely a result of limited NO3- retention and enhanced
nitrification in the mineral soils exposed in the scar zones of ALDs.
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4.2 Introduction
Nutrient limitation encourages inorganic nitrogen (N) retention and results in minimal
hydrologic export of bioavailable N in Arctic watersheds (Perakis and Hedin 2001, 2002; Yano et
al., 2010). Strong assimilation of ammonium (NH4+) by plants and microbes typically limits the
potential for nitrification (the oxidation of NH4+ to nitrite (NO2-) and then nitrate (NO3-)), and
subsequent leaching losses of NO3- are further curbed by denitrification (the reduction of NO3- to
nitrous oxide (N2O) or N2 under anaerobic conditions) (Giblin et al., 1991; Nordin et al., 2004;
Booth et al., 2005; Yano et al., 2010; Harms and Jones 2012). Hence, dissolved inorganic N
(DIN, including NO3-, NO2-, and NH4+) typically represents a small fraction of the annual export
of total dissolved N (TDN, including DIN and dissolved organic N (DON)) from Arctic rivers,
which rank among the lowest in the world for inorganic nutrient concentrations (Dittmar and
Kattner 2003). However, recent studies show that permafrost degradation, which is associated
with climate warming, may disrupt N transport dynamics and lead to greater watershed NO3export (Bowden et al., 2008; Harms et al., 2013; Louiseize and Lafrenière submitted).
Despite the mounting evidence that various disturbance types enhance streamwater NO3concentrations, the sources and processes contributing to the additional NO3- remain poorly
understood. Some researchers argue that permafrost disturbance could mobilize relatively older or
deeper sources of N which were previously isolated from cycling activities and hydrologic export
(Shaver et al., 1992; Levine and Whalen 2001; Jones et al., 2005; McClelland et al., 2007; Frey
and McClelland 2009; Woods et al., 2011; Keuper et al., 2012; Harms and Jones 2012; Harms et
al., 2013). For example, permafrost disturbance can affect hydrologic pathways and responses,
which are among the main controls of inorganic N concentrations in streams (Petrone et al., 2006;
Cooper et al., 2007). The ensuing changes to subsurface environmental conditions, such as soil
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temperature, moisture, oxygen availability, and nutrient content, may also stimulate microbial
activity (Paulter et al., 2010) and alter the relative importance of productive (e.g., nitrification)
and consumptive N cycling processes (e.g., denitrification) of N in disturbed areas (Harms et al.,
2013).
Stable isotopic analyses of NO3- (!15N-NO3- and !18O-NO3-) can be used to identify
sources of NO3- and elucidate the processes controlling NO3- export in watershed studies
(Campbell et al., 2002; Burns and Kendall 2002). The stable isotope composition of nitrogen in
nitrate (!15N-NO3-) has been employed in watershed studies to trace the N substrate from which
fluvial NO3- is derived (Wynn et al., 2007; Ansari et al., 2012); however, the usefulness of this
analysis alone is limited by the large fractionations that accompany N transformations, which
cause overlap among the !15N values of various N sources (Kendall et al., 2007). The oxygen
stable isotope composition of NO3- (!18O-NO3- ) provides a means of discerning the origin of
NO3- with a higher degree of certainty because the two predominant sources of NO3- in pristine
watersheds, atmospheric deposition and microbial nitrification, impart !18O-NO3- values that are
easily distinguishable from one another (Pardo et al., 2004; Kendall et al., 2007). The combined
application of !15N and !18O can provide information on the importance of NO3- sinks such as
denitrification and immobilization, as these produce systematic increases in the !15N and !18O
values of the residual NO3-. The dual isotope approach can therefore help deconvolute N cycling
processes and help expand our understanding on how permafrost disturbance affects N cycling
and streamwater NO3- concentrations in continuous permafrost watersheds.
Very little is known about the impact of disturbances, such as active layer detachments
(ALDs), on seasonal NO3- concentrations in High Arctic streams (Lewis et al., 2012). ALDs are
landslide type disturbances that cause the vegetation cover and thawed soils to move downslope
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along the ice-rich permafrost, thus leading to the exposure of mineral soils in the scar zone as
well as amassment of soils at the base of slopes (Lewkowicz and Harris 2005). ALDs are
becoming a prominent feature of Arctic landscapes and are expected to increase with regional
climate warming (Lamoureux and Lafrenière 2009; Balser et al., 2009; Vincent et al., 2013).
Hence, it is important to understand how these disturbances affect seasonal NO3- concentrations,
as even minor changes in N export can impact downstream aquatic ecosystem function
(McClelland et al., 2007).
The aim of this research is to investigate how ALDs influence the processes that control
streamwater NO3- concentrations in High Arctic watersheds. We approached this question by
comparing the seasonal evolution of the stable isotope compositions of NO3- and major ion
chemistry in precipitation and runoff from two small headwater catchments, one that is
undisturbed and one that has been affected by recent ALDs, at the Cape Bounty Arctic Watershed
Observatory on Melville Island, Nunavut, Canada (Figure 4.1). The study combines
measurements of precipitation and stream discharge with ion chemistry and isotopic analyses
(!18O-NO3- and !15N-NO3-) from runoff and rainfall. To our knowledge, this is the first study that
uses stable isotopes of NO3- to investigate the seasonality and sources of NO3- in runoff from a
disturbed catchment in a continuous permafrost watershed. This is an important step towards
understanding how disturbances such as ALDs affect fluvial N export and catchment N dynamics.

4.3 Methods
4.3.1 Study site
This study was conducted in two small hillslope catchments within the West watershed at
the Cape Bounty Arctic Watershed Observatory (74°54’N, 109°35’W) on Melville Island,
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Nunavut (Figure 4.1). Continuous permafrost underlies the study area and active layer depths in
hillslopes are typically between 0.60 and 1m during the peak growing season. Vegetation
communities in the catchments vary according to moisture conditions (Atkinson and Treitz 2012).
Low moisture areas host polar desert communities such as Thamnolia subliformis spp. (Worm
Lichen) and Cetraria nivalis spp. (Snow lichen) but primarily consist of rock or till. Areas with
moderately wet soils are predominantly colonized by mesic heath type vegetation such as Nostoc
commune spp. (nitrogen fixing cyanobacteria) and Salix arctica spp., while areas that remain
thoroughly saturated throughout the growing season are totally vegetated with wet sedge
community type, including Eriophorium spp. and Sphagnum spp. (Atkinson and Treitz 2012).
The disturbed Ptarmigan (PT, unofficial name) catchment encompasses an area of
213,000 m2 and contains three disturbances that formed in late July 2007. These slides were
triggered by a significant rainfall event that followed an extended period of unusually warm
temperatures (Lamoureux and Lafrenière, 2009). Collectively, the ALDs occupy approximately
12% of the total catchment area (Lafrenière and Lamoureux, 2013). These include an isolated,
compact ALD (3,774 m2), which was actively retrogressing during the field season, and two
elongate ALDs (19,587 and 676 m2) (Ashley Rudy, unpublished data), whose scar zones expose
the underlying mineral soils and remain completely free of vegetation. In undisturbed areas of the
catchment, the dominant vegetation classes are mesic heath and polar semi-desert. The stream
draining PT is well-incised in the mineral soils along most of its length, and flows through the
length of the two elongate disturbances. Due to the stream’s linkage to these disturbances, the
water exported from PT provides a good representation of the potential impacts of ALDs on
water quality and on biogeochemical processes occurring within disturbed soils. The reference
catchment, Goose (GS, unofficial name), covers an area of 179,000 m2 and remains completely
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free of any physical disturbances. The catchment is drained by a poorly incised, vegetated
channel or water track. Although GS is the smaller catchment, its topography allows for greater
snow accumulation and thus an extended runoff period compared to PT. The dominant vegetation
communities in this catchment are mesic heath and wet sedge.
The snowmelt season typically lasts from early to mid-June until mid-July, when river
discharge is primarily sustained by snowmelt from the thick snowpacks in channels and
depressions. Beyond early or mid July, hillslope streams typically dry up, and flow only resumes
following rainfall (Lafrenière and Lamoureux 2013). Rainfall events are typically infrequent and
of low magnitude (Lafrenière and Lamoureux 2008), but annual totals have ranged between 2.5 to
66.8mm from 2003 to 2012 (Lamoureux, unpublished).
4.3.2 Hydrological and environmental measurements
Instantaneous discharge was obtained by converting measurements of stage taken within
8” cutthroat flumes at the outlet of each catchment using standard equations for the flumes
(American Society of Civil Engineers 1974). Stage was recorded every 10 minutes using Onset
U20 level loggers (± 2 mm) that were adjusted for barometric pressure using a U30 logger
installed at MainMet (Figure 4.1). Instantaneous discharge was converted to average hourly
discharge (Q; m3s-1) so as to smooth out the hydrograph. In-situ water temperature (±1°C), pH
(±0.1 pH), and electrical conductivity (±2% µS cm-1) were measured during stream sampling with
an Extech Exstik II pH/conductivity meter. Shielded air temperature was recorded at MainMet
1.5m above ground using an Onset Temperature/RH smart sensor (±0.21°C temperature, ±2.5%
relative humidity) and precipitation was measured with an Onset industrial tipping bucket gauge
(0.2mm).
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4.3.3 Hydrologic regimes
Seasonal hydrographs for PT and GS were divided into nival melt, baseflow, and
stormflow seasons according to seasonal changes in discharge and the occurrence of rainfall. The
nival melt period was determined to commence on June 5 and transitioned into baseflow on June
16, which lasted until the end of streamflow on June 24 in PT and July 1 in GS. The stormflow
period encompasses two series of runoff-generating precipitation events that rejuvenated
discharge in both streams from July 9-10 and from July 18 to 25.
4.3.4 Sample collection
Stream water sampling began on the first day of flow (June 5, 2012) and continued until
the end of baseflow (June 24 in PT and July 1 in GS) and during stormflow (July 9-10; July 1825). Samples were collected at stream outlets twice daily at approximately 10:00 and 18:00, near
the times of minimum and maximum discharge, respectively, during the nival melt and stormflow
periods, and once daily at approximately 18:00 during baseflow. Samples were collected using 1L
Nalgene bottles, which were tripled-rinsed with distilled water prior to deployment and with
streamwater immediately before sampling. The bottles were completely filled and were kept cool
and in the dark until filtration (typically within 30 to 120 minutes).
Precipitation samples were collected using passive rainfall samplers. These consisted of
20L polycarbonate funnels (24cm diameter) that were secured within a PVC frame so that the
openings were elevated 50cm above ground. The funnel drained into a removable 45ml amber
EPA vial by means of 10cm long Tygon R-3603 tubing, which passed through the teflon septum
of the vial. The EPA vial was suspended within a removable 1L Nalgene bottle that was secured
to the collector and covered with black out material so as to protect the collection vial from UV
light. In order to exclude dry deposition, the funnels were covered with plastic lids at all times
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except during precipitation events, when the covers were manually removed. Upon sample
retrieval, the EPA vials were removed from the collectors, sealed with new caps, and replaced
with a clean vial. All vials and caps were triple rinsed with distilled water before and after use.
All samples were syringe filtered through 0.22µm PVDF membrane filters. Syringes were triplerinsed with distilled water before and after use, and new filters were used for each sample. All
filters were rinsed with 10ml of sample that was discarded before filling the vials. Samples were
stored in HDPE vials or bottles that were pre-cleaned (triple soaked and rinsed with Milli-Q water
at Queen’s University), rinsed with filtered sample, and filled with no headspace. Aliquots for
dissolved ion analysis (including inorganic N (DIN)) were refrigerated until analyzed at Queen’s
University, while samples for stable isotope analyses (15N/14N and 18O/16O of NO3-) were frozen
in the field and during shipment, and thawed immediately prior to analysis at Brown University.
4.3.5 Analytical methods
4.3.5.1 Major ions and N species
Dissolved inorganic anions (Cl-, SO42-, NO2-, NO3-) and cations (K+, Na+, Ca2+, and Mg2+)
were quantified simultaneously by liquid ion chromatography with a Dionex ICS-3000. Anions
were measured using a gradient elution of 11 – 40 mM KOH flowing at 1.0ml/min through an
AS18 analytical column and an ASRS 300 suppressor. Cations were quantified isocratically using
16mM methanesulphonic acid eluent flowing at 0.5 ml/min through a CS12A-5um analytical
column and a CSRS 300 suppressor. Detection limits were calculated as three times the standard
deviation of replicates of the low level standards, and were <0.005 ppm except for Mg2+ (0.016
ppm) and Ca2+ (0.039 ppm). Nonetheless, the concentrations of these species in the samples were
at least 100 times higher than these background levels. The analytical uncertainty, determined by
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replicate samples, for most ion analyses was better than 2%. For NO3-, the analytical uncertainty
was 2% and the detection limit was 0.003 ppm (or 0.7 ppb N). For NO2, the analytical error was
2.5% and the detection limit was 0.1 ppb; however NO2- in most samples was below detection
limit.
Concentrations of NH4+ were measured by colorimetry using an Astoria Pacific FASPac
II Flow Analyser. The detection limit was < 0.01 ppm N and the analytical error was 0.9%. DIN
was calculated as the sum of the N mass from NH4+, NO3- and NO2- (when detectable).
Samples of DOC and TDN were analyzed simultaneously by high temperature combustion and
NDIR and chemiluminescent detection using a Shimadzu TOC-VPCH/TNM equipped with a
high sensitivity catalyst system. Analytical errors for DOC and TDN were 2.9% and 2.3%,
respectively based on replicate analyses of standards. Detection limits were 0.080 ppm for DOC
and 0.015 ppm N for TDN. DON was determined as the difference between TDN and DIN.
4.3.5.2 Stable isotope ratios
The stable isotope ratio of oxygen in water (H2O; 18O/16O) was measured by using a Los
Gatos Research Liquid-Water Isotope Analyzer, which vaporizes injected sample and measures
its absorbance relative to Vienna Standard Mean Ocean (VSMOW). All sample runs include
replicate analyses of standards produced by Los Gatos (e.g., LGR1A,) and the internationally
recognized standard for samples depleted in !18O (USGS46). Reproducibility (1#) based on
repeated measurements of standards is ±0.25‰ for !18O. The standard deviation for replicate
analyses of samples in this dataset was 0.05‰ for !18O.
Stable isotope ratios of species of NO3- (15N/14N and 18O/16O) were quantified using the
denitrifier method at Brown University and standardized based on N2 in air and VSMOW scales,
respectively. This technique employs denitrifying bacteria that lack N2O-reductase in order to
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transform as little as 5-10 nanomoles of NO3- in water samples to N2O, the latter of which is then
analyzed for stable isotope composition by an isotope ratio mass spectrometer in continuous flow
mode (Sigman et al., 2001; Casciotti et al., 2002). All sample runs include replicate analyses of
nitrate standards USGS34, USGS35, and IAEA-N3 and sample values are corrected to the
internationally recognized values for !15N (USGS34, IAEA-N3) and !18O (USGS34, USGS35,
IAEA-N3) (Böhlke et al., 2003) based on the framework presented in Kaiser et al (2007). Typical
reproducibility (1#) based on repeated measurements of isotopic standards is ±0.2‰ for !15N and
±0.6‰ for !18O. The paired standard deviation for replicate analyses of samples in this dataset
was 0.1‰ and 0.5‰ for !15N and !18O, respectively. The majority of samples were run with 10
nanomoles of NO3-, however, if sample volume were limited, analyses were completed with only
5 nanomoles of NO3-.
4.3.5.3 Statistical analyses
Pearson’s correlation analyses were applied in order to determine relationships between
NO3- and other dissolved organic and inorganic ions (e.g., DON, DOC, NH4+, Cl-, SO42-, K+, Na+,
Mg2+, and Ca2+) for the nival, baseflow, and stormflow periods in PT and GS. All analyses were
performed in StatPlus using a significance level of " = 0.01.

4.4 Results
4.4.1 Hydrology
Streamflow commenced on June 5 in both streams, but melt discharge in GS peaked on
June 6 at 0.052 m3s-1 while PT reached a maximum discharge of 0.061 m3s-1 on June 8 (Figure
4.2b, Figure 4.2d). Post-freshet discharge was higher in GS than in PT until a third melt-related
runoff event bolstered streamflow in PT on June 13. Streamflow decreased considerably
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afterward in both catchments and ceased in PT on June 24, while residual snowpacks and wetter
soils in GS sustained baseflow until July 1. Discharge was rejuvenated from July 9 to 10 in both
streams due to a hydrologically significant rainfall event (Figure 4.2b, Figure 4.2d, Figure 4.3c);
however, dry antecedent moisture conditions muted the hydrograph responses. Due to wetter
antecedent moisture conditions, subsequent smaller magnitude rainfall events regenerated and
sustained discharge in both catchments from July 18 to July 25, and permitted the mean hourly
discharge to reach 0.03 m3s-1 in PT and 0.007 m3s-1 GS on July 24.
4.4.2 Dissolved ion and N species composition
In GS, all dissolved ions except for NO3- followed similar trends during nival melt (June
5 – 15) (Figure 4.2a). Major ion (Cl-, SO42-, Na+, Mg2+, and Ca2+) concentrations were high at the
beginning of melt and dropped by 11 to 46% of initial concentrations when discharge peaked on
June 6. In contrast, NO3- measured near detection limit at the onset of melt and peaked at 16.2
ppb N on June 7 concomitant with the second peak in snowmelt runoff (Figure 4.2b). The other
major ions reached their peak melt concentrations as discharge declined on June 9, whereas NO3decreased to below detection limit (BDL) at this time. By June 15, major ion concentrations
decreased substantially and remained relatively low until flow ceased. NO3- export during the
nival melt was most strongly correlated with NO2- and had tighter relationships with dissolved
inorganic ions than with DOC and DON, although none of these were statistically significant
(Table 4.1). The mean NO3- concentration during nival melt was 2.4 ± 4.0 ppb N and the
dominant ion was Cl- (14 ± 4.0 ppm) followed by SO42- (8.8 ± 2.3 ppm) (“± “ refers to the
standard deviation of the mean) (Table 4.2). However, SO42- was dominant during baseflow (June
16 – July 1) (7.4 ± 0.60 ppm). NO3- in GS was often BDL after the initial flush, although NO3concentrations above BDL were sustained from June 25 until the end of streamflow. NO3- during
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baseflow was only significantly correlated with NH4+ (R = 0.67, p < 0.01), while only weak
relationships (R < 0.39) existed between NO3- and other dissolved ions (Table 4.1). The mean
NO3- concentration during baseflow was 2.1 ± 2.2 ppb N (Table 4.2).
At the beginning of stormflow runoff on July 9 and again on July 18, NO3- in GS
measured as high as 4.7 ppb N, but concentrations remained BDL afterwards despite rainfall NO3concentrations of up to 124 ppb N. Major ion concentrations increased from baseflow levels
during stormflow events. All ion concentrations (except NO3-) increased dramatically with
discharge on July 24 and reached their seasonal highs on July 25. No significant correlations
existed between NO3- and other dissolved ions during stormflow (Table 4.1). The mean
stormflow NO3- concentration was 90.0 ± 1.5 ppb N and Cl- was the dominant ion during
stormflow (22 ± 19 ppm) followed by SO42- (20 ± 19 ppm).
Solute concentrations in PT greatly exceeded those of GS throughout the season (Figure
4.2c). Seasonal trends in concentrations of the major ions closely followed those of NO3- from
initial melt until the commencement of baseflow on June 16, although major ion concentrations
were two to three orders of magnitude higher that those of NO3-. In PT, NO3- concentrations
during the nival melt (June 5 – 15) were significantly correlated with all major ions as well as
with DON, and DOC (Table 4.1). NO3- in PT peaked at 193 ppb N on the second day of melt.
Hence, the peak NO3- concentration in PT was twelve times that in GS. NO3- concentrations in PT
declined to 4.3 ppb N on June 9 but increased to 51 ppb N on June 14. NO3- concentrations above
21 ppb N were sustained until June 20 before gradually decreasing to near detection limit until the
end of streamflow (June 24), whereas concentrations of other major ions continued to increase.
Thus, during baseflow (June 16 – 24), NO3- in PT was significantly negatively correlated with
SO42-, Ca2+, and Cl- (Table 4.1). During nival melt, the mean NO3- concentration was 44 ± 42 ppb
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N and Cl- was the dominant ion (20 ± 9.6 ppm) followed by SO42- (19 ± 5.9 ppm) (Table 4.2).
However, during baseflow, SO42- (52 ± 43 ppm) was dominant followed by Cl- (39 ± 18 ppm),
and the mean NO3- concentration was 18 ± 14 ppb N.
When precipitation rejuvenated discharge in PT on July 10, NO3-, SO42- and Na+ increased
by at least 50% from end of baseflow levels whereas Cl- decreased slightly. On July 18 shortly
after rainfall runoff recommenced, NO3- reached a seasonal high of 348 ppb N. Streamwater NO3in PT ranged from 138 to 338 ppb N between July 18 and 20, exceeding rainfall NO3- by up to
224 ppb N. Concentrations of other ions increased another 40 to 49% on July 18, except Ca2+
augmented only by 27%. Streamwater NO3- in PT fell to 13 ppb N on July 23 but increased to 66
ppb N in accordance with discharge on July 24, whereas concentrations of all other ions
decreased notably on July 24. NO3- in PT during stormflow was strongly positively correlated
with Na+ and SO42- and strongly negatively correlated with DON and DOC , although these were
not statistically significant relationships (p > 0.01) (Table 4.1). The dominant ion during
stormflow was SO42- (279 ± 87 ppm) followed by Cl- (145 ± 33 ppm) The mean stormflow NO3concentration was 149 ± 121 ppb N.
Rainfall NO3- concentrations measured between 33 and 124 ppm N (mean = 60 ± 27 ppb
N). NO3- was the dominant ion in rainfall, followed by SO42- (0.19 ± 0.10 ppm) and Cl- (0.17 ±
0.12 ppm) (Table 4.2). Concentrations of SO42- and Cl- both reached a maximum of 0.36 ppm, and
all other dissolved ions remained below 0.22 ppm.
4.4.3 Stable isotopes of NO3Although samples for stable isotopes of NO3- were collected throughout the entire
sampling campaign, only a subset of samples were selected for analysis based on notable changes
in discharge and NO3- concentration. Note that NO3- concentrations in GS were often below the
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analytical requirement (5-10 nanomoles); hence the lower number of isotope data for GS relative
to PT.
4.4.3.1 ! 15N-NO3The !15N values of streamwater NO3- ranged from -7.1‰ to +15.8‰ in PT (n = 15) and
from -7.9‰ to +13.6% (n = 11) in GS (Figure 4.3a). Values of !15N-NO3- were considerably
lower during the initial stages of streamflow (June 5 – 7) in both catchments compared to the rest
of the season. During the first three days of discharge, !15N-NO3- varied between -7.1‰ and 2.6‰ in PT and between -7.3‰ and -4.1‰ in GS. After June 7, !15N-NO3- in streamwater
increased towards positive values in both catchments. The !15N-NO3- values in both streams were
exceptionally high near the end of baseflow. !15N-NO3- in PT peaked at +15.8‰ on June 24 and
reached +12.3‰ on June 26 in GS.
Stormflow !15N-NO3- values were higher in GS (+6.9‰ to +13.6‰) than in PT (+4.7‰
+7.3‰) (Figure 4.3a). The seasonal peak !15N-NO3- value in GS (+13.6‰) occurred at the onset
of the second stormflow runoff event on July 18. Rainwater !15N-NO3- values generally remained
between +0.1‰ and +2.0‰, thus measuring several permil lower than stormflow runoff values,
but tended to be greater during the beginning of rainfall events. The highest rainfall !15N value
measured +2.7‰ and was collected on July 24 at 2:30, approximately 2.5 hours after rainfall
began. Five hours later (7:30), the !15N-NO3- of rainwater dropped to the lowest value (-0.2‰)
(Figure 4.3a). The mean !15N-NO3- value of all rainfall samples was +1.0‰ ± 1.0 (‘±‘ refers to 1
standard deviation of the sample mean, n = 7).
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4.4.3.2 ! 18O-NO3Seasonal !18O values of streamwater NO3- varied between -7.2‰ to +71.3‰ in PT and
between -9.7‰ to +81.2‰ in GS (Figure 4.3b). Values of !18O-NO3- were highly enriched during
the beginning of streamflow (June 5 – 7) in both catchments compared to the rest of the season.
During the first three days of sampling, !18O-NO3- ranged from +60.3‰ to +71.3‰ (mean =
66.6‰ ± 5.7, n = 3) in PT and from +71.9‰ and +81.2‰ (mean = 77.4‰ ± 5.7, n = 4) in GS.
The !18O-NO3- values in PT dropped to +27.2‰ on June 8 and those in GS declined to +13.4‰
on June 12. Streamwater !18O-NO3- in PT remained below +9.5‰ from June 13 until July 25,
with the exception of the sample collected on the last day of flow (June 24), when !18O reached
+22.7‰. The !18O-NO3- values in GS were typically higher than those of PT after June 12, but
did fall to -9.7‰ on June 15 and -0.7‰ on June 20.
Stormflow !18O-NO3- values in PT plotted between -7.2‰ and +3.4‰, while !18O-NO3values in GS measured 13.1‰ and 14.6‰. The !18O-NO3- values of rainwater NO3- varied
between +66.7‰ and +80.1‰, and the average !18O-NO3- of all rainfall values was +71.4‰ ±
4.3. The highest !18O value was collected on July 24 at 2:30, approximately 2.5 hours after
rainfall began. The !18O-NO3- of rainwater declined to +66.7‰ 5 hours later (Figure 4.3b).

4.5 Discussion
4.5.1 Constraining sources of NO3In unpolluted watersheds, NO3- in runoff predominantly originates from atmospheric
(NO3- in snow or rain) or microbial (NO3- mineralized from soil or dissolved organic matter
(SOM, DOM) or nitrified from NH4+) sources. Streamwater !18O-NO3- values can be used to
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determine the relative contributions of these two sources to NO3- in runoff because atmospheric
and microbial processes impart !18O-NO3- values that are readily distinguishable from one
another (Kendall et al., 2007). Atmospheric NO3- is characterized by high !18O values due to the
signature imparted by ozone (O3) (~100‰) during formation of nitrogen oxides (NOx) in the
atmosphere (Hastings et al., 2003). Hence, high streamwater !18O-NO3- values (> +60‰) indicate
inputs primarily from atmospheric deposition (Kendall et al., 2007). Much lower streamwater
!18O-NO3- values (-10‰ to + 10‰ with !18O-H2O values between -25‰ and +4‰) point towards
microbial contributions because of the relatively low stable isotope values for oxygen in the water
(H2O) and air (O2) involved in nitrification, a process whereby NH4+ is oxidized to NO3- under
aerobic conditions (e.g., NH4+ ! NO2- ! NO3-) (Kendall et al 2007). Studies of nitrification have
shown that atmospheric O2 and H2O typically provide 1/3 and 2/3, respectively, of the oxygen
atoms in nitrified NO3- (Kendall, 1998). Using this relationship, the range of potential
streamwater !18O-NO3- values derived from microbial nitrification can be calculated by
employing the following equation:

!18O-NO3- nitrification = 0.33* !18O-O2 + 0.67*!18O-H2O

(1)

where !18O-O2 represents the stable isotope composition of atmospheric O2 (which is assumed to
be +23.5‰, Kendall et al., 2007) and !18O-H2O is the isotope composition of the streamwater
collected. Using streamwater !18O-H2O values from this study (-27.4‰ to -14.9‰), Equation 1
yields a range of !18O-NO3- nitrification values between -10.6‰ and -2.2‰. Although more recent
laboratory studies suggest that there may be a greater dependence on the 18O in H2O used during
nitrification (Buchwald and Casciotti, 2010; Snider et al., 2010), the data in this study are well
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captured by the range predicted by the 1/3 and 2/3 relationship. Note that !18O-NO3- nitrification
values can exceed this hypothetical range, as processes occurring within natural systems may
violate the assumptions inherent to Equation 1. Processes that could yield higher than expected
values of !18O-NO3- nitrification include: a higher fraction of O atoms derived from atmospheric O2
and H2O (Aravena et al., 1993); evaporative enrichment of the sourcewater !18O (Böhlke et al.,
1997) and; incorporation of O2 which has become enriched relative to the assumed atmospheric
value due to high rates of respiration in soils or sediments (Kendall, 1998).
Since streamwater !18O-NO3- values typically lie between the values expected for
atmospheric NO3- and microbially derived (nitrified) NO3- (Ansari et al., 2011), the relative
contributions of atmospheric NO3- and nitrified-NO3- to streamwater NO3- were estimated by
employing a two end-member mixing model (Kendall 1998; Barnes et al., 2008):

(!18Ostream – !18Onitrification) / (!18Oprecip – !18Onitrification) = Fprecip

(2)

where !18Ostream, !18Oprecip, and !18O nitrification represent the !18O-NO3- values of the collected
streamwater, rainfall , and the calculated minimum nitrification value (-10.6‰), respectively.
Hence, Fprecip is the approximate fraction of streamwater NO3- derived purely from atmospheric
NO3- (Figure 4.4). Since rainfall !18O-NO3- varied throughout the season, we estimated a range of
Fprecip by using the mean and maximum !18O-NO3- values found in the rain.
While this model can help apportion NO3- between these two end member sources, the
co-occurrence of other cycling processes such as assimilation or denitrification and the
consequent fractionations on !18O may confound the results (Kendall et al., 2007). For instance,
the relative contribution of nitrified-NO3- may appear diminished while contribution of
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atmospheric NO3- may appear higher if denitrification and/or assimilation are occurring, as these
both cause the !18O value of the residual NO3- pool to increase (Kendall et al., 2007). The !18ONO3- values and mixing model results on June 24 in PT and June 26 in GS provide a good
example of this (Figure 4.3, Figure 4.4). The increases in !18O-NO3- in PT and GS on June 24 and
June 26 relative to the previous samples suggest that the fraction of streamwater NO3- derived
from atmospheric deposition increased by approximately 27% in PT and 21% in GS compared to
the previous samples. However, since there was no rainfall during that interval, it is unlikely that
there was an increase in the NO3- contributed from atmospheric deposition. Instead, what appears
to be a greater contribution from atmospheric sources on June 24 in PT and June 26 in GS, is
actually more likely the result of consumptive processes (denitrification and assimilation)
generating higher !18O-NO3- and !15N values. Hence, the results of this mixing model must be
interpreted with the potential impact of these processes in mind.
The substrate from which the N in NO3- originated (DOM, SOM, NH4+ in organic matter
or minerals) and the expected range of !15N-NO3- values produced from nitrification (!15N
nitrification)

can be estimated by examining the !15N of the product and reactants. Although we do

not have such data from our study area, we use !15N-NO3- values obtained from other studies with
similar potential N substrates to delineate our range of potential !15Nnitrification values (between 5.8‰ and +7.7‰) (Ansari et al., 2013) (Figure 4.5, Table 4.3). These values have been attributed
to NO3- nitrified from substrates including snowpack NH4+, SOM, and NH4+ in clay and/or rock in
European High Arctic streams (Tye and Heaton 2007; Wynn et al., 2007; Ansari et al., 2012)
(Figure 4.5, Table 4.3). These values do not allow us to identify the exact source of NH4+ from
which NO3- was produced; however they provides us with a means of constraining the potential
processes affecting NO3- in these watersheds.
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4.5.2 Seasonality of streamwater NO3- sources
The trend in !18O-NO3- values in PT and GS shows that atmospheric NO3- was only a
dominant source of streamwater NO3- during early melt (June 5 to 7; !18O-NO3- values from
+60.3‰ to +81.5‰) (Figure 4.3b, Figure 4.4, Figure 4.5). The !15N-NO3- values in runoff during
the first few days of melt (-7.9‰ to -2.6‰) also sit within the range of values expected from
atmospheric deposition (Figure 4.3a) (Hastings et al., 2003, 2004; Heaton et al., 2004; Kendall et
al., 2007). This demonstrates that in this continuous permafrost setting, the bulk of streamwater
NO3- during initial melt largely results from the elution of atmospheric NO3- from the snowpack,
as is observed in other snow-dominated catchments (Williams et al., 1995; Brooks and Williams
1999). However, lower !18O-NO3- values in PT from June 5 to 7 (mean = 66.6‰ ± 5.7) relative to
mean atmospheric !18O-NO3- (71.4‰ ± 4.3, n = 7) and strong associations of NO3- with DON and
DOC in PT suggest that some of proportion of NO3- in PT originated from nitrification or the
mineralization of organic matter within the snowpack or soil surface, which is not uncommon in
other permafrost regions (Wynn et al., 2007; McNamara et al., 2008; Ansari et al., 2012).
The more depleted !18O-NO3- values observed after initial discharge (-9.7‰ to +27.2‰)
in both catchments indicate that the supply of NO3- from the snowpack was largely exhausted and
that microbial mineralization and/or nitrification provided the majority of streamwater NO3throughout the remainder of the season (Figure 4.3b, Figure 4.4, Figure 4.5). Despite this change
in source, concentrations of NO3- in GS remained near or below detection limit, signifying that
consumptive processes or storage of NO3- in the expanding active layer outweighed NO3production and continued to minimize NO3- export (Figure 4.2b). This is not unexpected in GS
given that nutrient limitation in these systems drives strong inorganic N retention (Shaver et al.,
1992; Yano et al., 2010).
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During stormflow, both catchments received large inputs of NO3- from rainfall (Louiseize
and Lafrenière submitted), but the relatively low !18O-NO3- values in GS (13.1‰ to +14.6‰) and
PT (-7.2‰ to -2.0‰) reveal that microbial NO3- composed upwards of 70% and 80% of the NO3in runoff in GS and PT, respectively (Figure 4.4). In GS, !15N-NO3- values peaked and
streamwater NO3- concentrations remained near or below detection limit despite rainfall NO3concentrations between 33 to 124 ppb N (Figure 4.2b, Figure 4.3a); hence, much of the
atmospheric NO3- was denitrified, assimilated by plants and/or microbes, and/or hydrologically
stored within the catchment, and a small amount of processed NO3- was flushed out of the active
layer via piston flow (Figure 4.4, Figure 4.5). In PT, the drop in solute concentrations that
occurred concomitantly with a rapid increase in discharge during the end of stormflow indicates
that rainwater flowed through the system and reached the stream outlet (Figure 4.2c, Figure 4.2d);
however, streamwater !18O-NO3- was at its lowest value on July 25, indicating that almost all of
the NO3- from precipitation had been retained or recycled in the disturbed catchment as well
(Figure 4.3b, Figure 4.4) (Burns and Kendall 2002; Campbell et al., 2002). To our knowledge,
this is the first study that uses isotopic analyses to confirm nitrified or mineralized NO3- as the
dominant source of streamwater NO3- following significant rainfall events in High Arctic
catchments.
4.5.3 Impact of ALDs on NO3- cycling and sources
The ALDs in PT, two of which compose a long stretch of the well-carved stream channel,
are potential cause for high NO3- export. These disturbances lack organic-rich soils, where
nitrification is usually limited by strong competition/biological demand for N and where NO3export is further curbed by denitrification (Giblin et al., 1991; Nordin et al., 2004; Booth et al.,
2005; Yano et al., 2010; Harms and Jones 2012). The clay-rich scar zones of the ALDs limit
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vertical water movement (Woo and Young 2006) and channelize flow downslope (Kokelj and
Lewkowicz 1998) through surficial mineral soils, which are typically characterized by larger
pools of inorganic N and higher nitrification rates compared to organic soils (Nadelhoffer et al.,
1991; Hobbie and Gough 2002; Harms et al., 2013). Hence, not only do the ALDs in PT limit the
potential for denitrification or uptake/immobilization of NO3- by removing vegetation and the
organic horizon, they may also represent a source of nitrified-NO3-.
The effects of ALDs on NO3- concentrations in PT were evident since initial melt, when
the peak NO3- concentration was twelve times higher in PT than in GS. Temporal asynchronies
between NO3- supply and demand can fuel large NO3- fluxes during initial melt, and export of
atmospheric NO3- during this time confirms that biological demand for NO3- was limited
compared to supply in both catchments (Perakis 2002; Barnes et al., 2008; Yano et al., 2010).
However in GS, low NO3- concentrations and enriched streamwater !18O-NO3- values from June
5 to 7 (mean = 77.4‰ ± 5.7, n = 4) relative to the mean atmospheric value (71.4‰ ± 4.3, n = 7)
indicate that some snowpack NO3- was likely denitrified since the onset of melt, which is not
surprising given that saturated shallow organic soils encourage denitrification and provide an
effective reservoir of NO3- during early melt (Sickman et al., 2003; Brooks et al., 1996; Hodson et
al., 2005; Harms and Jones 2012). This early biological demand for NO3- in GS suggests that the
twelve-fold higher peak NO3- concentration in PT likely did not simply result from a temporal
disparity between NO3- supply and demand. Rather higher NO3- concentrations in PT during this
time were likely enabled by the ALDs, which created a spatial discrepancy by eliminating organic
soils and reducing the potential for denitrification and retention via uptake or hydrological
storage.
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The impacts of ALDs in PT were most pronounced during stormflow. Despite higher N
demand during the growing season (Lipson and Monson 1998), concentrations of NO3- in PT
peaked at 348 ppb N and were almost twice as high as rainfall concentrations due to flushing of
nitrified or mineralized NO3- from the watershed (Figure 4.2d, Figure 4.3, Figure 4.4). High NO3export during times of high N demand in these nutrient limited systems only usually occurs when
sources and sinks of NO3- are spatially separated from one another (Perakis 2002; Lafrenière and
Lamoureux 2008). Hence, the nitrified or mineralized NO3- likely bypassed NO3- sink areas
during stormflow runoff, and this led to high streamwater NO3- concentrations in PT. During
stormflow in PT, strong negative relationships of NO3- with organic constituents and strong
positive correlations of NO3- with Na+ and SO42-, which cannot be attributed to precipitation
because of their low concentrations in rain but high concentration in streamwater, suggest that
microbial NO3- was derived from mineral soils that are enriched in major ions (Table 4.1, Table
4.2). The ALDs are the most probable cause for the exceptionally high concentrations of
microbial NO3- during stormflow in PT, as they provide an area where nitrified or mineralized
NO3- can emanate from mineral soils and bypass zones of higher N demand (e.g., vegetated,
organic soils) during hydrologic transport. Our findings are similar to those of Harms et al (2013),
who found that mineral soils provided a source of inorganic N in thermokarst gullies. The
thermokarst gullies in that study also experienced less denitrification and higher rates of
nitrification compared to undisturbed adjacent undisturbed soils (Harms et al., 2013).
Nitrification of ammonium bound to clay particles has been shown as a source of NO3- in
glaciated settings (Amoroso et al., 2010; Ansari et al., 2012) and provides an explanation that is
consistent with enhanced export of microbially produced NO3- from mineral-rich scar zones in the
disturbed PT catchment during stormflow. Based on the proportions of the mixing model and the
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mean atmospheric !15N-NO3- value (+1.0‰ ± 1.0), we would expect !15N values of the substrate
to range between approximately +4.4 and +8.1‰ unless denitrification or uptake of NO3- was
prominent (Wynn et al., 2007). Although we cannot affirm the substrate used during nitrification,
the !15N values of nitrified-NO3- in PT (+4.7‰ to +7.3‰) tended to be several permil higher than
those expected for NO3- produced from surface organic sources (e.g., +1.2‰ to +2.7‰; Table
4.3), which have low !15N values because of inputs from litter depleted in !15N (Högberg 1997;
Tye and Hodson 2007). Values of !15N for soil N and DIN generally tend to be higher in mineral
soils (Högberg 1997; Nadelhoffer et al., 1996; Kendall et al., 2007); hence it is plausible that the
nitrified NO3- from PT originated from ALD scar zones.

4.6 Conclusions
This study is the first to report on and compare the seasonal dynamics and sources of
NO3- in runoff from an undisturbed catchment (GS) and one that has been subject to a series of
ALDs (PT) in a High Arctic region. Isotopic evidence indicates that NO3- from atmospheric
deposition was only a dominant source of streamwater NO3- in both catchments during initial
snowmelt (June 5 – 7) and that streamwater NO3- predominantly originated from microbial
sources afterwards. Although both catchments shared this trend, the relative importance of NO3sources and sinks differed between catchments since the beginning of melt. Compared to the
disturbed catchment, low concentrations of NO3- and high !18O-NO3- values in the undisturbed
catchment indicate that hydrologic storage and biological sink mechanisms in the vegetated
stream channel and organic soils effectively retained or removed NO3- since the onset of melt. In
the disturbed catchment, high NO3- concentrations and relatively low !18O-NO3- values in runoff
indicate that large areas of exposed mineral soils in ALDs facilitated the export of NO3- from
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microbial sources and reduced NO3- retention and/or denitrification despite evidence of NO3demand or storage within the catchment. !15N-NO3- values several permil higher than what is
expected of NO3- derived from organic substrates and relationships between NO3- and major ions
during times of high NO3- concentration suggest that mineral soils were a likely source of the
nitrified-NO3- in the disturbed catchment.
ALDs impacted NO3- export most evidently during the onset of snowmelt and throughout
stormflow. The isotopic evidence supports that elevated export of microbial NO3- in the disturbed
catchment was largely the result of spatial segregation between NO3- sources (e.g., snowmelt,
mineral soils) and sinks (e.g., organic soils) created by the ALDs, which resulted in hydrological
flow paths through mineral soils where N demand was likely low and nitrification was likely high
relative to undisturbed soils. ALDs that are physically coupled to waterways have the potential to
impact seasonal N transport by perpetuating NO3- export through increasing NO3- production and
limiting NO3- retention.
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Table 4.1 Correlation of NO3- with major ions, NO2-, NH4+, DON and DOC for Goose and Ptarmigan during the nival melt (nival),
baseflow (BF), and stormflow (SF) periods.
ClNO3 0.23
NO2- -0.01
NH4+ 0.57
DOC 0.46
DON 0.28

SO420.36
0.03
0.11
-0.01
-0.14

Na+
0.20
-0.02
0.50
0.36
0.20

ClNO3 -0.39
NO2- 0.59
NH4+ -0.65
DOC -0.39
DON -0.23

SO42-0.04
-0.15
-0.13
-0.60
-0.71

Na+
0.39
-0.23
0.63
0.83
0.76

ClNO3- -0.19
NO2- 0.02
NH4+ 0.00
DOC -0.52
DON -0.54

SO42-0.23
0.15
0.03
-0.57
-0.64

Na+
-0.16
0.06
0.04
-0.49
-0.51

-

GS NIVAL (n=21)
K+
Mg2+ Ca2+ NO3- NO20.27 0.46 0.41 1.0
0.05 0.11 0.12 0.50 1.0
0.95 0.56 0.45 0.25 0.18
0.99 0.48 0.34 0.26 0.05
0.88 0.31 0.18 0.12 0.00
GS BASEFLOW (n=23)
K+
Mg2+ Ca2+ NO3- NO2-0.15 0.32 0.38 1.0
0.42 -0.13 -0.18 0.00 1.0
-0.36 0.47 0.55 0.67 -0.40
-0.05 0.91 0.89 0.35 -0.17
0.10 0.86 0.82 0.17 -0.06
GS STORMFLOW (n=14)
K+
Mg2+ Ca2+ NO3- NO20.04 -0.05 -0.03 1.0
-0.08 0.13 0.13 -0.32 1.0
0.06 0.11 0.12 0.36 -0.29
-0.34 -0.52 -0.52 0.39 -0.21
-0.31 -0.48 -0.47 0.45 -0.02

NH4+ DOC
1.0
0.94 1.0
0.83 0.89
NH4+ DOC

1.0
0.38 1.0
0.19 0.95
NH4+ DOC

1.0
0.22 1.0
0.23 0.87

Bold and italicized text indicates a significance level of p < 0.001.
Bold text indicates a significance level of p < 0.01.
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Cl0.93
/
0.16
0.60
0.67

SO420.67
/
0.18
0.28
0.42

Cl-0.65
/
0.03
-0.18
-0.32

SO42-0.67
/
0.04
-0.16
-0.25

Cl-0.01
/
0.50
-0.43
-0.12

SO420.66
/
0.21
-0.83
-0.48

PT NIVAL MELT (n=21)
Na+ K+
Mg2+ Ca2+ NO30.72 0.95 0.85 0.78 1.0
/
/
/
/
/
0.16 0.2 0.26 0.26 0.2
0.23 0.85 0.57 0.50 0.81
0.41 0.82 0.67 0.61 0.83
PT BASEFLOW (n=15)
Na+ K+
Mg2+ Ca2+ NO3-0.63 -0.59 -0.62 -0.66 1.0
/
/
/
/
/
0.01 -0.08 0.09 0.06 -0.12
-0.04 -0.07 -0.05 -0.10 0.19
-0.20 -0.18 -0.26 -0.28 0.22
PT STORMFLOW (n=13)
Na+ K+
Mg2+ Ca2+ NO30.67 0.44 0.19 -0.07 1.0
/
/
/
/
/
0.24 0.4 0.44 0.52 -0.03
-0.84 -0.77 -0.60 -0.47 -0.5
-0.51 -0.4 -0.28 -0.14 -0.61

NH4+ DOC
/
/
1.0
0.15 1.0
0.05 0.89
NH4+ DOC
/
/
1.0
-0.23 1.0
-0.58 0.61
NH4+ DOC
/
/
1.0
-0.35 1.0
-0.35 0.61

Table 4.2 Mean concentrations of NO3- and major ions for rain and throughout the season during the nival melt (Nival), baseflow
(BF), and stormflow (SF) periods in Goose and Ptarmigan.

Nival
BF
GS
SF
Seasonal
Nival
BF
PT
SF
Seasonal
Rain

N-NO3- (ppb)
2.4 ± 4.0
2.1 ± 2.2
0.90 ± 1.5
1.9 ± 2.8
44 ± 42
18 ± 14
149 ± 121
64 ± 85
60 ± 27

Cl- (ppm)
14 ± 4.0
6.8 ± 0.86
22 ± 19
13 ± 11
20 ± 9.6
37 ± 16
145 ± 33
59 ± 57
0.17 ± 0.12

Mean concentrations
SO42- (ppm) Na+ (ppm)
8.8 ± 2.3
7.0 ± 1.4
7.4 ± 0.60 5.4 ± 0.38
20 ± 19
11 ± 6.5
11 ± 11
7.5 ± 4.1
19 ± 5.9
9.6 ± 3.5
42 ± 20
20 ± 8.4
279 ± 87
124 ± 48
95 ± 121
43 ± 55
0.19 ± 0.10 0.11 ± 0.07

K+ (ppm)
1.4 ± 1.4
0.29 ± 0.08
0.24 ± 0.12
0.68 ± 1.0
1.3 ± 0.6
1.5 ± 0.4
4.4 ± 1.0
2.2 ± 1.5
0.05 ± 0.04

Mg2+ (ppm)
3.1 ± 0.67
2.7 ± 0.36
8.2 ± 4.2
4.3 ± 3.2
6.3 ± 2.2
12 ± 4.8
50 ± 11
20 ± 20
0.02 ± 0.02

± refers to one standard deviation from the mean

Table 4.3 Range of ! 15N signatures for potential substrates used during nitrification.
Substrate !
Snowpack
Soil organic matter
Clay and Rock

Range of !15N-NH4+ values
-5.8‰ to -1.7‰
+1.2‰ to +2.7‰
-1.6‰ to +7.7‰

Study !
Wynn et al., 2007
Tye and Heaton 2007
Wynn et al., 2007
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Ca2+ (ppm)
2.6 ± 0.50
2.5 ± 0.38
7.3 ± 3.4
3.8 ± 2.7
5.8 ± 1.9
12 ± 4.9
41 ± 7.1
17 ± 15
0.07 ± 0.04
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Chapter 5
Conclusion
This thesis reports the findings of an investigation into the seasonal and long-term
impacts of ALDs on dissolved nitrogen export. In the summer of 2012, precipitation and stream
water samples were collected from an undisturbed headwater catchment (Goose; GS) and from
one that was disturbed (Ptarmigan; PT) by several ALDs at the Cape Bounty Arctic Watershed
Observatory, Melville Island, Nunavut. The seasonal impact of ALDs was determined by
comparing TDN flux and N species concentrations in runoff between the undisturbed and
disturbed catchments in 2012. The data collected in 2012 was also compared to pre-disturbance
data in 2007 to determine long-term impact of ALDs on N export.

The major conclusions from this work are:

1. Relative to GS, the ALDs in PT resulted in 11-23% lower DON/TDN ratios in the 2012
season, which was caused by both reduced DON concentrations and significantly higher
NO3- concentrations. DON concentrations in PT were significantly lower than in GS
throughout the majority of the season. This was likely due to the removal of organic soils
and the vegetation cover by ALDs, which eliminated the major source area of DON.
Furthermore, the exposure of previously buried and largely frozen mineral soils could
have enhanced the rates of DON removal by mechanisms such as mineralization and
adsorption of DOM onto clay surfaces.
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2. Relatively low !18O-NO3- values and correlations between NO3- and major ions indicate
that the additional NO3- in PT was largely of microbial origin and associated with solute
rich water from deep mineral horizons. The effects of ALDs were most pronounced
during initial melt and stormflow, when the high NO3- concentrations led to greater TDN
export in PT relative to GS. Although this did not lead to greater seasonal TDN flux in
PT, the 27 times higher seasonal export of NO3- from PT resulted in 95% more DIN
exported from PT relative to GS. Similarities in N species concentrations between PT and
GS prior to disturbance in 2007 but large differences in 2012 demonstrate that these
differences are the result of disturbance, and that the impact of ALDs on N transport can
persist for several years (~5 years in this study).

3. The trend in !18O-NO3- values in both catchments showed that atmospheric deposition
was only a dominant source of streamwater NO3- in these High Arctic catchments during
the first few days of melt, when NO3- was rapidly eluted from the snowpack. After the
initial melt, streamwater NO3- largely originated from microbial sources. Although
rainfall during the growing season provided a significant amount of DIN to the
catchments (approximately 1545 ± 148 to GS and 1838 ± 174 g N to PT), relatively low
!18O-NO3- values revealed that this incoming reactive N was strongly retained and/or
stored, and that nitrified or mineralized NO3- supplied upwards of 70% and 80% of the
streamwater NO3- in GS and PT, respectively, during stormflow. To our knowledge, this
is the first study that employed isotopic analyses to show that NO3- in stormflow runoff
from High Arctic watersheds is not from rainfall inputs but rather mainly a result of
nitrified or mineralized NO3- being flushed from the active layer.
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The concentrations of NO3- and other dissolved N species in each catchment demonstrate
that there were distinct differences in the balance between NO3- production and consumption in
the disturbed and undisturbed catchments. The results of this study support that the removal of
organic soil horizons and the exposure of previously buried mineral soils reduces N sink
mechanisms (e.g. denitrification as well as microbial and plant immobilization) and enhances
nitrification and net mineralization relative to undisturbed soils.
This is the first study to compare predisturbance and postdisturbance N species
concentration and fluxes over an entire runoff season, to definitively demonstrate that permafrost
disturbances such as ALDs can significantly enhance seasonal NO3- in export from High Arctic
watersheds. This study is also the first to show that ALDs can have a persistent impact (~5 years)
on the magnitude and composition of fluvial N export from High Arctic headwater catchments.
Future work should focus on identifying the processes responsible for the higher NO3and how and where this occurs, as well as how disturbance induced changes in N transport from
High Arctic headwater catchments will affect downstream aquatic ecosystem functions.
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Appendix A
2012 Hydrochemical Data Tables
Table A.1 N species and DOC concentrations from Goose, 2012.
Date
06/05/12 21:35
06/06/12 11:00
06/06/12 18:03
06/07/12 10:35
06/07/12 17:43
06/08/12 10:10
06/08/12 17:32
06/09/12 9:45
06/09/12 17:42
06/10/12 9:27
06/10/19:15
06/11/12 9:45
06/11/12 18:11
06/12/12 9:59
06/12/12 17:54
06/13/12 9:58
06/13/12 17:45
06/14/12 10:55
06/14/12 17:48
06/15/12 10:10
06/15/12 17:52
06/16/12 10:15
06/16/12 18:02
06/17/12 10:17
06/17/12 18:22
06/18/12 10:10
06/18/12 17:58
06/19/12 9:51
06/19/12 18:11
06/20/12 9:46
06/20/12 17:53
06/21/12 10:20
06/21/12 17:30
06/22/12 17:59

-

-

NO2
0.001

NO3
0.005

N-NO2
0.0004

0.002
0.005
0.003

0.017
0.072
0.041
0.031
0.010
0.007

0.0006
0.0015
0.0009

0.002
0.001

0.003
0.006
0.003

0.002
0.004
0.004
0.001
0.007
0.002
0.007
0.005
0.009
0.003
0.001
0.003
0.003
0.002
0.002

0.0005
0.0002

0.0008
0.014
0.009

0.010
0.010
0.012
0.013
0.007
0.009

0.0017
0.0009

0.0007
0.0012
0.0012
0.0004
0.0022
0.0005
0.0022
0.0015
0.0027
0.0008
0.0003
0.0008
0.0009
0.0007
0.0007

-

Species Concentration (ppm)
N-NO3- N-NH4+ N-DIN
0.0011
0.399
0.400
0.093
0.093
0.0039
0.066
0.071
0.0162
0.142
0.160
0.0093
0.114
0.124
0.0070
0.056
0.063
0.0022
0.071
0.074
0.0015
0.109
0.111
0.049
0.049
0.052
0.052
0.050
0.051
0.025
0.025
0.0031
0.083
0.088
0.0019
0.068
0.071
0.040
0.040
0.032
0.032
0.016
0.016
0.026
0.026
0.014
0.014
0.044
0.045
0.031
0.033
0.022
0.024
0.031
0.032
0.0022
0.015
0.019
0.019
0.020
0.0022
0.017
0.021
0.0028
0.042
0.046
0.0029
0.037
0.043
0.024
0.025
0.031
0.031
0.0016
0.020
0.022
0.0020
0.022
0.025
0.039
0.040
0.024
0.025
130

DON
0.565
0.216
0.264
0.194
0.214
0.233
0.152
0.122
0.148
0.154
0.142
0.134
0.094
0.093
0.135
0.144
0.127
0.107
0.116
0.297
0.155
0.227
0.223
0.198
0.146
0.139
0.124
0.120
0.149
0.127
0.154
0.163
0.144
0.140

TDN
0.965
0.309
0.335
0.354
0.338
0.296
0.226
0.233
0.197
0.207
0.193
0.159
0.182
0.164
0.176
0.177
0.144
0.134
0.130
0.342
0.187
0.251
0.255
0.217
0.166
0.160
0.171
0.163
0.175
0.158
0.176
0.188
0.184
0.165

DOC
24.16
9.696
9.311
9.134
8.189
6.764
5.361
4.912
4.61
4.089
4.203
3.627
4.02
3.362
3.536
3.133
3.316
2.927
3.048
3.035
3.261
3.315
3.903
3.716
3.865
3.409
3.704
3.463
3.892
3.477
3.754
3.601
3.764
3.702

06/23/12 18:05
06/24/12 17:52
06/25/12 18:45
06/26/12 17:32
06/27/12 17:31
06/28/12 17:43
06/29/12 17:36
06/30/12 17:46
07/01/12 17:35
07/09/12 15:40
07/10/12 11:18
07/10/12 17:50
07/18/12 14:17
07/18/12 17:36
07/19/12 9:37
07/19/12 17:10
07/20/12 9:47
07/20/12 17:45
07/21/12 17:46
07/22/12 17:38
07/23/12 17:42
07/24/12 10:23
07/24/12 17:25
07/25/12 10:39

0.004

0.002
0.001
0.002
0.002
0.000

0.025
0.028
0.008
0.036
0.006
0.014
0.013
0.021

0.0011

0.0008
0.0003
0.0005
0.0007
0.0001

0.019
0.004
0.004
0.003

0.0043
0.0012
0.0013
0.0008

0.006
0.001
0.004
0.004
0.004

0.0056
0.0064
0.0019
0.0080
0.0014
0.0033
0.0029
0.0047

0.0013
0.0004
0.0013
0.0011
0.0012

Blank denotes below detection limit
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0.018
0.027
0.021
0.076
0.058
0.135
0.045
0.100
0.100
0.062
0.028
0.055
0.063
0.043
0.051
0.053
0.073
0.057
0.043
0.027
0.029
0.060
0.037
0.049

0.018
0.027
0.028
0.082
0.060
0.143
0.047
0.104
0.103
0.067
0.028
0.055
0.067
0.045
0.053
0.054
0.073
0.058
0.043
0.028
0.031
0.061
0.039
0.049

0.162
0.191
0.184
0.118
0.160
0.106
0.247
0.236
0.339
0.789
0.464
0.435
0.583
0.597
0.544
0.471
0.399
0.392
0.337
0.379
0.286
0.305
0.300
0.331

0.180
0.218
0.212
0.200
0.220
0.249
0.294
0.339
0.443
0.856
0.492
0.491
0.650
0.641
0.597
0.525
0.472
0.450
0.381
0.407
0.317
0.367
0.339
0.380

4.171
4.228
4.445
4.325
4.436
4.758
5.452
6.077
6.656
14.32
11.16
10.63
11.05
10.28
9.557
9.439
7.933
7.941
6.715
6.771
5.647
6.794
6.900
6.943

Table A.2 N species and DOC concentrations from Ptarmigan, 2012.
Date
06/05/12 21:10
06/06/12 10:40
06/06/12 17:37
06/07/12 10:05
06/07/12 17:18
06/08/12 9:43
06/08/12 17:28
06/09/12 9:25
06/09/12 17:19
06/10/12 9:05
06/10/12 17:40
06/11/12 9:19
06/11/12 17:48
06/12/12 9:34
06/12/12 17:28
06/13/12 9:31
06/13/12 17:25
06/14/12 10:34
06/14/12 17:31
06/15/12 9:48
06/15/12 17:35
06/16/12 9:38
06/16/12 17:45
06/17/12 10:00
06/17/12 18:05
06/18/12 9:52
06/18/12 17:41
06/19/12 9:35
06/19/12 17:52
06/20/12 9:24
06/20/12 17:26
06/21/12 10:00
06/21/12 17:12
06/22/12 17:41
06/23/12 17:50
06/24/12 17:33
07/10/12 11:35
07/18/12 14:05
07/18/12 17:21
07/19/12 9:22
07/19/12 16:54

NO2

-

0.016

0.005

0.005
0.007

0.003

0.027

-

NO3
0.179
0.854
0.520
0.282
0.167
0.101
0.201
0.096
0.019
0.066
0.086
0.062
0.109
0.070
0.078
0.154
0.209
0.225
0.206
0.179
0.190
0.094
0.192
0.100
0.146
0.151
0.129
0.116
0.105
0.040
0.059
0.020
0.018
0.003
0.003
0.008
0.102
1.541
1.182
1.496
0.566

N-NO2

-

0.0047

0.0015

0.0016
0.0022

0.0010

0.0081

Species Concentration (ppm)
N-NO3- N-NH4+ N-DIN
0.040
0.064
0.104
0.193
0.091
0.284
0.117
0.048
0.165
0.064
0.062
0.126
0.038
0.018
0.056
0.023
0.022
0.045
0.045
0.031
0.076
0.022
0.075
0.097
0.004
0.057
0.061
0.015
0.067
0.081
0.019
0.062
0.081
0.014
0.052
0.066
0.025
0.069
0.094
0.016
0.099
0.115
0.018
0.029
0.047
0.035
0.039
0.074
0.047
0.031
0.078
0.051
0.069
0.120
0.047
0.041
0.088
0.040
0.106
0.146
0.043
0.040
0.083
0.021
0.031
0.052
0.043
0.022
0.065
0.023
0.019
0.042
0.033
0.027
0.060
0.034
0.013
0.047
0.029
0.058
0.087
0.026
0.030
0.056
0.024
0.016
0.040
0.009
0.061
0.070
0.013
0.025
0.038
0.004
0.015
0.019
0.004
0.044
0.048
0.001
0.031
0.032
0.001
0.020
0.021
0.002
0.024
0.026
0.023
0.051
0.074
0.348
0.060
0.408
0.267
0.057
0.324
0.338
0.097
0.435
0.128
0.059
0.187
132

DON
0.242
0.443
0.271
0.182
0.208
0.147
0.107
0.029
0.078
0.068
0.099
0.039
0.058
0.035
0.094
0.087
0.100
0.012
0.063
0.155
0.203
0.158
0.106
0.129
0.090
0.092
0.042
0.082
0.080
0.049
0.089
0.120
0.065
0.066
0.074
0.081
0.450
0.362
0.404
0.219
0.412

TDN
0.347
0.727
0.436
0.308
0.264
0.192
0.183
0.125
0.139
0.149
0.180
0.105
0.152
0.150
0.141
0.160
0.178
0.132
0.151
0.302
0.286
0.211
0.171
0.170
0.150
0.139
0.129
0.138
0.120
0.119
0.128
0.139
0.113
0.097
0.094
0.107
0.524
0.770
0.728
0.654
0.599

DOC
6.359
9.910
6.154
4.941
4.376
3.464
2.954
2.160
2.293
2.367
2.309
1.907
1.945
2.047
1.804
1.699
1.691
1.399
1.584
1.737
1.623
1.960
2.011
1.993
1.624
1.863
1.639
1.663
1.514
1.818
1.830
1.981
1.626
1.711
1.843
1.458
7.953
6.273
6.764
5.568
6.762

07/20/12 9:30
07/20/12 17:25
07/21/12 17:29
07/22/12 17:24
07/23/12 17:25
07/24/12 10:05
07/24/12 17:16
07/25/12 10:25

1.330
0.612
11.05
0.441
0.058
0.237
0.294
0.281

0.300
0.138
0.096
0.100
0.013
0.054
0.066
0.063

Blank denotes below detection limit
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0.052
0.140
0.060
0.035
0.127
0.063
0.073
0.038

0.352
0.278
0.156
0.135
0.140
0.117
0.139
0.101

0.310
0.243
0.346
0.447
0.467
0.468
0.430
0.349

0.663
0.521
0.502
0.581
0.607
0.584
0.569
0.450

5.064
5.653
5.657
7.765
5.574
10.71
9.999
7.719

Table A.3 Dissolved ion concentrations in Goose, 2012.
Date
06/05/12 21:35
06/06/12 11:00
06/06/12 18:03
06/07/12 10:35
06/07/12 17:43
06/08/12 10:10
06/08/12 17:32
06/09/12 9:45
06/09/12 17:42
06/10/12 9:27
06/10/12 19:15
06/11/12 9:45
06/11/12 18:11
06/12/12 9:59
06/12/12 17:54
06/13/12 9:58
06/13/12 17:45
06/14/12 10:55
06/14/12 17:48
06/15/12 10:10
06/15/12 17:52
06/16/12 10:15
06/16/12 18:02
06/17/12 10:17
06/17/12 18:22
06/18/12 10:10
06/18/12 17:58
06/19/12 9:51
06/19/12 18:11
06/20/12 9:46
06/20/12 17:53
06/21/12 10:20
06/21/12 17:30
06/22/12 17:59
06/23/12 18:05
06/24/12 17:52
06/25/12 18:45
06/26/12 17:32
06/27/12 17:31
06/28/12 17:43
06/29/12 17:36

-

F
0.023
0.036
0.025
0.021
0.019
0.020
0.016
0.020
0.020
0.028
0.022
0.023
0.025
0.028
0.028
0.027
0.031
0.028
0.031
0.031
0.032
0.031
0.033
0.033
0.033
0.028
0.031
0.028
0.033
0.032
0.030
0.030
0.032
0.032
0.038
0.036
0.037
0.034
0.037
0.036
0.038

-

Cl
21.0
11.4
11.5
14.8
15.8
17.1
15.2
19.5
16.1
18.7
16.3
15.7
14.8
15.4
13.6
11.8
9.54
8.19
7.34
7.79
7.79
7.85
7.15
7.76
7.03
7.76
7.24
7.74
7.15
7.59
7.89
7.47
7.68
6.19
6.47
6.59
6.27
5.99
5.77
6.07
5.59

Dissolved Ion Concentrations (ppm)
BrSO42- Li+
Na+ K+
Mg2+
0.033 7.56
9.26 6.86 4.10
0.009 6.69
5.70 2.34 2.80
0.011 6.34
5.44 2.31 2.84
0.008 10.1
7.39 2.35 3.72
0.011 10.8
7.68 2.27 3.83
0.013 12.3
8.17 1.69 4.06
0.011 10.7
7.08 1.29 3.45
0.017 13.6
9.41 1.20 4.07
0.016 9.46
7.78 0.97 3.18
0.014 12.1
9.13 1.06 3.90
0.014 9.96
7.93 0.87 3.33
0.011 9.83
7.72 0.81 3.21
9.02
7.29 0.88 3.23
0.008 9.28
7.60 0.79 3.19
0.010 8.39
6.97 0.71 2.93
7.44
6.31 0.57 2.67
6.48
5.80 0.60 2.31
0.003 5.90
5.17 0.48 2.17
0.001 5.56
4.83 0.42 1.96
6.27
5.14 0.40 2.26
6.16
5.13 0.41 2.35
6.43
5.26 0.40 2.36
0.001 6.13
5.17 0.49 2.36
0.002 6.90
5.21 0.40 2.44
6.53
5.00 0.37 2.27
7.26
5.23 0.34 2.61
7.12
5.17 0.37 2.42
7.45
5.34 0.34 2.68
7.38
5.18 0.33 2.40
7.81
5.33 0.26 2.63
8.20
5.53 0.30 2.84
7.87
5.37 0.30 2.68
8.26
5.57 0.26 2.99
7.43
4.93 0.24 2.30
8.04
5.41 0.29 2.63
8.07
5.50 0.22 2.71
7.95
5.33 0.23 2.61
7.69
5.35 0.25 2.48
7.65
5.39 0.17 2.57
7.65 0.0004 5.80 0.30 2.85
7.31 0.0005 5.97 0.17 3.26
134

Ca2+
3.15
2.14
2.22
2.97
3.12
3.32
2.82
3.38
2.63
3.28
2.83
2.73
2.84
2.75
2.61
2.31
2.08
1.93
1.74
1.96
2.06
2.09
2.17
2.21
2.08
2.33
2.24
2.45
2.21
2.33
2.55
2.41
2.64
2.12
2.48
2.51
2.49
2.34
2.40
2.75
3.14

Sr

06/30/12 17:46
07/01/12 17:35
07/09/12 15:40
07/10/12 11:18
07/10/12 17:50
07/18/12 14:17
07/18/12 17:36
07/19/12 9:37
07/19/12 17:10
07/20/12 9:47
07/20/12 17:45
07/21/12 17:46
07/22/12 17:38
07/23/12 17:42
07/24/12 10:23
07/24/12 17:25
07/25/12 10:39

0.039
0.042
0.042
0.040
0.043
0.045
0.046
0.042
0.055
0.037
0.041
0.039
0.039
0.039
0.019
0.021
0.024

5.51
5.39
6.50
8.31
9.3
12.5
12.1
13.8
15.5
16.4
17.1
17.8
17.8
20.1
37.6
43.4
79.8

0.010
0.001

0.014
0.010
0.008
0.006
0.013
0.052

7.10
6.63
5.28
7.29
8.22
7.34
6.59
9.15
11.2
13.2
14.2
14.4
14.4
18.0
54.7
46.6
65.5

0.0005
0.0005
0.0004
0.0007
0.0008
0.0009
0.0009
0.0007
0.0008
0.0008
0.0008
0.0008
0.0008
0.0007
0.0008
0.0009
0.0010

Blank denotes below detection limit
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6.19
6.49
6.82
6.28
6.70
8.61
8.25
8.31
8.62
9.13
9.09
9.18
8.95
9.82
18.0
19.2
30.5

0.17
0.20
0.37
0.14
0.16
0.26
0.21
0.16
0.15
0.19
0.15
0.16
0.25
0.15
0.31
0.33
0.56

3.37
3.68
4.77
4.05
4.11
8.30
7.10
6.49
6.27
7.31
6.79
6.92
6.92
7.80
14.3
13.3
19.3

3.24
3.53
4.25
3.80
3.91
7.58
6.49
5.88
5.77
6.51
6.24
6.38
6.25
7.00
12.2
11.3
16.1

Table A.4 Dissolved ion concentrations in Ptarmigan, 2012.
Date
06/05/12 21:10
06/06/12 10:40
06/06/12 17:37
06/07/12 10:05
06/07/12 17:18
06/08/12 9:43
06/08/12 17:28
06/09/12 9:25
06/09/12 17:19
06/10/12 9:05
06/10/12 17:40
06/11/12 9:19
06/11/12 17:48
06/12/12 9:34
06/12/12 17:28
06/13/12 9:31
06/13/12 17:25
06/14/12 10:34
06/14/12 17:31
06/15/12 9:48
06/15/12 17:35
06/16/12 9:38
06/16/12 17:45
06/17/12 10:00
06/17/12 18:05
06/18/12 9:52
06/18/12 17:41
06/19/12 9:35
06/19/12 17:52
06/20/12 9:24
06/20/12 17:26
06/21/12 10:00
06/21/12 17:12
06/22/12 17:41
06/23/12 17:50
06/24/12 17:33
07/10/12 11:35
07/18/12 14:05
07/18/12 17:21
07/19/12 9:22
07/19/12 16:54

F

-

-

Cl
6.59
52.0
34.9
27.2
17.7
16.7
25.1
15.3
10.9
15.2
12.9
13.3
15.7
15.3
15.6
18.3
24.6
23.7
22.4
23.4
23.6
18.9
31.6
18.5
23.0
31.4
28.9
28.9
26.5
54.3
29.4
56.0
37.3
32.0
61.7
72.4
70.2
130
137
140
190

Br

-

0.031
0.038
0.042
0.065
0.066
0.063
0.053
0.067
0.039
0.082
0.036
0.059
0.070
0.071
0.065
0.067
0.114
0.079
0.128
0.091
0.073
0.160
0.184

Dissolved Ion Concentrations (ppm)
SO42- Li+
Na+ K+
Mg2+
3.27
2.86 1.12 2.45
32.9 0.0006 18.0 3.51 13.1
23.5 0.0004 12.1 2.24 8.93
25.4 0.0004 10.4 1.85 9.10
17.0
7.23 1.41 6.09
18.5
7.37 1.23 6.39
23.2
12.8 1.33 6.46
16.1
7.64 1.36 4.99
12.4
5.44 0.90 4.27
18.0
7.58 1.09 5.68
14.8
6.41 0.93 4.81
15.2
6.41 0.92 4.86
17.7
8.36 1.12 4.91
17.2
8.20 1.05 5.43
16.5
8.36 1.08 4.73
17.5
9.52 0.95 5.17
22.7
13.1 1.48 6.43
19.1
12.2 1.03 6.49
19.0
11.8 1.11 6.02
26.4
13.7 1.20 8.77
21.5
12.7 1.08 7.04
24.0
12.1 1.11 7.16
30.4 0.0004 15.8 1.49 9.19
25.9
13.1 1.20 6.99
24.2
11.7 1.17 7.17
39.0 0.0004 19.3 1.44 12.2
29.8 0.0004 14.1 1.27 9.15
33.4
16.2 1.27 10.3
27.0
12.5 1.16 8.09
67.1 0.0006 30.8 1.82 19.6
32.6 0.0004 16.6 1.34 10.9
68.2 0.0006 32.8 2.04 20.1
43.0 0.0004 18.6 1.41 11.9
36.7
15.9 1.36 9.65
64.8 0.0006 29.6 2.06 15.7
89.5 0.0007 36.9 2.45 20.5
196
0.0011 87.7 2.93 24.9
330
0.0015 153 4.62 47.6
357
0.0016 168 4.92 49.3
356
0.0016 168 4.82 51.1
315
0.0022 144 5.36 60.2
136

Ca2+
2.10
11.0
7.57
8.67
5.75
6.08
5.74
4.71
4.00
5.45
4.62
4.68
4.73
5.27
4.70
5.09
5.69
5.83
5.51
8.06
6.62
6.70
8.69
6.68
6.90
11.4
8.90
9.80
8.10
18.8
10.8
19.2
11.7
9.90
16.9
21.2
26.2
36.2
37.9
38.4
49.9

Sr

0.101
0.096
0.163
0.087
0.113
0.220
0.133
0.359
0.382
0.217
0.175
0.352
0.441
1.276
1.355
1.549

07/20/12 9:30
07/20/12 17:25
07/21/12 17:29
07/22/12 17:24
07/23/12 17:25
07/24/12 10:05
07/24/12 17:16
07/25/12 10:25

148
175
172
151
193
140
130
116

0.248
0.206
0.197

360
330
343
321
286
149
148
141

0.0018
0.0021
0.0022
0.0021
0.0023
0.0015
0.0016
0.0014

168
157
160
132
124
51.1
49.8
43.8

4.80
5.31
5.43
4.42
4.92
3.37
3.12
2.86

55.5
60.0
59.8
55.1
62.5
43.2
42.1
40.4

42.7
48.2
47.7
40.4
51.8
38.6
37.2
35.6

0.104
0.091

Blank denotes below detection limit
Table A.5.5 N species concentrations in rainfall collected at CBAWO.
Date
07/09/12 13:20
07/09/12 15:20
07/09/12 18:30
07/10/12 10:00
07/18/12 7:50
07/18/12 16:40
07/22/12 19:40
07/24/12 2:30
07/24/12 7:30
07/25/12 21:50

NO2-

0.0019

0.0013

N species concentration (ppm)
NO3- N-NO2- N-NO3- N-NH4+
0.186
0.042
0.143
0.236
0.053
0.04
0.181
0.041
0.106
0.291
0.066
0.069
0.551 0.0006 0.124
0.289
0.261
0.059
0.121
0.192
0.043
0.056
0.147
0.033
0.029
0.387
0.087
0.069
0.240 0.0004 0.054
0.076

N-DIN
0.185
0.093
0.147
0.135
0.414
0.180
0.099
0.062
0.156
0.130

Blank denotes below detection limit
Table A.6 Dissolved ion concentrations in rainfall collected at CBAWO.
Date
07/09/12 13:20
07/09/12 15:20
07/09/12 18:30
07/10/12 10:00
07/18/12 7:50
07/18/12 16:40
07/22/12 19:40
07/24/12 2:30
07/24/12 7:30
07/25/12 21:50

F0.003
0.004
0.018
0.006
0.002
0.002

Cl0.23
0.07
0.35
0.06
0.06
0.04
0.36
0.12
0.20
0.19

Dissolved Ion Concentrations (ppm)
Br- SO42- Li+ Na+
K+
Mg2+
0.363
0.196 0.105 0.008
0.111
0.090 0.032 0.010
0.120
0.194 0.123 0.015
0.147
0.012 0.009 0.004
0.296
0.027 0.033 0.050
0.183
0.053 0.032 0.025
0.251
0.211 0.035 0.041
0.046
0.071 0.007 0.014
0.249
0.132 0.061 0.012
0.155
0.109 0.020 0.015

Blank denotes below detection limit
137

Ca2+
0.078
0.066
0.120
0.019
0.131
0.079
0.094
0.027
0.031
0.039

Sr

Table A.7 Stable isotope compositions of !18O in water (H2O) as well as !15N and !18O in
NO3- from streamwater in Goose, 2012.
Date
06/05/12 21:35
06/06/12 11:00
06/06/12 18:02
06/07/12 10:35
06/07/12 17:43
06/08/12 10:10
06/08/12 17:32
06/09/12 9:45
06/09/12 17:42
06/10/12 9:27
06/10/12 19:15
06/11/12 9:45
06/11/12 18:11
06/12/12 9:59
06/12/12 17:54
06/13/12 9:58
06/13/12 17:45
06/14/12 10:55
06/14/12 17:48
06/15/12 10:10
06/15/12 17:52
06/16/12 10:15
06/16/12 18:02
06/17/12 10:17
06/17/12 18:22
06/18/12 10:10
06/18/12 17:58
06/19/12 9:51
06/19/12 18:11
06/20/12 9:46
06/20/12 17:53
06/21/12 10:20
06/21/12 17:30
06/22/12 17/59
06/23/12 18:05
06/24/12 17:52
06/25/12 18:15
06/26/12 17:32
06/27/12 17:31
06/28/12 17:43
06/29/12 17:36

!18O-H2O
-25.2
-23.5
-24.5
-22.8
-23.2
-22.9
-24.1
-23.5
-24.9
-24.2
-24.7
-24.6
-24.6
-24.8
-24.9
-25.4
-25.8
-25.5
-25.7
-25.2
-24.8
-25.2
-25.0
-23.7
-24.1
-23.9
-23.5
-23.1
-23.3
-22.2
-22.6
-22.6
-22.2
-22.5
-21.6
-21.2
-21.3
-21.1
-20.3
-19.9
-19.8

!15N-NO3-7.3
-5.4
-7.9
-4.1

!18O-NO381.2
77.3
79.4
71.9

0.6

13.4

0.4

-9.7

4.4

10.4

4.8

-0.7

12.3

17.4
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06/30/12 17:46
07/01/12 17:35
07/09/12 15:40
07/10/12 11:18
07/10/12 17:50
07/18/12 14:17
07/18/12 17:36
07/19/12 9:37
07/19/12 17:10
07/20/12 9:47
07/20/12 17:45
07/21/12 17:46
07/22/12 17:38
07/23/12 17:42
07/24/12 10:23
07/24/12 17:35
07/25/12 10:39

-19.4
-19.0
-17.2
-18.2
-17.9
-14.9
-15.1
-16.7
-17.0
-16.6
-16.5
-16.3
-16.0
-16.6
-16.5
-16.2
-16.5

6.9

13.1

13.6

14.6

Blank refers to unavailable data
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Table A.8 Stable isotope compositions of !18O in water (H2O) as well as !15N and !18O in
NO3- from streamwater in Ptarmigan, 2012.
Date
06/05/12 21:10
06/06/12 10:40
06/06/12 17:37
06/07/12 10:05
06/07/12 17:18
06/08/12 9:43
06/08/12 17:28
06/09/12 9:25
06/09/12 17:19
06/10/12 9:05
06/10/12 17:40
06/11/12 9:19
06/11/12 17:48
06/12/12 9:34
06/12/12 17:28
06/13/12 9:31
06/13/12 17:25
06/14/12 10:34
06/14/12 17:31
06/15/12 9:48
06/15/12 17:35
06/16/12 9:38
06/16/12 17:45
06/17/12 10:00
06/18/12 9:52
06/18/12 17:41
06/19/12 9:35
06/19/12 17:52
06/20/12 9:24
06/20/12 17:26
06/21/12 10:00
06/21/12 17:12
06/22/12 17:41
06/23/12 17:50
06/24/12 17:33
07/10/12 11:35
07/18/12 14:05
07/18/12 17:21
07/19/12 9:22
07/19/12 16:54
07/20/12 9:30

!18O-H2O
-26.5
-27.3
-27.4
-25.5
-25.1
-25.1
-25.6
-24.6
-25.4
-24.1
-24.8
-24.6
-24.5
-24.6
-24.1
-23.9
-22.6
-23.1
-22.8
-22.3
-21.7
-21.4
-21.0
-21.3
-20.3
-20.1
-20.3
-20.2
-19.1
-20.0
-19.0
-19.1
-18.9
-18.3
-17.1
-17.0
-17.0
-17.5
-18.1
-17.0
-16.5

!15N-NO3-2.6
-5.7
-7.1

!18O-NO360.3
68.1
71.3

4.6

27.2

6.2

9.5

3.8

4.1

4.8

4.8

4.5

-0.7

15.8
5.5

22.7
-3.8

6.8

-3.6

7.3

-1.1
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07/20/12 17:25
07/21/12 17:29
07/22/12 17:24
07/23/12 17:25
07/24/12 10:05
07/24/12 17:16
07/25/12 10:25

-15.4
-15.7
-14.6
-15.5
-16.2
-16.0
-16.2

7.1
5.4
4.7

0.6
3.4
-7.2

Blank refers to unavailable data

Table A.9 Stable isotope compositions of !18O in water (H2O) as well as !15N and !18O in
NO3- from rainfall collected at CBAWO, 2012.
Date
07/09/12 15:20
07/09/12 18:30
07/10/12 10:00
07/18/12 07:50
07/18/12 16:40
07/24/12 02:30
07/24/12 07:30

!18O-H2O
-17.9
-19.6
-17.2
-13.2
-15.5
-17.7
-14.3

!15N-NO30.1
0.9
0.4
2.0
1.0
2.7
-0.2

!18O-NO370.0
68.8
69.7
72.6
71.7
80.1
66.7
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Appendix B
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Figure B.1 Mean daily air temperature and daily cumulative rain recorded at MainMet in
2007 b) 2007 hydrographs from Goose and Ptarmigan, partitioned into nival melt and
stormflow. Note: In 2007, shielded air temperature was recorded with a Humirel 2500H
temperature sensor (0.2°C) placed 1.5m above ground and precipitation was recorded using
a Davis industrial tipping bucket (0.2mm resolution). Both of these were logged with a
Unidata Prologger.
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