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Abstract
Climate change is expected to have strong impacts on permafrost and the frequency of landscape
disturbances are expected to increase in response to warming temperatures and overall permafrost change.
These disturbances can increase the export of dissolved inorganic nitrogen (DIN) from High Arctic
catchments, having important effects on downstream aquatic ecosystems, thus motivating the need to
better understand the impact of permafrost change on nitrogen exports. This study examined fluxes of
DIN (ammonium (NH4+) and nitrate (NO3-)) from paired catchments at the Cape Bounty Arctic
Watershed Observatory, Nunavut. Water samples were collected from the outlet of the rivers during the
melt season from 2003 to 2016. A range of surface water draining different landscape types were also
sampled during the 2016 season to identify how specific locations in the catchments control downstream
DIN concentrations. Both physical disturbances, including active layer detachments (ALDs), and thermal
perturbations related to widespread deepening of the active layer in response to warm summers, occurred
during this record. Widespread physical disturbances occurred at the end of the 2007 field season in
response to exceptionally warm temperatures and a large rainfall event. Additionally, 2012 was the
warmest sampling year, and is one of the warmest years on record (1970 – 2016).
River NO3- fluxes increased in 2008, responding to the 2007 disturbance, as the nitrification and
mobilization of nitrogen is inferred to increase as soils were brought to the surface and exposed to
flushing. The DIN fluxes recovered rapidly at the catchment scale, reaching pre-disturbance values by
2010. DIN fluxes increased strongly in 2012 as warm temperatures are assumed to result in deep active
layer thaw and increased subsurface flow, resulting in high DIN export, especially during the baseflow
and stormflow hydrologic periods. Recovery from widespread permafrost thaw was not observed after
four years.
Fluxes are similar between the rivers, with minor deviations associated with variations in
catchment morphology. Spatial analysis of the DIN concentrations from upstream locations along the
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rivers does not show a distinct pattern throughout the season, but rather indicates a complex interaction of
inputs, dilutions, and biogeochemical transformations.
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Chapter 1
Introduction
1.1 Introduction to Arctic environmental change and study rationale
As the climate continues to change, global climate models predict enhanced warming in the
Arctic compared to the rest of the world (Vaughan et al. 2013). Along with increasing temperatures,
rainfall events are expected to increase in frequency and intensity, and snow cover is expected to decrease
(ACIA 2005; Vaughan et al. 2013). This warming is expected to lead to an increased depth of the active
layer (Zhang et al. 1997; Osterkamp 2007; Woo et al. 2007; Woo 2012), the uppermost portion of
permafrost that thaws each melt season, as well as degradation of the permafrost in the form of physical
landscape disturbances (Fortier et al. 2007; Isaksen et al. 2007; Jorgenson et al. 2010). For example,
Isaksen et al. (2007) found that the thermal response of permafrost to warming was detectable to depths
of at least 15 m on Svalbard and multiple studies have demonstrated increased occurrence of physical
disturbances across the Arctic region (Jorgenson et al. 2006; Fedorov & Konstantinov 2008). Lantz &
Kokelj (2008) analyzed retrogressive thaw slump (RTS) (a slope failure resulting from the melting of icerich permafrost) development in the Mackenzie Delta region, N.W.T., from 1950 – 2004 and found that
rates of slump growth from 1973 – 2004 were 1.4 times greater than rates from 1950 – 1973, and rates of
slump headwall retreat were approximately twofold. They attributed these increased rates to a significant
warming of annual and summer air temperatures.
This warming and increased summer precipitation has been linked to widespread thermokarst
development (Bowden et al. 2008; Gooseff et al. 2009), including active layer detachments (ALDs) and
RTSs (Kokelj & Lewkowicz 1999; Jorgenson et al. 2006; Fortier et al. 2007; Lamoureux & Lafrenière
2009; Kokelj & Jorgenson 2013). One of the most profound consequences of permafrost thaw on
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freshwater terrestrial ecosystems is the potential shift from surface water-dominated to groundwaterdominated systems (Frey & McClelland 2009; Frey et al. 2007). As the surface and subsurface hydrology
of these systems change as the permafrost degrades, nutrient transport dynamics in these High Arctic
catchments will be subsequently altered (Bowden et al. 2008; Frey & McClelland 2009). Increases in
subsurface flowpaths could potentially lead to increases in the amount of dissolved inorganic nitrogen
(DIN; nitrate (NO3-) and ammonium (NH4+)) exported from these catchments (McClelland et al. 2007;
Harms & Jones 2012). This change in export is important as small increases in the flux of DIN have been
shown to stimulate primary and secondary biological productivity in downstream aquatic ecosystems
(Bowden et al. 2008).
Increasing a system’s biological productivity may lead to changes to aquatic community structure
and the eventual eutrophication and creation of anoxic conditions through depletion of dissolved oxygen.
In addition to downstream aquatic effects, enhanced DIN has been demonstrated to promote a positive
feedback on the carbon (C) cycle. Increasing the available inorganic nitrogen may lead to increased
lability (biodegradability) of dissolved organic matter (DOM), as the mineralization of DOM is increased
(Holmes et al. 2008; Mann et al. 2012). Increasing the lability of DOM leads to subsequent increases in
atmospheric carbon dioxide (CO2) from these environments creating a positive feedback on the C cycle
(Lafrenière et al. 2017).
While several studies have investigated the impacts of permafrost disturbances on DIN export
(e.g., Bowden et al. 2008; Frey & McClelland 2009; Keuper et al. 2012; Harms et al. 2014; Louiseize et
al. 2014; Abbott et al. 2015; Lamhonwah et al. 2017), little is known about long-term recovery from such
disturbances, as few long-term datasets exist that examine the trends in nutrient concentrations and export
from Arctic rivers. Of the few studies that exist, samples from the Kuparuk River at North Slope, Alaska,
have been analyzed since ~1980 in an effort to monitor nutrient export as part of the Arctic Long-term
2

Ecological Research (ARC LTER) project. McClelland et al. (2007) analyzed this data and found that
NO3- concentrations and export began increasing in the 1990s, which they attributed to the accelerated
warming of permafrost in the region (see also Ostercamp & Romanovsky 1999; Stieglitz et al. 2003). In
addition, long-term data regarding nutrient concentrations exists for several major rivers in the Russian
Arctic; however, uncertainties regarding data quality limit their usage (Holmes et al. 2000, 2001;
Zhulidov et al. 2000).
1.2 Soil nitrogen cycling
Nitrogen exists in the soil as part of the soil organic matter (SOM) and as inorganic species,
including ammonium (NH4+), nitrate (NO3-), and nitrite (NO2-). These inorganic forms may be attracted to
weakly charged particles (such as clay minerals or organics) or may be dissolved and classified as
dissolved inorganic nitrogen (DIN) (Schlesinger 1997). As NO2- is the intermediate product of
nitrification and denitrification, concentrations are generally low, and often below the detection limit of
modern laboratory equipment (Lafrenière et al. 2017), as it is quickly transformed to its respective end
member (NO3- or N2). The total dissolved nitrogen (TDN) is the sum of DIN and the dissolved organic
nitrogen (DON). At High Arctic sites, DON is the dominant form of N in stream flow (McNamara et al.
2008) and can account for as much as 80% of the TDN, as shown by studies conducted at the Cape
Bounty Arctic Watershed Observatory (Lafrenière & Lamoureux, 2008; Lewis et al. 2012). The
composition of TDN is affected by runoff volumes, hydrological flowpaths, soil moisture regimes, and
the oxidation/reduction state of the soil, all of which affect N cycling and are ultimately controlled by the
catchment morphology (Pinay et al. 2002; Petrone et al. 2007; McNamara et al. 2008; Yano et al. 2010;
Harms & Jones 2012; Abbott et al. 2015; Harms & Ludwig 2016). The amount of runoff produced by a
catchment is controlled by the catchment morphology, as the windblown accumulation of snow and the
resulting nival regime is greater in catchments with more pronounced topography. Therefore, catchments
3

with a greater relief will have often have higher runoff volumes and, thus, higher N fluxes, compared to
catchments with more subtle topography. With permafrost confining runoff and biological activity to the
active layer, N cycling is reduced compared to that in temperate and tropical environments (Nadelhoffer
et al. 1992) and Arctic rivers have been ranked the lowest for their export of inorganic nutrients, globally
(Dittmar & Kattner 2003). These reduced rates of nutrient cycling limit DIN concentrations in Arctic
surface waters, thus increasing the competition between plants and microbes for bioavailable N sources.
The main source of inorganic N comes from N2 fixation, atmospheric deposition, and through the
microbial decomposition of soil organic matter (Shaver et al. 1992; Schlesinger 1997; Perakis 2002).
Nitrogen fixation occurs when plants and microbes convert atmospheric N to ammonia (NH 3+), NH4+, or
into organic molecules (e.g., proteins and nucleic acids). This fixation has been found to be a significant
source of N in the Arctic (Hobara et al. 2006; Stewart et al. 2011). However, the mineralization of organic
N has been found to supply more NH4+ to Arctic environments than N2 fixation and atmospheric
deposition combined (Stewart et al. 2011). Microbes that convert organic N to NH4+, under both aerobic
and anaerobic conditions, mediate the mineralization of organic N. Thus, the temperature, composition,
and availability of organic matter control the rates of mineralization (Naddelhoffer et al. 1991; Schimel et
al. 2004). Net mineralization occurs when the production of NH 4+ outweighs consumption. This net
production largely occurs during the winter months when rates of N uptake and immobilization are low
(Nadelhoffer et al. 1991; Schmidt 2002, 2004; Strum et al. 2005). Much of this NH4+ produced by
subnival mineralization is flushed into the hydrological system during snowmelt, accounting for much of
the inorganic export during the nival period (Brooks et al. 1996).
Before fluvial export can occur, much of the NH4+ may be removed from the soil and volatilized
to NH3+, or undergo nitrification, forming nitrate (NO3-) (Louiseize et al. 2014). Chemolithoautotrophic
bacteria that oxidize NH4+ to NO2- and then to NO3- carry out this transformation. The oxidation of NH4+
4

to NO2- is performed primarily by ammonia oxidizing bacteria (AOB) (Nitrosomonas and Nitrosospira),
with the help of ammonia oxidizing archaea (AOA) (Nitrosopumilus maritimus), while the oxidation of
NO2- to NO3- is carried out by nitrite oxidizing bacteria (NOB) (Nitrobacter) (Hayatsu et al. 2008). The
rates of nitrification are controlled by temperature, pH, and oxygen availability, such that anoxic
conditions and lower temperatures and pH lead to lower nitrification rates in Arctic soils (Chapin 1996).
Soil moisture conditions can also affect nitrification rates, with drier soils leading to higher rates of NO 3production (Chapin 1996; Stewart et al. 2014). For nitrate soil production and uptake to dominate, the
availability of inorganic N must be high enough that plant and microbial competition for NH 4+ is low,
allowing for any excess NH4+ to undergo nitrification (Schimel & Bennett 2004). Furthermore, NO3- may
be denitrified and lost from the system as gaseous nitrous oxide (N 2O) or N2 (Louiseize et al. 2014), a
process that peaks during snowmelt (Harms & Jones 2012).
DIN may be reincorporated into organic matter through uptake by plants and immobilization by
microbes (Schlesinger 1997). Permafrost confines subsurface flowpaths to the shallow, organic-rich soil
horizons in the active layer, an area that promotes the retention of nutrients by plants and microorganisms
(Harms & Jones 2012). Deeper mineral soils contain larger pools of inorganic N and have higher rates of
mineralization and nitrification created by the reduced C:N content of the soil, the absence of uptake by
plants, and decreased rates of immobilization (Nadelhoffer et al. 1991; Högberg et al. 2006; Keuper et al.
2012; Wild et al. 2015). The competition for DIN among plants and microorganism in the upper organic
soils of the active layer generally restricts the inorganic N available for export (Petrone et al. 2007; Yano
et al. 2010). However, degrading permafrost and increasing flowpaths are expected to increase the export
of inorganic N from soils to streams (Harms & Jones 2012).
Two of the main factors that control N export are runoff volumes and hydrological flowpaths
(Perakis 2002; Pinay et al. 2002; Cooper et al. 2007), and, as discussed earlier, these hydrologic
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conditions are significantly controlled by catchment morphology. Catchments with varying topography
(e.g., alternating hills and gullies) will accumulate more wind-blown snow, producing higher nival runoff
volumes, and, thus, increasing the flux of fluvial N exported. Although runoff is required to transport N,
hydrological flowpaths and biological processes in the soils have a greater effect than runoff volumes on
N fluxes (Cooper et al. 2007; McClelland et al. 2007; Petrone et al. 2007; Yano et al. 2010; Lewis et al.
2012). For example, the export of NO3- is often determined by water residence time. Increased contact
time of solutes with microbial communities in the soil increases the immobilization of NO 3-, thereby
reducing the amount available for export (Flewelling et al. 2012; Harms & Ludwig 2016). In contrast, the
transition of flowpaths from shallow organic-rich layers to deeper mineral soils has the opposite impact
on DIN and DON fluxes. DIN export will increase as flowpaths move away from the shallow horizons
(where much of uptake and immobilization occurs) to the mineral soils (where increased mineralization
and nitrification rates are found) (Nadelhoffer et al. 1991; McClelland et al. 2007; Harms et al. 2014).
DON, however, will decrease as the depth of flowpaths increases due to absorption onto clay particles in
the mineral soils (Lewis et al. 2012).
When considering the timing of N export, snowmelt provides the largest flux of TDN (Hinzman
et al. 2003; Lafrenière & Lamoureux 2008; Frey & McClelland 2009; Lewis et al. 2012). During this
time, NO3- and NH4+ are flushed from shallow soils by surface flow, which results in high concentrations
of DON (Petrone et al. 2006; Lafrenière & Lamoureux 2008; Yano et al. 2010). The snowpack is also an
important source of N during this period, as studies have shown that it may contain high concentrations of
NO3- (McNamara et al. 2008; Townsend-Small 2011; Lewis et al. 2012). As the snowmelt period wanes,
processes that support DIN sinks (e.g., plant uptake and microbial immobilization) become more
prominent, altering the flux patterns of N in these systems (Perakis et al. 2002; Jones et al. 2005; Yano et
al. 2010). When runoff recedes to baseflow conditions, DIN concentrations tend to decrease as inorganic
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N is rapidly depleted. As the active layer develops, more inorganic N is released from soils and the
increasing subsurface flowpaths result in an interaction between runoff and mineral soils. If catchment
runoff and soil moisture conditions are low, soils may not be effectively flushed, limiting the
transportation of N and increasing accumulation of N in the soil horizons (Carey & Quinton 2004;
McClelland et al. 2007). This accumulated N may be flushed during subsequent rainfall events significant
enough to overcome soil moisture requirements and reinitiate hydrological connectivity (Lewis et al.
2012). As the late season demand for inorganic N is high, DIN in the organic horizons will be quickly
taken up or immobilized by plants and microbes. However, if flowpaths extend deeper into the active
layer, bypassing the organic soils, concentrations of DIN may increase in the streams (Harms et al. 2012).
1.3 Impact of climate change & disturbances on DIN export
As the climate continues to change, the amount and timing of runoff, paired with the increasing
areal extent and frequency of permafrost disturbances (Gooseff et al. 2009; Vincent et al. 2013), are likely
to lead to changes in nutrient dynamics in these environments (Lafrenière & Lamoureux 2008; Frey &
McClelland 2009; Abbott et al. 2015). The type of disturbance will be a major control on the types of
hydrological flowpaths that exist and the accessibility of runoff to nutrient rich soils. Thermokarst
development (e.g., the subsidence created by the melting of ice-rich permafrost) can result in an increase
in export of inorganic N from Arctic soils (Harms et al. 2014). Further, exposing mineral soils to the
atmosphere may increase the aeration and mixing of soils, leading to increases in N mineralization and
nitrification (Harms et al. 2014).
In Arctic soils, total dissolved solute (TDS) concentrations are typically highest in the mineral
soils at the transition layer, located at the top of the permafrost table (Kokelj & Burn 2003; Keller et al.
2007; Malone et al. 2013; Lamhonwah et al. 2017). This portion of the permafrost thaws only
occasionally, on a sub-decadal scale, in response to interannual climatic fluctuations (Shur et al. 2005).
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Physical disturbances can bring mineral soils in the transient layer to the surface, releasing pools of N that
were previously isolated from biogeochemical cycling and hydrologic export (Jones et al. 2005;
McClelland et al. 2007; Harms & Jones 2012). This increased pool of available N may stimulate
microbial mineralization (Keuper et al. 2012), resulting in increased susceptibility to solute and DIN
leaching and export (Harms and Jones, 2012). The disturbances may also alter vegetation cover, soil
temperature, moisture conditions, oxygen availability, and nutrient availability, and may stimulate
microbial activity increasing inorganic N production (Paulter et al. 2010; Harms et al. 2014; Lamoureux
& Lafrenière 2014). For example, Lafrenière et al. (2017) demonstrated that an increase in NO3- export is
most pronounced when there is water available to flush the active layer during the late season when
downstream productivity and nutrient requirements are high. Based on the measurements from Frey et al.
(2007), if permafrost were to completely disappear, the export of TDS would increase by ~59% (from
~46 Tg/year to 73 Tg/year) in western Siberia. If these predictions are accurate and climate projections
are realized, the dramatic increase in TDS export will significantly alter nutrient availability in
downstream aquatic and marine ecosystems, leading to increases in productivity and potential
eutrophication.
1.4 Research objectives
The research presented in this thesis is a response to the need for a better understanding of
biogeochemical cycling in a changing Arctic environment. This research investigates the catchment-wide
DIN flux recovery from two types of permafrost degradation at the Cape Bounty Arctic Watershed
Observatory (CBAWO), Melville Island, Nunavut: (a) thermal perturbations leading to the broad scale
increase in active layer depth, which likely increase these mid- to late-season interactions between surface
water and shallow soils; and (b) active layer detachments, which have a more localized impact on soils,
subsurface flowpaths and biogeochemical cycling.
8

The objectives of this study are as follows:
1. Examine DIN concentrations and fluxes from water samples collected from 2003 – 2016
in two catchments at the Cape Bounty Arctic Watershed Observatory, Melville Island,
Nunavut, in the Canadian High Arctic.
2. Explore catchment-wide trends in DIN concentrations from 2016 to determine if there are
any areas in the catchment that consistently drive downstream DIN concentrations and if
these patterns exist throughout the summer.
To address these objectives, daily (and in some cases twice daily) samples from the outlet of the
West and East rivers were analyzed for DIN and TDS concentrations from 2003 to 2016 (excluding 2011,
2013, and 2015). In each year, river discharge, air temperature, and rainfall were measured. The start of
the snowmelt period varied each year, but all seasons cover the period from early June to late July or early
August (except 2005 which covers only part of the snowmelt period in June). Seasonal runoff and DIN
concentrations were divided into nival, baseflow, and stormflow periods to help differentiate the
seasonality of N fluxes.
Chapter 2 examines the timing of DIN fluxes and compares the flux response, and subsequent
recovery, from the 2007 physical disturbance and the 2012 thermal perturbation. The spatial analysis of
DIN concentrations from both rivers in 2016 associated with the second major objective is presented in
Appendix B.
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Chapter 2
Long-term (2003 – 2016) dissolved inorganic nitrogen (DIN) response to
physical disturbance and thermal permafrost perturbations in paired High
Arctic catchments
2.1 Abstract
Warming of the Arctic is expected to increase permafrost thaw depths, change surface and
subsurface flowpaths, and increase the areal extent and frequency of permafrost thermokarst disturbance.
Permafrost disturbances and thermal perturbations (e.g., widespread permafrost thaw in response to
increasing summer temperatures) have been found to increase the export of dissolved inorganic nitrogen
(DIN) from High Arctic catchments by enhancing the nitrification and mobilization of nitrogen
previously stored in permafrost soils. Small increases in available nitrogen can have important effects on
downstream aquatic ecosystems. This study investigates DIN fluxes from 2003 to 2016 in paired river
catchments at the Cape Bounty Arctic Watershed Observatory, Melville Island, Nunavut, Canada.
Extensive physical disturbances in the form of active layer detachments occurred at the end of July 2007
in response to a deep summer thaw. DIN fluxes were divided into nival, baseflow, and stormflow periods
to differentiate the timing of DIN export. In 2008, nitrate (NO3-) export was 7.8 times greater than that in
2007, in response to the widespread disturbance at the end of the 2007 field season. Nitrate fluxes in 2012
were 2.3 times greater than those in 2008, with most export occurring during baseflow and stormflow
periods. By contrast, ammonium fluxes were relatively low until 2010 and increased post-2012. This
increased export of DIN in 2012 is associated with an increased active layer depth that thawed the
transient layer, in response to record warm temperatures in the region in 2011 and 2012. Seasonal total
dissolved solute (TDS) fluxes follow a similar pattern as NO 3- fluxes during baseflow and stormflow
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periods, increasing from 2003 to 2008, decreasing between 2008 and 2010, and peaking in 2012. This
correlation suggests a similar source of nitrate and other mineral derived solutes. Findings from this study
suggest that thermal perturbations are more important than physical landscape disturbances for the
biogeochemical cycling of nutrients in High Arctic environments and provide indications of recovery
times to the latter.
2.2 Introduction
The export of dissolved inorganic nitrogen (DIN) from fluvial systems plays an important role in
downstream aquatic ecosystems, as nitrogen (N) is often the limiting nutrient for phytoplankton growth
(Dittmar 2004). Nitrate (NO3- ) and ammonium (NH4+) are the dominant forms of DIN in soils, while
concentrations of nitrite (NO2-) are usually much lower. These low concentrations occur as NO2- is the
intermediate product of mineralization and denitrification, and is rapidly transformed to its respective end
member (NO3- and N2). Catchment morphology is a significant control on the timing and composition of
N export, as the morphology affects snow accumulation, runoff response, hydrological flow paths, soil
moisture regimes, and the oxidation/reduction state of the soil (Pinay et al. 2002; Petrone et al. 2007;
McNamara et al. 2008; Yano et al. 2010; Harms & Jones 2012; Abbott et al. 2015; Harms & Ludwig
2016; Lafrenière et al. 2017). It has been shown that N is exported only when an excess of N is available,
which may occur when sources are spatially and temporally disconnected from sinks (Perakis 2002;
Lafrenière & Lamoureux 2008; Yano et al. 2010).
Several studies have linked climate warming (Vaughan et al. 2013) to permafrost degradation
(Fortier et al. 2007; Isaksen et al. 2007; Jorgenson et al. 2010) and a deepening of the active layer
(thermal perturbation) (Osterkamp 2007; Woo et al. 2007; Zhang et al. 2007; Woo 2012). Thermokarst
processes, including active layer detachments (ALD) and retrogressive thaw slumps (RTS), result from
the thawing of near surface ground ice, creating soil instabilities that can displace vegetation and thawed
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soils downslope, exposing underlying mineral soils and influencing surface and subsurface flowpaths and
erosion (Lewkowicz & Harris 2005; Lewkowicz 2007; Lamoureux et al. 2014). This downslope
movement is capable of exposing pools of N and other ions that were previously frozen or stored deep in
the active layer (Bowden et al. 2008; Kokelj et al. 2009; Lamoureux & Lafrenière 2009; Lewis et al.
2012; Lafrenière & Lamoureux 2013; Louiseize et al. 2014). Permafrost disturbances are an important
process for the export of N in High Arctic systems. Disturbances may also expose the ice- and solute-rich
transient layer, the layer of soil that is located directly above the permafrost table and is subject to
occasional thaw in abnormally warm years (Shur et al. 2005). This exposed ice can provide an additional
source of runoff that helps flush soils during baseflow conditions, resulting in an increased mobilization
of previously stored solutes (Kokelj et al. 2013). For example, Lamhonwah et al. (2017) showed that deep
active layer thaw during exceptionally warm years may extend into the transient layer and subsequent
flushing of solutes will impact surface waters for multiple years. As the Arctic continues to respond to
climate warming, it is predicted that seasonally thawing the transient layer will increase the late season
flux of solutes that were previously stored and inaccessible to biogeochemical cycling and mobilization
(Lamhonwah et al. 2017; Lafrenière et al. 2017). This release of solutes would have implications for
nutrient and soluble ion export in response to the accelerated change in permafrost environments (Jones et
al. 2005; Petrone et al. 2006; Frey & McClelland 2009). Several studies have shown that permafrost
disturbances increase the concentration of NO3- in streams (e.g., Bowden et al. 2008; Harms et al. 2014;
Louiseize et al. 2014; Lafrenière et al. 2017). For example, Lafrenière et al. (2017) reported that the
impact of ALDs to increase nitrate export can persist for more than five years following disturbance in
subcatchments that have a high proportion of disturbed area, and are hydrologically connected to the
disturbance. The larger catchment scale responses to these types of disturbances are important, but
sufficiently long data sets to investigate the impacts and recovery have not been evaluated. Previous work
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in Arctic environments has focused on small tributaries, but larger catchments and longer time scales
remain poorly understood.
The aim of this research was to examine the DIN concentrations and fluxes from water collected
from 2003 to 2016 in two small rivers in the continuous permafrost zone in the Canadian High Arctic.
This study expands on the record of Lewis et al. (2012) that considered TDN concentrations and fluxes
from 2006 to 2009 for the same rivers, and is the longest DIN data set available in the High Arctic. This
unique data set covers 13 years of stream hydrochemistry with a focus on the DIN, and contains both an
episode of significant physical disturbance (ALD) during late-season 2007, as well as thermal
perturbations of the active layer caused by record warm summers in 2007, 2011, and 2012. This research
hypothesized that during abnormally warm summers, DIN export would increase and shift from nivaldriven export to increased baseflow- and stormflow-driven export. Each of these perturbations affect the
downstream chemistry of aquatic ecosystems and are indicative of the likely impacts of a changing
climate. This study fills the knowledge gap regarding timing of DIN export and post-disturbance
(physical and thermal) recovery times on a catchment-wide scale.
2.3 Methods
2.3.1 Site Description
The Cape Bounty Arctic Watershed Observatory (CBAWO) (74o54’N, 109o35’W) is located
along the south-central coast of Melville Island, Nunavut (Figure 2.1). The study site consists of similar
paired catchments unofficially named West and East. Research began in 2003 and has since monitored
the hydrological, meteorological, geomorphological, limnological, permafrost, and biogeochemical
processes at this High Arctic site. Much of this research has been directed to the West River and its
tributaries. The focus of this study is on both the West and East rivers, the catchment areas of which are
8.0 km2 and 11.6 km2, respectively. The catchment elevations range from 5 to 125 m asl. The West
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catchment has more gentle ridges and valleys, and the East catchment has more south-facing slopes
(McLeod 2008), but otherwise the terrain and surface cover are similar. This region is underlain by
continuous permafrost and develops an active layer that can reach depths of 0.75 to 1.0 m by late summer.
The bedrock geology consists of gently dipping middle to upper Devonian sandstones and
siltstones, overlain by unconsolidated Late Glacial and marine sediments from the early Holocene
(Hodgson et al.,1984). Local soil and vegetation varies broadly with moisture conditions. The landscape
is dominated by a polar semi-desert tundra vegetation community, characterized by low moisture
conditions with sporadic coverage of bryophyte spp. The next most abundant soil/vegetation zone is a
moderately wet area characterized by mesic type vegetation that include Nostoc commune spp. (nitrogen
fixing cyanobacteria) and Salix arctica spp. Wet sedge communities are found where saturated soils
persist throughout the growing season and have full vegetation cover, including species such as
Eriophorium spp. and Sphagnum spp. (Atkinson & Treitz 2012).
The climate is characteristic of a polar desert, with annual precipitation less than 150 mm. Much
of this precipitation falls as snow, with infrequent, low intensity rainfall events during the summer
months. The nearest long-term (1971 – 2017) meteorological station, Mould Bay, located ~300 km west
of CBAWO (Figure 2.1), reports mean winter (December to February) and summer (June to August)
temperatures of -32. 6°C and 1.7°C, respectively (Environment Canada 2013). Summer temperatures
recorded at CBAWO (2003 – 2016) are 1.2°C warmer than the long-term Mould Bay mean.
During winter and early spring, snow is redistributed by strong winds and accumulates in
channels and on leeward slopes (McDonald & Lamoureux 2009; Woo 2012). Channel runoff typically
begins early to mid-June and reaches peak discharge within a few days. Much of the snowpack is quickly
exhausted and the river discharge recedes to baseflow levels for the remainder of the summer. Residual
snow within channels and on south facing slopes helps to sustain flow during the late summer.
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In late July 2007, after an extended period of warm temperatures and a large rainfall event,
extensive active layer detachments (ALDs) occurred in both catchments, disturbing approximately 2.1%
and 1.2% of the West and East catchments, respectively ( Figure 2.2) (Lamoureux & Lafrenière, 2009;
Rudy et al. 2013).

2.3.2 Hydrological and Environmental Measurements
From 2003 to 2016, hydrological and environmental measurements have been obtained using
several similar sensors and data loggers (Table A1). Discharge and sampling were not carried out in 2011,
2013, and 2015. Briefly, seasonal discharge was measured at the outlet of each river at 10-minute
intervals from the start of snowmelt to late July or early August. Raw stage measurements were corrected
for barometric pressure, and converted to discharge using site-specific, seasonal rating curves. Discharge
was measured for the full range of flow using the velocity-area method (see Table A1 for details). Note
that in this context, seasonal refers to the period of the measured record, and the period of observation
does not include the full annual discharge period due to inaccessibility in the late season. However, runoff
in early August is generally minimal and freeze-up and flow cessation occurs in mid-August to early
September, so we are confident that our records cover the majority of the annual discharge. All records of
discharge (2003 – 2016) were fully re-evaluated to provide a consistent and robust dataset with a common
post-processing approach. Differences in the values presented here versus those presented in previous
publications are primarily due to differences in the stage-discharge rating curves. For example, previous
rating curves for 2004 and 2005 were fit with a linear curve, which is hydrologically unrealistic in this
environment. Furthermore, all other years were fit with second- or third-order polynomial ratings. Here,
we re-fit all rating curves to have standard power relationships which is the standard method in hydrology
(Clark, 1999 and references therein).
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Hydrographs from 2003 to 2016 for both catchments were partitioned into nival, baseflow, and
stormflow periods based on the subjective method (Singh 1992). This separation describes the general
changes in the runoff regime during the season and does not quantitatively separate the sources of water
contributing to runoff. The start of the baseflow period was marked by the substantial decrease in
discharge and the reduction of the diurnal signal that remained relatively constant for the remained of the
season. Stormflow conditions were characterized by a rapid increase in discharge associated with rainfall
events.
Air temperature and seasonal precipitation were recorded at WestMet, the meteorological station
located at the headwater of the West River catchment (Figure 2.1). Air temperature was recorded at 1.5 m
above the ground with a shielded Onset UA-003 sensor ( 0.1°C), while precipitation was measured at
the same height using a Davis Industrial tipping bucket (0.2 mm tip) rain gauge, and recorded with the
same logger. Minor gaps in the air temperature and rainfall records were filled in with data collected at
both EastMet (2003 – 2008) and MainMet (Figure 2.1), as these records showed good correlation (r2 =
0.99) with the WestMet records, and were, therefore, considered to be suitable estimates for the missing
data. As a result, our composite record has only three gaps in the temperature record (inclusive of Dec.
2003 – June 2004; Nov. 2004 – June 2005; Dec. 2012 – May 2013) and one gap in the rainfall record
(inclusive of August 2012 – May 2013).
2.3.3 Hydrochemistry
Water samples were collected from the main gauging station each season in both rivers (Figure
2.1). Samples for chemical analysis were limited during the first two years of study with samples
collected once every 5 days during July in 2003, and weekly throughout the 2004 season (late-June to
early-August). Starting in 2005, water samples were collected from the West River twice daily, once
during low flow in the morning (0900 h) and again at peak flow in the evening (1800 h) to capture the full
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diurnal pattern. Water sample collection was confined to the seasonal discharge record periods, which
varied annually. Sampling of the East River was more sporadic due to access and personnel limitations.
Water samples from rivers were collected in 500 ml dark, high-density polyethylene (HDPE)
bottles, which were triple-rinsed with sample before collection. Shortly after collection, the pH and
electrical conductivity (EC) of the samples were recorded prior to filtration. From 2003 to 2007, samples
were vacuum filtered through 0.45 m nitrocellulose membrane filters, with a polysulfone filter stage
(Lafrenière & Lamoureux 2008). Beginning in 2008, samples were filtered using 0.22 m polyvinylidene
fluoride (PVDF) filters. This change in filtration was to ensure microorganisms and fine sediment did not
pass through the filters, to avoid any potential changes in water chemistry. All filtered samples were
stored in 25 ml scintillation vials with no headspace and were stored in a cool, dark environment until
further analysis at Queen’s University.
2.3.4 Analytical Methods
The total dissolved inorganic nitrogen (DIN) is calculated as the total N-NO3- and N-NH4+, as
NO2- concentrations are negligible in this setting (Louiseize & Lafrenière 2014). From 2003 to 2010,
concentrations of nitrate and ammonium were determined, along with all other major ions, by liquid ion
chromatography using a Dionex ICS-3000. Anions (Cl-, SO4-, NO3-) were measured with a gradient
elution of 11-40 mM KOH, while cations (Na+, K+, Mg2+, Ca2+, NH4+) were measured isocratically using
16 mM methane sulfonic acid (MSA) eluent. The detection limits, calculated as three times the standard
deviation of the lowest level standard, were less than 0.010 mg/l for most species, except for Ca2+ and
Mg2+, which had detection limits of 0.053 and 0.022 mg/l, respectively (Lewis et al. 2012).
In 2003 and 2004, the concentrations of soluble reactive phosphorus (SRP) and the total dissolved
phosphorous were measured at Cape Bounty, as these are the most relevant forms of phosphorous when
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considering nutrient availability (Stewart & Lamoureux 2011). SRP concentrations were at or below the
detection limit (0.002 mg/l) and total dissolved concentrations were low (0.009 mg/l), suggesting that P is
likely limiting in this environment in addition to N (Stewart & Lamoureux 2011). Although we recognize
the presence and limiting nature of phosphorous, laboratory detection limits preclude the inclusion of
phosphorous analysis in this study.
Over the years, it was found that the detection limit of NH 4+ was dependent on Na+
concentrations, with higher Na+ concentrations leading to a corresponding increase in the detection limit
of NH4+ (Lafrenière et al. 2017). To correct for this interference, an Astoria Pacific (AP) FASPac II Flow
Analyzer was used to determine the concentration of N-NH4+ in 2012. In 2014, the AP was used for both
inorganic nitrogen species and had detection limits of 0.008 and 0.018 mg/l for N-NO3- and N-NH4+,
respectively. Analytical error was determined from replicate analyses of standards. Laboratory methods,
detection limits, and analytical errors are summarized in Table A2. N-NH4+ concentrations from 2014
have been removed from the dataset as an unknown source of ammonium contamination affected all
samples, while N-NO3- concentrations do not appear to be affected.
Bicarbonate (HCO3-), the only major ion concentration not quantified using laboratory
instruments, was estimated by the charge balance equation:

(1)

𝐻𝐶𝑂3− (𝑚𝑔/𝑙) = [∑ 𝑐𝑎𝑡𝑖𝑜𝑛𝑠 − ∑ 𝑎𝑛𝑖𝑜𝑛𝑠 (𝑚 𝐸𝑞 ⁄𝐿)] ∗ 𝐻𝐶𝑂3− (𝑔⁄𝐸𝑞)

Finally, total dissolved solutes (TDS) concentrations (mg/l) were calculated by summing the cation and
anion concentrations.
2.3.5 Mass Flux Calculations
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To calculate the seasonal flux of both DIN and TDS, mean daily concentrations (mg/l) were
multiplied by the mean daily discharge. For days without samples, the average concentration of the day
before and the day after was used as a best estimate, as it is unlikely that a significant change in
concentration was possible in this environment for one day between sampling. Fluxes were summed
based on hydrologic period (nival, baseflow, and stormflow) and a total seasonal flux was determined by
summing the three hydrological periods. Fluxes are normalized on a catchment area and runoff basis
(kg/km2/mm).
2.4 Results
2.4.1 Climate
Climate varied substantially during the study period. The cumulative thawing degree days (TDD)
(Figure 2.3) represent the sum of mean daily temperatures, when temperatures exceed 0°C. The summers
of 2011 and 2012 are the warmest years on record, with TDD values of 492.6 and 485.3 degree-days,
respectively (Figure 2.3, Table ). A large portion (120.7 degree-days) of the warming in 2012 occurred
beyond the end of the discharge record. The summer of 2007, characterized by late season permafrost
disturbance (Lamoureux & Lafrenière 2009), is the third warmest on record (388.2 degree-days), with a
particularly warm July. Of the years on record, 2003 and 2004 were the coldest, with thawing degree
values of 123.3 and 108.8, respectively, and 2014 was the coldest year in the past decade (206.9 degreedays). Note that mean daily air temperatures (MDAT) and thus TDD values are not available past the end
of discharge record in 2016 (August 4) as data collection from WestMet will occur at the start of the 2017
field season (Figure 2.3). In terms of the precipitation, only 2.0 mm of rainfall was captured in 2005, as
the field season was restricted to snowmelt runoff. Although precipitation was recorded year-round, only
rainfall events during the discharge record are reported (apart from 2011, 2013, and 2015, which are
reported from May 1 to July 31).
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2.4.2 Discharge
In general, the nival regime accounts for an average of 79% of the total runoff at CBAWO, with a
minimum of 46% in 2009 from the East River and a maximum of 97% in 2006 (excluding the limited
runoff record from 2005) (Figure 2.4, Table A4, A5). Baseflow and stormflow regimes account for
variable proportions of seasonal runoff. The East catchment, with an average baseflow of 4.7% of
seasonal runoff (Table A5), typically dries out shortly after the nival freshet, only to be rejuvenated after
precipitation events (Lewis et al. 2012).
In the West catchment, baseflow contributes an average of 12% of the annual runoff, varying
from 2% (2008) to 24% (2004). Stormflow averages 15% of yearly runoff, with 2009 and 2007 having
the highest stormflow responses with runoff values of 42 mm (37%) and 25 mm (20%), respectively.
Meanwhile, 2006 and 2010 did not hydrologically respond to rainfall events. In 2006, both catchments
produced the highest runoff on record, with totals of 165 mm in the West and 116 mm in the East, most of
which was produced from snowmelt. This year coincided with the highest snow water equivalence (SWE)
during the study period (Lewis et al., 2012).
2.4.3 DIN Concentrations
During the nival period, N-NO3- concentrations show no discernable concentration trend
throughout the sampling record for both catchments (Figure 2.5). Values range from 0.002 ± 0.003 mg/l
in 2003 to 0.022 ± 0.013 mg/l in 2014. Baseflow N-NO3- concentrations are low until a peak in 2008,
with mean concentrations of 0.038 ± 0.016 mg/l in West (Table 2.1) and 0.166 ± 0.108 mg/l in East
(Table 2.2). Concentrations in 2012 are even higher with values of 0.090 ± 0.094 mg/l and 0.277 ± 0.290
mg/l for West and East, respectively. Stormflow concentrations for both rivers follow similar patterns as
observed during baseflow, with elevated N-NO3- concentrations in 2008 and 2012 (Table 2.1, 2.2).
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Ammonium concentrations throughout the season are low with some inter-annual variability until
2010, after which concentrations increase (Figure 2.6, Table 2.1, 2.2). Mean nival concentrations from
2003 to 2010 in the West are 0.012 ± 0.006 mg/l, and 0.013 ± 0.010 mg/l in the East. Nival concentrations
in 2012 are 4.9 times that of the 2003 to 2010 mean in the West, and 3.7 times in the East.
The increase in N-NH4+ concentrations post-2010 is not a result of changing analytical
techniques. High Na+ peaks raise the detection limit of N-NH4+ when using ion chromatography, such that
very low concentrations are not captured (e.g., detection limit for N-NH4+ in 2009 was 0.003 mg/l). The
detection limits for N-NH4+ were higher with the AP instrument (0.018 mg/l in 2016), compared to those
of the ion chromatograph (Table A2), suggesting that the AP NH4+ concentrations are likely
underestimates compared to concentrations from the IC.
2.4.4 DIN Fluxes
2.4.4.1 West River
West River DIN fluxes (Figure 2.7) are separated into N-NO3-, N-NH4+, and total DIN fluxes.
Fluxes were calculated from the East River only for 2005, 2006, and 2009 where sufficient samples
provide a meaningful flux estimate. Fluxes from the West River were not calculated for 2003 and 2004
due to a similar lack of samples (n < 7). Nitrate fluxes are consistently low for 2005 to 2007 (0.011 ±
0.001 to 0.013 ± 0.001 kg/km2/mm, respectively), and are dominated by the nival flux (Figure 2.7). In
2008, nival fluxes are similar to those in previous years; however, a large flush of nitrate was exported
during baseflow (0.044 ± 0.007 kg/km2/mm) and stormflow (0.029 ± 0.005 kg/km2/mm) periods. Fluxes
decrease again in 2009, and snowmelt continues to dominate the system. Seasonal N-NO3- fluxes reach a
record low of 0.002 ± 0.0001 kg/km2/mm in 2010, and increase two orders of magnitude in 2012 (0.209 ±
0.013 kg/km2/mm). Notably, nival fluxes in 2012 are similar to all other years; however, baseflow and
stormflow fluxes are 2.5 and 3.0 times greater than values in 2008 (Figure 2.7). Nitrate fluxes decrease to
30

a 2014 total of 0.043 ± 0.002 kg/km2/mm and increase slightly in 2016 (0.059 ± 0.005 kg/km2/mm) with
similar inputs from snowmelt and stormflow periods.
Seasonal N-NH4+ fluxes average 0.014 ± 0.001 kg/km2/mm, until 2012, when fluxes increase 20.3
times from 2010 (Table 2.3). Fluxes from 2012 and 2016 are similar (0.162 ± 0.009 and 0.170 ± 0.015
kg/km2/mm) and have approximately equal contributions from nival, baseflow, and stormflow periods.
The ratio of N-NH4+:N-NO3- fluxes increases from 1.12:1 to 1.49:1 from 2005 to 2007 (Table 2.3).
During 2008, 2009, and 2012, N-NO3- dominates the total flux, resulting in ratios of 0.27:1, 0.28:1, and
0.77:1, respectively, while the N-NH4+ contribution is dominant in 2010 and 2016 (3.64:1 and 2.88:1,
respectively).
2.4.4.2 East River
When compared to the West River, the East River has a similar nival flux in 2005 for N-NO3-, but
a much smaller N-NH4+ flux (Table 2.4). In general, however, baseflow N-NO3- fluxes from the East
River are much higher than those in the West catchment, while N-NH4+ fluxes are comparable. For
example, the East River exported a large amount of N-NO3- (0.043 ± 0.005 kg/km2/mm) during baseflow
in 2006, compared to the West River, which had a baseflow flux below the detection limit. Stormflow
fluxes from the two rivers are similar.
The ratio of N-NH4+:N-NO3- in the East also follows similar annual patterns to that in the West.
In 2005 and 2006, ammonium export was higher with ratios of 1.31:1. and 1.26:1, respectively, while
2009 had a much larger nitrate flux, with a ratio of 0.22:1.
2.4.5 River TDS Fluxes
The flux of total dissolved solutes (TDS) follows similar patterns to that of the N-NO3- fluxes
(Figure 2.7), despite being several orders of magnitude larger then N-NO3-. However, N-NO3- remains
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low until it peaks in 2008, while the TDS flux gradually increases from 2005 (13. 3 ± 0.479 kg/km2/mm)
to a peak in 2008 (330.3 ± 11.9 kg/km2/mm). Values then decline to a minimum in 2010 (56.8 ± 2.04
kg/km2/mm), followed by a large spike in 2012 (411.7 ± 14.8 kg/km2/mm), and then decrease in 2014.
Where baseflow sampling occurs (all years except 2005), baseflow fluxes of TDS are higher than
corresponding nival fluxes. The years 2007, 2008, 2009, and 2012 have stormflow values that are greater
than baseflow fluxes. For example, 2007 had exports of 30.4 ± 1.09 kg/km2/mm TDS during baseflow,
and 89.6 ± 3.23 kg/km2/mm during stormflow (Figure 2.7).
2.5 Discussion
Much of the discussion refers to results from the West River, as it has the most complete longterm record. However, similarities and differences between the catchments are also discussed throughout
the following sections.
2.5.1 Hydroclimatic controls over DIN fluxes
As expected in continuous permafrost zones, snowmelt provides most of the runoff from these
catchments (Figure 2.4) (Woo 2012). During this snowmelt period, a large portion of the catchment is
hydrologically connected when the active layer is shallow. This connectivity allows for rapid runoff
routing, while the thin active layer limits soil water storage and the flushing of solutes, resulting in low
ionic and DIN concentrations (Louiseize et al. 2014). Despite relatively low DIN concentrations, the
dominance of nival runoff results in an overall high seasonal flux (Lafrenière et al. 2008).
The baseflow response from the West River varies annually (Figure 2.4), but is typically low,
averaging 12% of seasonal runoff (Table A4), as subsurface flowpaths are restricted to the shallow active
layer (< 1.0 m depth). This hydrologic period is sustained by residual snow patches and limited meltwater
from ice within the active layer. The elevated baseflow conditions in 2007 (19% of runoff) paired with
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the higher end-of-season TDS concentrations suggests that the active layer, which was measured to be at
least 1 m thick that season, was contributing substantial ground ice melt to late season river runoff
(Lamoureux & Lafrenière 2009). Lamhonwah et al. (2017) demonstrated that ground ice meltwater was
contributing to West River runoff in warm years where thaw was inferred to be deep (2009 and 2012), as
ice from the base of the active layer/transient layer is melted. In absence of systematic active layer
measurements throughout the study period, the time series of cumulative seasonal TDD (Figure 2.8) is
used to infer thaw depth with higher mean daily air temperatures and TDD associated with deeper active
layer development. Despite the record warm temperatures in 2012, baseflow runoff is very low (4% of
seasonal), even with potential inputs of soil ice melt water. 2012 was a notably dry year, with low
snowfall accumulation (anecdotal field evidence, supported by record low seasonal runoff) and low
rainfall inputs (19.4 mm), leading to low hydrological connectivity and restricting subsurface and
overland flow (Woo 2012; Favaro & Lamoureux 2014). Similar circumstances and low soil moisture
conditions likely explain the low runoff and limited baseflow in 2010. Although the active layer was well
developed this year, as confirmed by the TDD value (255.3 degree days), the limited water supply would
not have been sufficient to effectively mobilize solutes, resulting in the abnormally low DIN and TDS
export.
Although intense rainfall events (>20 mm/day) are uncharacteristic of the Canadian High Arctic
(Woo 2012), rainfall runoff responses are evident in most years on record, except for 2005, 2006, and
2010 (Favaro & Lamoureux 2014). The stormflow response does not vary linearly with rainfall amounts,
and was not found to be significantly correlated. The highest seasonal rainfall was observed in 2008 with
a seasonal total of 56.0 mm, which resulted in a stormflow runoff of 18 mm. In 2009, rainfall was only
slightly less (50.8 mm); however, it resulted in a stormflow runoff of 42 mm, a response 2.3 times greater
than that in 2008. Differences in soil saturation and hydrological connectivity of the catchment likely
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account for this difference in response as rainfall needs to first saturate soil before overland flow and
subsurface flushing can occur (Favaro & Lamoureux 2014).
The variations in landscape morphology between the West and East catchments also appear to
result in differences in runoff volumes. The higher proportion of ridges and valleys in the West catchment
traps more snow, resulting in higher snowmelt contributions to runoff and larger residual snow patches
that contribute to late season flow. Seasonal runoff from the West River averages 103 mm, while the
average from the East River is 65 mm (both 2003 – 2016). The residual snow patches result in sustained,
higher baseflow conditions in the West. Both catchments have proportionally the same response to
rainfall, with stormflow accounting for 15% and 16% of seasonal runoff from the West and East river,
respectively.
The snowmelt period does not result in a high flux of TDS, as solutes are flushed from the deeper
active layer (Lamhonwah et al. 2017), which is frozen and largely inaccessible during much of snowmelt.
Thus, baseflow and stormflow are more dominant in terms of seasonal TDS export. The solute load is
notably higher when water is available late season (Dugan et al. 2012; Lewis et al. 2012), when the active
layer is well developed, allowing for the rainfall to interact with the solute-rich soil, especially in the
lower active layer and the transient layer (Lamhonwah et al. 2017). Once sufficient rainfall has overcome
soil storage requirements, extensive mobilization of dissolved solutes and inorganic nitrogen occurs. If
rainfall events are sufficient, the hydrological connectivity of the catchment will increase, allowing for
the transport of solutes from otherwise isolated portions of the catchment. In particular, stormflow is
capable of transporting solutes that accumulated in the active layer during baseflow conditions, and were
not effectively mobilized during the snowmelt period. High concentrations of TDS and DIN are thus
exported during stormflow, which explains why TDS and DIN export is proportionally higher than runoff
volumes during significant rainfall events. These results support findings from Lafrenière & Lamoureux
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(2013) where the contribution of seasonal solute load from stormflow is disproportionally greater than the
rainfall contribution to runoff volume. For example, 2007 stormflow accounted for 20% of seasonal
runoff, but produced 63% of the seasonal TDS flux. Similarly, stormflow in 2012 produced 22% of runoff
and generated 41% of the N-NO3- and 48% of the TDS flux.
Previous studies at CBAWO and elsewhere indicate that the nival period typically provides the
bulk of N fluxes (McNamara et al. 2008; Lafrenière & Lamoureux 2008; Lewis et al. 2012) as this period
is the time of highest discharge and hydrological connectivity. Net N mineralization largely occurs during
the winter, as biological consumption is limited, thus contributing a substantial amount of seasonal NH4+
(Nadelhoffer et al. 1991; Schmidt et al. 2002; Schimel et al. 2004; Strum et al. 2005), which is often the
largest source of inorganic N during the nival melt (Brooks et al. 1996; Abbott et al. 2015). Excess NH4+
produced during subnival mineralization can be nitrified to NO 3- and exported during snowmelt (Schimel
et al. 2004; Jones et al. 2005).
Rainfall has been demonstrated to be the second most important hydrological mechanism after
snowmelt for generating biogeochemical fluxes in Arctic catchments (Everett et al. 1989; Judd & Kling
2002; McNamara et al. 2008; Townsend-Small et al. 2011). This study, however, demonstrates the
dominance of baseflow and stormflow regimes for DIN export during exceptionally warm years (Figure
2.7). Increased surface air temperatures are inferred to increase the depth of the active layer allowing for
deeper soil flowpaths and subsequent flushing of solutes during baseflow and especially stormflow
conditions. Despite the low discharge during these times, DIN concentrations are high (Table 2.1) leading
to a substantial export of N. This shift to baseflow and stormflow-dominated export is evident postdisturbance in 2008 and during the warm summer of 2012, while the nival period is the dominant DIN
source in all other years at CBAWO. Hence, the timing of DIN export is influenced by specific
hydroclimatic conditions.
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Through the study years, it is evident that the flux of N-NO3- follows a similar pattern to that of
the TDS flux, increasing to peaks in 2008 and 2012. The seasonal flux of TDS and N-NO3- were
significantly correlated (r2 = 0.884, n = 8, p = 0.004) suggesting that TDS and N-NO3- have a similar
source. It is likely that as the active layer increases during baseflow, subsurface flowpaths increase and
flush DIN and other mineral-derived solutes from the soil. Lamhonwah et al. (2017) showed that solute
concentrations increase in the transient layer at Cape Bounty, but they did not consider DIN
concentrations in their analyses. Unpublished data from this same permafrost core, where soluble ions
were extracted from the sediment using deionized water, shows both NO3- and NH4+ increasing in
concentration in the transient layer (between 70 – 100 cm in depth), with a greater increase for NH4+
(Figure 2.9). This core data and correlation between TDS and nitrate during late season suggests a likely
source for these solutes from the active layer or the transient layer in warm years with deeper thaw. Once
thawed, these solutes are mobilized, increasing surface water solute concentrations in the main channel.
Notably, stormflow fluxes of both DIN and TDS were not significantly correlated to each other,
to precipitation, or to stormflow runoff. The total flux of TDS and NH 4+ were correlated (r2 = 0.755, n =
7, p = 0.05), and were significantly correlated (r 2 = 0.902, n = 6, p = 0.01) during baseflow. Nitrate and
ammonium seasonal flux totals were significantly correlated (r 2 = 0.718, n = 8, p = 0.045); however, there
was no correlation of these fluxes within hydrological periods. This lack of correlation suggests that
sources of nitrate and ammonium cannot be linked at any time through the season, but does indicate that
processes leading to an increase in DIN will have similar effects on both N species.
This complex relationship between N-NH4+ and N-NO3- fluxes is evident in the ratios of N-NH4+
to N-NO3- (Table 2.3). In general, N-NH4+:N-NO3- > 1.0 apart from 2008, 2009, and 2012. The likely
reasons for these increases in N-NO3-, compared to N-NH4+ are assumed to be caused by increased rates
of nitrification or mobilization of N-NO3- post-disturbance (Louiseize et al. 2014). The proportionally
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higher export of ammonium appears to be the norm as nitrate is strongly retained by vegetation or by
aquatic organisms, reducing its mobility, and waterlogged conditions reduce the rate of ammonium
oxidation and enhance the rate of denitrification (Chapin 1996; Gebauer et al. 1996; McNamara et al.
2008). In years where soils are waterlogged, the ratio of N-NH4+:N-NO3- will be higher as NO3production is inhibited and NO3- is removed more readily via denitrification. This phenomenon, along
with extensive field observations in 2016, helps to explain the abnormally high ammonium to nitrate ratio
from 2016 (Table 2.3) (see Appendix B for spatial analysis of N-NH4-:N-NO3- ratios). Soils along the
West River were saturated for much of the late 2016 season. However, the high N-NH4+:N-NO3- ratio in
2010 is unlikely to be explained by saturated soils, as there was limited rainfall, no resulting stormflow
response, and low runoff values.
In 2006 and 2009, DIN fluxes were greater in the East catchment than the West. As the East
catchment typically dries during the baseflow period, the rate of mineralization and nitrification rates may
be increased, leading to higher production and fluvial export of N-NO3- and N-NH4+. The greater water
availability in the West provides increased and sustained hydrological connectivity thus allowing for
more effective flushing of solutes. DIN concentrations are generally higher in the East catchment and
TDS fluxes in the East River range from 3.0 to 4.7 times the flux from the West River (Table A7). These
increased fluxes are likely created by variations in catchment topography. For example, the upper reach of
the East River is characterized by several deep and vegetated thermokarst ponds, surrounded by saturated
soils. The movement of water through this ponded reach, paired with the drier conditions compared to the
West catchment, may lead to increased residence times allowing for more dissolved solutes to be
exported. The longer residence times may be caused by the lower slope angles and the reduced
hydrological connectivity.
2.5.2 Impact of permafrost degradation on catchment DIN fluxes
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Permafrost degradation has been shown to increase the export of TDS and DIN from soils to
streams by creating deeper soil flowpaths that bypass the organic-rich soil close to the surface, where
most N retention and removal occurs (Harms & Jones 2012; Louiseize et al. 2014; Abbott et al. 2015).
The form of permafrost degradation, either physical disturbances or thermal perturbations, are important
considerations as they determine the type and location of soil flowpaths, ultimately controlling the source
and composition of solutes transported to the streams (Frey & McClelland 2009). The dataset used in this
study is unique in that during the years of measurement, both types of permafrost degradation occurred.
As a result, data from pre- and post-disturbance exists, allowing for us to consider the importance of each
type of permafrost degradation and how it controls the export of DIN.
2.5.2.1 Physical disturbances
Physical thermokarst disturbances, such as active layer detachments (ALDs) and retrogressive
thaw slumps (RTSs), are capable of moving shallow, surficial material downslope and may expose the
ice- and solute-rich transient layer and the upper permafrost at the surface (Lamoureux & Lafrenière
2009). Once closer to the surface, this previously-buried soil is exposed to leaching by surface and
subsurface runoff, thus altering the downstream surface water chemistry (Kokelj & Lewkowicz 1999;
Bowden et al. 2008; Kokelj et al. 2009; Lamoureux & Lafrenière 2009; Lafrenière & Lamoureux 2013;
Lamhonwah et al. 2017).
The high temperatures and rainfall during the summer of 2007 caused the physical disturbances
(ALD formation) in late July (Lamoureux & Lafrenière 2009). As the disturbance event occurred near the
end of the field season, all of 2007 DIN data is classified as pre-disturbance. N-NO3- and N-NH4+ have
low fluxes (0.013 ± 0.001 kg/km2/mm and 0.016 ± 0.001 kg/km2/mm, respectively) during predisturbance years (2005 – 2007). In 2008, the first year post-disturbance, N-NO3- fluxes peak (0.102 ±
0.017 kg/km2/mm) but there is no significant response from N-NH4+. This increase in N-NO3- is likely
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caused by the increased nitrification or mobilization of N previously stored in the permafrost soils
(Louiseize et al. 2014). The TDS flux also peaks in 2008 as mineral and former transient layer soils were
exposed at the surface of disturbed areas allowing for increased mobilization. Lafrenière and Lamoureux
(2013) and Lamhonwah et al. (2017) have demonstrated that there was enhanced solute export in 2008
from the disturbed Ptarmigan subcatchment (PT). Of the years on record, 2008 had the highest seasonal
rainfall of 56.0 mm, resulting in significant contributions to stormflow runoff (16%). This late-season
rainfall hydrologically connected the localized permafrost disturbance facilitating the enhanced
mobilization and export of solutes from the West River (Lafrenière & Lamoureux 2013). In addition to
the increased nitrate and TDS, the Mg:Ca ratio increased in post-disturbance runoff.
When considering recovery times post-disturbance, the proportion of disturbed area and thus the
scale of the catchment is important. At the larger catchment scale of the West River, both N-NO3- and
TDS decreased substantially from 2008 to 2009 and reached record lows in 2010 (0.002 ± 0.0001
kg/km2/mm for N-NO3- and 56.8 ± 2.04 kg/km2/mm for TDS). These results suggest a comparatively
rapid recovery from a catchment with 2.1% disturbed area. At a smaller subcatchment scale, recovery
time appears to be substantially longer. Lafrenière et al. (2017) demonstrated a strong disturbance signal
from the PT subcatchment in 2012, as the DIN flux from the disturbed subcatchment was 95% greater
than that of a similar, undisturbed subcatchment (Goose) located downstream. The impacts on nutrient
and solute concentrations were shown to persist for upwards of seven years, localized to the PT
subcatchment, as the channel flows directly through the disturbance (Lamhonwah et al. 2017). The
magnitude of the impact is thus controlled in part by the magnitude of the disturbance, and the
hydrological connectivity.
2.5.2.2 Thermal perturbations
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Thermal perturbations in the form of deeper active layer thaw, particularly in response to
abnormally warm summer temperatures, can flush more solutes from deep in the active layer by
subsurface runoff (Kokelj & Burn 2003; Quinton & Carey 2008), increasing major ion solute
concentrations in surface waters (Stottlemeyer 2001; Petrone et al. 2006, 2007; Frey et al. 2007; Keller et
al. 2007). Thermal perturbations can affect the entire catchment relatively evenly compared to highlylocalized physical disturbances. Thus, the impact thermal perturbations have on surface water solute
concentrations is expected to be greater than those from physical disturbances (Lafrenière & Lamoureux
2013). Lamhonwah et al. (2017) used frozen active layer and permafrost cores from Cape Bounty to
demonstrate that soluble ion concentrations increase with depth and, especially, into the transient layer,
similar to reports from other Arctic watersheds (e.g., Kokelj & Burn 2003, 2005). This increased
concentration at depth is associated with the downward migration of solutes with percolating water
compared to the progressive removal from the active layer each season, paired with the exclusion of
dissolved ions from ice as the freezing plane progresses downwards in autumn (Kokelj & Burn 2003,
2005).
During the summer of 2012, the active layer developed quickly and extended to depths of at least
1 m (Lamhonwah et al. 2017). The export of N-NO3-, N-NH4+, and TDS increased markedly compared to
2010, with 2012 exports of 0.209 ± 0.013, 0.162 ± 0.009, and 411.7 ± 14.8 kg/km2/mm, respectively
(Table 2.3Table 2.4, A6). Much of this increase is attributed to the increased thaw depth and deeper soil
flowpaths. Due to these conditions, the influence of baseflow and stormflow on DIN fluxes is
proportionally greater in 2012 than that of previous years. The increased temperatures during baseflow
also likely enhance the rate of organic material decomposition, increasing the rates of mineralization
(Weintraub & Schimel 2003), and causing NH4- to accumulate in the active layer (Nadelhoffer et al. 1991;
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Schmidt et al. 1999; McNamara et al. 2008; Schaffer et al. 2013). This ammonium can then be nitrified or
exported in runoff if microbial and plant competition for NH 4- is satisfied.
The thermal perturbation in 2012 appears to impact stream water chemistry for at least four years
following deep soil thaw (Figure 2.7). Lafrenière & Lamoureux (2013) demonstrate that TDS
concentrations and normalized fluxes from the undisturbed subcatchment GS and the disturbed
subcatchment PT were elevated two years after the thermal perturbation of 2007, despite the shallower
ground thaw in 2009, and Lamhonwah et al. (2017) noted that elevated TDS concentrations were evident
in both subcatchments in 2014 as well. These results contrast with the apparent rapid recovery of
subcatchments to physical disturbance in terms of sediment erosion (Lamoureux et al. 2014). Hence,
these results indicate complex response and recovery patterns of water quality measures to permafrost
degradation in the High Arctic.
N-NH4+ fluxes from 2012 and 2016 are similar (0.162 ± 0.009 and 0.170 ± 0.015 kg/km2/mm,
respectively), despite substantially lower seasonal TDD in 2016 (Figure 2.8). If temperature, and thus
thaw depth, were the dominant control on DIN fluxes in this environment, one might expect a lower NNH4+ response in 2016. Therefore, the relatively high N-NH4+ response may be a poorly understood lag
response, where solutes released from the transient layer in 2011/2012 remain in the active layer and are
still mobile in 2016. However, waterlogged conditions will result in higher N-NH4+:N-NO3- as nitrate
production is reduced and removal via denitrification is increased. These conditions would result in an
excess of N-NH4+ available for export. Field observations made along the length of the West River every
2 to 3 days throughout the 2016 field season corroborate this possibility as the banks and floodplains
along the river were saturated for much of the season.
The season of 2012 is not the only year that experienced above average summer temperatures.
Based on total TDD, thaw depths in 2007 must have been relatively deep as well. Knowing that the
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recovery from thermal perturbations appears to take more than a year, not all of the flux in 2008 and 2009
can be attributed to the physical disturbance of 2007. Lafrenière and Lamoureux (2013) show that there
was a large flux of TDS from the undisturbed subcatchment (GS), suggesting this increase was caused by
deep thaw. However, it is difficult to separate the response of TDS at the larger river scale to either
physical or thermal degradation in 2008, as the TDS is likely a cumulative response to both forms of
permafrost disturbance.
The seasonal fluxes of TDS from the West River show strong similarities to changing solute
loads in the downstream lakes at Cape Bounty, especially SO 42- (Figure 2.8) (Roberts et al. submitted).
Lake water specific EC has increased in both lakes substantially between 2006 to 2016 (from 38-120
µS/cm in West Lake and from 29 – 136 µS/cm in East Lake) (Roberts et al. submitted). In particular, the
concentration of SO42- began to rise in 2009 in both lakes, and reached a maximum in 2014. The SO 42
concentrations in the lake indicate a strong temporal coherence with the increasing TDS fluxes from the
West River – as the fluxes rise from the thermal perturbation in the river, the lake responds in a similar
manner. Hence, the catchment processes associated with thermal perturbation appear to have substantial
downstream effects on a cumulative basis.
2.6 Conclusion
As the climate continues to change, permafrost disturbances are expected to increase in frequency
and have been shown to drastically alter the fluvial export of dissolved inorganic nitrogen (DIN).
Increasing the bioavailable N to downstream aquatic ecosystems can have profound impacts. This unique
data set covers 13 years of stream hydrochemistry with a focus on the DIN, and contains both an episode
of significant physical disturbance (ALD) during late-season 2007, as well as thermal perturbations of the
active layer, with record warm summers in 2007, 2011, and 2012. In terms of the DIN flux timing, the
catchments are shifting from nival dominated systems to baseflow and stormflow dominated post42

disturbance. This shift occurs as the active layer deepens and subsurface flowpaths are reaching deeper
into mineral soils flushing solutes and nutrients that were previously stored in the permafrost. Continued
climate warming and increases in summer precipitation are expected to increase the occurrence of
permafrost disturbances in Arctic regions, including both broad scale thermal perturbations of the
permafrost and physical disturbances, such as ALDs. These disturbances alter both nutrient and solute
fluxes from permafrost environments. The impact physical disturbances have on surface water chemistry
is linked to the size of the disturbed area and the channelization: the more hydrologically connected the
disturbance is to downstream surface waters, the larger the impact on the flux of dissolved solutes.
Catchments with a small percentage of disturbed area (e.g. <2.5% of the catchment disturbed)
demonstrate rapid recovery times (~2 years) in terms of DIN and TDS fluxes. Subcatchments with ~12%
disturbed area, that is hydrologically connected to surface waters, exhibit recovery times of 5+ years.
Compared to the localized nature of physical disturbances, thermal perturbations affect the entire
catchment more or less evenly, thus leading to enhanced solute flushing. Despite the localized differences
in catchment morphology, the East catchment follows the same general trends as the West.
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Figure 2.1: Topographic map of the West and East catchments at the CBAWO. Locations of the
meteorological stations and hydrometric stations, where stream gauging and sampling took place,
indicated. Contour interval is 10 m. Goose and Ptarmigan subcatchments are shown. Modified
from Lafrenière & Lamoureux (2008).
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Figure 2.2: (A) One of the ALDs that formed in the West catchment at the end of the 2007 field
season. (B) An ALD in the West catchment three-years post-disturbance (2010). Note extensive,
highly turbid ponding of surficial runoff within the disturbed area. Photographs provided by S.
Lamoureux.
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Figure 2.3: Thawing degree days calculated from June 1 to September 15 each year. There were no
TDDs outside of this date range. Dots represent the end of the discharge record for each respective
season. Discharge was not measured in 2011, 2013, and 2015. Note that 2007, 2011, and 2012 are the
three warmest melt seasons on record.
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Figure 2.4: Annual runoff from the West and East Rivers divided into nival, baseflow, and
stormflow periods. Note the 2005 field season (*) was restricted to snowmelt. Discharge
measurements were not taken in 2011, 2013, and 2015. Seasonal rainfall recorded at WestMet. Only
precipitation events that occurred during the discharge record have been included. For years
without discharge, precipitation events recorded from May 1 to July 31.
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Figure 2.5: Boxplots of N-NO3- concentrations for the West and East rivers divided into nival,
baseflow, and stormflow periods. The disturbance event that occurred at the end of the 2007
sampling season is marked with the vertical dashed line. Sample numbers are located beneath each
year. Hydrological periods without any samples are marked with N.D. (No Data). Note the
increased concentrations during baseflow and stormflow periods in 2008, 2012, and 2016 (East
only).
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Figure 2.6: Boxplots of N-NH4+ concentrations for the West and East rivers divided into nival,
baseflow, and stormflow periods. The disturbance event that occurred at the end of the 2007
sampling season is marked with the vertical dashed line. Sample numbers are located beneath each
year. Hydrological periods without any samples are marked with N.D. (No Data). Note the
increased concentrations 2012 onwards.
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Figure 2.7: West River seasonal fluxes of N-NO3-, N-NH4+, and TDS divided into nival, baseflow,
and stormflow periods. Total N-NO3- and N-NH4+ were summed to calculate DIN total. Samples
were not collected in 2011, 2013, and 2015. Note the increase of N-NO3- and TDS fluxes in 2008, and
the peak of N-NO3-, N-NH4+, and TDS in 2012.
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Figure 2.8: Summary figure showing cumulative thawing degree days (TDD) and total seasonal
rainfall (A). (B) Total seasonal flux of N-NO3-, N-NH4+, and TDS. (C) Concentrations of SO42- in the
West Lake along with Mg:Ca ratios for the West River and West Lake (Roberts et al. submitted).
Note the TDD value of 2012, and the relation between DIN and TDS fluxes. The SO 42- concentration
in West Lake follows a similar trend of the TDS fluxes from the river.
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Figure 2.9: Concentrations (mg/100 g soil) of NO3-, NH4+, and TDS at depth. Note the increasing
concentrations in the transient layer and top of permafrost. After Lamhonwah et al. (2017).
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Table 2.1: West River mean DIN concentrations (mg/l) ± one standard deviation. Note all samples
below the detection limit were set to zero.

Year
2003
2004
2005
2006
2007
2008
2009
2010
2012
2014
2016

Nival
0.002 ±
(0.003)
0.010 ±
(0.004)
0.011 ±
(0.008)
0.009 ±
(0.010)
0.006 ±
(0.005)
0.014 ±
(0.007)
0.019 ±
(0.009)
0.002 ±
(0.001)
0.014 ±
(0.013)
0.022 ±
(0.013)
0.018 ±
(0.012)

N-NO3- (mg/l)
Baseflow
0.001 ±
(0.000)
0.002 ±
(0.003)
-

Stormflow
0.005
-

0.001 ±
(0.002)
0.001 ±
(0.001)
0.038 ±
(0.016)
0.005 ±
(0.004)
0.000

-

0.090 ±
(0.094)
0.010 ±
(0.006)
0.012 ±
(0.010)

0.106 ±
(0.097)
0.007 ±
(0.003)
0.018 ±
(0.010)

0.006 ±
(0.001)
0.045 ±
(0.025)
0.005 ±
(0.002)
-
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Nival
0.016 ±
(0.005)
0.017 ±
(0.004)
0.013 ±
(0.015)
0.013 ±
(0.022)
0.003 ±
(0.004)
0.022 ±
(0.036)
0.005 ±
(0.009)
0.009 ±
(0.015)
0.060 ±
(0.031)
0.069 ±
(0.037)

N-NH4+ (mg/l)
Baseflow
Stormflow
0.015 ±
(0.019)
0.009 ±
0.000
0.007
0.000

-

0.008 ±
(0.017)
0.005 ±
(0.013)
0.000 ±
(0.001)
0.001 ±
(0.002)
0.047 ±
(0.024)
-

0.012 ±
(0.009)
0.001 ±
(0.003)
0.003 ±
(0.007)
-

0.047 ±
(0.028)

0.039 ±
(0.010)

0.064 ±
(0.019)
-

Table 2.2: East River median DIN concentrations (mg/l) ± one standard deviation. Note all samples
below the detection limit were set to zero.

Year
2003
2004
2005
2006
2007
2008
2009
2010
2012
2014
2016

Nival
0.005 ±
(0.004)
0.015 ±
(0.018)
0.013 ±
(0.008)
0.012 ±
(0.010)
0.006 ±
(0.005)
0.027 ±
(0.018)
0.027 ±
(0.014)
0.004 ±
(0.004)
0.012 ±
(0.011)
0.013 ±
(0.007)

N-NO3- (mg/l)
Baseflow
Stormflow
0.010 ±
0.017
(0.003)
0.006
0.006
-

-

0.050 ±
(0.024)
-

-

0.166 ±
(0.108)
0.021 ±
(0.008)
0.011 ±
(0.010)
0.277 ±
(0.290)
0.059 ±
(0.051)

0.133 ±
(0.118)
0.014 ±
(0.006)
-

-

0.026 ±
(0.020)
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Nival
0.031 ±
(0.007)
0.016 ±
(0.018)
0.004 ±
(0.004)
0.013 ±
(0.028)
0.000
0.013 ±
(0.039)
0.010 ±
(0.012)
0.001 ±
(0.004)
0.046 ±
(0.061)
0.072 ±
(0.062)

N-NH4+ (mg/l)
Baseflow
Stormflow
0.015 ±
0.012
(0.010)
0.000
0.000
-

-

0.000

-

-

-

0.005 ±
(0.012)
0.000

0.003 ±
(0.009)
0.001 ±
(0.001)
-

0.002 ±
(0.004)
0.054 ±
(0.020)
0.063 ±
(0.055)

0.031 ±
(0.021)

Table 2.3: West River N-NO3- and N-NH4+ fluxes (kg/km2/mm). Fluxes not calculated for 2003 and 2004 (insufficient samples collected).
Dashes indicate hydrologic periods not captured by samples. Zeros indicate fluxes below the detection limit.

Year
2003
2004
2005
2006
2007
2008
2009
2010
2012
2014
2016

N-NO3Nival
0.011 ±
(0.001)
0.014 ±
(0.001)
0.006 ±
(0.001)
0.029 ±
(0.005)
0.018 ±
(0.001)
0.002 ±
(0.0001)
0.015 ±
(0.001)
0.025 ±
(0.001)
0.025 ±
(0.002)

Baseflow
-

Stormflow
-

0

-

0.001 ±
(0.0001)
0.044 ±
(0.007)
0.005 ±
(0.001)
0

0.006 ±
(0.001)
0.029 ±
(0.005)
0.006 ±
(0.001)
-

0.108 ±
(0.007)
0.010 ±
(0.001)
0.012 ±
(0.001)

0.086 ±
(0.005)
0.008 ±
(0.0004)
0.022 ±
(0.002)

Total
0.011 ±
(0.001)
0.014 ±
(0.002)
0.013 ±
(0.001)
0.102 ±
(0.017)
0.029 ±
(0.002)
0.002 ±
(0.0001)
0.209 ±
(0.013)
0.043 ±
(0.002)
0.059 ±
(0.005)

N-NH4+
Nival
0.012 ±
(0.001)
0.016 ±
(0.002)
0.003 ±
(0.0002)
0.017 ±
(0.002)
0.004 ±
(0.0002)
0.008 ±
(0.001)
0.057 ±
(0.003)
0.070 ±
(0.006)
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NH4+:NO31.12:1

0.059 ±
(0.003)
-

Total
0.012 ±
(0.001)
0.016 ±
(0.002)
0.019 ±
(0.001)
0.024 ±
(0.002)
0.008 ±
(0.001)
0.008 ±
(0.001)
0.162 ±
(0.009)
-

0.042 ±
(0.004)

0.170 ±
(0.015)

2.88:1

Baseflow
-

Stormflow
-

0

-

0.009 ±
(0.001)
0.006 ±
(0.001)
0
0

0.007 ±
(0.001)
0.001 ±
(0.0001)
0.004 ±
(0.0002)
-

0.046 ±
(0.003)
0.058 ±
(0.005)

1.19:1
1.49:1
0.27:1
0.28:1
3.64:1
0.77:1
-

Table 2.4: East River N-NO3- and N-NH4+ fluxes (kg/km2/mm). Fluxes calculated for only 2005, 2006, and 2009 as all other years had
insufficient samples to provide a meaningful flux estimate. Dashes indicate hydrologic periods not captured by samples. Zeros indicate
fluxes below the detection limit.

2005
2006
2009

Nival
0.016 ±
(0.001)
0.013 ±
(0.002)
0.024 ±
(0.002)

N-NO3Baseflow
Stormflow
0.043 ±
(0.005)
0.022 ±
(0.002)

0.009 ±
(0.001)

Total
0.016 ±
(0.001)
0.056 ±
(0.007)
0.054 ±
(0.004)

Nival
0.005 ±
(0.001)
0.015 ±
(0.002)
0.011 ±
(0.001)

Table 2.5: West and East total DIN flux (kg/km2/mm) and East:West ratio.

2005
2006
2009

West DIN Total
0.023 ± (0.002)
0.030 ± (0.005)
0.037 ± (0.003)

East DIN Total
0.021 ± (0.002)
0.071 ± (0.012)
0.066 ± (0.006)

East:West
0.91:1
2.37:1
1.78:1
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N-NH4+
Baseflow
Stormflow
-

-

0

-

0

0.001 ±
(0.00004)

Total
0.005 ±
(0.001)
0.015 ±
(0.002)
0.012 ±
(0.001)

N-NH4+:N-NO31.31:1
1.26:1
0.22:1

Chapter 3
Conclusion
This research sought to evaluate the long-term record of dissolved inorganic nitrogen (DIN;
ammonium (NH4+) and nitrate (NO3-)) fluxes from paired watersheds at the Cape Bounty Arctic
Watershed Observatory (CBAWO), Melville Island, Nunavut. Both physical disturbances of the active
layer, including active layer detachments (ALDs), and thermal perturbations, a widespread deepening of
the active layer in response to intense summer thaw, occurred during this record and the catchment wide
recovery from these events was explored. Extensive physical disturbances occurred at the end of the 2007
field season in response to warm temperatures and a large rainfall event. The summer of 2012 was the
warmest year that sampling took place, and is one of the warmest years on record for this region.
Water samples from the outlet of the West and East rivers were collected once (or twice) daily
during the summers of 2003 to 2016 (excluding 2011, 2013, and 2015). Runoff and DIN fluxes were
divided into nival, baseflow, and stormflow periods to examine the timing of fluvial DIN export. Spatial
sampling from upstream locations along the West and East rivers was undertaken during the 2016 field
season to determine if any portions of the catchments were consistently driving the downstream DIN
concentrations (Appendix B).
The primary conclusions of this work are as follows:
1. Nitrate concentrations and fluxes increase in 2008, in response to the 2007 physical disturbance
caused by high summer temperatures, deep active layer thaw, and intense rainfall events. The
nitrification and mobilization of nitrogen increased as soils that were previously frozen in the
permafrost were brought to the surface and exposed to flushing by surficial runoff. N-NO3- fluxes
increased from a pre-disturbance value of 0.013 ± 0.001 kg/km2/mm in 2007 to 0.102 ± 0.017
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kg/km2/mm in 2008. The flux of TDS also increased in 2008 (193.8 ± 6.98 kg/km2/mm to 330.3 ±
11.9 kg/km2/mm); however, there was no significant response from N-NH4+. The DIN fluxes
recovered quickly at the catchment wide scale, reaching pre-disturbance fluxes by 2010.
2. The flux of both DIN and TDS increased substantially in 2012 in response to widespread thermal
perturbations caused by mean daily air temperatures well above the long-term average. The
resulting deep active layer thaw and increased subsurface flowpaths increased the mobilization of
solutes stored deep in the transient layer. N-NO3-, N-NH4+, and TDS fluxes were 0.209 ± 0.013,
0.162 ± 0.009, and 411.7 ± 14.8 kg/km2/mm. The thermal perturbation of 2012 impacts stream
water chemistry for at least 4 years following deep ground thaw.
3. Results demonstrate the importance of baseflow and stormflow hydrologic periods for DIN
export during exceptionally warm years, post-disturbance. Historically the nival regime provides
the bulk of N fluxes. In 2012, baseflow and stormflow combined account for 93% and 65% of the
N-NO3- and N-NH4+ flux, respectively.
4. Concentrations and fluxes are similar, and follow the same general trends in the West and East
rivers, with minor deviations associated with variations in catchment morphology.
5. Spatial analysis of the DIN concentrations from upstream locations along the West river does not
show a distinct downstream pattern throughout the season, but rather indicates a complex
interaction of inputs, dilutions, and biogeochemical transformations. Further analysis of spatial
data is required to better understand the transformations taking place.

This research is the first long-term study to examine the impacts and recovery of DIN export from
two types of physical permafrost perturbations – broad-scale permafrost thaw and active layer
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detachments (ALDs). Future work should focus on the impacts and recovery time from thermal
perturbations and how these changes will impact the downstream aquatic ecosystems.
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Appendix A
Table A1: Summary of meteorologic and hydrologic sensors and loggers used at Cape Bounty from
2003 to 2016. Modified from Lewis et al. (2011).
Parameter

Sensor

Air pressure

Omega-PRTEMP101
Onset Hobo U20

Air temperature
Precipitation

Discharge

Water pressure
(stage) (West
River)

Onset CM50
Onset H8
Onset UA-003
Davis Industrial tipping
bucket
General Oceanics
Flowmeter
Swoffer 2100
Sensym SCX
Omega CP-Level101 &
Omega CRPRTEMP101
Omega OM_CP Level
1000
Onset U20

Sensor
Accuracy
0.4%

Logger

Years Used

OmegaPRTEMP101
Onset Hobo U20

2003 – 2006

Onset CM50
Onset H8
Onset UA-003
Onset Hobo Event

2011 – 2016
2003 – 2006
2006 – 2016
2003 – 2006

Onset UA-003
N/A

2006 – 2016
2003 – 2005

1%
2 mm
0.2% (0.5 mm)

N/A
Onset H8
Omega CRPRTEMP101

2006 – 2016
2003
2004 – 2005

0.2% (0.5 mm)

Omega OM-CP
Level 1000
Onset U20

0.3% (0.21
cm)
0.4% (5 mb)
0.2°C
0.1°C
0.2 mm tip

1%

0.3% (0.21
cm)
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2007 – 2011

2006
2007 – 2016

Table A2: Summary of DIN analytical analysis with detection limits and analytical error. IC stands
for ion chromatograph and AP indicates Astoria Pacific.
Year

Filter Size

N Species

Analysis

2003

0.45 µm

2004

0.45 µm

2005

0.45 µm

2006

0.45 µm

2007

0.45 µm

2008

0.22 µm

2009

0.22 µm

2010

0.22 µm

2012

0.22 µm

2014
2016

0.22 µm
0.22 µm

N-NO3N-NH4+
N-NO3N-NH4+
N-NO3N-NH4+
N-NO3N-NH4+
N-NO3N-NH4+
N-NO3N-NH4+
N-NO3N-NH4+
N-NO3N-NH4+
N-NO3N-NH4+
N-NO3N-NO3N-NH4+

IC
IC
IC
IC
IC
IC
IC
IC
IC
IC
IC
IC
IC
IC
IC
IC
IC
AP
AP
AP
AP
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Detection Limit (mg/l)
& Analytical Error
Unknown
Unknown
Unknown
Unknown
0.0009 (2.5%)
0.0005 (3.5%)
0.0009 (1.7%)
0.0004 (5%)
0.0007 (1.7%)
0.003 (5%)
<0.002 (2%)
0.003 (5%)
0.0007 (2%)
0.003 (5%)
0.0002 (1.5%)
0.002 (3%)
0.0007 (2%)
<0.01 (0.9%)
0.004 (2.3%)
0.008 (3.4%)
0.018 (3.6%)

Table A3: Seasonal cumulative thawing degree days (TDD) calculated for the period of discharge
record, and annual cumulative TDD calculated from June 1 to September 15. Note there were no
TDD outside of these dates. Seasonal rainfall (mm) values confined to period of discharge only. For
2011, 2013, and 2015 rainfall values reported from May 1 to July 31.
Year
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016

Seasonal Cumulative
TDD
106.8
100.1
60.5
130.1
301.9
275.1
165.4
255.3
364.6
159.8
256.5

Annual Cumulative
TDD
123.3
108.8
219.0
264.2
388.2
299.8
287.3
379.7
492.6
485.3
228.2
206.9
353.0
256.5
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Seasonal Rainfall
(mm)
26.8
34.2
2.0
10.2
33.4
56.0
50.8
14.8
25.8
19.4
37.4
11.6
21.6
44.8

Table A4: Runoff values (mm) for the West River divided into nival, baseflow, stormflow, and
seasonal totals. Percentage of total runoff shown in brackets.
Year
2003
2004
2005
2006
2007
2008
2009
2010
2012
2014
2016

Nival (mm)
53
(73%)
60
(70%)
104
(100%)
160
(97%)
75
(61%)
94
(82%)
54
(48%)
84
(94%)
65
(86%)
57
(71%)
92
(81%)

Baseflow (mm)
12
(16%)
21
(24%)
-

Stormflow (mm)
8
(11%)
5
(6%)
-

Total (mm)
73

5
(3%)
23
(19%)
2
(2%)
17
(15%)
5
(6%)
3
(4%)
14
(18%)
13
(12%)

-

165

25
(20%)
18
(16%)
42
(37)
-

123

8
(11%)
9
(11%)
8
(7%)

76

72

86
104

114
113
89

80
113

Table A5: Runoff values (mm) for the East River divided into nival, baseflow, stormflow, and
seasonal totals.
Year
2003
2004
2005
2006
2007
2008
2009
2010
2012
2014
2016

Nival (mm)
59
(92%)
76
(94%)
44
(100%)
115
(99%)
66
(85%)
60
(79%)
28
(46%)
44
(96%)
15
(65%)
69
(97%)
46
(87%)

Baseflow (mm)
2
(3%)
2
(3%)
-

Stormflow (mm)
3
(5%)
2
(3%)
-

Total (mm)
64

1
(1%)
4
(5%)
1
(1%)
4
(7%)
2
(4%)
3
(13%)
2
(3%)
4
(7%)

-

116

8
(10%)
15
(20%)
29
(47%)
0

78

5
(22%)
0

23

3
(6%)

53

73

80
44

76
61
46
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Table A6: West River TDS fluxes (kg/km2/mm).
Year
2003
2004
2005
2006
2007
2008
2009
2010
2012
2014
2016

Nival

Baseflow

13.3 ± 0.479
24.8 ± 0.893
23.1 ± 0.832
90.6 ± 3.26
42.5 ± 1.53
18.3 ± 0.659
48.0 ± 1.49
30.5 ± 1.10
23.3 ± 0.839

40.7 ± 1.47
30.4 ± 1.09
101.9 ± 3.67
36.4 ± 1.31
38.5 ± 1.39
164.4 ± 5.92
45.6 ± 1.64
41.0 ± 1.48

Stormflow
89.6 ± 3.23
137.8 ± 4.96
68.1 ± 2.45
199.3 ± 7.17
35.4 ± 1.27
58.6 ± 2.10

Total
13.3 ± 0.479
65.4 ± 2.35
143.1 ± 5.15
330.3 ± 11.9
147.0 ± 5.29
56.8 ± 2.04
411.7 ± 14.8
110.6 ± 3.98
122.9 ± 4.42

Table A7: East River TDS fluxes (kg/km2/mm).

2005
2006
2009

Nival
61.9 ± 2.23
62.2 ± 2.24
116.5 ± 4.19

Baseflow
157.5 ± 5.67
143.3 ± 5.16

Stormflow
180.0 ± 6.48
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Total
61.9 ± 2.23
219.7 ± 7.91
439.8 ± 15.8

East:West
4.7:1
3.4:1
3.0:1

Appendix B
West and East spatial sampling 2016
In 2016, water samples were collected from a network of tributaries and at approximately equally
spaced distances along the main flow channels in each catchment. Sampling began on June 27, 2016 and
was undertaken roughly every four days during the recession and baseflow period until August 6, 2016.
Samples were collected using triple rinsed 500 ml dark high-density polyethylene (HDPE) bottles and
were taken from the middle of the channel, where waters are well mixed. Shortly after collection, samples
were filtered using 0.22 µm polyvinylidene fluoride (PVDF) filters and were stored without headspace in
25 ml scintillation vials until further analysis at Queen’s University. Samples from three characteristic
dates capturing the late nival, stormflow, and late baseflow conditions were run on the Astoria Pacific to
determine concentrations of DIN. Simplified catchment maps were created showing significant water
tracks and subcatchment inputs along with sample locations (Figure B1). The ratio of ammonium to
nitrate was determined for each sample.
At various times throughout the melt season there are locations that generate high nitrogen
delivery to the catchment, but there are no sampling locations that consistently drive the downstream DIN
ratio. Ratios less than 1 indicate that nitrate export is higher than that of ammonium. At most locations
along the rivers, N-NH4+ concentrations are generally higher. During late baseflow in the West River,
much of the catchment has a notably higher proportion of N-NH4+; however, the ratio at the outlet is
driven by N-NO3-. This difference suggests there is significant microbial transformation of NH4+
happening along the length of the reach. The spatial analysis of the DIN concentration ratios along the
West and East rivers does not show a distinct downstream pattern throughout the season, but rather
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indicates a complex interaction of inputs, dilutions, and biogeochemical transformations. To further
understand the catchment controls on DIN export, further analysis of this spatial dataset is required.
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East River

West River
Lat e Nival
06/27/2016

St orm flow
07/31/2016

Lat e Baseflow
08/05/2016

St orm flow
08/03/2016

Lat e Nival
06/28/2016
4.5

3.5

8.8

0.8

0.9

0.4

10.5
6.1

1.4

Lat e Baseflow
08/06/2016
2.2

17.8

3.8

5.5
9.8

1.4
6.6

11.4

1.4

0.6

8.7

2.2

3.1

1.7

0.8

6.8

2.1

1.0
9.6

24.0

0.8

2.8
0.7
1.5

5.9

2.1

0.8

5.1
17.0

17.9

11.5

22.3

8.8

19.8
2.0

14.1
9.5

3.3
1.0

2.4

25.3

11.3

7.2

4.7

9.4

0.6

Legend
Main river channel
Sub-cat chm ent input
Wat er t rack input
No flow

5.8

36.3

6.3
4.6

7.2

8.3

3.9

1.3

2.2

9.9

9.2

3.0

7.3

5.5

2.0

7.0

6.5

1.7

6.8

0.9

5.3

2.7

2.2

10.5

Sam ple locat ion N-NH 4 + :N-NO3 20.0 +
10.0 - 19.9
5.0 - 9.9
1.0 - 4.9
< 1.0

Figure B1: N-NH4+:N-NO3- for sampling locations along the West and East rivers from three sampling dates during the 2016 field season.
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