
The Influence of Snowcover Distribution and Variable Melt Regimes on the

Transport of Nutrients from Two High Arctic Watersheds

by

Brock R. McLeod

A thesis submitted to the Department of Geography

in conformity with requirements for

the degree of Master of Science

Queen’s University

Kingston, Ontario, Canada

July 2008

Copyright © Brock R. McLeod, 2008



i

Abstract

In June 2005, fieldwork was conducted during the spring snowmelt period at Cape

Bounty, Melville Island, Nunavut to examine the relationships between snow

accumulation, runoff, and nutrient fluxes in two High Arctic watersheds. The snowcover

was quantified by means of eleven depth and three density measurements at 42 survey

transects (100 m) distributed throughout the West and East watersheds. River discharge

was monitored at the watershed outlets, where water samples were collected four times

daily during the first ten days of melt and twice daily once flow receded. Water samples

were also collected from headwater and tributary sites in the two watersheds, and samples

were analyzed for DOC, DON and DIN (NH4
+ and NO3

-).

An objective terrain classification weighted equally on slope, aspect and land

surface curvature was applied to the two watersheds using an ISODATA unsupervised

classification scheme to determine watershed SWE. The terrain model confirmed that

topography likely explains greater SWE in the West watershed, and provides a method

for reproducible estimates of watershed SWE in future years. However, improved

methods for estimating SWE in channels and deep snowbanks are required to ensure

accurate assessments of watershed SWE.

The seasonal trends in DOC, DON, and DIN concentrations and specific fluxes

are reported for both watersheds. The export of DON and DIN was strongly correlated

with DOC in the West watershed, indicating that the flushing of terrestrial nutrients from

surficial soils by snowmelt runoff governs nutrient export. Despite less watershed SWE

(51%), the East watershed exported greater specific fluxes of DOC (33%) and DON

(43%) during the melt season. This suggests that the East watershed had greater
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connectivity with OM sources early in the melt season. Furthermore, low DOC:DON

ratios (< 15) in the East River indicate that a larger portion of DOM was likely derived

from algal or microbial sources in the East watershed relative to the West watershed. The

export of DIN was similar in the two watersheds, and results suggest that DIN export was

likely controlled by watershed vegetation coverage and runoff volumes during snowmelt.
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Chapter 1: Introduction

Climate models and observational evidence predict significant warming for most

regions of the Arctic through this century (Serreze et al., 2000; ACIA, 2005).

Temperature increases are expected to alter numerous aspects of Arctic ecosystems,

including the amount, seasonal distribution, and form of precipitation, the extent of

permafrost and moisture availability, and ecosystem productivity (Rouse et al., 1997;

Hodkinson et al., 2000). However, there is little evidence concerning the impact of

warmer temperatures and modified precipitation regimes on the interactions of Arctic

terrestrial and aquatic ecosystems and how biogeochemical carbon (C) and nitrogen (N)

cycles will be affected by climate change. This thesis aims to address this knowledge gap

through a detailed assessment of watershed snow water equivalence (SWE) in Chapter 3,

which is used in Chapter 4 to assess the control of snowfall on the concentration and flux

of nutrients from two High Arctic watersheds.

Arctic ecosystems are subject to long winters in which the thin soils are frozen

and snow covered for the majority of the year. During the winter, persistent winds

redistribute snowfall from open plateaus and windward slopes to river valleys and slope

depressions. Snowcover is the primary component of the Arctic hydrological cycle, and

snowmelt is the major hydrological event of the year because summer precipitation is

often of low frequency and low intensity (Kane et al., 1991; Woo, 1998). Melting of

High Arctic snowpacks occurs in late May or early June, where nine to ten months of

winter snow accumulation generate substantial overland flow, peak annual river

discharge, and the majority of annual flow volume, often over the course of two to four

weeks (Woo, 1983; Woo and Young, 2004). As the snowmelt season progresses and
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runoff is conveyed to river systems, the seasonal active layer begins to thaw, the

snowcover becomes increasingly discontinuous, a greater proportion of runoff is diverted

to subsurface flow, and biological productivity commences.

Quantifying the end-of-winter snow distribution and total watershed SWE are of

fundamental importance to hydrological and biogeochemical investigations in the Arctic

(Yang and Woo, 1999). Several approaches have been applied to characterize the areal

distribution of snow and watershed SWE because snow gauge estimates of snowfall are

only representative of their immediate vicinity, and do not account for the spatial

variability in watershed snow distribution and SWE (Yang and Woo, 1999; Woo et al.,

1999). The research in Chapter 3 addresses the goal of establishing an accurate and

reproducible method of estimating watershed SWE through the development and

application of an objective terrain classification in two parallel High Arctic watersheds.

Differences in topography between the two watersheds have resulted in dissimilar snow

distribution patterns and differences in watershed SWE in some years. Previous attempts

to quantify the snowcover have resulted in significant underestimates of watershed SWE

relative to measured seasonal runoff (Cockburn and Lamoureux, 2008). SWE was likely

underestimated due to the river valleys and deep snowbanks being under-represented by

the snow survey network. By applying an objective terrain classification weighted

equally on surface characteristics (slope, aspect, and land surface curvature) that are

easily obtainable from a digital elevation model, and expanding the snow survey network

to suitably represent the river valleys and deep snowbanks, the research in Chapter 3

provides the foundation to accurately estimate watershed SWE.

Variability in the quantity and distribution of the end-of-winter snowcover and the

timing and magnitude of snowmelt largely determine watershed soil temperatures, water
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availability, active layer development, meltwater routing, and nutrient fluxes (Michaelson

et al., 1998; Kawahigashi et al., 2004). Due to the presence of permafrost, the majority of

biological activity is confined within the seasonally thawed active layer, where soil and

plant processes are intrinsically related to the down-slope movement of water and in

particular nutrients (Hodkinson et al., 1999; Rastetter et al., 2004). The quantity and

composition of dissolved organic matter (DOM) in Low Arctic and Subarctic fluvial

systems is primarily controlled by soil composition, runoff volumes and the sorption

capacity of soil minerals within the active layer (Kawahigashi et al., 2004). Therefore,

the thickness of the active layer largely controls the export of DOM, and high

concentrations of dissolved organic carbon (DOC) and dissolved organic nitrogen (DON)

can be expected when the active layer is underdeveloped and meltwater volumes are high,

such as during the snowmelt period. The export of dissolved inorganic nitrogen (DIN),

including nitrate (NO3
-) and ammonium (NH4

+), are controlled by plant and microbial

processes, and also the development of the active layer. During the snowmelt period, the

export of NO3
- is largely determined by the mobile soil nitrogen pool that is controlled by

heterotrophic microbial activity beneath the winter snowpack (Brooks et al., 1999). The

export of NH4
+ is often low during snowmelt because the majority of NH4

+ is adsorbed to

ion exchange sites as the active layer thaws, or rapid nitrification occurs and increased

NO3
- concentrations result (Williams et al., 2001; Tye and Heaton, 2007).

The objective of the research in Chapter 4 is to evaluate the timing and magnitude

of nutrient (DOC, DON, and DIN) concentrations and fluxes during the snowmelt period

in two High Arctic watersheds. The majority of research on C and N cycles in the Arctic

is from Low Arctic or Subarctic environments where there is a peat-rich organic layer,

however, studies have largely neglected the High Arctic’s polar- and semi-desert regions.
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In addition, most Arctic studies have focused on the dynamics of either C or N during the

growing season, and few studies have examined both cycles during the snowmelt period

(Lobbes et al., 2000; Petrone et al., 2006). Therefore, the research in Chapter 4 will also

contribute to a better understanding of C and N export in the High Arctic during the often

neglected snowmelt season.

Select accounts of river chemistry have become available from the High Arctic

(Pecher, 1994; Stutter and Billet, 2003, Tye and Heaton, 2007), and there are even fewer

studies that have examined seasonal nutrient fluxes (Lafrenière and Lamoureux, 2008).

The majority of studies that have examined nutrient fluxes in the Low Arctic or Subarctic

have been based on measurements from a single location along the course of a river

(Peterson et al., 1986; Peterson et al., 1992; Petrone et al., 2006). In addition, there are

few detailed examinations (multiple samples per day) of the relationships between river

discharge and nutrient concentrations over the course of a season in the Low Arctic or

even a single day in the High Arctic (Lafrenière and Lamoureux, 2008). The research in

Chapter 4 addresses the spatial and temporal variability in nutrient export by examining

nutrient concentrations at multiple locations in the two watersheds and by collecting

multiple samples per day at the river outlets to assess the diurnal variability and seasonal

flux of nutrients. The differences in snow distribution patterns and watershed SWE found

in Chapter 3 are used in Chapter 4 to assess the control of snow accumulation on the

delivery of meltwater to watershed drainage systems, active layer development, and thus

the concentration and flux of nutrients.

In summary, the objectives of this thesis are to:

1) Develop and apply a terrain model to obtain accurate and reproducible (year after

year) estimates of watershed SWE.
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2) Supplement the knowledge of carbon and nitrogen export in High Arctic

watersheds.

3) Assess the control of snow accumulation and snowmelt regime on the timing and

magnitude of nutrient concentrations and fluxes during the snowmelt season.

This research is one element of a watershed- and lake-monitoring program that

has been underway at the Cape Bounty Arctic Watershed Observatory (CBAWO) since

2003 (CBAWO, 2008). Through an intensive, multi-disciplinary program, the research at

the CBAWO aims to investigate the processes controlling aquatic and terrestrial

responses to climate change at Cape Bounty, Melville Island, Nunavut, Canada.

Researchers are evaluating the controls on the fluxes of water, nutrients, sediment, and

contaminants in the two watersheds, West and East (unofficial names), and are also

investigating High Arctic vegetation coverage, soil biogeochemistry, fluxes of trace

gasses, and paleoclimatic reconstructions.
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Chapter 2: Literature Review

2.1 Introduction

Climate models and observational evidence indicate that the majority of the

Canadian Arctic has experienced pronounced warming in the latter half of the 20th

century, and modelling efforts predict the warming trend will continue throughout the

Canadian Arctic over the 21st century (Serreze et al., 2000; ACIA, 2005). Temperature

increases are expected to alter numerous aspects of Arctic ecosystems, including the

amount, seasonal distribution and form of precipitation. Climate models project a

decrease in snowcover extent and duration for the majority of the Arctic, with the greatest

reductions in areal coverage occurring in spring (ACIA, 2005). Recent reports predict

increases in winter snowfall and enhanced runoff in the majority of the Canadian High

Arctic (IPCC, 2007; Meehl et al., 2007). The timing, intensity and magnitude of spring

snowmelt will be altered with expected changes in precipitation and air temperature, thus

affecting the timing and quantity of runoff released through snowpack ablation.

Increased temperatures are also projected to alter permafrost conditions by increasing the

depth of the seasonally thawed active layer (Kawahigashi et al., 2004). In the High

Arctic, most biological activity is confined to the thin active layer, where the hydrology

and soil moisture conditions determine the character of biological communities and rates

of biogeochemical processing (Hodkinson et al., 1999). Hydrological systems are the

primary links between terrestrial and aquatic ecosystems through the release of nutrients

from terrestrial stores to stream systems, lakes and ultimately the Arctic Ocean (Dittmar

and Kattner, 2003a). Therefore, it is essential to obtain a better understanding of High

Arctic nutrient dynamics to assess how these systems will be affected by climate change.
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2.2 Quantifying Arctic Snow Distribution and Watershed SWE

In the Arctic, snowmelt constitutes the major hydrological event of the year (Kane

et al., 1991; Woo, 1998). The end-of-winter snow distribution affects the integration and

hydrologic connectivity of the drainage network, which influences the lag time between

melt and streamflow initiation (Woo, 1998; Stieglitz et al., 2003). The end-of-winter

snow distribution and snow accumulation as snow water equivalent (SWE) are highly

variable in the Arctic due to the lack of vegetation, which permits wind transport and

extensive redistribution of the winter snowpack (Liston, 1999; Yang and Woo, 1999).

River valleys, topographic depressions and slope concavities are sheltered from the wind

and accumulate considerable amounts of snow, whereas ridges, hilltops and windward

slopes are scoured by Arctic winds and contain relatively shallow snowpacks (Woo,

1998; Woo and Young, 2004).

The areal distribution of snow is a fundamental consideration in permafrost

hydrology for several reasons. It is important to quantify the available amount of SWE

because the presence of a snowcover alters the energy balance of a basin due to a very

high albedo, and through local cooling of the air above (Woo, 1998). Snowcover

distribution affects soil and vegetation moisture status, and protects vegetation from wind

desiccation (Schaefer and Messier, 1995). Variations in the depth, density and duration

of the snowcover affect the thermal properties of the underlying ground through

insulation, and the dominant hydrologic processes change with the transition from snow

covered (snowmelt) to snow-free (evaporation) conditions (Woo, 1998). The ability to

quantify and predict the spatial distribution of watershed snowcovers is also useful for

predicting the magnitude and spatial variability of spring runoff (Luce et al., 1998)



10

Several different approaches have been applied to model and accurately estimate

the end-of-winter snow distribution and SWE of a snowcover across a given terrain or

watershed. These include rule-based or objective terrain classifications, binary regression

tree analysis, and distributed blowing snow models. In combination with these methods,

remote sensing is becoming increasingly important for mapping snowcover extent

(Rango, 1993; Cline et al., 1998), but no algorithms exist for evaluating the depth and

SWE of a snowcover using remote sensing in heterogeneous landscapes (Cline et al.,

1998; Mote et al., 2003). However, recent applications of airborne laser altimetry (lidar)

in snow-covered landscapes are proving useful for generating high-resolution, spatially

distributed snowcover data (Deems et al., 2006). In the High Arctic, these methods are

not widely used or practical due to the high cost of applying airborne measurements in

remote areas.

Terrain classifications have been used to estimate watershed SWE by subdividing

a catchment into a number of topographically defined terrain units (plateaus, slopes,

depressions, river channels, etc.) that contain relatively similar amounts and

homogeneously distributed SWE. This is accomplished by creating a snow-landscape

map, and assigning a representative measure of snow depth and density to each terrain

type from snow surveying. This allows the modeller to assign an estimate of SWE for

each terrain unit and thus the entire watershed. Rule-based approaches have been utilized

to predict recurring spatial relationships between snow accumulation and topography

(Woo and Marsh, 1978; König and Sturm, 1998; Woo and Young, 2004). However,

delineating terrain units based upon the analysis of topographic maps and aerial

photography is a subjective process that is not reproducible, and therefore not directly

comparable or transferable to other studies (Lapen and Martz, 1996; Anderton et al.,
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2004). As a result, researchers have used objective terrain classification methods based

on a combination of terrain variables (slope, aspect, elevation, wind exposure, etc.)

derived directly from a digital elevation model (DEM; Elder et al., 1991; Lapen and

Martz, 1996). These automated methods for measuring terrain variables result in

reproducible, quantitatively defined terrain units (Lapen and Martz, 1996).

Binary regression (decision) tree analysis is a statistical method used to predict a

response variable (snow depth, snow density) from a set of predictor variables (elevation,

slope, aspect, maximum upwind slope, wind exposure, vegetation, etc.) in a nonlinear or

hierarchical manner (Elder et al., 1998; Erxleben et al., 2002; Winstral et al., 2002;

Anderton et al., 2004). Binary regression trees are used to predict snow depth and density

for each grid cell of a watershed DEM, which allows for the computation of SWE. This

is accomplished by generating a regression tree, which is an iterative process where each

decision node in the tree contains a test on a value of a predictor variable (e.g. elevation;

Figure 2.1). The response variable datasets are obtained by extensive surveying of snow

depth and density across a wide range of topography. The tree is constructed by

sequentially dividing the data into two groups using all binary possibilities and all

predictor variables, which successively splits the data into increasingly homogeneous

subsets (Elder et al., 1998). The response variable data is split such that the maximum

reduction in total tree deviance is obtained, where each descending node is then split in

the same manner. The terminal nodes represent the mean snow depth or density in each

landscape/terrain class and the number of units in the classification.
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Figure 2.1: A 12-node binary regression tree for predicting snow depth. The root node is
the ellipse at the top of the diagram and terminal nodes are rectangular boxes. The values
contained in each ellipse and rectangle are the mean snow depth at that node [Source:
Erxleben et al., 2002].
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Distributed blowing snow models are complex three-dimensional (3-D) snow

distribution models that are capable of simulating snow transport processes and snowpack

evolution throughout the snow season (Pomeroy et al., 1997; Liston and Sturm, 1998;

Essery and Pomeroy, 2004; Liston et al., 2007). Snow depth patterns are simulated from

wind-related snow redistribution processes that are distributed across relatively high

resolution DEMs (commonly < 100 m grid cell). The required model inputs for 3-D

models are topography (1-100 m grid increments), vegetation, snowfall, temporally

variant (1 hour–1 day) fields of windspeed and direction, air temperature and humidity,

and a number of parameters describing snow transport and evolution, vegetation

attributes, and wind fetch (Essery and Pomeroy, 2004; Liston et al., 2007). The temporal

variation in snow depth at each grid cell is calculated using a mass-balance equation

where snow deposition and erosion result from changes in mass transport rates of

saltation and turbulent-suspended snow, sublimation of transported snow particles, and

the rate of water equivalent precipitation (Liston et al., 2007). Watershed accumulation

of SWE is calculated as a residual of gauged snowfall, snow transport and sublimation.

Selecting a method to estimate the SWE of an end-of-winter snowcover is decided

by the level of complexity that a researcher wishes to engage, and logistical constraints

such as the accessibility of the site for over-winter measurements. It is less demanding to

contend with performing an end-of-winter snow survey and obtaining watershed SWE

through a terrain classification or binary regression tree analysis than to manage

uncertainties associated with over-winter snowfall measurements and estimating

sublimation and wind transport. The application of a distributed blowing snow model is

often not logistically possible for many hydrological studies due to the requirements of

instrumentation and winter measurements. The large amount of high resolution spatial
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and temporal datasets necessary to run the models are often difficult to obtain because the

distribution of SWE and meteorological inputs must be interpolated from terrestrial

measurements, and the measurement locations are often too scarcely distributed to

interpolate the datasets properly (Anderton et al., 2004). The success of binary regression

tree analysis has been attributed to the ability of the models to account for the nonlinear

relationships between snow depth and elevation, slope, aspect, wind exposure, and

vegetation (Erxleben et al., 2002). In most cases, regression trees have explained the

variability in observed snow depth very well, although they have a relatively low

predictive capability to estimate snow depth in unsampled areas, and often overfit their

predictions to measured snow depth (López-Moreno and Nogués-Bravo, 2006). Rule-

based terrain classifications are the simplest method for accurately estimating SWE,

however, objective, automated techniques ensure the reproducibility of delineating terrain

units. In addition, Tappeiner et al. (2001) stress the importance of using topographic

variables (elevation, slope, and aspect) that are easily obtained from a DEM to ensure the

applicability beyond a particular study site.

2.3 Arctic Snowmelt Hydrology

In late May or June, rapid melting of High Arctic snowpacks occurs within two to

four weeks, where annual high flows and the majority of flow volume is generated after

nine to ten months of winter snow accumulation (Woo, 1983; Woo and Young, 2004).

Once melt begins, meltwater percolates into the cold snowpack (< 0°C) along a wetting

front, and may concentrate in vertical flow fingers to surpass the wetting front (Marsh and

Woo, 1985). Re-freezing of meltwater occurs at the leading edge of the wetting front,

within flow fingers and at the base of the snowpack, which may form a basal ice layer in
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continuous permafrost environments (Woo and Heron, 1981; Woo et al., 1982; Marsh and

Woo, 1984a). The re-freezing of meltwater releases latent heat, which warms dry snow

and the underlying frozen ground. Therefore, the formation of a basal ice layer at the

snow-ground interface may accelerate active layer thaw (Marsh and Woo, 1984a) despite

a delay in the release of meltwater as runoff due to re-freezing (Marsh, 1999). High

Arctic soils remain frozen during snowmelt resulting in the re-freezing of any initial soil

infiltration (Woo and Marsh, 1990) and increased basal ice development. A negative soil

heat flux (the transfer of energy from the snowcover to the underlying soil) results in ice

layer growth and a delay in wetting front advance within the snowpack. Therefore, no

runoff occurs and SWE remains constant until after the entire snowpack becomes

isothermal (0°C), and basal ice development ceases (Marsh and Woo, 1984b).

In continuous permafrost regions, meltwater within the snowpack is subject to

evaporative losses but the majority is delivered to watershed slopes as lateral drainage

within the snowpack (Marsh and Woo, 1985). Lateral drainage occurs as oversnow

(sheet) flow once the entire snowpack is saturated, and as slush flow, which is a rapid

movement of a snow-water mixture down slope (Gude and Sherer, 1998). Meltwater

supplied from snowpack ablation leads to considerable surface ponding and runoff as

overland flow due to the limited ability of the shallow active layer to retain meltwater.

Initial thaw of the active layer is rapid once the snow and ice cover have ablated (Woo,

1976). However, thaw occurs unevenly across the watershed because the snowcover

distribution is highly variable and thaw rates vary in differing earth materials (Woo and

Steer, 1983).

Saturation overland flow occurs on Arctic slopes as sheet flow or as flow

channelled in rills (Woo and Steer, 1982). Surface flow occurs during the snowmelt
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period as a result of the suprapermafrost water table residing above the ground surface.

The high water table is supported by a shallow active layer, a considerable supply of

meltwater from upslope snowbanks, and exfiltration of subsurface flow in depressions

and slope concavities (Woo, 2000). Conversely, infiltration and subsurface drainage

occur when surface flow travels across slopes and encounters areas where the water table

is below the ground surface and the active layer is unsaturated (Woo and Steer, 1983).

During the early snowmelt period however, the active layer is still too shallow to permit

much infiltration, and total overland flow usually exceeds subsurface flow by several

orders of magnitude (Woo, 2000). The storage capacity of the active layer increases as

melt progresses, and the lag time for meltwater to reach the lower slopes increases over

time as a result of more water being diverted to subsurface flow. The hydraulic

conductivity of mineral soils in the High Arctic (semi- or polar-desert areas of continuous

permafrost) is orders of magnitude less than the peat-rich organic soils found in Low

Arctic (tundra areas of continuous permafrost) environments (Hinzman et al., 1991;

Quinton and Marsh, 1999). Hence, meltwater travel times are longer where subsurface

drainage occurs, while slopes with persistent snowbanks maintain rapid overland flow

because poorly drained soils are often rich in ice-content (Woo and Xia, 1996).

The timing of meltwater delivery and the areas that contribute meltwater runoff

change considerably throughout the melt period in the Arctic (Woo, 2000; Bowling et al.,

2003). Woo (1976) applied the variable source area concept (Hewlett and Hibbert, 1967)

to a High Arctic basin, proposing that the primary cause in variability arises from the

availability of meltwater during the snowmelt period. The contribution of source areas of

runoff to streamflow is largely determined by snow distribution and meltwater

infiltration. Snow distribution, melt rates and infiltration rates define the amount and
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location of meltwater production, and the connectivity of meltwater to stream systems

(Woo, 2005). Early in the melt season, the snowcover is highly variable due to drifting,

but as the season progresses the melt pattern becomes even more variable due to

differences in radiation budgets between slopes (Young et al., 1997), and the snowcover

becomes increasingly patchy when bare-ground is interspersed within the discontinuous

snowcover (Liston, 1995; Neumann and Marsh, 1998). Meltwater delivery downslope

will vary considerably as source areas of overland flow differ during and between days.

Early in the melt season, overland flow prevails when the suprapermafrost water table is

above the ground surface. However, subsurface flow and flow from late-lying or

perennial snowbanks become increasingly important as meltwater production diminishes

and the active layer thaws (Ballantyne, 1978; Lewkowicz and Young, 1990). Therefore,

as snowmelt progresses, the spatial pattern of runoff generation becomes increasingly

variable at both local and watershed scales, the runoff contributing areas become

increasingly discontinuous, and the source areas for runoff diminish (Woo, 2005).

In the spring when meltwater reaches the lower slopes and stream valleys, slope

runoff is stored and accumulates in the valley snowpacks until flow commences as

subsurface flow in the snow, sheet flow, slush flow and eventually open channel flow

(Woo and Sauriol, 1980). Once meltwater reaches the stream valleys, a lag time of

several days often occurs before valley snowpacks are sufficiently saturated to allow flow

downstream. In shallow valley snowpacks, channels quickly develop partially or entirely

on clastic or ice-covered beds. However, in deep snowpacks common to High Arctic

river valleys, channels develop on the snow surface or within the snowpack resulting in

undercutting of the valley snowcover, and lateral or vertical shifts in the channel may

occur until the snowpack is incised to the valley floor (Woo and Sauriol, 1980). Deep
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valley snowcovers can also hinder the development of integrated flow systems when

meltwater ponds behind snow jams (Woo and Sauriol, 1981). Valley snowdrifts can

block and pond channel meltwater, resulting in individual ponded segments. Once a

snow dam breaches, ponded meltwater releases rapidly, flooding the valley downstream,

and only after all of the snow jams are breached will a fully integrated flow network for

meltwater delivery be established.

Arctic watersheds that are not fed by glacial meltwater are classified as Arctic

nival (snowmelt dominated) streamflow regimes, with hydrographs that commonly

contain one primary peak from spring snowmelt (freshet), followed by a rapid recession

due to the limited storage capacity of the active layer (Church, 1974). The amount of

winter snow storage available and the timing of meltwater release govern the magnitude

of the snowmelt peak, which can vary by an order of magnitude from year to year (Woo

and Young, 1997). Nival regimes typically have prominent daily cycles in discharge that

illustrate the time lag in snowmelt runoff delivery to the stream networks (Woo, 2005).

Daily peak discharge often occurs from the late afternoon to early evening and low flows

occur in early to mid-morning. Periods of rapid melt accentuate the daily peaks in

discharge, whereas cool periods will dampen the amplitude of the daily discharge cycle.

As the snowcover ablates, daily peak discharge steadily declines, and steep recessions to

daily low flows are indicative of a lack of available meltwater storage for baseflow

contribution (Woo, 2005).

The dominant features affecting High Arctic hydrology are the presence of

continuous permafrost and the seasonal snowcover. Significant redistribution of the

snowcover occurs through the winter months and results in spatially variable melting,

which is accompanied by virtually impervious frozen soils. As a result, substantial
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portions of overland flow dominate subsurface flow early in the melt season. As the

active layer develops, overland flow decreases as subsurface flow becomes progressively

more important, which increases the lag time of meltwater from slopes to stream

channels.

2.4 Nutrient Cycling in Arctic Soils and Plants

2.4.1 Carbon Cycling

Estimates of the carbon (C) pool within wet and moist tundra soils of the Low

Arctic vary from 40-190 Pg of C, and cover an area of 1.9 x 106 km2 (Shaver et al., 1992;

Hobbie et al., 2000). Whereas the High Arctic’s dry shrub, semi-desert and polar-desert

ecosystems cover approximately twice the area (3.8 x 106 km2), and estimates of the C

pool are approximately 18 Pg of C or 10-45% of that in the Low Arctic (Shaver et al.,

1992). The Arctic as a whole is arguably a terrestrial sink for carbon, with estimates of

tundra C accumulation up to 1 Pg C yr-1 (Chapin et al., 2000). However, modelling

simulations and regional extrapolations produce a range of sink estimates that are of

significantly lower magnitude (McGuire et al., 2000; Oechel et al., 2000a). Some models

suggest that the Arctic has shifted to a source of carbon dioxide (CO2) to the atmosphere

due to a warming climate (Oechel et al., 1995; Zimov et al., 1996). The net impact of

climate change on C flux is also expected to vary between Arctic ecosystems, and

projections suggest that the response of a given ecosystem will often result in a net source

of CO2 one year and a net sink of CO2 the next year (Stieglitz et al., 2000; Groendahl et

al., 2007). Hobbie et al. (2000) attribute the inconsistency in estimates of C fluxes to a

lack of knowledge regarding the controls on carbon residence times within Arctic plants

and soils, and the response of decomposition to temperature. The uncertainty associated
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with the current C balance of Arctic ecosystems is of interest because threats of warming

could induce a positive feedback mechanism on the global climate system due to

enhanced respiration (R) of CO2 from warmer Arctic soils (Chapin et al., 2000).

The C balance of Arctic ecosystems depends on the equilibrium between the

release of CO2 from microbial activity and plant root respiration, and atmospheric CO2

uptake by primary producers, which results in plant organic matter (OM) inputs to the

litter and soils (Jonasson et al., 1999). Arctic warming is expected to increase both gross

primary production and heterotrophic respiration. However, researchers are uncertain

which process will increase more rapidly over differing time scales, and thus whether the

Arctic will act as a C sink or source (Shaver et al., 1992; McKane et al., 1997). The

Arctic may be a net source of CO2 to the atmosphere if warming results in high rates of

nutrient immobilization by soil microbes. Nutrient immobilization would result in a

deficiency of nutrients available to plants, combined with greater microbial

decomposition of soil organic matter (SOM) that leads to a net loss of C to the

atmosphere if plant C fixation cannot compensate for increased R (Jonasson et al., 1999).

Conversely, if plant communities become more capable of sequestering nutrients, an

increase in ecosystem productivity will result, C stocks in soils will increase, and the

system will become a net C sink. The Low Arctic contains much greater proportions of

SOM than the High Arctic, and is more likely to act as a carbon source to the atmosphere

if warmer soils and decreased soil moisture conditions increase decomposition rates

(Jonasson et al., 1999). The High Arctic may be prone to expansions in vegetation, and is

likely to become a CO2 sink because plant photosynthesis in the High Arctic should

control the C balance more so than changes in soil R due to low soil C contents (Tolvanen

and Henry, 2001; Groendahl et al., 2007).
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The primary controls on fresh litter decomposition are temperature, hydrology

(soil moisture), vegetation communities, and the composition of the tundra substrate

(Hobbie et al., 2000). Hobbie (1996) found that litter with high lignin and low soluble

carbohydrate concentrations (from moss and lichen sources) will decompose more slowly

than deciduous and forb leaf litter. The Arctic is characterized by slow decomposition

rates of SOM due to high concentrations of recalcitrant compounds that may form due to

microbial humification, and cold soil temperatures due to the presence of permafrost

(Hobbie et al., 2000). In addition, cryoturbation processes in permafrost translocate

organic matter from surface horizons downwards into permanently frozen soils, which

relinquishes contact from most microbial processes (Broll et al., 1999). Michaelson et al.

(1996) identified topographic position as a significant control over carbon storage due to

drainage influences and wetland formation. Soil C accumulation rates are greatest in

areas of high soil moisture, such as slope bases, particularly within wet meadow tundra

and tussock tundra with relatively shallow active layer thaw (Johnson et al., 1996).

The majority of C cycling studies have focused on the Arctic growing season.

However, biological activity is also active during the winter months (Fahnestock et al.,

1999; Welker et al., 2000). Although the bulk of interstitial soil waters remain frozen,

microbial populations are found in unfrozen water films on soil particles at temperatures

as low as -10°C (Romanovsky and Osterkamp, 2000), and CO2 can be released from soils

down to -39°C (Panikov et al., 2006).

Researchers are currently debating how Arctic microbes will respond to changes

in soil temperatures, and in particular, how decomposition rates will vary with warmer

temperatures and differing SOM quality. A number of studies have confirmed that R in

Arctic soils increases rapidly and/or exponentially in relation to temperature (Clein and
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Schimel, 1995; Hobbie, 1996). However, other research has demonstrated that R is

controlled by substrate quality and is relatively insensitive to temperature (Schmidt et al.,

1999). Mikan et al. (2002) found that R is controlled by soil temperature and that R

decreased with increasing SOM quality (greater labile OM). An abrupt change in

temperature dependence occurs at 0°C because temperature indirectly controls R through

its influence on the amount of unfrozen water content within the soil. Below 0°C, a rapid

(exponential or power function) decline in unfrozen soil moisture occurs as a result of

decreasing temperature (Mikan et al., 2002). Mikan et al. (2002) claim that recalcitrant

components of SOM are a source of respiratory CO2 above freezing levels, however,

below freezing a fundamental change in microbial processing of SOM occurs where

microbial activity shifts from detrital material to dissolved compounds, dead microbial

biomass and microbial metabolism products. Therefore, R could increase during the

winter with a minimal rise in frozen soil temperatures (Mikan et al., 2002).

Oechel et al. (2000b) have shown that a shift in the pattern of CO2 flux has

already occurred, and that Low Arctic ecosystems appear to be net sinks of CO2 in the

summer and large sources of CO2 in the winter, resulting in an annual net source of CO2

to the atmosphere. Whereas High Arctic ecosystems appear to be net sinks of CO2

because winter carbon losses are relatively small in comparison to the Low Arctic

(Welker et al., 2004).

Freeze-thaw cycles also appear to be an important control on microbial response.

Schimel and Clein (1996) found that tundra soils experimentally subjected to freeze-thaw

cycles exhibited a rapid pulse of respiration following thaw, which occurred due to the

metabolism of organic substrates released by the death of microbes during freeze-up. In

addition, Elberling (2003) observed that diurnal and seasonal variations of CO2 fluxes
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were highly correlated (r2 > 0.8) with near-surface temperatures, except during periods

when rapid release of CO2 occurred due to near-surface thaw or precipitation events.

Schimel and Clein (1996) found that respiratory losses of CO2 declined with multiple

freeze-thaw events suggesting that less biomass dies off with each successive cycle.

Arctic vegetation is undergoing biological changes, such as increases in peak-

season plant biomass due to longer growing seasons, which result from warmer spring

seasons (Myneni et al., 1997). Changes in plant communities have also occurred. For

example, Sturm et al. (2001; 2005) have shown that deciduous shrub species are

advancing into the open tundra throughout northwestern North America. In addition,

Welker et al. (2004) demonstrated through a 9-year experimental warming study that an

increase in deciduous shrubs could also occur in the High Arctic. However, in tussock

tundra ecosystems within Arctic Alaska, long-term increases in temperature did not

significantly change vegetation properties (Chapin et al., 1995; Hobbie and Chapin,

1998). Early season gross photosynthesis and ecosystem R were stimulated through the

growing season in overstory shrub and dwarf birch locations as an indirect result of

increased soil temperature and nutrient mineralization. However, warming experiments

have also shown a decrease of biomass in non-vascular plants such as mosses and lichens

(Hobbie et al., 1999; Cornelissen et al., 2001).

Plant and soil studies of the Arctic C cycle have focused on the effects of

increased temperature and nutrient amendments to a large degree. However, few studies

exist that monitor the impact of altered precipitation regimes and permafrost degradation.

Climatic trends are expected to exhibit large variations both temporally and spatially

(ACIA, 2005). As such, difficulty in modelling changes in the substantial C storage

capacity of tundra soils has also resulted from the majority of research done in Alaska,



24

whereas the High Arctic has largely been neglected until recently. Parameterizations of

terrestrial ecosystem models have primarily been calibrated from fluxes and pools of C in

Low Arctic sites (McGuire et al., 2000), whereas polar desert and semi-desert C dynamics

are often extrapolated. In order to successfully model C response to projected climate

trends, greater knowledge of the High Arctic C cycle needs to be obtained.

2.4.2 Nitrogen Cycling

Within the last 100 years in the Arctic, atmospheric deposition of nitrogen (N)

compounds has doubled due to wet and dry deposition of anthropogenic NOx emissions

(Laj et al., 1992; Simoes and Zagorodnov, 2001). Nevertheless, the Arctic is still

characterized by low rates of N deposition relative to industrialized areas. Even with

these relatively low pollutant levels, Robinson et al. (2004) maintain that enhanced N

deposition is a far-reaching circumpolar problem. This is a result of deposition rates

(0.1–1 g N m-2 yr-1) being comparable to N mineralization (the conversion of organic N to

NH3 or NH4
+ by ammonification) rates in Arctic soils (0.2–0.4 g m-2 yr -1; Robinson et al.,

1995). In addition, deposition rates are greater than the majority of N fixation (the

conversion of atmospheric N2 to NH3, NH4
+ or organic N) measurements (0.01–0.38 g N

m-2 yr-1; Robinson et al., 2004).

With increased levels of N deposition, Arctic soils are accumulating nitrogenous

compounds that will likely result in the enhanced availability of nitrate (NO3
-) and

ammonium (NH4
+) in soils, and increased acidification (Bobbink et al., 1998). In

addition, Gordon et al. (2001) are concerned that the High Arctic is reaching its critical

load for nitrogen and any further increases in deposition will alter ecosystem function and

structure. Birks et al. (2004) assert that the majority of atmospherically deposited
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nitrogen will likely be transported to stream systems as a result of low vegetation cover,

restricted infiltration from permafrost and frozen soils, and short growing seasons for N

uptake.

Low Arctic soils may contain ~ 1000 g m-2 of total N in the upper 20 cm of soil,

whereas High Arctic soils are characterized by very low total nitrogen concentrations,

with polar desert soils falling in the range of 150 g m-2 (Epstein et al., 2000). Greater N

content in Low Arctic soils is due to the presence of an organic peat layer that covers the

mineral soil, whereas in the High Arctic this peat layer is absent.

Research has found that net N mineralization (the difference of gross N

mineralization and gross N immobilization) occurs over the winter months in the Alaskan

(Hobbie and Chapin, 1996) and Scandinavian tundra (Schmidt et al., 1999), and that

autumn snowfall timing and winter snow depth are the primary regulators governing

winter soil temperatures and hence mineralization rates (Olssen et al., 2003). Schimel et

al. (2004) found that constant (0.700 g N m-2) net N mineralization occurred throughout

the winter in tussock tundra, whereas in dry heath soils net N mineralization (0.120-

0.350 g N m-2) only occurred in late winter, although both amounts were large enough to

maintain the aboveground N demands of vegetation. During spring thaw, the bulk of N

that is mineralized over the winter is immobilized (the assimilation of NH3 or NH4
+ to

organic N) by soil microbes, indicating that an abrupt switch in microbial N processing

occurs between frozen and thawed conditions (Schmidt et al., 1999; Schimel et al., 2004).

In the growing season, net N mineralization rates are often minimal or negative, which

indicates that N immobilization by soil microbes continues to be the dominant process

(Schmidt et al., 1999; Jonasson et al., 1999; Weintraub and Schimel, 2003). Consistently

low net N mineralization rates occur throughout the growing season despite the
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development of the active layer and the onset of drier conditions, which should promote

gross N mineralization (Chapin, 1996).

The majority of N cycling research within Arctic soils has focused on

mineralization rates, which is an important control on plant productivity. Very little

research has been done in High Arctic regions and N cycling is poorly understood within

these low N concentration soils. In addition, few studies have focused on nitrification

(oxidation of NH3 or NH4
+ to nitrite (NO2

-) and NO3
-) and denitrification (reduction of

NO3
- to N2 or N2O) rates in Arctic soils (Chapin, 1996).

It is well established that nitrogen is generally the limiting element to plant growth

in Arctic ecosystems (Shaver and Chapin, 1980), and it has been demonstrated that N

amendments can lead to increased biomass and productivity (Shaver et al., 1996). In

addition to nutrient limitations, plant productivity is inhibited by prevailing low air and

soil temperatures that restrict plant growth by limiting tissue respiration and nutrient

uptake (Brooker and van der Wal, 2003). As such, Arctic vegetation patterns are strongly

associated with temperature gradients, although parent materials and moisture availability

are also key considerations (Walker, 2000).

The majority of studies of plant-nitrogen dynamics in the Arctic have focused on

inorganic N because mineral nitrogen was thought to be the only form of N absorbed by

Arctic plants. However, research has shown that mineralized N is insufficient in meeting

the annual N requirements of Arctic species and that organic forms of N may account for

measured plant growth (Kielland, 1994; Schimel and Chapin, 1996). In addition,

McKane et al. (2002) demonstrate that N sources provide a control on the dominant type

of species found in Arctic plant communities, such that the most productive species will

take up the most abundant N form, whereas less productive species must rely on less
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plentiful forms of N.

The main source of natural N input in terrestrial Arctic ecosystems is through

biological nitrogen fixation by epiphytic (moss-associated) or symbiotic (lichen)

cyanobacteria (Solheim et al., 1996). Numerous studies have shown that N-fixation is

directly controlled by soil moisture and in particular, soil temperatures (Dickson, 2000;

Zielke et al., 2002). While fixation will occur at soil temperatures less than 10°C, N-

fixation increases exponentially with soil temperature increases up to 20-25°C (Liengen,

1999; Zielke et al., 2002). In addition, Zielke et al. (2002) found that cyanobacterial N-

fixation is significant in all types of High Arctic vegetation, providing that soil moisture

is not limiting.

Arctic plants compete with soil microbes for available N, however, soil microbes

also require carbon for growth. As such, organic amino acids should be more suitable to

microbes rather than inorganic N (Nordin et al., 2004). However, numerous studies have

demonstrated that Arctic plants are capable of successfully competing for amino acids

(Schimel and Chapin, 1996; McKane et al., 2002), although soil microbes have a greater

capacity to take up experimentally added organic and inorganic N (Schimel and Chapin,

1996; Nordin et al., 2004). In the short term, microbes determine which form of N is

most readily available. However, over long-term (annual) time spans, Arctic plants may

compete more successfully for organic N due to longer N retainment periods than

microbial populations (Nordin et al., 2004).

The microbial N pool is large in relation to the pools of the sparse Arctic

vegetation (Jonasson et al. 1999). This suggests that minor changes in mineralization

rates due to climatic fluctuations will certainly affect the balance between microbial

uptake and the release and availability of N for plant use (Schmidt et al., 1999).
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Currently, the negative net mineralization rates of the growing season supply far less N

than what is required for optimal productivity in Arctic ecosystems (Jonasson et al.,

1999). Pronounced warming in the Arctic is expected to lead to increased N in Low

Arctic vegetation (Schmidt et al., 2002; Welker et al., 2005). However, studies from the

High Arctic have shown that increased N availability due to climatic warming will result

in lower N content and coverage of dwarf shrubs (Tolvanen and Henry, 2001), whereas

the coverage of bryophytes may increase (Robinson et al., 1998). In contrast, Epstein et

al. (2000) predict that increased nutrient mineralization over the growing season due to

climatic warming will increase total shrub biomass in both the Low and High Arctic and

new stable plant communities will develop after 200 years that are not characteristic of

present vegetation types found in the Arctic.

2.5 Nutrients within Arctic Hydrological Systems

2.5.1 Dissolved Organic Carbon

Hydrological systems are the primary links between terrestrial and aquatic

ecosystems. Arctic plant communities and soils exert a direct control on the chemical

compositions of C present within interstitial soil waters and the concentrations released to

the aquatic environment. Dissolved organic carbon (DOC) is transferred to stream

systems in runoff waters, and is derived from plant organic matter (pentose carbohydrates

and amino acids), microbial biomass (hexose carbohydrates), and soil organic matter

(humic and fulvic acids; Thurman, 1985). Within the Arctic, permafrost confines

biological activity to the thin active layer, where the hydrology of the surficial soil layer

determines the character of biological communities and rates of ecological processes such

as nutrient fluxes, productivity, decomposition and respiration (Hodkinson et al., 1999).
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In addition, the thickness of the active layer affects the chemical composition and

biodegradability of organic matter (Kawahigashi et al., 2004).

The flushing of organic matter is an important transfer mechanism of C out of

Arctic soils. Johnson et al. (1996) estimated that approximately 20% of total C fixation is

leached and exported as DOC, whereas further loss will occur from dissolved inorganic

carbon (DIC) and particulate organic carbon (POC) exports. Transport of OM by Arctic

rivers to the Arctic Ocean is the greatest per volume basis compared to other oceans

(Lobbes et al., 2000). Total DOC discharged by Arctic rivers ranges from 18-26 x 1012 g

C yr-1 (Opsahl et al., 1999), with mean snowmelt runoff concentrations less than 4 mg C

L-1 in the High Arctic and typically less than 15 mg C L-1 in the Low Arctic (Table 2.1).

The greatest concentrations of DOC (hereafter concentrations are denoted by [ ]) are

released during the onset of snowmelt (e.g. Michaelson et al., 1998; Rember and Trefry,

2004), and in areas of discontinuous permafrost that support forest and shrub ecosystems

with peat-rich soils (e.g. Carey and Quinton, 2004; Petrone et al., 2006). In addition,

peak [DOC] is much greater during the snowmelt season compared to summer rainfall

events (Carey and Quinton, 2004; 2005).

Despite vast continental fluxes of OM to Arctic continental shelves, the majority

of studies that have examined the chemical composition of OM have been performed in

Russian watersheds. Russian rivers transport OM that is largely composed of recalcitrant

soil derived material (terrigenous humics), whereas autochthonous production from algae

is very low (Cauwet and Sidorov, 1996). Lobbes et al. (2000) determined that in situ

production of aquatic OM is unlikely, as indicated by high DOC:DON (dissolved organic

nitrogen) ratios, which signify terrestrial organic matter origin. Dittmar and Kattner

(2003b) found that 60-70% of DOC in three Siberian rivers originated from terrigenous
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humic sources (humic and fulvic acids) by analyzing characteristics of aromaticity and

molecular mass. Less than 5% were recognized as diagenetically fresh

biomacromolecules resulting from algal production (polysaccharides and peptides). In

the North American Arctic/Subarctic, Guo and Macdonald (2006) and Guo et al. (2007)

concluded that the majority of DOC found in the Yukon River originated from modern

terrestrial primary production and likely resulted from decomposition of fresh plant litter,

and leaching of the upper soil horizon by snowmelt runoff. In addition, the authors

expect increased [DOC] in Arctic rivers primarily due to warming induced increases to

terrestrial primary production and to a much lesser extent melting permafrost.

The linkage between the down-slope movement of water and nutrients, and plant

and soil processes is particularly strong in the Arctic due to the presence of permafrost

(Rastetter et al., 2004). The amount and composition of DOM in fluvial systems is a

function of the thickness of the active layer, where a developed active layer decreases the

amount of DOM in runoff due to sorption by soil minerals within the active layer

(Michaelson et al., 1998; Kawahigashi et al., 2004). Therefore, DOM export should vary

by season and latitude, as these largely determine active layer thickness.

Watershed exports of DOC are substantial during the snowmelt period, when the

active layer is underdeveloped. Kawahigashi et al. (2004) found that increases in DOC

concentrations occurred in tributaries with increasing latitude of the Yenisei River,

Siberia. The authors claim that most hydrophobic DOM (lignin rich plant derived

pentoses and phenols with low N content) that enters the soil is retained by sorption to

soil minerals because microbial degradation of soil DOM is minimal, and when the active

layer is well developed, runoff waters have lower DOC concentrations and lower

DOC:DON ratios. Therefore, the thickness of the active layer controls the export of
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DOC, and high concentrations and high DOC:DON ratios can be expected in runoff

where soil infiltration capacities are limited and there is less potential for the retention of

strongly sorbing hydrophobic materials.

The quantity of DOC exported from tundra ecosystems is also a function of spring

thaw and flushing events due to summer storms (Judd and Kling, 2002). Michaelson et

al. (1998) found that the highest soil waters DOC concentrations were found at initial

thaw. Soil water DOC concentrations were reduced up to 90% as thaw progressed and

soil waters became free flowing and diluted due to snowmelt. In addition, the chemical

character of soil water changed dramatically during thaw. At initial thaw, Michaelson et

al. (1998) found that DOC was dominated (71%) by hydrophilic neutrals (HIN)

consisting primarily of dissolved carbohydrates, whereas when soil waters began to flow

toward the streams, HIN were reduced to 23% and fulvic acids comprised the majority of

DOC. Stream water DOC composition was similar to thawed soil waters, and was also

composed primarily of fulvic acids. Michaelson et al. (1998) attribute the presence of

high levels of HIN in soils at initial thaw to the release of carbohydrates from cell lysis

resulting from soil freezing.
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Research Site Location Reference Watershed Permafrost Season Vegetation DOC DOC

Size (km2) Mean Range

Stream 1 Svalbard Tye and Heaton, 2007 0.02 Continuous Spring/Summer Tundra 3.94 3.00 - 5.12

Stream 3 Svalbard Tye and Heaton, 2007 ~ 0.02 Continuous Spring/Summer Bedrock 2.17 1.98 - 2.45

Nathorstdalen Svalbard Stutter and Billett, 2003 ~ 100 Continuous Spring/Summer Tundra 1.15 0.69 - 2.17

Soppdalen Svalbard Stutter and Billett, 2003 ~ 10 Continuous Spring/Summer Tundra 1.48 1.35 - 1.61

Kulmdalen Svalbard Stutter and Billett, 2003 ~ 20 Continuous Spring/Summer Tundra 0.71 0.44 - 1.14

Hugindalen Svalbard Stutter and Billett, 2003 ~ 75 Continuous Spring/Summer Tundra 0.68 0.31 - 1.27

Kolyma River Russia Finlay et al., 2006 650 000 Continuous Spring/Summer Forest nd 3.0 - 18.0

Vaskina Russia Lobbes et al., 2000 nd Continuous Spring Tundra 6.61 nd

Velikaja Russia Lobbes et al., 2000 nd Continuous Spring Tundra 4.85 nd

Moroyyakha Russia Lobbes et al., 2000 nd Continuous Spring Tundra 4.91 nd
Happy Valley

Creek
Alaska Michaelson et al., 1998 nd Continuous Spring Tundra 9 nd

Dan Creek Alaska Michaelson et al., 1998 nd Continuous Spring Tundra 6 nd
Dalton Highway

Creek
Alaska Michaelson et al., 1998 nd Continuous Spring Tundra 11 nd

Imnavait Creek Alaska Michaelson et al., 1998 2.2 Continuous Spring Tundra 8 nd

Kuparuk River Alaska Michaelson et al., 1998 8100 Continuous Spring Tundra 10 nd

Kuparuk River Alaska Peterson et al., 1986 8100 Continuous Spring/Summer Tundra 6.4 nd

Kuparuk River Alaska Rember and Trefry, 2004 8100 Continuous Spring Tundra 14.1 12.6 - 15.9

Kuparuk River Alaska Rember and Trefry, 2004 8100 Continuous Summer Tundra 8.74 8.31 - 9.46

Hershey Creek Alaska Benstead et al., 2005 ~ 5 Continuous Summer Tundra 5 4.13 - 6.25
Caribou Poker

Creeks
Alaska Petrone et al., 2006 5.2 Discontinuous Spring/Summer Taiga 7.03 nd

C3 Alaska MacLean et al., 1999 5.7 Discontinuous Spring/Summer Taiga 6.45 nd

Granger basin Yukon Carey and Quinton, 2005 6 Discontinuous Summer Shrub nd 2.1 - 3.2

Granger basin Yukon Carey and Quinton, 2004 6 Discontinuous Spring Shrub nd 2.0 - 24.0

Granger basin Yukon Carey, 2003 6 Discontinuous Spring/Summer Shrub nd 2.0 - 24.0

Table 2.1: Concentration of DOC (mg C L-1) from continuous and discontinuous permafrost watershed, nd: no data available.
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Judd and Kling (2002) claim that growing season production and transport of

dissolved C in Alaskan tundra is a function of vegetation type (production rates), and the

frequency and magnitude of rainstorms during the summer months. The authors found

that total carbon and DOC production increased with time in each of their tussock, inter-

tussock and wet sedge study areas. High rainstorm frequency decreased the concentration

of DOC flushed from tussock and inter-tussock soils, however, DOC export from wet-

sedge soils was consistently low (regardless of flushing frequency) and dominated by

DIC. Judd and Kling (2002) found a positive relationship between stream discharge and

DOC concentrations due to accumulation of DOC in soils between flushing events.

However, if frequent rain events occur this relationship will change from positive to

negative as soil C-stores are exhausted and export exceeds production.

Carbon dynamics in Low Arctic ecosystems are relatively well documented,

however, the High Arctic has largely been ignored. Records of stream chemistry are

becoming available in the High Arctic (Pecher, 1994; Stutter and Billet, 2003; Tye and

Heaton, 2007). However, no comprehensive hydrological studies of C dynamics exist.

Active layer thickness strongly controls the production, character and export of DOC in

the C rich peat soils of the Low Arctic, yet no research has attempted to quantify what

effect permafrost exerts in the High Arctic’s polar- and semi-deserts. Furthermore,

sampling designs are primarily based on single point measurements and no detailed

examinations (multiple samples per day) of the relationships between discharge and DOC

concentrations exist over the course of a season in the Low Arctic or even one day in the

High Arctic. Research programs need to be established outside of the large Russian river

systems and a few select watersheds in Alaska. Future efforts should focus on further

identifying the controls on C export from a variety of Arctic environments, such that a
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proper analysis of how these ecosystems will react to future climate change may be

assessed.

2.5.2 Dissolved Organic and Inorganic Nitrogen

Organic and inorganic N levels and dynamics in Arctic streams are regulated by

numerous terrestrial interactions and biogeochemical processes as waters are transferred

downslope to the aquatic environment. Of foremost importance to the transport of N to

Arctic streams are the development of the active layer and the temperature of the upper

soil. Soil temperatures largely determine N-fixation and mineralization rates, which are

essential for the productivity of Arctic biological systems (Schmidt et al., 1999; Dickson,

2000; Zielke et al., 2002). Arctic plant communities and soil microbes exert a direct

control on the forms of N present within the interstitial soil waters and the concentrations

of organic and inorganic forms of N that are transported to stream systems (Jonasson et

al., 1999; Nordin et al., 2004).

Organic matter concentrations in Arctic rivers are very high, however, nutrient

concentrations, and in particular nitrogenous compounds are among the lowest worldwide

(Dittmar and Kattner, 2003a). From three Russian tundra watersheds underlain by

continuous permafrost, Lobbes et al. (2000) found that nitrate (Table 2.2) was the primary

inorganic constituent, followed by ammonium (Table 2.3) and nitrite. In addition,

Peterson et al. (1992) determined that nitrate concentrations were greater than ammonium

levels in a tundra stream on the North Slope of Alaska. Similarly, Stutter and Billett

(2003) found very low concentrations of both ammonium and nitrate within four High

Arctic streams in Svalbard. In contrast to very low inorganic nitrogen concentrations,

Arctic streams carry relatively greater amounts of DON (Table 2.4). Lobbes et al. (2000)
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found DON levels were 2.7 – 5.0 times greater than inorganic N concentrations, and Tye

and Heaton (2007) found [DON] was ~ 1.6 times greater than inorganic nitrogen ([NH4
+-

N] + [NO3
--N]) in High Arctic Svalbard. Whereas Petrone et al. (2006) found that

organic and inorganic N fractions were similar in a discontinuous permafrost (53%)

catchment, and [NO3
--N] was greater than [DON] in two watersheds with low permafrost

extent (4 and 19%). The magnitude of [DON] is greater in areas underlain by

discontinuous permafrost than in continuous permafrost watersheds, however, [NH4
+-N]

and [NO3
--N] appear to be relatively similar regardless of the extent of permafrost

distribution (MacLean et al., 1999).
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Research Site Location Reference Watershed Permafrost Season Vegetation NO3
--N NO3

--N

Size (km2) Mean Range

Stream 1 Svalbard Tye and Heaton, 2007 0.02 Continuous Spring/Summer Tundra 0.095 0.001 - 0.486

Stream 2 Svalbard Tye and Heaton, 2007 ~ 0.01 Continuous Spring/Summer Tundra 0.146 0.006 - 0.423

Stream 3 Svalbard Tye and Heaton, 2007 ~ 0.02 Continuous Spring/Summer Bedrock 0.076 0.028 - 0.144

Nathorstdalen Svalbard Stutter and Billett, 2003 ~ 100 Continuous Spring/Summer Tundra 0.09 0.02 - 0.27

Soppdalen Svalbard Stutter and Billett, 2003 ~ 10 Continuous Spring/Summer Tundra 0.02 0.01 - 0.03

Kulmdalen Svalbard Stutter and Billett, 2003 ~ 20 Continuous Spring/Summer Tundra 0.19 0.04 - 0.43

Hugindalen Svalbard Stutter and Billett, 2003 ~ 75 Continuous Spring/Summer Tundra 0.05 0.02 - 0.09

Vaskina Russia Lobbes et al., 2000 nd Continuous Spring Tundra 0.021 nd

Velikaja Russia Lobbes et al., 2000 nd Continuous Spring Tundra 0.041 nd

Moroyyakha Russia Lobbes et al., 2000 nd Continuous Spring Tundra 0.015 nd

Hershey Creek Alaska Benstead et al., 2005 ~ 5 Continuous Summer Tundra nd 0.006 - 0.465
Upper Kuparuk

River
Alaska Peterson et al., 1992 143 Continuous Spring/Summer Tundra 0.021 0.004 - 0.069

C3 Alaska MacLean et al., 1999 5.7 Discontinuous Spring/Summer Taiga 0.12 nd
Caribou Poker

Creeks
Alaska Petrone et al., 2006 5.2 Discontinuous Spring/Summer Taiga 0.25 nd

Table 2.2: Concentration of NO3
--N (mg N L-1) from continuous and discontinuous permafrost watersheds, nd: no data available.
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Table 2.3: Concentration of NH4
+-N (mg N L-1) from continuous and discontinuous permafrost watersheds, nd: no data available.

Table 2.4: Concentration of DON (mg N L-1) from continuous and discontinuous permafrost watersheds, nd: no data available.

Research Site Location Reference Watershed Permafrost Season Vegetation NH4
+-N NH4

+-N
Size (km2) Mean Range

Stream 1 Svalbard Tye and Heaton, 2007 0.02 Continuous Spring/Summer Tundra 0.018 0.007 - 0.084
Stream 2 Svalbard Tye and Heaton, 2007 ~ 0.01 Continuous Spring/Summer Tundra 0.010 0.007 - 0.015
Stream 3 Svalbard Tye and Heaton, 2007 ~ 0.02 Continuous Spring/Summer Bedrock 0.004 0.001 - 0.007

Nathorstdalen Svalbard Stutter and Billett, 2003 ~ 100 Continuous Spring/Summer Tundra 0.04 0.00 - 0.22
Soppdalen Svalbard Stutter and Billett, 2003 ~ 10 Continuous Spring/Summer Tundra 0.01 0.01 - 0.01
Kulmdalen Svalbard Stutter and Billett, 2003 ~ 20 Continuous Spring/Summer Tundra 0.01 0.00 - 0.01
Hugindalen Svalbard Stutter and Billett, 2003 ~ 75 Continuous Spring/Summer Tundra 0.01 0.00 - 0.05

Vaskina Russia Lobbes et al., 2000 nd Continuous Spring Tundra 0.004 nd
Velikaja Russia Lobbes et al., 2000 nd Continuous Spring Tundra 0.005 nd

Moroyyakha Russia Lobbes et al., 2000 nd Continuous Spring Tundra 0.006 nd
Hershey Creek Alaska Benstead et al., 2005 ~ 5 Continuous Summer Tundra nd 0.002 - 0.007
Upper Kuparuk

River
Alaska Peterson et al., 1992 143 Continuous Spring/Summer Tundra 0.0108 0.002 - 0.032

C3 Alaska MacLean et al., 1999 5.7 Discontinuous Spring/Summer Taiga 0.010 nd
Caribou Poker

Creeks
Alaska Petrone et al., 2006 5.2 Discontinuous Spring/Summer Taiga 0.02 nd

Research Site Location Reference Watershed Permafrost Season Vegetation DON DON

Size (km2) Mean Range

Stream 1 Svalbard Tye and Heaton, 2007 0.02 Continuous Spring/Summer Tundra 0.220 0.126 - 0.434

Stream 3 Svalbard Tye and Heaton, 2007 ~ 0.02 Continuous Spring/Summer Bedrock nd < 0.1

Vaskina Russia Lobbes et al., 2000 nd Continuous Spring Tundra 0.195 nd

Velikaja Russia Lobbes et al., 2000 nd Continuous Spring Tundra 0.129 nd

Moroyyakha Russia Lobbes et al., 2000 nd Continuous Spring Tundra 0.099 nd
Upper Kuparuk

River
Alaska Peterson et al., 1992 143 Continuous Spring/Summer Tundra 0.248 0.135 -0.463

C3 Alaska MacLean et al., 1999 5.7 Discontinuous Spring/Summer Taiga 0.71 nd
Caribou Poker

Creeks
Alaska Petrone et al., 2006 5.2 Discontinuous Spring/Summer Taiga 0.26 nd
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Kawahigashi et al. (2004) claim that the export of DON is controlled by the

thickness of the active layer. If a developed active layer is present, the majority of DON

that enters the soil solution is retained by sorption to soil minerals, such that a thickening

of the unfrozen soil layer reduces the rate of DON export. Whereas, if the active layer is

underdeveloped, such as during the snowmelt period, DON potentially will be transported

rapidly downslope, with a gradual decline over the summer as the size of the active layer

increases (Peterson et al., 1992). If the majority of nitrogenous compounds are released

during spring thaw when soil temperatures are still low, vast losses of N from terrestrial

to aquatic systems may contribute to the strong N limitations observed in tundra

vegetation (Hobbie and Chapin, 1996). Thus, tundra ecosystems require active root

growth and nutrient uptake by vegetation at low temperatures (before and during thaw) in

order to maintain tight cycling of N and foster aboveground growth.

In alpine watersheds, NO3
- concentrations reach their annual maximum at the

initiation of snowmelt runoff and decline exponentially as snowmelt progresses (Brooks

et al., 1999; Williams et al., 2001). An ionic pulse occurs where NO3
- is released from

the snowpack and infiltrating meltwater flushes soil N compounds that produce stream

concentrations 5-20 times greater than average snowpack concentrations, which suggests

that the majority of NO3
- originates within alpine tundra soils (Brooks et al., 1998).

Likewise, Tye and Heaton (2007) found that the source of streamwater NO3
- was entirely

from microbial origin in a High Arctic watershed. The authors found no evidence of

atmospherically derived snowpack NO3
- and concluded that the amount of snowpack

NO3
- input was small enough to be immobilized into the plant/soil biomass. In contrast to

[DON], soil and streamwater concentrations of NO3
- increase as the active layer develops

(Peterson et al., 1992; Stutter and Billet, 2004). Increases in summer [NO3
-] are attributed
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to increased temperatures and the onset of biological activity. As the active layer

develops, drier conditions promote mineralization of SOM and a gradual increase in NO3
-

results as the summer progresses (Peterson et al., 1992, Stutter and Billet, 2004). In

addition, Peterson et al. (1992) found that a highly significant inverse correlation exists

between [NO3
-] and discharge.

[NH4
+] is commonly very low in Arctic catchments with little seasonal or

interannual trends and no correlation with discharge (Peterson et al., 1992; Lobbes et al.,

2000). However, Peterson et al. (1992) reported a steady decline in [NH4
+] during the

first two weeks of runoff in the Alaskan Arctic. Tye and Heaton (2007) noted that [NH4
+]

does not increase like [NO3
-] as summer progresses, and no flushing of [NH4

+] results

from summer rainfall after prolonged dry periods. Research has shown that the

mechanisms responsible for the release of NO3
- and DON are different from those of

NH4
+ (Williams et al., 2001). Low concentrations of NH4

+ with very little dependence on

discharge result because as snowmelt occurs and meltwater infiltrates soils, it appears that

NH4
+ may be adsorbed on ion exchange sites (Williams et al., 2001), and/or rapid

nitrification occurs, resulting in increased concentrations of NO3
- in stream systems

(Hood et al., 2003).

The knowledge of the dynamics of organic and inorganic nitrogen concentrations

within Arctic watersheds is limited. Research has primarily been restricted to reporting

concentrations of DON and dissolved inorganic nitrogen (DIN) and these measurements

are taken infrequently (often on a monthly basis). Long-term records have been kept for

the largest Russian rivers, however, these datasets are marred by improper collection

techniques and many have been deemed unreliable (Holmes et al., 2000). To date, there

are few attempts to identify the controls on the supply of N to High Arctic stream
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systems, with the exception of Tye and Heaton (2007). N dynamics in tundra soils are

relatively well documented, however, the mechanisms of how these soil processes relate

to river N exports are ill defined. In addition, sampling design has primarily been based

on single point measurements and no study exists that has examined detailed N dynamics

with discharge over the course of one day. The long-term collection of seasonal N

concentrations is necessary to assess future changes within Arctic ecosystems, which are

the most prone to climatic change. In addition, future research should focus on

identifying chemical structures of DON from a variety of Arctic environments, such that

sources may be identified and the nature of biological communities may be determined.

In addition, the snowmelt season should be of particular importance because snowpack

ablation and runoff constitutes the major hydrological event of the year in Arctic

watersheds.
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Chapter 3: Quantifying Snow Water Equivalence in two High Arctic

Watersheds, Melville Island, Canada

Abstract

This study reports on the development and application of an objective terrain

classification model to obtain an accurate approximation of SWE in two High Arctic

watersheds at Cape Bounty, Melville Island, Nunavut. A terrain classification weighted

equally on slope, aspect, and land surface curvature was applied to the two watersheds

using an ISODATA classification scheme. The topography was divided into six terrain

units, which consisted of flat plateaus, west- and east-facing slopes with low slope angles

(0.5-4°), moderate slopes (4-6°), high slopes (> 6°), and a 30 m wide buffer that followed

the river valleys in both watersheds. Watershed SWE was characterized by 42 survey

transects (100 m), consisting of eleven depth and three density measurements, distributed

throughout the terrain units in the two watersheds.

Flat, windswept plateaus contained very small quantities of SWE, low to

moderately sloping areas contained shallow snowcovers (< 100 mm), whereas sheltered

areas of high slope and river valleys accumulated redistributed snow and contained high

amounts of SWE (> 200 mm). Estimates of watershed SWE were considerably less than

total seasonal runoff due to melt prior to the snow survey, the development of a basal ice

layer at the snow-soil interface, and difficulties associated with quantifying deep (> 2.25

m) snowbanks. This study, however, has confirmed that subtle differences in terrain and

dominant wind direction exert a significant control on snow distribution and watershed
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SWE, and provides a basis for accurate and reproducible estimates of watershed SWE in

future years.

3.1 Introduction

Snowmelt is the primary hydrological event of the year in the Arctic, where the

end-of-winter snow distribution and total snow deposition as snow water equivalent

(SWE) are highly variable due to extensive redistribution of the snowcover by wind

(Woo, 1998; Liston, 1999; Yang and Woo, 1999). Because the height of mature

vegetation rarely exceeds 0.1 m in the High Arctic (Walker, 2000), the topography of the

landscape and dominant wind direction (relative to topographic features) largely control

the end-of-winter snow distribution and watershed SWE. Ridges, hilltops, and windward

slopes are scoured by Arctic winds during the winter months, and contain relatively

shallow snowpacks and low SWE. River valleys, topographic depressions, and leeward

slopes are sheltered from the wind, and accumulate considerable amounts of snow (Woo,

1998; Woo and Young, 2004).

The areal distribution of snow and quantity of SWE are of fundamental

importance in the Arctic for a number of reasons. Snow distribution affects the

hydrologic connectivity of the drainage network, and the lag time associated with

snowmelt and streamflow initiation (Woo, 1998; Stieglitz et al., 2003). The quantity of

watershed SWE and timing of meltwater delivery control the magnitude of maximum

river discharge during the snowmelt season (Woo and Young, 1997). The snowcover

quantity and distribution largely controls the development of the active layer, and

influences soil and vegetation moisture status at the start of the growing season.

Snowcover alters the watershed energy balance due to a high albedo, and the dominant
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hydrological processes change with the transition from snow-covered (snowmelt) to

snow-free (evaporation) conditions (Woo, 1998).

Several approaches have been applied to estimate snow distribution and watershed

SWE, such as rule-based or objective terrain classifications, binary regression tree

analysis, and distributed blowing snow models. Terrain classifications divide a watershed

into a number of topographically defined terrain units that are expected to contain

homogeneously distributed SWE. A snow-landscape map is constructed where

representative snow depths and densities are assigned to each type of terrain, which

allows for an estimate of SWE within each terrain unit and then the entire watershed.

Rule-based terrain classifications have been used to evaluate the relationships between

SWE and topography by creating terrain units based on the recurring spatial relationships

between snow accumulation and watershed terrain (Woo and Marsh, 1978; König and

Sturm, 1998; Woo and Young, 2004). However, the delineation of terrain units by hand

from analyzing topographic maps and/or aerial photographs with a rule-based

classification is not easily reproducible and not directly transferable to other study areas

(Lapen and Martz, 1996; Anderton et al., 2004). Therefore, objective terrain

classifications methods have been developed that derive terrain variables from a digital

elevation model (DEM), which result in reproducible, quantitatively defined terrain units

(Elder et al., 1991; Lapen and Martz, 1996). Researchers have also stressed the

importance of using topographic variables that are easily obtained from DEMs (elevation,

slope, aspect) to ensure applicability beyond a particular study site (Tappeiner et al.,

2001).

Binary regression trees have been used to predict snow depth, density and thus

SWE from a set of predictor variables derived from a DEM (Elder et al., 1998; Erxleben
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et al., 2002; Winstral et al., 2002; Anderton et al., 2004). For example, Winstral et al.

(2002) utilized terrain-based parameters such as maximum upwind slope, elevation, solar

radiation, slope, and a drift parameter to quantitatively characterize the effects of wind on

snow depth and density, and therefore quantify the spatial distribution of watershed SWE

based on the spatial distribution of the parameters and their relationships with snow depth

and density. The success of binary regression trees is largely attributable to the capability

of models to account for nonlinear or hierarchical relationships between snow depth,

density, and elevation, slope, aspect, wind exposure, and vegetation (Erxleben et al.,

2002). In the majority of studies, regression trees explain the variability in measured

snow depth very well. However, the ability of the models to predict snow depth in

unsampled areas is often inadequate, and models are often incapable of extrapolating

snow depth above or below observed values, which may result in the underestimation of

SWE in deep snowbanks (López-Moreno and Nogués-Bravo, 2006).

Distributed blowing snow models are complex 3-D models that simulate snow

transport processes and snowcover depth and density through the winter (Pomeroy et al.,

1997; Liston and Sturm, 1998; Essery and Pomeroy, 2004; Liston et al., 2007). Temporal

variations in snow depth and density are calculated for each grid cell in a DEM using

mass balance equations, and watershed SWE is estimated as a residual of gauged

snowfall, from modelled snow transport and sublimation. Distributed blowing snow

models are likely the most accurate method for estimating snow distribution patterns and

watershed SWE. However, the application of the models is often not logistically possible

because access to the study site for over-winter snowcover measurements is necessary to

validate the models, and extensive meteorological datasets are required to calculate

temporally variant fields of air temperature, humidity, windspeed and direction. In
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addition, the measurement locations for SWE distribution and meteorological inputs are

often too sparsely distributed to properly interpolate the datasets necessary to run the

models (Anderton et al., 2004).

The objective of this study is to develop and apply an objective terrain

classification to two adjacent watersheds at Cape Bounty, Melville Island, Nunavut, in

order to obtain accurate and reproducible (year after year) estimates of watershed SWE.

The two High Arctic watersheds appear relatively comparable in size, slope, and aspect,

but the snowcover distribution patterns and magnitude of watershed SWE were dissimilar

in some years (Cockburn and Lamoureux, 2008), which may be reflective of differences

in topographic controls on snow accumulation and redistribution. Attempts to quantify

watershed SWE were made at Cape Bounty in 2003 and 2004, however, these efforts

resulted in significant underestimates of watershed SWE in relation to measured seasonal

river discharge (Cockburn and Lamoureux, 2008). It was thought that SWE was

underestimated because the snow survey transect network did not properly represent

controls of topographic elements such as the river valleys, which contain a significant

portion of watershed SWE. Therefore, two of the primary objectives of this study were to

develop a method to appropriately account for snow accumulation in river channels, and

to investigate the factors that might be responsible for the differences in the distribution

of snow in the two catchments.

3.2 Site Description

The study was conducted in two adjacent watersheds (Figure 3.1), West (8.0 km2)

and East (11.6 km2), at Cape Bounty, Melville Island, Nunavut (74°55' N, 109°35' W).

The watersheds are characterized by rolling hills and plateaus that are incised by river
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valleys. In the West watershed, elevations range from 5-110 m above sea level (a.s.l.),

whereas in the East watershed, elevation ranges from 5-125 m a.s.l. Vegetation cover

differs with moisture conditions and is largely composed of prostrate dwarf-shrub and

herb tundra communities (Edlund, 1993). Hilltops and plateaus are well drained and are

sparsely vegetated with discontinuous prostrate shrub and herb barren communities,

whereas river valleys contain mosses and wet sedge communities.

The climate at Cape Bounty is characterized by eight months of cold winters

where mean winter snowfall at Mould Bay, the closest long-term weather station (~ 300

km NW), is 83.6 mm (Environment Canada, 2004). Mean annual temperature is -17.5°C

and the mean temperature in July is 4.0°C (Environment Canada, 2004). Spring melt

typically begins in early to mid-June, and streamflow often begins 10-20 days after the

start of melt (Lamoureux et al., 2006). The end-of-winter snowcover is extensively

redistributed by the dominant winter winds from the NW. The snowcover is eroded from

ridges, slopes, and open plateaus to river valleys and topographic depressions, which are

areas of deposition and SWE accumulation. The measured end-of-winter snowcover has

usually been greater in the West watershed relative to the East. For example, the mean

end-of-winter SWE in the West watershed was 43 mm in 2003 and 82 mm during 2004,

whereas mean SWE in the East watershed for these same years was 20 and 41 mm

(Cockburn and Lamoureux, 2008).
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Figure 3.1: (a) Location map of Cape Bounty, Melville Island, Nunavut (74°55' N,
109°35' W). (b) Map of snow survey transect locations in the West and East watersheds.
The 2005 transect sites were added to account for specific areas of terrain. The contour
interval is 10 m. Source 1:50 000 NTS 78 F/15.
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3.3 Methodology

3.3.1 DEM Construction

A DEM was generated from a digitized topographic map. Elevation contours (10

m interval), river systems, lakes and coastline were digitized from a 1: 50 000 NTS map

sheet (78 F/15). Digital features were projected to a transverse Mercator, NAD 1927,

UTM Zone 12 X coordinate system. The DEM was generated from the elevation

contours using the ‘Topo to Raster’ function in ArcGIS version 9.

‘Topo to Raster’ is an iterative interpolation method that is designed for the input

of contour lines as the basis for interpolation (Hutchinson, 1989). Elevation contours are

employed to construct a generalized drainage model, in which the areas of maximum

curvature are identified within each contour to ascertain the areas of steepest slope. Thus,

a network of ridges and valleys is generated and the contour data is utilized again to

interpolate elevation values for each cell. The method is iterative in that elevation grids

are calculated at successively finer resolution until the user specified grid resolution is

met (Hutchinson, 1989). In addition to contour lines, the known characteristics of the

elevation surface, such as lakes, rivers and land boundaries are used as input to aid in the

production of a connected drainage structure and the identification of artificial sinks.

To assess the optimal grid resolution of the DEM, the 10 m elevation contours

(that were the basis for interpolation) were compared to 5 m contours derived from the

DEM at varying cell resolutions using the ‘Contour’ function in ArcGIS (Hutchinson and

Gallant, 2000). In addition, river systems were generated using the ‘Flow Accumulation’

function in ArcGIS, and compared to the digitized river systems from the topographic

map. A grid resolution of 10 m was selected for the output raster resolution because cell

sizes finer than 10 m (2, 5m) did not improve the visual comparison between contours
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and river systems, whereas resolutions coarser than 10 m (15, 20, 25 m) produced

inaccuracies in generated contour lines and in particular, the river systems.

A depressionless DEM was produced by filling all of the artificial sinks found in

the DEM. Artificial sinks are local depressions that do not allow for a connected drainage

pattern and are errors in the interpolation process. Artificial sinks are often caused by

inaccuracies in the elevation contours of the topographic map or errors in the digitizing

process (Hutchinson and Gallant, 2000). The artificial sinks were filled by generating a

flow direction raster using the ‘Flow Direction’ function in ArcGIS for input into the

‘Fill’ function using a z limit (the maximum depth of a sink to fill) of 2.25 m. All sinks

were filled to their pour points (the minimum elevation along the sink’s boundary) except

the two ponds in the headwaters of the West watershed and the two lakes that the West

and East watersheds drain into.

3.3.2 Surface Characteristics

A 10 m cell size slope raster was generated from the depressionless DEM using

the ‘Slope’ function in ArcGIS, which is an average maximum technique. The slope (0-

90°) for a particular cell was calculated as the maximum rate of change in elevation

between the centre cell and its eight surrounding neighbours.

A 10 m cell size aspect raster was also produced from the depressionless DEM

using the ‘Aspect’ function in ArcGIS, where aspect is calculated as the direction of the

maximum slope between the centre cell and its eight surrounding neighbours. Cell values

are expressed in degrees (0-359.9°), measured clockwise from north and flat areas (slope

= 0°) are assigned a value of -1.
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A 10 m cell size land surface curvature (LSC) raster was generated using the

‘Curvature’ function in ArcGIS, which applies a fourth order polynomial to each cell and

its eight surrounding neighbours from the filled elevation surface. The curvature of an

elevation raster is the second derivative of the surface, and is considered the ‘slope of the

slope’. Both plan (parallel to maximum slope) and profile curvature (perpendicular to

maximum slope) are included in the LSC raster. Cell values are expressed as 1/100 m,

where a positive value represents an upwardly convex surface (ridges), a negative value

represents an upwardly concave surface (depressions), and a value of zero indicates that

the surface is flat (slope = 0°).

3.3.3 Watershed Delineation

To delineate the watershed flow paths, a flow accumulation raster was generated

within ArcGIS by inputting a flow direction raster produced from the filled DEM using

the ‘Flow Direction’ function. The result of the ‘Flow Accumulation’ function produces

a raster of accumulated flow by summing all the cells that flow into each downslope cell.

To delineate river channels, a threshold value was applied to the flow accumulation raster

in order to identify cells with high accumulation. Based on guidelines established by

Tarboton et al. (1991), a threshold value of 2000 was implemented using the ‘Setnull’

function in the ArcGIS ‘Raster Calculator’ to select flow accumulations great enough to

be considered rivers and their primary tributaries:

[Rivers] = SETNULL ([FlowAccumulation] LE 2000, 1) (1)

where all cells with flow accumulation less than or equal (LE) to 2000 are designated as

no data and cells with flow accumulation greater than 2000 are assigned a value of one.

The rivers were then grouped into their respective watersheds using the Region Group
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function in the ‘Raster Calculator’ based upon the eight nearest neighbours to account for

connectivity of diagonal flow directions:

[RiverGroup] = REGIONGROUP ([Rivers], #, EIGHT) (2)

where ‘#, EIGHT’ instructs ArcGIS to group all the rivers based on the immediate 8-cell

neighbourhood. The ArcGIS ‘Snap Pour Point’ tool was used to search for the cells of

highest accumulated flow (the watershed outlets) as input into the ‘Watershed’ function.

A specified distance of 100 m was used as the snap distance around the pour points to

find the outlet of each individual drainage basin, and to ensure that only the entire West

and East watersheds had pour points and not any sub-watersheds.

The West and East watersheds were delineated using the ‘Watershed’ function in

ArcGIS, which defines each watershed based upon the drainage divides produced from

the filled elevation raster and the pour points that indicate watershed outlets. The

northwest corner of the West watershed was modified to conform with field observations.

An artificial sink was present in this area prior to filling the DEM, which likely resulted

in inaccuracies in the flow direction raster and the watershed boundary despite the sink

being filled. The outlets of the West and East watersheds were also moved upstream

(approximately 200 and 300 m) from the lake boundary so that watersheds were defined

based on the location of the river gauging stations.

3.3.4 Terrain Classification

The terrain classification of Cape Bounty is weighted equally on slope, aspect and

LSC. Elevation is excluded because the relief is relatively low in the two watersheds.

Outside of mountainous regions, elevation does not appear to have a significant effect on

Arctic watershed SWE (Forbes and Lamoureux, 2005). To prepare for classification, a
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fourth root transformation was applied to the slope raster using the ‘Raster Calculator’ in

ArcGIS:

[TransformedSlope] = [Slope]1/4 (3)

The fourth root transform was selected to obtain a normal distribution from the positively

skewed data of the slope raster. The LSC raster was shifted to acquire a raster of only

positive numbers:

[ShiftedLSC] = [LSC] + 17 (4)

Additionally, in order to avoid problems associated with the circular nature of a

directional measurement system, aspect was transformed (TRASP) to a non-directional

variable suitable for statistical analysis by:

    )1))30(
180

(cos(5.0  AspectTRASP


(5)

where TRASP ranges from zero to one and is aligned along a SSW (0) to NNE (1) axis.

Thus, values of N, E, W, and S, are 0.93, 0.75, 0.25, and 0.07, respectively (Roberts and

Cooper, 1989; Moisen and Edwards, 1999; Moisen and Frescino, 2002; Zarnetske et al.,

2007).

Each surface raster (Transformed Slope, Shifted LSC, and TRASP) was exported

as a grid file for use in ERDAS Imagine version 9 software, where the rasters were

combined with the ‘Layer Stack’ function to produce a float single precision (real

numbers up to seven significant digits) compilation ready for classification. An

unsupervised iterative self-organizing data analysis (ISODATA) technique was utilized to

generate a classified thematic raster. The ISODATA classification uses the minimum

spectral distance formula to generate clusters for each pixel. The technique begins by

calculating a set of arbitrary cluster means using the initial statistics of the terrain
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variables within the stacked image. Each time the cluster iteratively repeats, the means

are shifted and a new set of cluster means are used to create the clusters during the next

iteration, which continues until a convergence threshold is met. All ISODATA

classifications were initialized from statistics along a diagonal axis with an automatic

scaling range that processed all of the grid cells (no skip factors). A diagonal axis was

specified as the axis to use for initializing class means because classifications produced

using a principal axis were not interpretable. An automatic scaling range was selected to

base the scaling range on the specified number of classes because entering the number of

standard deviations to use for scaling is a subjective process that evenly distributes the

initial class means along the specified axis, which may not be appropriate for topographic

data.

Histograms of slope, aspect, and land surface curvature are located in Appendix

B, Figure B1. Histograms of transformed slope, TRASP, and shifted LSC are located in

Appendix B, Figure B2. The ISODATA unsupervised classification is a parametric

classifier and thus requires datasets that are normally distributed (Tso and Mather, 2001;

Jensen, 2005). The transformed slope raster is normally distributed about 1.25°1/4, the

shifted LSC raster is normally distributed about 17 1/100 m, and the TRASP raster is

normally distributed about 0 and 1. The peak in TRASP at 0.93 corresponds to areas of

flat terrain (aspect = -1).

A convergence threshold of 0.999 was selected for the maximum number of

unchanged pixel assignments between two iterations, which resulted in 51 iterations.

Five terrain classes were identified and selected as the most suitable representation of the

terrain using the ISODATA classification. Due to the relatively coarse cell resolution, the

incised river valleys were not identified with the ISODATA classification. Therefore, a
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sixth class consisting of a 15 m (30 m wide in total) river buffer that followed the course

of the West and East Rivers was inserted into each watershed. The width of the river

buffer class was based on the pattern of snow accumulation in the river channels from

snow survey measurements.

3.3.5 Snow Surveys and Watershed SWE

The snowcover at Cape Bounty was characterized in early June 2005. Eleven

depth and three density measurements were obtained along 42, 100 m transects

distributed throughout the West (n = 21) and East (n = 21) watersheds (Figure 3.1). The

locations of 30 survey sites were established in 2003/2004, however, measurements from

these sites resulted in significant underestimates of watershed SWE in comparison to

measured seasonal river discharge (Cockburn and Lamoureux, 2008). As a result, twelve

additional sites were sampled to primarily account for deep valley snowcovers and other

specific areas of terrain (Figure 3.1). Although the survey sites established in 2003/2004

resulted in underestimates of watershed SWE, the sites were kept in the snow survey

network because they are representative of the relative differences in SWE between the

two watersheds, and retaining these sites would allow for comparisons of watershed SWE

to past years. SWE (mm) of each transect was calculated as:

dSWE 10 (6)

where  is the mean snow density (g cm-3) and d is the mean snow depth (cm) along the

transect. The SWE for each terrain class (SWEi) was calculated as the mean SWE from

all transects located within a terrain class (i). Total watershed SWE was calculated as:
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where n is the number of terrain types and ai is the area as a fraction of total basin area for

each terrain unit (i). The probable error in watershed SWE (Woo and Marsh, 1978) was

estimated by:

RSWE = {


n

i 1
[(diai)

2 σ 2
ρi + (ρiai)

2 σ 2
di + (ρidi)
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ai]}1/ 2 (8)

and the maximum error (Woo and Marsh, 1978) was estimated by:

Rmax = 


n

i 1
(diaiσρi + ρiaiσdi + ρidiσai) (9)

where di and ρi are the mean depth and density, and σρi, σdi, and σai are the variance of

density, depth and the fractional area of each terrain unit. The variance in fractional area

was calculated from the areas of each terrain class produced by varying the convergence

threshold (0.950, 0.990, 0.995, and 0.999) of the ISODATA classification.

Four methods were used to calculate West and East watershed SWE to test the

sensitivity of watershed SWE to 1) the inclusion of the river buffer class, and to 2) the

differences in snow accumulation within the same terrain classes between the two

watersheds. The first two methods for the calculation of watershed SWE depend on

whether the river buffer (Class 6) is included or excluded from the terrain classification.

Two additional methods of calculation depend on how the mean SWE of each terrain unit

(SWEi) is calculated. One method calculated the terrain unit SWE by averaging all of the

snow survey transects from both watersheds, and in the second method, the SWE of each

terrain unit was calculated on a watershed basis. Hence, only using snow survey transects
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from each individual watershed. For example, Class 3 has three survey transects in the

West watershed and four transects in the East watershed. When watershed SWE is

calculated using survey transects from both watersheds, the mean SWE of Class 3 is

calculated from all seven survey transects. When watershed SWE is calculated from

individual watersheds, only the three transects in Class 3 of the West watershed are used

in the calculation of watershed SWE, and the four transects in the East watershed are used

to calculate Class 3 SWE and watershed SWE for the East watershed.

3.4 Results

3.4.1 DEM and Surface Characteristics

The 10 m cell size, depressionless DEM of Cape Bounty is presented in Figure

3.2. There are greater differences in elevation between the West River and its drainage

divides (25-70 m) in comparison to the East watershed (20-50 m). Both watersheds

contain incised river valleys, particularly in the southern half of the catchments, but the

West watershed is considerably more U-shaped that the East watershed, which is

relatively flat in comparison.

Slopes range from 0 to 35.8° across Cape Bounty (Figure 3.3), however, the

slopes within the two watersheds only range from 0 to 19.0° and rarely exceed 15°. The

mean slope and slope variability were greater in the West watershed (mean 3.1°, SD

2.4°), relative to the East watershed (mean 2.2°, SD 1.6°), although the range in slope

values were similar (Table 3.1). The East watershed has a lower proportion (3.0%) of

areas with high slopes (> 6°) relative to the West watershed (10.2%) where there are

numerous areas with steep slopes along the western boundary and in select areas along

the West River channel (Figure 3.3). The East watershed is considerably flatter than the
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West, except for the river valley at the headwater confluence and at approximately 800 m

north of the East watershed outlet (Figure 3.3).

The West and East watersheds have similar proportions of north-facing (N) slopes

(11.9 and 12.8%), however, the East watershed contains a greater proportion (37.0%) of

south-facing (S) slopes than West watershed (27.0%; Table 3.2). In addition, the East

watershed has a greater proportion of S-slopes (37.0%) than east- (E) or west-facing (W)

slopes (26.1 and 24.1%), which is largely the result of the very high proportion of S-

slopes in the East watershed headwaters (Figure 3.4). The West watershed contains

relatively similar proportions of S-, E-, and W-slopes (27.0, 29.5 and 29.7%).

Mean LSC was similar within both watersheds (Table 3.1), however, the West

watershed has a greater proportion (8.1%) of areas that are concave (< -0.15 1/100 m)

relative to the East watershed (3.7%; Figure 3.5). The LSC pattern resembles the slope

raster, where areas of high slope progress from convex to concave in the downhill

direction. The river channels are concave, but there are also areas of depressions and

hollows interspersed throughout the terrain. Near the western boundary of the West

watershed, there is a series of convex ridges and concave hollows, but similar terrain is

noticeably absent in the East watershed. In general, Figure 3.5 suggests that the West

watershed has greater overall LSC than the East watershed.
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Figure 3.2: A depressionless DEM displaying elevation (m) at Cape Bounty. The DEM
was derived using contours digitized from 1:50 000 NTS 78 F/15. The cell size is 10 m.
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Figure 3.3: Slope (°) raster of Cape Bounty. The cell size is 10 m.
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West Watershed East Watershed

Mean SD Range Mean SD Range

Slope (°) 3.1 2.4 0.0 - 19.0 2.2 1.6 0.0 - 19.0

LSC (1/100 m) 0.0 0.2 -3.8 - 1.8 0.0 0.1 -3.3 - 1.9

Table 3.1: Summary statistics of slope and land surface curvature in the West and East
watersheds.

West Watershed East Watershed

N-slope 11.9 12.8

E-slope 29.5 26.1

S-slope 27.0 37.0

W-slope 29.7 24.1

Flat 1.9 0.0

Table 3.2: Percentages of north (N), east (E), south (S), and west (W) facing slopes and
flat areas in the West and East watersheds.
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Figure 3.4: Classified raster of slope aspect at Cape Bounty. The cell size is 10 m.
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Figure 3.5: Land surface curvature (1/100 m) at Cape Bounty. Positive values represent
convex slopes and negative values are slope concavities. The cell size is 10 m.
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3.4.2 Terrain Classification and Watershed SWE

The terrain classification produced by the ISODATA classification is presented in

Figure 3.6. Class 1 is characteristic of flat areas (slope < 1°) and represents a very small

proportion of both watersheds (Table 3.3). Measured SWE was negligible in this terrain

unit (Table 3.4). Classes 2 and 3 are predominantly W- and E-slopes with low slope

angles (0.5-4°) and minimal LSC. Both classes represent a large portion of total basin

area, particularly in the East watershed (Table 3.3). The SWE for Classes 2 and 3 was

greater in the West watershed relative to the East, but both watersheds typically contained

relatively shallow snowcovers in these terrain types (< 100 mm; Table 3.4). Class 4 is

characteristic of areas with moderate slope (4-6°) that are generally more concave, but

also more variable in LSC than Classes 2 and 3. Class 4 represents a much smaller area

than Classes 2 and 3, and contained a highly variable snowcover in the East watershed.

In the West watershed, mean SWE in Class 4 was constant but considerably less than in

the East watershed (Table 3.4). Class 5 signifies areas of high slope (> 6°) that are

typically convex. Nevertheless, LSC is highly variable in this terrain class, and concave

slopes comprise 28% of Class 5. Class 5 represents a small proportion of total watershed

area, but contained high SWE (> 200 mm) in both watersheds (Tables 3.3 and 3.4). Class

6 is the 15 m (30 m total) river buffer class, which typically has low slope angles and is

predominantly concave. Similar to Class 5, Class 6 contained high SWE (> 200 mm), but

represents a small proportion of total watershed area (Tables 3.3 and 3.4). When Class 6

is excluded from the terrain classification, SWE is greatly enhanced in Classes 3 and 4

due to the inclusion of survey transects near the river channel in those classes.
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Figure 3.6: Terrain classification of the West and East watersheds. Each measurement
site (West = 21; East = 21) consists of eleven snow depth and three snow density
measurements along a 100 m transect. Terrain Class 1 represents flat areas (slope < 1°),
Class 2 and 3 are west- and east-facing slopes (0.5-4°), Class 4 is areas of moderate slope
(4-6°), Class 5 is areas of high slope (> 6°), and Class 6 is the 30 m wide concave river
buffer terrain class.
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Terrain West Watershed East Watershed

Class Area Mean Slope Slope SD Mean LSC LSC SD Area Mean Slope Slope SD Mean LSC LSC SD

1 2.6 0.0 0.0 0.00 0.01 0.0 0.1 0.0 0.01 0.02

2 49.9 2.6 1.3 -0.01 0.15 57.7 2.1 1.2 0.00 0.08

3 22.1 1.3 0.9 0.02 0.11 30.8 1.6 0.7 0.01 0.07

4 17.2 5.4 2.0 -0.06 0.51 6.5 4.6 1.9 -0.01 0.19

5 6.2 8.1 3.1 0.30 0.80 2.5 7.4 2.1 0.14 0.27

6 2.0 2.0 2.0 -0.27 0.51 2.4 1.4 1.2 -0.19 0.25

Table 3.3: Summary statistics of terrain classes in the West and East watersheds with the river buffer (Class 6) included. Statistics are
area (%) is a fraction of total basin area, slope (°) and LSC (1/100 m) and their standard deviations (SD).

Terrain Both Watersheds West Watershed East Watershed

Class SWE n SD Range SWE n SD Range SWE n SD Range

1 0.0 2 0.0 0 0.0 1 N/A N/A 0.0 1 N/A N/A

2 51.8 14 71.2 0 - 206 70.9 6 102 0 - 206 37.5 8 38.9 0 - 85.8

3 15.8 7 24.6 0 - 65.4 27.2 3 34.1 0 - 65.4 7.2 4 14.4 0 - 28.9

(62.4) (9) (114) (0 - 353) (45.0) (4) (45.2) (0 - 98.5) (76.3) (5) (155) (0 - 353)

4 45.1 7 119 0 - 316 0.0 3 0.0 0 79.0 4 158 0 - 316

(118) (10) (170) (0 - 441) (113) (5) (191) (0 - 441) (123) (5) (169) (0 - 316)

5 288 7 86.3 176 - 400 303 5 87.2 (176 - 400) 251 2 102 179 - 323

6 263 5 148 98.5 - 441 222 3 191 98.5 - 441 326 2 37.7 299 - 353

Table 3.4: Summary of SWE (mm) in each terrain class for both watersheds and in the West and East watersheds, where n is the
number of transects and SD is the standard deviation. Classes 3 and 4 values in brackets are applicable if the river buffer (Class 6) is
excluded.
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Estimates of watershed SWE and the associated probable and maximum errors are

presented in Table 3.5. When the river buffer (Class 6) is excluded from the terrain

classification, watershed SWE is greater than when Class 6 is included. When survey

transect measurements from both watersheds are used to obtain mean SWE in each terrain

unit, estimates of SWE are greater in the East watershed and less in the West watershed

than if terrain unit SWE is calculated from the watersheds individually (Table 3.5). All

SWE estimates are less than measured spring runoff (Chapter 4) in the East watershed,

whereas estimates excluding the river buffer are comparable to spring runoff in the West

watershed (Table 3.5).
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Excluding River Buffer Including River Buffer Total Runoff

Both Watersheds Individual Watersheds Both Watersheds Individual Watersheds

SWE RSWE Rmax SWE RSWE Rmax SWE RSWE Rmax SWE RSWE Rmax

West

Watershed
79 5.3 12 85 6.7 13 60 4.3 9 65 5.7 8.9 81

East

Watershed
65 5.5 11 61 6.0 11 51 4.3 7.8 43 2.8 5.7 81

Table 3.5: Methods for estimating SWE (mm) in the West and East watersheds and total spring runoff (mm). Different estimates of
watershed SWE arise if the river buffer (Class 6) is included or excluded, and if the SWE of each terrain class includes all of the
survey transects from both watersheds or just the survey transects located in each individual watershed. RSWE and Rmax are the
probable and maximum errors associated with each method of estimating watershed SWE.
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3.5 Discussion

This study has confirmed that terrain exerts a significant control on High Arctic

snow distribution and watershed SWE. Flat plateaus (Class 1) are typically windswept,

contain very little SWE, and act as source areas for redistribution. The gentle (0.5 - 4°)

W-slopes (Class 2) and E-slopes (Class 3) contain shallow snowcovers, but make

significant contributions to watershed SWE due to their large areal extents. Given that

the dominant winds during the winter are from the NW in the area (Environment Canada,

2004), it is surprising that the more windward W-slopes contain approximately three

times the SWE than the leeward E-slopes. However, the measurement of wind direction

is derived from Mould Bay (approximately 300 km to the NW), and may not be an

accurate representation of wind conditions at Cape Bounty.

Moderate slopes (4-6°; Class 4) are predominantly concave and also contain

shallow snowcovers that have substantially less SWE than areas of high slope (> 6°) and

highly variable LSC (Class 5). There is considerably less SWE within the moderately

sloping areas of the West watershed (0 mm) relative to the East watershed (79.0 mm).

However, only one of the four sites in the East watershed contained a measureable

snowcover (316 mm), and this sampling site (0510) was located near to the East River.

There was substantial snow depth (mean depth: 1.29 m) at five of the eleven depth

locations nearing the East River, whereas the six depth locations away from the East

River contained a very shallow snowcover (mean depth: 0.01 m). This survey transect

crosses from Class 4 into Class 6, and the northernmost 40 m should be excluded from

Class 4. When these five measurements are omitted from 0510, East watershed Class 4

SWE is reduced from 79.0 mm to 7.2 mm and watershed SWE declines from 43.0 mm to

38.0 mm when the river buffer is included and terrain class SWE is calculated from
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individual watersheds. Therefore, if the Class 6 points from transect 0510 are excluded,

the moderately sloping terrain class (Class 4) has a very shallow snowcover and contains

little SWE.

Areas of high slope (Class 5) are often sheltered from the wind and contain late-

lying or perennial snowbanks high in SWE (> 250 mm). The river valleys (Class 6) are

sheltered from the wind, and are also areas of high SWE (> 200 mm) due to SWE

accumulation that is redistributed from the surrounding low to moderate slopes and flat

areas. Class 5 comprises 6.2 and 2.5% of the total area in the West and East watersheds,

whereas Class 6 represents 2.0 and 2.4%. However, Class 5 contributes 29 and 14% to

total West and East watershed SWE, and Class 6 contains 7.0 and 18%. Despite the

relatively small areas associated with Classes 5 and 6, these areas significantly contribute

to total watershed SWE.

When the river buffer class is excluded from the classification, total watershed

SWE increases by 31% in the West watershed and 42% in the East watershed, when

terrain class SWE is calculated from individual watersheds. When the SWE of each

terrain class is calculated using transects from both watersheds, watershed SWE increased

by 32% in the West watershed and 28% in the East watershed. The addition of the river

buffer class lowers total watershed SWE because the larger Class 3 and low SWE Class 4

no longer include any river valley survey transects. This is significant because the high

SWE (> 200 mm) associated with the small surface area (West 2.0%, East 2.4%) river

valley class is not attributed to the E-slope (Class 3) and moderately sloping (Class 4)

classes, which make up a substantial portion of area in both the West (22.1 and 17.2%)

and East (30.8 and 6.5%) watersheds.
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It is unfortunate that the ISODATA classification was incapable of recognizing

the river valleys as a terrain class, considering that the river valley is the single area that

consistently contains high concavity, where mean LSC was -0.27 1/100 m in the West

watershed and -0.19 1/100 m in the East watershed. Although the ISODATA

classification did not detect the river valleys, it should be noted that the classification did

identify the deep snowbanks (> 250 mm) within Class 5. Three of the five survey

transects (051, 054, and 0513) in the river valleys were added to the transect network in

2005 to better quantify these depositional areas that accumulate redistributed SWE from

Classes 1, 2, 3, and 4. It is likely that watershed SWE was underestimated in 2003 and

2004 because the river valleys were under-sampled. The five survey transects within the

river buffer class adequately represent the deep valley snowcovers in both watersheds,

and the very high SWE in this class and its impact on watershed SWE illustrate that

including Class 6 within the terrain classification is necessary to obtain a valid estimate of

watershed SWE.

The estimates of total watershed SWE based on transects from each individual

watershed increased SWE within the West Watershed by 8% and decreased SWE within

the East Watershed by 19% when the river buffer class is included. This occurs because

in the West watershed measured SWE was nearly two times greater within Class 2 and

nearly four times greater within Class 3 relative to the East watershed. In addition, Class

2 and 3 comprise the greatest proportions of watershed area in both watersheds (West

49.9 and 22.1%, East 57.7 and 30.8%), thus changes in SWE within these classes greatly

affect total watershed SWE.

The West watershed has greater relief between the West River and its drainage

divides (25-70 m), relative to the East watershed (20-50 m). In addition, the West
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watershed has greater than triple the areas of high slope (> 6°), and more than double the

areas of concave slopes (< -0.15 1/100 m) in comparison to the relatively flat and

windswept East watershed. Therefore, it is likely that the West watershed is more

sheltered from the dominant NW winds in general, and likely contains a larger number of

minor accumulation or re-deposition sites than in the flatter East watershed, where the

topography is more susceptible to being windswept. The differences in SWE for the

same terrain classes between the two watersheds, suggests that dominant wind direction

may be an important factor in the accumulation of snow in the two catchments. This

indicates that calculating watershed SWE based on the SWE from the individual

watersheds is the more valid approach. The analysis as discussed above therefore

supports that the best method for estimating watershed SWE includes the river buffer

class, and is based on calculating terrain class SWE from each watershed individually.

Total seasonal runoff was 25 (West watershed) and 88% (East watershed) greater

than the estimates of watershed SWE when terrain unit SWE is calculated from individual

watersheds and Class 6 is included. Seasonal runoff was equivalent (81 mm) in the two

watersheds, although if the measurement period were extended into the summer months,

runoff in the West watershed would likely exceed the East watershed (Chapter 4). The

estimates of the probable (9 and 7%) and maximum (13 and 14%) errors on modelled

SWE for the West and East watersheds were low relative to the discrepancy between

watershed SWE and runoff measurements. However, these errors were based on the

assumption that the snow as measured near the start of the melt season was accurate.

This assumption was not valid in 2005, as the SWE measurements were underestimated

for several reasons that are discussed below.
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In 2005, the snowpack had begun to melt prior to the snow survey and some

shallow snowcovers had completely ablated. As a result, the SWE from all survey sites

with relatively shallow snowpacks (Classes 1, 2, 3 and 4) are likely underestimated by at

least 10% due to the lateral drainage of meltwater, and evaporation and sublimation

losses. The deep snowbanks of Classes 5 and 6 were also subject to evaporation and

sublimation losses, but lateral drainage of meltwater was minimal, as the wetting front

had not reached the base of the snowpack in these terrain units. Subsurface and/or basal

ice layers developed at approximately half of the survey transect sites and was

immeasurable within areas of deep snowcover (> 0.5 m), resulting in a possible

underestimate of 20% of SWE at half of the survey sites (Woo and Heron, 1981; Woo et

al., 1982). Within relatively shallow and discontinuous snowcovers (< 0.4 m), it was

possible to estimate the SWE contained in the basal ice layer, however this was not the

case where the snowpack was deep and/or continuous because the snow depth probe and

density tube could not penetrate the ice layers. In addition, the deep snowcovers typical

of Classes 5 and 6 were further underestimated because the snow depth was sometimes

deeper than the length of the depth probe (2.25 m), and a contiguous sample of the

snowpack was unattainable for the measurement of snow density. However, the number

of measurement sites that had greater than 2.25 m of snow depth were rare, and the

associated underestimate of SWE is likely less than 10%. Thus, modelled watershed

SWE would likely be much closer to measured runoff had the snowpack been measured

prior to the loss of meltwater and the formation of the basal ice layer. These errors can be

avoided in future melt seasons, however accurate SWE measurements will require more

appropriate methods for measuring the full depth and density of snow in the channels and
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deep snowbanks, where manually probing for depth and coring for density are not

physically possible.

Further error was introduced by the location and/or orientation of some of the

survey sites. Each survey transect was designated to a particular terrain class by the

location of the middle survey point along the length of the 100 m transect, but

approximately 30% of the survey transects were located near to or straddled different

classes of terrain. The sites that were located near or straddled other terrain units were

033, 034, 039, 0310, 046, 048, 0418, 0428, 053, 055, 059, 0510, 0512, and 0513. In

addition, the survey transects were often oriented across elongated snowbanks that were

typical of Classes 5 and 6. As a result, Classes 5 and 6 included measurements outside of

those terrain classes, which resulted in an underestimate of the deep snowbanks.

Although, if the survey transects were oriented along the elongated snowbanks, survey

transects would likely overestimate SWE because the relatively shallow edges of the

snowbanks would be excluded. Therefore, it may be more appropriate to sample deep

snowbanks by means of a grid pattern that only has measurements of snow depth and

density within each respective class rather than linear transects that cross into other

terrain classes. As with the survey transects, 11 depth and 3 density measurements would

be sufficient for a grid pattern. The sites that it may be more appropriate to sample using

a grid basis are 048, 053, 054, 055, 059, and 0513. The survey sites that are located near

terrain unit boundaries within Classes 1, 2, 3, and 4 (034, 039, 0310, 046, 0418, 0428,

0510, and 0512) would likely have little effect on total watershed SWE because the

snowpack is relatively shallow in these classes (with the exception of the Class 4 site

0510). However, when the measurement sites from transects that straddle other classes

are omitted from Classes 5 and 6 (048, 053, 054, 055, 059, and 0513), SWE increased by
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approximately 25-30% in these terrain units, which resulted in an 8 and 15% increase in

total SWE in the West and East watersheds. Hence, the deep snowbanks should be

sampled on a grid basis rather than linear transects. In the case of the Class 4 site 0510,

which straddles Class 6, the direction of the transect should be changed from S-N to SE-

NW.

In order to estimate the impact that the various errors had on the model, total

watershed SWE for the two catchments was estimated using the following adjustments.

For Classes 1, 2, 3, and 4, SWE was increased by 10% to account for lateral drainage of

meltwater and evaporation/sublimation losses, and increased by a further 10% to account

for the formation of a basal ice layer at about one third of these sites. The measurement

sites that are located within the river valley class at the 0510 survey transect (the last 40

m) were also excluded for the new estimate of SWE in Class 4. For Classes 5 and 6,

SWE was adjusted by 1) excluding the measurement sites of transects located outside of

Classes 5 and 6, 2) increasing SWE by 5% to account for evaporation and sublimation

from the start of melt until the snow survey, 3) increasing SWE by 10% to account for the

formation of subsurface and/or basal ice layers at half of the sites, and 4) increasing SWE

by 5% to account for the inability to obtain absolute depths in deep snowbanks.

Recalculating the watershed SWE based on the changes listed above yielded an adjusted

total watershed SWE of 84 mm (30% greater than modelled SWE) in the West watershed

and 54 mm (25% greater than modelled SWE) in the East watershed. This adjusted

estimate of East watershed SWE is still 50% below seasonal runoff, but the new estimate

for the West watershed is within 5% of measured seasonal runoff. The excess runoff

relative to SWE in the East watershed may be due to greater meltwater losses resulting

from a relatively high proportion of S-slopes.
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3.6 Conclusions

The areal distribution and quantity of SWE is greatly influenced by terrain in High

Arctic watersheds. Using an objective terrain classification approach weighted equally on

slope, aspect, and land surface curvature to quantitatively define terrain units and estimate

watershed SWE, it was found that flat, windswept areas contained little SWE, areas of

low to moderate slopes contain shallow snowcovers, and sheltered areas of high slope and

river valleys were substantial sources of SWE. The study showed that the inclusion of a

river valley terrain class was necessary to ensure a valid estimation of watershed SWE.

In addition, the differences in snow accumulation in the same terrain units in the East and

West watersheds indicated that subtle differences in terrain or differences in the degree of

wind shelter provided by the surrounding topography warrant the separate calculation of

SWE for the two watersheds.

Estimates of watershed SWE were significantly lower than total measured runoff

from both watersheds. Underestimates of watershed SWE were largely a result of the

melt season beginning prior to the snow survey, a basal ice layer developing at about half

of the survey sites, and the difficulty of quantifying the deep snowbanks properly.

Overall, the terrain classification model and survey network presented here represents a

method to obtain accurate and reproducible estimates of watershed SWE (+/- 10-15%

error) in the years to come, providing that the snow is measured prior to melt.

To improve upon this research, it may be more appropriate to sample deep

elongated snowbanks with a grid system rather than taking measurements along a linear

transect that includes other types of terrain. This problem is likely the greatest source of

error in modelled SWE, which is approximately 10% of watershed SWE. Attempts to

estimate SWE in deep (> 2 m) snowdrifts requires further attention to measure snow
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depth and density, particularly when there are subsurface ice layers. Two solutions would

be the use of ice coring equipment or digging snow pits at these sites. However, it may

not be practical or safe to dig snow pits where the snowcover is deeper than 2 m. A

higher resolution DEM would also likely improve the terrain classification because the

concave river channels and other smaller tributaries would likely be identified as a terrain

unit. If a high resolution DEM is obtained, an artificial neural network classification

scheme should be investigated because the terrain variable transformations could be

avoided.
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Chapter 4: Snowmelt Export of Dissolved Nutrients from two High Arctic

Watersheds, Melville Island, Canada

Abstract

Fieldwork was conducted during the spring snowmelt period at Cape Bounty,

Melville Island, Nunavut to examine the relationships between snow accumulation,

runoff, and the fluxes of nutrients from two High Arctic watersheds. River discharge was

monitored at the West and East Rivers, where water samples were collected four times

daily during the first ten days of melt and twice daily once flow began to recede. Water

samples were also collected from headwater and tributary sites in the two watersheds.

Samples were analyzed for DOC, DON and DIN (NH4
+ and NO3

-).

DOC:DON ratios remained relatively high and stable, and the concentrations of

DON and DIN were strongly correlated with DOC throughout the melt season in the West

watershed. Thus, the flushing of terrestrial nutrients from surficial soil layers was the

primary process controlling nutrient export in the West watershed. Despite similar

seasonal runoff volumes, greater area specific fluxes of DOC (33%) and DON (43%)

occurred in the East watershed, indicating that there was likely greater connectivity

between nutrient sources and hydrological flow paths. In addition, declining DOC:DON

ratios indicate that the sources and/or character of DOM changed over the melt season in

the East watershed, suggesting that a larger portion of DOM was derived from enhanced

microbial decomposition of OM and/or autochthonous production in the late melt season.

Seasonal specific fluxes of DIN were similar in the two watersheds, however, the

specific flux of NH4
+-N was 2.5 times greater in the West watershed, possibly due to
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enhanced vegetation coverage and/or greater watershed SWE resulting in a larger pool of

available NH4
+-N. Results of NO3

--N concentrations and fluxes indicate that the volume

of early melt season runoff controlled the specific fluxes of NO3
--N in the two

watersheds. Thus, the export of DIN appears to have been controlled by watershed

vegetation coverage, the magnitude of watershed SWE, and meltwater volumes flushing

the thin organic layer.

4.1 Introduction

Pronounced warming has occurred in the majority of the Arctic during the latter

half of the 20th century, and models predict that warming will continue through the 21st

century (Serreze et al., 2000; ACIA, 2005). Observations from the last few decades

indicate that precipitation and runoff have increased in the majority of the Arctic, while

snow cover duration and extent have decreased in most areas (ACIA, 2005; IPCC, 2007;

Meehl et al., 2007). Increased temperatures and modified precipitation regimes are

expected to affect the timing, intensity, and magnitude of snowmelt, the development of

the seasonally thawed active layer, and thus the timing and magnitude of the flux of

nutrients from terrestrial environments (Michaelson et al., 1998; Kawahigashi et al.,

2004). Since fluvial systems are the primary link between terrestrial and aquatic

ecosystems (Dittmar and Kattner, 2003), it is necessary to acquire a better understanding

of the processes controlling the production and transport of nutrients to assess how these

aquatic systems will react to future climatic change.

Water availability, active layer thaw and early growing season soil temperatures

are largely controlled by the quantity and distribution of the end-of-winter snowcover and

the timing and magnitude of snowmelt (Michaelson et al., 1998; Boyer et al. 2000). In
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the Arctic, permafrost confines the majority of biological activity to the thin active layer,

where the hydrology of the surficial soil layer determines the character of biological

communities and rates of ecological processes (Hodkinson et al., 1999). A particularly

strong linkage between the down-slope movement of water and nutrients, and plant and

soil processes exists in the Arctic due to the presence of permafrost (Rastetter et al.,

2004). Arctic plant communities and soil microorganisms exert a direct control on the

chemical composition of dissolved organic matter (DOM) present within interstitial soil

waters, and meltwater availability and runoff volumes largely control the concentrations

released to the aquatic environment. The majority of DOM in Arctic rivers is derived

from the decomposition of fresh plant litter and leaching of the upper soil horizons,

whereas autochthonous production from algae is usually very low (Dittmar and Kattner,

2003; Guo and Macdonald, 2006; Guo et al., 2007).

The amount and composition of DOM in Arctic fluvial systems is also

significantly affected by the sorption capacity of soil minerals and biodegradation within

the active layer (Michaelson et al., 1998; Kawahigashi et al., 2004). DOM exports are

substantial during the snowmelt period, when the active layer is underdeveloped.

Kawahigashi et al. (2004) found that most hydrophobic DOM that enters the mineral soil

is retained by sorption to minerals because microbial degradation of soil DOM is

minimal. Therefore, the thickness of the active layer controls the export of DOM, and

high concentrations can be expected where soil infiltration capacities are limited.

Microbial degradation and litter decay release soluble C and N in Arctic soils.

Arctic researchers have found strong relationships between DOC and DON, and research

suggests that the majority of DOC and DON are derived from humic substances in soil

OM (Kawahigashi et al., 2006; Tye and Heaton, 2007). Studies from alpine
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environments have shown that the relationships between dissolved organic carbon (DOC)

and dissolved organic nitrogen (DON) can be quite variable (Williams et al., 2001;

Kaushal and Lewis, 2003). Similar patterns of DOC and DON flushing may occur during

snowmelt in alpine environments, however, the majority of DOC is derived from humic

sources low in nitrogen content (lignified plant remains), and DON is primarily derived

from labile, non-humic DOM sources high in N content (microbial activity).

Dissolved inorganic nitrogen (DIN) species, which include nitrate (NO3
-),

ammonium (NH4
+), and sometimes nitrite (NO2

-) are strongly controlled by plant and

microbial processes. NO3
- released at the onset of snowmelt is strongly related to the

mobile soil N pool that is controlled by heterotrophic microbial activity beneath the

winter snowpack (Brooks et al., 1999; Tye and Heaton, 2007). Low concentrations of

NH4
+ are common in snowmelt-dominated environments because as snowmelt occurs and

meltwater infiltrates soils, it appears that NH4
+ is adsorbed to ion exchange sites and/or

rapid nitrification occurs, resulting in increased NO3
- concentrations (Williams et al.,

2001; Hood et al., 2003a). As snowmelt progresses into the growing season and the

active layer thaws, Arctic researchers have found that NO3
- concentrations gradually

increase due to the onset of biological activity and drier soil conditions, which promotes

the mineralization of OM (Peterson et al., 1992; Stutter and Billet, 2004). Whereas NH4
+

concentrations remain low and show little seasonal or interannual trends (Peterson et al.,

1992).

The purpose of this study is to evaluate the timing and magnitude of nutrient

fluxes from two parallel watersheds at Cape Bounty, Melville Island, Nunavut, Canada.

These two High Arctic watersheds are comparable in size, surficial geology, and climate,

however, the end-of-winter snow distribution is often dissimilar due to differences in the
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topography of the two watersheds (Chapter 3). Variability in snow distribution and

snowmelt rates will largely determine soil temperatures, active layer development and

meltwater routing. As a result, the flushing of dissolved nutrients through the snowmelt

period may also vary considerably between the two watersheds. This work represents the

first high-resolution study (multiple samples per day) of DOC, DON, and DIN in High

Arctic watersheds.

This study intends to address the current lack of understanding of C and N cycles

in the High Arctic, with specific focus given to the control of snowfall on nutrient

dynamics at the catchment scale. A quantitative evaluation of the spatial and temporal

variability of nutrient concentrations and meltwater discharge will enable us to establish

the relationships between snowcover and snowmelt regime and the flushing of C and N

from High Arctic catchments.

4.2 Site Description

The study was conducted at Cape Bounty, located near the southern coast of

Melville Island, Nunavut (74°55' N, 109°35' W). Field studies were carried out during

the snowmelt season of 2005 in two parallel watersheds (Figure 4.1), West (8.0 km2) and

East (11.6 km2). The watersheds are characterized by flat plateaus, with rolling

topography incised by river valleys. Elevation ranges from 5-110 m above sea level

(a.s.l.) in the West catchment, and from 5–125 m a.s.l. in the East catchment. The area is

underlain by continuous permafrost where the active layer develops to a depth of 0.02-

0.15 m during the melt period and reaches depths up to 1.0 m by the end of summer

(Lamoureux et al., 2006).
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Vegetation is characterized by prostrate dwarf-shrub and herb tundra communities

(Walker et al., 2005). In general, vegetation cover differs with available moisture

conditions (Edlund, 1993). Wet sedge and mosses dominate incised river valleys, low-

lying areas, and sites downslope of perennial snowbanks. Well-drained and exposed

soils, typical of hilltops and plateaus, are sparsely vegetated with discontinuous prostrate

shrub and herb barren communities. The West watershed contains greater (30%)

coverage of wet sedge and moss communities than the East watershed (20%; Atkinson,

D. M. unpublished data).

The topography of Cape Bounty results from historic glaciations, where glacial till

and deposits of Holocene marine sediments mask sedimentary formations characterized

by heavily weathered sandstones and siltstones (Hodgson et al., 1984). Edlund (1993)

describes the composition of surficial materials as neutral to weakly alkaline, where the

presence of marine deposits provides an additional source of plant nutrients due to

cryoturbation and solifluction processes mixing surficial materials. Cryosolic soil

development at Cape Bounty is minimal (Edlund, 1993).
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Figure 4.1: (a) Location map of Cape Bounty, Melville Island, Nunavut (74°55' N,
109°35' W). (b) Map of the West and East watersheds at Cape Bounty. The West
watershed contains the sampling sites WR, PT, WC, and WP. ER, CC and UER are
sample sites in the East watershed. Source: 1:50 000 NTS 78 F/15.
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The climate at Cape Bounty is characterized by eight months of cold winters

where snowfall is greatly redistributed into concavities and incised river valleys by winds

from the northwest (Environment Canada, 2004). Snowmelt normally commences in

early to mid June, with streamflow initiating 10-20 days after the onset of melt

(Lamoureux et al., 2006). The nearest long-term (1971-2000) weather station located at

Mould Bay (~ 300 km northwest of Cape Bounty) reports a mean annual temperature of

-17.5°C, a mean July temperature of 4.0°C, and mean winter snowfall of 83.6 cm

(Environment Canada, 2004).

The West and East watersheds are similar in size, surficial geology, and climate.

However, differences exist in their topography, vegetation, the end-of-winter snow

distribution, and in some years, snowmelt regime. The High Arctic is subject to strong

and persistent winds through the winter months, which is an effective mechanism for the

redistribution of snow from windward slopes and open plateaus to land concavities and

river channels (Woo, 1998). The West watershed often contains a greater end-of-winter

SWE than the East watershed (Chapter 3). This is likely because the West watershed is

more sheltered from the dominant NW winds than the East watershed due to greater relief

between the West River and its drainage divides (25-70 m) compared to the relief in the

East watershed (20-50_m), and the West watershed contains a greater proportion of

sheltered areas of high slope (Chapter 3). Similar proportions of north-facing (N) slopes

are found in the West (11.9%) and East watersheds (12.8%; Table 3.2, Chapter 3), but

there is a greater proportion of south-facing (S) slopes (37.0%) in the East watershed,

relative to the West watershed (27.0%). The greater proportion of S-slopes increases the

rate of melt and active layer development due to enhanced radiation receipt (Woo and

Young 1997; Young et al., 1997; Carey and Woo, 1999).
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4.3 Methodology

4.3.1 Snowcover

The snowcover at Cape Bounty was characterized by means of 42, 100 m snow

survey transects distributed throughout the West and East watersheds. Each transect

contained 11 depth and 3 density measurements. The location of each transect was

selected based on the surrounding terrain and the topography of the two watersheds was

classified into terrain units based on slope, aspect, and land-surface curvature using an

ISODATA unsupervised classification scheme (Chapter 3). Mean SWE (SWEi) was

calculated for each terrain type (i) and the total end-of-winter watershed SWE (SWETotal)

from each catchment is estimated by:





n

i
iiTotal aSWESWE

1

(1)

where n is the number of terrain types, and ai is the area as a fraction of total basin area

for each terrain unit.

4.3.2 Water Sample Collection and Analysis

Water samples were collected at four locations in the West watershed and three

sites within the East watershed (Figure 4.1). The outlets of the West (WR) and East (ER)

River catchments were sampled four times daily (10:00, 14:00, 18:00 and 22:00) during

the onset of melt (8-18 June) and twice daily (10:00 and 18:00) after flow receded (20-25

June). Two other sampling locations are in the headwaters of the West catchment, WP

drains a small pond, and WC is located downstream from a confluence that drains a

tributary containing sparse vegetation coverage. WP and WC were sampled every 2-3

days near midday. Ptarmigan Creek (PT) drains a small sub-catchment (0.3 km2) in the
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West watershed. The catchment has barren tundra in its headwaters, and an increasing

abundance of wet sedge and mosses nearing the West River. Samples from PT were

collected once each day in the early afternoon. In the East watershed, Caribou Creek

(CC) also drains a small sub-catchment (0.4 km2), where snow meltwater ponds on the

barren plateau, and subsequently flows through moss and sedge communities, similar to

PT. Lastly, the upper East River (UER) site is located further upstream from CC and is

representative of the upper portion of the East watershed, which generally has less

vegetation coverage than the lower East watershed. CC and UER were sampled each day

in the late afternoon.

Water samples were collected in 1 L HDPE amber bottles and filtered within two

hours of collection. Samples for DOC and total dissolved nitrogen (TDN) analysis were

filtered using a glass filtration apparatus and pre-combusted GF/F glass fibre filters (0.7

μm nominal pore size). The filtration apparatus was soaked and rinsed daily with 30%

hydrogen peroxide, and triple rinsed with deionised snowmelt water and sample for each

use. The filtrate was stored cool in the dark in two pre-combusted 40 mL amber glass

EPA vials that were acidified to a pH of 2 with HCl upon return to the laboratory.

Samples for ion analysis were filtered using a polysulfone filter holder unit and 0.45 μm

cellulose nitrate membranes. The filtration unit was triple rinsed with DI water and the

sample for each use. Two 25 mL polyethylene scintillation vials were filled with the

filtrate for each sample. All DOC/ TDN and ion samples were refrigerated until analysis.

[DOC] (hereafter concentrations are denoted by [ ]) was measured as non-

purgeable organic carbon (NPOC) via high temperature combustion (720°C) with a

Shimadzu TOC-VCPH analyzer using a high sensitivity platinum catalyst in line with a

total nitrogen module (TNM-1 unit). TDN concentration was measured as nitrogen
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monoxide via thermal decomposition (720°C) with a chemiluminescence gas analyzer

(TNM-1 unit). The measurement precision (p < 0.05) was ± 0.02 mg C L-1 (2%) for

[DOC] and ± 0.01 mg N L-1 (10%) for [TDN] based on 16 replicate determinations

(Kretz, 1985; Taylor, 1997). Ion concentrations were measured by liquid ion

chromatography with a Dionex ICS-3000 ion chromatograph. The ion chromatograph

was equipped with an ASRS ULTRA II suppressor and IonPac AS18 analytical column

for anions, and a CSRS ULTRA II suppressor and IonPac CS12A-5μm analytical column

for cations. The uncertainty in measurement precision was ± 0.001 mg L-1 (4%) for

[NH4
+], ± 0.006 mg L-1 (10%) for [NO3

-], and ± 0.001 mg L-1 (50%) for [NO2
-] based on

80 replicate determinations (p < 0.05). The detection limits were defined as three times

the standard deviation of replicates of the lowest reproducible standard, or three times the

standard deviation of replicate lab blanks plus the mean blank concentration of the

analyte in the case where these were non-zero for the analyte. The detection limits are 0.1

mg C L-1 (n = 35) for [DOC], 0.01 mg N L-1 (n = 20) for [TDN], 0.004 mg L-1 (n = 40)

for [NH4
+], 0.004 mg L-1 (n = 12) for [NO3

-], and 0.006 mg L-1 (n=13) for [NO2
-]. [DON]

was calculated as the difference between [TDN] and the nitrogen components (NH4
+-N

and NO3
--N) of DIN concentrations (NO2

--N is excluded because [NO2
-] was consistently

below the detection limit):

[DON] = [TDN] – [DIN] (2)

where,

[DIN] = [NH4
+-N] + [NO3

--N] (3)

The uncertainty in [DON] is estimated as ± 0.012 mg N L-1 by calculating the quadratic

sum of the errors in [TDN] and [DIN] (Taylor, 1997).
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4.3.3 River Discharge

River stage was monitored at WR and ER throughout the melt period in 2005.

Stage was measured using an Omega CP-Level 101 pressure transducer logger (± 0.2%,

0.5 mm), and an Omega CP-PRTEMP101 (± 0.4% accuracy) logger for barometric

compensation. A General Oceanics 2030R (± 1%) current meter and an Onset Hobo H8

logger were used to measure stationary velocity and calculate instantaneous discharge

using the area-velocity method (Dingman, 2002). Manual discharge measurements were

taken several times each day during the onset of melt and once every 1-3 days once

discharge receded. A rating curve (n = 15, r2 = 0.73) was used to derive a continuous

discharge series from the stage record. The error associated with discharge is estimated

as ± 0.05 m3 s-1, or 10% of the seasonal mean discharge in WR and ER.

As a result of a pressure transducer malfunction, discharge values for the first two

days of flow at WR were estimated from the linear regression of air temperature

(preceding discharge by 5 hours) on discharge (r2 = 0.57) on the third day of melt. Two

manual discharge measurements indicated that discharge remained low (< 0.5 m3 s-1)

during the first two days of melt at WR, hence the estimated discharge record is

considered conservative and is likely a slight underestimate of flow. The error associated

with the estimated discharge is considered insignificant in terms of the total seasonal

runoff volume.

4.3.4 Mass Flux Calculations

The total seasonal area specific mass fluxes (μg m-2) of DOC, DON, NH4
+-N, and

NO3
--N were calculated as the product of measured concentrations and river discharge,

and divided by the watershed area (± 5%) of the West and East catchments. The
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uncertainties associated with fluxes of DOC, DON, NH4
+-N, and NO3

+-N are ± 40 μg C

m-2 (10%), ± 3 μg N m-2 (20%), ± 0.2 μg N m-2 (10%), and ± 0.4 μg N m-2 (15%),

respectively (based on the quadratic sum of uncertainties in concentrations, discharge,

and watershed area).

Cumulative fluxes were calculated using the sample-interpolation method

described by Hinton et al. (1997). Regression equations between measured concentration

and river discharge were calculated for every two successive water samples and

interpolated, resulting in an hourly dataset of concentration for DOC, DON, NH4
+-N, and

NO3
--N. The cumulative fluxes for the melt season were determined by summing the

hourly fluxes.

4.4 Results

4.4.1 Hydrology

The estimated watershed SWE was 65 mm in the West watershed and 43 mm in

the East watershed. Whereas, seasonal area specific runoff was 81 mm in both the West

and East watersheds. The snow survey results are likely underestimated for three reasons.

First, melt had already begun upon arrival on June 5th, hence some shallow snowcovers

had entirely melted, resulting in the downslope movement of meltwater. Second, it was

not possible to obtain an absolute depth in deep (> 2.25 m) snowpacks located in portions

of the river valleys and concave snowdrifts. Third, a basal ice layer developed at

approximately half of the survey sites and was often immeasurable, resulting in a possible

SWE underestimation of 20% at these sites (Woo and Heron, 1981; Woo et al., 1982).

Therefore, runoff is considered the better estimate of meltwater availability in the two

watersheds. Watershed SWE estimates and snow survey data are located in Appendix C.
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Channelized flow began at the ER gauging station early in the morning of June 7th

and WR followed the morning of June 8th. River discharge (Q) at both WR (Figure 4.2 a)

and ER (Figure 4.2 b) followed distinct diurnal cycles where the amplitude in daily Q

gradually dampened as flow receded and the snowpack ablated. Peak flow typically

occurred between 19:00 – 21:00 in both rivers throughout the entire melt season, and the

maximum seasonal Q occurred on June 11th at both WR (0.9 m3 s-1) and ER (1.1 m3 s-1).

However, the seasonal hydrographs of WR and ER differ somewhat, which suggests there

were differences in snowmelt regime in the two watersheds. For example, maximum

daily flow was relatively low (< 0.5 m3 s-1) in WR prior to peak seasonal Q, whereas

maximum daily Q was near peak (> 0.9 m3 s-1) in ER for three days prior to June 11th.

After peak seasonal Q occurred, flow dropped considerably in WR, but as melt

progressed maximum daily Q steadily increased until near the end of the study period.

After four days of high flow in ER, maximum daily Q receded, and then remained

relatively constant until the end of the study period. The amplitude in daily Q was similar

at WR (0.39 m3 s-1) and ER (0.41 m3 s-1) during the early melt season (7 June – 13 June

12:00). However, the amplitude in daily Q was greater at WR (0.30 m3 s-1), relative to

ER (0.18 m3 s-1) during the late melt season (13 June 12:00 – 26 June). Despite

differences in watershed SWE, total seasonal runoff was similar at WR (81 mm) and ER

(81 mm). However, if the study period had extended into the growing season, it is likely

that total specific runoff would have been greater at WR because West River Q was

higher at the close of the melt season (Figure 4.2 a, b) and the East watershed is 45%

larger than the West watershed. This interpretation is supported by greater area specific

runoff in the West watershed (4.8 mm day-1) relative to the East watershed (2.8 mm day-1)

over the last three days of study. During the early melt period, 23 and 38% of total
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seasonal flow occurred at WR and ER. There was no measurable precipitation through

the entire melt season. River discharge data are located in Appendix C.

4.4.2 Nutrient Concentrations

4.4.2.1 Dissolved Organic Carbon

Peak [DOC] occurred on the ascending limb of the snowmelt hydrographs in both

WR (Figure 4.2 c) and ER (Figure 4.2 d). Maximum [DOC] was 4.86 mg C L-1 at WR

(Appendix A; Table A1), which was greater than 4.24 mg C L-1 at ER (Appendix A;

Table A2). At both WR and ER, a second prominent peak in [DOC] occurred just hours

prior to peak seasonal Q. [DOC] declined substantially in both rivers between June 11th

and June 12th and then decreased gradually through the late melt season. The seasonal

mean [DOC] in the two rivers were similar (WR: 1.99 mg C L-1; ER: 1.94 mg C L-1;

Appendix A). A weak inverse relationship (r2 = 0.17, p < 0.05) existed between [DOC]

and Q in WR during the late melt season (Table 4.1). There was no significant

relationship between [DOC] and Q at ER in the late melt season, although there was a

weak positive [DOC]-Q relationship (r2 = 0.23, p < 0.05) during the early melt season,

and a relatively strong correlation (r2 = 0.49, p < 0.001) for the entire melt season.

Daily maximum [DOC] often occurred in the morning (10:00) and daily minimum

[DOC] often occurred during the early (18:00) or late (22:00) evening (Figure 4.3 a, b, c,

d). In general, [DOC] was more variable during the early melt season (the coefficient of

variation (CV) for [DOC] was 0.37 at WR and 0.31 at ER), than during the late melt

season (CVs for [DOC] were 0.12 at WR and 0.18 at ER). Examples of typical diurnal

variations in [DOC] for the early (June 9th and 11th) and late (June 15th and June 18th) melt

seasons are illustrated in Figure 4.3 (a, b, c, d).
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Figure 4.2: Hourly river discharge (Q) for WR (a) and ER (b). Temporal variation in
river concentrations of DOC (c, d), DON (e, f), NH4

+-N (g, h), and NO3
--N (i, j) at WR

and ER through the snowmelt season. Note the changes in scale between different
nutrients.
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Early Melt Late Melt Seasonal

Species Site m c r2 p m c r2 p m c r2 p
DOC WR ns - - - -0.50 1.58 0.17 < 0.05 ns - - -

ER 2.16 1.12 0.23 < 0.05 ns - - - 3.12 0.01 0.49 < 0.001
DON WR -0.14 0.17 0.19 < 0.05 ns - - - -0.09 0.11 0.11 < 0.05

ER ns - - - ns - - - 0.06 0.04 0.17 < 0.01
NH4

+-N WR ns - - - ns - - - ns - - -
ER ns - - - ns - - - ns - - -

NO3
--N WR ns - - - -0.02 0.02 0.14 < 0.05 ns - - -

ER ns - - - ns - - - 0.01 0.01 0.10 < 0.05

Table 4.1: Slope (m), intercept (c), r2, and significance (p) of discharge-nutrient concentration regression relationships for the early (8
June – 13 June 12:00), late (13 June 12:00 – 25 June) and entire melt season (n = 53, ns: not significant).



105

D
O

C
(m

g
C

L
-1

)

0

1

2

3

4

5

0

1

2

3

4

5

0

1

2

3

4

5

0

1

2

3

4

5

WR

ER
D

O
N

(m
g

N
L
-1

)

0.00

0.05

0.10

0.15

0.20

0.25

0.00

0.05

0.10

0.15

0.20

0.25

0.00

0.05

0.10

0.15

0.20

0.25

0.00

0.05

0.10

0.15

0.20

0.25

9 June

06:00
10:00

14:00
18:00

22:00

D
IN

(m
g

N
L
-1

)

0.00

0.02

0.04

0.06

0.08

0.10

11 June

06:00
10:00

14:00
18:00

22:00
0.00

0.02

0.04

0.06

0.08

0.10

15 June

06:00
10:00

14:00
18:00

22:00
0.00

0.02

0.04

0.06

0.08

0.10

18 June

06:00
10:00

14:00
18:00

22:00
0.00

0.02

0.04

0.06

0.08

0.10

a b c d

e f g h

i j k l

Figure 4.3: Daily variations in concentrations of DOC (a, b, c, d), DON (e, f, g, h), and DIN (i, j, k, l) at WR and ER for two days
during the early melt season (June 9th and 11th) and two days during the late melt season (June 15th and 18th).
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At the headwaters of the West (WP and WC) and East (UER) watersheds, and at

the two tributary sites (PT and CC), peak [DOC] occurred with the first water sample on

June 8th (Figure 4.4 a, b). During the early melt period, [DOC] declined at the headwater

and tributary sites in both watersheds. In the West watershed, [DOC] remained relatively

stable during the late melt period, whereas [DOC] continued to decline in the East

watershed (Figure 4.4 a, b). West watershed [DOC] was greater at PT (mean 1.64 mg C

L-1) than at WP and WC (1.10 and 1.12 mg C L-1), whereas East watershed [DOC] was

relatively similar at CC and UER (1.74 and 1.65 mg C L-1; Appendix A).

4.4.2.2 Dissolved Organic Nitrogen

Similar to [DOC], peak [DON] occurred on the ascending limb of the snowmelt

hydrograph in both watersheds (Figure 4.2 e, f), and the maximum [DON] was greater at

WR (0.208 mg N L-1) than ER (0.156 mg N L-1). After peak seasonal Q (June 11th),

[DON] declined and reached seasonal minimums at the close of the early melt period

(June 13th). During the late melt period, [DON] was quite variable but there was little

evidence of a trend at WR or ER, and seasonal mean [DON] was similar at WR (0.078

mg N L-1) and ER (0.084 mg N L-1; Appendix A). Weak but significant (p < 0.05) inverse

relationships between [DON] and Q were found for WR during the early melt period (r2 =

0.23) and the entire melt season (r2 = 0.11; Table 4.1). Whereas, a weak but significant

positive correlation was observed at ER (r2 = 0.18) for the entire melt season (Table 4.1).
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Figure 4.4: Temporal variation in river and streamwater DOC (a, b), DON (c, d), NH4
+-N

(e, f), and NO3
--N (g, h) in the West (WP, WC, and PT) and East watersheds (UER and

CC) through the snowmelt season. Dotted lines represent data that was unavailable due
to broken water sample vials. Note the changes in scale between the different nutrients.
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Similar to [DOC], daily maximum [DON] often occurred at 10:00 and daily

minimum [DON] usually occurred at 18:00 or 22:00 (Figure 4.3 e, f, g, h). [DON] was

highly variable during the early melt season, where the CV was 0.55 at WR and 0.35 at

ER. During the late melt season, the [DON] CVs were still relatively high at both WR

(0.37) and ER (0.30). Likewise, the daily trend in [DON] was considerably more variable

during the late melt season (June 15th and 18th) relative to DOC (Figure 4.3).

All of the headwater and tributary sites experience peak [DON] early in the melt

season followed by a decline to relatively stable concentrations, with the exception of PT

where there was little change in [DON] during the observation period (Figure 4.4 c, d).

In the West watershed, [DON] was greater at PT (mean: 0.100 mg N L-1) relative to WP

and WC (0.049 and 0.058 mg N L-1). In the East watershed, the UER and CC sites had

similar seasonal mean concentrations (0.088 and 0.098 mg N L-1), although peak

concentration was greater at CC.

4.4.2.3 Dissolved Inorganic Nitrogen

In contrast to [DON], [NH4
+-N] and [NO3

--N] at WR (Figure 4.2 g, i) and ER

(Figure 4.2 h, j) were very low during the initial stages of melt, particularly at WR.

Maximum [NH4
+-N] (WR: 0.056 mg N L-1; ER: 0.068 mg N L-1) and [NO3

--N] (WR:

0.040 mg N L-1; ER: 0.040 mg N L-1) occurred approximately one day after the peak

discharge event of the season at WR and ER. Both [NH4
+-N] and [NO3

--N] were highly

variable at both river outlet sites, but ammonium was more variable than nitrate

(Appendix A). [NH4
+-N] and [NO3

--N] were highest during the final stages of the early

melt period, and for the first few days of the late melt period. Nearing the close of the

melt season, both DIN species remained relatively low, and were often below detection at
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WR and ER. Seasonal mean [NH4
+-N] was equal to [NO3

--N] at WR (0.011 mg N L-1),

and mean [NO3
--N] (0.015 mg N L-1) exceeded [NH4

+-N] (0.005 mg N L-1) at ER. Mean

[DIN] in both rivers were substantially less (nearly an order of magnitude) than the mean

[DON] (Appendix A).

There is no discernable trend in daily maximum or minimum [DIN] (Figure 4.3 i,

j, k, l). [DIN] was the most variable of all nutrients, and was highly variable at both WR

and ER during the early melt season (CV = 1.21 and 0.58), and remained highly variable

during the late melt season (CV = 1.01 and 0.85).

[NH4
+-N] and [NO3

--N] increased during the early melt period, and peaked near

the early-late melt transition at WP (0.022 mg N L-1) and WC (0.026 mg N L-1; Figure 4.4

e, g). For the remainder of the melt season, [NH4
+-N] and [NO3

--N] were low (< 0.010

mg N L-1) at WP and WC, where mean [NH4
+-N] was 0.007 and 0.003 mg N L-1 and

mean [NO3
--N] was 0.009 and 0.012 mg N L-1. Both [NH4

+-N] and [NO3
--N] remained

very low at PT throughout the melt period, where mean [NH4
+-N] and mean [NO3

--N]

were below detection limits. At CC in the East watershed, peak [NH4
+-N] (0.033 mg N

L-1) also occurred during the early-late melt transition, whereas [NO3
--N] peaked (0.030

mg N L-1) near the end of the early melt season (Figure 4.4 f, h). At CC, the seasonal

trends in [NH4
+-N] and in particular [NO3

--N] were highly variable, where seasonal

means were 0.007 and 0.013 mg N L-1 (Appendix A). At UER in the East watershed,

[NH4
+-N] was consistently very low, where mean [NH4

+-N] was below the detection

limit. Maximum [NO3
--N] occurred with the first sample at UER (0.041 mg N L-1).

[NO3
--N] was steady during the latter half of the early melt period, and concentrations

decreased as the late melt season proceeded, resulting in a mean [NO3
--N] of 0.009 mg N

L-1 at UER. Considering the high variability of DIN species at WR and ER, it is difficult
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to interpret the significance of DIN concentrations at the headwater and tributary sites due

to low concentrations and the relatively low temporal resolution of the datasets (sampled

once every one to two days). However, the range of concentrations and general seasonal

trends in the tributaries resemble those of the main rivers, except for PT and UER where

DIN concentrations were consistently lower than at the corresponding river outlet sites

(WR and ER).

The raw datasets of DOC, DON, and DIN concentrations are located in Appendix

C.

4.4.2.4 Nutrient Correlations

[DOC] and [DON] were very strongly correlated (rs > 0.80, p < 0.005) during the

early melt season at WR and ER (Table 4.2). The correlation between [DOC] and [DON]

for the entire melt season was weaker in the two catchments (rs > 0.50, p < 0.005), which

was a reflection of the weaker correlations during the late melt season. [DOC] was

inversely correlated with both [NH4
+-N] and [NO3

--N] during the early melt period at WR

(rs < -0.50, p < 0.025) and ER, but the relationships were not significant at ER. [DOC]

and [NH4
+-N] were not correlated for the entire melt season, but a positive correlation

existed at WR during the late melt season. In contrast to the early melt season, [DOC]

and [NO3
--N] exhibited a positive relationship during the late melt period and the whole

melt season at WR.

Strong inverse correlations between [DON] and [NH4
+-N] were found at WR

through the early, late and entire melt seasons (rs < -0.60, p < 0.005), whereas the

relationship between [DON] and [NH4
+-N] was insignificant at ER (Table 4.2). [DON]

and [NO3
--N] exhibited a strong inverse relationship during the early melt period at WR
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(rs < -0.70, p < 0.005), whereas the correlation between [DON] and [NO3
--N] was

insignificant at ER. [NH4
+-N] and [NO3

--N] were well-correlated (rs > 0.50, p < 0.005)

during the early, late and entire melt seasons at WR. The strong inverse correlations

between DON and DIN species may not be entirely meaningful however, because there is

an inherent inverse correlation between DON and DIN species due to the calculation of

DON as the difference between TDN and DIN.
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Table 4.2: Spearman rank correlation (rs) between pairs of different nutrient concentrations at WR and ER during the early (8 June –
13 June 12:00; n = 18), late (13 June 12:00 – 25 June; n = 35) and entire melt season (n = 53). Correlation significance is denoted * (p
< 0.05), ** (p < 0.025), *** (p < 0.01), and **** (p < 0.005), ns: not significant.

Early Melt Late Melt Seasonal

Species Site DOC DON NH4
+-N NO3

--N DOC DON NH4
+-N NO3

--N DOC DON NH4
+-N NO3

--N

DOC WR 1.00 0.85 **** -0.59 *** -0.55 ** 1.00 0.07 ns 0.41 *** 0.57 **** 1.00 0.57 **** 0.08 ns 0.31 **

ER 1.00 0.89 **** -0.24 ns -0.30 ns 1.00 0.35 ** 0.01 ns 0.38 ** 1.00 0.55 **** 0.07 ns 0.62 ****

DON WR 1.00 -0.86 **** -0.75 **** 1.00 -0.61 **** -0.25 ns 1.00 -0.65 **** -0.31 **

ER 1.00 -0.38 ns -0.34 ns 1.00 -0.11 ns -0.16 ns 1.00 -0.14 ns 0.07 ns

NH4
+-N WR 1.00 0.65 **** 1.00 0.57 **** 1.00 0.56 ****

ER 1.00 0.06 ns 1.00 0.33 * 1.00 0.30 **

NO3
--N WR 1.00 1.00 1.00

ER 1.00 1.00 1.00
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4.4.2.5 DOC:DON Ratios

There is little discernable seasonal trend in DOC:DON ratios at WR, because the

ratios were highly variable, and only a slight decline (34-32) was evident, where the slope

(m) of the least-squares regression line was -0.12 (Figure 4.5 a). The DOC:DON ratios

declined from approximately 31 to 16 through the melt period at ER and the downward

slope of the regression line was considerably steeper (m = -0.88; Figure 4.5 b). Shortly

after peak seasonal Q, DOC:DON ratios were very high (> 90) for a few hours at both ER

and WR. The maximum DOC:DON ratio (191) at WR occurred near peak daily Q on

June 16th. Large DOC:DON ratio values at WR (> 100) occurred sporadically when

[DON] was less than 0.020 mg N L-1. According to Lobbes et al. (2000), the C:N ratios

of terrestrial organic matter range from 15-400. Therefore, the large DOC:DON ratios

are not considered erroneous.

The seasonal trends in the DOC:DON ratios at the tributary sites PT and CC

(Figure 4.5 f, g) resembled the trends observed at the river outlet sites, although mean

ratios were lower at PT (16.4) and CC (17.3) relative to the river outlets WR (33.5) and

ER (24.8). A distinct decline in DOC:DON ratios occurred at CC (24-10; m = -0.80) in

the East watershed, and a relatively minimal decline occurred at PT (19-14; -0.29) in the

West watershed. The mean DOC:DON ratios at the headwater sites (Figure 4.5 c, d, e)

WP (24.1), WC (21.1), and UER (18.7) were also less than their associated outlet sites

WR (33.5) and ER (24.8). The seasonal trend in DOC:DON ratios declined at UER (24-

14), however, the slope of the regression line (-0.59) was less than at CC (-0.80) and ER

(-0.88). The ratios for WP (30-18) and WC (26-17) increased up to the early-late melt

transition period, but overall they declined (WP: 30-18; WC: 26-17) to a greater degree

than at WR (34-32) throughout the melt season (m = -0.77 at WP; m = -0.58 at WC).
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4.4.3 Nutrient Fluxes

DOC fluxes were high during the early melt period at both WR and ER (Figure

4.6 a). During the late melt period, the flux of DOC slightly increased at WR, whereas

DOC fluxes gradually decreased over time at ER. The cumulative area specific Q flux

was greater at ER during the early melt period (West:East ratio of 0.64), but area specific

Q at WR exceeded ER during the late melt period (West:East ratio of 1.24), and the

specific Q fluxes were similar over the entire melt season (West:East ratio of 1.01; Table

4.3). On a catchment area basis, the cumulative DOC fluxes for the entire season were

127 kg C km-2 at WR and 169 kg C km-2 at ER (Figure 4.7). During the early melt

period, the watershed ratio (West:East) of the specific flux of DOC (0.52) was slightly

less than the ratio of specific Q (0.64; Table 4.3), which indicates that the higher DOC

flux from East watershed during the early season cannot be explained by higher runoff

alone. During the late melt period, the West:East watershed ratio of specific Q was 1.24,

which indicates a greater water flux from the West River. The specific DOC flux ratio

(1.10) also indicated greater late season DOC export from the West watershed, but the

DOC flux ratio was slightly less than the specific Q ratio. Thus, the East watershed

exported more DOC per unit area and per unit runoff than the West watershed throughout

the season.
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Table 4.3: Specific fluxes and between catchment ratios of Q (mm), DOC (kg C km-2), DON (kg N km-2) and DIN (kg N km-2) during
the early (8 June – 13 June 12:00; n = 18), late (13 June 12:00 – 25 June; n = 35) and entire melt season.

Σ Q (mm) DOC (kg C km-2) DON (kg N km-2) DIN (kg N km-2)

Early Late Seasonal Early Late Seasonal Early Late Seasonal Early Late Seasonal

Melt Melt Melt Melt Melt Melt Melt Melt

West 19.9 61.5 81.4 52.8 74.1 127 2.1 2.8 4.9 0.59 0.95 1.5

East 30.9 49.6 80.5 102 67.5 169 3.6 3.4 7.1 0.81 0.58 1.4

West:East 0.64 1.24 1.01 0.52 1.10 0.75 0.59 0.82 0.70 0.72 1.65 1.11
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DON fluxes were also substantial during the early melt period at WR and ER

(Figure 4.6 b). Much like the DOC export pattern, the flux of DON increased during the

late melt period at WR, and decreased at ER. On a catchment area basis, the seasonal

flux of DON was 4.9 kg N km-2 at WR and 7.0 kg N km-2 at ER (Figure 4.8). Much like

DOC, the watershed ratio of specific Q (0.64) and the specific mass flux of DON (0.59)

were relatively similar during the early melt period. The West:East ratio of area specific

Q was greater (1.24) during the late melt period, however, the specific DON mass flux

ratio was still relatively low (0.82), as specific DON export at ER exceeded WR. Thus,

similar to DOC, the East catchment exported greater amounts of DON per unit area and

per unit runoff than the West catchment

The export of NH4
+-N and NO3

--N were greatest during the early melt period and

the first few days of the late melt period, and the fluxes of NH4
+-N and NO3

--N

diminished as the late melt season progressed (Figure 4.6 c, d). The seasonal fluxes of

DIN were similar at WR (1.5 kg N km-2) and ER (1.4 kg N km-2; Figure 4.8), although

NO3
--N made up 51% of the total DIN flux at WR and 79% of the flux at ER. The

West:East ratio of the specific flux of DIN (0.72) was slightly greater than the ratio of

specific Q (0.64) during the early melt period. The ratio of specific DIN (1.65) was also

greater than the ratio of specific Q (1.24) during the late melt period. Hence, in contrast

to DOC and DON, the West catchment exported greater DIN per unit area and unit of

runoff than the East catchment.
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4.5 Discussion

4.5.1 Hydrology

Mean watershed SWE was substantially less in the East watershed, but the

discharge records suggest that snowmelt and the generation of runoff were advanced and

more intense in the East watershed than in the West watershed during the early melt

season. The West:East ratio of specific Q was low (0.64) during the early melt period,

which indicates there was greater runoff per unit area in the East watershed at this time.

Prior to peak seasonal Q, flow was minimal (< 0.5 m3 s-1) at WR, whereas peak daily Q

was high (> 0.9 m3 s-1) for three days prior to seasonal maximum Q at ER. Greater early

melt season Q at ER may be due to a higher proportion of S-slopes in the East watershed

(37.0%) relative to the West (27.0%), which could result in enhanced radiation receipt

and higher melt rates relative to the West watershed. Lower discharge at WR during the

first few days of runoff, and the delay in the onset of high flow volumes relative to ER,

was likely due to the presence of a deeper snowpack. A deeper snowpack increases the

time required for melt, percolation through the snowpack, and delivery to the West River

as runoff.

During the early melt period, saturation overland flow would have prevailed as the

dominant mechanism for meltwater delivery due to the limited infiltration capacity of the

shallow active layer. The early occurrence of peak seasonal Q in both the West and East

Rivers and the high amplitudes of daily river Q (~0.40 m3 s-1) during the early melt period

support this interpretation. During the late melt period, a greater proportion of meltwater

was likely diverted to subsurface flow as the storage capacity of the active layer

increased. Lower amplitudes of daily river Q in the East watershed (0.18 m3 s-1) indicate

that a greater proportion of meltwater was likely routed through subsurface mineral soils
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relative to the West watershed where the amplitude in daily river Q (0.30 m3 s-1) remained

fairly high during the late melt season. Daily maximum river Q declined at ER during the

late melt season, which indicates that the snowpack became increasingly discontinuous

and the source areas for runoff diminished (Woo, 2005). Whereas, daily maximum Q

increased at WR for much of the late melt period, and the West:East ratio of specific Q

was considerably higher (1.24) than during the early melt period. Greater late melt period

specific Q at WR is due in part to greater watershed SWE, and is also likely attributable

to the increasing delivery of meltwater from a relatively large number of late-lying and

perennial snowbanks (Chapter 3).

4.5.2 Nutrient Concentrations

Four samples per day were obtained from WR and ER during the onset of melt (8-

18 June), which adequately characterized the high variability in DOC, DON, and in

particular DIN concentrations during this time period. For future research, it is

imperative to at least obtain water samples in the late morning (10:00) and evening

(20:00), as these are the times of low and high flow, which often correspond with the

extremes in daily nutrient concentrations. It is recommended that three or four samples

be obtained from the river outlets each day for at least a week after peak seasonal Q

because daily [DIN] remained highly variable well after peak Q. Once flow has receded,

one or two samples per day would be suitable because the variability in daily nutrient

concentrations is greatly reduced in comparison to the onset of melt.

Concentrations of DOC in these rivers were similar to those reported from other

High Arctic watersheds (Stutter and Billet, 2003; Tye and Heaton, 2007), but [DOC] was

considerably less than values reported from Arctic Alaska (Michaelson et al., 1998;
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Peterson et al., 1986) and Subarctic Yukon (Carey, 2003). Greater [DOC] in Alaska and

the Subarctic are attributable to greater vegetation coverage, and the presence of peat-rich

organic soils that are absent in the High Arctic. [DON] was substantially less than values

reported by Tye and Heaton (2007) at High Arctic Spitsbergen and Arctic Alaska

(Peterson et al., 1992). Greater [DON] in both of these studies is also likely due to

vegetation with enhanced productivity and soils richer in OM.

The pattern of [DOC] and [DON] was relatively consistent at the headwater,

tributary and river outlet sites, and was typical of snowmelt-dominated catchments

(Hornberger et al., 1994; Boyer et al., 1997; Williams et al., 2001; Carey, 2003). The

trends in [DOC] and [DON] at all sampling sites are consistent with the flushing of DOM

from the thin organic layer during the initial stages of melt (Michaelson et al., 1998;

MacLean et al., 1999). The rapid decline in [DOC] and [DON] after peak seasonal Q is

indicative of the exhaustion of the pools of soluble DOM, and the reduction in meltwater

supply (Boyer et al., 1997; Williams et al., 2001).

During the late melt period, [DOC] declined at WR and ER, but remained

relatively constant at the headwater and tributary sites. As the active layer develops and a

greater proportion of runoff is diverted to subsurface flow, and hydrophobic fractions of

DOC (primarily lignin rich, plant derived pentoses and phenols with high DOC:DON

ratios) are preferentially retained by sorption to soil minerals (Kawahigashi et al., 2004;

Kawahigashi et al., 2006). This process could explain the lower DOC concentrations and

DOC:DON ratios observed at ER during the late melt period. Reduced levels of [DON]

in the late melt season may also be due to sorption reactions as runoff infiltrates mineral

soils, as well as increases in biotic uptake and mineralization reactions (Schimel and

Chapin, 1996; Nordin et al., 2004).
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In Arctic watersheds, researchers have found strong correlations between DOC

and DON, and suggest that both DOC and DON are primarily derived from humic

substances in soil organic matter (Kawahigashi et al., 2004; Tye and Heaton, 2007). The

correlation between [DOC] and [DON] was very strong during the early melt period at

both WR and ER, which suggests that DOC and DON were derived from similar sources

and meltwater supply was responsible for DOM export during the early part of the

season. During the late melt period, however, the correlation between [DOC] and [DON]

was considerably weaker at both WR and ER. This decoupling in DOC and DON, along

with the decrease in DOC:DON ratios in the East watershed suggest that active layer

development and/or biological alterations in the late melt season had a greater effect on

DOM composition in the East watershed than processes in the West watershed.

DOC:DON ratios were quite high (> 20) during the course of the early melt

season, which is indicative of DOM from predominantly terrestrial sources. Mean ratios

of DOC:DON were lower than most large Siberian rivers (29-69; Lobbes et al., 2000;

Dittmar and Kattner, 2003), but were similar to tributaries of the Yenisei River underlain

by continuous permafrost (Kawahigashi et al., 2004), and tundra streams of High Arctic

Spitsbergen (Tye and Heaton, 2007). The absence of a trend in DOC:DON at WR, and

weak trends in DOC:DON ratios at the West watershed headwater (WP and WC) and

tributary (PT) sites suggest that there was not a systematic or large-scale change in the

source and/or quality of DOM over the course of the season in the West watershed.

Whereas, the distinct declines in DOC:DON through the melt season found at ER and

CC, and to a lesser extent UER, indicate that there was a relatively widespread shift in the

composition of DOM in the East watershed (Hood et al., 2003b; Williams et al., 2001).

This shift in DOC:DON could indicate that active layer development was advanced in the
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East watershed, as active layer thaw would likely promote microbial activity and the

adsorption of humic DOM, which may result in a greater proportion of non-humic DOM

with greater nitrogen content (McKnight et al., 1997; Kawahigashi et al., 2004).

Advanced active layer development in the East watershed could be facilitated by lower

watershed SWE and the greater proportion of S-facing slopes, as both of these factors

would have enhanced the receipt of incoming solar radiation in this catchment relative to

the West watershed. The late season decrease in Q and the diurnal amplitude of Q in the

East watershed also support that there was greater flow and storage of water in the

subsurface in the East watershed relative to the West watershed.

During the last 2-3 days of the melt season, DOC:DON ratios were low (10-13) at

UER and ER, whereas DOC:DON ratios were low at CC for the last 6 days of melt. In

the West watershed, DOC:DON ratios were low at PT (< 15) during the last two days of

melt, but were greater than 15 at WC, and approximately 20 at WP and WR.

Autochthonous production of DOM in Arctic river systems produces lower DOC:DON

ratios (< 10) than observed in either watershed (Lobbes et al., 2000). However, the ratios

were also below the range expected for allochthonous OM from terrestrial sources (15-

400; Lobbes et al., 2000). Therefore, the relatively low DOC:DON ratios near the close

of the melt season suggest that algal productivity in surface waters and/or microbial

productivity in saturated soils may have contributed to DOM exports in isolated areas of

the West watershed and to a greater degree in the East watershed.

DON was the predominant form of dissolved nitrogen at the headwater, tributary

and river outlet sites in both watersheds for the majority of the melt season, which is

consistent with other Arctic studies (Peterson et al., 1992; Tye and Heaton, 2007). In N-

limited ecosystems, inorganic N is retained by assimilation from microbes and plants.
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Thus, losses of NH4
+ and NO3

- to river systems only occur when concentrations are

greater than is necessary for demands by catchment biota, or there is a temporal or spatial

imbalance between hydrologic supply and the biological demand for inorganic N

(Perakis, 2002). Larger, complex organic forms of N are less biologically available to

watershed biota, thus DON often dominates losses of N from N-limited systems. Hence,

the elevated [DIN] in the early melt season indicates that [DIN] supply at this time is

greater than is necessary for watershed biological demand. As the melt season

progressed, the snowcover became increasingly discontinuous, DON was the dominant

dissolved N component, and [DIN] was very low (particularly in the East watershed) due

to spatial and/or temporal disconnects between sources of inorganic N and the watershed

drainage systems. Low [DIN] may also result from low net mineralization rates, high

rates of DIN uptake and immobilization by watershed biota, and gaseous losses of NO3
-

from anaerobic denitrification. Denitrification may have been responsible for low [NO3
--

N] particularly in the West watershed, where there is a higher proportion (30%) of moist

and saturated vegetation types (which are likely favourable sites for denitrification),

relative to the East watershed (20%; Atkinson, D. M. unpublished data)

Few controls have been identified concerning the export of NH4
+ during snowmelt

because concentrations are consistently low in relation to DON and NO3
-. The strong

inverse relationship between [NH4
+-N] and [DON] at WR throughout the melt season

suggests that the mineralization of DOM could account for the sporadic peaks in [NH4
+-

N]. Researchers have shown that net N mineralization occurs during the winter months in

Alaskan and Scandinavian tundra (Hobbie and Chapin, 1996; Schmidt et al., 1999). With

greater watershed SWE in the West catchment, winter soil temperatures could have been

warmer (although still far below freezing), and the mineralization of OM may have been
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greater over the winter months relative to the East watershed. The higher [NH4
+-N] at

WR during the first half of the melt season supports this interpretation. However, West

watershed SWE contained within the large area terrain Classes 2 and 3 (Chapter 3) was

not significantly greater than in the East watershed, and the strong inverse correlation

may be due to the inherent correlation associated with the method of calculation for

DON. Increased [NH4
+-N] during the early melt season in the West watershed may also

be attributable to greater vegetation coverage (50%; Atkinson, D. M. unpublished data),

and thus a larger pool of [NH4
+-N] that has been mineralized since the last flushing event.

As the late melt season progressed and the active layer thawed, the low [NH4
+-N] in both

watersheds may be due to immobilization of mineralized N by soil microbes, adsorption

of NH4
+ to ion exchange sites in mineral soils and/or limited production of inorganic N by

mineralization (Schmidt et al., 1999; Schimel et al., 2004).

Similar to other low N systems, [DON] regularly exceeded [NO3
--N] (Peterson et

al., 1992; Stutter and Billet, 2003). In the High Arctic, Tye and Heaton (2007) found that

streamwater NO3
- was entirely from microbial origin, and snowpack NO3

- was

immobilized into the plant/soil biomass. Arctic researchers have shown that river [NO3
--

N] increases through the snowmelt period and reaches an annual maximum in the summer

once the active layer is developed and biological activity is well underway (Peterson et

al., 1992; Stutter and Billet, 2003). Peterson et al. (1992) also found a highly significant

inverse relationship between [NO3
--N] and Q. In the West and East watersheds, however,

[NO3
--N] declined from the early melt period to the end of the snowmelt season and the

Q-[NO3
--N] relationship was very weak or insignificant at WR and ER. Low end of

season [NO3
--N] suggests that the majority of NO3

- available at the beginning of the

growing season was immobilized by watershed biota or denitrified by anaerobic bacteria.
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4.5.3 Nutrient Fluxes

The seasonal fluxes (18 days) of DOC (< 200 kg C km-2) at Cape Bounty were

less than other Arctic or Subarctic snowmelt environments, although the melt season was

shorter in this study. Finlay et al. (2006) found that the Kolyma River in NE Siberia

exported 878 kg C km-2 during the snowmelt season (28 days), whereas Carey (2003) and

Petrone et al. (2006) reported snowmelt fluxes of 540 kg C km-2 (20 days) and

approximately 375 kg C km-2 (36 days) from discontinuous permafrost watersheds in the

Yukon and Alaska, respectively. The seasonal fluxes of DON (WR: 4.9 kg N km-2; ER

7.1 kg N km-2) were similar to those reported by Petrone et al. (2006) from a forested

Alaskan watershed that contained 53% permafrost coverage, whereas the seasonal fluxes

of NO3
--N were considerably less (WR: 1.5 kg N km-2; ER 1.4 kg N km-2). Petrone et al.

(2006) found that about 6.5 kg N km-2 of DON was exported during the snowmelt season

(36 days), whereas approximately 5 kg N km-2 was exported as NO3
--N and < 1 kg N km-2

as NH4
+-N. The author is unaware of any High Arctic studies in which to compare the

seasonal nutrient fluxes.

The fluxes of all nutrients were greatest during the early melt period (the first 6

days of study) at WR and ER. During the early melt period, 23 and 38% of seasonal

discharge, and on average approximately 40 and 55% of the nutrient flux (DOC, DON,

and DIN) occurred at WR and ER, respectively. High nutrient concentrations and runoff

produced substantial fluxes of nutrients during the early melt period. The specific fluxes

of DOC and DON were greater (93 and 71%) at ER than at WR during the early melt

season, which was partly due to higher area specific discharge (55%) at ER.

During the late melt period, maximum daily Q increased at WR, likely because of

greater watershed SWE and runoff derived from late-lying and perennial snowbanks. As
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a result, the late season WR specific flux of DOC was 10% greater than that of ER,

although the late season specific Q in the West watershed was 24% greater than in the

East watershed. However, unlike DOC, the specific flux of DON from ER during the late

melt period was 21% greater than at WR despite the 24% greater Q at WR. For the entire

melt season, the specific flux of DOC and DON were 33 and 45% greater in the East

watershed relative to the West watershed, even though the specific seasonal runoff values

were similar (81 mm). Therefore, the East watershed exported greater DOC and DON

per unit of area and per unit of water than the West watershed, indicating that the East

watershed had greater sources of DOM that were accessible by meltwater and/or fewer

sinks relative to the West watershed.

As previously discussed, the East watershed likely had advanced active layer

development relative to the West watershed, which is supported by the hydrology (more

rapid and intense early season runoff, and lower diurnal variations in Q near the end of

the melt season) and lower DOC:DON ratios in the East watershed. However, since

enhanced active layer development would result in greater proportions of subsurface

flow, and lower specific fluxes of DON and in particular DOC, enhanced active layer

development is likely not the sole cause of lower DOC:DON, as this cannot explain the

higher specific fluxes of DOC and DON. One process that could explain the greater

specific fluxes of DOC and DON and the low DOC:DON ratios at the headwater,

tributary, and river outlet sites in the East watershed as melt progressed, would be

microbial or algal production of DOM. Due to a greater proportion of S-slopes, enhanced

radiation receipt, lower watershed SWE, and probable warmer saturated soil and standing

water temperatures, the potential for SOM decomposition and algal production of DOM

is likely greater in the East watershed relative to the West watershed. However, the data
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cannot unequivocally demonstrate that enhanced aquatic or microbial production of DOM

occurred in the East watershed.

In contrast to DOC and DON, the West watershed exported more DIN (11%) than

the East watershed per unit of area and unit of water for the entire melt season, and the

specific flux of NH4
+-N was approximately 2.5 times greater in the West watershed

relative to the East watershed. Strong inverse correlations (rs < -0.60, p < 0.005) between

[NH4
+-N] and [DON] were found in the West watershed during the early, late, and entire

melt seasons, whereas the correlation was insignificant in the East watershed. Even

though the method for DON calculation promotes an inherent inverse correlation, the fact

that the strong inverse relationships between NH4
+ and DON were only found in the West

watershed cannot be ignored. Greater watershed SWE could have resulted in warmer

winter soil temperatures, and may have promoted greater OM mineralization, and greater

NH4
+ production in the West watershed. On the contrary, increased West watershed

fluxes of NH4
+ may have occurred due to greater vegetation coverage and possibly a

larger pool of available NH4
+. Greater vegetation coverage typically occurs within

saturated areas (Atkinson, D. M. unpublished data), which likely promotes overland flow

and less adsorption of NH4
+ within mineral soils. The specific fluxes of NO3

--N were

greatest during the first half of the melt season as NO3
- was flushed from the surficial soil

layers in both watersheds. The similarity between the West:East ratios of specific NO3
--N

flux (0.51) and specific Q (0.64) during the early melt season suggest that the fluxes of

NO3
--N are largely a function of meltwater volume.
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4.6 Conclusions

This study examined the concentrations and area specific fluxes of dissolved

nutrients during the snowmelt period in two parallel High Arctic watersheds. At the

beginning of the study period, the West watershed had greater SWE than the East

watershed, but snowmelt and the generation of substantial runoff were advanced and

more intense in the East watershed, thus there was similar total seasonal runoff in both

catchments. Lower peak daily Q, lower amplitude of diurnal variability in Q, less

watershed SWE, and the greater proportion of S-slopes strongly support that the

development of the active layer was likely more advanced in the East watershed, which

could have resulted in a greater proportion of runoff as subsurface flow relative to the

West watershed.

The West watershed appears to have had a consistent source and/or quality of OM

(stable DOC:DON ratios), and the export of DON, NH4
+-N, and NO3

--N were related to

the export of DOC during the early melt period. Hence, the flushing of soluble nutrients

that had accumulated in surficial soils since the last flushing event was likely the primary

process governing nutrient export in the West watershed. Despite similar seasonal

specific Q in the two watersheds, and greater SWE and vegetation coverage in the West

watershed, the specific fluxes of DOC and DON were 33 and 43% greater in the East

watershed. Greater specific fluxes of DOC and DON in the East watershed suggest that

there was greater connectivity between DOM sources and the East River, and/or there

was enhanced soil OM decomposition and greater contributions of autochthonous DOM

from algal production in the East watershed. DOC:DON ratios declined in the East

watershed, and to the best of the author’s knowledge are the lowest reported for the Arctic

during the snowmelt season. The declining and low DOC:DON ratios in the East
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watershed indicate that there was a shift in the dominant source and nature of the DOM,

which was not evident in the West watershed. This decline in DOC:DON ratios most

likely reflects that either a greater proportion of hydrophobic DOM (high DOC:DON)

was adsorbed within mineral soils of the East watershed with the thickening of the active

layer and/or that there were more contributions of autochthonous (low DOC:DON) DOM

from algal production in the late melt season. Therefore, the results indicate that the

transport of OM in these watersheds was heavily dependant on the connectivity of

nutrient sources to hydrological flow paths, and that earlier warming of saturated surficial

soils and thickening of the active layer may have played a role in increasing DOC and

DON exports.

The specific fluxes of DIN are likely related to watershed vegetation coverage, the

magnitude of watershed SWE, and snowmelt related processes. The specific flux of

NH4
+-N was greater in the West watershed, however further research is necessary to

determine the dominant controls on NH4
+ export. The specific fluxes of NO3

--N were

greatest during the first half of the melt season in both watersheds as NO3
- was flushed

from the upper soil horizons. Hence, the flushing of NO3
- was largely a function of

meltwater volume, particularly during the early melt period.

This research contributes to a greater understanding of High Arctic C and N

cycles by being the first high-resolution (multiple samples per day) assessment of DOC,

DON, and DIN concentrations and fluxes from two parallel watersheds, and provides the

basis for future research endeavours. Diurnal variations in DOC were relatively small

(30%), but DON and in particular DIN concentrations varied substantially within a given

day (as much as 100 and 300%). For future research, water samples should be obtained

in the late morning (10:00) and early evening (20:00), and once or twice during the
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afternoon to represent average flow volumes. High-resolution sampling should be done

for at least a week after peak seasonal Q, and then may be reduced to one or two samples

per day.

Climate change in the Arctic will potentially alter nutrient fluxes because the

production and transport of DOC, DON, and DIN are climate sensitive (Finlay et al.,

2006; Tye and Heaton, 2007). Decreases in snowcover duration in the High Arctic may

enhance spring active layer development and thus result in greater seasonal variations in

the composition of DOM and greater fluxes of DOC and DON during the snowmelt

season. Future research should focus on further investigating the composition of OM and

the hydrologic and biological controls on nutrient export in Arctic watersheds. The

seasonally thawed active layer influences the composition and magnitude of OM fluxes,

therefore the development of the active layer should be quantified throughout a given

watershed at various stages of melt to understand the transport of nutrients in Arctic

watersheds. The snowmelt season should be of particular importance because snowmelt

and the subsequent delivery of meltwater to river systems is the primary hydrological

event of the year in the Arctic and is responsible for the majority of annual nutrient

fluxes.
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Chapter 5: Summary and Conclusions

Six primary conclusions result from the research conducted in the West and East

watersheds at Cape Bounty, Melville Island, Nunavut during the spring snowmelt season

of 2005.

1) Terrain exerted a significant control on the end-of-winter snowcover in these High

Arctic watersheds. Flat plateaus were windswept, contain very little SWE, and

acted as redistribution areas. Low slopes contained shallow snowcovers, but

greatly contributed to total watershed SWE, due to their large areal coverage.

Sheltered areas of high slope and river valleys accumulated substantial quantities

of redistributed snow from the surrounding slopes and were considerable sources

of SWE, despite their relatively low areal coverage.

2) Watershed SWE was considerably less than total seasonal runoff due to melt and

the lateral drainage of meltwater prior to the snow survey, the development of an

often immeasurable basal or subsurface ice layer, difficulties quantifying deep

snowbanks, and transect surveys of Classes 5 and 6 crossing into other terrain

classes of lower SWE. However, the terrain classification model and survey

network provide the basis to obtain accurate and reproducible estimates of

watershed SWE in future years, providing that the snow survey is conducted prior

to the onset of melt.

3) Changes should be made to the snow survey methodology to obtain accurate

estimates of watershed SWE. Specifically, Classes 5 and 6 transects 048, 053,

054, 055, 059, and 0513 should be sampled using a grid pattern with 11 depth and

3 density measurements. This sampling modification of the deep, elongated
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snowbanks would likely improve estimates of total watershed SWE by up to 10%.

In addition, ice coring equipment is necessary to accurately quantify Classes 5 and

6 because impenetrable subsurface ice layers often develop in deep snowbanks

every year. Lastly, the northernmost 40 m of transect 0510 should not be included

in estimates of Class 4 SWE, or the orientation of the 0510 transect should be

changed from S-N to SE-NW.

4) This research represents the first high-resolution (multiple samples per day) study

to examine DOC, DON, and DIN concentrations and fluxes in the High Arctic.

Consequently, this research contributes to the understanding of High Arctic C and

N cycles by assessing the control of snow accumulation and snowmelt regime on

the export of nutrients during snowmelt season, which is the primary hydrological

event of the year. The West watershed had greater SWE than the East watershed,

but snowmelt and the generation of runoff were advanced and intensified in the

East watershed. The development of the active layer was also likely advanced in

the East watershed, which could have resulted in a greater proportion of runoff

being diverted to subsurface flow. The export of DON and DIN were strongly

correlated with DOC in the West watershed, where there is likely a consistent

source and/or quality of OM, and the flushing of soluble terrestrial nutrients that

have accumulated in surficial soil layers since the last flushing event is the

primary process governing nutrient export. The specific fluxes of DOC and DON

were 33 and 43% greater in the East watershed, although advanced active layer

development should result in greater subsurface flow, adsorption of hydrophobic

DOM within mineral soils, and reduced concentrations and fluxes of DOC and

DON. The declining and low DOC:DON ratios in the East watershed indicated
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that there was a shift in the source and nature of DOM to the East River. To the

best of the author’s knowledge, the DOC:DON ratios in the East watershed are the

lowest reported from the Arctic, and greater fluxes of DOM to the East River

likely resulted due to greater connectivity with DOM sources, and an increasing

proportion of DOM derived from autochthonous and/or microbial sources as melt

progressed.

5) The majority of N was exported prior to, or at the beginning of the growing

season, which could therefore contribute to the strong N limitations of High Arctic

vegetation. In addition, the dominance of DON suggests that aquatic ecosystems

downstream would need to utilize this complex and less bioavailable form of N to

benefit from N exports during the snowmelt season. The specific fluxes of DON

made up 76% of the TDN flux in the West watershed and 84% in the East

watershed. The export of DIN is likely controlled by watershed vegetation

coverage, the magnitude of watershed SWE, and flushing of the thin organic

layer.

6) The study highlights the necessity of obtaining multiple water samples per day to

characterize the variability in the concentrations, and thus the fluxes of nutrients

during the snowmelt season. Similar to the sampling scheme at the headwater and

tributary sites in the two watersheds, the majority of studies obtain one sample per

day (at best), which only provides the general trend in the concentrations of

nutrients. This type of sampling regime likely introduces a considerable amount

of error when calculating daily and seasonal nutrient fluxes because researchers

have little idea of the variation in nutrient concentrations through the course of the

day. When multiple samples are acquired each day, it is possible to derive a more
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continuous (hourly) record of nutrient concentrations using a sample-interpolation

method, and thus attain a likely more accurate means of calculating daily and

seasonal nutrient fluxes.

The development of the active layer was found to be the dominant control on the

magnitude and composition of DOM fluxes in Low Arctic and Subarctic river systems

underlain by permafrost (Carey and Quinton, 2004; Kawahigashi et al. 2004; Michaelson

et al., 1998), and this study also indicates the active layer development plays a significant

role in High Arctic watersheds. Therefore, further research is necessary to quantify the

development of the active layer, the proportion of runoff that is diverted to subsurface

flow throughout the melt season, and the direct impact this has on the concentration and

composition of DOM. Additional research is required to characterize the sources of

DOM in High Arctic watersheds, and to investigate the hydrobiological controls on

nutrient export. Quantifying the soil C and N contents from various types of soils and

vegetation could be useful in explaining the variability in DOM concentrations. The

application of nuclear magnetic resonance (NMR) spectroscopy could provide insight into

the chemical composition and sources of DOM. Radiocarbon dating and isotopic analysis

techniques could be utilized to assess the impacts of thawing permafrost by determining

the age of C released into river systems. Analysis of snowpack nutrient concentrations

and stable isotopes (15N/14N and 18O/16O) could help determine the proportions of NH4
+

and NO3
- exports that are derived from the snowpack and surficial soils. River discharge

and nutrient concentrations integrate watershed-scale processes, therefore nutrient fluxes

should be sensitive to the impacts of climate change. Thus, the analysis of interannual
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variations in seasonal nutrient fluxes would allow for predictions of the impacts of

climate change on High Arctic ecosystems.
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Appendix A: Summary Statistics of West and East Watershed Nutrients

Table A1: Summary statistics of nutrient concentrations (mg L-1) and fluxes (µg m-2) in
the West watershed. BDL: below detection limit, SD: standard deviation, CV: coefficient
of variation.

DOC DON NH4
+-N NO3

--N DOC DON NH4
+-N NO3

--N

mg C L-1 mg N L-1 mg N L-1 mg N L-1 µg C m-2 µg N m-2 µg N m-2 µg N m-2

WR
Mean 1.99 0.078 0.011 0.011 332 12.3 2.07 2.13
SD 1.05 0.051 0.017 0.010 206 8.47 3.57 2.34
CV 0.53 0.67 1.61 0.91 0.62 0.69 1.72 1.10
n 55 55 55 55 53 53 53 53
Min 1.01 BDL BDL BDL 74 BDL BDL BDL
Max 4.86 0.208 0.056 0.040 1130 38.2 13.6 10.6

WP
Mean 1.10 0.049 0.007 0.009
SD 0.773 0.032 0.007 0.007
CV 0.70 0.66 1.10 0.72
n 8 8 8 8
Min 0.687 0.018 BDL BDL
Max 2.99 0.125 0.022 0.018

WC
Mean 1.12 0.058 0.003 0.012
SD 0.542 0.031 0.009 0.014
CV 0.49 0.55 2.63 1.19
n 7 7 8 8
Min 0.758 0.024 BDL BDL

Max 2.15 0.122 0.026 0.035

PT
Mean 1.64 0.100 0.001 0.002
SD 0.364 0.017 0.002 0.003
CV 0.22 0.17 1.90 1.58
n 15 15 17 17
Min 1.25 0.072 BDL BDL

Max 2.54 0.130 0.007 0.008
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DOC DON NH4
+-N NO3

--N DOC DON NH4
+-N NO3

--N

mg C L-1 mg N L-1 mg N L-1 mg N L-1 µg C m-2 µg N m-2 µg N m-2 µg N m-2

ER
Mean 1.94 0.084 0.005 0.015 409 16.9 0.99 2.97
SD 0.873 0.030 0.011 0.009 316 10.2 2.43 2.15
CV 0.450 0.367 2.347 0.619 0.772 0.608 2.447 0.722
n 53 53 53 53 53 53 53 53
Min 0.946 0.020 BDL BDL 94.8 4.08 BDL BDL
Max 4.24 0.157 0.068 0.040 1280 45.2 13.8 7.80

UER
Mean 1.65 0.088 0.003 0.009
SD 0.501 0.014 0.010 0.007
CV 0.304 0.159 3.244 0.875
n 16 16 17 17
Min 1.10 0.071 BDL BDL
Max 2.91 0.127 0.041 0.020

CC
Mean 1.74 0.098 0.007 0.013
SD 0.946 0.037 0.009 0.010
CV 0.543 0.383 1.264 0.765
n 15 15 17 17
Min 0.613 0.057 BDL BDL

Max 3.65 0.185 0.033 0.030

Table A2: Summary statistics of nutrient concentrations (mg L-1) and fluxes (µg m-2) in
the East watershed. BDL: below detection limit, SD: standard deviation, CV: coefficient
of variation.
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Appendix B: Histograms of Cape Bounty Surface Characteristics

Figure B1: Histograms of slope (a), aspect (b), and land surface curvature (c).
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Figure B2: Histograms of transformed slope (a), transformed aspect (b), and shifted land
surface curvature (c). The peak in TRASP at 0.93 corresponds to areas of flat terrain
(aspect = -1).
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Appendix C: Data Archive

Table C1: SWE at snow survey transects (100 m) in the West and East watersheds.

Measurement Watershed Date of Classification SWE

Site Survey Zone mm

031 West 05/06/2005 4 0.0

032 West 05/06/2005 3 16.2

033 West 05/06/2005 5 400.0

034 West 06/06/2005 3 65.4

035 West 06/06/2005 2 205.9

036 West 06/06/2005 2 0.0

037 West 05/06/2005 2 196.9

038 West 05/06/2005 2 0.0

039 East 07/06/2005 3 0.0

0310 East 07/06/2005 2 0.0

0311 East 06/06/2005 2 0.0

0312 East 06/06/2005 2 0.0

0313 East 07/06/2005 2 85.8

0313.5 East 07/06/2005 5 323.4

0314 East 07/06/2005 2 74.4

042 West 05/06/2005 4 0.0

043 West 05/06/2005 2 0.0

045 West 05/06/2005 4 and 6 441.1

046 West 05/06/2005 4 0.0

047 West 06/06/2005 3 0.0

048 West 06/06/2005 5 175.6

0410 East 06/06/2005 2 17.9

0412 East 4

0414 West 05/06/2005 2 22.7

0416 East 07/06/2005 3 0.0

0418 East 07/06/2005 4 0.0

0421 East 07/06/2005 2 36.5

0422 East 06/06/2005 3 and 6 352.7

0424 East 07/06/2005 2 85.3

0428 East 07/06/2005 3 28.9

051 West 05/06/2005 3 and 6 98.5

052 West 05/06/2005 5 294.9

053 West 05/06/2005 5 366.8

054 West 06/06/2005 4 and 6 125.4

055 West 06/06/2005 5 278.2

056 West 06/06/2005 1 0.0

058 East 07/06/2005 3 0.0

059 East 07/06/2005 5 179.0

0510 East 07/06/2005 4 315.8

0511 East 07/06/2005 1 0.0

0512 East 07/06/2005 4 0.0

0513 East 07/06/2005 4 and 6 299.4
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Table C2: SWE for the West watershed excluding the river buffer terrain class (Class 6)
with watershed SWE based on mean terrain unit SWE calculated from both watersheds.

Classification SWE Area Fractional Relative SWE

Zone (mm) m2 Area mm

1 0.0 209424 0.03 0.0

2 51.8 4100686 0.51 26.6

3 62.4 1785488 0.22 14.0

4 118.2 1395401 0.17 20.7

5 288.3 492100 0.06 17.8

West Total 7983098 79.0

Table C3: SWE for the East watershed excluding the river buffer terrain class (Class 6)
with watershed SWE based on mean terrain unit SWE calculated from both watersheds.

Classification SWE Area Fractional Relative SWE

Zone (mm) m2 Area mm

1 0.0 12095 0.00 0.0

2 51.8 6876416 0.59 30.7

3 62.4 3666567 0.32 19.7

4 118.2 767310 0.07 7.8

5 288.3 285086 0.02 7.1

East Total 11607474 65.3

Table C4: SWE for the West watershed excluding the river buffer terrain class (Class 6)
with watershed SWE based on mean terrain unit SWE calculated from individual
watersheds.

Classification SWE Area Fractional Relative SWE

Zone (mm) m2 Area mm

1 0.0 209424 0.03 0.0

2 70.9 4100686 0.51 36.4

3 45.0 1785488 0.22 10.1

4 113.3 1395401 0.17 19.8

5 303.1 492100 0.06 18.7

West Total 7983098 85.0

Table C5: SWE for the East watershed excluding the river buffer terrain class (Class 6)
with watershed SWE based on mean terrain unit SWE calculated from individual
watersheds.

Classification SWE Area Fractional Relative SWE

Zone (mm) m2 Area mm

1 0.0 12095 0.00 0.0

2 37.5 6876416 0.59 22.2

3 76.3 3666567 0.32 24.1

4 123.0 767310 0.07 8.1

5 251.2 285086 0.02 6.2

East Total 11607474 60.6
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Table C6: SWE for the West watershed including the river buffer terrain class (Class 6)
with watershed SWE based on mean terrain unit SWE calculated from both watersheds.

Classification SWE Area Fractional Relative SWE

Zone (mm) m2 Area mm

1 0.0 207325 0.03 0.0

2 51.8 3982520 0.50 25.9

3 15.8 1761702 0.22 3.5

4 45.1 1376811 0.17 7.8

5 288.3 491097 0.06 17.7

6 263.4 163643 0.02 5.4

West Total 7983098 60.3

Table C7: SWE for the East watershed including the river buffer terrain class (Class 6)
with watershed SWE based on mean terrain unit SWE calculated from both watersheds.

Classification SWE Area Fractional Relative SWE

Zone (mm) m2 Area mm

1 0.0 12095 0.00 0.0

2 51.8 6700746 0.58 29.9

3 15.8 3578006 0.31 4.9

4 45.1 752218 0.06 2.9

5 288.3 284683 0.02 7.1

6 263.4 279726 0.02 6.3

East Total 11607474 51.1

Table C8: SWE for the West watershed including the river buffer terrain class (Class 6)
with watershed SWE based on mean terrain unit SWE calculated from individual
watersheds.

Classification SWE Area Fractional Relative SWE

Zone (mm) m2 Area mm

1 0.0 207325 0.03 0.0

2 70.9 3982520 0.50 35.4

3 27.2 1761702 0.22 6.0

4 0.0 1376811 0.17 0.0

5 303.1 491097 0.06 18.6

6 221.7 163643 0.02 4.5

West Total 7983098 64.6
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Table C9: SWE for the East watershed including the river buffer terrain class (Class 6)
with watershed SWE based on mean terrain unit SWE calculated from individual
watersheds.

Classification SWE Area Fractional Relative SWE

Zone (mm) m2 Area mm

1 0.0 12095 0.00 0.0

2 37.5 6700746 0.58 21.6

3 7.2 3578006 0.31 2.2

4 79.0 752218 0.06 5.1

5 251.2 284683 0.02 6.2

6 326.0 279726 0.02 7.9

East Total 11607474 43.0
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Table C10: West River (WR) chemistry data. pH and EC are corrected to 25°C.

Time DOC DON Cations Anions pH EC

Li+ Na+ NH4
+ K+ Mg2+ Ca2+ F- Cl- NO2

- Br- SO4
2- NO3

- PO4
3- HCO3

-

mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 μS cm-1

06/07/2005 23:45 4.000 0.183 0.000 2.210 0.000 0.781 2.049 2.207 0.034 3.526 0.000 0.000 1.748 0.006 0.022 11.9 7.31 46.6

06/08/2005 11:20 4.038 0.184 0.000 1.911 0.000 0.738 1.794 1.944 0.031 3.272 0.000 0.000 1.530 0.000 0.000 7.14 41.4

06/08/2005 18:50 3.133 0.181 0.000 2.947 0.000 0.625 1.790 1.834 0.033 5.167 0.000 0.000 1.379 0.000 0.004 7.1 6.61 44.7

06/09/2005 10:45 4.862 0.208 0.000 2.795 0.000 0.673 1.758 1.950 0.035 5.021 0.000 0.000 1.341 0.000 0.000 7.4 8.04 46.5

06/09/2005 14:00 4.723 0.196 0.000 2.647 0.000 0.616 1.695 1.756 0.036 4.704 0.002 0.000 1.275 0.068 0.000 6.8 6.66 43.5

06/09/2005 18:00 4.388 0.178 0.000 2.496 0.000 0.563 1.622 1.829 0.032 4.324 0.000 0.000 1.251 0.000 0.000 7.8 6.65 41.0

06/09/2005 22:00 4.432 0.173 0.000 2.573 0.003 0.594 1.647 1.933 0.030 4.188 0.000 0.000 1.315 0.000 0.000 7.5 6.61 45.3

06/10/2005 10:00 2.816 0.125 0.000 2.568 0.002 0.650 1.634 1.781 0.034 4.387 0.002 0.000 1.215 0.089 0.000 8.7 7.42 46.6

06/10/2005 14:00 2.766 0.130 0.000 2.390 0.000 0.585 1.540 1.798 0.032 4.106 0.005 0.000 1.167 0.091 0.000 7.0 7.00 44.5

06/10/2005 18:00 2.461 0.130 0.000 2.252 0.000 0.553 1.363 1.470 0.030 3.888 0.007 0.000 1.138 0.072 0.000 6.4 6.77 41.7

06/10/2005 22:00 2.483 0.112 0.000 2.273 0.005 0.499 1.416 1.491 0.036 3.826 0.002 0.000 1.191 0.062 0.000 6.6 7.69 40.4

06/11/2005 10:00 3.824 0.069 0.000 2.149 0.063 0.527 1.356 1.479 0.026 3.798 0.001 0.000 1.094 0.165 0.000 7.0 6.80 38.8

06/11/2005 14:00 3.100 0.138 0.000 2.066 0.000 0.454 1.216 1.421 0.032 3.467 0.000 0.000 1.131 0.000 0.000 6.6 6.80 39.1

06/11/2005 19:00 2.962 0.081 0.000 1.777 0.011 0.385 1.074 1.271 0.030 2.979 0.003 0.000 1.054 0.125 0.000 5.9 7.02 35.8

06/11/2005 22:00 2.891 0.097 0.000 1.664 0.000 0.352 1.020 1.180 0.028 2.810 0.000 0.000 1.050 0.060 0.000 4.4 7.08 33.8

06/12/2005 11:00 1.676 0.071 0.000 1.603 0.007 0.341 0.962 1.095 0.025 2.792 0.000 0.000 1.088 0.041 0.000 5.1 7.39 38.9

06/12/2005 14:00 1.639 0.017 0.000 1.648 0.059 0.338 0.952 1.126 0.021 2.855 0.003 0.000 1.087 0.176 0.000 3.4 8.10 39.4

06/12/2005 18:00 1.586 0.012 0.000 1.623 0.072 0.321 0.921 1.057 0.026 2.661 0.002 0.000 1.052 0.085 0.000 4.5 7.97 38.5

06/12/2005 23:00 1.517 0.000 0.000 1.607 0.071 0.346 0.950 1.125 0.027 2.745 0.002 0.000 1.058 0.169 0.000 4.3 7.58 37.9

06/13/2005 10:00 1.575 0.059 0.000 1.552 0.014 0.329 0.880 1.006 0.018 2.647 0.002 0.000 1.032 0.076 0.004 5.0 7.14 25.5

06/13/2005 14:00 1.434 0.066 0.000 1.521 0.000 0.292 0.848 0.968 0.024 2.569 0.003 0.000 1.024 0.069 0.000 4.6 6.33 26.1

06/13/2005 18:00 1.446 0.056 0.000 1.538 0.003 0.291 0.855 0.968 0.024 2.530 0.000 0.000 1.005 0.088 0.000 3.7 8.15 25.1

06/13/2005 22:00 1.458 0.048 0.000 1.715 0.032 0.324 0.969 1.127 0.028 2.828 0.003 0.000 1.075 0.092 0.000 4.3 7.02 26.3

06/14/2005 10:00 1.520 0.047 0.000 1.733 0.046 0.310 0.997 1.132 0.022 2.842 0.002 0.000 1.049 0.091 0.000 4.9 7.06 37.5

06/14/2005 14:00 1.444 0.095 0.000 1.650 0.000 0.300 0.936 1.100 0.023 2.720 0.000 0.000 1.031 0.000 0.000 4.5 6.97 34.9

06/14/2005 18:00 1.414 0.071 0.000 1.650 0.000 0.337 0.983 1.178 0.013 2.869 0.000 0.000 1.093 0.111 0.000 3.5 6.94 36.1

06/14/2005 22:00 1.577 0.042 0.000 1.655 0.058 0.351 1.029 1.206 0.019 2.718 0.000 0.000 1.086 0.064 0.005 4.6 7.03 37.8

06/15/2005 10:00 1.565 0.070 0.000 1.584 0.004 0.347 0.937 1.074 0.025 2.616 0.002 0.000 1.005 0.064 0.000 5.9 7.65 36.1
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Table C10 (continued): West River (WR) chemistry data. pH and EC are corrected to 25°C.

Time DOC DON Cations Anions pH EC

Li+ Na+ NH4
+ K+ Mg2+ Ca2+ F- Cl- NO2

- Br- SO4
2- NO3

- PO4
3- HCO3

-

mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 μS cm-1

06/15/2005 14:00 1.507 0.053 0.000 1.520 0.025 0.351 0.891 1.040 0.025 2.497 0.001 0.000 0.994 0.068 0.000 3.8 6.90 34.1

06/15/2005 18:00 1.567 0.029 0.000 1.621 0.053 0.383 0.980 1.203 0.024 2.631 0.001 0.000 1.057 0.098 0.000 4.9 6.77 35.3

06/15/2005 22:00 1.720 0.059 0.000 1.630 0.028 0.362 1.006 1.223 0.031 2.471 0.000 0.000 1.013 0.047 0.004 6.2 6.68 35.7

06/16/2005 10:00 1.540 0.067 0.000 1.496 0.000 0.361 0.917 1.161 0.025 2.375 0.000 0.000 0.924 0.052 0.000 6.2 7.47 31.8

06/16/2005 14:00 1.542 0.059 0.000 1.408 0.016 0.303 0.882 1.044 0.030 2.270 0.002 0.000 0.909 0.048 0.000 5.0 6.94 30.3

06/16/2005 19:00 1.376 0.007 0.000 1.443 0.072 0.316 0.901 1.079 0.020 2.203 0.000 0.000 0.934 0.044 0.000 5.0 6.95 30.7

06/16/2005 22:00 1.471 0.083 0.000 1.422 0.000 0.314 0.906 1.088 0.027 2.108 0.000 0.000 0.909 0.035 0.000 4.8 6.72 30.0

06/17/2005 10:00 1.461 0.063 0.000 1.313 0.009 0.285 0.856 1.017 0.022 2.014 0.000 0.000 0.860 0.063 0.000 4.8 8.07 29.5

06/17/2005 14:00 1.371 0.064 0.000 1.310 0.002 0.321 0.820 1.080 0.031 1.995 0.002 0.000 0.806 0.034 0.000 4.5 6.83 28.5

06/17/2005 18:00 1.372 0.031 0.000 1.337 0.012 0.333 0.835 1.001 0.027 1.959 0.000 0.000 0.816 0.036 0.000 4.3 6.72 28.8

06/17/2005 22:00 1.356 0.037 0.000 1.333 0.000 0.312 0.858 1.036 0.027 1.900 0.002 0.000 0.823 0.021 0.000 4.6 7.08 29.5

06/18/2005 10:00 1.394 0.107 0.000 1.219 0.000 0.302 0.762 1.073 0.017 1.776 0.000 0.000 0.779 0.000 0.003 4.6 7.97 29.4

06/18/2005 14:00 1.170 0.066 0.000 1.156 0.001 0.272 0.746 0.891 0.026 1.647 0.000 0.000 0.781 0.034 0.000 5.0 6.52 28.7

06/18/2005 18:00 1.284 0.074 0.000 1.258 0.000 0.313 0.817 1.212 0.028 1.813 0.004 0.000 0.772 0.018 0.000 4.4 7.00 29.1

06/18/2005 22:00 1.457 0.043 0.000 1.167 0.016 0.272 0.816 1.038 0.021 1.685 0.001 0.000 0.794 0.054 0.000 4.5 6.88 29.5

06/20/2005 10:00 1.332 0.016 0.000 1.153 0.004 0.231 0.819 1.037 0.024 1.526 0.003 0.000 0.771 0.079 0.000 4.8 7.66 26.6

06/20/2005 18:00 1.181 0.042 0.000 1.319 0.000 0.308 0.792 1.127 0.017 1.724 0.000 0.000 0.754 0.000 0.000 4.3 6.50 26.0

06/21/2005 10:00 1.398 0.063 0.000 1.170 0.000 0.218 0.843 1.104 0.025 1.416 0.000 0.000 0.686 0.000 0.000 5.3 8.23 34.0

06/21/2005 18:00 1.371 0.060 0.000 1.118 0.000 0.228 0.772 0.938 0.019 1.380 0.000 0.000 0.733 0.027 0.000 5.1 8.09 35.6

06/22/2005 10:00 1.197 0.034 0.000 1.112 0.025 0.205 0.797 0.973 0.021 1.373 0.003 0.000 0.804 0.061 0.000 5.3 7.65 28.2

06/22/2005 18:00 1.074 0.077 0.000 1.125 0.000 0.219 0.715 0.894 0.026 1.411 0.000 0.000 0.719 0.000 0.004 4.7 7.57 27.7

06/23/2005 10:00 1.624 0.055 0.000 1.106 0.008 0.203 0.826 1.009 0.018 1.317 0.003 0.000 0.782 0.031 0.000 4.8 7.99 30.8

06/23/2005 18:00 1.239 0.034 0.000 1.092 0.000 0.193 0.757 0.933 0.026 1.338 0.000 0.000 0.777 0.000 0.003 5.5 7.60 28.9

06/24/2005 10:00 1.203 0.058 0.000 1.040 0.001 0.196 0.802 1.155 0.027 1.294 0.000 0.000 0.836 0.000 0.000 4.8 7.84 30.0

06/24/2005 18:00 1.077 0.049 0.000 1.001 0.004 0.199 0.745 0.957 0.028 1.269 0.005 0.000 0.822 0.000 0.000 4.1 7.37 22.0

06/25/2005 10:00 1.186 0.067 0.000 1.063 0.000 0.228 0.842 1.199 0.021 1.243 0.000 0.000 0.775 0.000 0.002 5.6 7.58 21.8

06/25/2005 18:00 1.009 0.035 0.000 1.110 0.024 0.311 0.764 0.983 0.027 1.419 0.002 0.000 0.818 0.031 0.000 5.7 7.16 16.0
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Table C11: East River (ER) chemistry data. pH and EC are corrected to 25°C.

Time DOC DON Cations Anions pH EC

Li+ Na+ NH4
+ K+ Mg2+ Ca2+ F- Cl- NO2

- Br- SO4
2- NO3

- PO4
3- HCO3

-

mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 μS cm-1

08/06/2005 21:35 2.699 0.121 0.000 2.988 0.000 0.517 1.501 1.818 0.027 5.539 0.004 0.000 1.473 0.059 0.000 6.5 7.75 43.3

09/06/2005 10:05 4.141 0.157 0.000 3.102 0.000 0.564 1.661 1.940 0.033 5.580 0.003 0.000 1.518 0.118 0.000 7.8 7.47 47.0

09/06/2005 14:00 4.237 0.142 0.000 2.966 0.000 0.516 1.621 1.872 0.033 5.308 0.004 0.000 1.462 0.086 0.000 6.8 6.92 46.0

09/06/2005 18:00 3.765 0.129 0.000 2.609 0.017 0.474 1.550 1.781 0.035 4.557 0.003 0.000 1.382 0.090 0.000 7.8 6.85 47.7

09/06/2005 22:00 3.910 0.138 0.000 2.497 0.003 0.461 1.569 1.889 0.036 4.346 0.000 0.000 1.395 0.099 0.004 8.2 6.78 46.1

10/06/2005 10:00 2.475 0.121 0.000 2.852 0.000 0.583 1.668 2.172 0.033 5.141 0.006 0.000 1.505 0.089 0.052 7.8 6.94 32.9

10/06/2005 14:00 2.258 0.076 0.000 2.636 0.000 0.461 1.613 1.986 0.033 4.703 0.002 0.000 1.370 0.095 0.000 7.8 6.97 48.8

10/06/2005 18:00 2.132 0.057 0.000 2.325 0.014 0.441 1.531 1.893 0.033 4.156 0.002 0.000 1.336 0.118 0.000 6.7 6.88 43.1

10/06/2005 22:00 2.313 0.099 0.000 2.391 0.008 0.448 1.560 1.864 0.034 4.028 0.000 0.000 1.309 0.094 0.000 7.4 7.25 44.9

11/06/2005 10:00 3.844 0.141 0.000 2.434 0.000 0.458 1.543 1.792 0.032 4.139 0.002 0.000 1.344 0.061 0.000 7.3 6.25 45.3

11/06/2005 15:00 3.287 0.116 0.000 1.990 0.000 0.409 1.286 1.507 0.033 3.215 0.002 0.000 1.099 0.068 0.004 7.4 6.88 42.1

11/06/2005 18:00 3.606 0.085 0.000 2.052 0.036 0.411 1.343 1.661 0.033 3.207 0.004 0.000 1.128 0.085 0.000 7.3 6.87 43.5

11/06/2005 22:00 3.490 0.124 0.000 2.173 0.000 0.410 1.405 1.763 0.035 3.434 0.000 0.000 1.148 0.068 0.004 7.2 6.99 44.6

12/06/2005 11:00 1.954 0.066 0.000 2.295 0.000 0.449 1.463 1.814 0.028 3.987 0.003 0.000 1.195 0.177 0.000 6.3 7.35 57.3

12/06/2005 14:40 1.915 0.071 0.000 2.189 0.000 0.380 1.389 1.712 0.031 3.783 0.002 0.000 1.101 0.139 0.000 7.2 8.44 54.3

12/06/2005 18:00 1.827 0.080 0.000 2.115 0.004 0.338 1.347 1.617 0.031 3.450 0.003 0.000 1.058 0.091 0.000 7.6 8.06 51.4

12/06/2005 22:00 1.836 0.020 0.000 2.165 0.088 0.370 1.411 1.710 0.034 3.527 0.002 0.000 1.098 0.070 0.000 7.4 7.64 30.7

13/06/2005 10:00 2.040 0.099 0.000 2.369 0.005 0.692 1.445 1.741 0.032 4.072 0.000 0.000 1.142 0.098 0.004 7.2 8.00 38.5

13/06/2005 14:00 1.926 0.063 0.000 2.442 0.000 0.666 1.420 1.781 0.034 4.163 0.003 0.000 1.119 0.104 0.000 7.5 6.59 40.4

13/06/2005 18:00 1.650 0.058 0.000 2.245 0.000 0.551 1.328 1.701 0.030 3.783 0.000 0.000 1.038 0.080 0.004 8.2 6.97 38.9

13/06/2005 22:00 1.716 0.094 0.000 2.136 0.000 0.371 1.308 1.555 0.033 3.447 0.019 0.000 1.017 0.000 0.005 5.5 6.75 36.3

14/06/2005 10:00 1.698 0.101 0.000 2.236 0.000 0.364 1.382 1.614 0.030 3.593 0.004 0.000 1.090 0.058 0.006 7.7 7.67 50.5

14/06/2005 14:00 1.642 0.099 0.000 2.218 0.000 0.367 1.394 1.666 0.032 3.566 0.002 0.000 1.080 0.104 0.003 7.1 6.88 49.9

14/06/2005 18:00 1.575 0.086 0.000 1.990 0.024 0.399 1.369 1.660 0.033 3.270 0.000 0.000 1.036 0.071 0.004 7.3 6.69 48.8

14/06/2005 22:00 1.689 0.115 0.000 1.960 0.019 0.389 1.369 1.648 0.031 3.158 0.000 0.000 1.050 0.077 0.000 7.8 6.55 47.6

15/06/2005 10:00 1.788 0.033 0.000 2.080 0.023 0.403 1.476 1.856 0.027 3.459 0.002 0.000 1.133 0.138 0.000 8.8 6.90 49.8

15/06/2005 14:00 1.726 0.093 0.000 1.993 0.000 0.376 1.423 1.767 0.030 3.196 0.002 0.000 1.050 0.067 0.000 7.2 6.78 50.1

15/06/2005 18:00 1.499 0.082 0.000 1.690 0.000 0.371 1.280 1.578 0.033 2.624 0.005 0.000 0.955 0.044 0.000 6.9 6.78 42.0
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Table C11 (continued): East River (ER) chemistry data. pH and EC are corrected to 25°C.

Time DOC DON Cations Anions pH EC

Li+ Na+ NH4
+ K+ Mg2+ Ca2+ F- Cl- NO2

- Br- SO4
2- NO3

- PO4
3- HCO3

-

mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 μS cm-1

15/06/2005 22:00 1.520 0.089 0.000 1.744 0.000 0.406 1.306 1.668 0.031 2.693 0.012 0.000 0.978 0.037 0.000 7.3 6.89 44.2

16/06/2005 10:00 1.747 0.068 0.000 1.907 0.027 0.377 1.354 1.624 0.031 2.967 0.004 0.000 1.028 0.073 0.000 8.6 6.67 44.2

16/06/2005 14:00 1.539 0.054 0.001 2.011 0.000 0.410 1.367 1.767 0.034 3.133 0.010 0.000 1.030 0.084 0.000 7.4 6.86 43.5

16/06/2005 18:00 1.460 0.050 0.000 1.701 0.000 0.364 1.267 1.571 0.027 2.628 0.004 0.000 0.955 0.083 0.006 7.5 6.78 40.0

16/06/2005 22:00 1.481 0.082 0.000 1.571 0.007 0.363 1.228 1.500 0.031 2.380 0.001 0.000 0.928 0.072 0.006 7.6 6.76 39.1

17/06/2005 10:00 1.566 0.076 0.000 1.909 0.000 0.361 1.352 1.633 0.027 2.610 0.004 0.000 0.982 0.064 0.000 8.5 6.67 42.3

17/06/2005 14:00 1.410 0.089 0.000 1.728 0.000 0.377 1.324 1.653 0.032 2.597 0.005 0.000 0.938 0.051 0.000 8.6 7.32 39.7

17/06/2005 18:00 1.327 0.096 0.000 1.588 0.004 0.360 1.251 1.627 0.027 2.378 0.007 0.000 0.896 0.000 0.000 7.6 6.92 39.2

17/06/2005 22:00 1.409 0.071 0.000 1.542 0.010 0.383 1.222 1.512 0.031 2.291 0.000 0.000 0.887 0.072 0.000 7.2 6.60 38.4

18/06/2005 10:00 1.643 0.123 0.000 1.587 0.000 0.322 1.270 1.551 0.029 2.200 0.000 0.000 0.898 0.000 0.000 7.9 8.27 43.3

18/06/2005 14:00 1.229 0.062 0.000 1.543 0.016 0.433 1.172 1.512 0.023 2.190 0.000 0.000 0.835 0.076 0.062 7.5 6.86 40.5

18/06/2005 18:00 0.946 0.022 0.000 1.473 0.000 0.387 1.164 1.704 0.024 2.150 0.005 0.000 0.799 0.055 0.000 7.5 6.91 38.8

18/06/2005 22:00 1.240 0.077 0.000 1.448 0.000 0.356 1.143 1.419 0.029 2.000 0.003 0.000 0.813 0.062 0.000 7.2 6.89 38.7

20/06/2005 10:00 1.835 0.052 0.000 1.460 0.000 0.269 1.226 1.493 0.024 1.714 0.017 0.000 0.779 0.033 0.004 8.9 7.42 37.9

20/06/2005 18:00 1.073 0.049 0.000 1.518 0.001 0.328 1.104 1.511 0.031 1.821 0.000 0.000 0.782 0.000 0.000 6.8 6.76 34.0

21/06/2005 10:00 1.575 0.098 0.000 1.473 0.000 0.242 1.292 1.549 0.027 1.649 0.000 0.000 0.838 0.000 0.000 8.5 7.65 48.2

21/06/2005 18:00 1.456 0.073 0.000 1.465 0.000 0.269 1.248 1.521 0.028 1.720 0.000 0.000 0.822 0.000 0.000 8.7 7.06 47.2

22/06/2005 10:00 1.272 0.073 0.000 1.340 0.009 0.242 1.206 1.536 0.020 1.552 0.005 0.000 0.772 0.051 0.000 7.9 7.91 39.1

22/06/2005 18:00 1.161 0.085 0.000 1.269 0.000 0.237 1.064 1.334 0.027 1.528 0.002 0.000 0.713 0.040 0.000 7.1 7.31 34.9

23/06/2005 10:00 1.819 0.103 0.000 1.363 0.000 0.255 1.251 1.569 0.024 1.539 0.005 0.000 0.765 0.042 0.004 8.4 7.65 42.8

23/06/2005 18:00 1.118 0.047 0.000 1.362 0.000 0.303 1.065 1.364 0.025 1.604 0.000 0.000 0.726 0.000 0.000 7.2 7.13 38.8

24/06/2005 10:00 1.224 0.052 0.000 1.320 0.000 0.270 1.195 1.694 0.028 1.487 0.000 0.000 0.749 0.000 0.004 8.5 8.22 41.5

24/06/2005 18:00 0.982 0.075 0.000 1.409 0.000 0.296 1.187 1.672 0.025 1.690 0.000 0.000 0.785 0.000 0.004 9.1 7.19 32.8

25/06/2005 10:00 1.129 0.064 0.000 1.185 0.005 0.236 1.138 1.433 0.026 1.324 0.002 0.000 0.679 0.051 0.005 7.9 7.97 27.6

25/06/2005 18:00 1.002 0.072 0.000 1.517 0.000 0.370 1.182 1.479 0.027 1.801 0.005 0.000 0.784 0.035 0.000 7.6 7.27 22.3



155

Table C12: Ptarmigan Creek (PT) chemistry data. pH and EC are corrected to 25°C.

Time DOC DON Cations Anions pH EC

Li+ Na+ NH4
+ K+ Mg2+ Ca2+ F- Cl- NO2

- Br- SO4
2- NO3

- PO4
3- HCO3

-

mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 μS cm-1

08/06/2005 14:00 2.536 0.130 0.000 2.481 0.000 0.601 2.143 1.944 0.047 3.594 0.000 0.000 1.464 0.000 0.000 11.3 7.18 47.0

09/06/2005 16:45 2.088 0.118 0.000 2.128 0.000 0.479 1.982 1.829 0.042 2.749 0.000 0.000 1.159 0.000 0.004 11.2 6.80 39.7

10/06/2005 14:25 2.107 0.111 0.000 1.872 0.003 0.418 1.845 1.749 0.044 2.223 0.000 0.000 1.002 0.011 0.000 9.4 6.67 40.7

11/06/2005 14:00 1.308 0.102 0.000 1.582 0.000 0.307 1.288 1.266 0.035 1.700 0.000 0.000 0.778 0.000 0.000 7.0 7.03 34.5

12/06/2005 13:00 1.670 0.091 0.000 1.707 0.000 0.323 1.522 1.510 0.023 1.713 0.000 0.000 0.953 0.000 0.000 8.6 7.51 47.4

13/06/2005 16:00 1.529 0.080 0.000 1.703 0.003 0.478 1.408 1.517 0.034 1.813 0.002 0.000 0.911 0.034 0.000 9.5 7.88 30.1

14/06/2005 12:30 1.834 0.112 0.000 1.932 0.000 0.386 2.108 2.083 0.037 2.107 0.000 0.000 1.269 0.000 0.000 12.6 7.03 56.7

15/06/2005 13:00 1.647 0.088 0.000 1.539 0.008 0.417 1.675 1.689 0.035 1.628 0.000 0.000 0.963 0.025 0.000 11.2 6.46 45.9

16/06/2005 13:15 0.000 1.530 0.000 0.435 1.716 1.729 0.036 1.668 0.007 0.000 0.866 0.020 0.000 10.2 6.63 44.4

17/06/2005 13:45 1.482 0.089 0.000 1.442 0.000 0.449 1.614 1.606 0.034 1.444 0.000 0.000 0.772 0.000 0.000 9.2 6.64 43.1

18/06/2005 13:00 1.313 0.092 0.000 1.256 0.000 0.357 1.470 1.459 0.032 1.157 0.000 0.000 0.729 0.000 0.004 9.3 6.92 41.1

20/06/2005 13:00 1.247 0.072 0.000 1.479 0.005 0.325 1.685 1.673 0.038 1.311 0.000 0.000 0.900 0.000 0.000 11.0 6.56 44.2

21/06/2005 15:00 1.673 0.119 0.000 1.743 0.000 0.435 2.230 2.329 0.033 1.543 0.000 0.000 1.278 0.000 0.003 14.2 7.18 69.2

22/06/2005 12:45 0.000 1.336 0.000 0.314 1.512 1.537 0.034 1.175 0.000 0.000 0.828 0.000 0.000 9.7 6.70 43.2

23/06/2005 13:15 1.519 0.090 0.000 1.656 0.000 0.384 2.027 2.031 0.041 1.522 0.005 0.000 1.212 0.009 0.000 12.2 7.21 60.0

24/06/2005 13:15 1.295 0.098 0.000 1.691 0.000 0.398 2.135 2.135 0.043 1.547 0.000 0.000 1.279 0.021 0.000 13.1 6.81 60.1

25/06/2005 13:15 1.407 0.121 0.000 2.035 0.002 0.495 2.683 2.666 0.042 2.009 0.000 0.000 1.721 0.000 0.000 16.7 6.68 56.1
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Table C13: West watershed confluence (WC) chemistry data. pH and EC are corrected to 25°C.

Time DOC DON Cations Anions pH EC

Li+ Na+ NH4
+ K+ Mg2+ Ca2+ F- Cl- NO2

- Br- SO4
2- NO3

- PO4
3- HCO3

-

mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 μS cm-1

06/08/2005 13:30 2.151 0.122 0.000 1.537 0.000 0.401 1.321 1.552 0.019 3.556 0.000 0.000 1.729 0.057 0.000 6.0 7.73 32.0

06/10/2005 15:00 1.563 0.066 0.000 1.960 0.000 0.353 0.899 1.057 0.020 4.192 0.000 0.010 1.274 0.128 0.000 1.7 6.58 33.1

06/14/2005 12:15 1.008 0.024 0.000 1.189 0.033 0.210 0.615 0.754 0.019 2.095 0.002 0.000 1.141 0.091 0.000 2.2 6.62 25.8

06/16/2005 12:15 0.000 1.312 0.002 0.255 0.626 0.933 0.010 2.369 0.000 0.003 1.099 0.154 0.000 2.9 6.53 24.7

06/18/2005 12:30 0.792 0.055 0.000 0.797 0.000 0.178 0.471 0.665 0.016 1.329 0.021 0.000 0.875 0.000 0.000 2.9 6.67 20.3

06/20/2005 12:30 0.758 0.048 0.000 0.733 0.000 0.166 0.460 0.661 0.014 1.150 0.000 0.000 0.843 0.000 0.004 2.8 6.55 17.6

06/22/2005 12:30 0.773 0.045 0.000 0.862 0.000 0.166 0.562 0.794 0.022 1.328 0.000 0.000 1.219 0.000 0.000 3.6 6.61 22.7

06/24/2005 12:45 0.761 0.047 0.000 0.900 0.000 0.217 0.610 1.100 0.017 1.417 0.000 0.000 1.321 0.000 0.000 4.0 7.09 25.3

Table C14: West watershed pond outlet (WP) chemistry data. pH and EC are corrected to 25°C.

Time DOC DON Cations Anions pH EC

Li+ Na+ NH4
+ K+ Mg2+ Ca2+ F- Cl- NO2

- Br- SO4
2- NO3

- PO4
3- HCO3

-

mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 μS cm-1

06/08/2005 12:10 2.985 0.125 0.000 1.504 0.003 0.517 0.998 1.214 0.028 3.368 0.000 0.000 1.506 0.000 0.000 2.4 6.92 28.0

06/11/2005 13:00 1.125 0.037 0.000 1.068 0.014 0.216 0.501 0.562 0.016 2.121 0.000 0.000 0.951 0.071 0.000 2.4 5.35 20.0

06/14/2005 12:00 0.789 0.018 0.000 0.957 0.029 0.203 0.522 0.636 0.015 1.685 0.002 0.000 1.086 0.078 0.004 2.3 6.92 21.2

06/16/2005 12:45 0.757 0.038 0.000 0.831 0.000 0.186 0.475 0.591 0.015 1.489 0.000 0.000 1.028 0.039 0.000 2.8 6.35 18.4

06/18/2005 12:15 0.820 0.051 0.000 0.768 0.005 0.176 0.424 0.565 0.014 1.322 0.000 0.000 0.941 0.032 0.000 2.9 6.67 20.3

06/20/2005 12:15 0.687 0.049 0.000 0.705 0.000 0.174 0.414 0.599 0.015 1.233 0.000 0.000 0.945 0.000 0.000 1.9 7.07 15.9

06/22/2005 11:30 0.796 0.035 0.000 0.986 0.007 0.210 0.579 0.717 0.017 1.525 0.000 0.000 1.516 0.060 0.003 2.9 7.00 25.0

06/24/2005 12:30 0.827 0.040 0.000 0.980 0.011 0.219 0.590 0.714 0.024 1.486 0.000 0.000 1.555 0.050 0.000 3.0 8.07 26.8
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Table C15: Caribou Creek (CC) chemistry data. pH and EC are corrected to 25°C.

Time DOC DON Cations Anions pH EC

Li+ Na+ NH4
+ K+ Mg2+ Ca2+ F- Cl- NO2

- Br- SO4
2- NO3

- PO4
3- HCO3

-

mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 μS cm-1

08/06/2005 22:30 3.652 0.185 0.000 2.468 0.027 0.561 2.254 2.312 0.043 4.320 0.000 0.000 1.088 0.087 0.000 10.9 6.72 47.8

09/06/2005 15:10 3.238 0.161 0.000 2.442 0.000 0.545 2.187 2.180 0.059 3.930 0.002 0.000 1.023 0.063 0.004 11.5 6.96 47.7

10/06/2005 17:05 2.789 0.121 0.000 2.179 0.005 0.526 2.080 2.176 0.044 3.315 0.005 0.000 0.918 0.099 0.000 10.9 6.66 48.3

11/06/2005 17:15 2.757 0.140 0.000 2.385 0.017 0.497 1.894 1.998 0.067 2.714 0.000 0.000 0.897 0.060 0.000 11.9 7.05 52.8

12/06/2005 17:35 1.835 0.063 0.000 1.379 0.017 0.339 1.272 1.424 0.034 1.789 0.002 0.000 0.503 0.133 0.000 7.7 7.99 39.8

13/06/2005 17:30 1.642 0.102 0.000 1.040 0.003 0.301 0.939 1.154 0.032 1.359 0.000 0.000 0.369 0.000 0.000 5.3 7.65 22.7

14/06/2005 17:00 1.838 0.072 0.000 1.094 0.043 0.745 1.052 1.212 0.036 1.817 0.002 0.000 0.424 0.046 0.000 7.3 6.97 32.7

15/06/2005 17:30 1.424 0.080 0.000 0.862 0.016 0.289 0.917 1.064 0.024 1.206 0.004 0.000 0.347 0.054 0.000 5.3 6.62 26.2

16/06/2005 17:45 1.245 0.089 0.000 0.904 0.000 0.288 0.968 1.081 0.031 1.191 0.000 0.000 0.362 0.000 0.000 5.8 6.92 26.8

17/06/2005 17:45 1.401 0.076 0.000 1.075 0.013 0.400 1.105 1.407 0.037 1.469 0.002 0.000 0.435 0.099 0.000 7.2 6.83 29.6

18/06/2005 17:50 0.000 0.818 0.002 0.282 0.934 1.028 0.025 1.038 0.002 0.000 0.342 0.047 0.004 6.0 6.89 29.3

20/06/2005 17:30 0.899 0.083 0.000 0.787 0.000 0.273 0.802 1.053 0.019 1.103 0.000 0.000 0.266 0.000 0.000 6.4 6.9 22.1

21/06/2005 17:35 1.170 0.082 0.000 0.980 0.000 0.318 1.194 1.329 0.026 1.123 0.010 0.000 0.400 0.018 0.000 7.7 8.23 38.4

22/06/2005 17:45 0.819 0.087 0.000 0.614 0.000 0.239 0.651 0.848 0.019 0.877 0.000 0.000 0.225 0.000 0.000 4.5 6.94 20.7

23/06/2005 17:15 0.000 0.518 0.000 0.189 0.647 0.771 0.018 0.677 0.020 0.000 0.224 0.044 0.000 4.3 8.27 20.9

24/06/2005 17:30 0.613 0.057 0.000 0.520 0.014 0.206 0.639 0.795 0.018 0.692 0.000 0.000 0.230 0.115 0.000 4.4 7.39 15.0

25/06/2005 17:30 0.810 0.072 0.000 0.567 0.004 0.189 0.738 0.989 0.019 0.729 0.000 0.000 0.269 0.097 0.000 4.8 6.44 13.3
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Table C16: Upper East River (UER) chemistry data. pH and EC are corrected to 25°C.

Time DOC DON Cations Anions pH EC

Li+ Na+ NH4
+ K+ Mg2+ Ca2+ F- Cl- NO2

- Br- SO4
2- NO3

- PO4
3- HCO3

-

mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 μS cm-1

08/06/2005 22:45 2.914 0.095 0.000 2.198 0.053 0.458 1.585 1.979 0.035 3.940 0.000 0.000 1.496 0.090 0.004 7.7 6.96 40.1

09/06/2005 15:30 2.364 0.127 0.000 1.898 0.000 0.433 1.458 1.881 0.028 3.489 0.010 0.000 1.405 0.000 0.000 7.5 6.93 37.5

10/06/2005 17:20 2.144 0.105 0.000 1.705 0.000 0.402 1.401 1.939 0.033 2.958 0.007 0.000 1.260 0.037 0.000 6.9 7.60 38.6

11/06/2005 17:25 1.914 0.093 0.000 1.515 0.000 0.341 1.307 1.761 0.034 2.430 0.003 0.000 1.073 0.066 0.000 7.2 6.83 40.0

12/06/2005 17:00 1.783 0.097 0.000 1.479 0.000 0.340 1.250 1.687 0.031 2.413 0.002 0.000 1.000 0.063 0.000 7.3 7.74 46.2

13/06/2005 17:20 1.769 0.081 0.000 1.528 0.004 0.413 1.277 1.741 0.029 2.558 0.000 0.000 1.015 0.075 0.005 8.6 7.86 34.1

14/06/2005 17:15 1.660 0.081 0.000 1.424 0.001 0.306 1.363 1.842 0.031 2.279 0.002 0.000 1.115 0.059 0.000 8.0 6.90 46.1

15/06/2005 17:15 1.451 0.071 0.000 1.278 0.000 0.343 1.276 1.796 0.029 1.983 0.003 0.000 1.028 0.067 0.000 9.5 6.86 41.2

16/06/2005 17:30 1.470 0.077 0.000 1.278 0.003 0.314 1.291 1.786 0.029 1.955 0.005 0.000 1.023 0.065 0.000 7.6 6.79 39.9

17/06/2005 17:30 1.435 0.079 0.000 1.261 0.000 0.290 1.292 1.792 0.030 1.891 0.000 0.000 0.993 0.068 0.000 8.9 6.92 40.7

18/06/2005 17:40 0.000 1.094 0.002 0.249 1.190 1.666 0.001 1.584 0.004 0.000 0.864 0.038 0.004 8.2 6.82 39.4

20/06/2005 17:45 1.189 0.078 0.000 1.102 0.000 0.260 1.207 1.777 0.032 1.401 0.000 0.000 0.828 0.000 0.000 7.9 6.92 36.2

21/06/2005 17:25 1.611 0.089 0.000 1.258 0.004 0.271 1.560 2.225 0.038 1.494 0.002 0.000 1.002 0.000 0.004 10.4 8.30 56.4

22/06/2005 17:30 1.121 0.073 0.000 1.053 0.000 0.226 1.211 1.736 0.032 1.281 0.000 0.000 0.835 0.000 0.000 8.5 7.15 39.6

23/06/2005 17:00 1.265 0.082 0.000 1.078 0.000 0.230 1.319 1.888 0.033 1.345 0.009 0.000 0.850 0.016 0.000 8.9 7.32 44.7

24/06/2005 17:15 1.099 0.076 0.000 1.132 0.000 0.282 1.395 2.312 0.025 1.454 0.000 0.000 0.831 0.000 0.000 10.1 6.92 38.9

25/06/2005 17:15 1.155 0.094 0.000 1.124 0.000 0.255 1.607 2.355 0.038 1.334 0.006 0.000 0.925 0.000 0.000 11.2 6.74 27.1
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Table C17: West and East River discharge.

Time WR ER

Modelled Measured Measured

m3 s-1 m3 s-1 m3 s-1

06/07/2005 0:00 0.04

06/07/2005 1:00 0.21

06/07/2005 2:00 0.20

06/07/2005 3:00 0.21

06/07/2005 4:00 0.25

06/07/2005 5:00 0.22

06/07/2005 6:00 0.18

06/07/2005 7:00 0.18

06/07/2005 8:00 0.17

06/07/2005 9:00 0.16

06/07/2005 10:00 0.15

06/07/2005 11:00 0.16

06/07/2005 12:00 0.18

06/07/2005 13:00 0.21

06/07/2005 14:00 0.23

06/07/2005 15:00 0.24

06/07/2005 16:00 0.27

06/07/2005 17:00 0.30

06/07/2005 18:00 0.32

06/07/2005 19:00 0.33

06/07/2005 20:00 0.34

06/07/2005 21:00 0.34

06/07/2005 22:00 0.34

06/07/2005 23:00 0.34

06/08/2005 0:00 0.33

06/08/2005 1:00 0.31

06/08/2005 2:00 0.28

06/08/2005 3:00 0.27

06/08/2005 4:00 0.25

06/08/2005 5:00 0.23

06/08/2005 6:00 0.22

06/08/2005 7:00 0.02 0.22

06/08/2005 8:00 0.00 0.20

06/08/2005 9:00 0.00 0.20

06/08/2005 10:00 0.00 0.19

06/08/2005 11:00 0.00 0.20

06/08/2005 12:00 0.00 0.21

06/08/2005 13:00 0.08 0.22

06/08/2005 14:00 0.14 0.23

06/08/2005 15:00 0.20 0.57

06/08/2005 16:00 0.23 0.66

06/08/2005 17:00 0.29 0.72

06/08/2005 18:00 0.34 0.76

06/08/2005 19:00 0.31 0.78

06/08/2005 20:00 0.32 0.83
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Table C17 (continued): West and East River discharge.

Time WR ER

Modelled Measured Measured

m3 s-1 m3 s-1 m3 s-1

06/08/2005 21:00 0.36 0.90

06/08/2005 22:00 0.50 0.98

06/08/2005 23:00 0.43 1.01

06/09/2005 0:00 0.48 0.98

06/09/2005 1:00 0.43 0.95

06/09/2005 2:00 0.41 0.91

06/09/2005 3:00 0.40 0.85

06/09/2005 4:00 0.28 0.80

06/09/2005 5:00 0.19 0.76

06/09/2005 6:00 0.20 0.74

06/09/2005 7:00 0.13 0.71

06/09/2005 8:00 0.11 0.69

06/09/2005 9:00 0.09 0.68

06/09/2005 10:00 0.19 0.68

06/09/2005 11:00 0.05 0.67

06/09/2005 12:00 0.03 0.69

06/09/2005 13:00 0.06 0.71

06/09/2005 14:00 0.09 0.76

06/09/2005 15:00 0.10 0.82

06/09/2005 16:00 0.14 0.88

06/09/2005 17:00 0.15 0.95

06/09/2005 18:00 0.19 1.01

06/09/2005 19:00 0.25 1.04

06/09/2005 20:00 0.27 1.07

06/09/2005 21:00 0.33 1.07

06/09/2005 22:00 0.29 1.06

06/09/2005 23:00 0.31 1.02

06/10/2005 0:00 0.26 0.97

06/10/2005 1:00 0.28 0.92

06/10/2005 2:00 0.29 0.86

06/10/2005 3:00 0.28 0.81

06/10/2005 4:00 0.19 0.76

06/10/2005 5:00 0.20 0.72

06/10/2005 6:00 0.15 0.69

06/10/2005 7:00 0.10 0.66

06/10/2005 8:00 0.13 0.65

06/10/2005 9:00 0.20 0.63

06/10/2005 10:00 0.22 0.63

06/10/2005 11:00 0.18 0.62

06/10/2005 12:00 0.06 0.64

06/10/2005 13:00 0.11 0.68

06/10/2005 14:00 0.30 0.73

06/10/2005 15:00 0.36 0.79

06/10/2005 16:00 0.36 0.88

06/10/2005 17:00 0.45 0.93
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Table C17 (continued): West and East River discharge.

Time WR ER

Modelled Measured Measured

m3 s-1 m3 s-1 m3 s-1

06/10/2005 18:00 0.50 0.94

06/10/2005 19:00 0.47 0.95

06/10/2005 20:00 0.47 0.94

06/10/2005 21:00 0.42 0.91

06/10/2005 22:00 0.39 0.90

06/10/2005 23:00 0.36 0.87

06/11/2005 0:00 0.33 0.83

06/11/2005 1:00 0.31 0.80

06/11/2005 2:00 0.21 0.77

06/11/2005 3:00 0.19 0.75

06/11/2005 4:00 0.21 0.73

06/11/2005 5:00 0.17 0.70

06/11/2005 6:00 0.25 0.69

06/11/2005 7:00 0.14 0.66

06/11/2005 8:00 0.22 0.66

06/11/2005 9:00 0.25 0.68

06/11/2005 10:00 0.30 0.70

06/11/2005 11:00 0.41 0.73

06/11/2005 12:00 0.46 0.78

06/11/2005 13:00 0.58 0.86

06/11/2005 14:00 0.62 0.96

06/11/2005 15:00 0.74 1.02

06/11/2005 16:00 0.92 1.10

06/11/2005 17:00 0.88 1.12

06/11/2005 18:00 0.93 1.10

06/11/2005 19:00 0.83 1.12

06/11/2005 20:00 0.81 1.13

06/11/2005 21:00 0.81 1.08

06/11/2005 22:00 0.87 1.06

06/11/2005 23:00 0.80 0.97

06/12/2005 0:00 0.78 0.88

06/12/2005 1:00 0.72 0.83

06/12/2005 2:00 0.66 0.81

06/12/2005 3:00 0.64 0.83

06/12/2005 4:00 0.61 0.82

06/12/2005 5:00 0.60 0.70

06/12/2005 6:00 0.57 0.66

06/12/2005 7:00 0.55 0.62

06/12/2005 8:00 0.51 0.60

06/12/2005 9:00 0.47 0.59

06/12/2005 10:00 0.46 0.58

06/12/2005 11:00 0.48 0.60

06/12/2005 12:00 0.48 0.62

06/12/2005 13:00 0.50 0.63

06/12/2005 14:00 0.51 0.64
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Table C17 (continued): West and East River discharge.

Time WR ER

Modelled Measured Measured

m3 s-1 m3 s-1 m3 s-1

06/12/2005 15:00 0.52 0.66

06/12/2005 16:00 0.52 0.67

06/12/2005 17:00 0.53 0.68

06/12/2005 18:00 0.54 0.69

06/12/2005 19:00 0.54 0.69

06/12/2005 20:00 0.53 0.68

06/12/2005 21:00 0.51 0.67

06/12/2005 22:00 0.49 0.65

06/12/2005 23:00 0.47 0.63

06/13/2005 0:00 0.43 0.60

06/13/2005 1:00 0.40 0.58

06/13/2005 2:00 0.37 0.55

06/13/2005 3:00 0.34 0.52

06/13/2005 4:00 0.30 0.50

06/13/2005 5:00 0.25 0.49

06/13/2005 6:00 0.23 0.48

06/13/2005 7:00 0.21 0.47

06/13/2005 8:00 0.20 0.46

06/13/2005 9:00 0.20 0.45

06/13/2005 10:00 0.21 0.44

06/13/2005 11:00 0.20 0.43

06/13/2005 12:00 0.21 0.43

06/13/2005 13:00 0.24 0.44

06/13/2005 14:00 0.28 0.45

06/13/2005 15:00 0.35 0.48

06/13/2005 16:00 0.39 0.53

06/13/2005 17:00 0.40 0.57

06/13/2005 18:00 0.43 0.59

06/13/2005 19:00 0.43 0.63

06/13/2005 20:00 0.43 0.65

06/13/2005 21:00 0.42 0.64

06/13/2005 22:00 0.39 0.64

06/13/2005 23:00 0.36 0.62

06/14/2005 0:00 0.31 0.59

06/14/2005 1:00 0.25 0.56

06/14/2005 2:00 0.19 0.53

06/14/2005 3:00 0.12 0.50

06/14/2005 4:00 0.07 0.48

06/14/2005 5:00 0.01 0.47

06/14/2005 6:00 0.01 0.45

06/14/2005 7:00 0.02 0.45

06/14/2005 8:00 0.02 0.45

06/14/2005 9:00 0.05 0.45

06/14/2005 10:00 0.11 0.45

06/14/2005 11:00 0.13 0.45
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Table C17 (continued): West and East River discharge.

Time WR ER

Modelled Measured Measured

m3 s-1 m3 s-1 m3 s-1

06/14/2005 12:00 0.17 0.46

06/14/2005 13:00 0.21 0.48

06/14/2005 14:00 0.25 0.50

06/14/2005 15:00 0.28 0.53

06/14/2005 16:00 0.34 0.57

06/14/2005 17:00 0.35 0.60

06/14/2005 18:00 0.36 0.61

06/14/2005 19:00 0.36 0.61

06/14/2005 20:00 0.37 0.61

06/14/2005 21:00 0.34 0.60

06/14/2005 22:00 0.31 0.58

06/14/2005 23:00 0.27 0.58

06/15/2005 0:00 0.24 0.54

06/15/2005 1:00 0.21 0.52

06/15/2005 2:00 0.18 0.51

06/15/2005 3:00 0.16 0.50

06/15/2005 4:00 0.15 0.49

06/15/2005 5:00 0.13 0.48

06/15/2005 6:00 0.12 0.45

06/15/2005 7:00 0.12 0.46

06/15/2005 8:00 0.12 0.45

06/15/2005 9:00 0.14 0.46

06/15/2005 10:00 0.14 0.46

06/15/2005 11:00 0.16 0.47

06/15/2005 12:00 0.17 0.47

06/15/2005 13:00 0.20 0.48

06/15/2005 14:00 0.27 0.52

06/15/2005 15:00 0.33 0.56

06/15/2005 16:00 0.40 0.60

06/15/2005 17:00 0.46 0.65

06/15/2005 18:00 0.52 0.69

06/15/2005 19:00 0.54 0.72

06/15/2005 20:00 0.53 0.72

06/15/2005 21:00 0.50 0.72

06/15/2005 22:00 0.48 0.70

06/15/2005 23:00 0.43 0.68

06/16/2005 0:00 0.38 0.66

06/16/2005 1:00 0.33 0.63

06/16/2005 2:00 0.29 0.60

06/16/2005 3:00 0.27 0.56

06/16/2005 4:00 0.24 0.53

06/16/2005 5:00 0.22 0.52

06/16/2005 6:00 0.21 0.50

06/16/2005 7:00 0.21 0.49

06/16/2005 8:00 0.21 0.48
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Table C17 (continued): West and East River discharge.

Time WR ER

Modelled Measured Measured

m3 s-1 m3 s-1 m3 s-1

06/16/2005 9:00 0.21 0.47

06/16/2005 10:00 0.21 0.48

06/16/2005 11:00 0.25 0.48

06/16/2005 12:00 0.26 0.48

06/16/2005 13:00 0.31 0.51

06/16/2005 14:00 0.35 0.53

06/16/2005 15:00 0.35 0.55

06/16/2005 16:00 0.40 0.58

06/16/2005 17:00 0.43 0.61

06/16/2005 18:00 0.52 0.62

06/16/2005 19:00 0.51 0.64

06/16/2005 20:00 0.53 0.64

06/16/2005 21:00 0.54 0.63

06/16/2005 22:00 0.48 0.65

06/16/2005 23:00 0.45 0.63

06/17/2005 0:00 0.40 0.60

06/17/2005 1:00 0.35 0.58

06/17/2005 2:00 0.31 0.54

06/17/2005 3:00 0.29 0.52

06/17/2005 4:00 0.27 0.51

06/17/2005 5:00 0.25 0.49

06/17/2005 6:00 0.24 0.47

06/17/2005 7:00 0.23 0.45

06/17/2005 8:00 0.23 0.45

06/17/2005 9:00 0.23 0.45

06/17/2005 10:00 0.24 0.46

06/17/2005 11:00 0.26 0.47

06/17/2005 12:00 0.28 0.47

06/17/2005 13:00 0.29 0.47

06/17/2005 14:00 0.32 0.49

06/17/2005 15:00 0.36 0.51

06/17/2005 16:00 0.37 0.55

06/17/2005 17:00 0.40 0.57

06/17/2005 18:00 0.43 0.57

06/17/2005 19:00 0.46 0.59

06/17/2005 20:00 0.45 0.59

06/17/2005 21:00 0.44 0.58

06/17/2005 22:00 0.43 0.57

06/17/2005 23:00 0.42 0.56

06/18/2005 0:00 0.40 0.55

06/18/2005 1:00 0.39 0.54

06/18/2005 2:00 0.37 0.53

06/18/2005 3:00 0.36 0.51

06/18/2005 4:00 0.35 0.50

06/18/2005 5:00 0.34 0.48
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Table C17 (continued): West and East River discharge.

Time WR ER

Modelled Measured Measured

m3 s-1 m3 s-1 m3 s-1

06/18/2005 6:00 0.34 0.47

06/18/2005 7:00 0.34 0.47

06/18/2005 8:00 0.35 0.46

06/18/2005 9:00 0.35 0.47

06/18/2005 10:00 0.38 0.48

06/18/2005 11:00 0.41 0.49

06/18/2005 12:00 0.43 0.50

06/18/2005 13:00 0.46 0.52

06/18/2005 14:00 0.48 0.54

06/18/2005 15:00 0.53 0.56

06/18/2005 16:00 0.57 0.57

06/18/2005 17:00 0.57 0.58

06/18/2005 18:00 0.59 0.60

06/18/2005 19:00 0.56 0.60

06/18/2005 20:00 0.54 0.60

06/18/2005 21:00 0.53 0.61

06/18/2005 22:00 0.53 0.63

06/18/2005 23:00 0.53 0.64

06/19/2005 0:00 0.50 0.63

06/19/2005 1:00 0.49 0.62

06/19/2005 2:00 0.47 0.61

06/19/2005 3:00 0.44 0.58

06/19/2005 4:00 0.41 0.56

06/19/2005 5:00 0.40 0.54

06/19/2005 6:00 0.38 0.52

06/19/2005 7:00 0.38 0.51

06/19/2005 8:00 0.38 0.49

06/19/2005 9:00 0.37 0.49

06/19/2005 10:00 0.37 0.48

06/19/2005 11:00 0.40 0.48

06/19/2005 12:00 0.43 0.50

06/19/2005 13:00 0.43 0.53

06/19/2005 14:00 0.50 0.57

06/19/2005 15:00 0.54 0.60

06/19/2005 16:00 0.55 0.61

06/19/2005 17:00 0.59 0.62

06/19/2005 18:00 0.61 0.64

06/19/2005 19:00 0.61 0.64

06/19/2005 20:00 0.61 0.64

06/19/2005 21:00 0.62 0.63

06/19/2005 22:00 0.59 0.62

06/19/2005 23:00 0.57 0.61

06/20/2005 0:00 0.53 0.58

06/20/2005 1:00 0.52 0.57

06/20/2005 2:00 0.50 0.55
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Table C17 (continued): West and East River discharge.

Time WR ER

Modelled Measured Measured

m3 s-1 m3 s-1 m3 s-1

06/20/2005 3:00 0.47 0.53

06/20/2005 4:00 0.45 0.52

06/20/2005 5:00 0.43 0.49

06/20/2005 6:00 0.42 0.48

06/20/2005 7:00 0.42 0.46

06/20/2005 8:00 0.42 0.45

06/20/2005 9:00 0.41 0.45

06/20/2005 10:00 0.44 0.45

06/20/2005 11:00 0.43 0.45

06/20/2005 12:00 0.47 0.45

06/20/2005 13:00 0.48 0.47

06/20/2005 14:00 0.50 0.49

06/20/2005 15:00 0.55 0.52

06/20/2005 16:00 0.61 0.55

06/20/2005 17:00 0.65 0.59

06/20/2005 18:00 0.68 0.62

06/20/2005 19:00 0.70 0.64

06/20/2005 20:00 0.69 0.64

06/20/2005 21:00 0.67 0.64

06/20/2005 22:00 0.65 0.63

06/20/2005 23:00 0.62 0.61

06/21/2005 0:00 0.59 0.59

06/21/2005 1:00 0.56 0.57

06/21/2005 2:00 0.53 0.56

06/21/2005 3:00 0.50 0.54

06/21/2005 4:00 0.49 0.53

06/21/2005 5:00 0.48 0.51

06/21/2005 6:00 0.46 0.50

06/21/2005 7:00 0.44 0.48

06/21/2005 8:00 0.41 0.46

06/21/2005 9:00 0.38 0.46

06/21/2005 10:00 0.39 0.45

06/21/2005 11:00 0.42 0.45

06/21/2005 12:00 0.42 0.45

06/21/2005 13:00 0.39 0.45

06/21/2005 14:00 0.39 0.43

06/21/2005 15:00 0.38 0.43

06/21/2005 16:00 0.39 0.43

06/21/2005 17:00 0.45 0.44

06/21/2005 18:00 0.47 0.45

06/21/2005 19:00 0.50 0.46

06/21/2005 20:00 0.53 0.49

06/21/2005 21:00 0.53 0.52

06/21/2005 22:00 0.53 0.52

06/21/2005 23:00 0.50 0.50
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Table C17 (continued): West and East River discharge.

Time WR ER

Modelled Measured Measured

m3 s-1 m3 s-1 m3 s-1

06/22/2005 0:00 0.50 0.50

06/22/2005 1:00 0.49 0.49

06/22/2005 2:00 0.46 0.48

06/22/2005 3:00 0.43 0.46

06/22/2005 4:00 0.41 0.44

06/22/2005 5:00 0.40 0.43

06/22/2005 6:00 0.37 0.42

06/22/2005 7:00 0.36 0.40

06/22/2005 8:00 0.36 0.39

06/22/2005 9:00 0.36 0.38

06/22/2005 10:00 0.35 0.37

06/22/2005 11:00 0.38 0.37

06/22/2005 12:00 0.43 0.38

06/22/2005 13:00 0.50 0.39

06/22/2005 14:00 0.55 0.43

06/22/2005 15:00 0.57 0.49

06/22/2005 16:00 0.61 0.55

06/22/2005 17:00 0.63 0.57

06/22/2005 18:00 0.66 0.59

06/22/2005 19:00 0.70 0.60

06/22/2005 20:00 0.71 0.61

06/22/2005 21:00 0.70 0.62

06/22/2005 22:00 0.69 0.60

06/22/2005 23:00 0.68 0.59

06/23/2005 0:00 0.66 0.57

06/23/2005 1:00 0.63 0.56

06/23/2005 2:00 0.59 0.53

06/23/2005 3:00 0.56 0.51

06/23/2005 4:00 0.54 0.50

06/23/2005 5:00 0.53 0.48

06/23/2005 6:00 0.52 0.46

06/23/2005 7:00 0.51 0.45

06/23/2005 8:00 0.50 0.43

06/23/2005 9:00 0.50 0.42

06/23/2005 10:00 0.51 0.42

06/23/2005 11:00 0.50 0.43

06/23/2005 12:00 0.52 0.43

06/23/2005 13:00 0.55 0.45

06/23/2005 14:00 0.57 0.45

06/23/2005 15:00 0.59 0.47

06/23/2005 16:00 0.61 0.48

06/23/2005 17:00 0.65 0.49

06/23/2005 18:00 0.64 0.50

06/23/2005 19:00 0.64 0.52

06/23/2005 20:00 0.64 0.51
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Table C17 (continued): West and East River discharge.

Time WR ER

Modelled Measured Measured

m3 s-1 m3 s-1 m3 s-1

06/23/2005 21:00 0.63 0.51

06/23/2005 22:00 0.60 0.50

06/23/2005 23:00 0.59 0.48

06/24/2005 0:00 0.55 0.46

06/24/2005 1:00 0.52 0.45

06/24/2005 2:00 0.49 0.43

06/24/2005 3:00 0.45 0.41

06/24/2005 4:00 0.41 0.39

06/24/2005 5:00 0.40 0.37

06/24/2005 6:00 0.38 0.36

06/24/2005 7:00 0.36 0.35

06/24/2005 8:00 0.39 0.34

06/24/2005 9:00 0.40 0.32

06/24/2005 10:00 0.38 0.31

06/24/2005 11:00 0.41 0.31

06/24/2005 12:00 0.41 0.31

06/24/2005 13:00 0.41 0.31

06/24/2005 14:00 0.43 0.32

06/24/2005 15:00 0.47 0.32

06/24/2005 16:00 0.53 0.33

06/24/2005 17:00 0.57 0.35

06/24/2005 18:00 0.61 0.57

06/24/2005 19:00 0.58 0.58

06/24/2005 20:00 0.54 0.59

06/24/2005 21:00 0.53 0.57

06/24/2005 22:00 0.51 0.54

06/24/2005 23:00 0.48 0.47

06/25/2005 0:00 0.46 0.43

06/25/2005 1:00 0.42 0.40

06/25/2005 2:00 0.39 0.38

06/25/2005 3:00 0.38 0.36

06/25/2005 4:00 0.35 0.34

06/25/2005 5:00 0.31 0.32

06/25/2005 6:00 0.29 0.31

06/25/2005 7:00 0.23 0.30

06/25/2005 8:00 0.22 0.28

06/25/2005 9:00 0.23 0.27

06/25/2005 10:00 0.22 0.27

06/25/2005 11:00 0.26 0.28

06/25/2005 12:00 0.32 0.30

06/25/2005 13:00 0.34 0.31

06/25/2005 14:00 0.30 0.30

06/25/2005 15:00 0.33 0.30

06/25/2005 16:00 0.39 0.32

06/25/2005 17:00 0.40 0.35
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Table C17 (continued): West and East River discharge.

Time WR ER

Modelled Measured Measured

m3 s-1 m3 s-1 m3 s-1

06/25/2005 18:00 0.45 0.40

06/25/2005 19:00 0.47 0.43

06/25/2005 20:00 0.47 0.42

06/25/2005 21:00 0.47 0.41

06/25/2005 22:00 0.45 0.40

06/25/2005 23:00 0.45 0.39

06/26/2005 0:00 0.46 0.38

06/26/2005 1:00 0.45 0.37

06/26/2005 2:00 0.43 0.36

06/26/2005 3:00 0.44 0.35

06/26/2005 4:00 0.42 0.34

06/26/2005 5:00 0.41 0.33

06/26/2005 6:00 0.39 0.33

06/26/2005 7:00 0.38 0.32

06/26/2005 8:00 0.38 0.31

06/26/2005 9:00 0.39 0.30

06/26/2005 10:00 0.41 0.31

06/26/2005 11:00 0.44 0.31

06/26/2005 12:00 0.46 0.32

06/26/2005 13:00 0.49 0.35

06/26/2005 14:00 0.54 0.39

06/26/2005 15:00 0.53 0.44

06/26/2005 16:00 0.57 0.47

06/26/2005 17:00 0.60 0.49

06/26/2005 18:00 0.62 0.50

06/26/2005 19:00 0.63 0.49

06/26/2005 20:00 0.64 0.48

06/26/2005 21:00 0.63 0.44

06/26/2005 22:00 0.62 0.42

06/26/2005 23:00 0.62 0.40

06/27/2005 0:00 0.61 0.39

06/27/2005 1:00 0.58 0.36

06/27/2005 2:00 0.53 0.35

06/27/2005 3:00 0.50 0.33

06/27/2005 4:00 0.46 0.32

06/27/2005 5:00 0.42 0.31

06/27/2005 6:00 0.41 0.30

06/27/2005 7:00 0.41 0.29

06/27/2005 8:00 0.42 0.29

06/27/2005 9:00 0.43 0.28

06/27/2005 10:00 0.45 0.27

06/27/2005 11:00 0.46 0.28


