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Abstract
Preferential flow pathways and hydraulic gradients along the hillslope-floodplain-channel
continuum are dominant controls on the delivery of baseflow, stormflow and solutes to
channels in temperate systems. Arctic systems are increasingly being shown to possess
similar delivery mechanisms, however the topic is understudied, acutely so in the High
Arctic. This work assesses the nature of delivery mechanisms in the High Arctic over the
thaw season and in response to rainfall at the Cape Bounty Arctic Watershed Observatory
(CBAWO). Two locations of persistent preferential subsurface inputs were observed over
a 200 m section the study reach, one at the outlet of a previously active channel through
the floodplain, and another at the outlet of a channelized sub-catchment. During
baseflow, these inputs provided solute-rich, relatively cold water to streamflow. During
stormflow, subsurface inputs remain active and in the case of the sub-catchment, there
was evidence for increased flux of pre-event soil water. Over the 320 m study reach,
heterogeneity in the nature of hydraulic gradients, in how gradients developed over the
season, and in how gradients responded to rainfall was observed. Two monitored
hydraulic gradients exhibited reversal of inferred flow direction; one due to rainfall and
the other as the thaw season progressed.
Economic feasibility of hydrological investigations concerning total dissolved solids and
electrical conductivity (EC) becomes an issue when spatial and temporal scales increase,
especially when the objective is to capture the variability inherent within aquatic systems.
Chapin et al. (2014) presented a modified version of the Onset HOBO Pendant
waterproof temperature and light logger with the ability to assess relative EC, however it
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was not dimensional EC (i.e. µS/cm). This work demonstrates these economical loggers
can be calibrated and applied to quantify EC in the field with accuracies comparable to
commercial loggers.
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Chapter 1
Introduction
Mean annual air temperatures in Arctic regions are expected to increase by approximately
4 – 7 ᵒC by 2100 (ACIA, 2005; IPCC, 2013). In response to increasing surface
temperatures, active layer depths in the Canadian Arctic have been predicted to increase
by 41 – 104% by 2100 (Zhang et al., 2008). Furthermore, regional climate change in the
Arctic is expected to cause increases in the magnitude and frequency of rainfall events
(IPCC, 2013).
The active layer is defined as ground overlying permafrost (ground frozen for two or
more consecutive years) that experiences annual thaw and freeze-up (Woo, 2012). Both
active layer depth and rainfall are direct controls on runoff generation in catchments
underlain by continuous permafrost, such as those in the High Arctic (Carey and Woo,
2001; Woo, 2008). It is therefore important to build a thorough understanding of the roles
of active layer depth and rainfall as controls on runoff generation in Arctic catchments,
and how associated hydrological processes may respond to regional climate variability
and change.
Recent studies suggest increasing contributions of subsurface flow to streamflow in
response to active layer thaw progression, particularly during baseflow conditions
(Walvoord and Striegl, 2007; Walvoord and Kurylyk, 2016). However, little is known
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with respect to shifts in the nature of both preferential and non-preferential subsurface
flow pathways along hillslopes, through floodplains, and into channels. Increasing active
layer depths also promote accessibility of subsurface flow to previously frozen stores of
nutrients and ions (Harms and Jones, 2012; Lamhonwah et al., 2017a), which highlights
the importance of understanding delivery mechanisms for subsurface water to streamflow
in Arctic catchments. Moreover, late-season water delivery to streamflow is pivotal for
sustaining discharge values conducive to healthy ecosystems and adequate quantities of
water for communities (Blaen et al., 2014a).
Preferential flow pathways (PFPs) are hydrogeological features through which subsurface
flow exists at high rates relative to the surrounding soil matrix and act as important runoff
mechanisms in permafrost environments (Carey and Woo, 2000; Woo, 2012). PFPs
within Arctic catchments have been identified mainly as soil pipes and macropore
networks (Carey and Woo, 2000), water tracks (McNamara et al., 1997), and interhummock zones of organic soils (Quinton and Marsh, 1999). Furthermore, temperate
studies provide examples of PFPs existing through abandoned channels or
“paleochannels” in the floodplain (Stanford and Ward, 1993; Kasahara and Wondzell,
2003; Poole et al., 2004), which sustain subsurface flow when appropriate longitudinal
hydrostatic pressure differentials are maintained (Ward et al., 2012).
The role of hydraulic gradients, or the slope of the potentiometric surface of the saturated
zone, in controlling subsurface flow have been studied extensively in temperate regions.
Typically, such studies have focused on hydraulic gradients as a control on lateral
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surface-subsurface exchange, hydrological connectivity between hillslopes, floodplains
and streamflow, as well as runoff generation (Claxton et al., 2003; Jung et al., 2004;
Jencso et al., 2009; Ward et al., 2012). The two main components of hydraulic gradients
of interest regarding subsurface flow are monotonicity along the gradient and the
direction of the gradient. Direction of the gradient is a direct control on the direction of
subsurface flow, whereas monotonicity of hydraulic gradients along hillslopes and
floodplains determine the hydrological connectivity of hillslopes (i.e., water sources) to
streamflow. In a homogeneous soil, the degree of hydrological connectivity is reflective
of the degree of monotonicity of the slope of the permafrost table and ground surface
(Jung et al., 2004; Jensco et al., 2009; Woo, 2012). However, heterogeneities in
subsurface hydraulic conductivities have been shown to produce discontinuities along
hydraulic gradients (i.e., ridges) by means of restricting flow encouraged by the overall
hydrostatic pressure differentials along hillslopes/floodplains (Jung et al., 2004; Ward et
al., 2012). General subsurface flow along hydraulic gradients in Arctic settings requires
investigation, although as described above, temperate literature highlights surface
topography and hydraulic conductivities in the subsurface as main controls of flow along
hydraulic gradients (Jung et al., 2004; Jencso et al., 2009; Ward et al., 2012).
Subsurface flow through soil matrices and through PFPs is expected to be impacted by
increasing active layer depths, mainly by flows existing through differing
hydrogeological conditions at greater depths in the soil profile (Walvoord and Streigl,
2007; Frey and McClelland, 2009; Walvoord et al., 2016). Responses of subsurface flow
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dynamics to active layer thaw depths remain a subject requiring investigation in Arctic
settings. Along with thaw depth, rainfall acts as a control to subsurface flow by
controlling soil moisture and the elevation of the water table, and by providing the
potential to flush pre-event waters along flow pathways. Furthermore, rainfall can alter
hydraulic gradients by producing non-proportional increases in hydraulic head along
hillslopes/floodplains – these scenarios being dependent on hydrogeological
heterogeneities in the subsurface such as changes in soil conditions, boulders, etc.
(Quinton and Marsh, 1999; Jung et al., 2004; Weiler and McDonnell, 2007; Woo, 2008).
Rainfall strongly influences streamflow in non-glacierized catchments underlain by
continuous permafrost, as infiltration to sub-permafrost groundwater flow networks is
inhibited (Woo, 2008). Investigations applying environmental tracers in Arctic settings
have found that infiltration of rainfall can flush pre-event soil waters along subsurface
flow pathways, resulting in stormflow originating from deep flow pathways in mineral
soils (Carey and Quinton, 2005; Woo, 2008). Research in temperate regions has found
similar flow dynamics explaining rainfall flushing pre-event soil water through PFPs
(Jung et al., 2004; Weiler and McDonnell, 2007).
Instrumentation for Hydrochemical Investigations
Strategic and effective field methods are required in order to further knowledge in the
field of physical geography. Specifically, when investigating hydrological processes such
as subsurface water delivery to streamflow, or spatiotemporal trends in water quality,
4

economical instrumentation is particularly important to ensure spatial resolutions and
scales are captured in field projects in order to match those required by research
objectives. The concentration of total dissolved solids (TDS) is a water quality parameter
typically assessed in environmental monitoring and research efforts, and can be
approximated through the quantification of electrical conductivity (EC) (Favas et al.,
2012; Malone et al., 2013; Ovalle et al., 2013).
Solute concentrations are used as a hydrological tracer for hydrograph separation and to
identify water sources (i.e., surface runoff, groundwater) (Tetzlaff et al., 2015).
Furthermore, solute concentrations in aquatic environments may be used to approximate
available nutrients to plants and aquatic organisms without the need for sample collection
and laboratory analyses (Lavoie et al., 2011; Lewis et al., 2012; Eglinton, 2015). EC as a
proxy for solute concentration thereby provides an effective means to assess hydrological
processes and water quality over a wide range of spatial scales (Marandi et al., 2013;
Monteiro et al., 2014; van Niekerk et al., 2014). Thus, EC is a valuable metric with
respect to understanding variability of nutrients and TDS at spatial and temporal scales
over which laboratory-based assessments are not possible.
In addition to the resolution of data collection, consideration also must be given to
measurement techniques. In situ measurements may vary from laboratory measured
values due to addition or removal of solutes from or to particulates or dissolved organic
compounds prior to filtration of the sample (Malone et al., 2013). Thus, in situ
measurements are ideal in study areas where immediate filtration is not a possibility.
5

EC sensors paired with data loggers allow the implementation of fine temporal resolution
measurements over long term (months to years) collection periods. Costs associated with
EC loggers capable of such measurements and able to withstand long periods of exposure
to the elements are typically in the range of $1000 – 1800 CAD. Consequently,
investigations become less economically feasible as spatial resolution and spatial scales
of measurement networks increase. Thus, in the interest of promoting accessibility of
high resolution and large-scale measurement networks to investigators, a more
economically effective option would prove beneficial.
Chapin et al. (2014) presented a modified version of the Onset HOBO Pendant
waterproof temperature and light data logger with the ability to assess water
presence/absence, and relative EC. Relative EC here is the percentage of the measured
conductivity to the maximum conductivity within the dataset. The thermistor capability
of the logger was maintained, and the logger was termed the Stream Temperature,
Intermittency, and Conductivity (STIC) logger (Chapin et al., 2014). The total costs of
these loggers are approximately 50 USD per unit.
The ability to approximate TDS requires dimensional (µS/cm) quantification of EC rather
than a relative value based on a datum (i.e. maximum observed value). Thus,
applicability of the STIC logger to improving spatial resolutions and scales of water
quality investigations requiring dimensional EC would be enhanced given a useful
method for calibrating STIC logger to quantify EC (µS/cm).

6

1.1 Objectives
The overarching aim of this research is to improve the understanding of runoff and solute
delivery to streamflow within permafrost environments. Focus is divided into two goals:
1) developing methodology to promote economical and high spatial resolution
investigations of solute concentrations in streamflow; 2) improving the understanding of
subsurface runoff along PFPs and hydraulic gradients and resulting delivery of solutes
and water to High Arctic rivers.
The objectives applied to approach the two listed goals are:
1. Demonstrate the calibration of the STIC logger modification presented by Chapin
et al. (2014) using EC standards and multiple non-linear regression.
2.

Assess the spatiotemporal distribution of preferential subsurface inputs along a
High Arctic river reach in relation to active layer thaw progression and rainfall
events.

3. Characterize the slope direction of hydraulic gradients perpendicular to
streamflow and how they respond to active layer thaw progression and rainfall
events.
As discussed above, it is expected that rainfall and active layer depths are important
controls on the delivery of water and solutes to streamflow along PFPs and hydraulic
gradients.
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The study site of this investigation is a 320 m reach of the West River at the Cape Bounty
Arctic Watershed Observatory (CBAWO) on the southern extent of Melville Island,
Nunavut (75ᵒ50’N, 109ᵒ30’W). The study site is underlain by continuous permafrost on
top of which an active layer with a thin (~10 cm) organic soil horizon overlays three
successive mineral soil horizons (Lafrenière et al., 2013). The river is a second-order
catchment and is characterized by a slightly sinuous channel with varying widths of
floodplains, riffle-pool sequences, point bars, mid-channel bars, and braided sections.
Eastern and western hillslopes have steep and moderate gradients, and mesic/polar semidesert and wet sedge vegetation communities (Atkinson and Treitz, 2012), respectively.
There are two manuscript chapters presented within this thesis. The following chapter
(Chapter 2) addresses the first goal and Objective 1 listed above. Within this chapter
laboratory calibration results for the STIC logger are presented along with summary
statistics assessing accuracy and precision of the logger’s estimates of EC in relation to
values obtained via a commercial sensor. This chapter also provides examples of field
deployment at CBAWO for which in situ measurements taken with a commercial logger
are provided and compared.
Chapter 3 of this thesis addresses the second goal and Objectives 2 and 3 listed above.
Piezometers are used to assess hydraulic head at locations within transects across varying
geomorphological settings of the hillslope-floodplain-channel continuum and are applied
to assess hydraulic gradients and responses to thaw and rainfall throughout the season.
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Additionally, longitudinal records of EC and temperature (T) along each bank of the
study reach are applied to locate preferential subsurface inputs to streamflow and monitor
responses to thaw and rainfall. This approach applies the assumption that increases in EC,
which spatiotemporally coincide with decreases in T signify preferential subsurface
inputs to streamflow.
The fourth and final chapter of the thesis (Chapter 4) serves to highlight the key results of
Chapters 2 and 3. Future directions for related projects are also suggested in this chapter.
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Chapter 2
Calibration of a modified temperature-light intensity logger for
quantifying water electrical conductivity

M. A. Gillman1, S. F. Lamoureux1, and M. J. Lafrenière1

1

Department of Geography and Planning, Queen’s University, Kingston, ON, K7L 3N6

Corresponding author: Scott Lamoureux (scott.lamoureux@queensu.ca)

Key Points:
•

Simple modification of a commercial data logger to provide a low-cost method to
increase spatial resolution of field investigations

•

Provides an accurate means to measure water electrical conductivity in freshwater
systems

•

Operates accurately and reliably in month-long, high-resolution field deployments
in the High Arctic
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Abstract
The Stream Temperature, Intermittency, and Conductivity (STIC) electrical conductivity
(EC) logger as presented by Chapin et al. [2014] serves as an inexpensive (~50 USD)
means to assess relative EC in freshwater environments. This communication
demonstrates the calibration of the STIC logger for quantifying EC, and provides
examples of field deployment in the High Arctic. Calibration models followed multiple
non-linear regression and produced calibration curves with high coefficient of
determination values (R2 = 0.995 – 0.998; n = 5). Percent error of mean predicted specific
conductance at 25°C (SpC) to known SpC ranged in magnitude from -0.6% to 13%
(mean = -1.4%), and mean absolute percent error (MAPE) ranged from 2.1% to 13%
(mean = 5.3%). Across all tested loggers we found good accuracy and precision, with
both error metrics increasing with increasing SpC values. During ten, month-long field
deployments, there were no logger failures and full data recovery was achieved. Point
SpC measurements at the location of STIC loggers recorded via a commercial electrical
conductivity logger followed similar trends to STIC SpC records, with 1:1.05 and 1:1.08
relationships between the STIC and commercial logger SpC values. These results
demonstrate that STIC loggers calibrated to quantify EC are an economical means to
increase the spatiotemporal resolution of water quality investigations.
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1. Introduction
Electrical conductivity (EC) is frequently used as a water quality parameter in
environmental monitoring and research (e.g. Malone et al., 2013; Marandi et al., 2013).
Concentrations of total dissolved solids (i.e. nutrients and major ions) are variable across
and within aquatic environments, and thus there is a need for high resolution water
quality investigations (Abbott et al., 2015; Eglinton, 2015).
EC sensors paired with data loggers allow the implementation of fine temporal resolution
measurements over long term (months to years) collection periods. The expense (750 –
1500 USD) associated with conventional EC loggers capable of such measurements and
able to withstand long periods of exposure to field conditions often limit experimental
design (Chapin et al., 2014). Therefore, in the interest of promoting accessibility of high
resolution and spatially extensive measurement networks to investigators, a more
economically effective option would prove beneficial.
Chapin et al. (2014) presented a modified version of the Onset HOBO Pendant
waterproof temperature and light data logger with the ability to assess water
presence/absence, and relative electrical conductivity. The thermistor capability of the
logger was maintained, and the logger was termed the STIC (Stream Temperature,
Intermittency, and Conductivity) logger (Chapin et al., 2014). The STIC logger yields a
total cost of approximately $50 US (>10 times less than commercial EC logger options)
and 15 to 30 minutes of labour per unit, and were shown to be reliable in hydrological
12

investigations from over 300 applications in streams within Colorado, USA. In these
deployments and in trial experiments, EC was reported as % Relative Conductivity; the
percentage of the measured electrical conductivity to the maximum conductivity within
the dataset.
Calibrating STIC loggers to known standard EC solutions allows for dimensional
quantification of EC with a STIC logger alone; without the need for a commercial EC
logger as a reference. This allows an inexpensive means to increase spatial resolution of
EC investigations. The goal of this communication is to demonstrate the calibration and
field deployment of the STIC logger modification presented by Chapin et al. (2014).
2. Methods
2.1 STIC Logger Design
Modification of the light sensor circuit of the Onset HOBO Pendent waterproof
temperature and light logger (Model UA-002-64) allows the recording of EC through the
replacement of photodiode leads with leads to a pair of external electrodes (Figure 2.1).
The modified logger works by measuring electrical conductivity across the electrodes
which is recorded on the “light intensity” channel as Lumens/ft2 (or lux) according to a
proprietary algorithm applied within HOBOware Pro. In this study, we used HOBOware
Pro version 3.7.8. As modified, the STIC logger records EC on a scale from 0 – 30 000
Lumens/ft2 (or 0 – 330 000 lux); increasing electrical conductivity across the electrodes
causing greater Lumens/ft2 (or lux) values. No modifications to the HOBOware software
were required. The temperature logging circuitry is not altered during this modification,
13

thus maintaining the ability to record temperature data (± 0.53°C) (Chapin et al., 2014).

1 cm
Figure 2.1 a) An unmodified Onset Hobo Pendent waterproof temperature and light logger (Model UA002-64) circuit. The red circle highlights the light intensity sensor; b) a modified Onset Hobo Pendent
waterproof temperature and light logger (Model UA-002-64). The red square highlights the electrode
leads soldered in place of the light sensor leads; c) a completed STIC logger with electrodes mounted on
the outside of the case. Note: Due to differing camera positions between photos, the scale bar only applies
to panel c).

We used electrodes composed of one end of a male-male jumper 24-gauge wires (DigiKey part 438-1074-ND) with chrome-plated brass machine pin heads. The pin ends serve
as electrodes and were inserted into 1.9 mm diameter holes drilled 1.5 cm apart in the
logger cap. Marine epoxy (JB Weld No. 8272) was used to secure and seal the electrodes.
After modification, the cap was replaced on the empty logger case with the circuit
removed and submerged in 30 cm of water for a minimum of 24 hours to test the seal.
After this test, the logger battery was removed and the light sensor was carefully desoldered and the stripped jumper wires were soldered into place (Figure 2.1b). Polarity is
14

not important for the wires. Finally, the logger cap was replaced taking care to avoid
bending the jumper wires.
2.1 Laboratory Calibrations
STIC logger calibrations were carried out using five prepared calibration standards with
specific conductance values at 25°C (SpC) ranging from 61.40 µS/cm to 1516 µS/cm
(Table 1). Standard SpC values were adjusted to target calibrant values by volumetric
dilution from commercial standards (Orion™ Conductivity Standards; 1413 µS/cm and
12.9 mS/cm) with deionized water that was exposed to the atmosphere for at least 4 hours
to promote carbon dioxide (CO2) equilibration. SpC values of the calibrant solutions were
then measured using a Thermo Scientific Orion DuraProbe™ 4-Electrode Conductivity
Cell (k = 0.475 cm-1) before and after calibration trials to test for changes due to cross
contamination between standards or any further changes in dissolved carbon dioxide
concentrations. This method of calibrant preparation yielded an accuracy equal to that of
the conductivity probe; 0.5% ±1 digit.
Calibrations trials were conducted as calibrant temperatures increased from ~1°C to 25°C
with the aim of capturing electrical conductivity dependency to temperature along with
logger responses to temperature. Calibrants were covered in Parafilm wrap and placed in
a refrigerator to pre-cool. STIC loggers were deployed to record conductivity on the light
intensity channel (as Lumens/ft2) and temperature (°C), along with a separate TMC1-HD
thermistor (±0.1°C) with an Onset HOBO UX120-006M logger, both with 30-second
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logging intervals. Calibration datasets for five STIC loggers were collected as follows: 1)
the EC calibrant with submerged STIC Loggers and the TMC1-HD thermistor was placed
on an ice bath, and pre-cooled in a freezer until ~1°C, at which point it was removed from
the freezer. 2) The calibration trial began and the solution (with loggers submersed) was
allowed to reach room temperature of ~25°C. 3) After completion, the loggers were
rinsed with deionized water and the process was repeated with all calibrants, recalibrating
the Orion Conductivity Probe accordingly.
2.1 Calibration Curves
Following the calibration procedures, SpC values were converted to EC at the given
temperature (°C) by applying the standard HOBOware Pro linear temperature
compensation correction factor of 2.1%/°C. During calibrations varying linear
temperature compensation factors ranging 1.9%/°C to 2.1%/°C were experimented with
and found to have minimal impact on logger accuracy/precision, suggesting STIC loggers
may be calibrated with varying linear temperature compensation factors. Temperature
measurements from the external thermistor were applied to the correction in place of the
STIC temperature measurements as the external thermistor is directly submersed in the
calibrant and thus provides a more representative value of temperature of the solution
during rapid rates of warming at the low end of the temperature range (1 – 5°C;
~0.5°C/min) relative to the internal thermistor of the STIC logger which is separated from
the solution by the logger casing (typical 5-min response time to 90% as specified by
16

manufacturer). The internal nature of the STIC thermistor is not an issue in field
applications as the rates of temperature changes are expected to be much lower relative to
the calibration experiment rates. Calibration curves for each STIC logger were generated
using SPSS version 24. To obtain calibration curves, conductivity, temperature, and EC
were applied to a multiple non-linear regression model. A general regression model was
used in place of a standard cell constant and conductance dependent calculation as the
conversion algorithm within HOBOware which converts conductance of the photodiode
to light intensity is unknown, and thus a general non-linear relationship was applied to
model the response (Figure 2.2a). The regression model followed the expression:
EC = a + bC + cT + dC2 + eT 2

(1)

In which a, b, c, d and e are model parameters, EC is electrical conductivity (µS/cm), C is
conductivity as measured by the STIC logger in Lumens/ft2 on the light intensity channel,
and T is temperature (°C) as measured by the TMC1-HD thermistor. The model
parameters c and e were constrained to positive values as it is assumed that EC is
positively correlated with temperature. After obtaining predicted EC values it remains an
option to convert to SpC values by applying the aforementioned temperature
compensation correction (2.1%/°C) through equation 2:
SpC = EC/(1 + a(T − 25))
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(2)

In which, EC is electrical conductivity (µS/cm) from Eq. 1, a is the linear temperature
compensation factor of 2.1%/°C, and T is temperature from the TMC1-HD thermistor.
Calibration trials and data processing for five loggers required two hours and one hour of
manual labour, respectively. Two additional terms involving the product of conductivity
and temperature (CT and CT2) were applied when testing regression models. The
additional terms caused increased residuals at low range conductivity values and did not
reduce residuals at high range values. Thus, CT and CT2 are not included in Equation 1.
3. Results
3.1 Laboratory Results
The regression model (Eq. 1) produced calibrations curves which fit the logger
conductivity (Lumens/ft2) response to T and EC (Figure 2.2a) with high coefficient of
determination values (R2 = 0.995 – 0.998; n = 5). Results discussed here and presented in
Table 2.1 and Figure 2.2 correspond to only one of the five STIC loggers (referred to as
STIC 1). The calibration results from the remaining four STIC loggers (STICs 2 – 5)
produced similar values of accuracy and precision, and results be found in Appendix A.
Each STIC required its own calibration curve due to differences in electrode spacing,
length, and epoxy coating producing varying cell constants which cause differences in
conductivity (Lumens/ft2) values for at a given EC.
Mean predicted SpC (SpCp) values fit the measured values of SpC (SpCm) with good
accuracy. The percent difference between SpCm and SpCp (% Error of Mean) for STIC 1
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Figure 2.2 EC at measured temperature as recorded and converted with TMC1-HD thermistor from SpC
values collected by Orion Conductivity Cell in relation to conductivity as recorded by STIC 1; b) Mean
predicted SpC values from the calibrated STIC 1 logger in relation to SpC as measured by Orion
Conductivity Cell. A 1:1 relationship is plotted along with error bars showing the range of predictions.
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ranged in magnitude from -0.8% to -6.9% (mean = -2.2%; Table 1). Across all loggers
the magnitude of % Error of Mean decreased with increasing SpC. Values of % Error of
Mean for all loggers and calibrants ranged in magnitude from -0.6% to -13% (mean = 1.4%) (Table A1).
The magnitude of calibration residuals increased with increasing EC (Figure 2.2b;
Appendix Figures A2 to A6) due to goodness of fit of the regression function (i.e. EC =
6.101 + 0.009L + 1.224T + 4.209x10-6L2 + 0.005T2; R2=0.996) decreasing with
increasing EC values. This trend is attributed to a combination of higher absolute changes
in EC with T as EC increases (i.e. 2.1%/°C at 61.40 µS/cm vs. 1516 µS/cm), and the
logger’s 8-bit analog to digital conversion circuitry that limits conversion to 256 possible
values, the majority of which are concentrated in low range SpC values (61.40 – 487.0
µS/cm). Together these factors yield increasing amounts of identical L values over
changing EC values, as EC increases (Figure 2.2a). This trend in residuals was observed
across all calibrated loggers.
SpCp residuals for each calibrant (Figure 2.2b; residual histograms not shown) do not
follow a Gaussian distribution, and thus do not meet the assumptions required to calculate
root mean square error (RMSE) as a metric of precision. Mean absolute error (MAE) was
calculated in place of RMSE as a metric of precision (Willmott and Matsuura, 2005).
MAE was then converted to a percentage of SpCm, known as mean absolute percentage
error (MAPE), to provide a normalized metric of precision. Low % Error of Mean paired
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with low MAPE suggests high accuracy with high precision. Considering this, a shift
from % Error of Mean = -6.9% and MAPE = 7.1% at SpCm = 61.40 µS/cm to % Error of
Mean = -0.8% and MAPE = 2.1% at SpCm = 1516 µS/cm suggests increasing accuracy
and precision for STIC 1 as SpCm increases (Table 1).
Table 2.1 Summary values including SpCm, SpCp predicted by STIC 1, % Error with respect to the
difference between the predicted and measured SpC values, mean residual values, mean absolute
error (MAE), and mean absolute percentage error (MAPE) for all predicted values at each calibrant
SpC value.

SpCm (µS/cm) SpCp (µS/cm)
61.40
258.5
487.0
1001
1516

57.19
241.6
496.8
1012
1504
mean

% Error of
Mean SpCp to
SpCm
-6.9
-6.5
2.0
1.1
-0.8
-2.2

Mean
Residual
(µS/cm)
4.2
17
-9.8
-10
12
2.4

MAE
(µS/cm)

MAPE (%)

4.3
17
18
21
32

7.1
6.2
3.7
2.1
2.1

This trend was present over the range of calibrant SpCm values with the exception of
MAPE = 2.1% at both SpCm = 1001 µS/cm and SpCm = 1516 µS/cm. In summary, the
calibration data suggest good accuracy and precision across all calibrants, with both
accuracy and precision increasing as SpCm increases. The range of MAPE pertaining to
all loggers was 2.1% to 12.5% (mean = 5%) (Table A1).
3.2 Field Deployment
Ten STIC loggers were deployed in July – August 2016 within a small channel system in
the Canadian High Arctic. Similar to Chapin et al. (2014), there were no failures during
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deployment and full data recovery was achieved. Results from two STIC loggers are
presented as an example (Figure 2.3). One of the loggers was positioned at a location
suspected to be the outlet of a hyporheic flow pathway (Figure 2.3a), and the other logger
at the outlet of a sub-catchment (Figure 2.3b) located approximately 15 m upstream from
the first logger. Each logger was launched at a five-minute logging interval, was mounted
to a small piece of steel rod, and was left logging for 30 – 31 days during which water
temperatures were below 5°C for extended periods of time (>24 hours). The electrodes
were not visibly affected by deployment conditions.
The calibrated EC values were converted to SpC (Figure 2.3) by applying a 2.1%/°C
correction factor with temperature data from the STIC logger. In these examples, SpC
values obtained from STIC loggers yielded 1:1.08 (R2 = 0.948; Figure 2.3a example) and
1:1.05 (R2 = 0.959; Figure 2.3b example) relationships with SpC values as determined by
a commercial Onset Hobo U24-001 freshwater electrical conductivity logger (range: 0 –
1000 µS/cm; accuracy: 3% or 5 µS/cm). Measurements recorded with the commercial
logger were taken at a horizontal distance less than 30 cm from the STIC loggers, and ~2
cm below the water surface yielding vertical distances less than 20 cm (Figure 2.3a
example) and 10 cm (Figure 2.3b example). Commercial logger measurements were
taken as point measurements due to the logger’s required allocation to other
investigations during the field season. SpC values obtained from the STIC logger follow
similar trends to the values obtained from the commercial logger. The ability to record
five-minute SpC values at multiple locations over a short distance allowed the
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Figure 2.3 a) SpC and T record obtained from a STIC logger and point measurements (n=8)
obtained from an Onset Hobo U24-001 freshwater electrical conductivity logger at a location
suspected to be the outlet of a hyporheic flow pathway. SpC and T record obtained from a STIC
logger and point measurements (n=9) obtained from an Onset Hobo U24-001 freshwater electrical
conductivity logger at the outlet of a sub-catchment prior to entering streamflow.

observation of diurnal variations as well as varying responses to rainfall events; a
location at the outlet of a sub-catchment showing increased surface and near-surface flow
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due to rainfall, while the outlet of the hyporheic flow pathway showed an increase in
solute flux. In this application, the STIC logger proved to be an effective method for
capturing fine spatial and temporal trends in SpC at a cost much less (1400 – 2900 USD
less) than would have been required to apply multiple commercial loggers in a similar
fashion. Thus, the calibrated STIC loggers increase the possibility of high spatial
resolution investigations concerned with EC in freshwater systems.
3.3 Limitations and Modifications
Length of reliable field deployments is an important specification and should consider
instrumental drift, biofouling, polarization of the electrodes, and battery life. Point
measurements collected with the commercial logger suggest that under month-long
deployments in freshwater environments instrumental drift is not an issue. Biofouling of
the electrodes was not observed during field deployments, however in boreal and
temperate settings in which primary productivity rates are greater, biofouling of the
electrodes may be of concern and should be considered. Polarization during long-term
deployments has been stated to be under investigation (Chapin et al., 2014). During
preliminary tests, we found that STICs modified with shorter electrodes (~2 mm) to
target higher range SpC (100 – 5000 µS/cm) showed evidence for polarization in
potassium chloride (KCl) solutions with SpC values greater than 3000 µS/cm.
Investigations are currently underway regarding limits of SpC before which polarization
becomes an issue. Considering observed evidence for polarization, relative to commercial
loggers designed to avoid polarization (four-electrodes; alternating current) the STIC
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logger applicability during long-term deployments is limited within environments
exhibiting SpC values upwards of 3000 µS/cm. Regarding battery life, the logger is
designed to turn on at measurement intervals to record EC across the electrodes in a
similar manner to the unmodified logger turning on at intervals to record photodiode
conductivity related to light intensity. Thus, the battery life of the modified STIC logger
does not vary from the unmodified UA-002-64 logger (specified by the manufacturer as 1
year under typical use).
Accuracy and precision across the range of temperatures (1 – 25°C) for a given SpCm
became increasing poor at low temperatures for the 61.40 µS/cm and 258.5 µS/cm
calibrants and at high temperatures for the 487.0 µS/cm and 1001 µS/cm calibrants. If the
range of temperatures under which measurements will be taken is known, then accuracy
and precision could be improved by calibrating the STIC logger exclusively to that range
of temperatures. For example, STIC 1 calibrated over a temperature range of 15 – 20°C
yields a mean value of % Error of Mean = -0.89% and mean MAPE = 3.5%, whereas the
1 – 25°C calibration yielded a mean value of % Error of Mean = -3.2% and mean MAPE
= 4.3% over the 15 – 20°C temperature range.

The observed increase in the magnitude of residuals with increasing EC (Figures 2.2b) is
attributed to the logger’s 8-bit analog to digital conversion that limits the logger to 256
values and results in a disproportionate number of values within the low end of the SpC
range. The range of target SpC and error of measurements can be improved upon by
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adjusting the cell constant (i.e., the electrode spacing) to match the majority of the logger
values in the range of targeted SpC. Increasing (decreasing) the distance between
electrodes, or decreasing (increasing) the surface area of the exposes electrodes increases
(decreases) the cell constant, and hence targets high/low SpC ranges, respectively.
Additionally, it is unknown what hardware or software transformations are used by the
logger for the factory light sensor. Hence, the modification to the sensor used in this
application reflects possible software processing but may contribute to the non-linearity
in the response (Figure 2.2a).
4. Conclusions
In this communication, we calibrate the STIC logger modification of Chapin et al. (2014)
with multiple non-linear regression. The calibrated STIC logger provides an accurate
means to measure EC in freshwater systems. In agreement with Chapin et al. (2014), we
have also shown the ability of the STIC logger to withstand field conditions. The cost of
constructing STIC loggers is modest compared to commercial options and requires
relatively simple modifications, and can be used to effectively increase the spatial
resolution of water quality monitoring and research.
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Chapter 3
Seasonal development of subsurface flow and channel-floodplain
exchanges in a small High Arctic river
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Abstract
Permafrost thaw that is the result of regional climate warming substantially influences
watershed hydrology in the Arctic. The delivery of subsurface water to streamflow via
spatially extensive pore matrices and preferential flow pathways will likely be affected by
projected deepening of the active layer and increased precipitation. However, these
baseflow generation and solute delivery mechanisms are acutely understudied in the
mineral soils found throughout the High Arctic. The objectives of this research are: 1) to
assess the spatiotemporal distribution of preferential subsurface inputs along a small High
Arctic river reach over the duration of a thaw season and in response to rainfall events;
and 2) to assess the nature of hydraulic gradients perpendicular to streamflow and how
gradient orientations develop over the thaw season and in response to rainfall. We
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identified two different locations of persistent preferential subsurface inputs, one at the
outlet of a previously active channel through the floodplain, and another at the outlet of a
channelized sub-catchment, both were located on only one bank. During rainfall,
subsurface inputs to the channel remain active and in the case of the sub-catchment, there
was evidence for increased flux of pre-event soil water. We observed heterogeneity in the
nature of subsurface hydraulic gradients, both in terms of how gradients developed over
the season, and how gradients responded to rainfall. Two monitored hydraulic gradients
exhibited reversal of inferred flow direction; one due to rainfall and the other as the thaw
season progressed. The results of this research demonstrate the heterogeneous nature of
subsurface flow pathways delivering streamflow and provide insight into the response of
important subsurface flow delivery mechanisms to increasing active layer depth and
rainfall.
1. Introduction
Seasonal active layer thaw is a dominant control on runoff pathways in the Arctic (ACIA,
2005; Walvoord and Kurylyk, 2016; Lamoureux and Lafrenière, 2017). Recent literature
indicates warming of near-surface permafrost and greater active layer depths resulting
from regional climate change are producing increased contributions of subsurface flow to
streamflow (IPCC, 2013; Walvoord and Kurylyk, 2016; AMAP, 2017). Moreover, longterm studies based in the High Arctic highlight the significance of rainfall in the delivery
of runoff and solutes to streamflow, showing the nival period to contribute less
proportion of annual fluxes than previously thought (Lewis et al., 2012; Lamoureux and
30

Lafrenière, 2017). As thaw of the active layer progresses into deeper soils, previously
frozen flow pathways have the potential to become activated and subsurface flow patterns
may be altered as hydraulic gradients and hydraulic conductivities shift and irregularities
thereof develop (Woo, 2012). High Arctic regions are also predicted to experience
increased annual mean precipitation by the end of the 21st century (IPCC, 2013; AMAP,
2017). Combined, thaw and increased precipitation conditions are cause for expected
shifts in the nature of subsurface flow pathways along hillslopes, through floodplains, and
into channels, however, little is known regarding near-channel hydraulics and preferential
subsurface flow pathways; a knowledge gap that is particularly acute in the High Arctic
(Lamoureux and Lafrenière, 2017).
The nature and distribution of subsurface flow pathways determine both the rate of
baseflow delivery and the degree of hydrological connectivity of hillslope water sources
to the floodplain and channel (Walvoord et al., 2007; Jencso et al., 2009). Preferential
flow pathways produce spatially discrete, relatively high subsurface flow rates, while
hydraulic gradients determine the degree of hydrological connectivity and flow direction
between hillslopes and floodplains (Edwardson et al., 2003; Jung et al., 2004; Weiler and
McDonnell, 2007; Ward et al., 2012). Soil type (e.g. mineral, organic), pore ice and the
presence of macropore networks, slope, aspect, vegetation, active layer development, and
rainfall determine the presence of active preferential subsurface flow pathways in Arctic
regions (Carey and Woo, 2002; Weiler and McDonnell, 2007, Koch et al. 2013b).
Extensive studies in temperate watersheds suggest hydraulic gradients and thus flow
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through general pore matrices are determined by a combination of surface topography
(typically dictating flow direction and rate) and hydraulic conductivities in the
subsurface; with more homogeneous hydraulic conductivities allowing hydraulic
gradients to mirror surface topography to greater degrees (Claxton et al., 2003; Jung et
al., 2004; Jencso et al., 2009; Vidon, 2012; Ward et al., 2012). High degrees of
connectivity through the floodplain (as a result of a relatively monotonic hydraulic
gradient) encourage a steady flow of subsurface water from hillslopes to the channel or
vice versa depending on the orientation of the gradient. A channel-oriented gradient
(gradient sloping towards the channel) encourages flow of water from the floodplain to
the channel, while a floodplain-oriented gradient encourages the flow of water from the
channel towards the floodplain (Jung et al., 2004; Jencso et al., 2009).
The nature of subsurface flow pathways is also an important control on the productivity
of Arctic riverine ecosystems. Nutrient concentrations in runoff are controlled by
residence time and the soil environments through which flow pathways exist (Petrone et
al., 2007; Harms and Jones, 2012; Zarnetzky et al., 2012; Koch et al., 2013; Louiseize et
al. 2014; Harms et al., 2016). In most Arctic settings, flow pathways are limited to either
organic soils near the surface of the active layer or to deeper mineral soils (Petrone et al.,
2007; Harms and Jones, 2012). Flow pathways existing in organic soils are dominant
during the snowmelt and early summer, whereas later into the season pathways through
mineral soils become increasingly abundant (Lewis et al., 2012; Walvoord et al., 2012;
Lamhonwah et al., 2017a; Lamoureux and Lafrenière, 2017). In organic soils, dissolved
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organic carbon and nitrogen (DOC and DON) are more concentrated due to increased soil
organic matter and less adsorption to organic particles relative to mineral soils
(Kawahigashi et al., 2006). Inorganic nutrients, such as dissolved inorganic nitrogen
(DIN), as well as other inorganic ions, and dissolved inorganic carbon (DIC) are more
readily available in mineral soils due to mineral weathering reactions and increased
mineralization of organic matter and decreased plant and microbial uptake of nutrients at
depth (Jones et al., 2005; Harms and Jones, 2012). In agreement with this theoretical
understanding, recent studies conducted in Arctic settings have found that thermal
disturbance to permafrost and increased abundance of deep pathways result in higher
exports of solutes, DIN and DIC, and lower exports of DON and DOC relative to when
near-surface pathways dominate (Kawahigashi et al., 2006; Walvoord and Streigl, 2007;
Lamoureux and Lafrenière, 2017). Moreover, deeper pathways encourage lower
temperatures of runoff as the potential for atmospheric heat exchange decreases with
depth (Blaen et al., 2013; Bolduc et al., 2018). By these means, inorganic solutes, nutrient
composition, and temperature of runoff is the product of the pathway through which
runoff flows.
There is a dearth of High Arctic studies assessing the development and location of
preferential subsurface inputs and the nature of hydraulic gradients along the hillslopefloodplain-channel continuum. In the interest of exploring these delivery mechanisms,
this study focuses on two objectives: 1) assessing the spatiotemporal distribution of
preferential subsurface inputs along a river reach over the duration of a thaw season and
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in response to rainfall events; and 2) assessing the nature of hydraulic gradients
perpendicular to streamflow and how gradient orientations develop over the thaw season
and in response to rainfall. Results from this study identify the nature and timing of
interactions between slopes and the channel system to improve our understanding of the
sensitivity of these systems to hydrological change.
2. Methods
2.1 Study Site
The study was conducted on a 320 m reach of the West River (unofficial name), a small
High Arctic river at the Cape Bounty Arctic Watershed Observatory (CBAWO) on
Melville Island, Nunavut (74°54ʹN, 109°35ʹW) (Figure 3.1). The study period began
following cessation of 2016 snowmelt (nival) period (June 30) and ended on August 08
during late baseflow.
The area is underlain by continuous permafrost with a Holocene marine clay and glacial
sediment overburden draping folded sedimentary bedrock (Hodgson et al., 1984). Soils
of the West River catchment have been characterized as thin cryic regosols (Lewis et al.,
2012). Hillslopes adjacent to the study reach varied by slope and vegetation classes. The
western hillslope possessed a lower gradient and was heavily populated by wet sedge
(Eriophorium spp. and Sphagnum spp.), while the eastern hillslope possessed a steeper
gradient and a mixture of polar semi-desert (Thamnolia subliformis spp. and Cetraria
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nivalis spp.) and mesic tundra vegetation classes (Nostoc commune spp.; Treitz and
Atkinson, 2012).

Figure 3.1 (a) satelite imagery (WorldView-3; July 15 2016) of the study site with the location of

reference piezometer transects (E1, E2, W1, W2), a transect intersecting a paleochannel (AC), and a
transect bisecting a watertrack (WT). Also shown are the start and end of of the tow measurement
extents along with the location exhibiting evidence for preferential subsurface inputs (P1, P2). P1 is
characterized as the outlet point of a 25m paleochannel in the eastern floodplain. P2 is located at the
outlet of a sub-catchment which sustained surface flow during the nival stage, however, became
subsurface in nature during baseflow. See Appendix C for photographs of P1 and P2. (b) the location
of the study site within the West river catchment, at the Cape Bounty Arctic Watershed
Observatory, Melville Island, Nunavut, along with locations of WestMet, Lower Goose soil moisture
station, and guaging station.
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Figure 3.2 A visual representation of the second filter applied to remove short term (~2 s), and minor
levels of inexplicable noise likely due to short-lived exposures of the sensors to the atmosphere. This
example is applied to SpC (specific conductance) data and shows the thresholds for data to be
removed as the 30s mean of SAC values +/- the 30 s mean absolute deviation of SpC values around
each point. As shown by the red circles, any point falling outside of the threshold (grey area) is
removed. Note: Mean absolute deviation values are approximated in this figure. Figure 3.1 (a) the

The channel reach is characterized as a slightly sinuous second-order stream with braided
sections 3 to 10 m wide. The upper 40 cm of sediment are primarily gravel and cobble
alluvium, below which increasing quantities of silt and clay are present. The western
floodplain is up to 8 m wide, while the eastern floodplain was up to 12 m. The eastern
floodplain contains point bars and mid-channel bars, some of which have become point
bars as former braided channel branches (“abandoned channels”) de-activated following
cessation of the nival period (Appendix Figure C7). The western floodplain possesses one
continuous surface of varying width, without evident abandoned channels (Appendix
Figure C8).
2.2 Hydrological, meteorological, and active layer measurements
Rainfall and temperature were obtained at WestMet station, located 2.5 km north of the
study reach (Figure 3.1). Temperature was recorded hourly with a shielded Onset HOBO
UA-0003-64 (± 0.53ᵒC) 1.5 m above ground, and precipitation was collected with a Davis
Industrial tipping bucket (0.2 mm/tip) with the same logger. River discharge was
measured approximately 150 m downstream from the southern extent of the study reach
(Figure 3.1) with a Stevens SDX vented pressure transducer (± 0.25%) at 10-minute
intervals with a Campbell Scientific 211 datalogger. A stage-discharge rating curve was
developed with manual velocity-area measurements with a Swoffer 2100 current meter (±
1%) throughout the season. Volumetric water content values (m3/m3; referred to as soil
moisture henceforth) were collected at 3 h intervals at depths of 5, 15, 40 and 65 cm with

36

a Decagon EM50 soil moisture logger (± 3%) at the Lower Goose station (Figure 3.1).
Weekly active layer depth measurements were taken at 2 m intervals in duplicates along
channel-floodplain-hillslope transects with a manual active layer probe (± 1 cm).
2.3 Longitudinal river surveys
Spatial and temporal distributions of preferential subsurface inputs were investigated by
collecting longitudinal records of streamflow specific electrical conductance (SpC) and
temperature (T) along each bank of the study reach, maintaining minimal distance from
the bank during the measurements. Only the downstream 200 m of the study reach was
consistently measured due to the braided nature of the upper 150 m, which resulted in
low stage levels that prevented measurements at certain times. This technique applies two
assumptions. First, that subsurface water in the catchment is underlain by continuous
permafrost and has lower temperature values relative to surficial streamflow (Edwardson
et al., 2003; Bolduc et al., 2018). This assumption is further based on the isolation of
subsurface waters from both solar radiation and convective heat transfer from the
atmosphere. The validity of the assumption was confirmed with thermistors (Onset
HOBO UA-002-64) installed at three depths (15 cm, 40 cm, and 60 - 80 cm (previous
year active layer maximum depth)) across six sites (four lower hillslopes; two
floodplains), as well as in streamflow (Appendix Figure B1).
The second assumption is that subsurface waters have relatively greater concentrations of
total dissolved solids, and thus greater electrical conductivity values (Edwardson et al.,
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2003; Merck et al., 2012). The validity of this assumption within the study site was tested
by collected soil water samples from small diameter piezometers set up in cross-sectional
transects within the study reach (9 mm ID CVPC piping, perforated in the lower 25 cm).
Electrical conductivity of samples was measured with a Thermo Scientific Orion
DuraProbe™ 4-electrode conductivity cell (Model 013005MD; k = 0.475 cm-1)). This
assumption was found to hold until late baseflow (post July 20), at which point EC in the
floodplain is similar to or less than streamflow values. Hillslope EC values remain greater
than streamflow at all times of the study period.
Following Bolduc et al. (2018), river SpC and T measurements were collected using a
small flotation device equipped with both an Onset U24 freshwater electrical
conductivity logger (range = 0 – 1000 µS/cm; ± 3% or 5 µS/cm; resolution = 1 µS/cm;
response time = 1 s) and a high-precision RBR TR-1060F temperature logger (± 0.001°C;
response time = 90 ms). A tilt logger (Onset UA-004-64) was installed to record when
the flotation device was tipped to a degree that risked the sensors being exposed to the
atmosphere. A Garmin eTrex®10 GPS unit was set to record UTM coordinates at 1
second intervals and kept within 1 m proximity as the device was towed at approximately
0.25 m/s.
Breaks in the measurement, standing waves, or contact with the bed caused the tow
survey datasets to contain points representing times when the sensors were exposed to the
atmosphere. To account for this, two types of quality control filters were applied to each
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dataset. Data points where the tilt angle exceeded 20° were eliminated to avoid conditions
where the sensors were out of water (resting on bank, etc.). To account for short term (12 s) exposures to the atmosphere due to waves or bed contact, a filter was applied to
remove SpC and T values that were outside an assigned threshold of two times the 30second mean absolute deviation from the 30-second mean (Figure 3.2). This filter
removed 11% of 14 418 data points.

Figure 3.2 A visual representation of the second filter applied to remove short term, and minor levels
of inexplicable noise likely due to short-lived exposures of the sensors to the atmosphere. This example
is applied to SpC (specific conductance) data and shows the thresholds for data to be removed as the
30s mean of SpC values +/- the 30 s mean absolute deviation of SpC values around each point. As
shown by the red circles, any point falling outside of the threshold (grey area) is removed. Note: Mean
absolute deviation values are approximated in this figure.

Figure 3.3 Precipitation (bars) and temperature (line) from WestMet (a), discharge (b), and soil
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moisture (volumetric water content (VWC)) at depths of 5cm, 15cm, 40cm, and 60cm (c) for the study
period. Discharge was recorded at the West River gauging station located 150 m south of the study
reach, and soil moisture was collected approximately 100 m up gradient on the eastern hillslope. All
station locations are shown in Figure 1.Figure 3.2 A visual representation of the second filter applied to
remove short term (~2 s), and minor levels of inexplicable noise likely due to short-lived exposures of
the sensors to the atmosphere. This example is applied to SpC (specific conductance) data and shows

To account for temporal trends over the period of data collection, the change in T
recorded at a fixed location over the measurement (mean change = ± 0.0005 ᵒC/s) was
linearly applied to detrend the data over the measurement period (Bolduc et al., 2018).
Linear trend lines were calculated to construct threshold estimates for natural variation
and thereby identify subsurface inputs to streamflow. Perturbations outside ± 1 standard
deviation from the baseline were considered the result of a floodplain/hillslope surface or
subsurface inputs to streamflow according to the nature of the perturbation signal;
increasing EC with decreasing T suggestive of subsurface inputs and vice versa
suggestive of surface inputs. Substantial perturbations at 60 – 85 m and 165 – 200 m
were removed from the trend line calculations to avoid a skewed baseline.
2.4 Characterizing Hydraulic Gradients
Hydraulic gradients perpendicular to streamflow in a two-dimensional aspect were
modelled through the use of six, 9 mm ID piezometer transects (Figure 3.1). Screened
intervals, depths of completion, and GPS coordinates pertaining to the piezometers are
found in Appendix C. Hydraulic gradients were determined by linearly interpolating
between hydraulic head measurements taken manually at each piezometer. The depth to
water in each piezometer was measured using a water detection circuit attached to a
graduated dowel (± 2 mm). Hydraulic head was determined using the elevation of the
channel bed as the datum. Manual measurements were taken in the late morning (~1000
h) and evening (~1800 h) at 4-day intervals. This method of interpretation assumes that
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the slope direction of a hydraulic gradient indicates flow direction in two-dimensional
aspect along the gradient (i.e., through the hillslope-floodplain-channel continuum). Due
to the presence of longitudinal flow pathways that likely exist within the system, nonmonotonicity along a two-dimensionally viewed gradient does not infer a lack of
connectivity between the hillslope and the floodplain. Rather, it implies a lack of
connectivity in the two-dimensional view at the sample location. In such cases,
longitudinal pathways may connect hillslopes to the floodplain at downstream locations.
Two reference transects were installed on both the west (W1, W2) and east (E1, E2)
banks, along with two transects at preferential flow pathways: a water track (WT) on the
western hillslope and an abandoned-channel (AC) in the eastern floodplain (Figure 3.1).
Piezometer spacing within transects was determined in situ to encompass all topographic
breaks without redundancy; typically resulted in 1-2 m spacing (Appendix Figures B1 to
B6). To provide insight into the length of rainfall response decay, two wells (5 cm
diameter CPVC pipe) containing water level loggers (Onset U20) were installed in each
floodplain and logged at 5-minute intervals (Appendix Figure B3).
3. Results
3.1 Meteorological, hydrological, and active layer development
Mean hourly surface air temperature during the study period was 5.1 °C while total
rainfall was 37.6 mm compared to mean values of 5.2 °C and 27.5 mm, respectively, for
the same period during 2003-2016. Mean active layer depths along the study reach sub41

channel, floodplain, and hillslope sites reached maximum values of 103, 92, and 79 cm,
respectively. Mean discharge based on values collected 150 m downstream from the
study reach at 10-minute intervals was 0.04 m3/s. The 2016 baseflow runoff was low
relative to the 2003-2016 mean. At the outlet of the catchment, total 2016 baseflow
runoff was 21 mm, compared to the 2003 - 2016 mean of 27 mm (Schevers, 2017). Earlybaseflow, mid-baseflow, and late-baseflow periods as interpreted from the discharge
record (Figure 3.3) were June 28 to July 07, July 08 to July 18, and July 19 to August 08,
respectively.
3.2 Longitudinal river surveys
During the season, no consistent evidence for preferential subsurface inputs was found on
the western bank (Figure 3.4), however, prominent and consistent SpC increases
coinciding with T decreases were observed along the eastern bank of the study reach,
suggesting preferential subsurface inputs to streamflow (Figure 3.5). There were no
differences between observed subsurface inputs distributions during morning and evening
measurements, thus to avoid redundancy only morning datasets are provided and
discussed.
3.2.1 Subsurface preferential inputs
Persistent evidence for spatially discrete subsurface inputs (positive SpC and negative T
departures) was observed at two locations along the eastern bank (referred to as P1 and
P2; Figure 3.5). The location of the perturbation at P1 was at the outlet of a large
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Figure 3.3 Precipitation (bars) and temperature (line) from WestMet (a), discharge (b), and soil
moisture (volumetric water content (VWC)) at depths of 5cm, 15cm, 40cm, and 60cm (c) for the
study period. Discharge was recorded at the West River gauging station located 150 m south of the
study reach, and soil moisture was collected approximately 100 m up gradient on the eastern
hillslope. All station locations are shown in Figure 3.1.

(approximately 25 m in length) abandoned channel (Figure 3.1), which was noted to be
devoid of surface flow during baseflow aside from during large rainfall events (Jul 14, Jul
Figure 3.4 Specific conductance (SpC, orange) and T (blue) longitudinal datasets pertaining to the
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Figure 3.5 Specific Conductance (SpC, uS/cm) (orange) and temperatures (T, ᵒC) (blue) longitudinal
datasets pertaining to the eastern bank of the study reach. The shaded bands represent +/- 1

the nival period, except for during rainfall events on July 23 and July 31. During these
rainfall events SpC and T values at the outlet were more similar to streamflow, however
minor SpC and T perturbations persisted (Figure 3.5 and 3.6).
During July 12 and July 18, increases in SpC coinciding with decreases in T were
observed on the western bank (Figure 3.4), however these are attributed to the proximity
(separated by ~ 2 m of channel width) of this location to the outlet of the sub catchment
on the eastern hillslope (P2). Many minor (0.1 - 3 µS/cm) and spatially discrete decreases
in SpC beyond the threshold for natural variation were observed along the western bank
throughout the study period and were amplified during rainfall events (Figure 3.4). These
perturbations are believed to be caused by small-scale surface flow pathways (Bolduc et
al., 2018).
3.2.2 Seasonal evolution of SpC and T perturbations.
In general, all locations of persistent SpC and T perturbations exhibited uniform and
consistent increases in magnitude from June 30 to July 12 (Appendix Figure B4a), a
period during which active layer depth continually increased (Figure 3.3). Perturbation
magnitudes held steady through mid-baseflow (July 08 – 18). As the season progressed
into late-baseflow, only P2 was found to exhibit the SpC increase and T decrease
characteristic of a subsurface input (July 27 measurements). However, during latebaseflow (July 27 measurements) P1 did produce a decrease in temperature and
considering the similar SpC values of floodplain water samples and streamflow (Section
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Figure 3.4 Specific conductance (SpC, µS/cm) (orange) and temperature (T, ᵒC) (blue) longitudinal
datasets pertaining to the western bank of the study reach. The shaded bands represent +/- 1 stdev
from the baseline as determined as a linear trendline calculated with the known perturbation sites
removed from the dataset. The location of the downstream impact of the east bank input P2 is
indicated with a dashed line.
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Figure 3.5 Specific Conductance (SpC, uS/cm) (orange) and temperatures (T, ᵒC) (blue) longitudinal
datasets pertaining to the eastern bank of the study reach. The shaded bands represent +/- 1
standard deviation from the baseline as determined from a linear trendline calculated with the
known perturbation sites removed from the dataset (see text Section 2.3). Locations of P1 and P2 are
encompassed with dashed lines.

Figure 3.5 Specific conductance (SpC, µS/cm) (orange) and temperature (T, ᵒC) (blue) longitudinal
datasets pertaining to the eastern bank of the study reach. The shaded bands represent +/- 1
standard deviation from the baseline as determined from a linear trendline calculated with the
known perturbation sites removed from the dataset (see text Section 2.3). Locations of P1 and P2 are
encompassed with dashed lines.

Figure 3.5 Specific Conductance (SpC, uS/cm) (orange) and temperatures (T, ᵒC) (blue) longitudinal
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datasets pertaining to the eastern bank of the study reach. The shaded bands represent +/- 1
standard deviation from the baseline as determined from a linear trendline calculated with the
known perturbation sites removed from the dataset (see text Section 2.3). Locations of P1 and P2 are
encompassed with dashed lines.

2), the temperature perturbation alone remains indicative of an active subsurface input
from the abandoned channel in the floodplain. Low discharge in the main channel for the
remainder of the season prevented further measurements after July 31. The channel,
floodplain, and hillslope active layer depths had increased to mean values of 103, 92, and
79 cm, respectively by August 7.
3.2.3 Response of the SpC and T perturbations to rainfall
Soil moisture signals increased at all logger depths following the July 14 rainfall (Figure
3.3), with the greatest increase at the deepest sensor (65 cm). However, the gradual nature
of moisture increase at the deepest sensor suggests active layer thaw is a cause of the
increasing moisture, in addition to infiltrating rainfall. Abrupt increases in soil moisture,
indicative of infiltrating rainfall, were observed at the shallower soil depths (5 cm and 15
cm) during the following rainfall event (July 23). During this event, the 40 cm and 65 cm
sensor showed minimal change, maintaining soil high moisture content. Thus, suggesting
either soil at depth was at saturation prior to the rainfall event, or that the infiltration was
delayed or minimal at these depths. During the July 31 rainfall event, the shallowest (5
cm) sensor was the only sensor to record an increase (minor) in soil moisture, suggesting
that the shallow (~5 cm) soil zone was near saturation prior to the July 31 event and that
the deeper soil zones (15 – 60 cm) were either at saturation prior to the event or
infiltration was delayed following the event.
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Figure 3.6 Specific conductance (SpC, µS/cm) at the subsurface seep located at the base of the subcatchment up-gradient from P3. The data were recorded by a calibrated STIC logger (Chapter 2)
placed at the seep outlet approximately 3 m up gradient from streamflow.

At P1 and P2, SpC and T perturbation signals were lessened in magnitude during rainfall
events with the exception of sporadic, localized perturbations. In general, later season
Figure 3.6 Specific conductance (SpC, uS/cm) at the subsurface seep located at the base of the sub-
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Figure 3.6 Specific conductance (SpC, uS/cm) at the subsurface seep located at the base of the subcatchment up-gradient from P3. The data were recorded by a calibrated STIC logger (Chapter 2)
placed at the seep outlet approximately 3 m up gradient from streamflow.

a

threshold, however, the downstream distance affected was constrained to approximately 3
m. The July 14 P2 temperature record followed a similar trend; reaching seasonal
maximum perturbation with minimal downstream impact.
The next major rainfall event was on July 23. Within the 24-hour interval prior to the
streamflow measurement, 8.2 mm of rainfall occurred and ceased 1h prior to
measurements. At P1 the SpC and T perturbation signals were, similar to the previous
rainfall event, of low magnitude and erratic. At P2 the signal remained, however was
lower in magnitude and downstream impact relative to the previous baseflow
measurement. This rainfall event did not produce a large perturbation signal as observed
during the previous rainfall event.
The rainfall event on July 31 produced 7.6 mm of rainfall 24 hours prior to the
measurement, and a further 0.6 mm accumulated during the measurement. During this
event, SpC at P2 decreased below the natural variation threshold with a downstream
impact extending at least 25 m, reaching the starting location of the measurement
transect. The T signal was no longer detectable at P2 during this event. Combined, the
response of SpC and T at P2 suggest reactivation of surface flow through the subcatchment.
3.3 Slope-channel hydraulic gradients
Results pertaining to one reference transect (E1) and one preferential flow pathway
transect (AC) are discussed in terms of thaw response. Results pertaining to E1, W2 and
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AC are discussed regarding rainfall response. Figures pertaining to the remaining transect
results, which are not discussed in detail due to similar responses to those discussed, can
be found in Appendix Figures B5 and B6.
3.3.1 Response to active layer thaw
Rainfall in temporal proximity to measurement times complicated the investigation of the
response of hydraulic head values to active layer thaw. When measurements fell within
the response decay of a rainfall event, as determined by 5-min resolution level loggers,
they were not considered when assessing hydraulic gradient responses to active layer
thaw. The July 23 and August 02 measurements occur during rainfall response decays in
both the upper and lower floodplain at both the east and west bank sites, as well as
channel stage (Appendix Figure B3b). Thus, these dates are not taken into consideration
in the investigation of hydraulic response to active layer thaw. Four intervals of change
are considered between: July 5, July 10, July 19, July 28, and August 08. In the following
results and discussion, upper floodplain is considered the 50% of the floodplain closer to
the hillslope in which piezometers are installed and the lower floodplain is considered the
50% closer to the channel (Figure 3.7).
Reference transects
Over the thaw season, changes in hydraulic head at individual piezometers varied in
magnitude, however directions of change were mostly consistent. All piezometers in E1
that had standing water on both July 5 and July 10 (four of five piezometers) exhibited
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Figure 3.7 a) hydraulic head (triangles) and active layer depth
(crosses) values at piezometers of E1 and AC. Left to right
corresponds to increasing distance from the channel; channel
bed (CB), lower floodplain (LF), upper floodplain (UF), lower
hillslope (LH), and upper hillslope (UH). b) Photos of piezometer
distributions in each transect with piezometers applied to panel
a) are indicated with arrows.
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Figure 3.2 A visual representation of the second filter applied to
remove short term (~2 s), and minor levels of inexplicable noise
likely due to short-lived exposures of the sensors to the
atmosphere. This example is applied to SpC (specific
conductance) data and shows the thresholds for data to be
removed as the 30s mean of SpC values +/- the 30 s mean

decreased hydraulic head between these measurements. From July 10 to July 19, the
upper hillslope piezometers continued to exhibit no standing water, whereas the lower
hillslope and upper floodplain piezometers showed increases. Channel bed and lower
floodplain piezometers both exhibited decreases. Between July 19 to July 28, lower
floodplain and channel piezometers continued to decrease and upper floodplain and lower
hillslope piezometers continued to increase. The upper hillslope developed standing
water during this window, but the lack of measurements prior to July 28 prevented
assessment of change. Over the July 28 to August 08 period, all piezometers in reference
transects showed a decrease in hydraulic head, with the exception of the lower hillslope
at E1 which showed an increase (Figure 3.7). In all other reference transects, trends were
similar to those described here with some minor exceptions (Appendix Figure B5).
Preferential flow pathways
Hydraulic head along the AC transect followed similar trends to the reference transects
apart from in the channel and lower floodplain piezometers; the trends observed here
produced a shift in inferred flow direction (Figure 3.8). The channel piezometer showed a
large increase in hydraulic head beginning on July 19 (Figure 3.7), while the lower
floodplain showed a decrease from July 10 to 19 after which hydraulic head remained
relatively low, even in response to rainfall events. This caused a shift in the near-channel
(lower floodplain) orientation of the hydraulic gradient at this transect from a channelorientation to an upper floodplain-orientation, which remained for the rest of the
measurement period (Figure 3.8).
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Figure 3.8 Hydraulic gradients pertaining to E1 (a), AC (b), and W2 (c). Black lines represent the
mean gradient value, not taking into account days influenced by rainfall as determined by continuous
water level loggers. Solid, coloured lines represent rainfall events on July 14 (green), July 23 (red), and
July 31 (blue). The dotted, coloured lines represent 1-2 day decay of rainfall responses. The shaded
area represents the surface topography.

Measurements at the WT transect began on July 19 and thus, comparison to prior trends
is not possible. In general, piezometers in this location differed from reference and AC
transects by maintaining stable (channel/floodplain) or increasing (hillslope) values of
hydraulic head.
3.3.2 Response to rainfall
During both the July 14 and 23 rainfall events, and two days following the July 31 event,
piezometers in the upper and lower floodplain of W2 exhibited increases in hydraulic
head of greater magnitudes than the channel bed piezometer resulting in a reversal of the
near-channel inferred flow direction from a floodplain-orientation to a channelorientation (Figure 3.8). At the remaining transect locations, all channel and floodplain
piezometers showed an increase in hydraulic head during rainfall events and for 1-2 days
following cessation of the rainfall event. These increases were proportional with the
upper floodplain and lower hillslope piezometers in the transects, and thus, gradient
direction remained the same before and after rainfall.
4. Discussion
We observed two locations of inferred preferential subsurface flow pathways delivering
solute-rich, cold water during baseflow: hillslope (sub-catchment) and floodplain
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(abandoned channel). The first type of preferential input is associated with surficial and
subsurface hillslope channelization. Slope convergence associated with channelization
along hillslopes promotes similar convergence of the potentiometric surface in the active
layer and thus acts to promote subsurface flow along the channelized section of hillslope
(Anderson et al., 2009; Ward et al., 2012; Bolduc et al., 2018). We observed this hillslope
type of preferential subsurface input to streamflow at the outlet of a channelized subcatchment (Figures 3.1; 3.5; 3.6).
Abandoned channels provide zones of relatively high hydraulic conductivity due to
winnowing of fine sediment/material that occurs when surface flow and vertical
hyporheic exchange exists (Stanford and Ward, 1993; Poole et al., 2004, Wondzell and
Gooseff, 2013). These zones of high hydraulic conductivity thereby promote preferential
flow through the floodplain (Wondzell and Gooseff, 2013). Furthermore, longitudinal
hydraulic gradients generated by hydraulic head differences between upstream and
downstream extents of abandoned channels produce hydrostatic conditions conducive to
preferential hyporheic flow through the floodplain (Wondzell and Gooseff, 2013). This is
the nature of the second type of inferred flow pathway that we observed and is commonly
observed in temperate settings (Standford and Ward, 1993; Kasahara and Wondzell,
2003; Poole et al., 2004).
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Spatially discrete subsurface sources to baseflow
This work demonstrates channelized sub-catchments remain a source to baseflow once
snowmelt and overland runoff cease. Such observations have been noted in other Arctic
regions regarding hillslope sources (Brown et al., 2005; Blaen et al., 2013, Blaen et al.,
2014, Bolduc et al., 2018). As seasonal snowpack depletes, non-glacierized High Arctic
catchments become increasingly dependent upon rainfall and shallow groundwater for
sustaining baseflow (Blaen et al., 2014; Lamoureux and Lafrenière, 2017). Due to
increased residence time in the subsurface relative to surface runoff, groundwater inputs
are solute-rich (Edwardson et al., 2003; Walvoord et al., 2012) and are commonly rich in
nutrients (e.g., DIN) (Kawahigashi et al., 2006; Walvoord and Streigl, 2007, Harms and
Jones, 2012). We show that discrete inputs of solute-rich, and potentially nutrient-rich,
waters exist at the location of an intermittently active surface runoff pathway in the form
of a channelized sub-catchment. Not considering rainfall events, the described inputs
appear to have the greatest impact on streamflow at the immediate outlet of the inflow
during mid-baseflow.
In the past 15 years, studies have shown substantial and biogeochemically significant
hyporheic processes occur in Arctic settings (Edwardson et al., 2003; Zarnetske et al.,
2007, 2011). This study suggests the existence of relatively large scale (~25 m in length)
hyporheic flow pathways through abandoned braided channels. Hyporheic environments
provide important nutrient cycling environments, as oxygen-rich waters flow through
nutrient-rich subsurface sediment and combine with hillslope water within substrate that
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provides ample surface area for biogeochemical cycling (Edwardson et al., 2003;
Zarnetske et al., 2011). In nutrient-limited aquatic ecosystems common in Arctic systems,
large scale hyporheic pathways delivering nutrient-rich waters are likely to be important
for aquatic ecosystem function, and in this study, are suggested to be notable contributors
to solute delivery during late season (Edwardson et al., 2003; Frey and McClelland, 2009,
Harm and Jones 2012). Moreover, this study suggests that such hyporheic pathways in
the High Arctic are influenced by both active layer thaw depth and rainfall events with
respect to activation and the impact of solute delivery to streamflow solute loads. Similar
to the sub-catchment flow pathway, downstream impacts in the immediate vicinity of the
proposed hyporheic outlet were greatest during the time of mid-baseflow (July 08 to July
18).
Rainfall induced increases in subsurface sources to streamflow
Increased magnitudes of SpC and T perturbations during rainfall (relative to times not
impacted by rainfall) suggest an increased influx of subsurface water to streamflow at the
outlet of the sub-catchment, however this signal is diminished quickly by surface runoff
from the sub-catchment and by increased discharge in the channel. As exemplified in
temperate-based literature (Sueker et al., 2000; Jones et al., 2006; Dahlke et al., 2014)
and in arctic-based literature (Obradovic and Sklash, 1986; Lamhonwah et al., 2017b),
rainfall infiltrating the active layer causes pressure waves which propagate and force preevent water through the subsurface towards the channel. Through this process, rainfall
causes an increased flux of shallow groundwater as throughflow to enter the channel
57

(Lischeid et al., 2002). Our observations provide additional Arctic-based evidence,
suggesting an increase in groundwater flux to streamflow during rainfall at localized
preferential inputs.
In addition to pre-event water delivery via localized preferential inputs during rainfall,
our observations suggest that pre-event soil water is entering the channel during rainfall
through more disperse flow pathways in the soil matrix. This is demonstrated through the
observation of inferred flow direction reversal in the floodplain during rainfall; shifting
from hillslope/floodplain directed flow to channel directed flow. Increases in subsurface
influx to streamflow of this nature are less detectable based on SpC and T, however this
phenomenon is supported by temperate theory (Jung et al., 2004) and in practice through
Arctic-based applications of geochemical and isotopic tracers which observed increases
in pre-event water during stormflow (Obradovic and Sklash, 1986; Blaen et al., 2014,
Lamhonwah et al. 2017b).
Seasonal shifts in subsurface flow pathways
The subsurface perturbation signals developed to maximums during mid-baseflow period
(July 08 – July 18), when thaw depths were well below the 10 – 15 cm organic soil layer.
Greater active layer depths allow deeper flow pathways, while depleting snowmelt and
greater residence time in hillslopes due to more subsurface runoff and lower hydraulic
conductivities in mineral soils cause a reduction in streamflow discharge. Combined,
lowered discharge and lowered frost table elevations cause surface flow to cease through
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channel sections and sub-catchments that were active during early-baseflow. At this point
in time, when surface flow initially ceases, signals for subsurface inputs are at a
maximum as baseflow is sourced from dilute snowmelt and relatively warm near-surface
runoff; allowing even limited inputs of solute-rich, cold subsurface water to produce
large perturbations in SpC and T. The observed decay in the magnitude of SpC and T
perturbations into late-baseflow is explained by the increasing similarity in SpC and T
between streamflow and inflowing subsurface waters. During late-baseflow, streamflow
is mainly derived from subsurface sources such as past-season soil water, infiltrated
rainfall, or thawed ice from the transient layer (Walvoord et al., 2012). Considering the
convergence of streamflow and floodplain water SpC and T following July 20 (see
Section 2.3), the observed removal of SpC signal from the abandoned channel and
decrease in the magnitude of the T perturbation signals is not indicative that subsurface
inputs are decreasing, simply that differences between subsurface and surface water
variables are less pronounced. Thus, despite signals decaying into late-baseflow, it is
likely that subsurface inputs remain active. To confirm this interpretation, a more indepth geochemical or isotopic sampling regime, such as those employed by Dahlke et al.,
2014, or presented in reviews (e.g. Tetzlaff et al., 2015) would be useful.
Hydraulic head at the piezometer transect through the abandoned channel did not change
proportionately as the thaw season progressed, causing a shift in inferred flow direction.
This was caused by the substantial increase in hydraulic head in the streambed and was
likely promoted by the presence of the abandoned channel, which acts to provide a
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longitudinal preferential flow. This longitudinal pathway (oriented perpendicular to the
hillslope-floodplain flow pathways) acts to lower hydrological connectivity along the
hydraulic gradient between the hillslope and floodplain by creating a depression in
hydraulic head. By decreasing this connectivity, the floodplain at this location receives
less flow from the hillslope and thereby promotes a decrease in hydraulic head within the
lower floodplain and the resulting disproportionate change in hydraulic head (Jung et al.,
2004; Jencso et al., 2009). Combined, increased hydraulic head below the channel and
decreased hydraulic head in the floodplain reversed inferred flow direction to a floodplain
orientation – resulting in either the loss of streamflow, or the activation of a large-scale
hyporheic pathway if the inferred longitudinal flow pathway was to re-enter streamflow.
Although connection of the hillslope water source to the floodplain at this location was
impeded, it is likely that the hillslope water was delivered to the floodplain/channel at a
downstream location (possibly through the aforementioned longitudinal pathway).
5. Conclusions and Implications
We present evidence for preferential subsurface inputs to High Arctic river channels
originating from localized flow pathways, which previously contained surface flow
during snowmelt and early-baseflow. The observed preferential subsurface inputs provide
a continued input to baseflow when surface flow ceased and supply streamflow with lowtemperature, solute-rich water.
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We observed that during rainfall events, preferential subsurface flow pathways along
hillslopes can act as conduits for pre-event water delivery to streamflow. Considering
increases in SpC and decreases in T at the outlet of the hillslope preferential flow
pathway during the deposition of relatively dilute and warm rainfall, this study provides
evidence that hillslope preferential flow pathways can act to rapidly deliver pre-event
water during rainfall events. During baseflow and rainfall, such features may act to
mobilize past-season nutrients and/or thawing ground ice to streamflow and eventually
the outlet (lacustrine or marine) of the watershed. These observations become particularly
important when considering the potential for stores of nutrients within near-surface
permafrost becoming mobilized upon projected active layer expansion (Bowden et al.,
2008; Frey and McClelland, 2009, Lamhonwah et al., 2017a, Keuper et al. 2012).
Abandoned channels provide hydrogeological conditions conducive to subsurface flow
(Standford and Ward, 1988; Kasahara and Wondzell, 2003; Poole et al., 2004). This work
demonstrates that during baseflow in Arctic systems, subsurface flow can persist through
braided channels abandoned by surface flow. Considering the importance of hyporheic
pathways to Arctic aquatic ecosystems (Edwardson et al., 2003; Zarnetske et al., 2007)
and the large number of braided channel sections that shift from active to inactive as
snowmelt ceases in non-glacierized catchments, abandoned channels may be an understudied and significant component of riverine biogeochemical systems.
With consideration to projected increases of Arctic temperatures and precipitation
(AMAP, 2017), this work suggests that general subsurface flow inferred by hydraulic
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head adjacent to streams will exhibit more frequent increases and may produce reversals
of flow along hydraulic gradients. We show that flow reversal along hydraulic gradients
may occur in response to rainfall events, a mechanism which has been observed in
temperature-based studies (e.g. Jung et al., 2004). Such reversals are not likely to be
uniform throughout a given catchment, as small-scale hydrogeological conditions vary
spatially.
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Chapter 4
Conclusions and Future Work
Riverine ecosystems in the Arctic are strongly influenced by the mechanisms through
which baseflow and stormflow are delivered. Preferential flow pathways and subsurface
contributions to streamflow in the Arctic have increasingly been observed to be
substantial contributors of baseflow and stormflow, and these contributions are expected
to increase further under projected active layer deepening. The spatial and temporal
patterns of preferential flow and general delivery through the soil matrix strongly
influence solute delivery, nutrient delivery, and the volume, temperature and
biogeochemistry (i.e., nutrient speciation) of baseflow. Thus, the current state of these
delivery mechanisms warrant in-depth investigations in the Arctic, as does the potential
impact of projected climate change on solute, nutrient, and flow characteristics. This
work, conducted at the Cape Bounty Arctic Watershed Observatory, set out to improve
our knowledge base on these topics and to provide a methodological means to improve
resolution and economic feasibility of future studies in this field and related fields. The
work is summarized as follows:
1. The calibrated STIC logger provides an accurate means to dimensionally quantify

EC in freshwater systems. In our field applications we observed 1:1.05 and 1:1.08
relationships between the STIC and commercial logger SpC values, and had zero
logger failures. The cost of constructing STIC loggers is modest and can be used
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to effectively increase the spatial resolution of water quality monitoring and
research.
2. We observed two different locations of persistent preferential subsurface inputs to
streamflow, one at the outlet of a previously active channel through the
floodplain, and another at the outlet of a channelized sub-catchment. During
baseflow, these inputs provided solute-rich, relatively cold water to streamflow
when surface flow at the locations of the inputs had ceased. During stormflow,
subsurface inputs to the channel remain active and in the case of the subcatchment, there was evidence for increased flux of pre-event soil water.
3. We observed heterogeneity in the nature of subsurface hydraulic gradients, in how
gradients developed over the season, and in how gradients responded to rainfall.
Two monitored hydraulic gradients exhibited reversal of inferred flow direction;
one due to rainfall and the other as the thaw season progressed.

Future work following related research questions should employ tracer-based approaches
to investigate the volumes of baseflow and stormflow being delivered via preferential
flow pathways and general subsurface inputs. Environmental tracers would be a likely
candidate to passively assess the overall input via subsurface inputs (Obradovich and
Sklash, 1986; Tetzlaff et al., 2015; Lamhonwah et al., 2017b), whereas artificial tracers
would be useful in assessing point source inputs. Artificial tracers may be applied
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upstream of inputs in a dilution gauging methodology or in a more targeted approach
injecting tracers to the preferential flow pathways directly.

Regarding the nature of hydraulic gradients and the response to rainfall and active layer
thaw, it is suggested that low-cost pressure transducers be installed within similar
piezometer networks to allow assessment of hydraulic head changes over a higher
resolution temporal scale. This approach would improve identification of rainfall
responses and thaw responses independent of rainfall events (when paired with a rain
gauge station). Furthermore, it would be useful to employ a longitudinal aspect to the
piezometer transects which would allow for groundwater flow network mapping through
the active layer and thus further investigation of preferential flow through abandoned
channels.

Finally, regarding the calibration of STIC loggers, it would be useful to experiment with
higher cell constants to target higher range EC readings. This may be achieved by
decreasing the surface area of the electrodes or increasing the spacing between them. The
latter option may be more easily accomplished by constructing a custom logger casing. A
STIC logger design capable of high range EC measurements would allow applications in
a wider range of environments. When targeting high range measurements, it would be
prudent to consider a method to prevent polarization of the electrodes, as this is likely to
occur as TDS levels within water being measured increase.
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Appendix A – Supporting STIC logger figures and data

Figure A1. Mean predicted SpC values from STIC 2 (a), STIC 3 (b), STIC 4 (c), and STIC 5 (d) in
relation to SpC as measured via Orion Conductivity Cell. A 1:1 relationship is plotted along with
error bars showing the range of predictions.
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Figure A2. STIC 1 regression residuals plotted over the range of electrical conductivity (EC)
measured during all calibration trials. The EC values applied to this residual plot include all
observed values over the full range of temperatures and calibration standards.

Figure A3. STIC 2 regression residuals plotted over the range of electrical conductivity (EC)
measured during all calibration trials. The EC values applied to this residual plot include all
observed values over the full range of temperatures and calibration standards.
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Figure A4. STIC 3 regression residuals plotted over the range of electrical conductivity (EC)
measured during all calibration trials. The EC values applied to this residual plot include all
observed values over the full range of temperatures and calibration standards.

Figure A5. STIC 4 regression residuals plotted over the range of electrical conductivity (EC)
measured during all calibration trials. The EC values applied to this residual plot include all
observed values over the full range of temperatures and calibration standards.
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Figure A6. STIC 5 regression residuals plotted over the range of electrical conductivity (EC)
measured during all calibration trials. The EC values applied to this residual plot include all
observed values over the full range of temperatures and calibration standards.
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Table A1. Summary table of data pertaining to STIC 2, STIC 3, STIC 4, and STIC 5 including
measured SpC, SpC predicted by STIC loggers, % Error with respect to the difference between the
predicted and measured SpC values, mean residual values, mean absolute error (MAE), and mean
absolute percentage error (MAPE) for all predicted values at each calibrant SpC value.
Standard
SpC
(µS/cm)
STIC 2
61.40
258.5
487.0
1001
1516
STIC 3
61.40
258.5
487.0
1001
1516
STIC 4
61.40
258.5
487.0
1001
1516
STIC 5
61.40
258.5
487.0
1001
1516

Predicted
SpC
(µS/cm)

%
Mean
Error

Mean.
Residual
(µS/cm)

MAE
(µS/cm)

MAPE
(%)

55.73
226.1
496.5
1018
1485
mean
65.56
242.7
479.1
1048
1489
Mean
62.49
240.7
484.1
1032
1490
Mean
63.71
231.7
495.5
1028
1489
Mean

-9.2
-13
1.9
1.7
-2.1
-4.0
6.8
-6.1
-1.6
4.7
-1.8
0.4
1.8
-6.9
-0.6
3.2
-1.7
-0.8
3.8
-10.4
1.7
2.7
-1.7
-0.8

5.7
32
-9.5
-17
31
8.5
-4.2
16
7.9
-47
27
-0.2
-1.1
18
2.9
-31
25
2.6
-2.3
27
-8.5
-26
27
3.3

5.7
32
21
34
42

9.2
13
4.4
3.4
2.8

7.1
16
12
49
32

11.6
6.2
2.4
4.9
2.3

4.4
20
13
49
47

7.2
7.6
2.7
4.9
3.1

3.7
27
16
32
53

6.1
10
3.3
3.1
3.5
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Appendix B – Supporting Hydrological and Active Layer Data

Figure A1 a) and b) – Subsurface temperature records at depths of 15, 40, and 60 cm in relation to
streamflow temperature. All values were collected at 5-minute intervals using Onset UA-002-64 loggers.
Panels a) and b) correspond to hillslope and floodplain stations located within 10 m of transects E1.
Point measurements (squares) represent the approximate temperature at the 150 m distance along the
eastern bank as determined during measurements with the RBR TR-1060F logger.
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Figure B1 c) and d) – Subsurface temperature records at depths of 15, 40, and 60 cm in relation to
streamflow temperature. All values were collected at 5-minute intervals using Onset UA-002-64
loggers. Panels c) and d) correspond to hillslope and floodplain stations located within 10m of
transect W2. Note: The 60 cm depth in panel d) is missing as the logger was not recoverable. The
blue vertical lines represent points of time at which longitudinal T records were collected. Point
measurements (squares) represent the approximate temperature at the 150 m distance along the
eastern bank as determined during measurements with the RBR TR-1060F logger.
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Figure B2 – Subsurface water specific conductance values in relation to streamflow specific
conductance values. All water samples were collected within 30-min and recorded using a Thermo
Scientific Orion DuraProbe™ 4-Electrode Conductivity Cell (model 013005MD; k = 0.475 cm-1).
Panel a) represents samples taken from the paleochannel transect AC, while panel b) corresponds to
samples collected at transects E1 and W1.

81

a)

b)

c)

Figure B3 – Lower floodplain (within 2 of streamflow) and upper floodplain (base of hillslope)
hydraulic head records in relation to rainfall. Panels b) and c) represent east and west floodplains,
respectively; panel a) represents hourly rainfall over the study period.
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a)

Figure B4a – Longitudinal specific conductance (SpC) datasets collected along the west bank over the
entirety of the study period (including measurements prior to July 12 not shown in the figures within
Chapter 3. The grey bands along each dataset represent ±1 standard deviation from the baseline and
is assumed representative as the threshold for natural variation not attributable to subsurface or
surface inputs to streamflow
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b)

Figure B4b – Longitudinal temperature (T) datasets collected along the east bank over the entirety of
the study period (including measurements prior to July 12 not shown in the figures within Chapter 3.
The grey bands along each dataset represent ±1 standard deviation from the baseline and is assumed
representative as the threshold for natural variation not attributable to subsurface or surface inputs
to streamflow
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c)

Figure B4c – Longitudinal specific conductance (SpC) datasets collected along the west bank over the
entirety of the study period (including measurements prior to Jul-12 not shown in the figures within
Chapter 3. The grey bands along each dataset represent ± 1 standard deviation from the baseline and
is assumed representative as the threshold for natural variation not attributable to subsurface or
surface inputs to streamflow
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d)

Figure B4d – Longitudinal temperature (T) datasets collected along the west bank over the entirety
of the study period (including measurements prior to Jul-12 not shown in the figures within Chapter
3. The grey bands along each dataset represent ± 1 standard deviation from the baseline and is
assumed representative as the threshold for natural variation not attributable to subsurface or
surface inputs to streamflow.
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a)

b)

c)

d)

Figure B5 – Hydraulic head at individual piezometers over the study period in relation to active layer depth. Panels: a) W1 b) W2 C) E2 d) T4
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Figure B6 – Elevation and

a)

orientations of hydraulic gradients
in relation to rainfall events
during the study period. Panels a),
b) and c) are not provided in
Chapter 3 and represent reference
transects E2, W1 and WT
respectively. Solid bold lines
represent the mean gradient value,
not taking into account days

b)

influenced by rainfall as
determined by continuous water
level loggers. Solid lines represent
rainfall events on July 14 (a), July
23 (b), and July 31 (c). The dotted
lines represent 1-2-day decay of
rainfall responses for July 23 (b’),
and July 31 (c’). The grey area
represents the surface topography.

c)
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Appendix C – Piezometer Installation Details

Table C1: Reference transect piezometer installation details collected during installation and following adjustments during the 2016 field season.

Screened interval
(cm)

Top of well above ground (cm)

well base
relative to
channel
bed (cm)

Depth of completion (cm)

UTM Coordinates

Distance
from
piezometer
1 (m)

Total
well
length
(cm)

July 13

July 18

July 23

UTM E

UTM N

T1-E1

0

102

51.1

51.1

51.1

51.1

51.1

25

25

50.9

50.9

50.9

50.9

50.9

0

540536

8314544

T1-E2

1.52

106

39.3

39

39

39.4

39.4

25

25

66.7

67

67

66.6

66.6

22.5

540537

8314545

T1-E2.5

2.78

107

59.9

60

60

59.8

59.8

25

25

47.1

47

47

47.2

47.2

16

-

-

T1-E3

3.97

105.5

60.4

60.9

60.9

61.3

61.3

25

25

45.1

44.6

44.6

44.2

44.2

17

540537

8314545

T1-E3.5

4.87

107

59.2

59

59

59.6

59.6

25

25

47.8

48

48

47.4

47.4

22

-

-

T1-E4

6.11

106.5

73.4

52.4

52.4

52.4

52.4

10

25

33.1

54.1

54.1

54.1

54.1

14

540542

8314547

T1-E4.5

8.86

107.25

61.7

47.5

30.8

30.6

30.6

10

25

45.55

59.75

76.45

76.65

76.65

40

-

-

T1-E5

11.81

106.5

65.3

46.8

33.4

33.6

29.7

T1-E5.5

19.81

-

15.4

15.4

15.4

15.4

15.4

24.3

100

66.3

46

31.5

23.1

23.2

10

25

33.7

54

68.5

76.9

T1-W1

0

100

53.4

55.1

55.1

55.1

55.1

25

25

46.6

44.9

44.9

T1-W2

1.12

99.5

48.2

48.5

48.5

48.5

48.5

25

25

51.3

51

T1-W2.5

2.31

99.5

48.1

47.9

47.9

48.2

48.2

25

25

51.4

T1-W3

3.31

106

55.8

55.8

55.8

56

56

25

25

50.2

4.7

106

57.9

57.8

57.8

57.9

57.9

25

25

48.1

Name

T1-E6

T1-W3.5

July 4

July 9

July 13

July 18

July 23

July
13

July 4

10
-

July 4

25
-

89

July 9

41.2
-

59.7

51.5

540547

8314550

115.5

-

-

76.8

172.5

540559

8314553

44.9

44.9

0

540533

8314542

51

51

51

11.5

540532

8314542

51.6

51.6

51.3

51.3

17.5

-

-

50.2

50.2

50

50

17.5

540530

8314541

48.2

48.2

48.1

48.1

12

-

-

-

73.1
-

72.9
-

76.8
-

T1-W4

6.52

106.5

63.4

63.1

63.1

63.3

63.3

25

25

43.1

43.4

43.4

43.2

43.2

16

540428

8314539

T1-W4.5

8.81

106.5

61.2

45.6

35.2

35.3

35.3

10

25

45.3

60.9

71.3

71.2

71.2

20.5

-

-

T1-W5

12.23

99

71.4

56.4

45

40.6

39.5

10

25

27.6

42.6

54

58.4

59.5

68

540424

8314536

T1-W5.5

19.91

-

-

-

51.5

47

47

88.5

-

-

T1-W6

24.91

99.5

60.7

58.2

47.2

39.8

39.8

10

25

38.8

41.3

52.3

59.7

59.7

175.5

540424

8314536

T2-E1

0

105.5

53.1

52.8

52.8

53

53

25

25

52.4

52.7

52.7

52.5

52.5

0

540511

8314664

T2-E2

1.09

106.5

50.3

49.8

49.8

49.9

49.9

25

25

56.2

56.7

56.7

56.6

56.6

4

540512

8314664

T2-E2.5

1.97

106

61.2

61

61

61.3

61.3

25

25

44.8

45

45

44.7

44.7

0.5

-

-

T2-E3

2.79

106.5

70.3

58

58

58.3

58.3

10

25

36.2

48.5

48.5

48.2

48.2

2.5

540513

8314665

T2-E4

3.75

106

69

37.7

21.2

21.5

21.5

10

25

37

68.3

84.8

84.5

84.5

28

540514

8314666

T2-E4.5

6.27

106.5

69

51.7

38

29.7

27.7

10

25

37.5

54.8

68.5

76.8

78.8

60.5

-

-

16.62

100

53.5

42

35.2

25.4

23.7

10

25

46.5

58

64.8

74.6

76.3

156

540525

8314670

T2-W1

0

100.5

56.8

56.3

56.3

56.8

56.3

25

25

43.7

44.2

44.2

43.7

44.2

0

540500

8314661

T2-W2

0.82

106.5

60.2

60.2

60.2

60.3

60.3

25

25

46.3

46.3

46.3

46.2

46.2

11

540499

8314661

T2-W2.5

1.76

106.5

67.4

38.2

38.2

38.3

38.3

25

25

39.1

68.3

68.3

68.2

68.2

27.5

-

-

T2-W3

2.76

105.5

70.6

47.5

47.5

47.7

47.7

10

25

34.9

58

58

57.8

57.8

27.5

540497

8314660

T2-W3.5

3.62

99

57.7

39.8

39.8

39.8

39.8

10

25

41.3

59.2

59.2

59.2

59.2

26.5

-

-

T2-W4

4.75

100

68.2

47.2

32.8

32.7

27.5

10

25

31.8

52.8

67.2

67.3

72.5

43

540495

8314659

37

32

32

87

-

-

47

38.3

36.5

37

62.5

135

540485

8314656

T2-E5

T2-W4.5
T2-W5

8.75
15.37

-

99.5

61.7

-

-

-

-

10

90

-

25

-

37.8

-

52.5

-

61.2

63

Table C2: Preferential flow pathway transect piezometer installation details collected during installation and following adjustments during the 2016
field season.
Screened interval
(cm)

Top of well above ground (cm)
Distance
from
piezomet
er 1 (m)

Total
well
length
(cm)

T3-1

0

100.5

T3-2

1.69

101

T3-3b

3.02

T3-4b

Name

July 6

July 16

July 20

55.8

55.8

67.8

67.8

99.5

59.2

4.02

102

68.6

T3-5b

4.72

100.5

76.5

T3-6

5.72

100

63.4

34.7

T3-7

9.85

101.5

68.6

T3-8

15.73

100

67.1

T4-1

0

101

T4-2

3.55

T4-3b

7.13

T4-4b

July
29

July
6

July
16

July
20

July
22

July
24

July
29

July 24

33.4

39

38.7

38.7

25

25

44.7

44.7

67.1

61.5

61.8

61.8

33.1

47.9

47.9

47.9

25

25

33.2

33.2

67.9

53.1

53.1

53.1

59.2

24.6

40

47.7

47.8

25

25

40.3

40.3

74.9

59.5

51.8

51.7

68.6

38

43.8

41.3

41

25

25

33.4

33.4

64

58.2

60.7

31.3

31.3

31.7

32

10

25

24

55.1

69.2

69.2

30.7

30.7

26.5

26

10

25

36.6

65.3

69.3

69.3

36.5

26.6

26.6

26.7

27.1

10

25

32.9

65

74.9

29.5

25

25

24.9

25

10

25

32.9

70.5

-

59.5

59.5

59.5

59.7

59.5

-

25

-

100.5

-

55.6

55.6

55.6

55.7

55.7

-

25

100.5

-

47.3

47.3

47.3

47.5

47.5

-

25

8.35

101.5

-

43

43

44.2

43.7

43.5

-

T4-5b

9.14

100

-

27.2

27.2

27.2

26.6

26.5

T4-6

10.57

102

-

41

28.2

28.2

21.2

T4-7

15.21

99.5

-

73.2

66.3

66.3

66.4

T4-8

22.92

100

-

60.6

56.3

56.3

56.5

well base
relative to
channel
bed (cm)

UTM E

UTM N

0

540515

8314735

15

540517

8314735

13.5

540518

8314735

61

4.5

540519

8314735

68.8

68.5

28

540520

8314735

73.5

74

66

540521

8314735

74.9

74.8

74.4

152

-

75

75

75.1

75

239

540530

8314736

41.5

41.5

41.5

41.3

41.5

0

540543

8314522

-

44.9

44.9

44.9

44.8

44.8

20

540540

8314521

-

53.2

53.2

53.2

53

53

5

540537

8314520

25

-

58.5

58.5

57.3

57.8

58

-2

540536

8314520

-

25

-

72.8

72.8

72.8

73.4

73.5

27.5

540535

8314520

21.2

-

25

-

61

73.8

73.8

80.8

80.8

65.5

540534

8314521

66.4

-

25

-

26.3

33.2

33.2

33.1

33.1

116

540529

8314521

56.5

-

25

-

39.4

43.7

43.7

43.5

43.5

176.5

91

July 16

UTM Coordinates

July 22

45.4

July 4

Depth of completion (cm)

-

-

-

Appendix D – Piezometer transect map/photos, and floodplain and preferential
input photos

hillslope piezometers

Figure D1 – East view of reference Transects E1 (East Bank) and W1 (West Bank)

hillslope piezometers

92 Bank)
Figure D2 – West view of reference Transect W2 (West

hillslope piezometer

Figure D3 – North view of Paleochannel Transect AC (East Bank)

93

Figure D4 – North view of Paleochannel Transect AC on Jul-31 Rainfall (channel reactivation)

94

Figure D5 – West view of Watertrack Transect WT (West Bank)

95

hillslope piezometer

Figure D6 – North view of Reference Transect E2 (East Bank)

96

Figure D7 – East Bank Floodplain (Both Images are North View).

97

Figure D8 – West Bank Floodplain (Both Images are South View)

98

a)

b)

Figure D9 – a) Location of P1 at the outlet of abandoned channel (Northeast View) and b) reactivation of the abandoned channel during July 31 rainfall event (North View).

99

Figure D10 – Location of P2 at the outlet of a sub-catchment – The red circle represents the outlet of
the catchment (North View).

100

Figure D11 – Study site satellite imagery (WorldView-3; July 15 2016) with transect insets including piezometer locations within each transect.

101

