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Abstract

Seismic lines are long linear cut lines through forests created for hydrocarbon exploration
and comprise over 50 % of all linear disturbances in the Canadian Boreal Forest. They are
known to impact local eco-hydrological conditions and show minimal regeneration back to pre-
disturbance conditions. This thesis aims at assessing the effects of seismic exploration lines on
the eco-hydrology and vadose zone of a 700 km? forested watershed located near Fox Creek in
west-central Alberta. This region has been one of the most active areas for hydrocarbon
production in Canada for the past 50 years, having a mean density of 3.3 km/km? of seismic
lines. Here, the impacts of seismic exploration lines on soil-water content (SWC), the
hydrological cycle using a 1-D model known as the Simultaneous Heat and Water (SHAW)
model, and the physio-chemical properties of the vadose zone are examined using paired sites in
disturbed and undisturbed areas.

SWC measurements indicated that seismic lines do not always have a higher moisture
content. During the fall season, SWC measured at 15 cm depth were significantly higher on the
seismic line due to the faster dormancy and reduced water usage of grasses and understory
species that are dominant on seismic lines, in contrast to the trees and shrubs that are dominant in
the adjacent undisturbed area. In the spring, SWC was significantly higher on the adjacent
undisturbed area, due to delayed snowmelt on the seismic line. SWC measured during the
summer and winter seasons was more variable among study sites and shallow soil layers (15 cm
and 30 cm), which experience more seasonal SWC variations than deeper (60 cm) soil layers.

Using the SHAW model, an annual water budget was estimated for a 60 cm soil profile.
The simulations revealed that undisturbed areas have a higher annual evapotranspiration (ET), by

up to 117 mm/year, as compared to undisturbed areas. Consequently, the higher ET rates on
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undisturbed areas lead to a larger depletion (up to 126.0 mm) of soil water storage. Simulated
percolation at the bottom of the profile ranged from 0 to 47.8 mm/year, and was preferentially
observed in the undisturbed areas, whereas seismic lines contributed to enhanced runoff.

Soil-water sampled using suction lysimeters was mainly of the CaHCO3 type which is
like the shallow (within 30 — 40 m) groundwater in the region. Measured §'80 and 8%H isotopic
signatures of soil-water samples (n=154) indicate water of meteoric origin that has undergone
minimal evaporation as they align with the local meteoric water line (LMWL). Soil bulk density
(BD) values were all < 1.7 g/cm?, thus within the range of typical mineral soils (1.0 to 1.8 g/cm?).
BD values for the upper 15 cm were higher by 8 to 65 % on the seismic lines compared to the
undisturbed areas, showing that the soils were not significantly compacted by machinery. The
soils were acidic with a mean pH of 4.9 (n = 30) and soil samples from seismic lines had a lower
cation-exchange capacity (CEC) and higher concentrations of base ions (e.g., Ca*", Mg?") in the
soil solution compared to undisturbed areas. The reduced CEC on seismic lines indicates a lower
buffering capacity of the soil, increasing its vulnerability to acidification and potential

contamination by metals compared to undisturbed areas.
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Chapter 1 Introduction

1.1 Background

The term “critical zone” describes the heterogeneous near-surface earth environment
extending from the top of the vegetation canopy to the underlying groundwater (Brantley et
al., 2007; Richardson, 2017). This region hosts complex physical, chemical, and biological
processes involving the simultaneous interactions of the atmosphere, hydro-geosphere,
pedosphere, and living biota, all of which regulate crucial resources for life (Richardson,
2017). The continual impacts of anthropogenic activities and climate change on the natural
environment have led to an increasing importance on studying the critical zone to ensure its
sustainability and to better understand its response to human activities. However, analysis of
the various processes operating within the critical zone is difficult as it requires an inter-
disciplinary approach that considers complex spatio-temporal variations (Brantley ef al.,
2007).

Canada’s vast boreal ecosystem (approximately 552 million ha.) has been subjected to
anthropogenic activities leading to an increasingly fragmented landscape (Pasher et al., 2013),
making the critical zone in this region particularly vulnerable. Within the boreal ecosystem is
the Boreal Plains (BP) Ecozone (Figure 1.1), Canada’s fourth largest ecozone (Environment
Canada, 2013) spanning across the provinces of Manitoba, Saskatchewan, and Alberta with
minor excursions in British Columbia and Northwest Territories. The dominant land uses in
the BPE comprise 59% forestry and 19% agriculture, 11% conservation, and lesser amounts
for industrial uses (NRCan, 2020). The BP, particularly its western extent in Alberta, has
undergone rapid and significant industrial development, presenting challenges in preserving
its ecological features (Pasher et al., 2013).

A major anthropogenic disturbance in western BP is the presence of linear seismic
exploration lines produced by the hydrocarbon extraction industry, which comprise nearly

half of all linear disturbances in the Canadian Boreal Forest (Pasher et al., 2013). Timoney



and Lee (2001) estimated a total length of 1.5 to 1.8 million km of lines in Alberta alone.
Early seismic lines in Western Canada, referred to as “legacy lines”, are linear disturbances,
roughly 5 — 10 m wide, and intersect many other linear features over the landscape (Davidson
et al., 2020). Legacy seismic lines were constructed until the early 1990s using bulldozers to
clear vegetation and flatten topography to produce a landscape suitable for the seismic
surveys (Lee and Boutin, 2006; Braverman and Quinton, 2016). The construction of these
legacy lines often resulted in significant soil and vegetation disturbance (Dabros et al. 2018)
and in certain cases it involved scraping the topsoil and mixing it with the underlying mineral
impact seismic (LIS) lines in Alberta, British Columbia, Northwest Territories, and Yukon to
reduce their ecological footprint (Dabros ef al. 2018). LIS are narrower (1.5-5 m wide), have
meandering paths through forests, and cause less soil disturbance as they are constructed
using low ground pressure bull dozers (MacFarlane 2013). However, LIS are typically placed
in a high-density grid, with spacing often as close as tens of meters apart (Lee and Boutin
2006; Dabros et al. 2018). Overall, improved management practices and the implementation
of LIS, has greatly reduced the damage to soil and ground layer vegetation (Dabros ef al.
2018). Nevertheless, many seismic lines, remain visible on the landscape, even decades after
their creation, especially in wetland ecosystems (van Rensen et al. 2015).

The Fox Creek region of west-central Alberta (Figure 1.1) was selected for this MSc
thesis study as it has undergone extensive petroleum exploration and production dating back
to the late 1950s (Fox Creek Historical Association, 1992). Petroleum production was further
spurred in the region due to advances in horizontal drilling techniques and hydraulic
fracturing which allowed unconventional reservoirs to be tapped (Rivard et al., 2014; Alessi
et al.,2017). Thus, studying the impacts from petroleum activities in this area, particularly
from seismic exploration lines on the critical zone appeared important and was selected as the

focus of this MSc research. The objective of this project was to study and compare the



hydrological cycle and vadose zone over the course of a year in undisturbed forests and areas
disturbed by seismic exploration lines using in sifu measurements and sampling, laboratory
analyses and numerical modeling. This study is part of a larger Geological Survey of Canada
(GSC) multi-institutional project investigating the cumulative environmental effects of

resource extraction in a 700 km? watershed located in the Fox Creek region.
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1.2 General Context of the Fox Creek Region
1.2.1 Physiography and General Context

The study area is a 700 km? watershed located near the town of Fox Creek, west-central
Alberta (54.4009 ° N, 116.8045 °© W) (Figure 1.2). Land surface elevation varies by
approximately 425 m, from 1180 m in the southwestern margin of the study area to 755 m in the
northern part. Physiographical features in this region were largely shaped by the underlying
bedrock (Atkinson and Hartman, 2017) yielding high-relief benchland terrain as the dominant
land expression in this region which is most prominent in the southwestern part of the study area
near the Rocky Mountain Foothills (Atkinson and Hartman, 2017). Drainage in this ecoregion
follows the slope of a northeastward trend via the Athabasca, Saskatchewan, and Peace River
basins (Environment Canada, 2013).

The land surface in the watershed is dominantly forested and contains significant
infrastructure from hydrocarbon production, including gravel roads, gas plants, well pads,
pipeline corridors, and fluid storage facilities. The intensive petroleum activities in this region
have led to over 775 oil and gas wells being completed within the Duvernay Formation (Guarin-
Martinez, 2022) and a high density of seismic exploration lines (3.3 km/km?) (Figure 1.2). The
western part of our study area includes the Little Smoky range (Figure 1.2), which is considered
among the most disturbed woodland caribou ranges in Canada (Russell ez al., 2016; Alberta
Wilderness Association, n.a.), notably due to the high density of seismic lines in Alberta

(Government of Alberta, 2017).
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1.2.2 Geological Background

West-central Alberta is underlain by Upper Cretaceous — Paleogene bedrock emplaced
by fluvial systems originating from the Laramide Orogeny (Atkinson and Hartman, 2017). In
sedimentary succession, bedrock strata in the area of study near Fox Creek include non-
marine deposits from the Wapiti, Battle, Scollard, and Paskapoo formations, which subcrop in
a northernly direction (Figure 1.3) (Atkinson and Hartman, 2017; Smerdon et al., 2019).
These formations contain an assemblage of mudstones, siltstones, and sandstones with the
Battle Formation being an exception as it is primarily mudstone dominated and contains
altered volcanic ash (Hathway and Plint, 2011).

The Cretaceous Wapiti Formation consists mainly of alluvial deposits with minor
lacustrine sediments and interbedded coal seams (Dawson et al., 1994). The Late Cretaceous
Battle Formation contains lacustrine/marsh deposits ranging from 18-m thick to completely
eroded away (Hathway and Plint, 2011). The Cretaceous to Paleogene Scollard Formation
comprises fluvial and deltaic deposited sediments with major interbedded coal seams (Gibson,
1977). Lastly, the Paleogene Paskapoo Formation consists of fluvial deposits that become
sandier in texture towards its southern extent, where it can reach up to 800 m in thickness
(Grasby et al., 2008). The bedrock strata are overlain by thin (generally <20 m in the study
area) unconsolidated Paleogene-Quaternary surficial sediments which are mainly comprised
of glacial and fluvial deposits that are more permeable near the southern extent of the
Paskapoo Formation (Atkinson and Hartman 2017; Hughes et al. 2017). The permeability of
the surficial sediments in the study region is likely lower than those near the southern extent
of the Paskapoo Formation since the composition of these sediments is largely derived from
the underlying formation. Guarin-Martinez (2022), in a hydrogeological study of the study
area carried out earlier as part of the GSC project, had estimated that vertical aquifer recharge
was indeed low, ranging from of 0 to 70 mm/year, in agreement with the estimate of Smerdon

et al. (2019).



The Paskapoo Formation comprises a large regional aquifer that is heavily exploited
with over 150,000 users in Alberta (Lyster and Andriashek, 2012). The Paskapoo Formation
has been divided into three hydrostratigraphic units, which in ascending order are the Haynes
Aquifer, Lacombe aquitard, and the Sunchild Aquifer based on sandstone occurrence (Lyster
and Andriashek, 2012). These hydrostratigraphic units have a large range in hydraulic
conductivity values (10-'° to 10-3 m/s), which reflect the very heterogeneous nature of the
aquifer (Grasby et al., 2008; Atkinson and Hartman, 2017). Additionally, locally occurring
high hydraulic conductivity sand lenses connect the Haynes and Sunchild aquifers (Lyster and

Andriashek, 2012).
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Figure 1.3: Cross-section B to B’ showing the geology within the watershed modified after

Corlett et al. (2019) and Guarin-Martinez (2022).

1.2.3 Climate and Hydrology

Historical climate data for this project were collected from six weather stations with
time-series data that vary in temporal coverage and proximity to the Fox Creek study area
(Figure 1.2). Of these, three are still active and are maintained by Alberta Sustainable
Resource Development (ASRD); the other three inactive weather stations were maintained by
Environment Canada Climate Change (ECCC) and terminated measurements in 2011-2012.
Table 1.1 summarizes the climate variables recorded by the ECCC and ASRD weather

stations.



Table 1.1: Climate variables available from ASRD and ECCC weather stations near or inside

the study area (ECCC, 2011; ACIS, 2022).

ECCC v X X X v v

ASRD v v v v v X

The ASRD weather stations have a complete data record for humidity and temperature
but not precipitation, which is measured with a tipping bucket-type rain gauge that accurately
measures only liquid precipitation (rain), primarily during the months of June to August, and
is not recommended for snow measurements. Although no longer active, the ECCC weather
stations have longer climate records than the ASRD stations. Except for the Fox Creek
Junction weather station, the other ECCC stations (Pass Creek Lo and Tony Lo) have a
significant amount of missing daily temperature and precipitation data (Table 1.2). Data from
the newer ASRD weather stations represent a near-continuous coverage, but over a shorter
time-period.

Due to the inconsistency in data availability across the six weather stations near the
used to obtain a comprehensive dataset using the most complete data series, and data from the
other five weather stations to fill in the gaps. GWHAT uses a Python Gap Filling Weather
Data algorithm (PyGWD), which relies on multiple linear regression (MLR) based on
proximity and similarities to nearby weather stations to fill-in and estimate missing weather
data (Gosselin, 2016). The gap-filled climate data produced by GWHAT for all weather
stations is summarized in Table 1.3 along with the long-term climate normal histograms in
Figure 1.4 for the most complete original records (Fox Creek Junction and Fox Creek Auto,

both located to the west of the study area). Of note, statistics for Pass Creek Lo and Tony Lo



stations are presented in Table 1.3, although they each have a high percentage of missing data,

particularly for the winter months.

Table 1.2: Parameters for the six available weather stations near or inside the study area.

ASRD data obtained via ACIS (2022). ECCC data obtained via ECCC (2011).

Town of Fox Creek 5 2011-Present (12) 850 ASRD 0
Fox Creek Junction 4 1991-2012 (21) 829 ECCC 7
Pass Creek Auto within 2016-Present (7) 1081 ASRD 0
Pass Creek Lo within 1954-2011 (57) 1135 ECCC 65
Tony Auto 4 2016-Present (7) 1007 ASRD 0
Tony Lo within 1957-2011 (54) 1036 ECCC 64
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Table 1.3: Calculated weather mean values from GWHAT for each weather station time period specified in Table 1.

Fox Creek Auto -2.3 34 9.2 408.6 NA 413.2 549 1.3
Fox Creek Junction -4 2.6 9.3 412.2 107.6 519.8 535 1.3
Pass Creek Auto -2.3 2.5 8 496.5 NA 519.8 513.8 1
Pass Creek Lo 2.4 6.6 10.7 429 NA 434.6 543.5 1.3

Tony Auto -2.3 2.9 8.5 488.8 NA 513.1 523.4 1.1
Tonylo 2.7 8 13.2 392.7 NA 398.3 289.3 1.5

Notes: ETP: potential evapotranspiration values are calculated via the Thornthwaite method in GWHAT (Thornthwaite, 1948). Snow* (mm/year) denotes these measurements are

unreliable yearly estimates. Data for Pass Creek Lo and Tony Lo are formatted differently because of the amount of missing data.
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The Fox Creek Junction weather station has the most complete weather record for the
region (and in particular for the winter period) and was therefore used to classify the climate
of the region based on the Koppen-Geiger Climate Classification system. The Fox Creek
region can be characterized as Dfc, a cold climate, without a dry season, and cold summers
with year-round precipitation (Peel et al., 2007). Using the dryness index (PET:P) (Table 1.3),
it can be surmised that the climate within the region is characterized by an overall long-term
moisture deficit (P < ET) as confirmed by Smerdon et al., (2019).

Other studies have found similar mean weather values for the area of study. Devito et
al. (2012) used more than 30 years of data to obtain average values of potential
evapotranspiration (PET) and precipitation of 520 mm and 480 mm, respectively, for the
entire Boreal Plains. Smerdon ef al. (2019) used long-term (1989-2010) climate-normal
values from ClimateNA gridded data (Wang et al., 2016) to estimate an average precipitation
of 595 mm/year and reference evaporation of 525 mm/year for the area near the Town of Fox
Creek, yielding a slight water surplus (70 mm/year), which was retained as a value for
potential vertical recharge.

However, temporal and spatial cycling of precipitation in this region is significant.
Temporally, this region is characterized by cycles of 3—5 years per decade where P < PET,
alternating with 3—5 year cycles where PET = P, and then much longer 20-30-year cycles
where P > PET for 1-2 years (Devito ef al., 2012). Spatially, precipitation rates vary
considerably in West-central Alberta, and therefore in the Fox Creek area, since the
originating moisture from the Pacific Ocean encounters the Rocky Mountains experiencing
orographic lift causing large spatial variability in precipitation events (Smerdon et al., 2019).
Overall, Devito et al. (2012) characterized the WBP as a region with a long-term moisture

deficit where precipitation is generally less than or close to ET.
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1.2.4 Vegetation Cover

The watershed is located within the Western Alberta Upland (WAU) ecoregion where

forests are mixed with trembling aspen, white spruce, lodgepole pine, paper birch, balsam
poplar, and balsam fir (Ecological Stratification Working Group, 1996). Generally in this
ecoregion, dry ecosites are inhabited by aspen and lodgepole pine, whereas wet ecosites are
dominated by tamarack and black spruce (Ecological Stratification Working Group, 1996).
Based on a digital landcover mapping project of Alberta by the Alberta Biodiversity
Monitoring Institute (ABMI), the dominant vegetation communities within the watershed

itself include coniferous forests, broadleaf forests, shrubland, mixed forests, and grassland

respectively (ABMI, 2010) (Figure 1.5).
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Figure 1.5: Map of the dominant landcover types within the watershed study area. Landcover

polygons obtained via ABMI (2010).

1.2.5 Soil Cover

Soils within the WAU ecoregion are dominantly developed Luvisols, Gleysols, and

Organic soils (Ecological Stratification Working Group, 1996). Based on a large and detailed
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soil-survey report in the region of study (Knapik and Lindsay, 1983), the major soil types
within the watershed are Orthic Grey Luvisols and Mesisols respectively with appreciable
amounts of Gleysols, Fibrosols, and Humisols. Soil textures in the watershed range from
sandy to silt loam comprised of regional till (Knapik and Lindsay, 1983) along with slightly
more permeable soils generally occurring in the western part of the study area (Guarin-

Martinez, 2022).

1.3 Thesis Objectives

The overall objective of this thesis was to investigate the impacts of the many
lineaments created by industry, and more specifically seismic exploration lines, on soils,
vegetation and especially the various components of the water budget over the course of a
year in the study area. To achieve this, three specific research goals were defined: (i) to
monitor soil-moisture at different depths and locations, (ii) to estimate the water budget using
a 1-D physically based model known as the Simultaneous Heat and Water (SHAW) model,
and (ii1) to collect soil, water and snow samples, on a monthly basis for precipitation and soil
water from different depths in the vadose zone, to better understand the evolution of the
physio-chemical properties during infiltration along vertical soil profiles.

For this project, monitoring sites within the watershed were established and visited on
a monthly basis for approximately 1.5 years. Data collection involved baseline soil sampling
and vegetation surveys, as well as installing equipment to monitor soil moisture and general
weather parameters on an hourly basis and to sample snow, rainwater, and soil water mostly
on a monthly or bi-monthly basis. Gathering information on vegetation, physical and
chemical properties of soil, along with its organic and inorganic chemical constituents, was
intended to enable us to temporally quantify the water budget components and better
understand their interactions in this area, as well as identify potential impacts of hydrocarbon

extraction related activities.

15



Chapter 2 Literature Review

2.1 Western Boreal Plains

The eco-hydrological functioning of the Western Boreal Plains (WBP) landscape,
where Fox Creek (Alberta) is located, is controlled by the interaction of climate and geology,
which controls the degree of groundwater infiltration and recharge, the types of vegetation
communities present, and wetland sustainability (Ferone and Devito 2004; Devito et al. 2005,
2012; Smerdon et al. 2005; Petrone ef al. 2007).

The WBP Landscape consists of alternating lowlands (wetlands) and uplands (forested
lands) that were formed on thick heterogeneous glacial deposits in a climate characterized by
a net moisture deficit (Precipitation (P) < Evapotranspiration (ET)), where P and ET are the
dominant hydrologic fluxes (Devito et al. 2012). The close long-term relation between P:ET
for WBP landscapes results in most of the water being used up and recycled to the atmosphere
by vegetation and/or stored in the subsurface soil and sediments (Devito ef al. 2012). Any
moisture surplus made available during spring melt or during a year with higher than normal
precipitation can move into soil storage, percolate further into groundwater storage and/or
contribute to runoff (Devito ef al., 2012). From a hydrologic perspective, lowland areas with
minimal standing water in the WBP act as water sources that exist in a regime of moisture
surplus, whereas upland areas act as water sinks having a moisture deficit (Devito et al.,
2012).

ET is a process that combines the transfer of surface water to the atmosphere by
evaporation from the soil-surface/vegetation and transpiration via leaf stomata (Devito et al.
2012). Generally, ET rates depend on (i) climate variables (e.g., temperature, solar radiation,
humidity, vapor pressure deficit, wind), and (ii) forest characteristics (e.g., tree types and
ages, canopy density, and interception capacity) (Wei ef al. 2022). Although ET is a dominant
hydrologic flux in the WBP, it is difficult to estimate for the entire WBP. This is because ET

rates vary among wetland and upland landscapes, not only because climatic conditions can

16



change, but also because of differing vegetation communities (Nijssen and Lettenmaier 2002),
percent cover of vegetation, and soil-types (Grelle ef al. 1997; Cuenca et al. 1997). For
instance, upland regions dominated by aspen have a large water demand and can form
extensive lateral root networks that can cycle water from adjacent wetlands (i.e., water that
would be otherwise detached from water in upland regions), increasing ET (Nosetto et al.
2005; Devito et al. 2012). In wetland regions dominated by bryophytes (i.e. feathermoss), ET
is mainly controlled by large hydrological events and/or dew processes, limiting ET over time
(Busby et al. 1978; Vitt and Chee 1990). Therefore, to understand the hydrologic budget for
landscapes within the WBP, an accurate conceptualization of ET, groundwater recharge, and
soil-water storage is required (Smerdon et al. 2009; Devito et al. 2012).

Additionally, snow water equivalent (SWE) is a key parameter in many hydrological
models. It is calculated by multiplying snow-depth by snow-density. Remote sensing
techniques can estimate snowpack properties at a larger spatial scale such as a watershed;
however, these techniques often come with some degree of uncertainty and require validation
using ground-truth data (Kinar and Pomeroy, 2015). Site-specific snow-density values are
typically obtained via manual measurements with snow-cores or sensors installed on weather
stations which also require manual measurements for calibration (Beaudoin-Galaise and
Jutras, 2022). Estimating SWE from spring melt in boreal forests is particularly important, as
it can account for up to 50% of annual runoff (Pomeroy et al., 1998). However, SWE within
forested regions may vary considerably in both space and time due to the complex snowpack
energy balance imposed by the interactions of the vegetation canopy with climate (Sun et al.,
2022). For instance, by mid-winter the vegetation canopy in cold boreal forests can intercept
up to 60% of cumulative snowfall, most of which will sublimate rather than fall onto the

ground surface (Pomeroy and Gray, 1995).
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2.2 Seismic Exploration Lines

Major anthropogenic disturbances in the Boreal Plains are caused by the construction
of seismic exploration lines by the hydrocarbon industry. Seismic exploration lines comprise
almost 50% of all linear disturbances in the Canadian Boreal Forest (Pasher et al., 2013),
whereas another 12.6% corresponds to pipelines (Pasher ef al., 2013). Timoney and Lee
(2001) estimated a total length of 1.5 to 1.8 million km of lines in Alberta alone. Within the
700 km? watershed in this study (Figure 1.2), approximately 2200 km in total length of
seismic lines exist (ABMI, 2019). Seismic lines are created during the early stages of
petroleum exploration to conduct seismic surveys, which use geophones to unveil potential
exploitable hydrocarbon traps (Dabros et al., 2018). Conventional seismic lines (i.e. legacy
lines) in western Canada are roughly 5 — 8 m wide linear features intersecting many other
lines over the landscape (Davidson et al., 2020) and were constructed up until the end of the
20 century (Dabros et al., 2018). These conventional seismic lines were constructed using
bulldozers that would clear vegetation and flatten topography to produce a landscape suitable
for the seismic surveys (Lee and Boutin, 2006; Braverman and Quinton, 2016). A study on
early conventional seismic lines constructed during the summer in the 1960’s showed that the
construction of seismic lines resulted in the removal of roots and the top layer of soil (Bliss
and Wein, 1972), which takes several decades to regenerate. The great length of many seismic
lines means they can intersect various ecosites types, as defined by soil moisture and nutrient
conditions along with vegetation type (Revel et al., 1984; Beckingham and Archibald, 1996;
van Rensen et al., 2015).

Since the 1960°’s, new techniques have emerged to minimize the adverse
environmental impacts of seismic lines. These include limiting seismic line construction to
winter months to avoid enhanced soil disturbance and the construction of narrower (< 5 m)
seismic lines (i.e. low-impact seismic lines), which are meandering rather than linear features

(Dabros et al., 2018). However, currently Alberta does not require the restoration of seismic
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lines to their original state (Davidson ef al., 2020). It has always been assumed that the altered
landscape would naturally restore back to its pre-disturbed conditions over time, but the
footprint may remain on the landscape for an extended period of time (Lee and Boutin, 2006;
Dabros ef al., 2018). Some current restoration and preventative measures include silviculture
and site preparation techniques (Lee and Boutin, 2006).

Vegetative communities on seismic lines are typically comprised of light and
disturbance tolerant species (Lee and Boutin, 2006; Finnegan et al., 2018). Regeneration of
vegetation to pre-disturbance conditions on seismic lines is influenced by a myriad of factors:
ecosite, seismic line characteristics (width, length, aspect), disturbance history, landscape
features, and anthropogenic activities (van Rensen et al., 2015). A previous study
demonstrated that partially recovered conventional seismic lines were dominated by an
understory of grasses and herbs, whereas woody vegetation only recovers to approximately
8% of its original state after 35 years (Lee and Boutin, 2006). The moisture content of
landscapes affected by seismic exploration lines has been attributed as one of the main factors
influencing the degree of woody vegetation recovery (Lee and Boutin, 2006; van Rensen et
al., 2015) with particular sensitivity in wet lowland ecosites. For example, a study in the
Western Boreal Plains region of Alberta (Lee and Boutin, 2006) found that following a
significant lag time (35-years), upland ecoregions are more likely to recover to > 50% woody
vegetation compared to wet lowland black spruce forests, which show minimal to no
recovery.

Because vegetation communities are different on a seismic line compared to adjacent
undisturbed areas, this inevitably alters the hydrologic cycle (Dabros ef al., 2018). The overall
decreased abundance of vegetation on seismic lines results in reduced evapotranspiration rates
relative to adjacent undisturbed areas and, hence, increased soil moisture content, and surface
and subsurface runoff due to a higher surficial soil density as a result of machinery passing

through (Vitt et al., 1975; Dabros et al., 2018). The higher soil moisture conditions on seismic
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lines may further alter soil structure making the soil more susceptible to compaction; thus,
potentially further negatively affecting vegetative recovery (Dabros ef al., 2018).
Furthermore, the soil may be compacted by frequent recreational reuse and/or animal
migration on seismic lines (Revel et al.,1984; Lee and Boutin, 2006), which may result in
impeded root growth and plant access to water and nutrients (Blouin et al., 2005).
Additionally, light availability on seismic lines is often limited (depending on the line width
and orientation) due to shading from tall trees on the undisturbed areas and can further limit
vegetation recovery (van Rensen et al., 2015; Filicetti ef al., 2019). Snow melt on linear
seismic lines is also delayed compared to adjacent natural areas due to a decreased albedo, in
turn limiting plant phenology (Haag and Bliss, 1974; Bjorkman et al., 2015; Dabros et al.,
2018). The longer residence time of snow on seismic lines results in an increase in albedo
during the winter months, resulting in delayed thawing of the soil, the opposite being true
during the summer months (Haag and Bliss, 1974; Dabros ef al., 2018).

Canada’s boreal ecosystems host substantial carbon stocks in its biomass and soil,
acting as a net sink for atmospheric CO2 (Kurz et al. 2013). However, the combined impacts
of climate change and anthropogenic landscape disturbances may potentially transform
certain boreal areas into net carbon sources in the near future (Kurz et al. 2013). Specifically,
the cumulative effects from industrial development (which include linear disturbances such as
seismic lines) are known to alter the carbon dynamics of boreal ecosystems in Canada (Pasher
et al. 2013; Dabros ef al. 2018). Two factors contributing to altered carbon cycling following
seismic line construction are the removal of vegetation (Dabros et al. 2018) and enhanced
microbial respiration on seismic lines in boreal peatlands where graminoids and shrubs are the
dominant vegetation type (Strack et al. 2019). In Alberta, peatlands cover ~ 134,790 km?
(Strack et al. 2019) and store ~ 48 Gt of soil carbon (Vitt ef al. 2000). However, peatlands
impacted by industrial activities may lead to enhanced CH4 emissions due to altered

vegetation communities, water table position, and soil temperature (Strack et al. 2019). For
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instance, a study by (Strack et al. 2018) observed that the conversion of a 6 m wide seismic
line into a winter road resulted in a tenfold increase in CH4 emissions. The increase in CH4
emissions was attributed to the shift to a graminoid dominated plant community and higher
soil temperatures on the seismic line.

The creation of seismic lines may also result in unintended altered predatory and prey
dynamics between wolves and caribou (Lee and Boutin, 2006; Dabros et al., 2018). The
western part of our study area includes approximately 5% of the total area of the Little Smoky
caribou range (Alberta Wilderness Association, 2017). Anthropogenic activities have
disturbed 99% of the Little Smoky caribou range and the current estimate of the herd size is
110 caribou (Alberta Wilderness Association, 2017). The high density of seismic lines in
Alberta have contributed to woodland caribou being designated as an at-risk species
(Government of Alberta, 2017), as other ungulates and wolves use seismic lines as movement
corridors thus changing the predatory-prey dynamics in regions with a high density of seismic

lines, making caribou more vulnerable (Russell et al., 2016).

2.3 The Vadose Zone

2.3.1 Physical Properties

Understanding the physical properties of the vadose zone is crucial for interpreting the
infiltration of meteoric water and potential for recharge to underlying groundwater resources
(Hopmans and van Genuchten, 2005). The vadose (unsaturated) zone (Figure 2.1) is the
region between the ground surface and the underlying water table, linking the atmosphere and
groundwater. Pore spaces within the vadose zone are filled with air and water, with fluid
pressure less than atmospheric pressure. The upper extent of the vadose zone consists of soil
that hosts a dynamic environment where fluid and chemical fluxes constantly change due to
evapotranspiration and meteoric flushing (Hopmans and van Genuchten, 2005). Underlying
the soil are unsaturated sediments and/or rocks defining the lower extent of the vadose zone.

The depth to the underlying water table (or more precisely to the capillary fringe, see below)
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determines the vadose zone vertical thickness, which can vary typically from near-surface (<
1 m) to, quite rarely, a great depth (> 100’s m) (Stephens, 1996). For instance, the greatest
rooting depth of vegetation typically constrains the ‘soil-zone’ to 1-2 meters below the
surface, whereas the location of the water table determines the thickness of the unsaturated

sediments and/or rocks (Hopmans and van Genuchten, 2005).

The capillary fringe (Figure 2.1), also known as the tension-saturated zone, is a unique

region where pore spaces are saturated from the underlying groundwater by capillary forces,
but the fluid pressure is less than atmospheric pressure (Freeze and Cherry, 1979; Stephens,
1996). In the capillary fringe, groundwater is drawn upwards through small pores and

capillary spaces in the soil and/or sediment due to capillary action. The thickness of the

capillary fringe is controlled by the texture of the saturated media, with finer grained materials

hosting larger capillary fringes (Freeze and Cherry, 1979; Stephens, 1996). The bottom of th
capillary fringe marks the water table where fluid pressure is equal to atmospheric pressure,
whereas below the water table is the saturated area where pore-spaces are completely filled

with fluid, and fluid pressure is greater than atmospheric pressure (Freeze and Cherry, 1979)
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Figure 2.1: Cross-section of a generalized view of the sub-surface environment and the

dominant hydrologic processes.
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2.3.2 Chemistry

Understanding the chemical properties of the vadose zone is important for interpreting
the fate and transport of chemicals in case of contamination. However, the vadose zone has a
multitude of complex synergistic processes operating at various spatial and temporal scales,
which complicate our understanding of the vadose zone (Hopmans and van Genuchten, 2005).
Thus, studies observing the vadose zone require many small-scale field-measurements that
can accurately delineate its complex nature (Flury ef al., 1994).

Physio-chemical weathering processes act to breakdown exposed bedrock resulting in
an increased surface area of minerals (Pope, 2015). The exposed mineral surfaces are
subsequently susceptible to chemical weathering via the interaction with meteoric water,
which causes mineral dissolution resulting in solutes released into soil-water, precipitation of
secondary minerals (i.e. clays), and eventually soil formation (Amundson et al., 2007,
Chorover et al., 2011; White, 2014; Calabrese and Porporato, 2020; Kumaragamage et al.,
2021). Microbes and vegetation can subsequently inhabit the soils and produce CO: in the
upper soil layers which in turn increases the chemical weathering of rocks and minerals via
the production of carbonic acid (reactions 1 to 3) (Pennock, 2021).

H,0 + CO, - H,CO02 (rxn. 1)
H,C03% -» HCO3 + H*(rxn. 2)
HCO3 - C05*~ + H*(rxn. 3)

The intensity of chemical weathering within a soil profile generally decreases with
depth (Pope, 2015); near-surface horizons (e.g. A, ~25-30 cm) show the greatest degree of
weathering whereas the deeper B horizon (the following ~50 cm) shows some degree of
weathering (but less than the A horizon) and the C horizon (the underlying ~45 cm) is
minimally weathered closely resembling the bedrock on which the soil formed (White, 2014;
Pennock, 2021). Chemical weathering of rocks is driven by a myriad of interconnected

processes. Broadly speaking, the most important factors are time and the presence and
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persistence of rock and mineral weathering agents such as water (Pope, 2015). Additionally,
there are generally two pools of base cations in the soil: a small pool of exchangeable bases
that are rapidly leached (e.g. swelling clays and organic matter) and a large pool of mineral
bases that are slowly leached (i.e. dissolution of silicate minerals) due to the reaction kinetics
(Schnoor and Stumm, 1986).

The variability of solute concentrations across a soil-profile depends on the residence
time of water and the solid phases (including minerals) present in the soil (White, 2014).
Generally, near-surface solute concentrations are lower due to a shorter interaction time
between pore water and soil solids, but undergo considerable variations from various
biological interactions, changing evapotranspiration fluxes, and hydrologic infiltration events
(i.e. precipitation) (White, 2014). Conversely, solute concentrations increase with depth due
to longer interaction time between pore water and soil solids, but exhibit less variation due to
less soil water movement and biological processes (White, 2014). Shallow soil water
residence times are typically less than 4 months whereas deeper soil water residence times are
on the scale of years to decades (Langmuir, 1997; Pope, 2015). Soil hydraulic parameters that
retard the movement of water (i.e. fine textured soils with low hydraulic conductivity) allow
for more interaction time between minerals and soil-solution, which leads to a build-up of
solutes and potentially the formation of secondary solid phases (White, 2014; Pope, 2015).
Conversely, soil-parameters favoring higher water fluxes may flush out water-soluble
products from the vadose zone resulting in a reduction of concentrations of weathering
products in the soil.

Vegetation and micro-organisms in soil also influence soil weathering processes,
biogeochemical cycling, and soil-water transport and fluxes, all of which are important for
weathering and soil-formation (Drever, 1994; Berner et al., 2003). The presence of vegetation
and their associated micro-biota act to increase overall weathering rates in the soil in

numerous ways (Schwartzman and Volk, 1989; Drever, 1994; Pope, 2015): (i) binding fine
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soil-particles increasing mineral surface area and soil-water residence times (Drever, 1994);
(i1) lowering soil pH via root and microbial respiration producing CO2 and/or generation of
organic acids (Drever, 1994; Berner et al., 2003; Pope, 2015); (iii) root penetration providing
preferential flow pathways and increased mineral surface areas (Drever, 1994; Berner ef al.,
2003; Pope, 2015); (iv) organic acid production and compounds from the decay of organic
matter or root exudation resulting in a lower pH (Berner et al., 2003); (v) chelating agents that
mobilize soluble metal complexes as well as alter nutrient exchanges (Drever, 1994; Berner et
al., 2003); (vi) uptake of water and solutes in the rhizosphere resulting in changes of ion
concentrations in soil solution (Berner et al., 2003); (vii) nutrient cycling: uptake of nutrients
from minerals undergoing dissolution (e.g. Ca, Mg) by trees is mostly (> 90%) returned to
forest litter where it is recycled back into the soil to be used by plants (Berner et al., 2003);
and (ix) tall forest canopies can shade the soil surface, decreasing its temperature and surface
albedo (Kelly ef al., 1998). Thus weathering rates are complex and vary within a region
depending on the plant species present, age of the stand, climate, rock type, and soil type
(Berner et al., 2003). For example, a field study of a high-elevation watershed in north-central
Colorado, (Arthur and Fahey, 1993) attributed increased weathering rates under forests to H*
secretion from roots during nutrient uptake and production of organic acids in forest soils.

Subsurface root distribution is generally constrained to the upper 30 cm of a soil
profile, however this can extend deeper (depending on the vegetation present) providing
enhanced soil-porosity and a reserve water supply during periods of drought (Moore et al.,
2015). Different vegetation types can modify soil properties in the uppermost soil horizon (i.e.
A horizon) due to their rooting properties which in turn alter the water balance, chemical
weathering and solute fluxes, in a soil profile (Pdez-Bimos et al., 2023). However, soil-water-
vegetation interactions are complex and require further research. For example, in regions with
low seasonality in precipitation and low evaporation rates, soil water flux and storage is

largely explained by the physical and hydraulic properties of soils rather than properties of the
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overlying vegetation (Geris et al., 2015). Conversely, Metzger et al. (2017) observed that
variations in soil properties (i.e. structure) caused by vegetation (i.e. proximity to trees) can

control spatial variations in soil water content and pH in humid climates.

2.4 Simultaneous Heat and Water (SHAW) Model

Soil-Vegetation-Atmosphere-Transfer (SVAT) models are increasingly used to better
understand near-surface hydrological processes. The simultaneous heat and water (SHAW)
model is a SVAT model developed in 1989 (Flerchinger and Saxton 1989) and has evolved
into a vertical one-dimensional hydrologic model capable of simulating water, solute, and
heat transfer within a system extending from the plant canopy (Flerchinger and Pierson 1997)
to any specified soil-depth (Figure 2.2). The model combines snow, residue, soil, and plant
canopy physics into a single solution, while calculating interrelated water, heat, and solute
fluxes in the system. The model solves the exchange of heat and moisture within the soil
simultaneously with the surface energy and mass balance. Infiltration is modeled using the
Green and Ampt (1911) method, whereas the Richards' equation is employed to describe the
movement of water through the soil layers (Gosselin et al. 2016). When precipitation
surpasses the infiltration capacity of the soil, runoff will occur. The process of actual
evaporation is directly incorporated into the energy budget equation, without relying on
potential evaporation.

The user specifies the number of plant canopy layers, soil-simulation depths and
defines the lower boundary of the system with initial soil-temperature and moisture conditions
(Flerchinger 2017a). The upper boundary of the system is defined with user-supplied
meteorological data containing precipitation, solar radiation, wind speed, air temperature and
relative humidity and must be above any anticipated plant canopy height. Precipitation
determines the water input into the system. The model initially calculates flux in the upper
boundary followed by the heat, water, and vapor flux between layers and lastly the

simultaneous calculation of heat and water flux through the entire system, where all fluxes are
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defined as positive towards the surface. The basic equations relevant to this study are outlined
below in this section, however, further details of the numerical parameters and assumptions

the SHAW model uses are specified in the SHAW user’s manual (Flerchinger 2017a).

2.4.1 Energy and Water Fluxes at the Upper Boundary

Water and energy fluxes are interrelated and computed with Equation (2.1) using the
site-specific meteorological data where R,, is net radiation (W m2), H is sensible heat flux (W
m?), L, E is latent heat flux (W m2), L,, is evaporation latent heat (J kg™!), E is the total
evapotranspiration of the multi-layer system (kg m s!), and G is subsurface conductive heat

flux (W m2) (Flerchinger 2017a).
R, + H + L,E + G = 0 (Eqn 2.1)

Net radiation is calculated as a function of the observed total incoming solar radiation.
The net radiation that each layer within the system absorbs depends on 1) the amount of
incoming solar radiation and 2) transmission and absorption of longwave and net radiation
within each layer. Longwave radiation is calculated from the combination of measured
ambient air temperature and daily average cloud cover calculated from measured net radiation
(Flerchinger 2017a). Plant canopy transmission of radiation is influenced by leaf orientation,
leaf area index, leaf albedo, and soil-surface albedo (Flerchinger 2017a).

Sensible and latent heat fluxes (Equations 2.2-2.3) between the soil-plant canopy-
residue and the atmosphere are computed from temperature and vapor gradients (Flerchinger
2017a). The latent heat flux quantifies the movement of water vapor from the exchange
surface to the atmosphere. With these variables known, the model computes the ground heat
flux by simultaneously solving the heat flux equations for the entire soil profile along with the
surface energy balance. This calculation is performed iteratively, with the ground heat flux
obtained as a residual to ensure that the heat flux equations (Equations 2.2-2.3) are satisfied.
Sensible and latent heat fluxes are calculated separately by the model at the upper boundary

with vapor gradients between the soil-residue-canopy surface and atmosphere along with
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ambient temperature. Sensible heat flux is calculated via Equation (2.2) where p,, C,, and T,
are the density (kg m), specific heat (J*! kg'!) and temperature (°C) of air at the measurement
reference height, T is the temperature (°C) of the exchange surface, and 7y, is the resistance to

surface heat transfer (s m™") corrected for atmospheric stability.

TTa) ggn 2.2)

Th

H=-p,C,

Latent heat flux is calculated via Equation (2.3) where p,¢ and p,,, are vapor density (kg m-3)
of the exchange surface and at the reference height and the resistance value for vapor transfer,
1, describes the transfer of water vapor from the exchange surface to the atmosphere and is
taken to be equal to 73,. Lastly, the subsurface conductive heat flux (G) is calculated as a

residual from Equation 2.1.
_ (Pvs—Pva)
LE = ——= (Eqn 2.3)

2.4.2 Transpiration and Evaporation

The model assumes transpiration ceases when solar radiation is < 10 W/m? or when
the ambient air temperature is less than a specified minimum amount for a given plant to
transpire at which point plant stomates close and there is no vapor transfer from the plant
canopy (Flerchinger 2017a). The model uses Equation (2.4) to calculate transpiration for a
specified plant species where T is total transpiration rate (kg m s!) for a given plant species,
©r, ¢, and @, are the water potentials (m) for the roots, leaves, and soils respectively, R, and
R, are the resistance to water flow (m= s kg™!) through the roots of soil layer and leaves of
the canopy layer, L is the leaf area index for the given plant species, p, is the vapor density
(kg m3) within the stomata cavities (assumed to be saturated vapor density), p, is the vapor
density of air within the canopy layer, 75 is stomata resistance per unit of leaf area index (s m

1, and 1y, is resistance to conductive transfer within the layer per unit of leaf area index (s m-

b,
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T = Ps—Pr — Pr—P1 — Pvs—Pv (Eqn 2.4)
Rgr Ry Ts+Th

Water flow within the plant is controlled mainly by changes of stomatal resistance.
Neglecting other effects, Equation (5) relates stomatal resistance to leaf water potential, where
Ty, 1S Stomata resistance (s m™') with no water stress (assumed constant), ¢, is a critical leaf
water potential (m) at which stomata resistance is twice its minimum value, and n is an

empirical coefficient which the model sets to a value of 5.0.

Ty =Tg[1+ (%)n] (Eqn 2.5)

The model calculates evaporation from the plant canopy via actively transpiring leaves
with excess water on them or standing dead plant material via Equation (2.4) where the

stomatal resistance is assumed to be zero.

2.4.3 Soil Hydraulic Properties

The hydraulic parameters of each simulation node are estimated using the method
outlined by Saxton ef al. (1986). Measurements of soil textural properties, bulk density, and
organic matter content are used to estimate soil-hydraulic properties via Equations (2.6) and
(2.7) after Campbell (1974). Soil unsaturated conductivity was calculated via Equation (2.6)
where Ku is the unsaturated conductivity, Ks is the saturated conductivity, ¢, is the air entry

potential (m), ¢, is the soil matrix potential (m), and b is the pore-size distribution parameter.
2+3/b
— e
K, = K, (4,) (Eqn 2.6)

The soil-water characteristic curve was calculated via Equation (2.7) where 6; is the
saturated water content, 0 is the volumetric water content, ¢, is the air entry potential (m),
and ¢, is the matrix potential (m) (Campbell 1974). This curve is used to calculate matric

potential for unsaturated conditions from measured soil-water content (Flerchinger 2017a).

0= 9c(2) " (Ban27)
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2.4.4 Soil Water Balance
The soil-water balance can be expressed using equation 2.8 where all units are in mm
and P is precipitation, ET is evapotranspiration, DP is deep percolation, R is runoff, and AS is

the storage term.

P—ET —DP—R—AS =0 (Eqn 2.8)

The storage term (equation 2.9) comprises snow remaining at the end of the simulation, water
retained on plant litter (residue) and the plant canopy, and soil water storage where positive
values indicate soil-water has been gained whereas negative values indicate a loss of soil

water.

AS = snow + residue + plant canopy + soil storage (Eqn 2.9)
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Figure 2.2: Conceptual diagram of the SHAW model after Flerchinger (2017a).
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Chapter 3 Methods

3.1 Field Work and Targeted Analyses

A paired site model was used for this study and site selection was made accordingly.
A site was thus composed of two distinct locations: one was placed in an area with a seismic
line cutting through a forest (a disturbed site) and the other was at least 20 meters away from
the edge of the first site, in the adjacent natural undisturbed area (an example is provided in
Figure 3.1). This approach allowed for the comparison of the hydrology and ecosystem in
areas disturbed by industrial activities and their undisturbed natural analogs. Site selection
criteria included: proximity to previously established groundwater monitoring wells by GSC,
soil and ecosite type, elevation, and year-round accessibility. From the initial selection of 12
sites, five sites were selected after a field visit: three in upland ecosites (U1 to U3) and two in
lowland ecosites (L8 and L12) and monitoring equipment was installed at these sites in June

2021 (Figure 3.2).
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Equipment installed (June 2021) on all sites included: rain gauges, suction-lysimeters
and soil moisture/temperature probes at varying depths. Rain gauges were installed on all the
seismic line sites to monitor cumulative monthly precipitation and were filled with ~ 1 cm of
paraffin to minimize evaporative losses. Winter precipitation was measured via snow-
sampling by measuring snow-pack thickness and density at each visit. Suction lysimeters
were installed at depths of 30 cm, 60 cm, and 120 c¢m to extract soil water for the analysis of
soil solution chemistry. The lysimeters at 30 and 60 cm were removed in November for the
winter season to avoid damaging them. Bulk soil sampling during the installation of the
equipment was performed at intervals of 0-15 cm, 15-30 cm, and 30-60 cm to obtain baseline
physical (including grain-size analysis), chemical, and mineralogical characterizations of the
soil in the watershed.

Data loggers (Meter Group, ZL6 data loggers) were installed at each site with soil
moisture and temperature sensors (Meter Group, TEROS 10 and 5TM sensors) at 15, 30, and
60 cm depths to monitor soil water content and soil temperature. Their operating range is
from -40°C to 60°C for soil temperature and a SWC of 0% to 70% for mineral soils (METER,

2021) (Table 3.1).

Table 3.1: Accuracy of TEROS 12 Soil Moisture and Temperature Sensor (METER, 2021).

Parameter Accuracy
SWC +3.0%
Soil 0°Cto-40°C} =zo0.5°C
Temperature | 0°C to 60°C +0.3°C

Vegetation surveys were also performed at each site to help identify the most abundant
plant species on the seismic lines and their adjacent undisturbed areas. Lastly, two water
collectors dedicated to collecting meteoric water and minimizing possible isotopic
fractionation were installed to develop a local meteoric water line for the watershed through

collection of monthly cumulative precipitation.
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In April 2022, 2-m-tall weather stations were installed in pairs on two sites (at Site U1
in the uplands, and at Site L8, in the lowlands) to collect the data necessary for numerical
modeling, one on a seismic line and one in the adjacent undisturbed area (Figure 1.7). The
weather stations contain the following equipment: Hobo U30 Data logger, 5-W solar panel,
Davis wind speed and direction sensor, temperature/relative humidity sensor, silicon
pyranometer sensor (solar radiation), and a Davis rain sensor. The data logger was initialized
to record data on an hourly basis. Monthly leaf area index (LAI) measurements were obtained
for the overstory (trees) and understory (grasses/shrubs) vegetative canopy from August —
October 2022 at each site using a LAI-2200C Plant Canopy Analyzer. Field visits were
conducted almost every month from June 2021 to January 2023. See Table A1 in the
appendix for a summary of the monitoring equipment installed at all sites.

The analysis for all precipitation and interstitial water samples includes, in addition to
the water isotopes: total organic carbon (TOC), dissolved organic carbon (DOC), trace metals,
and major ions. §2H and 680 isotope data were compared with meteoric values to
understand groundwater-precipitation relationships and the relative influence of

evapotranspiration. Sediment samples were used for grain-size analysis.

3.2 Vegetation Surveys and Study Site Descriptions

The seismic line properties (orientation and width) and ecosite types for all study sites are
summarized in Table 3.2 Vegetation surveys were performed at all study sites to identify the
most abundant plant species among the seismic lines and adjacent undisturbed areas in the
upland and lowland ecosites. At each paired site, six 30 cm x 30 cm vegetation survey plots
were analyzed. On the seismic lines, 4 plots were from the seismic line edges and 2 plots from
seismic line centers, whereas plot locations in the adjacent undisturbed areas were randomly
chosen and were 20 m away from the edge of the seismic line. Tree heights for an upland site

(U1) and a lowland site (L8) were measured using a hypsometer.
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Table 3.2: General study site characteristics. Sites labelled with U and L indicate upland and

lowland sites respectively.

Site

Ecosite

Elevation (m) Seismic Line Width (m) Seismic Line Orientation (°)

U1

U2

U3

L8

L12

Upland
low-bush cranberry
(Aw)

Upland
low-bush cranberry
(Aw)

Upland
low-bush cranberry
(Aw)

Lowland
horsetail (Sw)

Lowland
horsetail (Sw)

885

870

875

910

850

8.3

6.2

6.2

6.2

6.9

78

76

72

76

73

3.3 Soil Solids Methods

A 60-cm deep soil-pit was dug at each site and soil-samples were obtained at 15, 30,

and 60 cm depths using a soil-core sampler of known volume (140 cm?®). The LFH layer (i.e.,

organic soil horizons developed primarily from the accumulation of leaves, twigs and woody

materials) was removed prior to sampling. Samples were stored in Whirl Pak bags, sealed,

and weighed prior to placing them in a drying oven in tin-foil pans. The samples were left to

dry at 70°C for ~72 hrs and reweighed multiple times ensuring they were fully dried.

Following the complete drying of the samples, bulk density was calculated using equation 3.1

where pj, is the dry bulk density in kg/m?, the weight of oven dried soil is in kg and the

volume of soil is in m3.

Soil texture analysis was performed at Institut national de la recherche scientifique
(INRS) where the samples were first sieved to remove particles > 2 mm and subsequently

treated in an immersion of 30% H20: for one or more cycles to remove organic matter.

__weightof ovendried soil

volume
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Approximately 10 mL of sodium hexametaphosphate (NaPOs3)s was added as a deflocculant
to the solution, which was passed through an ultrasonic bath just before being analyzed with a
Beckman Coulter LS 13 laser granulometer (Beckman Coulter Inc., Brea, CA, USA). At least
3 successive measurements were made on each sample and the average of these
measurements was used to calculate the particle size parameters using the GRADISTAT
software (Blott and Pye, 2001).

X-Ray diffraction (XRD) analysis was conducted at the University of Alberta to
identify the mineral phases present in the soil samples. Soil samples collected from each depth
interval at each site were passed through a 45-pum filter and subsequently mounted in 2 mm
deep alumina pits prior to being analyzed using a Rigaku Ultima IV instrument. Data were
converted using JADE MDI 9.6 software and phase identification was done using
DIFFRAC.EVA software with the 2021 ICDD PDF 4+ and PDF 4+/Organics databases.
Machine acquisition parameters used are available in Appendix B.

Soil pH was determined using the soil-to-water extraction method (Kalra and
Maynard, 1991) where dry soil is mixed with water and placed on a reciprocating shaker for 1
hour. This mixture is then filtered using Biichner funnels and the resulting filtrate is measured
for pH, EC, and water-soluble ions on the ICP-OES. Cation exchange capacity (CEC, cmol
(+) / kg) was measured by the ammonium chloride method using a mechanical vacuum
extractor (Kalra and Maynard, 1991). Soil total carbon (TC) and total inorganic carbon (TIC)
content were measured with a Leco 828 CHN Analyzer via the Dumas Method using dry
combustion with IR detection and expressed in % dry weight of soil (Kalra and Maynard,
1991). Percent soil organic matter (SOM) was subsequently calculated using equation 3.2

(Quideau et al., 2021).

% SOM = 1.72 x % SOC (Eqn 3.2)
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3.4 Soil Water and Precipitation Analysis Methods

Suction lysimeters were thoroughly cleaned prior to installation using 10% HCI and
deionized water (Weihermiiller et a/., 2006). A handheld Dutch auger was used at each paired
site to auger 30, 60, and 120 cm deep holes which were partially filled with a slurry mixture
of deionized water and extracted soil prior to placing the suction lysimeters into the hole and
backfilling with residual soil. Subsequently, upon each monthly site visit (when ground
temperature was above 0°C), the suction lysimeters were evacuated of air using a vacuum
pump by pressurizing to ~60 kPa and sealed allowing soil-water to accumulate in the suction
lysimeters for ~ 4 to 24 hours depending on the soil-moisture. The accumulated soil-water
was obtained using a sample extraction kit containing an Erlenmeyer flask and tubing was
used to collect soil-water samples into clean 250 mL. HDPE bottles. Soil-water sampling was
limited from May to October due to frozen soil conditions during the winter months and
difficulties in sample collection. It should be noted that a suction lysimeter samples a mixture
of free soil water that is present at or over the soil’s field capacity and soil pore water (Landon
etal., 1999).

Soil-water samples were titrated using a Metrohm 905 Titrando at the University of
Alberta to determine their alkalinity. To avoid degassing of COz, soil water samples were
titrated within 48 hrs of sampling. All sample initial pH values were below 8.3 indicating
bicarbonate is the major contributor the total alkalinity and phenolphthalein alkalinity is
negligible (Jenkins and Moore, 1977). Samples were titrated with a 0.1 M HCI solution until a
pH of 4.3 was reached at which point the titration was stopped. Equation (3.3) from (AWWA,
n.a.) was used to calculate the total alkalinity. Samples with low alkalinity values (< 20 mg
CaCOgs/L) were listed as below detection limit. Although alkalinity for such samples can be
determined via the low alkalinity titration methods (AWWA, n.a.), sufficient sample volume

was not present to achieve this.

Total Alkalinity, % CaCo, = mlL acid added*Acid Normality+50,000 (Eqn 3.3)

mL sample
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Soil water and rainwater samples were analyzed for major cations and trace metals at
the University of Alberta using an Agilent 8800 ICP-MS/MS. Eleven standards were prepared
in a matrix of 2% HNOs3 covering a range of 0.005-300 mg/L to capture varying elemental
concentrations within the samples. Samples were filtered with a 45 pm nylon membrane and
analyzed in a 2% HNO3 matrix. The ICP-MS/MS measurements were made using several
collision/reaction gases to eliminate isobaric interferences (Table 3.3). Indium was used as an
internal standard to account to instrumentation drift for each analysis covering all

collision/reaction gas cells.

Table 3.3: Measured elements, MS/MS masses, and used collision/reaction gases.

Element Q1 —->Q2 Gas Element Q1 —-Q2 Gas
Li 717 - Fe 56 — 56 H2
B 11—-11 - Co 59 —59 He
Na 23 —23 He Ni 60 — 60 He
Mg 24 —24 He Cu 63 — 63 He
Al 27 —-27 He Zn 66 — 66 He
P 31 —47 02 As 75— 91 02
S 3248 02 Sr 88 — 88 He
K 39 -39 He Mo 95— 95 He
Ca 40 — 40 H2 Cd 114 - 114 He
Cr 5252 He Ba 137 — 137 He
Mn 55—55 He Pb 208 — 208

Fe 56 — 56 He U 238 — 238

Soil-water anions were quantified via a colourimetric technique using a Thermo
Gallery Plus Beermaster Autoanalyzer at the Natural Resources Analytical Lab (NRAL) at the
University of Alberta. Counter-ions measured included SO4-S, NO3-N, NO2-N, CI, PO4-P,
and NHas-N via well-known color reactions (see appendix Table Al). Samples and method
reagents are injected into reaction cuvettes combining to generate colored complexes. The
degree of color change in the solution correlates with the analyte concentration in the sample
and 1s measured via light absorbance at a specific wavelength as quantified by the Beer-

Lambert law.

A; = g;lc (Eqn 3.4)
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where: A, is the absorbance of light at the target wavelength, & is the extinction coefficient of
the colour complex at that wavelength, / is the path length of the cuvette in cm, and c is the
concentration of the analyte in solution. Certified standard solutions are used for calibration,
and separate certified solutions are used as external reference and check standards.

Total organic carbon (TOC), TIC, dissolved organic carbon (DOC) and dissolved
inorganic carbon (DIC) analysis were conducted at the NRAL laboratory at the University of
Alberta using a Shimadzu TOC-L CPH Model Total Organic Carbon Analyzer which was
calibrated with known standard materials. Soil-water samples to be analyzed for TOC/TIC
were filled in 50 mL centrifuge tubes unfiltered whereas those to be analyzed for DOC were
filtered via 0.45 um nylon membranes and stored in a chilled cooler during transportation.
TOC was measured as non-purgeable organic carbon (NPOC) by acidifying a sample of soil-
water using 1 M HCI, then sparging the sample to remove any purgeable organic and
inorganic carbon. The sample was then injected into a combustion tube that is kept at 720 °C
containing platinum catalyst beads, where a subsequent redox reaction occurs that evolves
CO2 gas which is detected by a non-dispersive infrared (NDIR) detector for NPOC. TIC was
measured by injecting a sample into a bubble chamber and reacting it with 25% phosphoric
acid. The acid reacts with inorganic carbon to form CO2 which is sent to the NDIR detector
for TIC analysis by bubbling air through the sample.

In this study, cumulative monthly precipitation was sampled from July 2021 to
November 2022. During the winter months, snow was sampled in Ziploc bags and I attempted
to collect fresh snowfall samples to avoid isotopic fractionation of the sample. Rainwater was
collected in a simple rainwater collector, outlined in Groning ef al. (2012), designed to
prevent evaporation fractionation and a plastic container with a funnel on top and a drain on
the bottom filled with ~1 cm paraffin oil to prevent evaporative losses. Collection of soil
water via the ceramic porous cup of the suction lysimeters has been shown to not cause

isotopic fractionation (Wenner ef al., 1991).
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Upon monthly sampling of rain and soil water, samples were passed through a 0.2 um
nylon membrane into 2.0 mL plastic vials ensuring no head space to prevent possible isotopic
fractionation. Water samples collected from the suction lysimeters, rainwater samplers, and
snow were analyzed for §'80 and 6°H stable isotope ratios at the University of Alberta using a
Picarro L2130-1 analyzer. Measured isotope values were reported relative to the Vienna
Standard Mean Ocean Water-Standard Light Antarctic Precipitation (VSMOW-SLAP).
Analytical error (20) is < 1.0 %o for 8°H and < 0.3 %o for §'%0.

The global meteoric water line (GMWL) (Equation 3.5) describes the mean worldwide

relationship between 6°H and 6'%0 isotope ratios for meteoric waters (Craig, 1961).
82H = 8 8180 + 10 %o (Eqn 3.5)

To account for the world-wide spatial variability of the 8*°H and '%0 isotopic composition in
meteoric waters, a local meteoric water line (LMWL) for the watershed in this study was
determined by analysis of '80 and 8°H stable isotopes from monthly precipitation samples

(Equation 3.6), where a is the slope and b is the y-intercept.
8’H =a 680 + b (Eqn 3.6)

Furthermore, the isotopic composition of soil-water samples was compared to the LMWL

LC-excess is a generalized form of the LMWL where a and b are the coefficients from the

LMWL for a region.

LC-excess = 8°H - a x 8'%0 - b (Eqn 3.7)

LC-excess is a useful way to screen the degree of deviation from the LMWL for a water
sample within that region. For instance, a negative LC-excess value indicates the water has
undergone evaporative enrichment relative to the LMWL, whereas a positive LC-excess value

potentially indicates a different moisture source (Landwehr and Coplen, 2004).
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3.5 Measured Weather Parameters

The weather stations installed at sites U1l and L8 in April 2022 measured net radiation,
temperature, relative humidity, wind speed, and precipitation. A tipping bucket type rainwater
collector installed on the weather stations was used to collect liquid precipitation data from
May to October 2022. During the winter months, snow-surveys were conducted from
November 2022 to April 2023 to determine the amount of precipitation using snow water
equivalent (SWE). To better characterize the snow conditions within the watershed, snow-
depth and snow-density were measured on site and snow samples were collected and the trace
elemental content analyzed monthly throughout the winter to estimate SWE. Snow surveys
were conducted monthly from November 2021 to April 2022 at all study sites and from
December 2022 to February 2023 at sites 1 and 8 (U1 and L8), where the weather stations had
been installed. During each field-visit, the snowpack was excavated using a shovel, its
thickness was measured with a tape-measure, and snow samples were collected using a PVC
tube (diameter = 4.0 cm and length = 0.3 to 1.5 m) with a sharpened tip and deposited within
a pre-weighed plastic bag. The snow-density of the collected samples was calculated by
subtracting the empty plastic bag mass from the snow-filled bags via equation (3.8), where pq
is the density of the snow, m is the snow sample mass, and V},,,. is the volume of the PVC
sampling device. To aid in a future NRCan caribou study based on remote sensing, monthly
snow density data was collected from the upper 5 to 10 cm of the snowpack, in addition to
total snowpack. During each site visit, four replicate samples were collected on the seismic

line and the adjacent undisturbed area to account for spatial variations within a site.

mg

ps = —= (Eqn 3.8)

vac

An approximate monthly SWE can be calculated for the various study sites within the

watershed using the measured monthly snow depths and total snowpack densities via
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Equation (3.9) where p; is the measured total snowpack density and t; is the measured

snowpack thickness.

SWE = ps * t, (Eqn 3.9)

3.6 SHAW Model Parametrization

A total of four 1D models were developed: one for the undisturbed areas and one for the

seismic lines (disturbed) areas for sites U1l and LS.

3.6.1 Model Calibration

In prior studies, the SHAW model has been used successfully without calibration
(Flerchinger and Hanson 1989; Flerchinger and Pierson 1991; Flerchinger ef al. 1996, 1998;
Link et al. 2004; Kang ef al. 2005; McNamara et al. 2005). However, when accurate
estimation of certain parameters is crucial or certain critical input parameters are not
available, the model has been calibrated to improve simulation accuracy (Flerchinger and
Pierson 1997; Flerchinger and Hardegree 2004; Huang and Gallichand 2006; Yin et al. 2010a,
b). To obtain accurate estimates of ET, calibration of net-solar radiation and soil-water
content is imperative (Flerchinger et al., 2012).

The SHAW model was manually calibrated with respect to net radiation and soil-
moisture by comparing actual values with simulated ones and attempting to minimize the root
mean square deviation (RMSD, also called root mean square error, RMSE). The simulation
period was from May 2022 to May 2023. To assess model performance, the model efficiency
(ME, also called the Nash-Sutcliff efficiency), which is a widely used statistic for assessing
the goodness of fit of hydrologic models, root mean square deviation (RMSD), which is one
of the most commonly used measures for evaluating the quality of predictions, and percentage
bias error (PBIAS), that measures the average tendency of the simulated values to be larger or
smaller than their observed ones, were calculated according to Equations 3.10 to 3.12 (Nash

and Sutcliffe 1970; Green and Stephenson 1986; Yin et al. 2010a). N is the total number of
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observations, .X; is the observed value at a given time step, X; is the simulated value at a given
time step, and X, is the mean of the observed values (Yin et al. 2010a). ME describes the
variation in measured values explained by the model with ME values from 0.0 to 1.0 being
acceptable (1.0 is a perfect match between the model and observed data), while ME < 0.0
occurs when the observed mean is a better predictor than the model and, therefore, is
considered an unacceptable performance (Yin ef al., 2010). Lower values of RMSD indicate a
better model performance. Lastly, PBIAS shows the percent deviation from model simulated
values to the actual measured values. Negative values indicate a model bias of
underestimation relative to the measured value, whereas positive values indicate a model bias
to over-estimate the measured value. The ideal value for PBIAS is 1.0. Model parameters
were calibrated within reasonable limits of each parameter (discussed in next sections).

Z?’:l(xi—)?i)z

ME =1 — S
N Xi-X)

(Eqn 3.10)

1o 2105
RMSD = [13N,(X; - X,)°|  (Eqn 3.11)
PBIAS =YX, (X; - X;) (Eqn3.12)

3.6.2 Study Area General Parameters

The SHAW model has numerous parameters pertaining to the characteristics of the
study site, soil, and vegetation that need to be specified prior to initiating a simulation. Most
parameters were determined at the field site, while some had to be estimated via literature.
Site parameters used in the model for the study locations within the Fox Creek study area are
listed in Table (3.4). Soil albedo and wind profile roughness values were derived from

suggested values in the SHAW user’s manual (Flerchinger 2017b).
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Table 3.4: Site parameters used in the SHAW model.

Study Site
Site Parameter
Ul L8
Latitude 54°23’ 54°21°
Slope (%) 2 2.7
Slope Aspect (°) 172.4 40.5
Elevation (m) 885 910
Wind Profile Roughness (cm) 1 1
Albedo of Wet Soil 0.3 0.3
Albedo of Dry Soil 0.15 0.15

Since the upper boundary of the model is limited by the height at which the weather
data is collected, weather stations installed on seismic lines where the plant canopy is
generally less than the height of the weather station (2 m) can provide appropriate
simulations. However, weather data collected from the adjacent undisturbed areas are not
suitable to use as the upper boundary as the plant canopy is 10 — 20 m high in these areas.
Thus, for the adjacent undisturbed area sites, the climate data collected from the seismic line
can be used if the wind conditions are similar among the seismic line and adjacent
undisturbed area, which will be compared in section 4.5.3 [pers. commun. with Dr.

Flerchinger].

3.6.3 Vegetation Parameters

The various plant parameters required by the model for these plants are listed in Table
3.5. Input parameters for plant transpiration are difficult to measure and usually need to be
obtained via literature (Flerchinger ef al., 2012). Stomatal and plant resistance values were set
according to the recommended values outlined in the user’s manual (Flerchinger 2017b).
Rooting depths were assigned via literature (Flinn and Wein 1977; Strong and La Roi 1983a,
b). Typical albedo values for the various vegetation were derived from Betts and Ball (1997).
Leaf water potential values were estimated via literature (Kaufmann 1975; Caplan and
Yeakley 2010; Hébert and Thiffault 2011). Transpiration threshold temperature for plant
species in the boreal forest is not well defined in literature and thus was left at the model
default value of 7°C. Volumetric dry plant biomass was not measured and had to be estimated

via various literature sources (Rutkowski and Stottlemyer 1993; Woo and Zedler 2002;
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Hébert and Thiffault 2011; Proulx et al. 2015). The volumetric dry plant biomass estimates
were within the range for typical plant communities within the boreal forest (Proulx et al.
2015). Values used for sites U1 and L8 in the SHAW model for the vegetative parameters are
summarized in Table 3.5.

Sensitivity analysis revealed that adjustment of vegetative parameters, particularly plant
albedo and, to a lesser extent, LAI had an impact on the simulated net radiation. Achieving a
good net radiation calibration is imperative as it influences many other processes simulated by
the model (Flerchinger et al., 2012). Thus, plant albedo values were adjusted within a
reasonable range (no more than + 0.02 from literature recommended values) to improve the
calibration. Leaf angle can be set between 1° (randomly oriented leaves) to 5° (horizontally
oriented leaves.) Initially leaf angle was set to 1° and later altered to 5° to improve the net
radiation calibration.

To improve transpiration simulations, LAI was measured from August to October at all
sites (Table 3.6) because this parameter profoundly influences ET and canopy interception
estimates. Since the simulation period is from May to September, LAI values for May were
assumed to be the same as October, June the same as September, and July the same as
August. To improve net radiation simulations LAI values would have had to be adjusted by at
least one full unit to observe a noticeable effect on net radiation; hence, LAl measurements

recorded in the field were used in modelling.
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Table 3.5: Vegetative parameters used in the SHAW model for the U1 and L8 study sites.

The following values were estimated from literature: plant albedo (Strong and La Roi 1983a),

rooting depths (Flinn and Wein 1977; Strong and La Roi 1983a, b), stomatal resistance

(Flerchinger 2017b), leaf water potential (Betts and Ball 1997; Caplan and Yeakley 2010;

Hébert and Thiffault 2011), and dry plant biomass (Rutkowski and Stottlemyer 1993; Woo

and Zedler 2002; Hébert and Thiffault 2011; Proulx ef al. 2015).

Site Ul Site L8
Seismic Line Undisturbed Seismic Line Undisturbed
Plant Parameter Rubus Populus Rubus L. Picea Rhododendron
. . . Graminoids i X
parviflorus | balsamifera  parviflorus (understory) mariana  groenlandicum
(understory) | (overstory) (understory) . (overstory) (understory)
Plant Height (m) 1 38.1 0.9 0.5 14.1 0.65
Volumetric Dry
Plant Biomass 0.25 0.45 0.25 0.10 0.42 0.28
(kg/m®)
Plant Albedo 0.1 0.15 0.1 0.1 0.1 0.1
Leaf Width (cm) 0.5 6 3 0.5 0.1 0.5
Rooting Depth (m) 0.1 0.65 0.1 0.32 0.09 0.32
Leaf Water Potential 5 15 5 20 15 20
(bar)
Plant Resistance 6 5 5 6 4 5
3 297x 10 3.0x10 1.2x 10 297x 10 9.9x 10 1.2x10
(m’sec’kg)
Table 3.6: Monthly Measured LAI values for the study sites.
Site August September October
U1 Seismic Line 3.72 3.35 1.51
U1 Undisturbed 4.06 3.33 2.15
L8 Seismic Line 2.6 2.04 1.90
L8 Undisturbed 2.15 2.04 1.60

3.6.4 Soil Parameters

Based on the available soil-moisture, soil-temperature, and textural data, the soil
profile in the model was divided into three layers of 15 cm, 15 cm and 30 c¢m in thickness, the
bottom of which corresponds to 15 cm, 30 cm, and 60 cm depth from the ground surface
(Figure 3.3). Various textural parameters were measured in the laboratory (Table 3.7) and
used as inputs for the model to calculate soil hydraulic properties to calibrate soil water

content.
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Table 3.7: Soil textural parameters used for the SHAW model simulation. Italicized numbers

represent seismic line values whereas numbers in brackets are the adjacent undisturbed area

values. The model comprises three layers ending at depths of 15, 30 and 60 cm from the

surface.
U1 L8

Soil Parameter Horizon 1 Horizon 2 Horizon 3 Horizon 1 Horizon 2 Horizon 3

(15 cm) 30 cm) (60 cm) (15 cm) (30 cm) (60 cm)

Clay (%) 10 (13.5) 13.6 (12.3) 15.9 (18.7) 17.6 (5.4) 20.4 (6.3) 22.4 (7)

Sand (%) 29.6 (24.1) 23.2 (24.9) 14.9 (24.1) 26.9 (69.8) 28 (67) 8.4 (56.8)
Silt (%) 60.4 (62.4) 63.2 (62.8) 69.2 (57.2) 55.5 (24.8) 51.6 (26.7) 69.2 (36.2)

Organic Matter (%) 1.6 (10.8) 0.8 (7.5) 0.8 (1.1) 12.7 (1.1) 4.21 (1.9) 1.9 (0.3)
Bulk Density (g/cms) 0.73 (0.57) 1.5 (1.2) 1.5 (1.3) 1.1 (1.3) 1.2 (1.34) 1.36 (1.56)
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Figure 3.3: Schematics of soil simulation depths and the modified upper boundary used for simulation of the SHAW model in this study.
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Soil water content (SWC) influences many output parameters in the SHAW model; thus,
its optimization is crucial. However, it is one of the most difficult variables to calibrate
(Flerchinger et al., 2012). The SHAW model calculates the SWC at each simulation node based
on the water-content values defined at the lower boundary. Care must be taken to calibrate soil-
hydraulic properties within reasonable limits, otherwise the outputs for various water budget
components are affected substantially. Initially, soil hydraulic properties (saturated water
content, saturated hydraulic conductivity, air entry potential, and pore size index) were
calculated by the model according to the textural data in Table (3.7) and the lower boundary
condition (at 60 cm) for water flow was specified by measured soil-water content. However,
these hydraulic properties and lower boundary conditions did not yield acceptable ME and
RMSD values in any of the soil-moisture calibrations. Consequently, parameter adjustments
were performed on the basis that hydraulic properties such as hydraulic conductivity are known
to be highly variable, even over a limited extent.. Altering a combination of physical and
hydraulic parameters that are inter-related in a logical manner, rather than modifying them one
by one, is a more appropriate method to calibrate the model (Hymer et al., 2000). This can be
accomplished by (i) an automated multi-objective parameter optimization algorithm, which is
beyond the scope of this study and (ii) a trial-and-error approach, which was used in this study
(Flerchinger et al., 2012).

By altering the SHAW calculated hydraulic parameters to within 10% of the model
calculated value for air entry potential, pore size index, and saturated hydraulic conductivity
(Ks), simulated SWC changed on average by 0.005%, 0.003%, and 0.0001% SWC respectively.
Initially the Ks values used for all soil depths were the model calculated values (Tables 3.8, 3.9)

according to equation 2.6. To improve the SWC simulation, manipulation of the Ks values for
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each soil layer was done within a reasonable limit. A reasonable limit was estimated from Ks
values calculated using the Kozeny-Carman equation (Table 3.10) for the soil samples from this
study (from 0.04 cm/hr to 7.0 cm/hr), and K values estimated using Guelph permeameters in
various areas within the upper 60 cm (not necessarily on sites U1 and L8) that ranged between
0.002 cm/hr to 5.1 cm/hr with a median of 0.37 cm/hr. Adjustment of the Ks values for each soil
layer within this range did not show a significant impact on the simulated SWC. If adjustment of
Ks was done outside of this range, (i.e. < 0.002 cm/hr), this yielded a better SWC simulation, but
this was deemed unrealistic based on data available (although some in situ tests using a Guelph
permeameter carried out as part of the larger GSC project showed values of the order of 0.002
cm/h).

The adjustment of the air-entry potential and the pore size index resulted in significant
differences to the simulated SWC. Similarly, these parameters were adjusted to within
reasonable limits. For most soils, air entry potential ranges from — 0.0049 bar for a very coarse
soil to — 0.49 bar for a fine soil [pers. commun. With Dr. Flerchinger]. Pore-size index was
adjusted to within the model recommended values from 3.0 to 5.5. Soil property values used
initially in the model (i.e., calculated by SHAW) and after calibration (outlined in bolded
brackets) are presented in Tables 3.8 and 3.9 for sites U1 and L8, respectively. Most values used
for the final version of the models are at or close to the values calculated by SHAW, except for
Ks, which are systematically lower for both sites (typically by 1.6 times) and for the pore entry,
which are higher on average by 0.8 times. Overall, the remaining discrepancies between
simulated and measured SWC values can be attributed to a combination of potential errors in the
model inputs from literature or field measurements, in measured SWC with the sensors, and/or in

the SHAW model dynamics.
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Table 3.8: Soil hydraulic properties used for Upland site 1 (U1). Italicized values are values

calculated by the model based on textural parameters in Table 3.6. Bolded values in parentheses

are adjusted values used to improve model simulations and were used in the final calibrated

model.

Table 3.9: Soil hydraulic properties used for Lowland site 8 (L8). Italicized values in red are

Soil
Hydraulic
Properties

Undisturbed Area

Seismic Line

Horizon 1
0—-15cm)

Horizon 2
(15 - 30 cm)

Horizon 3
(30 - 60 cm)

Horizon 1
0 —-15 cm)

Horizon 2
(15 - 30 cm)

Horizon 3
(30 - 60 cm)

Saturated
Water

Content

(m3/m3)

Saturated
Conductivity
(cm/hr)

Air Entry
Potential
(bars)

Pore Size
Index

0.46 (0.44)

2.1 (1.2)

0.05 (0.065)

3.8 (4.8)

0.45 (0.46)

2.3 (1.5)

0.05 (0.07)

3.7 (5.5)

0.48 (0.48)

1.2 (0.5)

0.04 (0.07)

4.3 (6.8)

0.44 (0.38)

2.9 2.5)

0.06 (0.06)

3.7 (5.5)

0.46 (0.36)

2.1 (2.6)

0.05 (0.06)

3.8 4.8)

0.47 (0.38)

1.8 (0.005)

0.05 (0.06)

3.8 (5.5)

model calculated values based on textural parameters in Table 3.6. Bolded values in parentheses

are adjusted values used to improve model simulations and were used in the final calibrated

model.

Soil Undisturbed Area Seismic Line
Hydraulic Horizon 1 Horizon 2 Horizon 3 Horizon 1 Horizon 2 Horizon 3
Properties | (o _15em) | 15-30em) | 30-60em) | ©0=15em) | (1530 cm) | (30 - 60 cm)
Saturated
Water
Content 0.37 (0.44) 0.39 (0.41) 0.40 (0.44) 0.47 (0.48) 0.48 (0.44) 0.50 (0.38)
(ms/ms)
Saturated
Conductivity 5.3 (3.5 4.6 (3.0) 3.9 (1.0) 1.3 (2.0) 0.97 (0.01) 1.1 (0.005)
(cm/hr)
Air Entry
Potential 0.014 (0.07) 0.015 (0.07) 0.025 (0.08)  0.035 (0.1) 0.03 (0.1) 0.045 (0.09)
(bars)
Pore Size
Index 4.1 (4.8) 4.2 4.7) 4.0 (4.8) 4.3 (5.5) 4.6 (5.5) 4.3 (5.5)
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Table 3.10: Kozeny-Carman calculated saturated hydraulic conductivity for study sites Ul and

L8 using a porosity (n) of 0.2.

U1l L8
Depth (cm)| Seismic ui Seismic L8
P . Undisturbed . Undisturbed|
Line Line
15 0.08 0.06 0.04 7.00
30 0.06 0.06 0.04 0.31
60 0.05 0.04 0.04 0.19
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Chapter 4 Results and Discussion

4.1 Soil Solids Physical Properties
4.1.1 Soil Texture and Bulk Density

Soil-samples from all study sites and depths were classified as silt-loam, with the
exception of the undisturbed area at site L8 which was a sandy loam (Figure 4.1). Soil
samples from site L12 could not be analyzed for grain-size as they were predominantly
organic matter (peat) at all sampling depths. For all samples, soil bulk density (BD) was
measured at 15 and 30 cm depths in the soil-profile. BD values ranged from a low of 0.11
g/cm? (L12 peat) to a high of 1.69 g/cm? (U3 mineral soil) with a median of 1.04 g/cm?
(Figures 4.2A, 4.2B). These BD values are still within the typical BD range for mineral soils
of 1.0 to 1.8 g/cm?® (Brown et al. 2021) and thus are not considered to have experienced
significant compaction. However, in this study, BD measurements from the upper 15 cm of
the soil-profile were higher by 8 to 65% on the seismic lines of all study sites compared to the
undisturbed sites (8.1% for Ul; 65.2% for U2; and 50.5% for U3; 9.1% for L8 and 16.7% for
L12), potentially indicating some compaction (Figure 4.2A). At 30 cm, BD trends are less
clear (Figure 4.2B). For instance, on the seismic lines, BD values are greater on sites U1 and
U3, similar at U2 and L12, and lower at LS.

Soil compaction following seismic line construction is mostly limited to the upper 20
cm of the soil-profile (Filicetti and Nielsen, 2022), which was generally observed here.
Filicetti and Nielsen 2022 measured BD in the top 20 cm of the soil-profile for mesic upland
forest soils near Fort McMurray, Alberta and found significantly (p < 0.001) higher BD
values on seismic lines (0.67 g/cm?® (n = 146)) compared to their respective adjacent
undisturbed areas (0.50 g/cm?® (n = 146)). The low mean BD in their study was attributed to
the high organic matter content (Ranging from 0 — 50% with an average of 15%) for the
boreal forest soils in their study area (Filicetti and Nielsen, 2022), which is similar to the

organic matter content in the soils of the undisturbed areas of this study. Bulk density
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measurements from peatland site L12 are similar to those obtained by Waddington and Roulet
2000 (between 0.05 and 0.15 g/cm?®) and to a study by Strack ef al. (2018) on a boreal
peatland impacted by winter road construction (0.04 to 0.16 g/cm?). The low BD from
samples from site L12 is likely due to the large SOM accumulation due to the prolonged
saturated conditions which will act to inhibit mineralization and SOM decomposition
(Quideau et al., 2021). The variations in bulk density among sites can be attributed to many
factors: (i) recent re-use of seismic lines (e.g. recreational and/or animal use) (ii) ecosite, sites
with less soil organic matter (SOM) accumulation experience more compaction, (iii) degree of
vegetation cover and (iv) soil-texture type (Dabros et al., 2018; Davidson et al., 2020; Filicetti

and Nielsen, 2022).
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Figure 4.1: Measured soil-textures for study sites in the study area.
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4.2 Soil Solids Chemistry

In the following presentation of results, sites will again be separated according to
upland and peatland (lowland) results. Since all of the upland sites generally showed similar
results, only one of them will be presented in detail as it has a more complete dataset for all
depths (again upland site 2, U2). The remaining results for upland sites Ul and U3 are

available in Appendix E.

4.2.1 Soil Organic Matter Content and Cation Exchange Capacity

At U2, soil organic matter (SOM) content from the undisturbed area at 15 cm depth in
the soil profile was 8% greater compared to the adjacent seismic line (Figure 4.3A). At 30 cm
depth, the undisturbed area showed slightly more (0.8%) SOM compared to the seismic line,
whilst at 60 cm depth, the seismic line showed 1.1% more SOM compared to the undisturbed
area, both of which are unlikely to be statistically significant and are within the uncertainty of
the analytical method. Conversely, for sites L8 and L12, SOM content from the seismic line at
15 and 30 cm depth were 1.6 (within analytical uncertainty) and 11.6% greater, respectively,
compared to their respective undisturbed areas.

Similarly, the seismic line SOM content at 60 cm for L8 was 1.6% greater than the
undisturbed area, whereas the undisturbed area on L12 had 60% more SOM than the seismic
line. At U2, the cation exchange capacity (CEC) was greater on the undisturbed area by 7.0,
9.1, and 1.9 cmol (+) / kg for 15, 30, and 60 cm respectively (Figure 4.3B). Similarly, at L12,
CEC was greater on the undisturbed area by 19.9, 5.4, and 4.6 cmol (+) / kg for 15, 30, and 60
cm respectively. Conversely, the seismic line on L8 showed consistently greater CEC values
compared to the undisturbed area by 13.1, 20.1, and 21.43 cmol (+) / kg for 15, 30, and 60 cm
respectively. XRD identified that most minerals in the soil samples were silicates and that
only one site (U2) contains the carbonate mineral magnesite in detectable amounts (Table
4.1). Many clay mineral types were identified at sites U2 and L8, whereas at L12 only

montmorillonite was identified.
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4.2.2 pH and Major lons

The pH of all soil samples obtained from the study area ranged from 3.4 to 6.2 with a
mean of 4.9 (Figure 4.3D). At U2, the pH differences between seismic line and the adjacent
undisturbed area were subtle. For instance, at 15 and 30 c¢cm, the undisturbed area showed
higher pH values by 0.1 and 0.03 pH units respectively, compared to the seismic line, whilst
at 60 cm the seismic line had a higher pH by 0.08 units compared to the undisturbed area. At
L8, the pH on the seismic line was significantly greater than the undisturbed area by 0.77,
0.65, and 1.05 for 15, 30, and 60 cm, respectively. Lastly, at L12, samples obtained from 15
and 30 cm depth in the soil profile of the undisturbed area showed slightly higher pH values
(+0.28 and +0.22, respectively) compared to the seismic line, whilst at 60 cm, the seismic line
had a higher pH (+0.12) compared to the undisturbed area.

The major water-soluble base cations (Na*, Mg?*, Ca?*, K*) across all of the soil

samples were generally Ca?" > Mg?*" > K* > Na" (Figure 4.4). A similar trend in major water-

cations compared to the seismic line, particularly at 15 cm (Figure 4.4A). Similarly, the
undisturbed area at L12 (Figure 4.4C) consistently showed higher concentrations of base
cations compared to the seismic line and overall higher concentrations of base cations.
Conversely, the seismic line at L8 showed higher concentrations of base cations compared to

the undisturbed area (Figure 4.4B).
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Table 4.1: Mineral phases identified from soil-solid samples obtained at each study site. A corresponds to the seismic line sites whereas B indicates the

adjacent undisturbed areas.

Phase Identified XRD Formula U2A U2B L8A L8B L12A L12B
Quartz Si02 v vV vV VY
Muscovite (K0.7Na0.2Ca0.011)(Al0.93Fe0.016Mg0.011)2(Si0.78A10.22Ti0.01)4010(0H)2 | v v | v v | v ¢
Albite Na0.84Ca0.16A11.16Si2.8408 v v v v v v
Microcline K0.86Na0.14AISi308 v Vv
Rutile TiO2 v
Orthoclase K4Al4S5i12032 v v Vv
Pyrite FeS2 NN
Microcline K0.86Na0.14AISi308 N4
Anorthite Na0.48Ca0.52(Al1.52Si2.4808) v oV
Glauconite (K0.76Ca0.04Na0.01)(Al0.53Mg0.44Fe1.07)((Si3.58A10.42)010(0H)2) v v
Nacrite Al2(Si205)(0H)4 v v
Kaolinite Al2(Si205)(0OH)4 v Y]V VY
Clinochlore Al2Mg5(Si3010)(0OH)8 v vV Y
Montmorillonite Ca0.5(Al25i4011(0H)) N4 v | Vv
Vermicullite Na0.93Mg2.8Fe0.07A11.25i2.9010(0H)2(H20)3 N4
Vermicullite - 2M Mg3(Si4010)(0OH)2 v
Saponite (Mg2Al)(Si3Al)010(0OH)2*4H20 N4
Nontronite Ca0.1Fe2(Si,Al)4010(OH)2*4H20 vV
Stilbite Nal.76Ca4(Al10Si25072)(H20)29.4 N4
Magnesite MgCO3 v
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Figure 4.4: Major water-soluble ion concentrations for the soil solids obtained on a seismic
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Lowland Site 8 (L8), and C) Lowland Site 12 (L12).
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Synthesis

Although chemical weathering of soil minerals can buffer against changes in soil pH,
these reactions are kinetically slow and of lower importance when compared to the exchange
processes in soil (Essington, 2015). Acidic soils (pH < 6.5), a category into which the soils in
this study fall, can buffer against pH changes by weathering of carbonate minerals and/or
exchangeable ions (e.g. Na*, Ca’*, Mg?*, K") adsorbed onto SOM and the surfaces of soil
colloids (Kumaragamage et al., 2021). Although there may be input of calcareous minerals
from weathering of limestone rocks of the foothills and/or from the Paskapoo Formation that
contain calcareous sediments (Grasby et al., 2008), limited carbonate minerals were detected
by XRD in the soils of this study. Thus, soil pH is likely buffered by exchange reactions
making the SOM and clay content in the soil important variables to consider when comparing
between the study sites.

SOM and clay minerals (2:1 type clays) (both of which are present in the soils of this
study), are key contributors to the CEC of a soil (Kumaragamage et al., 2021) with the former
largely being produced from belowground biomass and litterfall input (Quideau et al., 2021).
Because different vegetation communities are present on seismic lines compared to their
adjacent undisturbed areas, the root biomass and annual litter fall inputs onto the soils are
different (Dabros et al., 2018). For instance, a study by Lankau et al. (2013) noted an overall
reduction in annual litterfall inputs onto soils disturbed by seismic lines, which may explain
the lower SOM content on the shallow (15 cm) soils of seismic lines in this study.
Additionally, following disturbance many early-successional plant species produce litter that
decomposes more rapidly than moss and coniferous litter produced in late-successional forests
(Turetsky et al., 2008; Moore et al., 2015).

The SOM content is generally < 20% for both the seismic lines and undisturbed areas
for all sites apart from L12 (a lowland/peatland site with > 40 cm of peat accumulation),

which had a SOM content >60% (Figure 4.3D). The greater amount of SOM in boreal
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peatlands compared to upland forested sites occurs because the rate of net primary production
of vegetation (i.e. Sphagnum species) is greater than the rate of litter decomposition by
microbes in peatlands. Additionally, boreal peatlands also have a high-water table, impeding
the decomposition (Moore et al., 2015). This was confirmed by the high moisture content of
the soils at L12 (see section 4.5.6). Conversely, in well-drained upland forested sites the
difference between the rates of net primary production by vegetation and decomposition by
microbes is smaller, leading to less SOM accumulation compared to peatlands (Moore et al.,
2015).

For sites U1, U2, U3, and L8, CEC was positively correlated with SOM (R? = 0.21),
silt content (R? = 0.10), clay content (R? = 0.27), and pH (R? = 0.34) and negatively correlated
with sand content (R? = 0.16). These general correlations have been observed in other studies
(Fang et al. 2017). However, it is difficult to decipher the relative contribution of clay
minerals and SOM to the soil CEC in this study, and a further characterization of the SOM
type and percentage of individual clay minerals present is needed.

CEC has been identified in a previous study as playing a crucial role in buffering
against soil pH changes for acidic soils (Fang ef al., 2017). Addition of acidity (i.e.
precipitation, atmospheric deposition, organic matter decomposition) to an already acidic soil
causes H' to adsorb onto the exchangeable sites of soil colloids resulting in the dissociation of
base cations into soil-water which can then subsequently be leached by infiltrating meteoric
water resulting in an overall decreases soil CEC (Watmough and Dillon, 2003; Lieb et al.,
2011; Fang et al., 2017). The lower CEC of the soils on the seismic lines identified in this
study means these areas are more susceptible to acidification and subsequent leaching of base
cations. This is supported by the following: (i) the positive correlation between soil pH and
CEC indicates that more acidic soils (i.e. the seismic line soils in this study) have a lower
CEC, (ii) the lower CEC results in a poor buffering capacity of the soils on seismic lines,

which may enable leaching of base cations from the exchangeable sites on soil colloids
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releasing the base cations into soil solution, (ii1) base cation leaching occurring on the seismic
lines might be supported by the observation that the soil water from seismic lines had higher
concentrations of ions (e.g. Ca*", Mg?") compared to their respective adjacent undisturbed
areas and concentrations generally increased with depth (see section 4.3.4).

Altered SOM inputs may also affect the presence of microbial communities and
microbial activities possibly increasing mineralization or decomposition (Scheffer et al.,
2001; Allison and Treseder, 2011). For instance, microbial respiration was observed to
increase in an ancient peatland following an increase of 1°C in soil temperature particularly
when graminoids and shrubs were present (Walker et al., 2016), which are usually the
dominant vegetation type on seismic lines compared to their adjacent undisturbed areas
(Dabros et al., 2018) and were the observed vegetation communities on seismic lines in this
study. In this study, soil temperature measurements during the summer from the 15 cm depth
on the seismic lines were always significantly higher by 0.8 to 2.6°C compared to the adjacent
undisturbed areas. Additionally, the SWC content from L8 was significantly higher by 5.0%
compared to the adjacent undisturbed area (see section 4.6), These two factors potentially
contribute to enhanced mineralization and organic matter decomposition.

Additionally, the lower amount of SOM on seismic lines may result in its
destabilization by: (i) reduced complexation of SOM with base cations due to the decreased
dissociation of SOM functional groups (e.g. carboxyl) resulting in less negative charge
present (Essington, 2015) and/or (i1) reduced cation bridging (e.g. Ca, Al, Fe) between clay
minerals and SOM making SOM more susceptible to mineralization (Liitzow ef al., 2006;

Quideau et al., 2021).

4.3 Soil Solution Chemistry

4.3.1 Soil Water General Chemistry
The solute concentrations of all soil profiles generally decrease in the following order:

HCO3 > Ca** > DOC > DSi > Mg?* > Cl'> Na" > K' = Fe & Al > S04% > NO3". The mean
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charge balance error (CBE) was very negative: 41.7 +/- 14.8%, 40.6 +/- 17.8%, and 42.9 +/-
14.2% for soil-water samples obtained from 30, 60, and 120 cm depth respectively. This has
been observed in other studies of soil waters and has been attributed to higher dissolved
organic carbon (DOC) concentrations which constitute weak organic acids that account for
the deficit (Arthur and Fahey, 1993). Following an empirical correction to account for the
negative charge on DOC outlined in (Oliver et al., 1983), CBE were improved to 23.3 +/-
17.5%, 28.3 +/- 17.5%, and 37.1 +/- 17.3% for soil-water samples obtained from 30, 60, and
120 cm depth respectively. A better CBE may be obtained via determination of the charge on
the organic acids in the soil water via: (i) a conductivity detection analysis in conjunction with
a Dionex QD Charge Detector Cell (QDC) analysis and/or (ii) using an FT-ICR-MS to profile
the organic compounds. However, these approaches are beyond the scope of this project.
Soil-water pH increased with depth at all sites (Figure 4.5 A1 to A3). Soil water pH at
sites U2 and L8 was significantly greater (p < 0.05 and p < 0.001 respectively) on the seismic
line at 30 cm depth, and varied between sites for 60 and 120 cm. No significant (p < 0.05)
differences in soil-water pH were observed at site L12 among the seismic line and the
adjacent undisturbed area (Figure 4.5 A3). DOC concentrations were significantly greater on
the seismic line at shallow (30 cm) depths for all sites (U2 (p <0.05); L8 (p <0.01); L12 (p <
0.001)) (Figure 4.6 F1 to F3). Ca and DOC concentrations followed a similar trend by
increasing with depth for all sites (Figure 4.5B, 4.6C). For site U2 and L8, at 30 and 120 cm,
Ca and DIC concentrations were significantly greater on the seismic line compared to the
undisturbed area; whilst at 60 cm they were only greater on the seismic line for site L8 as U2
and L12 showed no significant differences. Mg and Si concentrations between on seismic line
and the undisturbed areas at site L12 were similar at 30 and 60 cm, whereas at 120 cm the ion
concentrations were significantly greater on the seismic line (Figure 4.6). For site L8, Mg and
Si concentrations were consistently greater on the seismic line at all depths; whilst for site U2

they were both significantly greater only at 30 cm depth.
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4.3.2 Precipitation 6'0 and 6°H Isotope Data

A Wilcoxon rank sum test was performed on 8'0 and §°H values obtained from the
brass and plastic rainwater collectors. The results showed that seasonal medians were not
statistically different at the 0.05 a-level and were subsequently analyzed together yielding a total
of 39 meteoric water samples collected over 18-months. Considering this, precipitation water
isotopes from 2021 to 2022 ranged from a low of -31.6 %o for 6'0 (-240.7 for 6°H) in the winter
to a high of -13.2 %o (-105.9 %o for 6°H) in the summer. Seasonally averaged §'%0 and 8’H
values reflect that the most depleted values were observed in the winter with progressively
enriched values in the spring, fall, and summer, respectively (Figure 4.8). The largest seasonal
range in 8'%0 and 8?H values was found to occur in the fall, while the smallest range occurred in
the summer. 6'%0 and 6?H distributions for the winter and summer were relatively symmetrical
and considered normally distributed at the 0.05 a-level using the Shapiro-Wilk test. The
Wilcoxon rank sum test showed that seasonal medians were statistically different between all
seasons apart from fall and spring (p = 0.10 and p = 0.11 for fall and spring §!%0 and 6’H values,

respectively).
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Figure 4.8: Boxplots for the seasonal distribution of 3'30 and 8°H in precipitation. All samples
were collected between July 2021 to December 2022. Seasons were divided accordingly: Fall
(September to November), Winter (December to February), Spring (March to May), and

Summer (June to August).

The local meteoric water line using the 2021 — 2022 data (n = 39 and R? = 0.99) (Figure

4.9) is described by Equation 4.1.
8°H (%o0) = 7.44 3180 (%0) — 6.80 (Eqn 4.1)

Summer long-term (21-year) temperature and precipitation values are 13.8°C and 257.7
mm, respectively using the Fox Creek Junction weather station data. Data collected during the
first summer (2021) indicates precipitation (255.5 mm) was near the long-term norm whereas the
temperature was higher (16.9°C) indicating a slightly drier summer. The second summer (2022)
precipitation (308.7 mm) was above the long-term norm and the average temperature was 15.6°C
indicating a warmer and wetter than normal summer (these trends are also supported by the soil-

moisture data). Figure 4.9 presents these values using different colours according to seasons. For
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comparison, it also shows the Global meteoric water line (Craig, 1961) and the Edmonton

LMWL (Maule et al., 1994).
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Figure 4.9: Oxygen-18 and deuterium values of Fox Creek meteoric waters from 2021 -2022.

4.3.3  Soil Water 6'%0 and 6°H Isotope Data

Cumulative 3'80 and 8°H soil water values separated by depth for all samples reveal that
the shallow soil water depths (30 and 60 ¢cm) have similar median §'%0 and 8*H values and
spread (Figure 4.10A, 4.10B). However, the deeper (120 cm) samples have a median isotopic
signature of -18.8 (+/- 0.2) %o and -147.5 (+/- 1.7) %o for 3'%0 and 8°H respectively. These
values are within analytical error for '®0 and near analytical error for 3*°H. Overall, soil water

8'80 and 6°H values generally decreased in standard deviation and became isotopically enriched
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with depth (Figure 4.10A, 4.10B). The average 8'%0 and 8°H values from limited (n = 4) shallow
(32 to 35 m well depths) groundwater samples from the Paskapoo aquifer obtained from nearby
monitoring wells were -19.0 (+/- 0.4) %o and -150.6 (+/- 3.4) %o. All soil water samples plotted
on or near the LMWL (Figure 4.7C) indicating minimal evaporation and this was further
supported by lc-excess values which spanned from -3.3 %o to 2.6 %o with a median of — 0.5 %o

across 154 soil water samples (Figure 4.10D).
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Figure 4.10: Graphs presenting isotope spread as a function of depth for all soil water samples
A.) Boxplots for '30; B.) Boxplots for §°H; C.) Dual-isotope plot showing the Fox Creek
LMWL, all soil water samples from this study and values from shallow monitoring wells
completed in the Paskapoo Fm. from the larger GSC project; D.) Boxplot of line conditioned

(LC) — excess values for all soil water samples.
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4.3.4 Variations in Soil Water 6'*0 and 6°H Isotopes with Depth
Upland Site (U2)

Seismic Line

The seismic line at U2 had a less complete sampling record than the adjacent undisturbed
area due to sampling issues with the suction lysimeters. The shallow (30 cm) soil water from the
seismic line reveals the most depleted §'0 values (-21.0 %o0) in May with an evolution to more
enriched values following summer sampling, however, the spread (-21.1 to -20.3 %o) is within
analytical uncertainty (0.8 %o) (Figure 4.11A). Soil water samples from 60 cm deep indicate an
evolution to more depleted values from May (-18.0 %o) to June (-18.9 %o) possibly indicating a
slow percolation rate from the overlying shallow samples (thus involving evaporation) or simply
be an artifact as the two values are near analytical uncertainty. A total of seven samples from the
120 cm sampling depth area have a consistent signature (-18.8 to -18.3 %o), within analytical
uncertainty and are similar to the shallow groundwater samples taken from the monitoring wells
within the watershed (Figure 4.11A).

Undisturbed Area

The undisturbed area 30 cm soil water samples showed a larger spread (-21.7 to -19.3 %o)
compared to the seismic line (Figure 4.11A). Successive sampling from June — October at 30 cm
revealed a shift to more enriched soil water isotope values. Samples at 60 cm indicate a
consistent isotopic signature (-20.4 to -20.1 %o) within analytical uncertainty. Samples from the
120 cm sampling depth have a consistent signature (-19.1 to -18.6 %o), within analytical
uncertainty and are again similar to shallow groundwater samples taken from the monitoring

wells within the watershed.
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Lowland Site (L8)

Seismic Line

On the seismic line at L8, the shallow (30 cm) soil water shows a similar seasonal trend
as U2 where the most depleted 5'30 value (-19.8 %o) occurs in May and subsequent monthly
samples show an evolution to more enriched values due to mixing with summer precipitation
(Figure 4.11B). The overall spread of 3'30 values at 30 cm was -19.8 to -18.5 %o. Soil water at
60 cm from L8 showed a similar pattern to the 60 cm soil water samples from the seismic line at
U2 where the most depleted values occur late in the growing-season (August-September) and the
most enriched values occur following spring-melt, possibly reflecting a similar lag in infiltration.

Undisturbed Area

On the undisturbed area of L8, the shallow samples (30 cm) have the largest spread (-
23.4 t0 -20.2 %o0) among all sites and show a strong seasonal response in soil water 3'30 values
(Figure 4.11B), which can likely be attributed to its sandier texture (Figure 4.1) resulting in a
faster turnover of soil water. Similar to previous sites, at 30 cm the most depleted 3'30 values (-
23.4 %o) occur in May with an overall seasonal evolution to more enriched values throughout
subsequent sampling. At 60 cm the spread was smaller (-20.4 to -18.7 %o) but showed a similar
trend in 6'%0 values as the shallow (30 cm) soil water. Samples from 120 ¢m at L8 on both the
seismic line (-19.4 to -18.7 %o) and undisturbed (-19.0 to -18.7 %o) areas have a consistent §'30
signature within analytical uncertainty and are similar to the shallow groundwater samples.
Lowland Site (L12)

Lastly, the soil water isotopes at site L12 showed little variation with depth and time and
were mostly within analytical uncertainty (Figure 4.11C). The spread of §'0 values at 30 ¢cm for

the seismic line and undisturbed area was -18.9 to -18.7 %o and -18.8 to -18.3 %o respectively,
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whereas the spread of §'%0 values at 60 cm for the seismic line and undisturbed area was -17.6 to
-18.8 %0 and -18.4 to -18.9 %o respectively. Soil water from L12 at 120 cm at both the seismic
line (-19.0 to -18.8 %o) and undisturbed (-18.8 to -18.7 %o) is also within analytical uncertainty
and similar to the shallow groundwater samples. The minimal temporal variation in §!80 values
at all depths can likely be attributed to the fact that peat holds a large volume of water; thus,
isotopic signatures of individual precipitation events and snowpack melt are possibly buffered

into an average signal.
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Table 4.2: Average soil-water isotopic values for 3'*0 and §°H and volumetric water content

(VWC) from May to September separated by depth and location of sampling; sd denotes

standard deviation.

Depth (cm) Site Location 6180 (+/- sd) %o 62H (+/- sd) %o # Samples VWC (%)
Ul Disturbed - - - -
Ul Undisturbed - - - -
U2 Disturbed -20.7 (0.4) -162.0 (2.5) 4 0.38 (0.01)
U2 Undisturbed  -20.2 (1.0) -158.0 (7.6) 6 0.34 (0.06)
30 U3 Disturbed - - - -
u3 Undisturbed - - - -
L8 Disturbed -18.7 (0.6) -146.6 (4.6) 7 0.41 (0.01)
L8 Undisturbed -22.3(1.3) -173.5 (9.5) 6 0.33 (0.05)
L12 Disturbed -18.8 (0.1) -147.2 (0.5) 6 0.55 (0.01)
L12 Undisturbed  -18.6 (0.2) -145.2 (0.9) 7 0.54 (0.04)
U1 Disturbed -20.0 (0.75) -155.7 (6.1) 6 0.38 (0.01)
U1 Undisturbed  -19.5 (0.2) -152.2 (0.9) 4 0.38 (0.04)
U2 Disturbed -18.4 (0.6) -146.7 (2.3) 2 0.38 (0.02)
U2 Undisturbed ~ -20.2 (0.1) -156.9 (0.9) 5 0.34 (0.04)
&0 U3 Disturbed -20.6 (0.7) -161.0 (4.9) 4 0.39 (0.12)
u3 Undisturbed -19.4 (0.5) -153.0(3.0) 4 0.34 (0.05)
L8 Disturbed -19.6 (1.3) -153.3 (10.3) 6 0.38 (0.01)
L8 Undisturbed  -21.6 (0.9) -167.2 (7.5) 5 0.36 (0.01)
L12 Disturbed -18.8 (0.2) -148.0 (1.3) 6 0.54 (0.04)
L12  Undisturbed  -18.7 (0.2) -146.4 (0.5) 9 0.79 (0.02)
U1 Disturbed -19.7 (0.8) -152.8 (6.7) 8 -
U1 Undisturbed  -18.9 (0.5) -147.8 (4.2) 7 -
u2 Disturbed -18.7 (0.2) -146.1 (1.7) 9 -
U2 Undisturbed -18.9 (0.3) -146.7 (1.4) 5 -
120 U3 Disturbed -18.8 (0.1) -147.8 (0.6) 6 -
U3 Undisturbed  -19.0 (0.2) -148.5 (1.8) 6 -
L8 Disturbed -18.8 (0.3) -147.0 (2.5) 4 -
L8 Undisturbed  -18.8 (0.1) -145.9 (1.4) 7 -
L12 Disturbed -18.9 (0.03) -148.2 (0.3) 6 -
L12  Undisturbed -18.8 (0.05) -147.6 (0.2) 8 -
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Figure 4.11: Seasonal variations in 5'0 values at A) U2 B) L8 and C) L12 separated by

depth in the study area (numbers above points indicate month of the year). Shown for

reference are shallow (~30 m) Paskapoo groundwater 3'%0 values (+/- standard deviation)

along with average winter and summer precipitation 5'80 values. GW denotes groundwater.
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Soil Water Isotope Synthesis

Previous studies investigating the isotopic composition of soil-water differentiate
between two soil-water pools: freely draining mobile water (MW) and the less mobile bulk
water (BW) held by electrostatic forces on clay particles used by vegetation (Renée Brooks et
al., 2010; Goldsmith ef al., 2012). The isotopic signature of MW has been attributed to
infiltrating meteoric water and has a strong dependence on seasonality whereas the more
tightly bound BW has a complex isotopic signature (Renée Brooks et al. 2010; Goldsmith et
al. 2012; Geris et al. 2015; Sprenger et al. 2018). The degree of interaction and exchange
between these two soil-water pools is heavily debated and varies based on the region and
method of sampling. Drier soils typically exhibit a larger isotopic difference between BW and
MW due to evaporation whereas saturated soils show an isotopic signature like MW
(Sprenger et al., 2018). For instance, BW analyzed from regions with a strong seasonal
variation in precipitation and high evaporation rates is isotopically enriched relative to MW
water (Renée Brooks et al. 2010; Goldsmith ez al. 2012). Conversely, the difference in the
isotopic composition of BW and MW has been shown to be minimal in (i) samples obtained
from wetter soils at greater depths (Zhao et al. 2013) (ii) boreal regions with a seasonally dry
northern climate (Geris et al. 2015) and (iii) regions with low evaporation. Overall, there is
likely some exchange between MW and BW, but the relative contribution from each is
difficult to quantify (Sprenger et al., 2018), especially with suction lysimeters, which collect a
mixture of MW that is present in excess of the soil field capacity at the time of sampling and
tightly bound BW (Landon et al., 1999) further complicating the interpretation of the soil-
water 830 and 3°H isotopes.

The measured isotopic signatures of soil-water in this study represents water of
meteoric origin that has undergone minimal evaporation as the soil-water samples all plotted
on or near the LMWL (Figure 4.10C). Other studies have noted that isotopic fractionation due

to evaporation in drier regions may be captured in soil waters of shallower (10 cm) depths
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(Zimmermann et al., 1967; Allison et al., 1983), which is shallower than the sampling depths
in this study. Additionally, although transpiration rates are high during the growing season,
transpiration does not fractionate §'30 and 6°H isotopes unless soil-conditions are extremely
dry (Zimmermann et al., 1967). The observed patterns of meteoric water infiltration into the
soil following spring melt and a subsequent shift to more enriched 8'%0 and 8°H values
following summer precipitation events has been observed in other studies of soil water using
suction-lysimeters (Landon et al., 1999) and was most evident in the shallow soil-water
samples (30 and 60 cm) in this study. The deep (120 cm) soil water samples in this study
exhibited limited variation in soil-water §'80 and 8*H isotopes and were similar to the shallow
groundwater samples from the regional Paskapoo aquifer. The exception to this was 120 cm
soil water samples from U1 (see appendix Figure 03), which showed more variation in §'%0
and 6”H values likely indicating a faster turnover rate of soil water from infiltrating meteoric
water deeper into the soil profile. However, overall, the isotopic signature of ‘deeper’ (1.2 m)
soil waters in this study is consistent with the shallow (~ 25 m) groundwater in the study
region, which is thought to receive recharge primarily via local meteoric infiltration. This

vertical recharge is limited, however, having been estimated to be between 0 and 70 mm/year

4.4 Vegetation Surveys

Bar plots were created to visualize percent cover of the different functional groups
(graminoids, trees, forbs, shrubs, and bryophytes) on the seismic lines and the adjacent
undisturbed areas in the upland (Figure 4.12) and lowland (Figure 4.13) study sites. Percent
cover for each functional group was separated based on measurements obtained on the
seismic centerline, edge, and randomly chosen locations in the adjacent undisturbed area. The
exception to this separation scheme was for the trees and shrubs in upland sites where
measurements from the center and edge of seismic lines were combined. This was done

because a previous study comparing the location of survey sampling points across the width
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of a seismic line for upland forests found no significant differences in tree or shrub counts

(Jones et al. 2022).

Table 4.3: Measured tree heights for selected trees in an upland study site (U1) and a lowland

study site (L8).
. Ul L8
Location .
Balsam Poplar (m) White Spruce (m)| Black Spruce (m)
Seismic Line 6.4 (n=28) 46 (n=11) 3.2 (n=136)
Undisturbed Area 38.1(n=3) 15.7 (n=5) 14.1 (n = 36)

Graminoid cover is greater on seismic lines in the upland and lowland ecoregions (Figures
4.12 —4.13). Similarly, bryophyte cover was higher on undisturbed areas at both ecosites
(Figures 4.12 — 4.13) and showed much greater abundance in the lowland study sites (Figure
4.13). Tree cover in the upland mixedwood ecosites was dominated by poplar (Populus
balsamifera) and white spruce (Picea galuca), and significant differences were observed in
tree height (Table 4.3) and percent cover (Figure 4.12) between on- and off seismic line.
Shrub cover in the upland mixedwood ecosites was dominated by twinberry honeysuckle
(Lonicera involucrate), thimbleberry (Rubus parviflorus), and red raspberry (Rubus idaeus).
No significant differences in percent shrub cover were observed between the seismic line and
adjacent undisturbed areas at our upland study sites (Figure 4.12). The lowland ecosite study
areas were dominated by black spruce (Picea mariana) and willow (Salix spp.) and no
significant differences in percent cover were observed between the seismic line and adjacent
undisturbed areas (Figure 4.13), but significant differences were observed for tree height
(Table 4.3). Shrub cover in the lowland study areas was overwhelmingly Labrador tea
(Rhododenron groenlandicum) and significantly less shrub cover on seismic centerlines

compared to the seismic line edges and the adjacent undisturbed areas (Figure 4.13).
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not significantly different at a = 0.05.
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Vegetation Data Synthesis

The significantly greater graminoid cover on seismic lines at both ecosites (Figures
4.12 - 4.13) has been observed in other studies and has been attributed to the fact that
graminoids are great colonizing species that typically outcompete native vegetation in
disturbed areas such as seismic exploration lines (Dabros ef al., 2018). Similarly, percent
cover of bryophytes is significantly higher on the undisturbed areas (Figures 4.12 - 4.13), with
greater abundance in lowland sites, as bryophytes are a disturbance intolerant species and
their establishment is largely dependent on moisture content and net radiation, thriving in
shaded, cool, and wet regions (Jorgenson ef al., 2010). Given the moisture deficit and exposed
canopy of seismic line impacted upland sites, bryophyte abundance is typically lower (Revel
et al., 1984) relative to seismic line impacted lowland sites (e.g. sphagnum peatlands), which
have a much higher moisture content favoring the presence of bryophytes (Dabros ef al.,
2018).

The lower density of trees on seismic lines in the upland study sites is likely because
the undisturbed forest adjacent to the seismic line intercepts the majority of sunlight and
shades the seismic line, which hinders the recovery of shade intolerant trees (such as Poplar
trees) on seismic lines (Lee and Boutin, 2006; MacFarlane, 2013). The establishment of trees
on seismic lines in lowland sites is particularly limited/slow due to the high antecedent
moisture content in these sites (van Rensen et al., 2015; Filicetti et al., 2019).

The high moisture content on seismic lines is exacerbated by the combination of
microtopography loss and removal of vegetation as a result from seismic line construction,
both of which contribute to water ponding, especially following heavy summer rainfall
events. Soil saturation limits tree rooting depth (Grossnickle, 2000) and overall tree growth
because of reduced soil temperatures (Bonan, 1989; Caners and Lieffers, 2014). The
significant difference in shrub cover on the seismic line center and edge of the lowland ecosite

is likely attributed to greater light levels (MacFarlane, 2013) and a lower soil moisture content
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on seismic line edges relative to seismic line centers allowing a greater degree of woody

vegetation recovery on the seismic line edges.

4.5 Measured Weather Data
4.5.1 Temperature

The average monthly measured annual air temperature for study sites U1 and L8 for
May 2022 to April 2023 was similar among all four locations (Figure 4.14). The recorded
monthly high occurred in August and was 17.1°C, which was near the historical mean,
whereas the lowest monthly temperature occurred in December (one month earlier than the
historical mean) and was -18.2°C, below the historical low of -15.2°C. The temperature in

January was markedly higher than the historical mean, close to the historical high.
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Figure 4.14: Average monthly measured air temperature among the study sites (U1 and LS,
for both on and off a seismic line). Also depicted are the historical (21-year: 1991-2012)

temperature low, mean, and high based on the Fox Creek Junction weather station.

4.5.2 Precipitation
The total monthly measured precipitation among the two study sites is depicted in
Figure 4.15 along with the historical mean monthly precipitation in the region. The seismic

line on site U1 received a total amount of 442.9 mm of precipitation over this 12-month
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period, which is close to the long-term historical mean of 485.4 mm, whereas the adjacent
undisturbed area received 393.8 mm. The seismic line on site L8 received 610.2 mm, which is
124.8 mm higher than the historical mean annual precipitation, whereas the adjacent

undisturbed area received 484.1 mm.
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Figure 4.15: Monthly precipitation among the study sites. Also depicted are the historical

(21-year: 1991--2021) precipitation means based on the Fox Creek Junction weather station.

4.5.3 Wind Speed

The monthly measured windspeed at each site is shown in Figure 4.16. To determine
if it is appropriate to use the recorded weather station data on the seismic line as the upper
boundary input data for the adjacent undisturbed area, windspeed was compared using the
permutational multivariate analysis of variance, or PERMANOVA, method, which is a non-
parametric multivariate statistical permutation test based on the daily wind speed values for
each month. For site U1 at a = 0.05, no significant differences among windspeed on the
seismic line and the adjacent undisturbed area were observed across all months. Thus, it was

considered reasonable to use the weather data from the seismic line to run simulations on the
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undisturbed area for site Ul. Conversely, for site L8, significant differences were observed for
all months, with the seismic line having a statistically significantly higher windspeed each
month. However, as no other data were available, the simulation for the undisturbed area in
site L8 was run using the weather data from the seismic line, keeping in mind that the
simulated ET was likely to be overestimated and that other water budget components would
therefore be affected as well due to the higher measured windspeed on the seismic line

compared to the undisturbed area for LS.
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Figure 4.16: Monthly measured wind speed between the seismic line and the adjacent

undisturbed area for the two study sites U1 and LS.

4.5.4 Net Radiation

The average monthly measured net solar radiation for each site is depicted in Figure
4.17. From May to August net solar radiation was higher on the seismic line compared to the
adjacent undisturbed area, mainly due to the smaller and sparser vegetation. The largest
recorded net radiation values occur in July where they reach up to 134 W/m?. July is also

when the largest difference in net radiation between the seismic line and undisturbed area
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occurs by 31 W/m? and 53 W/m? for U1 and L8 respectively. Net radiation is lowest during

the winter months and reaches its lowest value (~ 3.0 W/m?) in December.
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Figure 4.17: Monthly measured solar radiation among the seismic line and the adjacent

undisturbed area for all study sites.

4.5.5 Snow Data

4.5.5.1 Snow Depth

Snow depth measurements at the five sites from the 2021 — 2022 winter season
(November to April), ranged from 6 cmto 87 cm with a median of 33.0 cm (n = 232) (Figure
4.18). Peak snow accumulation occurred in February with a mean total depth of 60.1 (+20.1)
cm across all sites. At peak snow accumulation, snow depth measurements on the seismic
lines for sites U1, U3, and L12 showed statistically more accumulation (a = 0.05) than their
respective adjacent undisturbed areas (Figure 4.18), receiving 37.3 cm, 52.8 cm, and 5.0 cm
more snow than their adjacent undisturbed areas respectively. Conversely, the undisturbed
area at site 2 (U2) showed statistically more snow accumulation than the adjacent disturbed
area. For instance, at peak accumulation in February, the undisturbed area had on average

17.3 cm more snow than its adjacent disturbed area at this site. Possible reasons for this could
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be that the seismic line on this site had experienced more vegetation recovery than other sites,
which would enhance storage of snow on vegetation, and this could also be coupled with local
topographic variations and wind redistribution. Site L8 generally showed similar amounts of
snow accumulation on and off the seismic line, which could be attributed to the similar degree
of canopy cover at this site based on previous leaf-area index (LAI) measurements. Following
peak snow-accumulation in February, the snowpack began to melt and was completed by late
May. December snow depth measurements in the following winter (2022 — 2023) again
showed a similar amount of snow accumulation at L8 (Figure 4.18). Interestingly, the snow
depth in February at U1 was considerably less, by ~ 35 cm for both on and off the seismic line
compared to the previous year’s sampling, which likely resulted from less precipitation in this

area. This was not the case for site LS.
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Figure 4.18: Bar graphs with +1 standard deviation error bars for total monthly snowpack

depth measurements at each site (each bar represents 4 measurements).
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4.5.5.2 Snow Density

Snow density measurements over the total thickness varied from lows of 25 kg/m?
during the cold and dry months of November — January to 528 kg/m? during the warmer and
wetter months of March and April when the snowpack was melting (Figures 4.19 to 4.21).
Unsurprisingly, samples obtained from the upper 5 and 10 cm of the snowpack (Figures 4.19,
4.20) showed the greatest monthly variations in snow-density values compared to the monthly
variations of total snowpack density (Figure 4.21). When considering the total snowpack
(Figure 4.21), density generally ranged between 100 and 300 kg/m>. It was lowest early in the
winter (November — December) when fresh snow was deposited, and the density increased to
a relatively unchanged mean value of 402.7 kg/m? (+/- 144.6 kg/m?) in March (Figure 4.21).

Differences in snow density between the seismic line and adjacent undisturbed area
are mainly observed in the upper 5-cm of the snowpack and diminish with sampling depth.
Across all sites, snowpack density for the upper 5-cm and 10-cm layers was lower early in the
winter (generally being <200 kg/m? between November and January). The lowest values at all
sites are observed in January (<100 kg/m?), likely due to the cooler weather and drier
conditions. Values are typically between 200 and 300 kg/m? in February and between 300 and
500 kg/m? in March and April, with April showing the highest value. Snow samples from two
upland study areas (U1 and U3) showed statistically higher snow-densities (a = 0.05) on the
seismic line during mid- to late winter (February — April) compared to their adjacent
undisturbed areas (Figure 4.19). Upland study site U2 showed no significant differences in
snow density between the seismic line and adjacent undisturbed area, likely due to the factors
described previously regarding variations in snow depth at this site (similar vegetation, local

topography, wind redistribution). The higher snow density on the seismic lines at sites Ul and
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U3 compared to their respective undisturbed areas are consistent with the fact that seismic
lines typically receive more solar radiation due to the lack of overstory (Figure 4.17) and are
exposed to higher wind speeds (Figure 4.16) than undisturbed areas (Dabros ef al. 2018),
which would contribute to the densification of snow at these areas. Interestingly, for the
lowland sites (L8 and L12), the opposite trend was observed, where undisturbed areas showed
higher snow-density values in the upper 5 cm of the snowpack compared to their adjacent

disturbed areas (Figure 4.19).
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Figure 4.19: Bar graphs with +1 standard deviation error bars for monthly upper 5-cm

snowpack density at each site (each bar represents 4 measurements).
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4.5.5.3 Snow Water Equivalent (SWE)

Apart from Site U2, seismic lines at all study sites showed a higher monthly SWE

compared to their adjacent undisturbed areas. During the 2021 to 2022 winter season, peak

SWE occurred in February for all sites with a mean value of 147.6 40 mm for all the seismic

line sites compared to 108.3+55 mm for all the adjacent undisturbed area sites.

Table 4.4: Monthly SWE values (in mm) for study sites within the watershed based on total

monthly snowpack thicknesses. Values in brackets indicate the uncertainty in SWE arising

from monthly variations in replicate measurements of snow density and snow depth at each

location.
Survey Date Site 1 Site 1 Site 2 Site 2 Site 3 Site 3 Site 8 Site 8 Site 12 Site 12
Seismic Line | Undisturbed | Seismic Line | Undisturbed | Seismic Line | Undisturbed | Seismic Line | Undisturbed | Seismic Line | Undisturbed
2021
21-Nov 27.0(4.1) 19 (9) 23.4(8) 39.5 (6) 28.3 (3) 11.2(7) 27.9 (4) 26.8 (5) 46.7 (6) 33.7(7)
20-Dec 39.6 (5.0) 21(8) 42.6 (6) 40.5 (7) 38.9 (4) 11.6 (6) 42.1(5) 40.6 (7) 51.2 (8) 52.2(8)
2022
27-Jan 78.1(18.0) 70.1(12) 67.1(13) 95.2 (18) 105.4 (14) 54.7 (17) 108.3 (28) 90.6 (21) 97.8 (16) 95.8 (23)
25-Feb 135.9 (24.8) 92.8 (17) 147.1(31) 145.3 (40) 150.0 (24) 49.9 (11) NA NA 149.5 (52) 121.3 (23)
24-Mar | 155.7(22.3) | 92.7(10) | 107.1(23) | 101.1(23) 115.5 (19) 27.1(9) 100.5 (22) 101.7 (9) 115.2 (23) 93.1(26)
21-Apr 126.4 (19.1) 95.6 (8) 89.0(30) 88.8 (20) 96.3 (9) 28.4(8) 91.7 (10) 92.9 (23) 103.8 (21) 82.3(21)
20-Dec 459 (12.2) | 28.8(10.0) NA NA NA NA 43.7 (12) 30.7 (7) NA NA
2023
16-Feb 86.3 (40.6) 54.4 (22) NA NA NA NA 84.6 (36) 73.5 (16) NA NA
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Figure 4.22: Bar graphs with +1 standard deviation for monthly snow water equivalent

(SWE) at each site (each bar represents 4 measurements).



Snow Data Synthesis

On a watershed scale, snowpack properties vary spatially and temporally with
accumulation and ablation as the main drivers for snow depth and density. Although this is a
good initial estimate of SWE within the Fox Creek study area, more snow measurements
would be needed to have a true characterization of the study area for two reasons. First, most
of the study sites in this thesis are in the central to eastern part of the watershed that typically
receives less precipitation than the western portion of the watershed, which is closer to the
Rocky Mountains. Thus, to quantify spatial variation of snow-cover within the watershed,
more study sites would need to be established in the western portion of the watershed.
Secondly, a longer snow-cover record is needed to capture the inter-annual variability of
climate processes, which can interact with the vegetation canopy within a certain location
producing different snow conditions from year to year (Sun et al. 2022).

The snow density values in this study fall within the range of snow density from other
Canadian studies, which mostly range from 50 — 120 kg/m? for fresh snowfall during cold and
dry conditions to 350 to 500 kg/m? for melting snowpacks (Pomeroy et al., 1998). Dry snow
densities for boreal forest regions with < 1 m vertical snowpack depth typically reach a
maximum value of ~ 250 kg/m? (Gray and Prowse, 1993).

However, snow density measurements obtained via the sampling tube represent some
degree of uncertainty due to potential compaction of fresh snow when using the sampling
tube, snow loss when removing the tube from the snowpack, and/or sampling when ice layers
are present (Beaudoin-Galaise and Jutras, 2022). The presence of ice layers can plug the
sampling tube preventing further snow from entering the tube when inserted beyond the ice
layer. This results in a potentially under represented snow sample with respect to the true
mass and density of the undisturbed snow (Beaudoin-Galaise and Jutras, 2022). To prevent

this in future measurements of snow parameters within the watershed, a larger diameter snow
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sampler such as the one described by Beaudoin-Galaise and Jutras (2022) should be used, as it

tends to have the lowest degree of uncertainty amongst various SWE measuring instruments.
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4.6 Soil Water Content, Temperature, and Response to Precipitation

Since the upland sites (U1, U2, and U3) all showed similar results, going forth, only
U2 will be fully discussed as it has a more complete sampling record. Data from U1l and U3
are available in Appendix D. Figures 4.23 to 4.25 show a time series of soil moisture for sites
U2, L8 and L12 from May 1% until October 31, 2022.

Soil Moisture and Temperature Sensors

All recorded soil-temperature measurements in this study fell within the operating
range of the sensors (see section 3.1). Similarly, all SWC measurements (apart from 60 cm on
the undisturbed area of L.12) fell within the operating range of the sensors used in this study.

Upland Site 2 (U2)

From early winter (November) to mid-January, soil-water content (SWC) at 15 cm for
the seismic line and the adjacent undisturbed area declined from 36.1% and 31.1% to 11.7%
and 18.7% respectively due to a drop in soil-temperature to below 0°C and the development
of soil-frost (Figure 4.23A, 4.23B). Some pore water can remain unfrozen even when the soil
temperature drops below 0°C and, often, a soil temperature well below zero is required to
freeze the pore water in the smaller pores. From January 20 — 26, air-temperature was above
0°C and reached up to 6.2°C resulting in the soil-temperature at 15 cm depth for both the
seismic line and the adjacent undisturbed area to increase above 0°C. As a result of this, the
SWC for seismic line and the adjacent undisturbed area increased to 35% and 33.4%
respectively. The thaw of soil-frost occurred first on the undisturbed area and was ahead by ~
4 days compared to the adjacent seismic line. Other studies have also observed delayed snow
melt on seismic lines compared to the adjacent undisturbed areas due to a higher surface

albedo on the seismic lines because of less vegetation and more snow accumulation (Haag
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and Bliss, 1974; Bjorkman ef al., 2015; Dabros et al., 2018). SWC during the winter for both
the 30 cm and 60 cm depths for the seismic line and the adjacent undisturbed area remains
relatively constant with slight variations in late winter for the 60 cm depth on the seismic line.
Following spring 2022 melt (May), the soil-profile of both the seismic line and the adjacent
undisturbed area (Figure 4.23A) became saturated and the SWC at all measurement depths
showed little variation or response to precipitation until mid-July.

In mid-July of 2022, SWC declined on the seismic line (apart from the 15 cm
measurement depth) and the adjacent undisturbed area. On the seismic line, SWC at 30 cm
and 60 cm declined by 3% and 5% SWC, respectively. In contrast, on the undisturbed area,
SWC at 15 cm, 30 cm, and 60 cm declined slightly more, by 9%, 5%, and 5% respectively.
The decline in SWC at this time is likely due to enhanced evapotranspiration (ET). Following
the decline in SWC for on- and off-seismic line in mid-July, both soil profiles show a
response in SWC following precipitation events (up to 10% increase in SWC for the off-line
site at the 15 cm depth in late September). A similar pattern in SWC is observed in summer
2021 following precipitation events.

Overall, SWC at the 15 cm depth is statistically significantly higher on the seismic
line compared to the undisturbed area in the fall by 8.1% SWC. This is likely because grasses
and other understory species, which are dominant on a seismic line, go dormant faster and use
less water compared to trees and shrubs which are dominant on the adjacent undisturbed area
and use water for longer periods of time leading to a moisture accumulation (Mathys et al.
2013) on the seismic line. In the spring, SWC is statistically significantly higher on the
adjacent undisturbed area, but only by 2.3%, this being within the sensor accuracy (+/- 3.0%
SWC). Although within the sensor accuracy, the higher SWC on the undisturbed area in the
spring may be because snow melt is delayed on a seismic line compared to the adjacent
undisturbed area. No statistical differences in SWC are observed in the winter and summer

(Figure 4.26A). In the summer, there is not a significant difference in SWC. This may be
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because plant species on the seismic line and the adjacent undisturbed area, although
different, are transpiring at relatively similar rates and other factors such as differences in soil
temperature, drainage, and runoff between the seismic line and undisturbed area.

Similarly, SWC at 30 cm depth is significantly higher on the seismic line compared to
the adjacent undisturbed area in the fall by 5.8% but is relatively similar in the other three
seasons (Figure 4.26B). At 60 cm depth, SWC is always significantly higher on the seismic
line (Figure 4.26C) which may be attributed to (i) the soil temperature always being
significantly higher at 60 cm on the seismic line compared to the adjacent undisturbed area
due to the vegetation on seismic lines having a lower albedo compared to the adjacent
undisturbed area and/or (ii) limited to no trees on the seismic lines and thus no roots drawing
up water from 60 cm. The largest difference in SWC between the seismic line and adjacent
undisturbed area occurs in the fall where for the depths of 15 cm, 30 cm, and 60 cm it is 8.2%,
5.8%, and 3.5% greater on the seismic line respectively. As mentioned previously, this is
likely because trees go dormant later compared to grasses and understory species on the
seismic line. In the winter, spring, and summer, the difference in SWC between the seismic
line and adjacent undisturbed area is not as significant.

Soil-temperature for the 15 cm and 30 cm depths is statistically significantly higher on
the seismic line compared to the adjacent undisturbed area in the winter, however the
difference is within the uncertainty of the sensors (& 0.5°C) (Table 4.5). In the summer, soil-
temperature for the 15 cm and 30 cm depths is significantly higher on the seismic line
compared to the adjacent undisturbed area by at least 0.7°C. Soil temperature has similar
values in the spring and fall (Figure 4.26D, 4.26E). At 60 cm depth, soil temperature is
always significantly higher on the seismic line (Figure 4.26F). The largest soil-temperature
difference between the seismic line and adjacent undisturbed area was observed in the

summer where at depths of 15 cm, 30 cm, and 60 cm are 0.8°C, 0.7°C, and 1.2°C,
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respectively greater on the seismic line. In the fall, winter, and spring, the difference in soil-
temperature between the seismic line and adjacent undisturbed area is not as significant.

Lowland Site 8 (L8)

Somewhat surprisingly, SWC values for this site are quite similar to those of the
upland sites, mostly varying between 30% and 40% (Figure 4.24). Similar to U2, spring melt
was delayed on the seismic line compared to the adjacent undisturbed area and following
spring melt at L8, the SWC increases on the seismic line (43.0%, 40.7%, and 38.5% SWC for
15 cm, 30 cm, and 60 cm respectively) and the SWC remains relatively constant for all
seasons (apart from the winter) for each depth, showing little to no response to precipitation
events. SWC also increased on the undisturbed area following spring melt (~ 37% for 15 cm,
30 cm, and 60 cm) and exhibits little response to precipitation events until after mid-July
(with the exception of the SWC at 15 cm which shows a considerable rise in early July
following large precipitation events). In August, SWC began to steadily decline at 15 cm and
30 cm depths likely due to higher ET rates during this period. In the winter, SWC for the 15
cm depth declines from 39.7% to 14.4% for the seismic line, whereas for the adjacent
undisturbed area it declines from 26.5% to 15.4%, because a significant portion of the pore
water becomes frozen.

Overall, SWC at the 15 cm depth is significantly higher on the seismic line compared
to the undisturbed area for all seasons apart from spring (Figure 4.27D). Similarly, at both the
30 cm and 60 cm measurement depths, SWC is also significantly higher on the seismic line
compared to the adjacent undisturbed area, although the differences are less marked at 60 cm.
This is likely mainly because (i) the seismic line site has a silt-loam texture that does not drain
well and retains more water, whereas the adjacent undisturbed site was a coarser well-drained
sandy-loam and (ii) trees come out of dormancy earlier and start using water compared to
understory species which use water more heavily in the summer. In the summer, soil-

temperature was significantly higher at all depths on the seismic line compared to the adjacent
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undisturbed area on average by 1.6°C, 1.4°C, and 1.1°C for 15 cm, 30 cm, and 60 cm
respectively (Figure 4.27 D to F), likely due to the lack of protection from dense vegetation.

Lowland Site 12 (L12)

Similar to sites U2 and L8, spring-melt at site L12 was delayed on the seismic
line (by around ~ 6 days) compared to the adjacent undisturbed area. Following spring
melt, L12 showed a similar SWC increase to sites U2 and L8 at 15 cm on the seismic
line (Figure 4.25A) and remained relatively constant for all seasons apart from: (i) the
winter where it drops due to soil frost formation and (ii) the summer where
fluctuations in SWC are caused by precipitation and higher plant water usage.

However, unlike all other study sites, the SWC at L12 was much higher (generally >
50% SWC) at all measurement depths both on- and off the seismic line. This is likely
because this site is located in a regional topographic low and has a thick (> 1 m) peat
accumulation, and peat is known to have higher water holding capacity than mineral
soil.

Unlike the other study sites, SWC at 15 cm was significantly higher on the
undisturbed area during the winter and spring by 15.9 and 10.2% respectively compared to the
seismic line, likely due to the presence of higher organic matter which has higher water
holding capacity, whereas during the summer, SWC was similar and in the fall, the disturbed
area was higher by 10.7% as less subject to ET (Figure 4.28A). Similarly, at 30 cm, SWC was
significantly greater on the undisturbed area compared to the seismic line in the winter and
spring, although less markedly, by 2.6% and 4.0% respectively, and was comparable not only
in the summer, but also in the fall (Figure 4.28B). Quite surprisingly, SWC on the undisturbed
area at 60 cm (Figure 4.28C) across all seasons was significantly higher than the disturbed
area (and values from all other sensors) varying between 68% in the summer and peaking in

the summer at approximately 80%.
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Soil temperature at 15 cm depth was significantly higher on the seismic line compared
to the adjacent undisturbed area in the summer and fall by 2.6°C and 1.2°C respectively
(Figure 4.28D). At 30 cm depth soil temperature was significantly higher on the seismic line
in the fall, winter, and spring but the differences were not as large as the 15 cm depth (Figure
4.28E). Interestingly at 60 cm, soil temperature was significantly higher on the adjacent
undisturbed area in the winter and spring by 2.2°C and 1.1°C, respectively, whereas in the
summer it was significantly higher on the seismic line by 5.4°C (Figure 4.28F).

Synthesis

Considering the data in this study, winter soil-frost causes a strong decline in SWC at
15 cm for all sites (up to a 44.0% decline) due to the freezing of much of the pore water; a
small decline (up to 19.0%) at 30 cm for one site, while SWC at 60 cm was not impacted. In
the spring, soil-frost thaw was delayed on the seismic line by up to 6 days compared to the
adjacent undisturbed area. Delayed snowmelt on seismic lines compared to their adjacent
undisturbed areas has been attributed to the vegetation effect on albedo (Haag and Bliss,
1974; Dabros et al., 2018). For instance, seismic lines have less vegetation on them compared
to their adjacent undisturbed areas, meaning more snow can accumulate on a seismic line (as
observed in this study) leading to a higher surface albedo and delayed snow melt (Haag and
Bliss, 1974; Dabros et al., 2018). This results in a higher overall SWC on the undisturbed area
following spring melt because the snow melted faster, exceeding soil water storage and
contributing to enhanced runoff. In the fall, the higher SWC on the seismic line is likely
because grasses and other understory species go dormant faster and use less water compared
to trees and shrubs which use water for longer periods of time leading to a moisture
accumulation on the seismic line. In the summer, there is not significant difference in SWC
likely because plant species both on the seismic line and the adjacent undisturbed area are
transpiring at similar rates. Additionally, summer albedo is typically higher on the seismic

line compared to the adjacent undisturbed area resulting in higher soil temperatures (Haag and
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Bliss, 1974; Dabros et al., 2018), a trend that was observed at all sites and sampling depths

(with a few exceptions).
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Figure 4.23: Upland Site 2 (U2) plots of A) soil-moisture and B) soil-temperature from July
2021 to October 2022. Note: Daily precipitation values for the soil-moisture plot were only

available from May 2022 to October 2022.
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Figure 4.24: Lowland Site 8 (L8) plots of A) soil-moisture and B) soil-temperature from July

2021 to October 2022. Note: Daily precipitation values for the soil-moisture plot were only

available from May 2022 to October 2022.
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Figure 4.25: Lowland Site 12 (L12) plots of A) soil-moisture and B) soil-temperature from
July 2021 to October 2022. Note: Daily precipitation values for the soil-moisture plot were

only available from May 2022 to October 2022.
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bars represent 95% confidence intervals. A two-sample t-test was applied for differences

of significance: *, ** *** correspond to p < 0.05, p <0.01, and p < 0.001 respectively.

Figure 4.26: Upland site 2 (U2) bar charts of soil moisture at A) 15 cm, B) 30 cm, and C) 60

cm and soil temperature at D) 15 cm, E) 30 cm, and F) 60 cm depths in the soil-profile. Error

between the seismic line and adjacent undisturbed area at each depth for each season. Levels
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Figure 4.27: Lowland site 8 (L8) bar charts of soil moisture at A) 15 cm, B) 30 cm, and C) 60
cm and soil temperature at D) 15 cm, E) 30 cm, and F) 60 cm depths in the soil-profile. Error
bars represent 95% confidence intervals. A two-sample t-test was applied for differences
between the seismic line and adjacent undisturbed area at each depth for each season. Levels

of significance: *, ** *** correspond to p < 0.05, p <0.01, and p < 0.001 respectively.
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Figure 4.28: Peatland site 12 (L12) bar charts of soil moisture at A) 15 cm, B) 30 cm, and C)

60 cm and soil temperature at D) 15 cm, E) 30 cm, and F) 60 cm depths in the soil-profile.

Error bars represent 95% confidence intervals. A two-sample t-test was applied for

differences between the seismic line and adjacent undisturbed area at each depth for each

season. Levels of significance: *, **, *** correspond to p < 0.05, p <0.01, and p < 0.001

respectively.
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4.7 SHAW Model Results
4.7.1 Net Solar Radiation Calibration

Net radiation was calibrated by comparing actual measured values to those simulated
by the SHAW model from May 2022 to May 2023. The results for the net radiation
calibration for both sites U1 and L8 are shown in Figure 4.29. ME was > 0.9 across all sites
indicating the model simulates net radiation trends very well and RMSD values ranged from
0.4 W/m? to 1.0 W/m? per day for three of the locations. The model consistently under-
estimates net radiation by between —12.7% and -20.7% as indicated by the PBIAS value. The
PBIAS value could be further improved by manipulating LAI and plant albedo values and/or
the extent of plant and residue cover; however, trials have shown that they would have to be
adjusted outside a reasonable range, based on available data and our knowledge of the region

(see section 3.5.2) to significantly improve the PBIAS value.
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4.7.2 Soil Water Content Calibration

The modeled SWC time series for all study sites are displayed in Figure 4.30. Overall, the
model generally succeeds in representing SWC trends. The ME values for the simulated SWC at
all depths on the seismic line for site U1l are > 0 and RMSD is < 4.4% indicating a good
simulation for this site (Figure 4.30A). A good simulation was also achieved on the undisturbed
area of Ul where the simulated SWC at all simulation depths had ME values > 0.26, and RMSD
is < 8.9% SWC (Figure 4.30B). For the seismic line on site L8, for which variations in SWC
over time are very small (nearly constant values), ME was <0 and RMSD was < 24.4% SWC for
all simulation depths. On this site, the model predicted soil-frost formation for both the 15 and 30
cm soil depths whereas soil frost was only measured at the 15 cm depth on approximately
February 17" where a large drop in SWC occurred from 39.4% to 14.2% SWC (Figure 4.30C).
Additionally, the model simulated two freeze-thaw cycles from November 28" to April 5
whereas only one was actually measured at the 15 cm depth. Lastly, ME values for the
undisturbed area on site L8 were all > 0 with an RMSD < 5.4%, indicating an acceptable model
performance (Figure 4.30D).

In the literature, trends towards both overestimation and underestimation of SWC have
been reported. Preston and McBride (2004) found that the SHAW model tends to overestimate
SWC particularly in the hot dry summer month and therefore underestimate ET. Hymer ef al.
(2000) found that when plant cover is present, the SHAW model underestimates SWC whereas
when no plant cover is present, the SHAW model overestimates SWC. In our simulations, SWC
was generally underestimated while plants are actively transpiring (from May 2022 to October
2022). However, while plants were dormant during the winter (November to April) there was no

clear trend in SWC being overestimated or underestimated. Generally, the SHAW model yielded
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acceptable results for SWC simulations apart from the seismic line on L8 where the measured
SWC showed little variation with time, while the model simulated two episodes of significant
decrease during the winter until the spring snowmelt for depths of 15 and 30cm, based on the
used parameters. This could be because the recorded SWC at 15 cm and 30 cm depths for the

seismic line at site L8 remained constant throughout the year suggesting limited soil frost

formation, whereas the SHAW model anticipated soil frost formation at these depths during the

winter.
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After calibrating the model and assessing its performance, the SHAW model was run
from May 1, 2022 to May 1, 2023 for both study sites to analyze differences in the various water

budget components, which are summarized in Table 4.6 and Figure 4.33 at the end of the section.

4.7.3 Simulated Evapotranspiration

The simulated results of cumulative ET among the various study sites are summarized in
Figure 4.31. Overall ET is higher on the undisturbed areas compared to the seismic lines by 40.0
mm and 225.8 mm for sites Ul and L8 respectively, with the dominant contributor being plant
transpiration (apart from the seismic line on L8) (Figure 4.31). The simulated transpiration on the
undisturbed areas for Ul and L8 was found to correspond to approximately 60% of total ET.
Comparatively, Schlesinger and Jasechko (2014) found that, in undisturbed boreal forests,
transpiration typically comprises 65% (& 18%) of total ET, in good agreement with the SHAW

simulations.
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and evaporation along with the total precipitation received during the simulation period.
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Simulated evaporation by the SHAW model corresponds to water evaporated from the
soil surface along with intercepted precipitation on the plant canopy and litter (Flerchinger
2017a) and ranged from 32 to 52% of the cumulative ET for the four locations (Figure 4.31).

Correlation analysis suggests that the ET rates for these sites are highly dependent on net solar

weakly negative relationship between ET and relative humidity was observed with our datasets.
The low (< 195.8 mm) simulated cumulative evaporation for the four locations is likely because
evaporation rates are typically low in the boreal forest due to the cold temperatures and low
precipitation amounts, which lead to the development of a plant canopy with a low LAI that
resists canopy evaporation (Baldocchi et al. 2000). Additionally, seismic lines of the two sites
are roughly east-west oriented and did not receive as much solar radiation as a southernly

oriented slope would, thus potentially inhibiting evaporation further.

Table 4.5: Correlation analysis for daily weather parameters as a function of ET at the two study

sites.
Parameter u1 u1 L8 L8
Seismic Line Undisturbed Seismic Line Undisturbed

Wind 0.04 0.03 0.07 0.06

Precipitation 0.03 0.03 0.14 0.07

Net Radiation 0.6 0.58 0.58 0.61

Temperature 0.52 0.53 0.54 0.52

Relative Humidity -0.15 -0.15 -0.1 -0.16

At the four locations, the average ET rates were highest during July, which was also the
month corresponding to the highest average net solar radiation and temperature (Figures 4.14 and

4.16). The average ET rates during July for the seismic line and undisturbed area for site U1
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(upland) were 2.4 mm/day and 2.6 mm/day respectively (a difference of ~13%), whereas on the
seismic line and undisturbed area for site L8 (lowland), the average ET rates were 2.3 mm/day
and 3.0 mm/day respectively. This can be attributed to the higher LAI on the undisturbed area for
both sites (Table 3.5) and/or the weather data used for the undisturbed area on site L8 (see
section 2.2). The simulated average daily ET rates are similar to those measured in many studies
carried out within the Canadian Boreal Forest during the growing season (e.g., Blanken ef al.
2001; Amiro et al. 2006; Pejam ef al. 2006). In the boreal plains, ET rates for deciduous stands
(i.e., aspen) are up to 6 mm/day, whereas for conifer stands (i.e., black spruce) they are up to 2 —
3 mm/day (Baldocchi et al. 2000; Ireson et al. 2015). The difference in ET among deciduous
stands and conifer stands has been attributed to the higher growing season LAI of the deciduous
stands (the same as site U1 in this study), but also varies with available soil water capacity
(Ireson et al. 2015). Considering this, the simulated ET rates at site L8 (primarily black spruce)
and U1 (primarily balsam poplar) are near previously reported values.

The dryness index ratios (PET:P) for the seismic line and undisturbed area for site U1
based on the SHAW simulations are 0.8 (a slightly wet environment) and 1.0 (P ~ ET)
respectively (Figure 4.31), which are near previously reported values in the boreal forest. For
instance, long-term (25 year) studies of aspen and mixed-wood dominated upland areas within
the BP indicate a median annual total precipitation of 478 — 500 mm and ET of 459 — 470 mm
rendering a dryness index greater than 1 and characterising an overall moisture-deficit (Devito et
al. 2012). As mentioned in section 1.2.3, Smerdon et al. (2019) used long-term (1989-2010)
climate-normal values from ClimateNA gridded data (Wang ef al., 2016) to estimate an average
P of 595 mm/year and reference ET of 525 mm/year for the Town of Fox Creek, yielding a slight

water surplus (70 mm/year) and a dryness index of 0.9. Guarin-Martinez (2022) also found a
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value of 495 mm/year for the potential ET across the 700 km? watershed using the Thornthwaite
method on a monthly basis and a gap-filled data series based on different weather stations
located within and near the study area. This PET value corresponds to 90% of the 552 mm/year
of annual precipitation of this dataset. This author also found that water surplus (that can be
regarded as potential recharge) can vary spatially and temporally between 0 and 57 mm/year.
Using eddy covariance techniques and an 8-year dataset, Zha ef al. (2010) modelled an annual
ET of 405 + 84 mm for an aspen forest on a hummocky glacial moraine clayey soil with a high
moisture retention, which seems relatively similar to our study area. Considering this, the
simulated ET on the undisturbed area of site U1 falls within the standard deviation of the results
from Zha et al., (2010) and ET values from the different areas are generally in agreement with
previous studies.

The dryness index for the seismic line and undisturbed area for study site L8 was 0.6 and
0.8 respectively, indicating a wet environment on the seismic line and slightly drier environment
for the adjacent undisturbed area (Figure 4.31). This agrees with typical dryness index values
from wetland regions with non-standing water, as is the case for site L8, which typically yields a
dryness index ratio of 0.7 to 1.0 according to Devito et al. (2012). Long-term studies on
peatland-swamp complexes with varying scales (50 to 5000 km?) across the BP region within
Alberta suggest these areas receive a mean annual total precipitation of 440 - 462 mm and have
ET values of 321 — 395 mm (Devito et al. 2017). For a similar study site, Zha et al. (2010) had
obtained an ET value of 374 + 34 mm for a black spruce forest on a poorly drained sandy clay
soil with a near-surface water table in the boreal plains near Prince Albert, Saskatchewan.
However, this was not the case for site L8, which received 603.4 mm of precipitation over the

studied period, well above the historical mean for the study region. Simulated ET on the seismic
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line of site L8 was 355.3 mm which is near those reported in the previous studies mentioned
above. Conversely, ET was 472.1 mm on the adjacent undisturbed area, representing ~ 90%, in
agreement with Devito et al. (2017) and Zha et al. (2010).

A comprehensive literature review (78 studies from different countries) of western
coniferous forests by Goeking and Tarboton (2020) found that forest cover loss does not always
result in a decreased ET. Stand replacing disturbances (e.g. clear-cut forest harvesting, large
wildfires) typically result in a net ET reduction, whereas non-stand replacing disturbances (e.g.
smaller wildfires, insect attacks, drought, partial forest harvesting) may result in a net ET
increase (Goeking and Tarboton 2020). The net increase occurs because (i) competitive plant
species may rapidly colonize the impacted area resulting in an understory plant canopy with a
high LAI and transpiration rates may offset the overstory ET losses and (i1) higher understory
radiation resulting in increased evaporation (Goeking and Tarboton, 2020). For instance, using
eddy covariance methods in boreal regions impacted both by mountain pine beetle attacks and
partial forest clearing, Brown et al. (2014) found no net change in ET, while discovered a
reduction of up to 62% in cumulative ET. However, in the current study, an overall reduction in
ET was observed on the seismic line of sites Ul and L8 by 94.2 mm and 116.8 mm respectively.
The smaller ET difference (40.0 mm) between the seismic line and the adjacent undisturbed area
for site U1 compared to site L8 may be due to the greater degree of vegetative recovery and a
high understory contribution to ET for U1. This is also supported by the LAI measurements

(Table 3.5) which are higher by ~ 1.5 units when compared to the lowland site L8.
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4.7.4 Simulated Runoff and Percolation

The SHAW model simulates deep percolation as the movement of water between the two
deepest soil simulation nodes, which in this case corresponds to water flux between 0.3 and 0.6
m, therefore mostly below the root zone. Positive deep percolation values indicate downward
water movement between the two deepest soil simulation nodes whereas negative values indicate
upward water movement. For sites Ul and L&, no “deep” percolation was simulated on the
seismic line, whereas 47.8 mm and 21.5 mm of deep percolation was simulated in the adjacent
undisturbed area for sites U1 and L8 respectively (Table 4.10). The deep percolation estimates
by the SHAW model for both sites are in agreement with the recharge range (0 - 70 mm/year)
suggested by Guarin-Martinez (2022) for the study area.

Runoff was simulated at 57.6 mm and 3.8 mm for the seismic line and undisturbed area
respectively at site U1. The enhanced runoff on the seismic lines can be attributed (i) to the
higher bulk density (by 0.3 g/cm?) of the upper soil layer on the seismic line compared to the
adjacent undisturbed area (Figure 4.2), and/or more likely (ii) to less interception by plants
(particularly tall trees on the seismic line), which would promote surface runoff and/or ponding.
Generally, upland regions within the BP have some of the lowest annual runoft rates (20 — 30
mm) (Devito et al. 2017). This is because upland regions within the BP have a large water
demand emplaced by the plant canopy and a high soil storage capacity because of the thick
glacial deposits, thus acting as an overall water sink region (Devito ef al. 2012). The interaction
of the plant canopy and the forest floor in upland regions means that most precipitation is
intercepted by vegetation and only large precipitation events (i.e. > 20 mm) are likely to infiltrate
into the soil and possibly promote runoff and/or possible groundwater recharge (Devito et al.

2012). This pattern was observed in the SHAW simulation for site U1 as the majority of runoff
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on the seismic line occurred (i) on June 29 - 30 following a large (54.9 mm) rainfall event, which
accounted for 46.5 mm of runoff, and (ii) following the simulated spring-melt in May, which
accounted for 4.5 mm of runoff. At the end of the model simulation (May 1%), 23.8 mm of snow
was left on the seismic line of site U1, indicating that more runoff is likely to occur.

Cumulative change in soil-water storage for the undisturbed area of site U1 was -72.5
mm, indicating that most of the water is lost likely via plant transpiration and evaporation
(Figure 4.32). Conversely, change in soil-water storage on the seismic line was much lower (-1.8
mm), likely attributed to less vegetative demand for soil-water. As a general rule, larger soil
grain-size and surface topography in upland BP regions may reduce the suction effect of the
unsaturated zone, allowing free drainage within the soils and making soil-water storage and
vertical recharge important in upland regions, as surface flow (runoff) is limited to anomalous
excess moisture events (Devito ef al. 2012). This was observed, to some extent, in this

simulation. On the other hand, finer textured soils limit infiltration and thereby, aquifer recharge.
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The SHAW simulation for site L8 resulted in a cumulative change in soil-water
storage on the seismic line of —7.5 mm, indicating a slight decrease in SWC over the 12-
month period, whereas —126.0 mm was simulated on the undisturbed area (Figure 4.32),
likely due to the enhanced ET at this site. Additionally, the simulation for site L8 resulted in
no deep percolation on the seismic line and 21.5 mm occurred on the adjacent undisturbed
area (Table 4.6). Deep percolation estimates were low at site L8 because runoff estimates
were high: 240.7 mm for the seismic line and 247.6 mm for the adjacent undisturbed area for
site L8 (Table 4.6). This is because from June 29 - 30 the weather station measured an
extreme rainfall event at 146.2 mm that accounted for 140.3 mm of the annual simulated
runoff.

Comparing to other studies in the BP (Devito et al. 2012, 2017; Barr et al. 2012), the
simulated runoff amounts for the lowland study site L8 are reasonable. For instance, long-
term median annual runoff amounts (60 to 119 mm) within BP peatlands and swamps are
some of the highest in the BP (Devito ef al. 2017). However, runoff is highly variable. A local
scale study on an old undisturbed jack pine site yielded an annual runoff amount of 187 +/- 55
mm (Barr et al. 2012). In her study using a monthly water budget, Guarin-Martinez (2022)
had found that runoff varied between 0 and 151 mm/year over the whole 700 km? study area,
allowing her to conclude that recharge likely ranged between 0 and 70 mm/year depending on

the year.
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Figure 4.32: Cumulative change in soil water storage plots for A) Upland Site 1 (U1) and B)

Lowland Site 8 (L8).
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Table 4.6: Simulated water budget values for all study sites from May 1, 2022, to May 1, 2023.

Change In Storage** Cumulative
Site Precipitation  Runoff ET  Deep Percolation* . . Simulation Error
Soil Snow Residue Canopy ok
(mm)
U1 Seismic Line 472.4 57.6 380.4 0.0 -1.8 23.8 0.35 -0.6 -6.9 (-1.5 %)
U1 Undisturbed 472.4 3.8 414.4 47.8 -72.5 59.2 0 0.4 -0.7 (-0.2 %)
L8 Seismic Line 610.2 240.7 355.3 0.0 -7.5 0 0 -1.13 -14.9 (-2.4 %)
L8 Undisturbed 610.2 247.6 472.11 21.5 -126.0 0 0.19 -1.19 -7.8 (-1.3 %)

* Deep percolation corresponds to the water flux between the two deepest soil nodes (30 and 60 cm in this study).

** The change in storage term is comprised of soil storage (negative values indicate soil water was used up, whereas positive values indicate soil water was

gained), the amount of water remaining as snow, water on the plant residue plant canopy at the end of the simulation.

*** A negative simulation error value indicates an underestimation of the cumulative water balance by the model. In parenthesis is the percentage error

determined from the cumulative simulation error divided by the total precipitation the area received.
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Figure 4.33: Main water budget components (ET, Runoff, and Deep Percolation) simulated by the SHAW model for A) Ul and B)
L8. Positive deep percolation values indicate downward water movement between the two deepest soil simulation nodes (0.3 and 0.6

m in this study) whereas negative values indicate upward water movement.
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Chapter 5 Conclusion and Future Work

5.1 Conclusion

This study investigated the impacts of seismic lines on the eco-hydrological functioning
of the landscape and physio-chemical properties of the vadose zone for a 700 km? watershed
near the Fox Creek area, in west-central Alberta. This study is a component of a broader
project led by the Geological Survey of Canada aimed at evaluating cumulative impacts
associated with activities from the oil and gas industry. In this master’s thesis, I investigated
the effects of seismic exploration lines on: (1) soil water content (SWC) within the watershed,
(2) the hydrological cycle using the Simultaneous Heat and Water (SHAW) model, a
physically based 1-D model, and (3) the physio-chemical properties of the vadose zone,
utilizing data from both the solid and aqueous phases of the soil.

Over a period of 1.5 years, hourly SWC measurements from depths of 15 cm, 30 cm,
and 60 cm revealed that most seasonal variations primarily occurred within shallower soil
layers (15 cm and 30 cm). A consistent pattern observed for upland and lowland ecosites
(apart from a peatland site L12 with a near-surface water table) was as follows: (1) during the
fall season, SWC measured at the 15 cm depth was significantly higher on the seismic lines
(up to 8.1% SWC). This was be attributed to the earlier dormancy and thus reduced water
usage of graminoids and herbaceous understory species, which are the dominant vegetation
communities on seismic lines. This contrasts with the adjacent undisturbed areas which are
dominated by trees and shrubs that go dormant much later than understory species. (2) In
early spring, SWC was significantly higher on the adjacent undisturbed area (up to 3.0%
SWC), likely due to delayed snowmelt on seismic lines. No consistent variations in SWC
were observed during the winter and summer seasons among the sites, and variations in SWC

at greater depths (30 cm and 60 cm) between the seismic lines and adjacent undisturbed areas
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become less apparent. These findings contradict the common assumption that seismic lines
consistently exhibit a higher soil moisture content over the growing season.

Using the SHAW model, four simulations (two on a seismic line and two on the
adjacent undisturbed areas for one upland and one lowland ecosite) were conducted for the
May 2022 — May 2023 period (12 months) to estimate the water balance for a 60 cm soil
profile. The model was calibrated for net radiation and SWC by comparing site measured
values with the simulated values. The net radiation calibration demonstrated satisfactory
results across all sites, with a model efficiency (ME) value greater than 0.9 and a root mean
square deviation (RMSD) less than 1.0 W/m?. Similarly, the calibration for SWC was deemed
acceptable, as ME was always greater than 0.01 and RMSD was less than 9.0% SWC for all
sites except for the seismic line on a lowland site (L8). For the latter, where measured SWC
remained relatively constant over time for the 15 and 30 cm depths, the model could not
accurately simulate SWC variations, resulting in an ME less than 0 and RMSD less than
24.4% SWC. This was likely because the measured SWC at depths of 15 cm and 30 cm along
the seismic line at site L8 were relatively constant throughout the year indicating minimal soil
frost formation, whereas the SHAW model anticipated soil frost formation at these depths
during the winter.

Using the calibrated models, annual water budgets were simulated on a monthly basis
for each site. Simulated evapotranspiration (ET) was consistently higher on the undisturbed
areas compared to the seismic lines, with differences up to 117 mm/year. These differences in
modelled ET were primarily attributed to the presence of denser vegetation on the undisturbed
areas, leading to greater ET. The increase in ET on undisturbed areas resulted in a larger
annual soil water deficit (up to 118 mm), whereas on seismic lines soil water deficit was much
smaller (from 1.8 to 7.5 mm). Deep percolation (percolation between 30 to 60 cm depth)

ranged from 0 to 47.8 mm/year, which falls within previous estimates of recharge within the
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240.7 mm/year across the four locations. At the lowland site L8, the seismic line and
undisturbed area had high annual runoff estimates (240.7 mm and 247.6 mm, respectively)
due to an anomalously high precipitation event measured by the weather station within one
day. In contrast, for the upland sites, runoff was very low, 57.6 mm on the seismic line and
3.8 mm on the undisturbed area, also representing runoff values consistent with those
previously estimated for the study region (Guarin-Martinez, 2022). Precipitation data indicate
that seismic lines can receive up to 126 mm more annual precipitation compared to the
adjacent undisturbed areas. However, this maximum difference is due to a single precipitation
event. Excluding this anomaly, annual precipitation would be 49.1 mm higher based on our
dataset. Soil-water in the study area, sampled from depths of 30 cm, 60 cm, and 120 cm using
suction lysimeters, is predominantly of the CaHCOs3 type indicating relatively young and
minimally chemically evolved water that is strongly influenced by near-surface exchange
processes occurring at the interfaces of clay minerals and organic matter. This water type is
also found in the underlying bedrock aquifer, particularly in its shallow and upstream parts,
while the central and deeper (confined) parts of the aquifer contain more of the NaHCO3 type
water corresponds to somewhat more chemically evolved groundwater. The measured §'30
and 6%H isotopic signatures of soil-water samples (n=154) in this study indicate water of
meteoric origin that has undergone minimal evaporation as they align with the LMWL: 8*H
(%0) = 7.44 8'30 (%0) — 6.80 (n = 39 and R? = 0.99). Shallow soil-water samples (30 and 60
cm) show more seasonal variations in 6'®0 and 8°H values, whereas deep soil waters (120
cm) resemble the shallow groundwater (~ 25-30 m) in the study region, which is primarily
recharged by local infiltration of meteoric water.

Soil solids had a bulk density ranging from 0.1 to 1.7 g/cm? with higher (by 8 to 65%)
values observed in the upper 15 cm of the soil profile on the seismic lines compared to the
adjacent undisturbed areas. However, the measured bulk-density values were within the range

of typical mineral soils (1.0 to 1.8 g/cm?) and thus not considered significantly compacted.
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The soil was acidic with a mean pH of 4.9 (n = 30) and soil samples from seismic lines had a
lower cation-exchange capacity (CEC) and higher concentrations of base ions (e.g., Ca’",
Mg?*, HCO3") in the soil solution compared to undisturbed areas. The lower CEC on seismic
lines indicates a poor buffering capacity of the soil, increasing its vulnerability to acidification

and potential trace metal contamination.

5.2 Future Work and Recommendations

The simulations using the SHAW model in this study could be improved from direct
measurements of a few additional soil hydraulic parameters (e.g., saturated water content, air
entry potential, pore size index, etc.) and plant parameters (rooting depth and plant biomass),
rather than relying on empirical equations and literature derived values. Moreover,
considering that the lower boundary of the model was limited to 60 cm, a deeper soil profile
might be necessary to estimate recharge, especially for the upland sites. To validate the model
estimates of ET, separate measurements obtained through eddy covariance techniques or
chamber gas flux measurements could be used. Given that the SHAW model represents a
vertical 1-D profile, future modelling efforts could explore the effects of water cycling in two
and three dimensions with an eco-hydrological model taking into account atmospheric fluxes
and freeze-thaw periods, to potentially represent and capture flow in the study region more
realistically. Manual calibration of the model through trial-and-error is time consuming and
subject to bias, potentially affecting the accuracy of the results due to parameter interactions.
A recommended approach for future studies using the SHAW model is to implement an
automated multi-objective parameter optimization algorithm, such as AMALGAM (A Multi-
(2007). This approach allows for comprehensive evaluation of realistic parameter optimizing
the objective function and yielding more reliable results (Flerchinger ef al., 2012). Lastly, the
model should ideally be validated with data from multiple years to ensure its robustness and

applicability beyond a single-year dataset.
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Considering that all seismic lines studied in this paper were > 6 m wide), it would be
beneficial to conduct a similar study on low-impact seismic lines, which are narrower (<4 m
wide) but exist at higher density in these landscapes (Dabros et al. 2018). Additionally,
continuous monitoring of the vadose zone on seismic lines would be valuable to assess the
long-term variations in water cycling and changes in soil properties. For instance, a future
study could measure annual litterfall inputs on seismic lines and the adjacent undisturbed
areas to estimate soil carbon contribution from litter fall and organic matter cycling. This
could then be coupled with soil geochemical data to estimate soil weathering rates on seismic
lines compared to undisturbed areas to better understand long-term consequences. While site-
level monitoring is a valuable starting point for assessing the impacts of seismic lines on
water cycling in the vadose zone, it would be important and beneficial to complement it with
remote sensing and spatial (2D or 3D) modelling techniques. By considering the density and
width of seismic lines in a region, these approaches would allow for a more comprehensive
understanding of the broader landscape effects.

Overall, this study reveals that areas impacted by seismic exploration lines show
profound differences in their hydrology and the physio-chemical properties of their vadose
zones compared to undisturbed areas. Considering that 35% of the study area has experienced
disturbances in the form of forest cuts (Le ef al. 2023), the impacts of seismic lines on the
hydrology and vadose zone of a landscape cannot be ignored. This becomes especially
significant given that there is no reclamation requirement for seismic lines and that
anthropogenic disturbances in general are expected to increase in western Canada (Dabros et
al. 2018). On a larger scale the IPCC (2023) revealed that the vast amount of human
disturbances in North America over the last two decades has led to a general upward trend in
mean and extreme temperatures. Northern ecosystems in particular are experiencing
accelerated warming compared to other terrestrial biomes (IPCC, 2023) making the

sustainable management of water resources in these areas crucial. Considering that boreal
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ecosystems host one third of the global carbon stock in its biomass and soil (IPCC 2007; Pan
et al. 2011) and act as a net sink for atmospheric CO2, human-induced climate change poses a
serious threat to converting certain boreal regions into net CO2 sources in the near future
(Kurz et al. 2013). On a larger scale, the IPCC (2023) revealed that the large amount of
anthropogenic disturbance in North America over the past two decades has led to a general
upward trend in mean and extreme temperatures. Further studies aimed at determining the
impacts of anthropogenic disturbances at the land surface, including seismic lines, on the
hydrology and biology of boreal forests are critical to developing an understanding of changes

in carbon dynamics that will occur due to climate change.
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Appendix

Appendix A Equipment Installed at all Study Sites

Table A.1: Monitoring equipment installed at all study sites.

Equipment Installed
. . Soil Moisture and
Study Site 30 cm 60 cm 120 cm Rain Weather
Lysimeter Lysimeter Lysimeter Collector Temperature Sensors Station
g (15, 30, and 60 cm)
U1 X v v v v v
u2 v v v v v X
U3 X v v v v X
L8 v v v v NG v
L12 v v v v v X
Appendix B XRD Machine Specifications
Instrument: Rigaku Ultima [V
Radiation Source: Cobalt tube at 38 kV and 38 mA
Anode Wavelength (A)
Koai (100) Koz (50) K1
Co 1.78900 1.79283 1.62083

Focusing Geometry: Bragg Brentano Mode

Detector: D/Tex Ultra with Fe Filter (K-beta filter)

Slit sizes used are:

Divergence Slit - 2/3deg

Divergence Height Limiting Slit - 10mm
Scattering slit - open

Receiving Slit - open

Scan Information:

Range: 5 to 90°
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Scan Axis: 20/0

Scan Mode: Continuous

Sampling Width (Step Size): 0.0200°

Scan Speed: 2.00 deg/min

Spin: none

Appendix C Soil Water Anion Measurement Methods

Table B.1: Measured anions in soil-water and the methods used for each anion.

NH4-N Salicylate-hypochlorite method (Bower and Holm-Hansen 1980)
Cl Ferrithiocyante method (EPA Method 325.2)
PO4-P Molybdenum Blue Method (EPA Method 365.1)

NO3+NO2-N (TON) and NO3 by

calculation

Hydrazine Reduction Method (EPA Method 353.1)

NO3+NO2-N (TON-V)

Vanadium Chloride Reduction Method (Jokinen et al., 2013)

S04-S

Barium Chloride Turbidimetric Method (EPA method 375.4)
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Appendix D Soil Moisture and Temperature Plots for Upland Sites U1 and U3
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Figure D.1: Plots of A) soil-moisture response to precipitation and B) soil-temperature from

July 2021 to October 2022 for Upland Site 1 (U1).
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U3 Soil Moisture
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Figure D.2: Plots of A) soil-moisture response to precipitation and B) soil-temperature from

July 2021 to October 2022 for Upland Site 3 (U3).
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Figure D.3: Upland site 1 (U1) bar charts of soil moisture at A) 15 cm, B) 30 cm, and C) 60
cm and soil temperature at D) 15 cm, E) 30 cm, and F) 60 cm depths in the soil-profile. Error
bars represent 95% confidence intervals. A two-sample t-test was applied for differences
between the seismic line and adjacent undisturbed area at each depth for each season. Levels

of significance: *, **, *** correspond to p < 0.05, p <0.01, and p <0.001 respectively.
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Figure D.4: Upland site 3 (U3) bar charts of soil moisture at A) 15 cm, B) 30 cm, and C) 60
cm and soil temperature at D) 15 cm, E) 30 cm, and F) 60 cm depths in the soil-profile. Error
bars represent 95% confidence intervals. A two-sample t-test was applied for differences
between the seismic line and adjacent undisturbed area at each depth for each season. Levels

of significance: *, **, *** correspond to p < 0.05, p <0.01, and p <0.001 respectively.
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Appendix E Soil Solids Chemistry for Upland Sites U1 and U3
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Figure E.1: Major water-soluble ion concentrations for the soil solids obtained on a seismic

line and the adjacent undisturbed area over various depths for A) Upland Site 2 and B)

Upland Site 3.
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Figure E.2: Plots of A) pH, B) Cation exchange capacity (CEC), C) Electrical Conductivity
(EC) and D) Soil organic matter (SOM) obtained from solids in the soil-profile for Upland

sites 1 and 3.
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Figure E.3: Seasonal variations in §'80 values at A) U1 and B) U3 separated by depth in the
Fox Creek watershed (numbers above points indicate month of the year). Shown for reference
are shallow Paskapoo groundwater 8'80 values (+/- standard deviation) along with average

winter and summer precipitation 3'0 values. GW denotes groundwater.
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Figure E.4: Mean values (+/- standard deviation) of soil-water pH and concentrations of Ca and Total-inorganic carbon (TIC) for the soil-profiles at
sites U2, L8, and L12 (the yellow and blue symbols correspond to the seismic line and undisturbed area samples respectively). The Mann-Whitney U
test was applied for differences between the seismic line and undisturbed area at each depth with levels of significance: *, **, *** corresponding to p <

0.05, p<0.01, and p < 0.001 respectively.
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Figure E.5: Mean values (+/- standard deviation) of soil-water Mg, Si, and DOC concentrations for the soil-profiles at sites U2, L8, and L12 (the

yellow and blue symbols correspond to the seismic line and undisturbed area samples respectively). The Mann-Whitney U test was applied for

differences between the seismic line and undisturbed area at each depth with levels of significance: *, **, *** corresponding to p < 0.05, p <0.01, and

p <0.001 respectively.

166



Na (mg/L) K (mg/L) Al (mg/L)

0 5 10 15 20 25 30 35 o 1 2 3 4 5 00 02 04 06 08 1.0
1 1 1 1 1 | 1 1 1 1 1 1 1 1 L | 1 1 i ;
- o - o o
)
UAQ— - ] o
— EM ™ — a1
PR § §
# £ 31K s31® £ 8 HoHH
T & 3 e
50 (a] a
=)
S S Qi
0 5 10 15 20 25 30 35 0 1 2 3 4 5 00 02 04 06 08 1.0
1 1 1 1 1 1 1 1 1 1 | 1 1 | 1 1 1 1 | 1
,’:: o - o - =
o)
= —~o | —_ -
!'; En Em En
ﬂ‘-’ — —
7 53 £ 3 ——H 28 M
= & &
S (=1 o
E o
= L ee S—e— S-L 1o

Figure E.6: Mean values (+/- standard deviation) of soil-water Na, K, and Al concentrations for the soil-profiles at sites U2, L8, and L12 (the yellow
and blue symbols correspond to the seismic line and undisturbed area samples respectively). The Mann-Whitney U test was applied for differences
between the seismic line and undisturbed area at each depth with levels of significance: *, **, *** corresponding to p < 0.05, p <0.01, and p < 0.001

respectively.
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