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Abstract

Understanding the impacts of forest disturbance on hydrology is critical for protecting water
supply, reducing environmental risks (i.e., floods, droughts) and managing other water-related
functions and services. Previous studies on forest disturbance and hydrology at the watershed
scale often treat watersheds as “black boxes” with limited understanding of detailed processes
governing watershed-scale hydrological behaviours. This study addresses this knowledge gap
by investigating the impacts of forest disturbance on flow pathways, mean transit time (MTT),
and young water fraction (Fyw) at the sub-watershed scale in the snow-dominated Peachland
Creek Community Watershed (PCW), British Columbia, a key water source for the municipality
of Peachland. This study addresses two research questions: (1) What are the impacts of forest
disturbance on hydrological processes in PCW? and (2) How do hydrological characteristics
vary between sub-watersheds, and what factors contribute to these differences? To evaluate
these impacts, stream water samples were analyzed for chemical composition towards
informing hydrological processes. Geochemical tracers including ions, organic material as
informed by organic colour, and stable water isotopes were used to assess variations in flow
pathways, MTT, and Fyw under different levels of forest disturbance (ECA: equivalent clear-cut
area: a proxy quantifying forest disturbance with consideration of post-disturbance
regeneration). End-member mixing analysis was applied to estimate source water components,
and linear mixed effects models were created to estimate relative contributions of forest
disturbance towards changes in hydrological processes. The results indicate increased forest
disturbance intensity is associated with a higher proportion of model-derived snowmelt,
suggesting a shift toward shallower flow pathways as forest disturbance intensifies. However,
high elevations were found to be more impactful towards increasing snowmelt contributions than
forest disturbance. MTT was found to increase with slope steepness, while Fyw decreases with
rapidly draining soils, but there was no association between either variable and forest
disturbance. These results highlight the role of forest disturbance in regulating water movement
and underscore the importance of considering elevation, drainage, and slope-dependent
responses when assessing hydrological changes following forest disturbance. Additional
research may continue stream water monitoring and study a broader range of disturbance

intensities towards understanding disturbance impacts on hydrological processes.



Lay Summary

Understanding how forest disturbance affects watershed hydrology is essential for protecting
water supply and reducing environmental risk in forested community watersheds. This study
examined how forest disturbance impacts water movement in the Peachland Creek Community
Watershed. By analyzing stream water for chemical tracers including ions, stable water
isotopes, and organic colour (a proxy for organic material), the influence of forest disturbance on
water pathways, mean transit time, and young water fraction was investigated. Results show
that increased forest disturbance leads to a greater contribution of snowmelt, meaning water
flows through shallower pathways. These findings highlight that forest disturbance can
significantly affect water movement and consequently watershed hydrology. Further research is
needed to better understand high-intensity forest disturbance impacts as long-term data
becomes available.
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Chapter 1: Research Background and Statement

1.1 Introduction and Thesis Structure

Forested watersheds are facing pressures from forest disturbance, (Seidl et al., 2017),
including anthropogenic (i.e., timber harvesting) and natural (i.e., wildfire, insect infestation)
(Curtis et al., 2018) sources. Forest disturbance can greatly impact hydrological processes (Wei
and Zhang, 2010; Winkler et al., 2010; Zhang and Wei, 2012), such as altering
evapotranspiration (Winkler et al., 2010), precipitation-recycling (Aron et al., 2019) and total
water yield (Winkler et al., 2017), increasing soil erosion and surface runoff (Winkler et al.,
2010), and changing water quality (Feller, 2005). These hydrological impacts can have
significant implications for water supply, environmental risks (i.e., floods and droughts) and
various other aquatic functions (Wei et al., 2021). With climate change and increasing forest
disturbance, there is growing concern over the negative impacts of forest disturbance on
watershed hydrology, particularly in community watersheds, where watersheds are the critical

sources of water supply.

Much research has been conducted towards examining the impacts of forest disturbance
on hydrology at the watershed scale (Aron et al., 2019; Hou et al., 2023; Hou and Wei, 2024; Li
et al., 2021; Monteith et al., 2006; Qiu et al., 2023; Seibert et al., 2010; Vystavna et al., 2018;
Wei et al., 2022; Winkler et al., 2017; Zhang and Wei, 2012). However, watershed-based
studies often treat watersheds as “black boxes” and focus on cumulative hydrological impacts
(Hou and Wei, 2024; Zhang and Wei, 2012), which result in limited understanding of more
detailed hydrological processes (Mirus et al., 2017; Pike and Scherer, 2003; Wei et al., 2025)
such as flow pathways, mean transit time (MTT: the mean time it takes between water entering
a catchment and delivery to the stream) and young water fraction (Fyw: the fraction of water in a
stream younger than a threshold age), over which watershed-scale hydrological behaviors are
governed. Thus, there is an important need to examine more detailed hydrological processes at
a lower order and their responses to forest disturbance to improve our understanding of

hydrological impacts at the watershed scale at a higher order.

Geochemical tracers have been demonstrated to be useful in investigating detailed
hydrological processes. Commonly used geochemical tracers include ions, which may be

applied towards identifying flow pathways (Caine, 1989; Eshleman et al., 1995; Hooper and



Shoemaker, 1986; Sueker et al., 2000) as well as stable water isotopes, which may be used
towards determining flow pathways as well as MTT of water (Hill, 1990; Monteith et al., 2006)
and Fyw (Benettin et al., 2022; Kirchner, 2016a, 2016b). Additionally, there are limited studies
that address the impact of forest disturbance on MTT, though studies have explored stable
water isotope response to forest disturbance in stream water (Bearup et al., 2014; Biederman et
al., 2014; Vystavna et al., 2018), in vapour cycling (Aron et al., 2019), as well as in snowmelt
under open and closed canopies (Lyon et al., 2010). In this study, stable water isotopes and
geochemistry of sub-watersheds in Peachland Creek Community Watershed (PCW) were
analyzed to quantify how forest disturbance and local conditions contribute towards changes in

flow pathways, MTT, and Fyw.

Chapter 1 provides material towards motivations behind this study, understanding the
hydrology of forested watersheds, the role of forest disturbance impacts on hydrology including
flow pathways and transit times of water, and the chemistry that can inform changes in these
hydrological processes. Chapter 2 describes the methods used to create the study plan and
carry out sample collection and data analysis, while chapter 3 presents the results of the
chemical and statistical analysis. Chapter 4 discusses my research results and explains
implications for the broader scientific and management community. Chapter 5 provides a

summary of the project.

1.2 Motivations

Water-stressed regions such as the semi-arid Okanagan Valley in British Columbia,
Canada, rely heavily on forested community watersheds to supply municipalities with water
(Harma et al., 2012). Despite Canada containing 20% of the world’s freshwater (Desforges et
al., 2022), many regions including the Okanagan are experiencing a decline in available
renewable water resources along with an increasing growth in population (Statistics Canada,
2022) and water demand (Okanagan Basin Water Board, 2010; Welbourn, 2004). Thus, the
region has a great need to develop and improve strategies to meet water demand (Harma et al.,
2012), which involves a better understanding of hydrological processes at the watershed scale,
as well as on the sub-watershed level, and especially in response to forest disturbance which

can impact hydrological and ecosystem processes (Mirus et al., 2017).



Peachland Creek Community Watershed (PCW) is classified as a community watershed
according to the Forest Range and Practices Act (FRPA) (British Columbia, 2025a) and
supplies water to the Peachland municipality, servicing both residential and commercial users
as well as irrigating roughly 2,000 km? of agricultural land (Grainger and Associates and
Streamworks Unlimited, 2010). As of 2010, it is estimated that agricultural and residential
irrigation are 85% of the water demand, while 6% is for indoor domestic use and 9% for
commercial, industrial, park use, and leakage losses (Grainger and Associates and
Streamworks Unlimited, 2010). The District of Peachland is home to over 5,000 people as of
2021 (Statistics Canada, 2022), and this number is expected to grow to 19,000 by 2034
(Kroschinsky, 2023). Watershed stakeholders include those living in and around the District,
including industry, First Nations such as the Syilx Okanagan nation (ONA, 2023) and local
community organizations including the Peachland Watershed Protection Alliance (PWPA).
Historically, there have been ongoing water quality issues including water restrictions, which has
led to a heightened community awareness and concern for water source protection
(Kroschinsky, 2023), including concerns regarding the impacts of industrial activity on
watershed health (PWPA, 2023). Before 2023, approximately 50% of municipal water demands
were met by the Peachland Lake reservoir and Peachland Creek water intake (Grainger and
Associates and Streamworks Unlimited, 2010), while the other half was supplied by
contributions from the Ponderosa Wells System and Trepanier Creek System (Golder
Associates, 2010). Recently as of this writing, a new water treatment facility has been built in

Southwestern Peachland near the Peachland Creek outlet (District of Peachland, 2023).

Recently, new directives and priorities have intensified the collective focus on
understanding and addressing the protection of watersheds (OWSC, 2024), in which this study
partially contributes. Additionally, similar community watersheds in B.C. and in similar

geoclimatic areas may be informed by the results of this study.

1.3 Forest Disturbance Impacts on Hydrological Processes

General observations in response to forest disturbance at the watershed scale include
elevated moisture levels in the soil matrix due to greater quantities of available precipitation
following timber harvest (Pike and Scherer, 2003), increased water delivery via near-surface
flow paths (Buttle et al., 2018; Fakhraei et al., 2020; Monteith et al., 2006) and younger, quicker-

3



moving water (Buttle et al., 2019; Hrachowitz et al., 2021; Leach et al., 2020; Oda et al., 2009;
Vystavna et al., 2018), though studies often have large variations and/or inconsistent results
(Wei et al., 2025; Zhang et al., 2017), especially for snow-dominated watersheds (Goeking and
Tarboton, 2020; Hou et al., 2022; Wei et al., 2022). These variations and inconsistencies require
detailed investigation to understand the local, lower order hydrological processes to understand

impacts at a watershed level.

At a local scale, forest disturbance may impact interactions between surface water and
groundwater. General conclusions have stated that the removal of tree cover may prevent
infiltration due to soil compaction associated with harvest technique (Winkler et al., 2010),
though when compaction is not present, infiltration may instead be enhanced (Pike and Scherer,
2003). A raising of the water table has been observed in response to harvest (Bliss and
Comerford, 2002; Choi et al., 2012; Finnegan et al., 2014; Pothier et al., 2003), with some
observing a raise in the water table for three or more years following harvest (Bliss and
Comerford, 2002; Pothier et al., 2003). A net “wetting up” of the watershed has the potential to
trigger preferential flow pathways (Beckers and Alila, 2004; Smerdon et al., 2009). In
mountainous areas such as the B.C. interior, it is possible that conditions may form for a
perched water table in the shallow subsurface (Smerdon et al., 2009), which was observed in
northern Idaho (Rockefeller et al., 2004), though this effect does not appear to be thoroughly
studied. Additionally, streamflow in the low flow season in snow-dominated watersheds
generally increases in response to harvesting according to an overview paper across multiple
studies (Pike and Scherer, 2003), which has been speculated to be caused by increased
groundwater recharge following forest disturbance (Smerdon et al., 2009). Clearcut percentage
may also have a linear relationship with the magnitude of groundwater recharge and water yield
(Bosch and Hewlett, 1982; Smerdon et al., 2009; Stednick, 1996), which would presumably
have a relationship with increased low flows. The investigation of surface water and
groundwater interactions at the sub-watershed scale in mountainous catchments may assist in
resolving the role of watershed properties in relationships between hydrological process

changes and forest disturbance.

While there are studies regarding forest disturbance impacts on watershed flow
pathways (Beckers and Alila, 2004; Buttle et al., 2018; Fakhraei et al., 2020; Fines et al., 2023;
Genereux et al., 1993; Hazlett et al., 2001; Hewlett and Helvey, 1970; Hooper et al., 1990;



Monteith et al., 2006; Mulholland, 1993; Swank et al., 1988; Webster et al., 2022; Xiao et al.,
2023), few investigate the impacts of timber harvest on flow pathways in snow-dominated
watersheds (Monteith et al., 2006; Webster et al., 2022). Further, most adopt a paired
watershed approach in which a control and treatment watershed are compared, leaving
comparisons of different disturbance intensities on flow pathways underexplored. General
observations at the watershed scale indicate increased water delivery via near-surface flow
pathways following disturbance (Buttle et al., 2018; Fakhraei et al., 2020; Monteith et al., 2006),
though there are inconsistencies that may depend on other factors such as legacy timber
harvesting (Fines et al., 2023) as well as watershed properties such as the spatial distribution of
vegetation (Buttle et al., 2018), surficial geology (Webster et al., 2022, 2021), and subsurface
properties (Poole et al., 2008). Studying flow pathways at the sub-watershed scale may assist

towards resolving isolating impacts from various watershed spatial properties.

MTT and Fyw has been widely studied on the watershed scale (Benettin et al., 2022;
DeWalle et al., 1995; Hrachowitz et al., 2021; Kirchner, 2016a, 2016b; McGuire and McDonnell,
2006; Stewart and McDonnell, 1991; Vystavna et al., 2018), though studies exploring MTT/Fyw
responses to forest disturbance using stable water isotopes are rare, with one study
demonstrating insignificant relationships of MTT and forest disturbance (Vystavna et al., 2018),
while another study observed increased Fyw in response to disturbance (Hrachowitz et al.,
2021). Chloride tracers have detected reduced MTT in response to forest disturbance (Leach et
al., 2020) while other methods such as hydrograph separation have found increases in the rapid
delivery of water (quickflow) in response to disturbance, although these do not specifically
measure MTT or Fyw (Buttle et al., 2019). Considerations of partial forest disturbance at the

detailed sub-watershed scale are also underexplored for MTT/Fyw.

Additionally, while controls of watershed properties on MTT and Fyw such as slope and
elevation have been studied, results vary. It has been recorded that MTT tends to have a
stronger correlation with discharge than other variables (Seeger and Weiler, 2014), though
some studies find no relationship between MTT and hydrometric variables (Mosquera et al.,
2016). Mosquera et al. (2016) also found an inverse relationship between slope and MTT, as
well as a positive relationship with conductivity and MTT, while Mueller et al. (2013) found no
relationships between MTT and any topographic index, and concluded that subsurface

considerations including bedrock fractures and fissures were the primary factors controlling



MTT. Relationships between catchment properties and MTT may also change over time
(Heidbuchel et al., 2013). Studies in snow-dominated watersheds that consider interactions
between forest disturbance, watershed properties, and the resulting impacts on MTT/Fyw

remain relatively underexplored.

To resolve inconsistent findings regarding hydrological controls between watersheds, a
common approach is to investigate forest-water relationships at the stand level and then
extrapolate this information to the watershed-scale (Zhang et al., 2017). Alternatively, a
combination of geochemical tracers may be applied towards investigating hydrological
processes (Caine, 1989; Eshleman et al., 1995; Hooper and Shoemaker, 1986; Tetzlaff et al.,
2015), which may be deployed at the sub-watershed scale allowing for detailed observations at
different locations within the watershed, and at different scales. This allows an exploration of the
watershed “black box” that considers hydrological process response at the sub-watershed scale
across heterogeneous local conditions. This approach moves beyond treating the watershed as
a single “black box” by instead examining the contributions of multiple sub-watersheds as semi-
independent units. In doing so, homogeneous assumptions about watershed properties are
broken up, and the scale and magnitude of contributions from heterogeneous local conditions to

overall watershed responses can be more explicitly quantified.

1.4 Geochemical Approaches for Studying Hydrological Processes

1.4.1 Stable Water Isotopes

Isotope hydrology is the practice of measuring radioactive or stable isotopes within
samples of water in streams, soil, groundwater, or other geologic media to infer hydrologic
processes such as flow pathways, residence/transit times, recharge patterns, and other
properties of water systems in the environment (Jasechko, 2019; Koeniger et al., 2016; McGuire
and McDonnell, 2006; Vitvar et al., 2005). Studying the stable isotope ratios of water provides
insight into water processes of transport (McDonnell and Beven, 2014; Sprenger et al., 2018).
These isotopes are useful due to their conservative nature (i.e., their tendency not to react with
materials at most temperatures around the Earth’s surface), natural entry through precipitation,
and relatively inexpensive analysis costs (Ala-aho et al., 2017; Birkel and Soulsby, 2015;
Kendall and Caldwell, 1998; Vitvar et al., 2005). Stable water isotopes are naturally partitioned

into different weights due to fractionation effects of evaporative processes, allowing the



differentiation of the heavier species ?H and ®O and lighter species 'H and '®O (Clark and Fritz,
1997; Urey, 1947). This process partitions different isotopic species into environmental and
atmospheric reservoirs such water vapour, oceans, precipitation, and groundwater (Clark and
Fritz, 1997), which allows for identification of isotopic “signatures” in different water sources,
such as snowmelt, as well as over time such as the differences in isotopic weight from

precipitation at the beginning and end of a storm event (Kendall and Caldwell, 1998).

Isotopic data measured by mass spectrometers is expressed in relation to reference
standards, mostly commonly Vienna Standard Mean Ocean Water (VSMOW), in & values as
parts per thousand, referred to as permille and denoted as %, (Kendall and Caldwell, 1998) as

displayed in Equation 1:
8 (in%0) = ("*/p_—1) x 1000
S

Where R refers to the ratio of the sampled heavy isotope to the light isotope and R, and R
refers to this ratio in the sample and standard respectively. If a d value is positive in the
measured sample, this indicates that the isotopic ratio of the heavy to light species is higher
than that of the reference material, and thus the heavier isotope species is enriched, and
likewise, if the & value is negative, the heavier species is depleted in relation to the reference
material (Kendall and Caldwell, 1998).

The correlation between the relative abundances of the stable isotopes of water in
precipitation was first observed by Harmon Craig (1961), who subsequently expressed this in

the widely used global meteoric water line (GMWL) displayed in Equation 2:
8%H = 8 x 880 + 10 2

In which a global relationship between the stable isotopes of water is understood linearly (Craig,
1961). To account for locally observed differences such as temperature and humidity, a local
meteoric water line (LMWL) may be established as a baseline from which comparative

measurements can be made from samples within a specific region (Tweed et al., 2019).



Though stable water isotope response has been studied in stream water after natural
forest disturbance (Bearup et al., 2014; Biederman et al., 2014; Vystavna et al., 2018), as well
as the isotopic composition of snow and rain in snow-dominated watersheds (Beria et al., 2018;
Carroll et al., 2022), there is a shortage of studies that use stable water isotopes towards
understanding timber harvest disturbance (Aron et al., 2019; Koeniger et al., 2007). Further,
studies investigating stable water isotopes in stream water following harvesting in snow-

dominated mountainous areas at the sub-watershed scale appear to be absent in the literature.

1.4.2 lon Tracers

lons can offer insights into the hydrological activity of watersheds, including flow
pathways (Caine, 1989; Eshleman et al., 1995; Hooper and Shoemaker, 1986; Sueker et al.,
2000), and residence times (Hill, 1990; Monteith et al., 2006; Shaw et al., 2008), and the
applicability of these tracers are enhanced when paired with stable water isotopes (Wels et al.,
1991). Underpinning these insights are assumptions regarding the behavior of tracers in the
environment, including conservative transport, i.e., the ions remain invariant in time and space,
and are non-reactive in the water (Burns et al., 2001; Hooper et al., 1990; Wels et al., 1991;
Xiao et al., 2023), as well as the accumulation of these tracers in water following prolonged
contacted with soil material (Livingstone, 1963; Monteith et al., 2006; Swank et al., 2001).
However in reality, these behaviors can vary depending on geographical factors (Feller, 2005).
In this regard, stream water chemistry may be used to infer changes to hydrological processes
after physical alterations to the soil and forest canopy following timber harvest. This may include
chemical changes to stream water following the compaction of soil through heavy machinery
used in timber harvest (Fakhraei et al., 2020; Webster et al., 2022), or following increased soll
water levels due to reduced evapotranspiration taking place after canopy removal (Pike and
Scherer, 2003; Satterlund, 1992). Though numerous studies have employed geochemical
tracers to identify hydrological and chemical processes in forested watersheds (Buttle, 2011;
Feller, 2005), few studies have used geochemistry to determine flow pathways and partition
water sources following forest disturbances (Buttle et al., 2018). Studies employing the dual
isotope-geochemical approach to investigating hydrological processes are also numerous
(Cochand et al., 2020; Cook and Herczeg, 2000; Genereux et al., 1993; Harker et al., 2015;
Wels et al., 1991), but applying the dual tracer approach towards investigating hydrological

process changes in response to forest cover change are rare (Koeniger et al., 2007).



1.4.3 Organic Matter

Organic matter (OM) refers broadly to the complex heterogenous mixture of various
hydrocarbons and their attached functional groups that may arise from living material (Tan,
2014; Varma et al., 2022). The study of OM in stream water is not only relevant to studies of
watershed nutrient and pollutant transport (Varma et al., 2022), but also the determination of
flow pathways (Moore et al., 2022). Dissolved organic carbon (DOC) involves the soluble
portions of organic carbon that may be found in stream water. Considerations of DOC present in
stream water are likely attributed to soil processes (Aitkenhead et al., 1999), the quantity of
which may be related to rate of DOC production in organic soils, adsorption of DOC in mineral
soils, and the flow pathways of water through different soil horizons (Aitkenhead et al., 1999).
As the majority of OM is sourced in upper portions of soil organic horizons, it is assumed that
the dominance of stream water pathways i.e., deeper vs shallower flow pathways, can be
characterized in part by OM content (Moore et al., 2022; Schelker et al., 2013), which may then
result in a change in water colour (Moore et al., 2022) which can be detected via photometric
absorbance in stream water (Carter et al., 2012; Cook et al., 2017; Peacock et al., 2014; Tipping
et al., 2009).

Many studies have used OM to investigate flow pathways in watersheds (Buttle, 2011;
Fiebig et al., 1990; Hornberger et al., 1994; Moore et al., 2022; Neu et al., 2016; Saiers et al.,
2021; Schelker et al., 2013), with some involving OM response to timber harvest (Burrows et al.,
2013; Dai et al., 2001; Schelker et al., 2013). It is believed that shallower flow is associated with
increased OM content due to near-surface preferential pathways from rising water tables (Fiebig
et al., 1990; Hornberger et al., 1994; Saiers et al., 2021), but may also be due to the increase in
microbial activity in soil following sun exposure following canopy removal (Dai et al., 2001;
Johnson et al., 1995; Moore and Jackson, 1989). Though various mechanisms may be
responsible for OM content in stream water, it is still considered a conservative tracer in many
circumstances (Saiers et al., 2021). However, studies employing OM through the proxy of
organic colour (OC) via photometric absorbance in snow dominated forests at the sub-

watershed scale appear to be absent.



1.4.4 Tracer Model

This study focuses on ions including magnesium, silicon, calcium, potassium, and
sodium which are commonly assumed to be conservative in the watershed and primarily
sourced from the weathering of rock material (Burns et al., 2001; Hooper et al., 1990; Wels et
al., 1991; Xiao et al., 2023), as well as chloride which is also considered a conservative tracer
(Kirchner et al., 2010). Pairing these geochemical tracers with OC, a proxy for OM, and stable
water isotopes, allows for a multi-tracer approach towards inferring sub-watershed mean transit
time, young water fraction, and flow pathways, which is demonstrated in Figure 1 (adapted from

Sueker et. al., 2000 and modified for the inclusion of OM and an expansion of ion tracers).
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Figure 1 - Streamflow cross-sections displaying longer mean transit time, lower young water
fraction, and a greater proportion of subsurface flow (top) vs shorter mean transit time, increased
young water fraction, and shallower flow pathways (bottom). ET refers to evapotranspiration. (+)
or (-) symbols refer to relative enrichment or depletion in relation to isotope depletion in relation to

isotope delta values, or relative abundance of ions respectively.
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1.5 Research Statement and Hypothesis

The goal of this study is to better understand the impact of forest disturbance on
hydrological processes of sub-watersheds in PCW. Specifically, this study aims to answer the

following questions:

1. How does forest disturbance impact flow pathways, mean transit time, and young water
fraction?

2. What factors contribute to hydrological variations at the sub-watershed scale?

To better understand the hydrological processes of PCW, this study used multiple
chemical parameters including organic colour as photometric absorbance measured at 254nm
as a proxy for organic material, and geochemical tracers (ions and stable water isotopes) for
stream water and precipitation with the application of end-member mixing analysis and
statistical tests to inform hydrological processes including flow pathways and transit times. This
study aims to: a) determine an isotopic and geochemical signature for precipitation (i.e. rain and
snowmelt) and stream water for sub-watersheds under a variety of forest disturbance
intensities; b) compare these signatures between sub-watersheds of differing disturbance
intensities and c) apply statistical methods to quantify the impacts of forest disturbance to

changes in these signatures between sub-watersheds.

To add originality to this research, disturbance intensities between multiple watersheds
in proximity with similar climates, geography, and soil types (i.e., relatively homogeneous
conditions) were compared. This approach aims to reduce phenomenological differences, as
well as aggregation bias (i.e., false belief that assumptions regarding aggregated data apply to
individual sample points) (Kirchner, 2016a) that may occur in studies with fewer sample sites
due to spatial heterogeneity. Additionally, the combined approach of isotopes and geochemistry
towards informing hydrology (i.e., mixing models, isotopic evaporation lines, transit times) is not

commonly applied in the literature (Vystavna et al., 2018).

PCW was chosen for this study as it a) has numerous stakeholders including industry,
municipal, and academic interest groups; b) is culturally significant to the Syilx people; c) is
subject to ongoing study by the Watershed Ecosystem Research Excellence Cluster at the

University of British Columbia Okanagan; d) contains numerous sub-watersheds with similar
12



climatic and geographical conditions in which specifically timber harvest disturbance may be
isolated; e) is easy to enter and access stream water for sampling purposes; f) no previous

study has isolated forest disturbance impacts in the watershed.

Additionally, this study hypothesizes that a linear relationship exists between the
intensity of forest disturbance and the following hydrological process changes: a) decreases in
mean transit time, b) increases in young water fraction, and c) increases in shallow flow
pathway components. Contributions towards changes in these hydrological processes are in

part due to forest disturbance, and in part due to local conditions present in the watershed.

The Watershed Ecosystems Research Excellence Cluster includes a diverse team of
multidisciplinary researchers exploring watershed dynamics through ecological, anthropological,
and municipal engineering perspectives (University of British Columbia, 2025). By integrating
these varied viewpoints, the cluster seeks to reimagine watershed management, fostering a

more inclusive and effective framework that balances the priorities of all stakeholders.
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Chapter 2: Materials and Methods

Having established the background and motivations, this chapter provides methods
through which the research will be conducted. This includes site selection and associated data
collected, the type and method of physical sample collection, procedures to analyze ions,
isotopes and other data, as well as the analytical models for elucidating conclusions about the

relationship between variables of interest.

2.1 Study Site

The Peachland Creek Community Watershed (PCW) is a small, snow-dominated
community watershed located in unceded Syilx territory in B.C., Canada, and is the sole source
provider of freshwater resources for the municipality of Peachland. In addition to this, the
watershed is important for its timber resources, mineral resources, cultural significance, and
recreational value. The watershed contains numerous sub-watersheds, the annually flowing
Peachland Creek and its major tributaries including Greata Creek, as well as Peachland Lake
and a tailings pond associated with historical mining operations, in addition to various other

small lakes.

Multiple industry and government sponsored works have been completed in the
watershed including risk assessments regarding biota and water quality, water quality
protection, flood mapping, water budgeting, and others (Brown, 1989; Dobson Engineering Ltd.,
2006, 1999; Golder Associates, 2010; Grainger and Associates and Streamworks Unlimited,
2010; Summit Environmental Consultants Ltd, 2004; Swain, 1990). However, there have been
few studies quantifying forest disturbance impacts at detailed scales below the watershed scale.
Additionally, provincially recorded water quality monitoring sites are limited to lakes and stream
outlet locations, as well as major tributary locations such as the confluence of Greata and
Peachland Creek (Summit Environmental Consultants Ltd, 2004), leaving sub-watershed

processes relatively unexplored in the watershed.
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2.1.1 Climate

The Okanagan Valley, including PCW, is considered to have a semi-arid climate with
cool, moderately moist winters and hot, dry summers (Golder Associates, 2010). Historically,
two weather stations have recorded climate data within the watershed, one located North of
Peachland Lake near Brenda Mines at 1,520 meters above sea level (masl) which has been in
service from 1971-1993, while the other was situated East of the watershed near the Peachland
municipality at 345 masl that has been in service from 1971-2011 (Government of Canada,
2010) (Table 1). The Peachland station recorded historical mean daily temperatures at range of
21.4°C in July to -0.5°C in December, while mean daily temperatures in Brenda Mines range
from 14.1°C in August to -7.3°C in December (Government of Canada, 2010). There is currently
one active hydrometeorological station in the watershed located at an elevation of 1,460m near
Brenda Mines, which has been recording precipitation, air temperature, and snow-water
equivalent (SWE) since its establishment in 1993 (BC Hydro, 2023). Previously, there was a
hydrometric station (08NM173) in service between 1970 - 2021 measuring discharge and water
level at the Greata Creek outlet (Government of Canada, 2023). In lieu of hydrometric data, an
average hydrograph for discharge at Peachland Creek outlet (1969 — 1982) is compared to

precipitation, snow-water equivalent, and temperature (1992 — 2024) for reference (Figure 2).

The majority of annual precipitation in PCW falls as snow (Table 1), most of which is
stored until the freshet period between April and July (Dobson Engineering Ltd., 2004; Grainger
and Associates and Streamworks Unlimited, 2010). It is assumed the largest contribution
towards peak flow melt is from the upper portion of the watershed, as the lower portions
typically melt prior to peak flow (Gluns, 2001; Schnorbus and Alila, 2004; Grainger and
Streamworks, 2010). Total annual precipitation in the watershed is between 400-600mm, with
the upper bounds of this average occurring at greater elevations in the watershed (Grainger and
Associates and Streamworks Unlimited, 2010). At Brenda Mines, the total precipitation average
is 653mm with 389mm SWE falling as snow (Summit Environmental Consultants Ltd, 2004).
Mid and upper elevations in Peachland Creek Community Watershed consist of low gradient
plateau, and it is therefore likely the largest peak flows are caused by widespread energy inputs
from that of sensible/latent heat transfers and energy distributed by rain and radiation (Grainger
and Streamworks, 2010).
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In British Columbia it is generally believed that portions above the H® line, the elevation

in which 60% of the watershed lies (Scherer, 2000), is considered the primary contributor to
peak flow (Whitaker et al., 2002), though this is an educated guess (Gluns, 2001) and other

values may be more suitable if justified (Pike and Scherer, 2003). It has also been suggested

that clear cut area alone is a good indicator of peak flow changes between the H® to H*° line

(Whitaker et al., 2002). It is estimated that Peachland Creek's snow line may vary between 1350

and 1600m during the freshet period, and therefore the 1350m contour is considered the lower

boundary of the snowmelt contributing zone (Grainger and Streamworks, 2010), which is also

the approximate location of the H* line.

Figure 2 — Average yearly streamflow data at Peachland Creek Community Watershed between
1969 - 1982 (discharge at outlet) and climate data between 1992 - 2024 (precipitation, SWE,

temperature, at Brenda Mines Station).
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Table 1 - Climate normals in Peachland Creek Community Watershed.

Brenda Mines Peachland
Station ID. 1126077 1126070
Data period 1971 to 1993 1971 - 2011
Elevation (masl) 1520 345
Annual average daily temperature (°C) 2.9 10
Daily average temperatures range (°C) -7.3 (Dec), 14.1 (Aug) -0.5 (Dec), 21.4 (July)
Total annual precipitation (mm per year) 653 393.4
Total annual rainfall (mm per year) 264.3 309.5
Total annual snowfall (cm per year) 388.8 83.9

2.1.2 Geography and Geology

PCW is partially situated within the boundary of the District of Peachland, and West of
this boundary, with areas of high elevation belonging to the Thompson Plateau physiographic
unit, and the lower elevations belonging to the Okanagan Valley physiographic unit (Golder
Associates, 2010). The watershed spans approximately 142 km? and ranges in elevation from
342m at Okanagan Lake to 1820m near Brenda Mines (Grainger and Associates and
Streamworks Unlimited, 2010) (Figure 3).

Bedrock in the watershed consists mostly of Late Triassic to Early Jurassic granodioritic
intrusive rocks, with some underlying calc-alkaline volcanic rock of the Late Triassic Nicola
Group near the border of the adjacent Trepanier Creek watershed to the North (Golder
Associates, 2010). Soils consist mostly of moderately coarse to coarse morainal material,
colluvium on some steeper slopes, and less frequent glaciofluvial sediments in areas of low
gradient (Grainger and Associates and Streamworks Unlimited, 2010). Above 600m, soils are
dominantly Eutric and Dystric Brunisols (Summit Environmental Consultants Ltd, 2004). Eutric
soils tend to be associated with areas of ponderosa pine or Douglas fir forests with bluebunch
wheatgrass or lodgepole pine and pine grass, while dystric soils are associated with till and
colluvium (Summit Environmental Consultants Ltd, 2004). Soils are predominately well-drained
(Grainger and Associates and Streamworks Unlimited, 2010), as is common in most forest soils
in the Pacific Northwest (Winkler et al., 2010).
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Figure 3 - Map of PCW sample sites and sub-watersheds. Elevations and topography are indicated in the left

diagram, while the right diagram displays forest disturbance as Cumulative Equivalent Clearcut Area (%).
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1,063m to the municipal intake station at 587 masl (Golder Associates, 2010).

Originally developed as a storage reservoir for Brenda Mines in the 1960's (Grainger and

Associates and Streamworks Unlimited, 2010), Peachland Lake is the largest water body within

the watershed with a storage capacity of 12,704,844 m? and is located North of upper

Peachland Creek. Peachland Creek has an average channel gradient of 3.7%, ranging from
3.3% to 6.0% between Peachland Lake and the municipal intake station (Dobson Engineering

Ltd., 1999; Golder Associates, 2010).
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The watershed contains numerous perennial and intermittent streams, the latter of which
flow seasonally during the freshet period (between April and July). Approximately 75% of the
annual runoff is due to snowmelt processes occurring in the freshet period (Summit
Environmental Consultants Ltd, 2004). Difficulties arise in investigating intermittent streams, as
they are not usually gauged, and hydrologic indices including flow regimes tend to be
uncorrelated among intermittent streams (Olden and Poff, 2003), thus necessitating study on an
individual stream basis. The difficulty of gauging and monitoring flow regimes across multiple
streams suggests the use of alternative means of inferring hydrological processes including the

use of chemical observations in stream water.

Hydrometric data is not recorded for streams in PCW, though changes in stream
discharge may be visually observed throughout the year. Relatively higher discharge is
observed during May — July (freshet), while from approximately mid-July onwards most streams
had noticeable decline in discharge (low flow). Some streams experienced renewed discharge
after summer rainfall, though this effect appeared mild. After spring freshet, streams are
presumably sustained by baseflow (delayed portion of flow that sustains the stream) and rainfall

events until the following freshet period, or flow cessation.

2.1.4 Watershed Threats and Disturbance

Current threats facing PCW’s freshwater resources include increasing temperatures that
facilitate decreased snowpack depth and water yield (Boon et al., 2012), early onsetting of melt
peaks (Cohen et al., 2006), continued leachate from the decommissioned Brenda Mine (Golder
Associates, 2010), and surface erosion and subsequent sediment mobilization in streamflow
(Grainger and Associates and Streamworks Unlimited, 2010). In addition to this, the threat of
mountain pine beetle infection (Taylor et al., 2006) and timber harvest (Winkler et al., 2017) may

affect both timber (directly) and freshwater (indirectly) resources.

Forestry practices have been ongoing in PCW from the 1960’s onwards, including
salvage logging following mountain pine beetle attacks in the 1980’s and 2010 (Grainger and
Associates and Streamworks Unlimited, 2010; J. Paul and Associates, 1998). Commercial
timber harvest has been in operation since 1992 (Evergreen Alliance, 2021), and as of writing,

current tenures in the watershed belong to Tolko Industries and Westbank First Nation, (BC
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Ministry of Forests, 2024). Local reports on the sustainability of water resources suggest
managing the amount and location of harvesting with consideration to specific stand
characteristics in areas proposed for harvesting (Grainger and Associates and Streamworks
Unlimited, 2010) as well as the identification of areas most vulnerable to stream water
degradation through disturbance (Golder Associates, 2010). Additionally, some studies identify
Timber harvest activities as high-risk to source water protection in PCW (Golder Associates,

2010; Grainger and Associates and Streamworks Unlimited, 2010).

Notable areas of timber harvest in Peachland Creek occur near major stream tributaries
and the Peachland Lake area (Dobson Engineering Ltd., 1999), which is a topic of concern for
local residents and activist groups. It is suggested that upper portions of Peachland Creek will
be the focus of future timber harvest as these areas are currently less than 30% harvested and
the maijority of harvestable timber are desirable species such as Douglas fir and Spruce
(Summit Environmental Consultants Ltd, 2004). With a shift towards harvesting upper
watershed areas, an increased understanding of forestry impacts on hydrology at different
topographies including high and low slopes/elevations will also assist understanding towards

impact mitigation.

2.2 Data Collection

2.2.1 Spatial and Geographical Data

Spatial geographic data was compiled using QGIS version 3.16. Sampling points were
located using topographical maps and targeted a diverse representation of forest disturbance
intensities across various areas of the watershed, while constrained by logical considerations of
vehicle access and roadway proximity. Sub-watersheds were chosen in areas upslope of the
sampled locations and are delineated using the Canadian Digital Elevation Model (CDEM) data
obtained from Natural Resources Canada via the “upslope area” tool in QGIS. 21 sampling sites
were identified and delineated using this method, including watershed outlets and sub-
watershed locations. A collection of spatial variables was retrieved for the selected areas
including mean elevation, mean slope, and sub-watershed area. Slope and elevation were
retrieved from the CDEM with sub-20m source data. Elevation and slope statistics were
extracted using the “Zonal Statistics” tool in QGIS. Slope values were recorded in percentages.
All geographical information was assigned to watersheds based on proportional spatial overlap.
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Additionally, flow path length was measured as horizontal distance from the highest point in

each sub-watershed to the sample location.

2.2.2 Disturbance Data

Vegetation cover and forest disturbance information (Table 2) was sourced from the
2022 BC Vegetation Resource Inventory (VRI) layer which contains information regarding the
year, severity, and type of recorded forest disturbances for each polygon (British Columbia,
2022a), as well as the provincial Consolidated Cutblocks layer (British Columbia, 2022b) from

the BC forest Analysis and Inventory Branch for detailed forest disturbance information.

When considering the potential impacts of forest disturbance on stream water, it is
important to understand the total area disturbed, the locations where forest cover has been
altered, as well as the extent of forest recovery to pre-harvest conditions (Winkler and Boon,
2017). In Western North America, a widely used metric for quantifying forest disturbance is
equivalent clearcut area (ECA) (Li et al., 2021), which aims to quantify the hydrologically
relevant clearcut unit (hectare, ha) as a function of the original cutblock or disturbed area and
hydrologic recovery (HR) (Luo and Alila, 2006; Winkler and Boon, 2017; Zhang and Wei, 2012),
in which HR is the return of a forest stand to pre-disturbance hydrologic characteristics as the
trees regrow (Winkler and Boon, 2017), accounting for various factors such as snow
accumulation and melt, rainfall, rain-on-snow, evapotranspiration, and seasonal water balances
(Winkler and Boon, 2017). HR may also be estimated using relationships between stand
attributes such as tree height, and a chosen indicator of hydrologic response such as snowmelt
(Winkler and Boon, 2017). In British Columbia, HR is typically used to account for snow
accumulation/melt in second growth stands in relation to clearcut and unlogged mature forests
(Winkler and Boon, 2017). For example, a forest stand with 100% ECA represents 0% HR,
while 0% ECA represents a complete recovery of hydrologic function (Zhang and Wei, 2012).

The calculation of ECA is described by Winkler and Boon (2017) and expressed in Equation 3:

ECA=A x (1 - HR) 3

In which A is the original disturbed area and HR is the hydrologic recovery. ECA is then
expressed as a percentage of A for this study. Additionally, the ECA value may be modified by a

coefficient in circumstances of mixed tree species, partial disturbance, non-clearcut silvicultural
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techniques, or when thinning has taken place (Winkler and Boon, 2017), and thus ECA remains

a subjective, although relatively robust, quantification of forest disturbance.

Forest disturbance was quantified as the cumulative ECA resulting from disturbance and
subsequent hydrologic recovery of forest stands over the period of 1971 to 2021. The dynamic
cumulative ECA was used as opposed to the static “snapshot” of disturbed area percentage, as
it had been previously used as an indicator of cumulative disturbance in B.C. forests (Hou and
Wei, 2024; Vore et al., 2020). Cumulative ECA for each sub-watershed was obtained by
summing all of the ECA in a spatial unit and dividing it by the gross area of the unit as described
by Giles-Hansen and Wei (2021). HR was calculated based on work conducted by Giles-
Hansen (2021). This followed the methods by Boon and Winkler (2015) to produce a Chapman-
Richards curve based on snow recovery data from the Thompson-Okanagan region to provide
relationships between stand height and ECA coefficients, and then further modified such that
recovery is based on time following disturbance, using the Table Interpolation Program for
Stand Yields (TIPSY) for recovery following timber harvest (Giles-Hansen, 2021; Giles-Hansen
et al., 2019).

Thirteen of the sampled sub-watersheds included multiple disturbance types (wildfire,
mountain pine beetle) though in all cases less than 10% of disturbance is caused by non-timber
harvest events, and in most cases, less than 5% (Table 3). Therefore, this study did not
separate these mixed disturbances and assumed that timber harvest is the primary mechanism
of disturbance in all circumstances, except where mountain pine beetle is the only mechanism
of disturbance (sub-watersheds 20 and 21). Additionally, considerations of roads and structures

in the watershed were assumed to be negligible towards CECA calculations.
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Table 2 - Compilation of all collected variables. DEM refers to digital elevation model, and sub-20m refers to less than

3m resolution.

a) Spatial Variables
Variable (Unit) Source Source Sp-atial
Resolution
Mean Elevation (m) DEM Sub-20m
Mean Slope (%) DEM Sub-20m
Sub-watershed area (m?) DEM Sub-20m
Flow path length (m) DEM Sub-20m

b) Chemical Variables

Variable (Unit) Source Sample Count
Temperature (°C) Multimeter 70
pH Multimeter 70
Organic Colour (cm™) Spectrophotometer 98
Total dissolved solids (ppm) Multimeter 70
Conductivity (uS/cm) Multimeter 70
Magnesium (ppm) ICP-OES 278
Sodium (ppm) ICP-OES 278
Potassium (ppm) ICP-OES 278
Silicon (ppm) ICP-OES 278
Calcium (ppm) ICP-OES 278
. Cl-specific
Chloride (ppm) Electrode 270
62H (%0 VSMOW) Off-Axis ICOS 237
6180 (%o VSMOW) Off-Axis ICOS 237
c) Disturbance Variables
Variable (Unit) Source Source Sp.atlal
Resolution

Total ECA (%) Sub-20m

Fire ECA (%) Cumulative ECA Sub-20m

Mountain Pine Beetle ECA (%) Calculation Sub-20m

Timber Harvest ECA (%) Sub-20m

d) Soil and VRI Variables

Variable (Unit)

Source

Source Spatial

Resolution
Drainage (Canadian Soil Survey code)
Non-soil (decimal percent)
E d Bedrock (decimal t i i
xposed Be roc. (decimal percent) Canadian Soil Sub-20m — ~500m
Loam (decimal percent) Survey

Sandy loam (decimal percent)
Silt loam (decimal percent)
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Source Spatial

Source .
Resolution

Variable (Unit)

Eluviated Dystric Brunisol (decimal percent)
Canadian Soil

Sub-20m —~500m
Survey

Orthic Dystric Brunisol (decimal percent)

Eluviated Eutric Brunisol (decimal percent)
Orthic Gray Luvisol (decimal percent)
Orthic Eutric Brunisol (decimal percent)
Orthic Humo-Ferric Podzol (decimal percent)
Podzolic Gray Luvisol (decimal percent)
Gleyed Eluviated Dystric Brunisol (decimal
percent)

Brunisol (decimal percent)

Orthic Black Chernozem (decimal percent)
No soil (decimal percent)

Orthic Sombric Brunisol (decimal percent)

Table 3 — Sub-watershed characteristics. Soil Drainage was averaged across the sub-watershed according to

drainage codes retrieved from the Canadian Soil Survey, where 5 = Well Drained, and 6 = Rapidly Drained.

Sub- Sub- Mea.n Mean Timber Cumulative | Sample Year of Most S'oil
watershed Elevation Slope Harvest Recent Drainage
watershed | preakmz) | (m) (%) ECA% ECA% | Count | pisturbance
1 142.36 1289 11.3 12 13 23 1994 53
11.77 971 11.2 8 8 11 1972 5.4
3 41.91 1298 13.4 7 7 24 2015 5.4
4 68.24 1357 9.7 17 20 24 1994 5.2
5 0.63 1136 11.6 3 6 5 2010 5
6 4.04 1401 15.2 11 11 10 2005 5
7 0.05 1393 10.3 73 73 10 2017 5
8 0.38 1410 10.1 2 2 9 1966 5
9 1.82 1540 7.4 0 0 10 1983 5
10 0.1 1304 3.7 80 80 9 2014 5
11 0.09 1303 5.2 94 94 5 2014 5
12 1.96 1375 5.5 37 40 9 2019 5
13 1.37 1359 5.7 26 30 6 2019 5
14 0.66 1365 8.4 1 1 7 1997 5
15 20.92 1542 10.4 6 12 10 1972 5.1
16 0.62 1362 7.5 20 25 14 1994 5.5
17 1.18 1359 5.7 30 32 20 2010 5
18 0.88 1666 9.4 33 33 7 2014 5
19 0.61 1696 8.3 13 13 9 2013 5
20 0.15 1734 8.7 0 7 20 2009 5
21 0.62 1742 8.5 0 10 18 2007 5




2.2.3 Soil Data

Soil data was retrieved from the Canadian Soil Survey Soil Information Finder Tool
(British Columbia, 2025b) and soil polygons were fitted to sub-watersheds using the “Clipping
Tool” and “Field Calculator” in QGIS. Soil areas are expressed as a decimal percentage of each
sub-watershed area. Soil types and proportional textures were retrieved for each sub-
watershed, as well as drainage classification (Appendix A). Drainage was retrieved towards
shedding light on sub-surface hydrologically-relevant features that may influence processes
such as infiltration. Drainage was classified according to the Canadian National Soils Database
(NSDB). Drainage classification was found to be similar for all sub-watersheds (well-drained or
rapidly drained) which is expressed as a value between 5 (Well Drained) and 6 (Rapidly

Drained) according to the Canadian Soil Survey (British Columbia, 2025b).

2.2.4 Sampling Design

A stream water and precipitation sampling regime was conducted across a two-year
period between April 2022 and October 2023. A total of 304 water samples including stream
water, snowmelt and rain were collected during the sampling period. Water samples were taken
from the center of the water column when possible, with the objective of obtaining depth-
integration in the column's vertical axis. Due to the nature of the relatively small streamflow in
many areas, this technique was not always applicable. Samples were taken with minimal
agitation of the stream bed, to avoid incorporating sediment into the collected mixture. Samples
were collected in polyethylene bottles double-rinsed with sample water, and immediately
transferred unfiltered to a portable cooler, before transferring to refrigeration at 4°C at the end of
each sampling day. Snow samples were collected in glass containers and melted before
transferring to glass vials sealed with Parafilm® in the tightening direction. Rainfall samples were
collected using makeshift collectors consisting of glass jars connected to collector funnels
sealed with tape and a ping-pong ball to prevent evaporative losses before storage in a
refrigerator at the end of day. Samples for trace ion and organic colour (OC) analysis were
passed through a 0.45um polyethersulfone syringe filter before analysis. Samples for isotopic
analysis were filtered in-situ with a 0.45um polyethersulfone syringe filter before storage in glass
vials sealed with Parafilm®in the tightening direction of threaded lids in a cooler and transferred
to refrigeration at 4°C at the end of each sampling day.
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Stream water sampling locations were selected to fulfill the following objectives: i) obtain
representative chemical data of sub-watersheds above lake locations, as well as major tributary
locations; ii) capture a variety of disturbance intensities in sampled sub-watersheds; iii) sample
a variety of sub-watersheds representative of different locations in the watershed, including
various geographies, slopes, elevations, and soil types. However, the selection of appropriate
sampling sites was challenging due to several factors such as lack of road access, private
property boundaries, and un-traversable terrain. Despite these limitations, this study was
successful in retrieving samples from a variety of sub-watersheds with similar geographical

considerations for the sake of comparing different intensities of forest disturbance.

As this study investigates hydrological processes at the sub-watershed scale, it focuses
on both nested (i.e., sub-watersheds that are inside of other sub-watersheds) and non-nested
sub-watersheds towards understanding the contribution of local-scale processes to watershed-
scale hydrology. Therefore, statistical analysis compares all stream samples from sub-
watersheds and outlet locations towards evaluating general trends. Additionally, samples were
collected from the nearby Peachland Lake and Glen Lake for isotopic reference but were not

applied in any other part of the study.

2.3 Laboratory Analysis

2.3.1 Major lon Analysis

Two hundred and seventy-eight samples were analyzed for major ions. Approximately
10 ml of each filtered aliquot was acidified to 1% HNO3 before being analysis using a
ThermoFisher iCAP 6500 Inductively Coupled Plasma Atomic Emission Spectrophotometer
(ICP-OES) at UBC Okanagan's FiLTER laboratory. Individual sample error is expressed by the
relative standard deviation of three repeat measurements of a sample which is less than 5% for

all samples. Values are expressed in parts per million (ppm).
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2.3.2 Stable Water Isotope Analysis

Two hundred and thirty-seven samples were analyzed for stable water isotopes.
Samples were analyzed using Los Gator Research (LGR) liquid and vapor water Off-Axis
Integrated-Cavity Output Spectroscopy (Off-Axis ICOS) at the McDonnell Hillslope Hydrology
Lab at the University of Saskatchewan. Results are expressed as delta values (d) in parts per
thousand (permille, %o) relative to Vienna Standard Mean Ocean Water (VSMOW). Minimization
of drift and memory effects, as well as data normalization is achieved through reading standards
before and after every five samples (bracketed two-standard run templates) as explained by
Wassenaar et al. (2014). The laboratory’s 2-sigma uncertainties for 8°H and §'®0 are 2 %o and

0.8 %o respectively, while reproducabilities are £ 1.0 %o and + 0.2 %o respectively.

2.3.3 pH, Temperature, and Conductivity Analysis

Temperature, pH, and conductivity measurements were taken for 55 samples using a
YSI Professional Plus handheld multimeter. The measurement probe was rinsed thoroughly with
source water before each measurement, and the device was held in the water column until the
multimeter values stabilized. Conductivity error is 0.5%, temperature accuracy is £0.2 °C, and

ph accuracy is 0.2 units.

2.3.4 Organic Colour Analysis

Organic colour was obtained for 98 samples by measuring the photometric absorbance
of light at the 254nm wavelength using an Agilent 8453 spectrophotometer, with values
measured in cm™ with an accuracy of £0.005cm™ at 1.00cm™'. Samples were analyzed using
1cm quartz cuvettes rinsed thoroughly with sample solution and heated to room temperature
before analysis to avoid condensation (Carter et al., 2012). All samples were measured relative
to the photometric absorbance of ultrapure water. The average of triplicate values were

recorded for each sample.
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2.3.5 Chloride Analysis

Two hundred and seventy samples were analyzed for chloride using a Thermofisher™
Orion™ Jonplus Sure-Flow Solid State Combination electrode, with 5% error. Samples were
warmed from cold storage to room temperature before conducting analysis. Direct concentration

readout capabilities are used, and standards are re-measured hourly. Results were recorded in

ppm.

2.4 Mean Transit Time and Young Water Fraction

Mean transit time (MTT) is the time water (precipitation input) spends in transit flowing
through the subsurface to the stream network, and measuring this can elicit information about
the flow pathways, storage, and sources of water (Dé3a et al., 2011; McGuire and McDonnell,
2006). MTT can be calculated by comparing the variability of 30 between precipitation and
stream water, under the assumption of homogeneous sub-watershed conditions (Kirchner,
2016a).

For this study, the sine curve method was used to compare the amplitude damping of
seasonal 8'®0 cycles in precipitation and stream water towards calculating MTT (DeWalle et al.,
1995; Matoszewski et al., 1983; Soulsby et al., 2000; Stewart and McDonnell, 1991), as it is
useful in circumstances with sparse, limited isotopic data (< 5 years of isotope samples in the
case of this study) for the purpose of modeling seasonal tracer cycles, and for data sets
involving multiple locations (Kirchner, 2016a). The general equation of the sine curve used in

this study is expressed in Equation 4 as recorded by Kirchner (2016a):
8 = 8+ Axsin(ct—¢) 4

Where §, is the output isotopic value in %o, §,, is the estimated mean annual §'80 in %o, A is
the amplitude, c is the angular frequency constant (2/365), t is time in days, and ¢ is the
phase shift in radians. Nonlinear least squares fitting is then used to determine estimated
amplitudes and phase shifts for the stream and precipitation data (Kirchner, 2016a) using

monthly estimated precipitation data at 1500m near Peachland Lake as the initial prediction
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(Bowen, 2024; Bowen et al., 2005; IAEA/WMO, 2024). The MTT can then be calculated from

the data once a sine curve has been fitted according to Equation 5:

Where 1, is the MTT in years, f is the amplitude damping B/A where A is the amplitude of §'80

in precipitation, and B is the amplitude of §'80 in stream water (Dé$a et al., 2011; Kirchner,
2016a).

In the absence of snow lysimetric data, as well as limited snow samples (one season of
data), input precipitation data was simulated using the Waterisotopes Database (IAEA/WMO,
2024; Waterisotopes Database, 2024) with input elevation and spatial coordinates used to
estimate seasonal precipitation changes in isotopic values for each sub-watershed. This
technique appears to be a reasonable substitute for long-term data, as the retrieved snow
sample isotopic values fit within the range of the simulated data and could therefore feasibly
represent local minimums of isotopic depletion in precipitation that coincides with winter

snowfall.

Young water fraction (Fyw) refers to water younger than a threshold age of
approximately 1-3 months (Ceperley et al., 2020; Kirchner, 2016a), which is represented as a
portion of the transit time distribution, and is closely approximated by the amplitude ratio of
Ag/ A, of stream water and precipitation (Kirchner, 2016a). Fyw has been demonstrated to have
less influence from heterogeneous landscapes relative to MTT (Kirchner, 2016a), and is
designed for use with seasonal observations of stream and precipitation signals (Ceperley et al.,
2020; Kirchner, 2016a, 2016b). The threshold age may be determined by Equation 6 retrieved
from Kirchner (2016a):

Fyw = 0.0949 + 0.1065a — 0.0126a> 6

Where a is the shape factor, determined by Equation 7 retrieved from Kirchner (2016a):
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In which the solution for « may be obtained from nonlinear search methods such as Newton’s
method (Kirchner, 2016a) which uses an iterative method to find an approximate solution to

polynomial equations.

2.5 End-Member Mixing Analysis

End-member mixing analysis (EMMA) is a technique first introduced by Hooper et al.
(1990) that relates stream water chemistry to end-member solutions that form the chemical
boundaries of stream water observations. This technique allows for a variety of insights about
watershed properties including source contributions of water, mixing ratios of different
watershed areas, and identification of controls on groundwater and solute flux in streams
(Carroll et al., 2018; Fuss et al., 2016; Hooper et al., 1990), which may provide information

towards inferring flow pathways.

For the purpose of EMMA, the stream water is assumed to be comprised of a
conservative (non-reacting and time-invariant) mixture of source components or end-members
(p solutes, where p = 2), and thus the chemistry of the mixture will fall somewhere between the
boundaries of the observed end-members (Christophersen and Hooper, 1992), and stream
water chemistry is assumed to follow linear mixing processes and be invariant over space
(Inamdar et al., 2013). As explained by Christophersen and Hooper (1992), this process is
achieved through principal component analysis (PCA) in which sample data is projected into a
lower-dimensional mixing space (Euclidian space, or U-space comprised of orthogonal principal
components), in which the end-members fall on the vertices of a triangle (in the case of a three
end-member model) or a line (two end-member model) that is meant to bound the majority of
observations. The distance of the samples from each end-member determines the relative

proportion of the end-members in each mixture.

EMMA has been used to create models when suspected end-members are known, such
as soil water or groundwater solutions collected directly from the watershed (Burns et al., 2001;

Christophersen and Hooper, 1992; James and Roulet, 2006), but it may also be used when
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suspected end-members have not been measured (Hooper, 2003). If a groundwater component
is a suspected end-member, low-flows of stream water (i.e., stream samples taken in the dry
season during lowest possible flow) may be substituted in place of soil water or groundwater

observations and tested in the model (Xiao et al., 2023).

To initiate the EMMA process, the stream water chemical dataset of n observations for p
chemical tracers is created, such that an n x p matrix, X, is formed. The best m-dimensional
subspace that determines the maximum variance of data where m < p is the first m
eigenvectors extracted from the correlation matrix X*X*7, where X* is the streamflow data
standardized for a mean = 0 and standard deviation = 1, and T is the transpose matrix operation
(Hooper, 2003). The diagnostic tools for mixing models outlined by Hooper (2003) are followed
to determine the suitability of tracers, as well as the number of end-members to use without
explicitly knowing end-member chemistry. First, the stream water chemical data is projected into
the lower-dimensional mixing space determined by extracted eigenvectors as expressed in

Equation 8:
X = xvTwyTh-ly 8

Where X is the orthogonal projection of X* using the eigenvectors of V extracted from PCA of
X*, while T is the transpose matrix operation and —1 represents an inverse matrix operation. X
is destandardized to obtain X by multiplying by the standard deviation of each solute and adding

the mean of each solute. Residuals, E, between projected and original data are calculated in

Equation 9:

Goodness-of-fit is indicated by a random distribution of residuals when plotted against
the original concentrations (Hooper, 2003), while structure in the plot can indicate the violation
of inherent mixing-model assumptions (Hooper, 2003; Liu et al., 2008) such as time-invariance
and non-reactivity (i.e., the chemicals are non-conservative) (Hooper, 2003). To determine the
number of eigenvectors to apply in the model, eigenvectors are retained until residual structure
is lost, and then this newly determined dimensionality is compared with the rule of 1 in which

each additional eigenvector must explain 1/(n solutes) of variance (Hooper, 2003).
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Additionally, the fit between observed and projected stream water chemistry is subjected
to tests of relative bias (RB) and relative root mean square error (RRMSE) (Hooper, 2003). As

demonstrated by James and Roulet (2006), RB (b;) is expressed in Equation 10:

J n-%;

Where X; is the mean of observations for solute j, n is the number of observations, Xy are the

observed values, and %; are the projected values.

RRMSE (r;) is the standard deviation between observations and the projected values

normalized by the mean of the observations (James and Roulet, 2006) expressed in Equation
11:

11

T;
] =2
n xj

_ Jg I (Ey — x5)?

Once suitable solutes, dimensionality (m), and end-members have been chosen and
validated, a final PCA is conducted that includes the sample site data and end-member data. In
the case of m = 2, or a two-dimensional subspace, the fractional proportion of each end-

member f can be retrieved by solving Equations 12, 13 and 14:

fss=fatfhtfe 12
Ulgefse = Ulgfa + Ul fy + Ul fe 13
Ugifst = U2 fq + U2 fp + U2, f¢ 14

Where U1 and U2 are the first and second principal components (eigenvectors), st is the stream
water, and a, b, and ¢ denote the three end-members. In the case of one-dimensional mixing

space, only a and b are used.

End-members were chosen based on the diagnostic tools presented by Hooper (2003)

as well as previous knowledge of groundwater and snowmelt sources in the region (Boon et al.,
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2012; Huxter and van Meerveld, 2012). Potential ground water end-members needed to have
distinct, high ion concentrations that form a boundary for maximum stream water
concentrations, as well as not possess an isotopically enriched signal. For this purpose, the
median concentration of samples retrieved from sub-watershed 5 was used as it: a) represents
an area of low disturbance that hypothetically contains waters experiencing prolonged contact
with the subsurface; b) has sufficiently high ion concentrations to form a boundary of potential
maximum stream water concentrations for all other sub-watersheds. As an end-member, this
does not represent a “real” source or component of water to the other sub-watersheds, but
instead represents a type of water that characterizes baseflow components that are present in
the watershed. Similarly, the snow end-member is calculated as the median value of snow
sample ion concentrations collected in PCW. Likewise, for sub-watersheds requiring a three
end-member (two-dimensional) model, an arbitrary hillslope end-member was assigned to the
median ion concentrations of sub-watershed 16, as it is nearest to the geometrical extreme of
the two-dimensional mixing space in which a triangle is formed between the three end-members

bounds the majority of samples.

2.6 Multiple Linear Models

Towards understanding the contributions of local watershed properties including forest
disturbance to sub-watershed mean transit time (MTT) and young water fraction (Fyw), multiple
linear models (MLM) were conducted using mean elevation, mean slop, sub-watershed area,
soil drainage, cumulative ECA, and flow path length as candidate variables (Table 2). The

general equation of the MLM is expressed in Equation 15:

Yi= Bo+ B1-SE; + B2 SE;+ -+ By SEy 15

Where Y; is either MTT or Fyw, S, is the model intercept, B; are the estimated coefficients for

each local watershed condition, and SE; represent the it" local condition.
The following tests were conducted to ensure assumptions required for linear modeling

is achieved (Ferré, 2009): autocorrelation was tested using the Durbin-Watson Test;

Homoscedasticity was tested using the Breusch-Pagan test; normality of residuals was tested
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by visual inspection of Quantile-Quantile (QQ) plots; linearity of residuals were checked vs the

fitted plot; and multicollinearity was tested by the Variance Inflation Factor (VIF).

2.7 Linear Mixed Effects Model

Due to the dependence of geochemical variables on both inter- and intra- sub-watershed
variation, a linear mixed effects model (LMM) was chosen to model the relationship of retrieved
geochemical variables and sub-watershed local conditions. Local conditions are considered
fixed effects in the model structure, and include mean elevation, mean slope, sub-watershed
area, drainage, cumulative ECA (Table 2), and seasonality (freshet period between May 1%t and
July 14th vs the baseflow period after July 14", as they are consistent and unchanging factors
for each sub-watershed that are expected to influence sub-watersheds in a systematic way. The
designation of freshet and baseflow seasons is based on Jenks natural breaks in which within-
group variance is minimized, and between-group variance is maximized based on the ion data
retrieved from all sub-watersheds. Additionally, freshet has been demonstrated to continue into

mid-July in other parts of Canada such as in the Fraser River basin (Curry and Zwiers, 2018).

To account for unobserved heterogeneity and baseline differences between sub-
watersheds, as well as the nested relationships between sub-watersheds, a random effects
structure is used in the model. An individual LMM was created for each response variable.
Similar to this study, LMM models have been widely applied across environmental studies (Lark
and Cullis, 2004; Sarafian et al., 2019), and have been adapted for water sampling when
multiple sample sites and differences in observation count result in autocorrelation using simple
linear models (Lessels and Bishop, 2013). The general form of the LMM used is expressed in

Equation 16:

Yi= Bo+ B1'FEy + By FE; -+ By - FE, + (1ING;/SW;) 16

Where Y; is the response variable, f3, is the intercept, f5; ». ,, are coefficients for the fixed effects,
FE,, FE,, FE,, are the fixed effects, (1|NG;/SW;) is the random effects structure accounting for
nested groups (NG;) and sub-watershed baseline differences (SW;) respectively. The
(1|NG;/SW;) argument signifies a random intercept that can vary by two levels of the random

effects argument, which in this case allows random intercepts for each nested group, and for
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each sub-watershed within each nested group. The nested structure designates each sub-
watershed as belonging to two primary nested groups: sub-watershed 6 contains 7, 8 and 9,
while sub-watershed 15 is nested inside sub-watershed 4. All other sub-watersheds have a

random intercept for their own sub-watershed group.

For both the MLM and LMM, pairwise correlations of spatial data were assessed towards
preventing auto collinearity among predictor variables. Variables with absolute values of
correlation coefficients at 0.6 or greater were removed, with the variable experiencing the least

correlation with forest disturbance being retained in the final model.

All statistical procedures were conducted in R (R Core Team, 2025). The LMM was

conducted using the Ime4 package (Bates et al., 2015).
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Chapter 3: Results

3.1 Water Chemistry and Geochemical Tracers

The pH of collected stream water ranges from 6.8 to 8.76 with a mean of 7.77
(circumneutral), while water temperatures range from 2.9°C in October to 15.7°C in late June.
Conductivity ranged from 24.6 yS/cm to 376.1 uS/cm with a mean of 132.92 uS/cm. Stream
water in Peachland Creek Community Watershed (PCW) appears to be calcium bicarbonate
dominated as measurements from each sub-watershed tended to follow the concentration trend:
calcium > magnesium > potassium. Total dissolved solids (TDS) in stream water varied greatly,
with values ranging from 22.8 to 314.0 ppm. lon concentrations also varied between sub-
watersheds (Figure 4). Magnesium, calcium, and silicon displayed the greatest variability while

sodium and potassium remained relatively consistent between sub-watersheds (Table 4).

A timeseries of tracer concentrations, organic colour (OC) and isotope values at each
sub-watershed was conducted to display seasonal changes (Appendix B). Data obtained for
both 2022 and 2023 tended to display maximum ion concentrations between mid-June and
early-July, while minimum ion concentrations were found in May. Notably, 2023 had lower ion
concentrations on average at the outlet, possibly due to the increased snowmelt-derived
discharge relative to 2022 (RFC, 2023), though this may also be due to increased evaporation
in 2023 due to higher temperatures in the early freshet period observed at Brenda Mines station
(Government of Canada, 2010). Isotopic depletion was most prominent during the freshet period
in May — June, and a trend of enrichment was observed towards the baseflow season in July-

August.

5'80 and &°H from the retrieved precipitation samples tended to plot along the previously
determined Okanagan meteoric water line (OMWL) as established by Wassenaar et al. (2011)
(Figure 5). Isotope delta values varied by sample type, with atmospherically derived samples
including rain and snowfall displaying depletion relative to stream and lake samples due to
greater kinetic mobility of lighter atmospheric species (Cooper, 1998). The majority of stream
water stable isotope values ranged from -14%o to -18.8%0 and -140.8%. and -115%. for '®0 and
2H respectively and tend to be depleted relative to the OMWL (Figure 6), as mountain
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watersheds tend to have relatively unevaporated water compared to low-elevation areas. A
comparison of sub-watershed 580 values is provided in Figure 6. Notably, some of the larger
sub-watersheds including 1, 2, 3, 4, and 6 display relative enrichment in comparison with other
sub-watersheds (Appendix B).

To determine outliers within snow or rain samples, interquartile range tests and z-score
were compared in which outliers are considered to fall outside of the interquartile range by a
factor of 1.5, or deviate from the mean by a standard deviation of 3 or greater. According to this
test, no samples are outliers within each precipitation type. Precipitation isotopic data (rain and
snow) was also tested for influences of elevation, but a linear model yielded no statistical
significance.

Figure 4 — lon concentrations for sub-watersheds in PCW.
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Table 4 - Summary of tracer values retrieved from a) sub-watersheds, b) snow, and c) rain samples.

a) Sub-watersheds

Variable Observations Unit Mean Median | Minimum | Maximum
Mg 285 ppm 3 2.2 0.23 14.15
Ca 285 ppm 25.4 20 1.85 78.94
Na 285 ppm 3.1 2.8 0.67 9.26
K 285 ppm 1.2 1.2 0.19 3.12
Si 285 ppm 6.7 6.5 0.24 15.03
TDS 55 ppm 116.2 95.6 22.8 314
pH 55 pH 7.8 7.8 6.8 8.8
cl 270 ppm 1.36 1.07 0.14 7.48
Conductivity 55 usS/cm 132.9 106.3 24.6 376.1
Temperature 55 °C 10.2 10.6 2.9 15.7
580 215 %o -17.1 -17.3 -18.8 -14.1
&°H 215 %o -130.7 | -131.2 -140.8 -120.3
Organic Colour 98 cm 0.22 0.16 0.02 0.82

b) Snow
Variable Observations Unit Mean | Median | Minimum | Maximum
Mg 9 ppm 0.02 0.02 0.01 0.06
Ca 9 ppm 0.3 0.1 0.06 1.01
Na 9 ppm 0.2 0.2 0.08 0.24
K 9 ppm 0.1 0.1 0.05 0.25
Si 9 ppm 0.03 0.01 0.01 0.1
580 9 %o -19 -18.7 -20.47 -17.9
5%H 9 %o -145.8 -144.6 -157.54 -140
Organic Colour 9 cm? 0.04 0.03 0.004 0.16
c) Rain

Variable Observations Unit Mean Median | Minimum | Maximum
Mg 13 ppm 0.9 0.1 0.03 8.53
Ca 13 ppm 7.4 1.4 0.22 64
Na 13 ppm 1.9 0.8 0.1 10.06
K 13 ppm 0.7 0.5 0.09 2
Si 13 ppm 1.7 0.2 0.02 8.06
580 14 %o -11.64 -10.7 -19.76 -4.66
5%H 14 %o -98.03 -91.19 -165.7 -47.98
Organic Colour 3 cm? 0.1 0.1 0 0.24
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Figure 5 - 8'80 and &°H results for precipitation in PCW. The Okanagan Meteoric Water Line and its

respective formula are denoted in red.
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Figure 6 - 80 and &%H results for sub-watersheds, rain, snow, and Peachland Lake samples.
The Okanagan Meteoric Water Line and its respective formula are denoted in red. Summer and

Winter denote relative sample times between May and October each year.
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3.2 Mean Transit Time and Young Water Fraction

Mean transit time (MTT) and young water fraction (Fyw) for all locations can be found in
Table 5. Due to low sample sizes at individual sub-watersheds, some sub-watersheds could not
find an alpha (a) convergence, and therefore a« = 1 was assumed when investigating MTT; an

assumption that is often applied in the literature (Kirchner, 2016a).

Preliminary spatial relationships were first compared to MTT/Fyw using simple linear

models to investigate significance towards building the multiple linear model (MLM). It was
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found that a significant linear relationship exists between MTT/Fyw and the percentage of
gleyed eluviated dystric brunisols (GEDB), as well as cumulative equivalent clearcut area (ECA)
and GEDB in sub-watersheds. A negative relationship of MTT and GEDB was found (p-value =
0.02, R2 = 0.21), while a positive relationship exists between Fyw and GEDB (p-value << 0.001,
R? = 0.54), which implies that the proportion of GEDB soils is associated with quicker moving,
younger water. Increasing forest disturbance was found to be associated with increased GEDB
(p-value = 0.006, R? = 0.3). In addition, drainage was compared with MTT/Fyw which resulted in
a significant negative relationship with drainage and MTT (p-value = 0.05, R? = 0.29) and a
positive relationship with drainage and Fyw (p-value = 0.01, R? = 0.21), indicating that water
movement through the catchment is still sensitive to changes in soil drainage even when all
soils are well-drained or rapidly-drained. However, the majority of sub-watersheds containing

rapidly drained soils are larger sub-watersheds and/or outlet locations (Appendix A).

A MLM was then conducted towards isolating relationships of watershed properties and
MTT/Fyw. Two models were produced, one including mean slope, sub-watershed area, mean
elevation, cumulative ECA, GEDB fraction, and drainage as independent variables and their
relationship with sub-watershed averages of geochemical and isotopic variables, and another
model that omitted GEDB. An Akaike Information Criterion (AIC) score test revealed the
inclusion of GEDB only increased the explanatory power of Fyw (and decreased the explanatory
power of MTT) with no other improvements, with an AIC difference of less than 5 in each case,
thus the model omitting GEDB was analyzed. Results indicated that no significant relationships
exist between cumulative ECA and MTT or cumulative ECA and Fyw, though significant
relationships exist between MTT and mean slope, as well as Fyw and mean slope, and Fyw and

drainage (Table 6).

Table 5 - Sub-watershed mean transit time and young water fraction.

Mean Young Cumulative
Sub-watershed Sub-watershed Area (km?) | Transit Time water
. ECA (%)
(years) fraction
1 142.36 0.9 0.2 13
2 11.77 0.44 0.3 8
3 41.91 1.8 0.1 7
4 68.24 1.1 0.1 20
5 0.63 0.61 0.3 6
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Mean Young Cumulative
Sub-watershed Sub-watershed Area (km?) | Transit Time water
. ECA (%)
(years) fraction
6 4.04 0.51 0.3 11
7 0.05 0.32 0.4 73
8 0.38 1.03 0.2 2
9 1.82 0.26 0.5 0
10 0.1 0.04 1 80
11 0.09 0.04 1 94
12 1.96 0.04 1 40
13 1.37 0.04 1 30
14 0.66 0.04 1 1
15 20.92 0.58 0.3 12
16 0.62 0.67 0.2 25
17 1.18 0.04 1 32
18 0.88 0.42 0.4 33
19 0.61 0.39 0.4 13
20 0.15 0.06 0.9 7
21 0.62 0.63 0.2 10

Table 6 - Multiple linear model results for a) mean transit time and b) young water fraction, for sub-watersheds in

Peachland Creek Community Watershed. Red text indicates significance (p-value < 0.05).

a) Mean Transit Time

Variable Slo.pfe Standard Error t-statistic p-value
Coefficient
Mean slope (%) 0.08 0.03 2.38 0.03
Sub-watershed area (m?) <<0.001 <<0.001 1.18 0.26
Mean elevation (m) <<0.001 <<0.001 0.76 0.46
Cumulative ECA (%) <<0.001 <<0.001 -0.05 0.96
Drainage 0.97 0.52 1.87 0.08
b) Young Water Fraction
Variable Slo.pfe Standard Error t-statistic p-value
Coefficient
Mean slope (%) -0.08 0.02 -3.54 << 0.001
Sub-watershed area (m?) <<0.001 <<0.001 -0.4 0.7
Mean elevation (m) <<0.001 <<0.001 -1.61 0.13
Cumulative ECA (%) <<0.001 <<0.001 -0.13 0.9
Drainage -0.82 0.37 -2.25 0.04
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3.2.1 MLM Model Fit

The MLM used to explore spatial relationships with MTT and Fyw satisfied all
assumptions required for fitting linear models, as outlined by Ferré (2009) (Table 7 and Figure
7). Specifically, the model assumes linear relationships between spatial variables and the
response variables (MTT and Fyw), both of which meet key diagnostic criteria: they pass the
Breusch-Pagan test for homoscedasticity (i.e., constant variance of residuals across
independent variables) and the Durbin-Watson test for autocorrelation in residuals (Table 7a).
Additionally, all independent variables exhibit variance inflation factors (VIF) below 5 (Table 7b),
indicating no significant multicollinearity. Visual inspection of residuals vs fitted values for Fyw
reveals some structure, though the quantile-quantile (QQ) plot appears relatively linear while the
MTT residuals vs fitted plot displays a relatively random pattern, while the QQ plot reveals some

departure from the line of normality (Figure 7).

Table 7 — Multiple linear model residual and Variance Inflation (VIF) tests.

a) Residual Tests

Variable Breusch-Pagan p- Durbin-Watson p-
value value
Mean Transit Time 0.22 0.26
Young Water Fraction 0.21 0.57
b) VIF
Variable VIF
Mean slope 1.61
Sub-watershed area 1.32
Mean elevation 1.38
Cumulative ECA 1.58
Drainage 1.60
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Figure 7 - Residuals vs fitted values and quantile-quantile plots for sub-watershed mean transit
time, (top) and young water fraction (bottom).
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3.3 End-Member Mixing Analysis

Bivariate plots were first conducted between potential conservative tracers to test
collinearity (Figure 8), which is a criterion of conservativity towards EMMA application
(Christophersen and Hooper, 1992; Hooper, 2003). Candidate variable pairs displaying strong
collinearity (r> > 0.5, p < 0.001) include Mg — Na, Na - K, Mg — K, Ca — Mg, Ca — Na, Ca — K,
while other weaker colinear trends (0.2 < r? < 0.5, p < 0.001) included OC — ClI, OC - Si, Na —

Cl, Na — Si. Based on these, Na, Mg, Ca, and K were chosen for use in the model.

Eigenvectors and eigenvalues were extracted from the PCA of X* for each sub-
watershed (Table 8) Following the rule of 1, an eigenvector must explain more than 1/n%
variance where n is the number of solutes (Hooper, 2003), and therefore only the first
eigenvector was retained in a 4-solute model for all sub-watersheds except for 10 and 14,

implying a 2-component linear mixing model for most sub-watersheds.
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Following Hooper’s (2003) diagnostic tools for mixing models, the orthogonal projections
of test sites were projected into the mixing space of a reference site. The chosen reference site
is Peachland Creek outlet, as it is assumed that the mixing space of all sub-watersheds is
encompassed by the watershed outlet mixing space, under the assumption of similar chemical
and mixing processes between sub-watersheds in PCW. The distribution of residuals for
projected vs original concentrations for each solute for one, two, and three dimensions were
plotted to assess goodness-of-fit (Appendix C). Goodness of fit is indicated by a random
distribution of residuals, which is indicated by a lack of structure. According to Hooper’s
diagnostic tools, the choice of dimensionality may also be informed by the residual plots, in
which the fewest possible dimensions are chosen towards the minimization of residual structure
(2003). Notably, sub-watersheds 2, 4, 16, and 19 exhibit increased residual structure in two
dimensions, while most only demonstrate slight or negligible improvement when moving from

one to two dimensions according to visual inspection.

Model fit was additionally tested by relative bias (RB) and relative room mean square
error (RRMSE) for the one-dimensional mixing space (Figure 9). Both RB and RRMSE are low
for Mg and Na in most sub-watersheds, while K and Ca often exceeded 30%. The greatest RB
and RRMSE values were observed in sub-watersheds 18, 19, 20, and 21, in which the RRMSE
for 20 and 21 exceed 100% for Mg and K, while the RB exceeds 100% for all solutes in sub-
watersheds 19, 20, and 21. This suggests that the designation of PCW outlet as the reference
site is arbitrary and model accuracy may benefit through the selection of a different reference

site (i.e., the outlet does not accurately represent the mixing space of the sub-watersheds).

One-dimensional (linear) mixing models were created for all sub-watersheds (Figure 10)
and fractional end-member proportions were retrieved (Table 9). According to model results,
most sub-watersheds have stream water comprised of mainly snowmelt sources, which is to be
expected in snowmelt dominated watersheds. However, the low snow water proportion
indicated in sub-watershed 2 may be unrealistic provided that 2 is a relatively large sub-

watershed in PCW, thus revealing flaws in the subsurface end-member assumption.

A two-dimensional model was created for sub-watersheds 10 and 14 (Figure 11), with
the assumption of an arbitrary undisturbed hillslope end-member assigned to the geometrically

extreme principal component values for sub-watershed 16 that aims to bound the mixing space
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for these sub-watersheds. Notably, the two-dimensional model fails to bound the majority of

samples from sub-watershed 14.

In summary, a one-dimensional linear mixing model using Na, Mg, Ca, and K as input

variables appears to have the best fit for the most watersheds, and model-informed snow water

proportions are derived for each sub-watershed using this model, and subsequently used in all

statistical tests.

Figure 8 - Bivariate plot of sub-watershed ion tracers and OC. All solutes are recorded in ppm, while OC is recorded

in cm™'. Pearson correlation coefficients are indicated for each pairing.
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Table 8 - Eigenvector analysis and one-dimensional solute residuals for sub-watersheds. Each Rank column
indicates the variance (%) explained by the corresponding eigenvector. Sub-watersheds with red text suggest a 3-

component mixing model (two-dimensional).

Rank Mean Absolute Residual (ppm)

Sub-watershed 1st 2nd 3rd Mg Na Ca K
1 82.99 14.28 2.24 0.1 0.1 1 0
94.05 4.33 1.45 1.5 1.8 20.1 0.7

3 85.26 12.51 1.91 04 0.2 6.7 0.1
4 93.16 4.53 2 0.2 0.2 3.7 0.1
5 95.39 3.5 1.11 04 0.9 7.3 0.5
6 99.3 0.37 0.26 0.2 0.1 2.8 0.1
7 98.31 1.37 0.29 0.2 0.4 3.7 0.3
8 93.5 6.23 0.24 0.7 0.8 9.5 0.4
9 94.27 4.27 1.42 0.4 0.7 4.8 0.4
10 73.74 25.23 1.02 0.2 0.2 3.8 0.1
11 88.68 10.72 0.58 0.3 0.3 2.5 0.1
12 89.97 8.84 1.16 0.5 0.6 3.4 0.2
13 90.01 8.98 0.94 0.4 0.4 3.1 0.1
Rank Mean Absolute Residual (ppm)

Sub-watershed 1st 2nd 3rd Mg Na Ca K
14 71.25 27.27 1.34 0.3 0.2 2.2 0.3
15 96.4 3.1 0.46 04 0.4 3.8 0.2
16 89.74 8.44 1.66 0.1 0.2 4 0.2
17 96.34 2.48 1.05 0.3 04 6 0.1
18 84.32 14.9 0.75 0.3 0.2 4.1 0.3
19 97.95 1.29 0.74 0.8 04 10.6 0
20 92 6.59 141 0.2 0.4 2.4 0.5
21 90.48 7.16 2.17 0.6 0.8 8.9 0.5




Figure 9 - Relative root mean square error for sub-watersheds projected into a) their
own mixing subspace, b) the Peachland Creek outlet reference site. c) depicts the

relative bias for sub-watersheds.
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Figure 10 - One-dimensional (linear) mixing model for sub-watersheds along the first principal component as

projected into the mixing space of Peachland Creek Community Watershed outlet. Median values are expressed for

each sub-watershed. Sub-watersheds are denoted by identifier values, and relative proximity to each end-member

denotes end-member proportion.
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Table 9 — Mean end-member fractional proportions for a) one and b) two-dimensional mixing models for each sub-

watershed. Rounding may prevent proportions from adding to 1 (100%).

a) one-dimensional

Sub-watershed Snow Subsurface Hillslope
1 0.51 0.49 NA
2 0.01 0.99 NA
3 0.39 0.61 NA
4 0.6 0.4 NA
5 0.02 0.98 NA
6 0.57 0.43 NA
7 0.72 0.28 NA
8 0.74 0.26 NA
9 0.75 0.25 NA
10 0.66 0.34 NA
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Sub-watershed Snow Subsurface Hillslope
11 0.68 0.32 NA
12 0.55 0.45 NA
13 0.53 0.47 NA
14 0.38 0.62 NA
15 0.65 0.35 NA
16 0.64 0.36 NA
17 0.74 0.26 NA
18 0.88 0.12 NA
19 0.84 0.16 NA
20 0.93 0.07 NA
21 0.88 0.12 NA
b) Two-dimensional

10 0.45 0.18 0.37
14 0.05 0.28 0.66
16 0.15 0.01 0.84
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Figure 11 - Two-dimensional mixing model for sub-watersheds suggesting a two-dimensional model according
to the diagnostic tools, as projected into the mixing space of Peachland Creek Community Watershed outlet.

The triangular portion represents the orthogonal mixing space bounded by the end-members.
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3.3.1 EMMA Model Fit

Results from EMMA revealed that sub-watersheds 10 and 14 suggested a three end-
member model (Figure 11) according to the diagnostic tools applied, in contrast to all other
locations which only suggested two. Though EMMA is a robust approach that may be used
when potential end-members are unknown (Hooper, 2003), model results may diverge from the
ability to accurately differentiate water sources if an additional unknown and unsubstantiated

end-member is added.

Considerations of flow pathways shift substantially with the addition of a third end-
member, as this results in a reduction of snow water proportion to support this new source. For
example, EMMA-derived snow water proportions obtained for sub-watershed 14 are 38% in a

linear model, while the addition of a third end-member reduces retrieved snow water proportions
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for the sub-watershed to just 5%. However, the understanding that PCW is a snow-dominated
watershed inherently implies that the snow water proportion should be the dominant contribution
to streamflow, while other contributions should in theory be much smaller in comparison in most
circumstances. The prevalence of the third arbitrary “hillslope” end-member in sub-watersheds
suggesting a three end-member model is an indication of model inaccuracy in the context of
knowledge regarding PCW'’s climate and previous hydrological understanding (snow dominated

watershed).

Additionally, the assumption of a homogenous set of end-members for every location in
the watershed is inaccurate according to the high overall RB and RRMSE when using PCW
outlet as a reference site (Figure 9). There is therefore the potential to improve the model
towards a fit that better characterizes real watershed processes and water sources, though a
two-component model appears to partially fit most areas despite the poor RRMSE and RB

according to a visual inspection of sample sites fitting the model geometry (Figure 10).

3.4 Linear Mixed Effects Model

Relationships of sub-watershed local conditions and geochemical data were explored
towards isolating the role of forest disturbance on hydrological processes. Pearson correlations
of selected geospatial (sub-watershed area, mean elevation, mean slope, flow path length,
drainage proportion, cumulative ECA), temporal considerations (freshet vs baseflow season) as
well as MTT/Fyw were conducted (Appendix D). General trends involving forest disturbance
revealed a significant (|r] > 0.3) inverse correlation between forest disturbance (cumulative ECA)
and slope as harvest practices have occurred less at steeply sloped areas. Correlations among
predictor variables were assessed to remove highly correlated variables (|r| > 0.6) which
revealed a high correlation between sub-watershed area and flow path length (r = 0.96). Flow
path length was removed from both the MLM and linear mixed effects model (LMM), as it also

had a higher correlation with cumulative ECA (|r| = 0.25) than sub-watershed area (|r| = 0.18).

A LMM was conducted for geochemical variables including Mg, Ca, K, Na, Si, Cl, OC,
5'80 and EMMA-derived snow water proportion, using mean slope, mean elevation, sub-
watershed area, seasonality (freshet or baseflow season), drainage, and cumulative ECA as
fixed variables, while differences between sub-watersheds sampled were considered random

effects (Appendix E). Variables displaying significant relationships with cumulative ECA include
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magnesium, sodium, and EMMA-derived snow water proportion, while calcium was borderline
significant. Geochemical variables also had significant relationships with mean elevation (all
geochemical variables except OC) as well as mean slope (magnesium, calcium, silica). Model
results were then further explored to investigate the influence of forest disturbance on
geochemical variables at different elevation and slope bands, towards understanding if
relationships between forest disturbance and geochemical variables are still present in high/low
slopes/elevations. Two elevation bands were produced using Jenks natural breaks, high
elevation (1393 — 1742m) and low elevation (971 — 1375m), while two slope bands were
retrieved using the same method, low (3.66% to 9.75%) and high (10.1% to 15.2%). To
investigate whether the effect of cumulative ECA on geochemical variables changes between
elevation and slope bands, the LMM was modified to add the interaction effect of cumulative
ECA and the elevation/slope bands. The general equation of the LMM with the interaction term

is expressed in Equation 17:

Yi = Bo+ B1FE; + By FE; + B3+ (FE; X FE3) ++ By FE, + (1|NG;/SW)) 17

Where (FE; X FE,) represents the interaction effect between the fixed effects FE; and FE,
which represent cumulative ECA and elevation band or slope band. Model results were then
inspected using the likelihood ratio test (LRT) to confirm significance in explanatory power

provided by the interaction term in the model (Pinheiro and Bates, 2000).

The results show that OC has a significantly negative association with elevation increase
(i.e., with the higher elevation band), while chloride and calcium demonstrate increased model
explanatory power with the interaction effect of elevation added to the model, but no significant
interaction with the higher elevation band (Table 10a).The slope interaction model demonstrates
a significant positive association of increased chloride concentrations with the steeper slope
band, while silica and OC have a significant negative association with the higher slope band.
Sodium is demonstrated to have increased model explanatory power with the added interaction

effect of slope, but no significant association with the steeper slope band (Table 10b).
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Table 10 — LMM Interaction model results for a) elevation and b) slope on geochemical variables in sub-watersheds.
Interaction p-value indicates significance of comparing the geochemical variable and cumulative ECA at a high/steep
elevation/slope band relative to a low elevation/slope respectively, while the model p-value is the ANOVA likelihood
ratio test significance of model improvement for using an interaction model relative to the reference LMM without

interaction. Red text indicates significant interactions (p-value < 0.05).

a) Elevation
Variable Interafc_tion Interaction Model p-value
Coefficient p-value
Magnesium 0.81 0.2 0.11
Calcium 5.15 0.18 <<0.001
Sodium 0.67 0.16 0.09
Potassium 0.18 0.18 0.09
Chloride 0.52 0.06 0.02
Silica 0.05 0.95 0.94
Organic Colour -1.35 0.01 <<0.001
580 (%o) 0.13 0.46 0.32
Snow proportion -0.08 0.15 0.09
b) Slope
Magnesium 0.45 0.37 0.29
Calcium 1.76 0.63 0.51
Sodium 0.52 0.11 0.05
Potassium 0.11 0.33 0.21
Chloride 0.43 0.03 0.02
Silica -1 0.03 <<0.001
Organic Colour -1.35 0.01 <<0.001
580 (%o) 0.15 0.34 0.19
Snow proportion -0.05 0.24 0.16

3.4.1 LMM Model Fit

Multiple assumptions as stated by Pinheiro and Bates (2000) need to be fulfilled to
ensure proper model fit for LMM, including: 1) within-group errors need to be independent and
normally distributed, as well as independent of the random effects; 2) random effects need to be
normally distributed and independent for different groups. Towards addressing assumption 1),
residual plot vs model fit (Appendix F) as well as QQ plots for residual normality (Appendix G)

were conducted for visual inspection, while assumption 2) was tested using a QQ plot for
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residual normality for both nested effects (Appendix H) and sub-watershed baseline effects

(Appendix I).

The LMM does not pass most assumptions according to tests recommended by Pinheiro
and Bates (2000) (Appendix F-I). However, the relative fit of the LMM vs a MLM conducted with
the same input variables (sub-watershed area, mean elevation, mean slope, drainage,
cumulative ECA, and seasonality) but without the random effects of nested watersheds and
sub-watershed baseline, displays worse fit for most geochemical variables according to a lowest
AIC score test and LRT (Table 11). Though 8'80 displays worse fit with the LMM according to
the AIC test, the LRT test still indicates significantly better fit for the LMM, and thus the LMM
was used for all geochemical variables towards assessing spatial influences of forest
disturbance on hydrological processes. Additionally, an LMM with random slopes and random
intercepts was compared to a LMM with only random intercepts, and a LRT suggests only silica,
OC, and potassium have better fit in a model with random slopes, while AIC scores are

comparable and fall within £3 AIC for each geochemical variable (Table 11).

Table 11 - AIC and LRT tests comparing MLM and LMM models. Lower AIC score indicates better model fit, while

significant LRT p-value indicates significant increase in explanatory power provided by LMM.

Geochemical Variable LMM AIC MLM AIC LRT p-value
Mg 405 714 <<0.001
Ca 1435 1782 <<0.001
Na 365 602 <<0.001
K -252 14 <<0.001
cl 543 687 <<0.001
Si 743 931 <<0.001
Organic Colour -220 -136 <<0.001
50 454 460 0.008
Snow water proportion -749 -523 <<0.001
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Chapter 4: Discussion

4.1 Forest Disturbance Impacts on Flow Pathways

Results in Peachland Creek Community Watershed (PCW) generally agree with studies
concluding that forest disturbance tends to result in shallower preferential flow (Choi et al.,
2012; Finnegan et al., 2014; Leach et al., 2020; Monteith et al., 2006; Stottlemyer and Troendle,
1999), though this observation is not indicated by every geochemical variable, as some show
contrasting effects or hint at more complicated relationships between topography and forest

disturbance.

No clear trends of organic colour (OC) are found in response to forest disturbance
according to the linear mixed effects model (LMM), though samples taken during the freshet
season have significantly higher OC than those collected during the baseflow season (Appendix
B). The presence of organic material (OM) in stream water can provide evidence of shallow flow
pathways due to the presence of organic soils (Fiebig et al., 1990; Hornberger et al., 1994;
Moore et al., 2022; Saiers et al., 2021) though it is possible that the lack of well-developed
organic horizons in Eutric Brunisols for many sub-watersheds provides inconsistency to OC
readings between sub-watersheds. Trends of increased OC near freshet and diminishing values
over time are likely due to larger discharge during early freshet which creates a “flushing” effect
for OM (Boyer et al., 1997; Fiebig et al., 1990; Hornberger et al., 1994; Mei et al., 2014).
Inconsistency in OM content due to seasonal changes and topography has also been observed
in Sweden (Agren et al., 2007), the Nanfei River in China (Zhang et al., 2020), as well as in the
Sleepers River Research Watershed in Vermont (Pellerin et al., 2012). Additionally, the
relatively high OC values at the low equivalent clearcut area (ECA) site at sub-watershed 14
may be due to relatively low discharge and therefore concentrated organic material in the
sampled water. The relatively large area of sub-watershed 13 is likely responsible for the high
average OC readings, as similar trends of increased OM correlating with watershed area appear
in river networks in the Iberia Peninsula (Casas-Ruiz et al., 2020), though there was no
significant relationship found between sub-watershed area and OC in this study. Additionally,
inconsistency in OM may be due to the presence of post-harvest litter that may be elevating OM
in some areas and not others (Qualls et al., 2000) depending on the harvest technique. Some
studies have also experienced no significant OM content changes in response to timber

harvesting (Burrows et al., 2013; Dai et al., 2001), which was attributed to the relatively greater
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contributions of catchment-scale processes (Burrows et al., 2013) as well as temporal
processes and in-stream effects (Dai et al., 2001) on OM content relative to forest disturbance.
Additionally, the flushing of OM during early freshet period may result in inconsistent or
nonrepresentative sampling that fails to capture the full range of streamwater OM. For PCW,
OM as informed by OC may require more frequent sampling, as well as early-freshet samples

for better application towards the determination of flow pathways.

Significant decreases in magnesium and sodium concentrations, and significant
increases in EMMA-derived snow water proportion were indicated with intensification of forest
disturbance in PCW, while calcium displayed a borderline significant decrease with forest
disturbance, and potassium, chloride, and silica did not significantly change with disturbance
(Appendix E). These observations are in agreement with research that indicates shallow flow
pathways being characterized by relatively low ion concentrations in streamwater post-
disturbance which has been found in mature hardwood forests in Ontario (Buttle et al., 2018;
Leach et al., 2020; Monteith et al., 2006; Webster et al., 2022), as well as in the mixed conifer
forests at the Fraser Experimental Forest in Colorado (Stottlemyer and Troendle, 1999). The
available pool of sodium has been demonstrated to decrease over the progression of snowmelt
in some studies (Campbell et al., 1995; Sueker et al., 2000; Williams et al., 1993), though this
effect was not thoroughly explored in PCW due to the relatively late collection of snow samples
during the freshet season. The lack of an increase in potassium also deviates from expected
patterns, as potassium is often associated with OM in soils and is typically more abundant in
shallower flow pathways (Buttle et al., 2018; Leach et al., 2020). The lack of organic soils in
PCW may be responsible for this phenomenon. Additionally, the length of time following forest
disturbance will also impact the presence of potassium in stream water (Fakhraei et al., 2020),
which is not a factor considered in this study. The lack of relationship between silica content in
relation to forest disturbance has also been found by Feller (2010) at the Malcolm Knapp
Research Forest in B.C., as well as Lajtha and Jones (2018) at the H.J. Andrews Experimental
Forest in Oregon, while conversely, large quantities of silica were found post-harvest at
Hubbard Brook Experimental Watershed in New Hampshire (Conley et al., 2008) as well as in

small boreal forest lakes in the Precambrian Shield (Steedman, 2000).
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Overall, evidence is provided towards legitimizing the use of magnesium, sodium, and
model-derived snow water proportion as geochemical tracers in PCW towards understanding

flow pathways, while other ions appear less informative.

EMMA-derived snow water proportion (informed by low ion concentrations) exhibits a
lower p-value, higher t-statistic, and less relative root mean square error (RRMSE) than all other
geochemical variables in the LMM, displaying a significant increase in snow water proportions
as forest disturbance intensifies (Appendix E), indicating increased model fit and better
predictive accuracy than using raw tracer data. However, the magnitude of change per unit as
indicated by the slope coefficient (0.05) is much lower than the other variables, such as Mg
which expresses a slope coefficient of -0.53, and Na with -0.46. Additionally, snow water
proportions have a stronger positive relationship with elevation increase than the other
watershed properties. Increased snow water proportions correlate to shallower flow pathways,
as informed by low ion content (Sueker et al., 2000), though this may alternatively indicate other
changes in snow processes which would produce similarly high snow proportions. For example,
observations of increased snow water proportions in response to disturbance in PCW is similar
to results found in studies that display increased snow accumulation (Moore and Wondzell,
2005) and SWE (Bartik et al., 2018; Jenicek et al., 2017) in response to disturbance. Other
studies in B.C. found increased snowmelt at high elevations in response to forest disturbance
such as at Upper Penticton Creek, B.C. (1600 — 2100 masl) (Schnorbus and Alila, 2004; Winkler
and Boon, 2017). Some studies found decreased snowpack under forest canopies than in open
areas (Lopez-Moreno and Stahli, 2008; von Freyberg et al., 2020), while D’Eon (2004) found
insignificant changes in snow depth between covered and uncovered areas at high elevation
sites in B.C. It may be useful for future studies to include snow depth measurements as well as
incorporate earlier-winter samples to better characterize snow isotope signals and to better
understand how model-derived snow water proportions relate to snow conditions at high

elevations in PCW.

Sub-watersheds in PCW did not demonstrate significant changes in stable water
isotopes in response to forest disturbance, which is in contrast to research that suggests
shallow flow pathways are characterized by relatively depleted stable water isotope values in
the case of snowmelt being the dominant constituent of streamflow (McGuire and McDonnell,

2007). However, there is still a slight, though insignificant, depletion trend observed in response
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to the intensification of forest disturbance. Depleted stable water isotopes in stream water
following disturbance have been observed in the Mica Creek Experimental Watershed in ldaho
(Koeniger et al., 2008, 2007), while an insignificant trend of depletion occurred following harvest
at the Bohemian Forest in central Europe (Vystavna et al., 2018). This trend of depletion
following canopy removal is due to a decrease in partial evapotranspiration of incoming
precipitation provided by canopy interception, which enriches water before it enters the
streamflow (Brown et al., 2005; Emelko et al., 2011; Moore and Wondzell, 2005; Pike and
Scherer, 2003; Stednick, 1996; Vystavna et al., 2018), which becomes less prominent as forest
cover is removed (Andréassian, 2004; Hawthorne et al., 2013). However, the study at the
Bohemian Forest did not find a significant enrichment of 580 following timber harvest, and
changes in isotopic composition were instead considered to be primarily a function of soll
properties (Vystavna et al., 2018), while 380 in PCW was found to have a significant depletion
trend in response to increasing elevation, as well as depletion coinciding with the freshet

season.

Previous studies have attributed shallow flow pathways to preferential lateral flow
following subsurface saturation due to rising water tables post-disturbance (Choi et al., 2012;
Finnegan et al., 2014). Rising water tables may result in increased hydraulic conductivity in
near-surface flow pathways or overland flow (Beckers and Alila, 2004; Bishop, 1991; Kendall et
al., 1999; Smerdon et al., 2009). A rising water table may be responsible for the chemical
responses observed in PCW as lateral flow would bypass the deeper subsurface and result in
reduced ion concentrations, as well as potentially result in relatively depleted isotope signals
relative to slower, deeper flow pathways. However, observations of increased OM have been
recorded in response to increased water table height (Kreutzweiser et al., 2008), which does not
fit the observations of this study, though this may be due to the lack of organic horizons present
in soils at PCW.

In summary, the increase of EMMA-derived snow water proportions and decrease in
ions provides some evidence of shallow flow pathways in response to forest disturbance,
though this effect is primarily associated with increasing elevation. OM as informed by OC is
less reliable in PCW, likely due to low OM content in soils and possible differences in forest floor
litter post-harvest between sub-watersheds. Stable water isotopes displayed an insignificant

depletion trend as forest disturbance intensifies, while elevation appears to be the primary
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controlling factor. Overall modeling of flow pathways are improved using EMMA to determine
flow sources, though other watershed properties such as elevation appear to be more impactful

on snow water proportions and tracer content than forest disturbance.

4.2 Forest Disturbance Impacts on Mean Transit Time and Young

Water Fraction

Multiple linear model (MLM) results indicate that forest disturbance is not significantly
related to mean transit times (MTT) or young water fraction (Fyw) in PCW (Table 6). A lack of
relationship between forest disturbance and MTT was found in the Norway spruce-dominated
Bohemian Forest in the Czech Republic post-bark beetle disturbance (Vystavna et al., 2018). In
contrast, MTT was found to decrease following disturbance in the mature hardwood forests of
the Turkey Lakes watershed in Ontario (Leach et al., 2020). Comparing forest disturbance to
cumulative ECA indicates MTT may be more variable in areas with low levels of disturbance
than more intensely disturbed locations according to the larger range observed in MTT values at
low disturbance intensities (Figure 12). This may imply that low disturbance sub-watersheds are
the most sensitive to disturbance, experiencing larger shifts in MTT with smaller increases in
disturbance intensity, while sub-watersheds with greater intensities of forest disturbance have
less sensitive impacts on MTT. In contrast, one study reported travel times to be less uncertain
in pre-harvest conditions than in post-harvest conditions, though it was suggested this effect
may be due to the drier conditions reducing the influence of topography on runoff processes
(Leach et al., 2020). Possibly, at some threshold of sensitivity, additional forest disturbance
inflicts no further detectable impacts on MTT/Fyw, though an investigation of hydrological
sensitivity is outside of the scope of this project. The idea that a rising water table following
disturbance and subsequent partitioning of water into near-surface flow pathways, would also
support relationships of decreased MTT/increased Fyw in addition to increasing EMMA-derived
snow water proportions and in response to intensifying disturbance. At a threshold of
subsurface saturation, a rising water table would cause diminishing effects on MTT/Fyw, though

this effect would require greater variety of high cumulative ECA sub-watersheds to observe.

Significant relationships including a positive relationship between MTT and mean slope
as well as a negative relationship between Fyw and mean slope, and a negative relationship of
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Fyw and drainage were found in PCW (Table 6). This may be due to the increased vertical
infiltration of water in steeply sloped areas which has been found in some studies (Jasechko et
al., 2016; Staudinger et al., 2017) resulting in increased transit times. The significant negative
relationship of soil drainage and Fyw is to be expected as increased drainage promotes
subsurface flow, which travels slower than shallower relative flow pathways, though this is in

contrast with the lack of significance between MTT and drainage in PCW.

One study found that MTT was most influenced by the percentage of responsive soils
with high drainage capacities (Hrachowitz et al., 2021), which is in line with findings in PCW that
show significant relationships with drainage and Fyw (Table 6b), though no significant
relationship was observed between drainage and MTT. Despite the ubiquitous well-drained and
rapidly-drained soils in PCW, differences in the relative proportions of these drainage types was
observed to be sensitive enough to significantly influence Fyw. These results are also similar to
studies that observed strong correlations between residence times and soil cover (Soulsby et
al., 2006; Soulsby and Tetzlaff, 2008), though these studies did not specifically investigate Fyw.
Isotope depletion appears to be a common finding in response to forest disturbance (Koeniger
et al., 2008; Leach et al., 2020; Vystavna et al., 2018), which is primarily due to the lack of
canopy interception of input precipitation, though it may also indicate quicker transit times
(Koeniger et al., 2008).

A significant negative relationship was found between MTT and OC, as well as a positive
relationship of MTT and isotopic enrichment, while Fyw had significant positive relationships
with OC and silica (Table 12). Studies have indicated opposite trends between silica and transit
times. Higher silica content in stream water may suggest prolonged water-rock interaction
(Buttle et al., 2018; Elsenbeer et al., 1995) and therefore slower water movement, while
observations in PCW display increased silica content as Fyw increases. This may also be due
to a flushing effect in which high discharge promotes fine particulate matter in stream water, or
post-disturbance increase in low flows (Pike and Scherer, 2003), though these effects have not
been investigated in this study. The positive relationship of OC and Fyw and negative
relationship with MTT is to be expected in cases when OM is increased in quick moving water
(Inamdar et al., 2013; Saiers et al., 2021) due to proximity to shallow OM-containing layers.
Other studies have displayed elevated potassium content due to association with organic soil

layers in areas with quicker-moving water, though this is reported to be a temporary effect

61



following disturbance (Buttle et al., 2018). Others have displayed pH increases with subsurface

contact (Hazlett et al., 2011), and increased concentrations of magnesium, sodium, and calcium
are also associated with increased subsurface contact (Casson et al., 2019; Leach et al., 2020)

in relatively slower water pathways. However, no overlapping significance of forest disturbance,
MTT, Fyw, OC, stable water isotopes, or silica, is found in PCW, which leaves inconclusive

evidence of forest disturbance impacting MTT and Fyw.

In summary, local conditions significantly associated with Fyw include negative
relationships of mean sub-watershed slope and drainage, while MTT is associated positively
with drainage. Geochemical variables significantly associated with MTT include a negative
relationship between OC and increasing MTT, as well as isotope enrichment as MTT increases,
while increasing Fyw is positively associated with OC and silica. These findings partially support
the idea of forest disturbance promoting subsurface saturation, which may lead to preferential
lateral flow in shallow flow pathways, though forest disturbance is not significantly related to

MTT/Fyw when correcting for spatial differences between sub-watersheds.

Figure 12 - Mean transit time and young water fraction in comparison to cumulative
ECA for sub-watersheds.
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Table 12 - Linear model results comparing mean transit time, young water fraction, and geochemical chemical

variables in sub-watersheds. Red text indicates significance (p - value < 0.05).

Variable | slope Coefficient | R? p-value
a) Mean Transit Time
Organic Colour -0.97 0.52 0.04
Silica -0.06 0.12 0.12
680 0.33 0.2 0.04
Calcium 0.01 0.14 0.1
Magnesium 0.04 0.05 0.33
Snow water proportion -0.37 0.04 0.39
Sodium 0.02 0.01 0.73
Potassium 0.09 0.01 0.65
Chloride 0.15 0.09 0.19
b) Young Water Fraction

Organic Colour 13 0.52 0.04
Silica 0.08 0.34 0.01
580 -0.23 0.16 0.07
Calcium -0.01 0.11 0.15
Magnesium -0.03 0.04 0.37
Snow water proportion 0.2 0.02 0.55
Sodium -0.01 <<0.001 0.79
Potassium 0.02 <<0.001 0.91
Chloride -0.09 0.05 0.32

4.3 Interactive Effects of Forest Disturbance and Local Conditions

Though forest disturbance in PCW had significant linear relationships with some
geochemical variables, various spatial watershed properties are also in part responsible for
these effects. Many studies show contrasting findings in regard to hydrological process changes
in response to forest disturbance (Moore and Wondzell, 2005; Zhang et al., 2017; Zhang and
Wei, 2014) which may in part be due to differences in watershed properties such as slope and

elevation.

In this study, it was revealed that sub-watershed elevation is a stronger contributor than
forest disturbance to changes in snow water proportions, magnesium, and sodium (Appendix
E). Some studies found that elevation differences may influence evaporation and snow melting,
in which higher elevations increase evaporation due to more energy input after forest cover
removal (Bewley et al., 2010; Boon, 2009; Moore and Wondzell, 2005; Toews and Gluns, 1986)
presumably due to increased exposure to sun and wind, which can increase melt rate (Green
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and Alila, 2012; Jost et al., 2007; Varhola et al., 2010; Winkler et al., 2005). This phenomenon
may explain increased proportions of snowmelt in stream water and therefore decreased ion
concentrations as elevation increases in PCW. In contrast to these studies, however, only OC
significantly changed (decreased) in response to forest disturbance at the high elevation band
according to the interaction model (Table 10a), though adding the interaction effect also
improved explanatory power to model calcium and chloride responses to forest disturbance. A
decreased OC response to forest disturbance at high elevations is to be expected if less organic
soils are present at high elevations, though this does not provide conclusive evidence of flow
pathway or transit time changes on its own. However, there are trends of ion increases in
response to disturbance at the high elevation band (Table 10a), though statistically insignificant,
that provides some complementary evidence that disturbance at high elevations has a reduced
tendency to create shallower flow pathways than disturbance at low elevations. A larger dataset
and further study may allow further exploration of the response of hydrological process indicator
variables and provide a more robust understanding of interacting elevation and forest

disturbance impacts.

Slope was also significantly associated with geochemical variables according to the
LMM, including a positive response in magnesium and calcium, and a decreasing response in
silica (Appendix E). When slope is assessed as an interaction effect with cumulative ECA,
significant changes to chloride, silica, and OC was found (Table 10b). Chloride was observed to
have a significant positive response to the steeper slope band as forest disturbance intensifies.
This may imply that the presumably deeper flow pathways and longer travel times provided by
steeper slopes allow for increased evaporation and therefore increased chloride concentration
in stream water following harvest despite the lack of forest canopy post-disturbance. Increased
chloride in streamwater has been attributed to increased evaporation in steep Scottish
catchments (Kirchner et al., 2010; Soulsby et al., 2006), though these studies did not quantify

relative vegetation cover between the compared catchments.

Silica has a negative association with the steeper slopes according to the LMM
(Appendix E), which is in contrast to the expectation of steeper slopes promoting increased
storage and increased transit times (Jasechko et al., 2016; Staudinger et al., 2017). The
negative response of silica may be due to a combination of steep slopes and high elevations

promoting preferentially shallower flow pathways, which was found by Feller (2005) though the
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mechanisms controlling this were not described in detail. Additionally, there was not a significant
interaction effect of forest disturbance at each elevation band for silica, though a slight
increasing trend at higher elevations is observed (Table 10a). It is possible that steeper slopes
in PCW may increase storage potential and increase transit times, but soils may not be deep
enough to promote increased ion content. In this case, the decrease in silica also coincides with
the decrease in OC in response to forest disturbance observed in the steeper slope band, as
organic matter is mostly present in the very top layers of soil, while deeper soils may be
eluviated or too shallow to result in increased ion content following prolonged water contact.
Steeper slopes coinciding with increasing OM content have also been found in Taiwan (Lee et
al., 2019) due to decreased transit times, as well as in river systems in Papua New Guinea (Alin
et al., 2008) and mountainous river systems in New Zealand (Carey et al., 2005), though this

effect appears to be underexplored in conjunction with forest disturbance.

A lack of significance between snow storage as informed by slope, and snow water
proportions in PCW is similar to what was found in the Southwest Czech Republic in which
Jenicek et al. (2017) found no significant differences in SWE between two catchments with
different storage sizes. Instead, snowmelt dynamics were believed to be due to differences in
solar radiation received (Jenicek et al., 2017). All sub-watersheds in PCW are predominately
south-aspect and should receive similar amounts of solar radiation, so this may not be a factor.
However, other factors influencing snowmelt dynamics that may also influence model-derived
snow water proportion include tree density and clearing size (Lopez-Moreno and Latron, 2008;

Musselman et al., 2017), however, these aspects were not considered in this study.

Additionally, the prevalence of gleyed eluviated dystric brunisols (GEDB) soils is
associated with decreased MTT and increased Fyw, respectively, as well as increased
cumulative ECA. These results are not surprising, as GEDB is characterized by gleying, in
which low oxygen levels in the soil profile are induced by water-logging, which also supports
explanations of shallow preferential flow pathways or overland flow when the subsurface is
saturated. Though not the same as brunisols encountered in PCW, other studies have
correlated hydraulically-responsive soils such as gleysols to reduced transit times (Kirchner et
al., 2010). The relationship of GEDB soils and decreased MTT/increased Fyw provides some
supporting evidence to suggest subsurface saturation and heightened water tables in PCW

following disturbance.
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Overall, higher elevations and steeper slopes may indicate a counteracting effect to the
promotion of shallower flow pathways and quicker transit times in response to forest disturbance
in PCW, though this effect may also be influenced by soil properties such as thickness and the
presence of eluviated layers that contain less ions. Additionally, clearing sizes and temporal

effects may have effects on snow water proportion that is not quantified in this study.

4.4 Uncertainties and Limitations

My findings of forest disturbance relationships with hydrological processes in PCW
should be considered preliminary towards detailed study that models, quantifies, and isolates
forest disturbance impacts to flow pathways, MTT and Fyw. There are many limitations
identified below, in which addressed, would provide more robust research towards
understanding of relationships between forest disturbances, sub-watershed local conditions,

and hydrological process changes.

Key assumptions in this study limit the overall robustness of some results. For example,
all tracers used in this study were considered time invariant. Supposedly time invariant methods
of calculating MTT have been demonstrated to change depending on variable flow conditions
and catchment heterogeneity (Kirchner, 2016a, 2016b). Additionally, it has been noted that
comparing relative values of MTT is more useful than relying on absolute measurements (Leach
et al., 2020), therefore this study compared areas of different disturbance intensities, and did not
comment on the retrieved values of MTT/Fyw. However, baseline differences in flow conditions
may still skew this comparison. Additional assumptions were made regarding the land use
above sample collection sites. Due to the inaccessibility of the sub-watersheds, there may be
anthropogenically-sourced alterations to the environment that were unaccounted for such as
hidden roads, campsites, or recreational activity that may have impacts on downstream

chemistry.

A big limitation of this study stems from the absence of long-term stream and
precipitation data. This limited the scope of sample collection to a seasonal basis, which
constrained the robustness of isotope cycle modeling and ultimately impacting the reliability of

MTT calculations. In addition, the ability to capture potential inter-seasonal patterns in
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geochemical variables was greatly reduced. This limitation resulted in the use of approximate
isotope data to create seasonal cycles, which is less true to, and can only roughly approximate
real conditions experienced in the watershed. Long term precipitation analysis may assist in
future efforts to quantify isotope cycles in the watershed, and in the Okanagan Valley as a

whole.

Additionally, snow sampling occurred when the snowpack is nearly exhausted, a period
in which isotope values may be relatively homogeneous and enriched compared to earlier
meltwater (Maulé and Stein, 1990). This may result in the failure to properly capture the
seasonal isotope cycles, as well as potentially underexaggerate differences in isotope cycles
between locations. Capturing snow samples earlier in the year remains difficult due to limited
watershed accessibility, which may be remediated with careful coordination and special
equipment (i.e., snow mobiles, winter outposts, and communication with local residents) in

future studies.

Another limitation concerns streamflow regimes, as many sub-watersheds experienced
flow cessation (i.e., baseflow quantity is insufficient to maintain visible surface flow) by late July
and early August, complicating baseflow characterization. lon concentrations were displayed to
increase up until cessation without stabilizing in many cases (Appendix B), which created
challenges in determining subsurface portions for the mixing model. In this case, a better
understanding of flow regimes including low flows would greatly assist the assignment of sub-
surface end members. If samples representing a baseflow component with minimal
contributions from snow melt were to be collected, the sub-surface end-member could be better
characterized. Additionally, assuming a single subsurface component across multiple sub-
watersheds was an oversimplification, as each sub-watershed may have unique groundwater
contributions as indicated by poor EMMA fit to the mixing space at the watershed outlet. Future
research with extended stream water chemical datasets including increased frequency of
sampling endeavours may refine reference sub-watershed selection and a better

characterization of end-members.

Another assumption is the independence of sub-watersheds from each other in the
context of statistical analysis. MLM and LMM compare larger sub-watersheds with nested sub-

watersheds that comprise some part of the encompassing larger sub-watershed. The most
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egregious example of this is comparing sub-watersheds 4 and 15, in which sub-watershed 15
comprises ~30% of the area of sub-watershed 4, though this relationship is accounted for by
assigning nested relationships as a random effect in the LMM. However, there are other nested
relationships in PCW, though most comprise less than 9% of any encompassing sub-watershed,
with the average portion of area encompassed by nested sub-watersheds being only 2%, which
were assumed to be negligible relationships and were not considered as part of the random

effects argument of the LMM.

Additionally, formal considerations of sub-watershed storage are outside of the scope of
this study, despite its importance in understanding hydrological processes (Heidblichel et al.,
2013). However, storage capacity of watersheds tends to be related to other watershed
properties including slope and elevation (Staudinger et al., 2017), which are considered in this
study. For example, low elevations and high topographical gradient areas may support
increased subsurface storage relative to high elevation and low topographical gradient areas
due to preferential infiltration (Jasechko et al., 2016). Additionally, changes in soil depth and
other underlying geological properties also impact soil storage, which may be different in each
sub-watershed. Towards understanding storage differences at a detailed scale, more in-depth

spatial analysis including subsurface considerations would be required at each sub-watershed.

The lack of pre-disturbance data also weakened statistical models attempting to quantify
disturbance impacts. Baseline differences in soil properties, underlying geology, and others,
may lead to entirely different expressions in stream water chemistry before and after
disturbance. Varying results have also been found in regard to the length of time chemical
changes are observable in stream water following disturbance (Webster et al., 2022), which
may obscure or completely hide a previously detectable chemical signature of disturbance. For
example, in circumstances where whole tree removal takes place, ion concentrations in soil may
be permanently reduced (Valinia et al., 2021) while other areas might only have temporary
chemical changes detectable in the streamwater. Unfortunately, there are limitations in regional
geochemical information for the Okanagan valley (Han and Rukhlov, 2020), which if available,
may be useful towards understanding chemical responses to forest disturbance. An overall lack
of regional geochemical information reduces the applicability of mixing models that make

assumptions regarding chemical behavior in the watershed.
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Further analysis of soil properties in sub-watersheds would enhance this study and
resolve uncertainties surrounding sub-watershed hydrological properties and the use of various
tracers towards informing them. This includes relative differences in hydraulic conductivity of
soil, the applicability of OC-informed OM, and potassium as tracers in the watershed, as well as
detailed soil properties including macropores and compaction. For example, if OM is found to be
relatively absent in the soil profile of some sub-watersheds, the large variation in OM content
between sub-watersheds might be explained, as well as the lack of significance between
potassium concentrations and forest disturbance. Additionally, if larger macropores are found in
areas of less disturbance intensity, this may resolve uncertainties regarding flow pathway
variety between different intensities of forest disturbance. Biases in sub-watershed selection
might become more apparent if differences in soil properties are further investigated, which may

provide information towards a more robust selection of sub-watersheds in future studies.

Unaccounted disturbance impacts may also impact streamwater chemistry. Due to
imperfect records, legacy disturbance events such as fire or harvest may not be accounted for,
which may impact the way cumulative ECA is calculated for each sub-watershed. Additionally,
an understanding of historic disturbance may be useful when understanding baseline chemical
differences in streamwater between sub-watersheds, and the presence of long-term disturbance
data should be considered in future studies for any watershed disturbance study. In addition,
considerations of roadways and structures may impact subsurface hydrology which is not
accounted for in the calculation of flow pathways. The addition of roads may disrupt subsurface
flow, and/or divert subsurface contributions to the stream, resulting in a potential mis-estimation
of subsurface components present in stream water. More detailed investigation of roadway
presence will greatly assist hydrological understanding of PCW and allow for better

characterization and isolation of forest disturbance impacts on watershed hydrology.

Additionally, hydrological responses to forest disturbance and other local watershed
conditions were assumed to behave linearly, which is an oversimplification of complex
interactions in the environment. Further research should aim to capture data that is sufficient
towards assessing nonlinear relationships and conducting sensitivity analysis and disturbance
thresholds such that may allow for a more detailed understanding of hydrological response. This
research suggests that sub-watersheds with less forest disturbance tend to have more sensitive

responses in MTT, while sub-watersheds with more intense disturbance have a less sensitive
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response in MTT. Investigating sensitivity thresholds may be a direction towards resolving this
uncertainty (Dodds et al., 2010; Hou and Wei, 2024; Wei et al., 2021).

While coupling geochemical and isotopic data provides valuable insights into
hydrological processes, this data would be enhanced by complementary hydrometric
measurements. The lack of discharge correction in PCW stream samples means that smaller
and larger streams are treated equivalently in statistical analysis and modeling, potentially
overrepresenting smaller streams or underestimating dominant processes in larger streams.
Future studies incorporating discharge data could improve the accuracy of chemical

assessments and hydrological interpretations.

Ultimately, the use of ECA as an indicator of hydrological change is deeply flawed,
though it should be considered that no single indicator is suitable for modeling cumulative forest
disturbance in a watershed (Carver and Teti, 1998). Factors such as the proximity of water to
disturbance activity and water routing also effect hydrological response to forest disturbance,
and failing to consider these factors may limit overall understanding of forest disturbance
impacts on hydrological response (Winkler and Boon, 2017), while additional considerations
such as sub-watershed understorey vegetation, clearing sizes, harvest technique, and others,

are absent from ECA calculation though they may also have influence on hydrological response.

4.5 Management Implications and Future Direction

There is evidence to suggest forest disturbance is promoting shallow flow pathways as
indicated by increased snow water proportions and decreased magnesium/sodium in response
to forest disturbance, though there are inconsistencies in the results which detract from these
findings. The occurrence of shallow flow pathways, if found to be substantial, may lead to risks
of erosion and habitat destruction in some areas, and potential impacts to water quality.
Additionally, there is evidence to suggest that disturbance at higher elevations and steeper
slopes may have a reduced impact on transit times and flow pathway changes, though this
effect is not conclusive and requires further investigation of local conditions at a finer scale. With
additional considerations of soil properties, snow dynamics and melt synchronicity, climatic
changes between elevations, and subsurface geology, further work may aim to better

understand potentially increased storage at high elevations and steeper slopes.
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Further investigations into forest disturbance impacts on hydrological processes in PCW
and in other similar watersheds should focus broadly on understanding and accounting for
impacts due to sub-watershed heterogeneity. Additional considerations from this study include
a) frequent collection of samples towards understanding temporal changes to chemistry and
seasonal cycles of tracers; b) sampling a broad range of forest disturbance intensities to avoid a
sampling bias at specific disturbance intensities; c) the inclusion of hydrometric data including
discharge and flow regimes to compliment geochemical data; d) thorough study of soil
properties including thickness at sampled sub-watersheds; e) accurate characterization of end-
members within the watershed, and provide tests to ensure end-member suitability and
representativity across the watershed; and f) study of regional geochemistry towards addressing
assumptions of tracer conservativity and time invariance for the studied region(s). Additional
studies that include the above suggestions may focus on identifying sensitivity thresholds in
which the interactions of detailed watershed properties and cumulative disturbance on

subsequent hydrological process changes may be explored further.

With these considerations, more insight may be obtained towards understanding how
forest disturbance impacts detailed hydrological processes in sub-watersheds towards making
land use decisions. Forestry operations should consider flow pathway and transit times impacts

that may result from harvest and incorporate potential changes into risk management strategies.
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Chapter 5: Conclusion

This study used geochemical tracing approaches to investigate flow pathways, mean
transit time, and young water fraction with the major purpose of understanding forest
disturbance impacts on hydrological processes in Peachland Creek Community Watershed.
Analysis revealed significant trends in which magnesium, sodium, and end-member mixing
analysis-derived snow water proportions were significantly influenced by forest disturbance,
though these relationships were found to be weak, and other local sub-watershed conditions
including slope and elevation were significant factors towards these findings. Linear mixed
effects modeling revealed a positive relationship between end-member mixing analysis-derived
snow water proportion and forest disturbance as well as negative relationships between
magnesium, sodium and forest disturbance. This implies a mild but significant indication that
shallower preferential flow pathways occur in response to forest disturbance, which may be
associated with erosion risks. Mean transit times and young water fraction were found to have a
stronger relationship with sub-watershed slope and drainage than forest disturbance, in which
steeper slopes promote greater MTT and less Fyw, while increased drainage promotes more
Fyw (younger water). Overall, watershed hydrological response was found to be largely
heterogeneous, and cross-watershed generalizations regarding dominant source components
(flow pathways) were not applicable as indicated by poor model fits. In addition, the absence of
subsurface geology as a consideration towards modeling stream water geochemistry greatly
reduced the accuracy of hydrological interpretation. Further, mean transit time and snow water
proportion were observed to be relatively variable in areas with low disturbance in comparison
with high disturbance, though this effect may be due to a lack of data for sub-watersheds above
50% cumulative equivalent clearcut area. A possible explanation of decreased ion content and
increased snow water proportions in response to forest disturbance may be subsurface
saturation, in which shallower preferential flow pathways and quicker lateral flow is promoted.
While there is an apparent relationship between forest disturbance and shallow flow pathways,
interactive effects of watershed properties including slope and elevation remain key factors in
determining hydrological response. There are also uncertainties regarding the mechanisms
responsible for increases in model-derived snow proportions in response to forest disturbance,
such as the promotion of shallow flow pathways and/or increased streamflow. Additional study
of snowmelt and snowpack dynamics, soil properties, and further scrutiny of responses due to

differences in elevation and slope will assist greatly towards resolving these uncertainties, while
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future studies should be aware of the largely heterogeneous nature of watersheds towards

predicting whole-watershed behaviour and hydrological process response.
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Appendix A: Soil data

Appendices

Sub-watershed soil data retrieved from the Canadian Soil Survey Soil Information Finder Tool.

All proportions are expressed in decimal percentages of sub-watershed area. C) Drainage is

expressed as a value between 5 (Well Drained) and 6 (Rapidly Drained) according to the

Canadian Soil Survey.

a) Soil Type Proportions

Orthic

Sub- Eluviated Dystric | Orthic Dystric | Eluviated Eutric Orthic Gray Orthic Eutric Humo- Pc:;irzac;lic
watershed Brunisol Brunisol Brunisol Luvisol Brunisol ')Fs;rzi:):l Luvisol
01 0.54 0.46 0 0 0 0 0
05 0.37 0.2 0.14 0.11 0.11 0.02 0
06 0 0 0.31 0.34 0.3 0 0
09 0.29 0.24 0.17 0.12 0.14 0.01 0
10 0.52 0.21 0.09 0.05 0.02 0.03 0
11 0 0 0.5 0.46 0 0 0
14 0.52 0.2 0 0 0 0 0
15 0.7 0 0 0 0 0 0
16 0.7 0 0 0 0 0 0
22 0.26 0.74 0 0 0 0 0
23 0.76 0.24 0 0 0 0 0
25 0.3 0.33 0.37 0 0 0 0
26 0.57 0.15 0 0 0 0 0
28 0.94 0 0 0 0 0.04 0
29 0.63 0 0 0 0 0.37 0
30 0.55 0 0 0 0 0.27 0
31 0 0 0 0 0 0.6 0
32 0 0 0 0 0 0.6 0
33 1 0 0 0 0 0 0
34 0.72 0 0 0 0 0.19 0
35 0.61 0.1 0 0 0 0 0
38 0.13 0 0.87 0 0 0 0
41 0.6 0.25 0 0 0 0.09 0
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b) Soil Type Proportions Continued

Sub-

waershed | annkol | SereUAE | oi | gy | Oricsentric | clyed o
Identifier
01 0 0 0 0 0 0
05 0.01 0.03 0 0.01 0 0
06 0.05 0 0 0 0 0
09 0.01 0.02 0 0 0 0
10 0.01 0.04 0.01 0.01 0.01 0
11 0 0 0.04 0 0 0
14 0.05 0.22 0 0 0 0
15 0 0.3 0 0 0 0
16 0 0.3 0 0 0 0
22 0 0 0 0 0 0
23 0 0 0 0 0 0
25 0 0 0 0 0 0
26 0.04 0.24 0 0 0 0
28 0 0 0 0.02 0 0
29 0 0 0 0 0 0
30 0 0 0 0.07 0.11 0
31 0 0 0 0.15 0.25 0
32 0 0 0 0.15 0.25 0
33 0 0 0 0 0 0
34 0 0 0 0.08 0 0
35 0.02 0.26 0 0 0 0
38 0 0 0 0 0 0
41 0 0 0 0.03 0.02 0
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c) Texture Proportions and Drainage

Sub-watershed

Identifier Sandy Loam Loam Silt Loam Drainage
01 0.54 0.46 0 5
05 0.81 0.15 0.02 5.31
06 0.74 0 0.21 5.45
09 0.74 0.24 0 541
10 0.82 0.14 0.04 5.19
11 0.54 0 0.46 5
14 0.75 0.2 0 5
15 1 0 0 5
16 1 0 0 5
22 0.26 0.74 0 5
23 0.76 0.24 0 5
25 1 0 0 5.55
26 0.81 0.15 0 5
28 1 0 0 5
29 1 0 0 5
30 1 0 0 5
31 1 0 0 5
32 1 0 0 5
33 1 0 0 5
34 1 0 0 5
35 0.88 0.1 0 5
38 1 0 0 5.01
41 0.82 0.17 0 5.13
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Appendix B: Sub-watershed tracer timeseries

Timeseries of Ca, Na, Si, K, Mg, Cl, OC, and &'80 for sub-watersheds. Header numbers denote

sub-watersheds. Note that data may be present for one of or both 2022 and 2023.
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Appendix C: EMMA projection residuals

Distribution of residuals from orthogonal projections of test sites into the mixing space of the

reference site at the Peachland Creek Community Watershed outlet (sub-watershed 1) vs

original concentrations for each solute in one, two, and three dimensions. Sub-watershed 1 is

showing the outlet location scaled to its own mean and standard deviation.

sub-watershed: 1

Ca Ca
1D 3D
5.0 .
. - . | . |
25 ; “ 0.5 . .t 0.3 . : .o 0.05 | i . o -..
. 00l . .| 00 o 2+ o000, * 3 .
00 ¢ ) . L * . 03 . ® ..
%, *  as . 1 -0.05- .-
25 ‘a o . -0.6 . L]
25 30 35 25 a0 35 25 30 35 1.25 135 145 . 1.65
£ oo . . 0.2 . . .
2 o3 . 0.005 . 01| - . 0.1+ .
c_nooo‘ . I - - e 0_0...\-’-—:\ 0.0 . 5 3
< 0. v p wa— 0.000 | ® . 01+ ’ g . . ¢
3 -0.03 . . CAEE Y +
b=l 0.005- . 0.2 0o
@ 006 . : . : : ; : ; ——» o3l | ‘ . — - - :
¥ 125 135 145 1.55 165 125 1.35 1.45 1.55 165 25 30 35 40 45 25 30 35 45
Mg
3D
! . 03 ! . .
010 0.2 01/ 0.04 —
0.05 PR 0.1 * .o a—a . | . . . 0.00 - L L)
0.00 . 00, * 00! - .4 | %
' ° . 0.1 : : - ]
005 * ¢ . : | - T 004
02 . 2 01
0.10- . : . | } . . 11 1 . 1 | .
25 3o 35 4.0 45 28 32 36 4.0 28 32 36 4.0 28 32 4.0
sub-watershed: 2
[oF:} K
2D 1D
w, . 375 . a . 125 o i
o) — S0 » . . e 120 .
34 o . — 365 a3 1151 ... Ty
33 36.0- .
. .| 32 W
70 75 70 75 70 75 19 20 21 23
L]
e 1D
£
s 1.24 0675 . g
S0 08504 57 o 58
ow . h 5.6 57
5 116 o 0.825 s . 551 " N ° 56 .
8112 0 . 0.800 544 ¢ os T .
2 ] ] 1 . | 0775 * I 1 1 | 531 e 1 1 P % |
x 19 2.0 24 2.2 23 1.9 20 2.1 22 23 20 a5 10.0 2.0 95
Na
1D
89 . .
68- 50 . s N 57 =
er 49 / : . * 56 .
6.6 . .
. 46 . 55
65 ® 48 & ® .
54 . H 54 = e
63 . AT . i 441 . I 1 53 e }
2.0 95 10.0 75 8.0 85 20 75 8.0 85 2.0 75 8.0 85 2.0

Original Concentration (ppm)

112



sub-watershed: 3

16“ 21.0

b + 205
121 L et . 200
g T — 195
. . 19.0
4 T e
45 50 55
—
cE:_ 0.5
= 0.4
® 0.3
g 0.2
0.1
o
@ 0.0
x
i-;’g' 175
oo 150
; 125
1.75-
150 1.00
. 075
4 5 6
sub-watershed: 4
[oF:]
-2
-3
-4
5
—
gE;_-uus
o
~.0.12
0
[
g 0.16
g -0.20
x
0.7
-0.8
0.9
-1.0
20 25 3.0
sub-watershed: 5
[o:} Ca
1D 2D
s20) . 0 1.60
35 . 325
350 32.0
. 315 -
35 31.0
34.0 30.5
69 72 66 . : ) . 23
—_
£
= 110 7.2
» 1.05 7.0 .
E 1.00 . 6.8 2
3 095 6.6 L] k
o 0.90
o 19 22 23 9.0 95

- 65 S
6.0

8.0 8.5 7.0 75

QOriginal Concentration (ppm)

85

113



Residuals (ppm)
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Appendix D: Pearson correlations

Pearson correlations (p < 0.0001) for sub-watershed data. Positive r-values indicate a positive

relationship, while negative values indicate a negative relationship between variables. ECA

denotes equivalent clearcut area (%).

Variable 1 Variable 2 r value
Flow path length (m) Sub-watershed area (m?) 0.96
Young water fraction Mean transit time (years) -0.83
Young water fraction Mean Slope (%) -0.74
Mean transit time (years) Mean Slope (%) 0.66
Mean transit time (years) Flow path length (m) 0.57
Drainage Mean transit time (years) 0.56
Cumulative ECA (%) Mean Slope (%) -0.54
Drainage Flow path length (m) 0.53
Mean transit time (years) Sub-watershed area (m?) 0.52
Drainage Young water fraction -0.51
Young water fraction Cumulative ECA (%) 0.46
Young water fraction Flow path length (m) -0.45
Drainage Sub-watershed area (m?) 0.45
Drainage Mean Elevation (m) -0.45
Mean transit time (years) Cumulative ECA (%) -0.41
Young water fraction Sub-watershed area (m?) -0.4
Flow path length (m) Mean Slope (%) 0.36
Mean Slope (%) Sub-watershed area (m?) 0.33
Drainage Mean Slope (%) 0.31
Flow path length (m) Mean Elevation (m) -0.27
Flow path length (m) Cumulative ECA (%) -0.25
Drainage Cumulative ECA (%) -0.22
Mean Elevation (m) Sub-watershed area (m?) -0.21
Cumulative ECA (%) Sub-watershed area (m?) -0.18
Cumulative ECA (%) Mean Elevation (m) -0.14
Mean transit time (years) Mean Elevation (m) -0.13
Mean Slope (%) Mean Elevation (m) -0.13
Young water fraction Mean Elevation (m) 0.01
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Appendix E: Linear mixed effects model results

Linear mixed effects models conducted for sub-watersheds with considerations of nested and
baseline differences between sub-watersheds. Freshet Association refers to the tendency of
elevated predictor values being associated with freshet as opposed to baseflow. Significant

results (p < 0.05) are displayed in red text. ECA denotes equivalent clearcut area (%).

Predictor Slo.p.e Standard t-statistic p-value RRMSE
Coefficient Error
a) Magnesium
Cumulative ECA (%) -0.53 0.23 -2.32 0.04
Mean elevation (m) -2.33 0.4 -5.89 0
Mean slope (%) 0.61 0.28 2.19 0.05 0.42
Sub-watershed area (m?) -0.57 0.46 -1.23 0.24 '
Freshet Association -0.4 0.07 -5.49 0
Drainage -0.55 0.44 -1.25 0.23
b) Calcium
Cumulative ECA (%) -3.29 1.6 -2.06 0.08
Mean elevation (m) -16.11 2.75 -5.86 0
Mean slope (%) 6.76 1.96 3.45 0.01 315
Sub-watershed area (m?) -4.71 3.2 -1.48 0.16 '
Freshet Association -2.23 0.55 -4.05 0
Drainage -4.5 3.03 -1.48 0.16
c) Sodium
Cumulative ECA (%) -0.46 0.17 -2.74 0.02
Mean elevation (m) -1.79 0.3 -5.97 0
Mean slope (%) 0.04 0.21 0.21 0.84 0.39
Sub-watershed area (m?) -0.47 0.35 -1.36 0.2 '
Freshet Association -0.6 0.07 -8.74 0
Drainage -0.28 0.33 -0.84 0.42
d) Potassium
Cumulative ECA (%) -0.1 0.05 -1.86 0.11
Mean elevation (m) -0.51 0.1 -5.26 0
Mean slope (%) -0.01 0.07 -0.17 0.87 0.12
Sub-watershed area (m?) -0.06 0.11 -0.52 0.61 '
Freshet Association -0.18 0.02 -8.74 0
Drainage -0.05 0.11 -0.48 0.64
e) Chloride
Cumulative ECA (%) -0.02 0.14 -0.17 0.87
Mean elevation (m) -0.68 0.26 -2.6 0.02
Mean slope (%) 0.15 0.17 0.84 0.43 0.6
Sub-watershed area (m?) 0.06 0.3 0.2 0.84 ’
Freshet Association -0.62 0.11 -5.88 0
Drainage -0.34 0.29 -1.18 0.26
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f) Silica

Cumulative ECA (%) -0.02 0.36 -0.06 0.95 0.84
Mean elevation (m) -1.9 0.54 -3.52 0 0.84
Mean slope (%) -1.12 0.42 -2.66 0.02 0.84
Sub-watershed area (m?) -0.4 0.62 -0.65 0.53 0.84
Freshet Association -0.23 0.15 -1.59 0.11 0.84
Drainage -0.49 0.58 -0.84 0.41 0.84
g) OC
Cumulative ECA (%) -0.98 0.48 -2.05 0.29
Mean elevation (m) 0.41 0.29 1.42 0.39
Mean slope (%) 0.31 0.25 1.23 0.43 0.05
Sub-watershed area (m?) 110.78 54.97 2.02 0.29 '
Freshet Association 0.05 0.02 2.88 0.01
Drainage 0.41 0.27 1.51 0.37
h) 6180 (%)
Cumulative ECA (%) -0.05 0.07 -0.68 0.53
Mean elevation (m) -0.32 0.12 -2.66 0.02
Mean slope (%) 0.08 0.1 0.83 0.42 0.62
Sub-watershed area (m?) 0.22 0.13 1.7 0.12
Freshet Association -0.72 0.12 -5.91 0
Drainage -0.12 0.13 -0.97 0.35
i) EMMA-derived Snow Water Proportion
Cumulative ECA (%) 0.05 0.02 2.88 0.02
Mean elevation (m) 0.24 0.03 7.36 0
Mean slope (%) -0.03 0.02 -1.54 0.16 0.04
Sub-watershed area (m?) 0.05 0.04 1.38 0.19 '
Freshet Association 0.06 0.01 7.9 0
Drainage 0.04 0.04 1.24 0.24
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Appendix F: Linear mixed effects model residuals vs fitted values

Residuals

Residuals

Residuals

Residuals

Residuals

Fitted Values

L]
0.14 I :
.
00t P 1 -
. 'l <
(K}
0.1 L}
0.2 . . . T
0.00 0.25 0.50 0.75

Fitted Values

Fitted Values

Mg (ppm)
L] L]
J H . s L3
1 . l L ' L * Tu; [} [ ] : . [ ]
g8 e 3 L] S5 ’ . (XY
0+ ! ********* : $-| 2 LR Ad L) 41-._
HE FE R . :
-1 . ¢ ° . &« L4 L]
T T .. .I T T T L T T
0.0 2.5 5.0 7.5 10.0 20 40 60
Fitted Values Fitted Values
w
®
=
o
- (7] -
0
o
0.5 1.0 1.5 2.0
Fitted Values Fitted Values
Cl (ppm) Si (ppm)
4
s 2.5+ .
0 . . e ®
L]
7 251 L
5]
o
5.0
T T : * T T
1 2 3 6 8 10 12
Fitted Values Fitted Values
Organic Colour (cm™") 5'%0 (%)
0.2 °
. M
[} » 24 . .
011 . s . g ] ¢ .
0.0+ —= =2l 2 4+ .| 7
. | b ¢ S 2
. [ ] x !
0.1 .
. 14 ® s
00 02 04 0.6 75 70 16,5 -16.0 -15.5

123



Appendix G: Linear mixed effects model QQ plot for residuals
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Appendix H: Linear mixed effects model nested group random effect residuals QQ plot
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Appendix I: Linear mixed effects model sub-watershed baseline random effect residuals
QQ plot
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