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Abstract

Forests are critical to the safe provision of drinking water across the globe and provide over 4.1 trillion
USD per year in savings to drinking water treatment costs. These supplies are threatened by climate
change-exacerbated landscape disturbances such as wildfire, which can severely impact forest hydrologic
and biogeochemical cycles. Potential increases in the transport of sediment and associated nutrients to
streams networks are especially concerning because they can propagate downstream and lead to
conditions that challenge drinking water treatment operations. Excess phosphorus loading is especially
concerning in drinking water sources as it can cause the proliferation of cyanobacteria and other algae
that can clog filtration processes or produce toxins that most plants are not equipped to treat, thereby
leading to service disruptions or complete outages. Forest harvesting has been proposed as a potential
mitigation strategy to lower fuel loads and reduces the risk of catastrophic wildfire, preventing negative
impacts on water quality and treatability. However, this strategy needs to be adopted with caution as
forest harvesting has the potential to increase phosphorus transport to stream networks, presenting a
potential threat to downstream drinking water treatment operations and, thereby exacerbating the
problems that they are supposed to mitigate. Accordingly, the objectives of this study were to evaluate
the impacts of legacy forest harvesting on the physical processes (i.e., source channel connectivity and
source availability) that control phosphorus transport from terrestrial to aquatic environments. This work
was conducted on hardwood dominated, Canadian Shield catchments within the Turkey Lakes Watershed
(TLW) of Ontario, Canada. A before-after-control-impact (BACI) study design was used to evaluate the
immediate and legacy impacts (1-12 years after harvesting) of multiple forest harvesting strategies (i.e.,
clear-cut, shelterwood cut, and selection cut) on total phosphorus (TP) concentration and yield.
Additionally, the hydrologic source areas contributing to stream flow were evaluated using end member

mixing analysis (EMMA) in a legacy clear-cut (24 years after harvesting) and control catchment.
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Phosphorus sources in those catchments were evaluated by measuring TP and soluble reactive
phosphorus (SRP) in these source areas and analyzing soil samples for total particulate phosphorus (TPP)
and phosphorus fractions throughout the soil profile. These results were used to explain the legacy
impacts of harvesting on seasonal and event-based TP and SRP concentrations draining the clear-cut and
control catchments. Results from the BACI study and seasonal and event sampling demonstrate that
harvesting had a small but significant impact on TP stream concentrations. However, as many of these
differences were below the detection limit (< 1 pg I'?) the results are not practically significant. EMMA
showed that stream water chemistry corresponds most with shallow groundwater and wetland
groundwater chemistry in both catchments, suggesting that legacy forest harvesting has little impact on
the primary water sources contributing to stream flow. Additionally, legacy forest harvesting appeared to
have little impact on phosphorus source availability as there were few differences in phosphorus
concentrations between the legacy clear-cut and control catchment within those source areas. Further
evidence of this is demonstrated by the lack of differences in TPP and phosphorus fractions within the
mineral soils between the two catchments. Finally, wetlands were identified as a major source of
phosphorus delivered to streams as they are hydrologically connected with the stream channel and have
measurable phosphorus concentrations. As legacy forest harvesting appears to have little long-term
impacts on either hydrologic processes or phosphorus source availability its expected that little impact
was observed on stream phosphorus concentration and yield. Results of the study suggest that forest
harvesting may be a suitable land management strategy that promotes source water protection in

hardwood-dominated Canadian Shield forested watersheds.
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Chapter 1. General Introduction

1.1. Forested Watersheds: A Critical Drinking Water Source

The natural storage and filtration capacity of forested watersheds (Ernst, 2004; MacDonald & Shemie,
2014) are critical to the provision of safe and reliable drinking water globally (Dudley & Stolton, 2003).
These critical source water regions provide ~75% of the world’s accessible freshwater (United Nations
Department of Economic and Social Affairs, 2021) and ~4.1 trillion USD per year savings to global water
treatment costs (Costanza et al., 1998). Over 80% of Canadians (Emelko et al., 2011) and 60% of Americans
(Stein & Butler, 2004; Stein et al., 2005) rely on forested watersheds for their drinking water supply,
highlighting that their importance cannot be understated. Climate change exacerbated natural
disturbances pose a serious threat to drinking water treatment operations because they alter landscapes
and change critical hydrological and biogeochemical processes that maintain high quality source water
(Emelko et al., 2011; Sun & Vose, 2016). While disturbances such as insect infestation (Oulehle et al., 2019;
Su et al., 2017) and ice storms (Houlton et al., 2003; Weitzman et al., 2020) may impact water quantity
and quality, wildfire is the most concerning (Emelko & Sham, 2014; Robinne et al., 2019). This is because
more precipitation reaches the land surface after wildfire (Williams et al., 2019), leading to increased
erosion and solids runoff (Alessio et al., 2021; Silins et al., 2009). Solids-associated metals (Abraham et al.,
2017), nutrients (Emelko et al., 2011; Gustine et al., 2022; Silins et al., 2014), and other contaminants
(Crouch et al., 2006; Mansilha et al., 2019) also can be elevated. These include natural organic matter
(NOM), which can not only be elevated, but transformed to more aromatic character (Blackburn et al.,
2023; Emelko et al., 2011; Hohner et al., 2016). All of these effects on water quality can and have been
observed after wildfires, even at large basin scales where dilution would be expected (Emmerton et al.,
2020). They have also persisted for decades or longer in some regions (Emelko et al., 2016). While wildfires

are not assured to have an effect on water quality and treatability, changing climate affects wildfire



burned area, severity (Adams, 2013; White et al., 2017); therefore, associated threats to water quality

and treatability are expected in the future.

Wildfires and other severe landscape disturbances can impact drinking water supplies when the transport
of sediment and associated nutrients to streams increases (Hampton et al., 2022; Silins et al., 2014; Stone
et al., 2014; Watt et al., 2021), leading to the propagation to reservoirs and lakes (Emelko et al., 2016;
Stone et al., 2021) and challenges to drinking water treatment operations (Emelko et al., 2011; Emelko &
Sham, 2014). While all water requires treatment (Emelko et al., 2019), elevated solids/turbidity can be
readily treated by most conventional drinking water treatment approaches. In contrast, nutrients
including more aromatic fractions of organic carbon are especially challenging and costly to treat
(Blackburn et al., 2021, 2023; Kitis et al., 2002; Kundert et al., 2014; Price et al., 2017). The proliferation
of cyanobacteria and other algae is especially concerning because they can clog filtration processes or
produce toxins that most drinking water treatment plants are not typically equipped to treat, thereby
leading to service disruptions or complete outages (Emelko et al., 2011; Emelko & Sham, 2014). To combat
the increasing threat of severe landscape disturbance by wildfire, fuel load reduction strategies such as
forest harvesting have been proposed as a potential mitigation strategy in drinking water supply
watersheds to reduce the risk of wildfires (Deval et al., 2021; Emelko & Sham, 2014; Gannon et al., 2019;
Webb, 2012). However, this strategy should be adopted with caution as forest harvesting can also impact
water quantity (Buttle et al., 2018) and quality (Webster et al., 2022). Therefore, there is a critical need to
better understand the impacts of forest harvesting on parameters related to drinking water treatment to

avoid any unintended consequences by potential source water protection strategies.

Phosphorus is the limiting nutrient in freshwater aquatic ecosystems and it is a nutrient of concern
particularly as it leads to dramatic increases of algae (Schindler, 1974; Schindler et al., 2016). A threshold
relationship between the proliferation of algal blooms and total phosphorus (TP) concentrations has been

reported to range from 20 to 50 pg TP L (Fastner et al., 2016; Vuorio et al., 2020; Xu et al., 2015).



However, recent studies indicate that algal blooms are increasingly being observed in low nutrient (< 10
ug TP L) oligotrophic lakes across the North American continent, including throughout Ontario, Canada;
these have been attributed to warmer temperatures and climate change-exacerbated landscape
disturbances such as extreme precipitation (Karmakar et al., 2015; Stoddard et al., 2016; Winter et al.,
2011). Therefore, as the impacts of climate change persist and possibly intensify, oligotrophic aquatic
environments may become more susceptible to small increases in phosphorus loading. Notably this,
combined with the increasing anthropogenic pressures on forest environments (Webster et al., 2015),
highlight the critical need to better understand and quantify (1) key processes that control phosphorus
transport from terrestrial to aquatic environments and (2) the impacts of landscape disturbances on these

processes.

Forest harvesting impacts on phosphorus transport dynamics occur through changes in either
biogeochemical or hydrological processes (Hoffmann et al., 2009; Kreutzweiser et al., 2008) that influence
the size of phosphorus pools and their degree of hydrologic connectivity to stream channels (McMillan et
al., 2018). Forest harvesting can increase or decrease phosphorus pools through changes in the rates of
decomposition and mineralization (Guo et al., 2004; Gutiérrez del Arroyo & Silver, 2018) or through
uptake from regenerating vegetation and sorption to mineral soil (Bowd et al., 2019; Evans et al., 2000;
Hume et al., 2016). Hydrologic connectivity is increased after harvesting as vegetation removal and soil
compaction reduce rates of evapotranspiration (Johnson et al., 2007; Jones, 2000; Mackay & Band, 1997;
Murray & Buttle, 2005) and infiltration (Chanasyk et al., 2003; Naghdi et al., 2016; Startsev & McNabb,
2000). This reduces the water storage capacity of forested soils (Buttle et al., 2019) causing more frequent
quick flow events (Buttle et al., 2019), higher water yields (Bosch & Hewlett, 1982; Buttle et al., 2018) and
increased peak flows (Jones, 2000). The combined effects of the changing biogeochemical and
hydrological processes accumulate at a catchment outlet and are observed through significant increases

in phosphorus concentrations and yield (Ahtiainen & Huttunen, 1999; Deval et al., 2021), increasing yield



only (Lofgren et al., 2009; Nieminen, 2004; Palviainen et al., 2014), or having no effect (Boggs et al., 2016;
Webster et al., 2022). These variable responses are driven by differences in the harvesting impacts on
either the biogeochemical or hydrological processes which depend on numerous factors such as
harvesting strategy, forest type, topography, soils and climate (Kreutzweiser et al., 2008). Accordingly, to
better explain variable harvesting responses, more research is needed to rigorously evaluate processes
controlling the response of phosphorus transport dynamics to forest harvesting. Additionally, the
majority of research to date has focused on the immediate (1 — 5 years) post-harvesting effects of forest
harvesting on phosphorus transport dynamics (Ahtiainen & Huttunen, 1999; Boggs et al., 2016; Swank et
al., 2001). However, some studies suggest that significant harvesting effects can perpetuate over a longer
time period (> 10 years) (Palviainen et al., 2014) while no studies have evaluated the long term (> 20 years)
impacts. Therefore, a potential threat to downstream aquatic ecosystems could exist through legacy
harvesting impacts on phosphorus transport dynamics. It is critical that these impacts are quantified to

determine the suitability of forest harvesting as a source water protection strategy.

1.2. Research Approach and Objectives

The overall goal of this thesis was to evaluate (1) the physical processes that control the transport of
phosphorus from terrestrial to aquatic ecosystems and (2) the impacts of legacy forest harvesting on these
processes. The specific objectives of this thesis research were designed to address this goal. They were

to:

1) Assess the long-term impacts of changing environmental conditions (i.e., climate change and
acidification recovery) and forest harvesting on phosphorus concentrations and yields draining

forested headwater catchments within TLW;



2) Identify the prominent flow paths contributing to runoff generation using end member mixing analysis

(EMMA) in a legacy (24 year) clear-cut and forested headwater catchment within TLW, and;

3) Characterize phosphorus sources throughout a hillslope and compare them to stream phosphorus
concentrations and yields in a legacy (24 year old) clear-cut and forested headwater catchment within

TLW.

Each objective was evaluated in one of three data chapters (Chapters 2-4) that were prepared for
publication. Chapter 2 is associated with Objective 1, Chapter 3 with Objective 2, and Chapter 4 with

Objective 3.

A long-term (31-year) water quantity and quality data set collected from the Turkey Lakes Watershed
(TLW) and maintained by the Great Lakes Forestry Center; Natural Resources Canada, was used. These
data were supplemented with data collected from an intensive field sampling program conducted in the

Spring, Summer and Fall of 2021.

1.3. Study Site

1.3.1. History of Turkey Lakes Watershed

Established in 1979, TLW is one of the longest running experimental watershed research platforms in
Canada (Morrison et al., 1999; Webster et al., 2021a). Numerous federal government agencies such as
Natural Resources Canada (NRCAN), Environment and Climate Change Canada (ECCC) and Fisheries and
Oceans Canada (DFO) were involved with the creation of TLW to evaluate the impacts of acid rain on
terrestrial and aquatic ecosystems of the Canadian Shield (Foster et al., 2005; Morrison et al., 1999;
Webster et al., 2021a). However, research expanded to include a number of other environmental issues
such as habitat alterations, organic contaminants, forest management and climate change (Webster et

al.,, 2021a). The research findings from studies in TLW have formed the scientific basis for policy



development that resulted in the creation of both Canadian and International policy advances that include

the Canada-U.S. Air Quality Agreement in 1991 (Foster et al., 2005; Webster et al., 2021a).

1.3.2. Site Description

Turkey Lakes Watershed (TLW; 47° 03" N; 84° 25" W) is in the Great Lakes — St. Lawrence Forest region
within the Boreal Shield Ecozone of central Ontario (Figure 1.1). The watershed has a relief of ~300 m and
drains an area of 10.5 km? (Semkin et al., 2002; Webster et al., 2021a). The underlying bedrock consists
of Precambrian metamorphic basalt (i.e., silicate greenstone) with occasional outcrops of felsic igneous
rock overlain by a two component till consisting of a silt-loam ablation till on top of a compacted sandy
basal till (Hazlett et al., 2001; Semkin et al., 2002). Soils are predominantly orthic humo-ferric podzols
(spodosols) with well-defined L and F horizons ~ 0.05 m thick (Hazlett et al., 2001). Organic soils are found
in topographical depressions, riparian areas and wetlands (Webster, et al., 2021a). Forest cover consists
mostly of uneven-aged, shade tolerant mature to over mature hardwoods, predominantly sugar maple
(Acer saccharum Marsh) (90%) (Jeffries et al., 1988). Other tree species include yellow birch (Betula
alleghaniensis Britton) (9%) and conifers (1%) (Jeffries et al., 1988; Semkin et al., 2002). Mean annual
precipitation and temperature from 1980 to 2017 was 1203 mm and 4.5°C, respectively (Webster et al.,
2021a). Snowfall comprises ~35% of annual precipitation with accumulation beginning in late October and

melt occurring between March and May (Semkin et al., 2002).

1.3.3. Harvesting Experimental Design in TLW

A before-after-control-impact (BACI) study was conducted to quantify the impacts of three contemporary
silvicultural harvesting practices (clear-cut, shelterwood cut and selection cut) on soil productivity, stand
recovery, biodiversity and catchment hydrology (Buttle et al., 2018; Morrison et al., 1999). Harvesting
occurred in the Summer and Fall of 1997, using a feller-buncher and cable skidder (Morrison et al., 1999).

The pre- and post-treatment periods spanned from 1981 to 1997 and 1998 to 2012, respectively.
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Figure 1.1 Map of Turkey Lakes Watershed study catchments, harvesting area, and meteorological station.

Catchment 31 (C31) was clear-cut and all trees with a diameter at breast height (DBH) > 20 cm were
removed (Buttle et al., 2018). Trees with a DBH between 10 and 20 cm were felled and left on site while
trees with DBH < 10 cm were left standing (Buttle et al., 2018; Leach et al., 2020). Catchment 33 (C33) was
treated with a selection cut that removes individual mature and undesirable trees from the landscape
(Leach et al., 2020). A forestry access road runs parallel to the stream channel in C33 for 750 m with
culverts directing water towards the stream (Buttle et al., 2019). Catchment 34 (C34) was treated with a
shelterwood cut that removed ~50% of mature trees (Leach et al., 2020). Harvesting resulted in a basal
area reductions of 78%, 36%, 38% and stocking reductions of 76%, 43%, and 32% in C31, C33, and C34,
respectively (Buttle et al., 2019). Selection and shelterwood silvicultural strategies are typical in Ontario’s
shade-tolerant hardwood forests (OMNRF, 2015). Clear-cut harvesting is not a recommended harvesting
strategy for this forest type but was included to represent an intensive harvesting treatment (Morrison

7



et al., 1999). Catchments C32, C35, and C46 were selected as controls because of similar biophysical
characteristics and proximity to the harvested catchments. Characteristics of the catchments within TLW

are presented in Table 1.1.

Table 1.1 Turkey Lakes Watershed catchment characteristics

Catchment SMulural  Area i, oy Welnd . Hanested
(masl) (m)

C31 Clear Cut 462 359 59 2.88 SwW 100
C32 Control 6.74 352 107 1.00 SW 0
C33 Selection Cut 24.38 354 272 0.50 Sw 100
C24 Shelterwood Cut 66.54 362 264 1.12 w 70
C35 Control 447 386 79 1.06 SwW 0
C37 Control 15.30 385 103 12.40 w 0
C38 Control 8.50 415 34 25.00 w 0
C39 Control 17.42 379 20 1.90 w 0
C42 Control 15.69 408 110 6.60 w 0
C45 Control 44.21 485 141 1.40 SE 0
C47 Control 406 503 94 0.00 S 0
C49 Control 18.58 504 93 2.00 SW 0
C50 Control 11.61 507 a3 7.60 SW 0




Chapter 2. Forest Harvesting in a Changing Climate:
Seasonal Impacts on Phosphorus Concentration and Yields in
Hardwood Dominated Headwater Catchments of the Canadian Shield

2.1. Abstract

Forests are critical sources of water in many regions globally, including Canada. Long-term studies
of forest disturbance impact on water quality and quantity are needed for water security management—
unfortunately, they are also scant. Here the results of a 31-year Before-After-Control-Impact (BACI) study
of seasonal changes in total phosphorus (TP) concentrations and yields in hardwood-dominated, forested
headwaters of the Turkey Lakes Watershed on the Canadian Shield are reported. Three harvest practices
(clear-cut, shelterwood cut and selection cut) and multiple control catchments were evaluated during pre-
harvest (1981-1997) and post-harvest (1998-2012) periods to describe: (1) long-term (31 years) changes
in TP concentrations and yields within control and harvested catchments, and (2) immediate and legacy
effects of the three contemporary harvesting approaches on TP concentration and yield. Stream TP
concentration and yield declined from 1981 to 2012 in control catchments, likely in response to changing
climate and/or acidification recovery. Significant increases in TP concentration were observed only in
streams draining the clearcut and selection cut catchments, with the latter likely associated with
hydrologic impacts of an access road established within the catchment during harvesting. TP yield
increased significantly in all three harvested catchments with the largest harvesting effects occurring in
the clear-cut and selection cut catchments. Significant seasonal harvesting effects were observed in the
Spring TP concentrations in all three harvested catchments and in the Winter for the clear-cut. Seasonal
impacts on TP yield were observed in all harvested catchments during all seasons. The observed increases

in TP concentration and yield in the impacted catchments were (1) relatively small compared to previous



harvesting studies, and (2) lower than those frequently associated with dramatic increases in primary
productivity. These results may suggest that aquatic ecosystem threats from contemporary harvesting-
associated shifts in TP yields may be negligible in this region; however, the results are confounded because
climate change-associated decreases in hydrologic connectivity and acidification recovery likely also
muted the effects of forest harvesting on phosphorus concentrations and yields. Accordingly, this study
also underscores the critical importance of concurrent description/study of ecohydrological processes

that govern nutrient cycling across scales.

Keywords: Before-After-Control-Impact (BACI) Design, climate change, acidification recovery, Turkey

Lakes Watershed, forest harvesting, source water protection

2.2.Introduction

The natural storage and filtration of water by forests is valued at ~4.1 trillion USD per year in savings to
global drinking water treatment costs (Costanza et al., 1998; Neary et al., 2009). The majority of Canadians
and 60% of the US population rely on forested watersheds for their drinking water supply (Emelko et al.,
2011; Stein & Butler, 2004; Stein et al., 2005). Natural and anthropogenic disturbance on forested
landscapes can threaten drinking water supplies through changes in water quantity and quality (Emelko
et al., 2011; Emelko & Sham, 2014). Natural disturbances that impact water quantity and quality such as
wildfire (Silins et al., 2014), insect infestation (Oulehle et al., 2019; Weitzman et al., 2020) and ice storms
(Houlton et al., 2003; Su et al., 2017) are being amplified by changing climatic conditions (Seidl et al.,
2017). This is especially apparent with wildfire as climate-exacerbated changes in precipitation and
temperature are increasing the size, frequency and severity of wildfires throughout Canada and the US

(White et al., 2017). These extreme landscape disturbances threaten drinking water supply through

10



alterations to hydrological and biogeochemical cycles that intensify the transport of sediment and
associated nutrients to receiving streams (Emelko et al., 2016; Shakesby & Doerr, 2006; Silins et al., 2009;
Stone et al., 2014). These impacts are often long lasting and propagate large distances downstream,
affecting aquatic environments through variable water quality that challenge water treatment operations
and increases treatment costs (Emelko et al., 2016; Emelko & Sham, 2014; Silins et al., 2014; Stone et al.,

2014, 2021; Watt et al., 2021).

Phosphorus is widely recognized as the limiting nutrient in freshwater aquatic ecosystems that
can increase the risk of harmful algal blooms and challenge drinking water treatment operations (Emelko
et al., 2016; Schindler, 1974; Schindler et al., 2016). Phosphorus is often tightly recycled in forested
landscapes because of low inputs from mineral weathering and high demand from vegetation and
microbial communities (Julich et al., 2017; Palviainen et al., 2010; Smeck, 1985). Phosphorus in forested
soils is adsorbed to metal (Fe, Al, Mn)-oxy hydroxides or precipitated with Ca?* (McConnell et al., 2020;
Hoffmann et al., 2009; Penn & Camberato, 2019), resulting in exceedingly low soluble reactive phosphorus
(SRP) concentrations in streams draining forested landscapes. Due to the affinity of phosphorus to mineral
soil, sediment erosion is the primary vector for phosphorus transport from terrestrial to aquatic
environments (Hatch et al., 2001; Ide et al., 2008; Kerr et al., 2011; Kreutzweiser et al., 2008; McDowell &
Sharpley, 2002). Subsequently, once mineral bound phosphorus enters aquatic environments, it can

desorb into the water column and promote algal proliferation (Orihel et al., 2017).

Numerous studies have reported a critical total phosphorus (TP) concentration threshold that
promotes an increase in the growth of algal blooms and associated cyanobacterial biomass (Carvalho et
al., 2013; Fastner et al., 2016; Schindler et al., 2016; Vuorio et al., 2020; Wagner & Adrian, 2009; Xu et al.,
2015). This threshold varies depending on environmental conditions and the cyanobacterial taxa of
interest, but typically ranges from 20 — 50 ug TP L (Fastner et al., 2016; Vuorio et al., 2020; Xu et al.,
2015). However, recent work has reported an increase in the occurrence of algal blooms in low nutrient

11



(< 10 pg TP L1), oligotrophic lakes, rivers, and streams across the North American continent and
throughout Ontario, Canada; these have been attributed to warmer temperatures and climate change-
exacerbated landscape disturbances such as extreme precipitation (Karmakar et al., 2015; Stoddard et al.,
2016; Winter et al., 2011). Total phosphorus concentrations in oligotrophic lakes in forested regions across
Ontario were below thresholds listed above and suggest that small increases in TP concentration may
affect the quality and treatability of the water originating in these lakes. Accordingly, it is necessary to
evaluate physical and biogeochemical water quality responses to forest management (i.e., harvesting)

and climate exacerbated disturbances.

Forest harvesting has been recently proposed as a potential management strategy to protect
drinking water supply because of the increasing effects of climate change exacerbated landscape
disturbances (Deval et al., 2021; Emelko & Sham, 2014; Gannon et al., 2019; Webb, 2012). However, forest
harvesting also can degrade water quality through changes to hydrological and biogeochemical processes
on the landscape (Boggs et al., 2016; Deval et al., 2021; Kreutzweiser et al., 2008);. Harvesting reduces
water storage capacity in forested soils through increased water inputs caused by a reduction in
evapotranspiration, interception (Johnson et al., 2007; Jones, 2000; Mackay & Band, 1997; Murray &
Buttle, 2003) and infiltration (Chanasyk et al., 2003; Naghdi et al., 2016; Startsev & McNabb, 2000). These
changes often increase surface runoff volumes (Chanasyk et al., 2003) and shallow subsurface lateral flow
(Monteith et al., 2006a, 2006b) which often leads to increased phosphorus transport to receiving streams
via erosion, especially after disturbance (Emelko et al., 2016), and flushing of the phosphorus-rich upper
soil profile (Backnas et al., 2012; Evans et al., 2000; Macrae et al., 2005; Whitson et al., 2005). Harvesting
can also alter phosphorus pools on the landscape through changes in rates of mineral weathering,
leaching, microbial activity, organic material supply, soil temperature and soil moisture (Kreutzweiser et
al., 2008). In some regions, harvesting has significantly increased both phosphorus concentration and yield

(Ahtiainen & Huttunen, 1999; Deval et al., 2021), significantly increased yield only (Léfgren et al., 2009;
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Nieminen, 2004; Palviainen et al., 2014), or had no or varied effects on either yield and concentration
(Boggs et al., 2016; Webster et al., 2022). For these reasons its critical to better understand, quantify, and

mitigate these effects to prevent unintended consequences on drinking water supply.

The varied responses of phosphorus concentration and vyield to harvesting are governed by
differences in climate, topography, soil conditions, harvest intensity, forest types, rates of regeneration,
and time since disturbance (Kreutzweiser et al., 2008). Understanding the conditions in which forest
harvesting impacts phosphorus concentration and vyield is critical to identifying when harvesting is a
suitable source water protection strategy. It is widely acknowledged that the largest effects of harvesting
on water quality occur immediately after harvesting (1-5 years) (Ahtiainen & Huttunen, 1999; Boggs et al.,
2016; Swank et al., 2001). However, there is a paucity of long-term studies on these effects (> 10 years)
(Webster et al., 2015). While Palviainen et al. (2014) found that small harvesting effects can last for many
years after disturbance very little is known about the seasonal effects of forest harvesting on phosphorus
concentration and yield. Therefore, to better understand the long-term forest harvesting impacts on
phosphorus transport dynamics careful review and analysis of long term data is necessary to better

understand the long term seasonal impacts.

Water quantity and quality in forested landscapes can change rapidly in response to disturbance
pressures such as harvesting or changing environmental conditions (Buttle et al., 2018; Webster et al.,
2022). Previous studies have documented the effects of changing environmental conditions on hydrology
and biogeochemistry at the Turkey Lakes Watershed (TLW), a forest ecosystem research site located in
central Ontario, Canada, that has operated since 1979 and is the location of the study presented herein.
These reported findings include changing climate (Buttle et al., 2018), recovery from acid rain (Webster
et al.,, 2021b) and forest harvesting (Webster et al.,, 2022). Notably despite the changing climatic
conditions observed in TLW, forest harvesting still changed the prominent flow paths contributing to
stream flow (Monteith et al., 2006a), reduced water travel times (Leach et al., 2020) and increased annual
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and seasonal water yields (Buttle et al., 2018). Additionally, Buttle et al. (2018) reported limited
harvesting impacts on numerous hydrological variables immediately after disturbance. This was attributed
to the years immediately following harvesting being abnormally dry, suggesting that changing climatic
conditions may have limited the hydrologic response to harvesting (Buttle et al., 2018). Similarly, Webster
et al. (2022) found the combined influence of changing climatic conditions and recovery from acid rain
influenced the response of water quality to forest harvesting. Consequently, depending on the solute in
guestion, changing environmental conditions and harvesting either had an antagonistic (mitigative) or
agonistic (synergistic) relationship (Webster et al., 2022). Accordingly, these studies show how changing
environmental conditions can influence the magnitude and recovery of harvesting effects on water
guantity and quality. More study is therefore needed to better understand how changing environmental
conditions will influence the hydro-chemical consequences of forest harvesting and create any potential

threats to drinking water supply.

Given the importance of forested watersheds as a primary source of drinking water for Canadians
juxtaposed with climate exacerbated landscape change impacts on water quality, the primary goal of this
study is to understand annual and seasonal changes in TP concentration and TP yield at the Turkey Lakes
Watershed. The objectives of the study are to: 1) evaluate long-term changes across all seasons and each
season individually within undisturbed forested catchments to discern potential effects of environmental
change in the study area; and 2) determine the immediate and long term effects across all seasons and
each season individually of three harvesting treatments (shelterwood, selective, clear-cut) on phosphorus

concentrations and yields using multiple controls in a before-after-control-impact (BACI) design.
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2.3. Methods

A description of the study site and experimental design are provided in sections 1.3.2 and 1.3.3 in

Chapter 1.

2.3.1. Field and Laboratory Analyses

Meteorological (Environment and Climate Change [ECCC] Canadian Air and Precipitation Monitoring
Network (CAPMoN) Algoma site) data were collected at a site located 600 m outside of TLW (Figure 1.1,
Webster, et al., 2021a). Air temperature was measured every 10 minutes by sensors located on the top
of a 10 m tower and averaged to produce a daily mean value (Webster, et al., 2021a). Precipitation depths
were measured daily using a standard rain gauge and a Nipher-shielded snow gauge (Webster et al.,
2021a). Bulk precipitation samples consisting of both wet-only precipitation and dry deposition were
collected weekly and analyzed for sulphate (SO4%), nitrate (NOs’) and total phosphorus (TP) using standard
methods at the Great Lakes Forestry Center Water Chemistry Laboratory, Sault Ste. Marie, Ontario
(Webster et al., 2021b). Each study catchment was instrumented with a 90° v-notch weir, stilling basin
and water level logger to estimate continuous stream flow (Beall et al., 2001). Stage discharge
relationships were used to calculate instantaneous discharge converted to a mean daily discharge (Beall
et al.,, 2001). The discharge record was continuous from in 1981 to 2012 for all catchments except for C46,
which ended in 2007 (Leach et al., 2020). Water samples were collected at the weir notch daily during
snowmelt and biweekly to monthly for the remainder of the year (Leach et al., 2020). TP concentrations
were analyzed at the Great Lakes Forestry Centre Water Chemistry Laboratory on a Technicon
Autoanalyzer Il using the molybdophosphoric blue method with a detection limit of 1 pg L™ (Environment

Canada, 1979).
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2.3.2. Statistical Analyses

Stream flow and water chemistry data from 1981 to 2012 were summarized by season for each water
year (WY) defined from September 1% to August 31°" and seasons were defined as Fall (September to
November), Winter (December to February), Spring (March to May) and Summer (June to August). Mean
daily flow was summed and converted to a seasonal water yield (mm). Total phosphorus concentrations
were converted to seasonal flow-weighted TP concentrations (Palviainen et al., 2015). Total phosphorus
yield was calculated as the product of seasonal water yield and seasonal flow-weighted TP concentration
according to the method of Rekolanien et al. (1991). The data were log transformed for statistical analysis.
A 10% significant level (a = 0.1) was considered sufficient for indicating a significant impact as water

quality parameters are highly variable in forested headwater systems (Emelko et al., 2016).

Temporal trends in TP concentration and yield across all seasons (i.e., all seasonal values in one
time series) were evaluated using the Seasonal Mann-Kendall trend test; individual seasonal trends were
evaluated using the Mann-Kendall trend test (Hirsch et al., 1982; Hirsch & Slack, 1984). These tests are
commonly used to identify monotonic trends such as those associated with hydrologic recovery from
harvesting (Buttle et al., 2018) and recovery from acid rain (Webster et al., 2021b). Trend tests were

conducted on all the monitored TLW headwater catchments described in Table 1.

To quantify the effects of harvesting on TP concentration and TP yield, a BACI paired catchment
approach with multiple controls—the predominant method for identifying landscape disturbance impacts
on water quantity and quality (Brown et al., 2005; Neary, 2011)—was used. An ordinary least squares
linear regression model was fit between a control and treatment catchment during the calibration period
(before 1997). Simple linear regression was used to predict the expected value of TP concentration and
TP yield in the treatment catchments after the calibration period (i.e., after 1997). Differences between

observed and predicted values represents treatment effects (Moore & Scott, 2005). For these linear
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regressions, control catchments (C32, C35 and C46) and treatment catchments (C31, C33, and C34) were

used. Regression equations can be seen in Table Al.

The Mann Whitney U Test and an extra sum of squares analysis of covariance (ANCOVA) were
used to evaluate differences in TP concentration and yield between the treatment and control
catchments. The Mann Whitney U test was used to evaluate differences between the predicted and
observed values (Gravelle et al., 2009), both seasonally and over the entire post-harvesting period. Using
a previously reported approach (Buttle et al., 2018; Moore & Scott, 2005), ANCOVA was used to compare
two linear models. The first model ignores the treatment effect and combines the pre- and post-treatment
data into one linear regression:

y=Pot+ fix1+ ¢ (1.1)

where y = the parameter of interest in the treatment catchment, x; = the parameter of interest in the
control catchment, S, and f5; are regression coefficients and € is an error term assumed to be
independent, normally distributed, and homoscedastic. The second model includes a dummy variable x,

that is equal to 0 or 1 in the pre and post harvesting period, respectively:

Y= Bo+ Bi1x1+ Pxz + P3xix; + € (1.2)

During the post harvesting period when x, = 1 the equation rearranges to:

y= (Bo+B2) +(B1+B3)x1 + € (1.3)

with a null hypothesis of no change between the control catchments or harvesting effect shown as:

Hy: po = B3=0

A partial F-test was then used to evaluate if the difference between the two models was significant.

Two additional methods were used to assess treatment effects on TP concentration and TP yield.

The first compared the range of differences between observed and predicted values before and after 1997
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(i.e., the year which harvest occurred). A treatment impact was indicated if the range of differences after
harvesting was outside the range observed before harvesting (Buttle et al., 2018). The second method
compared the ratio of positive to negative differences between observed and predicted values before and
after 1997. A change in this ratio highlights systematic differences (consistently positive or negative) that

may not be identified by other statistical tests (Buttle et al., 2018).

2.4, Results

2.4.1. Objective 1: Effects of Changing Environmental Conditions on TP Concentration and TP

Yield in Forested Catchments

2.4.1.1. Temporal Change in Meteorological Conditions and Wet Deposition
From 1983 to 2012 WY, total annual precipitation generally declined and mean annual temperature
increased. Notably, mean annual concentrations of sulphate, nitrate, and TP deposition also decreased

over time (Figure 2.1).

2.4.1.2. Temporal trends in TP concentration and TP yield for undisturbed control catchments

Results from the Seasonal Mann - Kendall Trend test show a varied response of TP concentration and TP
yield between 1981 and 2012 WY for all seasons (Figure 2.2a). TP concentrations declined significantly in
most catchments (Kendall T ranging from -0.138 to -0.257, p < 0.1) however, no significant change was
observed in catchments C42 and C50. Conversely, TP concentration increased significantly (Kendall t
ranging from 0.12 to 0.236, p < 0.1) in the wetland dominated catchments C37 and C38. The TP yields in
most catchments decreased significantly over the study period (Kendall T ranging from -0.147 to -0.389, p

< 0.05). In contrast there was not significant change in TP yield in C38.
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Figure 2.1 Long-term(1983 to 2012 WY) trends in precipitation, temperature and wet deposition chemistry at the TLW
meteorological and CAPMON station. Blue lines and equations represent the line of best fit with the corresponding equation.

Individual seasonal trends using the Mann-Kendall trend test for TP concentration varied across

the undisturbed catchments. TP concentrations in C35, C47 and C49 in the Fall decreased significantly

(Kendall T ranging from -0.227 to -0.389, p < 0.1) while TP concentration increased significantly in C38

(Kendall t: 0.275, p < 0.05). TP concentration trends generally did not change in the Winter or Spring.

Exceptions included significant declining TP concentration trends in C42 during the Winter (Kendall t: -

0.258, p < 0.1), significant declining TP concentration trends in C46 during the Spring (Kendall t: -0.243, p

< 0.1) and significant increasing TP concentration trends in C37 and C38 during the Spring (Kendall t

ranging from 0.252 to 0.282, p < 0.05). Finally, Summer TP concentrations were highly variable but

declined significantly over time in C35, C39, C46 and C47 (Kendall T ranging from -0.277 to -0.458, p <
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Figure 2.2 Kendall Tau statistics for TP concentration and yield in harvested and control (non harvested) catchments at TLW for all seasons
and individual seasons. Larger points reflect a significant trend at a 10% (a = 0.1) significance level. Plot A shows the trends in non
harvested catchments from 1981 to 2012. Plot B shows the pre (1981 — 1997 WY) and post (1998 — 2012 WY) trends in the harvested
catchments. Increasing and decreasing trends are shown by positive and negative Kendall Tau statistics, respectively.
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0.05), increased significant in C38 (Kendall t: 0.349, p < 0.05), while significant changes were not observed

in C32, C37, C42 and C49.

The individual seasonal TP yields were variable but generally decreased over time. There was a
significant decline in Fall TP yields in catchments C32, C35, C39, C46, C47 and C49 (Kendall t ranging from
-0.236 to -0.433, p < 0.1). TP yields in the winter were stable in most catchments, however there was a
significant declining trend in C46 and C50 (Kendall T ranging from -0.223 to -0.292, p < 0.1). Spring seasonal
TP yields declined significantly in all catchments (Kendall t ranging from -0.214 to -0.472, p < 0.1), except
for C37 and C42. TP yield decreased significantly in the Summer (Kendall T ranging from -0.232 to -0.594,

p <0.1) for all catchments except for C38, C42 and C50, where no significant trend was observed.

2.4.2. Objective 2: Harvesting Effects on TP Concentration and TP Yield

2.4.2.1. Temporal Trends in TP Concentration and TP Yield for Harvested Catchments

Temporal trends for TP concentration in the harvested catchments for the pre harvesting periods (1981
to 1997 WY) varied seasonally and between catchments (Figure 2.2b). Across all seasons, TP concentration
declined significantly in the clear-cut (Kendall t: -0.313, p £ 0.05), selection cut (Kendall t: -0.343, p £ 0.05),
and shelterwood cut (Kendall t: -0.436, p < 0.05) during the pre harvesting period. After harvesting (1998
to 2012 WY) TP concentration continued to decline significantly in the selection cut (Kendall t: -0.184, p <
0.1) and shelterwood cut (Kendall t: -0.250, p <0.05). No significant change in TP concentration was
observed in the clear-cut during the post harvesting period. Significant seasonal trends in the pre
harvesting period were observed in the clear-cut and shelterwood cut during the Fall and Winter (Kendall
tranging from -0.324 to -0.533, p < 0.1), in the selection cut during the Spring (Kendall t: -0.368, p < 0.05),
and in all three harvested catchments during the Summer (Kendall t ranging from -0.426 to -0.538, p <
0.05). Significant seasonal trends in the post harvesting period were observed in the shelterwood cut

during the Fall and Spring (Kendall T ranging from -0.352 to -0.462, p < 0.1).

21



Similarly, TP yield trends in the harvested catchments was varied (Figure 2.2b). Pre harvesting
trends for TP yield across all seasons showed a significant decline in all three harvested catchments
(Kendall T ranging from -0.230 to -0.277, p < 0.05). However, no significant trends were observed in any
of the harvested catchments after harvesting. Significant individual seasonal trends were observed during
the Fall and Spring prior to selection cut harvesting (Kendall t ranging from -0.317 to -0.382, p < 0.1),
during the winter prior to the shelterwood cut (Kendall t: -0.397, p < 0.05), and during the Summer prior
to the clear-cut (Kendall t: -0.429, p < 0.05). Significant seasonal trends were observed during the Spring
after the selection and shelterwood cuts (Kendall t ranging from -0.390 to -0.429, p < 0.05), and during

the Summer after the clear-cut (Kendall t: -0.636, p < 0.05).

2.4.2.2. Harvesting effects on flow-weighted total phosphorus concentration

Small but significant increases in flow-weighted TP concentration (Mann Whitney U Test, ANCOVA p <0.1)
were observed in the clear-cut (compared to C32 and C46) and the selection cut (compared to C35) (Table
2.1). Harvesting effects were largest in the clear-cut, followed by the selection cut and smallest in the
shelterwood cut catchments (Figure 2.3 and Al). Mean harvesting effects on TP concentration ranged
from1+1pglt0+1tol+1pugl?, and0+1to0+2 pglLiforthe clear-cut, selection cut and shelterwood
cut, respectively (Table 2.1). Harvesting effects were mostly within the range observed before harvesting
except for a few extreme values in the clear-cut and shelterwood cut catchments. The largest harvesting
effects occurred 3 to 9 years after harvesting (Figure 2.3). The ratio of positive to negative harvesting
effects increased in the clear-cut (largest increase: 1.26 to 2.00) and selection cut (largest increase: 0.85

to 1.60) and decreased in the shelterwood cut (largest decrease: 1.07 to 0.58).

The largest seasonal effect of harvesting on TP concentration occurred in the Spring with
significantly higher TP concentrations (Mann Whitney U Test, ANCOVA p < 0.1) for all three harvested

catchments (compared to C46) and in the clear-cut and selection cut catchments (compared to C35) (Table
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Table 2.1 Summary table of harvesting impacts on flow weighted TP concentration (ug L) for the clear-cut, selection cut, and shelterwood cut catchments compared to all controls for all seasons combined
and each individual season. Values reported include, number of observations in the post harvesting time period (n), mean * standard deviation (SD) of harvesting effects with the Mann Whitney U Test on
observed and predicted values in the post harvesting time period, p-values from ANCOVA on the simple and complex linear regressions between control and harvested catchments (regressions that did not
meet the assumptions were removed and replaced with a “-“), ratio of positive to negative differences in both the pre harvesting and post harvesting time period, and the number of post harvesting effects
outside of the pre harvesting range.
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Figure 2.3 Harvesting effects or differences between the observed and predicted values from the calibration regressions on flow weighted TP concentration (ug L) for the harvested catchments compared to

all control catchments during all seasons combined and each individual seasons.
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2.1). A significant increase (Mann Whitney U Test, p < 0.1) in Winter TP concentrations was observed in
the clear-cut (compared to C35) (Table 2.1). There was no increase in TP concentration for the harvested
catchments in the Fall and Summer. The ratio of positive to negative treatment effects generally increased
(smallest increase: 0.83 to 1.00; largest increase: 1.43 to 9.00) between the pre and post harvesting
periods. The range of treatment effects post harvest was mostly within the pre harvest range except for

a few outliers (Table 2.1). Seasonal harvesting effects are presented in Figure 2.3 and A2.

2.4.2.3. Harvesting effects on total phosphorus yield

Total phosphorus yield increased in all harvested catchments with the largest response occurring in the
clear-cut (Figure 2.4 and A3). Mean harvesting effects across all seasons ranged from 2 +3to 3 +4 gha'
season?, 2 +3to3 +3 ghalseason?, and1+3to2+4ghalseason? (Table 2.2) and annual harvesting
effects ranged from -1 to 22 g hayear?, 0 to 14 g halyear?, and -4 to 21 g halyear® (Table 2.3) in the
clear-cut, selection cut and shelterwood cut catchments, respectively. Significant harvesting effects were
observed in the clear-cut (compared to C35 and C46; Mann Whitney U Test, p < 0.05) and the selection
cut (compared to all controls) (Mann Whitney U Test, ANCOVA p <0.05) (Table 2.2). The largest harvesting
effects occurred 3 to 9 years after harvesting (Figure 2.4). The range of harvesting effects was within the
range observed before harvesting occurred suggesting a limited impact of harvesting on the magnitude
of TP yield (Figure 2.4). However, when looking at the change in the positive to negative harvesting effects
ratio it is clear there was a small increase in TP yield. The ratio increased in all three harvested catchments
with the largest changes ranging from 1.17 to 11.5, 1.18 to 16.33 and 1.38 to 8.25 for the clear-cut,

selection cut and shelterwood cut catchments, respectively (Table 2.2).

Seasonal effects of harvesting on TP yield were observed in all seasons and were the largest in the
Spring, consistent with the results observed for TP concentration. Significant increases (Mann Whitney U

Test, ANCOVA, p <0.1) in the Spring TP yield were observed in all harvested catchments (compared to all
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Table 2.2 Summary table of harvesting impacts on flow weighted TP concentration (g ha! season) for the clear-cut, selection cut, and shelterwood cut catchments compared to all controls for all seasons
combined and each individual season. Values reported include, number of observations in the post harvesting time period (n), mean * standard deviation (SD) of harvesting effects with the Mann Whitney U
Test on observed and predicted values in the post harvesting time period, p-values from ANCOVA on the simple and complex linear regressions between control and harvested catchments (regressions that did
not meet the assumptions were removed and replaced with a “-“), ratio of positive to negative differences in both the pre harvesting and post harvesting time period, and the number of post harvesting effects
outside of the pre harvesting range.

c32 ¢35 c46
# Effects # Effects # Effects
Season Cafchment n h?: :gli eS),D Ax&%\g\ Ratio Pre  Ratio Post Olgftlede hf:j/gli ;‘S),D A:f\?a?‘:é"'\ Ratio Pre  Ratio Post ougféd 5 n h?:j';li 39 ApN_‘Z?u\;A Ratio Pre  Ratio Post Olgft'ade
Harvest Harvest Harvest
Range Range Range
cexca | @ &, - aw 4mmr| w2z o ms Al | w gy - e s et
G, e | a2 e AeT| e @@ com um ws RES| W gm - ose  uwm A
et w B - wm e EE| e HE - ge b BRI e &Y - e e S
Clear Cut 11 by e 1500 10 A 13 oom 0103 1143 12 e 9 i - 1.000 8 il
Fall St 1 (g 50:;) 0.036 1.800 Inf igven 2 13 (33‘1%) 0.014 1500 12 Abowe: s, 9 ( 35633) 0.096 1.286 inf sy
St 1 (3_27‘8) 0.017 0.875 w75 Glved 13 (3, ;‘4%) 0.335 0.600 a0y SOl 9 (3.719%) 0536 1.667 2 w2
Clear Cut 1 asyy o 0833 ghgs AN 1 i - 0889 W et 10 e 0.875 4 e g
Winter ~ Seiection 14 [J. fol) 0.004 0.667 25 A 12 ((}.501) 0.001 1.000 Inf et 10 (0'.0*03) 0.045 0.625 9 Al &
e o g e om 4 M| a4 Qg e om e Mgl oW e - e o g
Clear Cut 15 (3 6‘2‘1) 0.008 2.400 65 e 15 (3 6:0;) 0.038 3.250 Inf et 10 (07.6‘0‘;,) 0.015 3.250 Inf e
Spring  Selection 15 @ i ; 0.014 1.667 65 v 0. 15 (g’_ go?é) 0.052 3.250 14 S 10 : g.oiog) 0.003 1.833 Inf i
Shopctuiod 15 (3;4?4) 0.334 1.429 faay o 15 (3 3‘9%) 0.971 7.500 65 Rlovecd, 10 ( 2 3326) 0318 2.400 inf e
Clear Cut 10 0do e 0.571 4 e 2 1 P - 0.556 g5 A0S 7 s - 1.600 6 Awe 3
Summer ~ Seiection % oty s 0.625 10 s 12 o021 0068 0364 11 s 8 o - 0.400 3 e
Sheoowood|| ooy 0625 45 s 12 07k 0565 0455 2 Re: = 8 o . 0.556 o hoved
‘Mann Whitney U Test p-value

-Assumptions not met for ANCOVA test
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Table 2.3 Annual harvesting effects on TP yield from similar BACI studies.

Region ':fug"iz:s' Data Record Length Disturbance Type Area Disturbed (%) Treatment Effect on Phosphorus Yield Study
Eastern Finland 6 15 Years (Pre: 4 Years. Post: 16 Years) Clear Cut, Site Preparation, Fertilization 13-58% Annual Total Phosphorus Yield: 0 - 1100 g/ha area Ahtiainen and Huttunen, 1999
Northem Sweden 5 8 Years (Pre: 2 Years. Post: 6 Years) Clear Cut. Clear Cut with Buffer Strip 30-73% Annual Total Phosphorus Yield: 10 - 40 g/ha Lofgren et al. 2009
North Eastern Texas, USA 13 8 Years (Pre: 3 Year. Post: 5 Years) Clear Cut, Site Preparation, Fertilization - Annual Tetal Phosphorus Yield: 0 - 1069.0 g/ha McBroom et al. 2008
Southern Finland 5 8 Years (Pre: 2 Years. Post: 6 Years) Clear Cut, Site Preparation, Peatland Drainage 40 -70% Annual Disolved Phosphorus Yield: 16.0 - 40.0 g/ha Nieminen. 2004
Eastern Finland 4 Varied (Pre: 4 - 9 Years, Post: 9 - 15 Years) Clear Cut with Buffer Strips 8-34% Annual Orthophesphate Yield: 2 g/ha Palviainen et al. 2014
Nerth Carolina, USA 2 20 Years (Pre: 7 Years. Post: 13 Years) Clear Cut. Road Construction, Site Preparation 100% Annual Orthophesphate Yield: 10 - 40 g/ha Swank et al. 2001
Northern Idaho, USA 7 24 Years (Pre: 5 Years, Post: 19 Years) Clear Cut, Partial Cut, Road Construction 9-50.5% Annual Total Phosphorus Yield: 27 - 88 g/ha Deval et al. 2021
Nerth Carolina, USA 6 6 Years (Pre: 3 Years. Post: 3 Years) Clear Cut with Buffer Strips, Site Preparation, Tree Planting 30 - 100% Mean Annual Total Phosphorus Yield: 100 - 250 g/ha Boggs et al. 2016
Northeast Victoria, Australia 2 11 Years (Pre: & Years, Post: 3 Years) Wildfire, Salvage Logging - Annual Particulate Phosphorus Yield: 880 - 6200 g/ha Smith et al. 2012
C31, TLW 1 31 Years (Pre: 16 Years, Post 14 Years) Clear Cut 100% Annual Total Phespherus Yield: -1 - 22 g/ha This Study
C33, TLW 1 31 Years (Pre: 16 Years. Post: 14 Years) Selection Cut 100% Annual Total Phosphorus Yield: 0 - 14 gha This Study
C34, TLW 1 31 Years (Pre: 16 Years, Post 14 Years) Shelterwood Cut 70% Annual Total Phosphorus Yield: -4 - 21 g/ha This Study
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controls) except for the shelterwood cut (compared to C32) (Table 2.2). TP yield in the selection cut
(compared to all controls), clear-cut (compared to C32) and shelterwood cut (compared to C32) increased
significantly (Mann Whitney U Test, ANCOVA, p < 0.1) in the Fall. Significant increases (Mann Whitney U
Test, ANCOVA, p < 0.1) occurred in the Winter for the clear-cut (compared to C46), the selection cut
(compared to all controls) and the shelterwood cut (compared to C35 and C46) (Table 2.2). Finally,
significant increases (Mann Whitney U Test, ANCOVA, p < 0.1) in the Summer occurred in the clear-cut
and shelterwood cut (compared to C32) and in the selection cut (compared to all controls) (Table 2.2).
The ratio of positive to negative harvesting effects increased in all seasons and the number of values
outside the pre harvesting range was largest in the Summer and Winter. Seasonal linear regressions

between the control and harvested catchments pre and post harvesting can be seen in Figure A4.

2.5. Discussion

2.5.1. Temporal Trends in Phosphorus Concentration and Yield

The decline in TP concentration over the study period can be explained by changing environmental
conditions in TLW that include climate warming, recovery from acid rain and declines of phosphorus
atmospheric deposition. The warming and drying trends in TLW described by Buttle et al. (2018) and
shown in Figure 2.1 may have reduced hydrological connectivity between the hillslope and stream
channel. Total P concentrations in streams typically increase with increasing flow (Hoffmann et al., 2009;
Kreutzweiser et al., 2008), suggesting that reduced hillslope channel connectivity would decrease TP
concentrations. Reductions in soil sulfate and nitrate concentrations (Figure 2.1) due to recovery from
acid rain deposition (Webster, et al., 2021b) and reductions in atmospheric phosphorus deposition (Figure
2.1) are contributing factors that help to explain the observed reduction in stream TP concentrations. The

increase in soil pH due to a decrease in acid rain over the study period will limit the potential for
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phosphorus release from soils (Sherman et al., 2006). As soils recover from acidification and the
mobilization of iron and aluminum oxides decreases, it is expected that phosphorus sorption within soils
will increase reducing the amount of phosphorus available for transport to the stream network (Davidson
et al., 2003; Mengistu et al., 2014). Finally, phosphorus deposition can be a critical nutrient source in
geologically low phosphorus landscapes where rates of mineral weathering of phosphorus from bedrock
are low (Eimers et al., 2018) and as phosphorus deposition decreases, the availability of phosphorus on
the landscape will also be reduced. The combined and cumulative effects of these factors (climate change,
recovery from acid rain, reduced phosphorus deposition) should reduce phosphorus availability and lead
to a reduction of TP concentrations, as observed at TLW. Trends in TP yield are more easily explained as
both TP concentration (this study) and flow (Buttle et al., 2018; Webster, et al., 2021b), the main

components that make up TP yield, have both decreased through time.

Unlike most catchments which showed no change or declining TP concentration trends, the
wetland dominated catchments (C37 and C38) showed increasing TP concentrations over time. As the
presence of wetlands in a watershed plays a critical role in controlling stream water chemistry including
the supply of phosphorus to stream channels (Fritz et al., 2018; Leach et al., 2020; O’Brien et al., 2013), it
is likely catchments with substantial wetland cover would respond differently to changing environmental
conditions then those without. The changing meteorological conditions due to climate change in TLW may
have caused TP concentrations to increase in the wetland dominated catchments in one of two ways; (1)
warmer temperatures may have increased the rates of decomposition and mineralization resulting in
larger soluble phosphorus pools (Hoffmann et al., 2009) and (2) the hydrologic contributions from
wetlands to total stream flow under drier conditions would have increased as hillslopes will become
increasingly disconnected from the stream channel while wetlands act as sponges that release water
through dry periods (Lane et al., 2020; Leach et al., 2020). Wetlands are sources of phosphorus to streams

particularly under anoxic conditions where the reduction of Fe (lll) to Fe (Il) may release Fe associated
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phosphorus (Davidson et al., 2003; Liptzin & Silver, 2009; Mengistu et al., 2014; O’Brien et al., 2013) and
as wetlands contribute more water to total stream flow, phosphorus concentrations within the streams

may also increase.

Trends in TP concentration and yield within seasons were similar to the trends observed across
all seasons. Notably TP concentration and yield in most catchments did not change or declined
significantly (Figure 3a). Seasonal declines in TP concentration were most prominent during the Summer
and Fall. Summer declines in TP concentration have likely been driven by increasing dryness within TLW
during the Summer (Creed et al., 2015), which would limit stream flow and any subsequent phosphorus
transport. Declines in TP concentration and yield during the Fall are less easily explained as Fall storms
have intensified and which would likely mobilize nutrients from litterfall (Creed et al., 2015). Increases in
stream TP concentrations would be expected. In contrast, here, Fall TP concentrations generally declined;
the causal factors for these declines are not clear. Over the study period, TP concentrations and yields
were the most stable during the Winter. This is surprising as numerous studies have reported major
hydroclimatic changes occurring during Winter (Creed et al., 2015; Grogan et al., 2020; Hardy et al., 2001).
Increasing temperatures during the Winter have caused higher fractions of precipitation falling as rainfall
(Grogan et al., 2020; Hardy et al., 2001), increasing the occurrence of rain on snow events, which can
rapidly increase stream flow (Berghuijs et al., 2016; Li et al., 2019; Silins et al., 2014). Additionally, warmer
Winter temperatures reduce snowpack depths (Hardy et al., 2001) thereby altering soil freeze thaw
dynamics and soil biogeochemical cycles (Blankinship & Hart, 2012). These changes can impact the
hydrologic cycle and affect downstream transport of nutrients to aquatic environments (Grogan et al.,
2020). Therefore, the stability of TP concentration and yield during the Winter within the catchments at
TLW is surprising and unexplained. Future work should focus on identifying how changing Winter

conditions may impact nutrient cycling and subsequent transport to stream networks.
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2.5.2. Effects of Forest Harvesting on Phosphorus Concentration and Yield

The results indicate that clear-cut and selection cut forest harvesting operations significantly increased TP
concentrations at TLW. However, as mean harvesting effects were small (< 2 pg L?), these increases are
unlikely to impact aquatic ecosystems as statistical significance does not always equate to biological
significance (Schindler, 1977). Similar studies have reported that harvesting had no effect on phosphorus
concentrations in the boreal forest in southern Finland (Nieminen, 2004), northern Sweden (Lofgren et
al.,, 2009), hardwood forests in North Carolina, USA (Boggs et al., 2016) and mixed conifer stands in
northern Idaho, USA (Deval et al., 2021). The efficient recycling and retention of phosphorus in forested
landscapes, high binding capacity of phosphorus to mineral soils, and/or low rates of mineral weathering
of surficial geology (Backnas et al., 2012; Eimers et al., 2018; Emmerton et al., 2019) may contribute to
the limited effects of forest harvesting on phosphorus concentrations and yields in impacted streams.
Furthermore, the relative absence of overland flow in TLW may also limit the mobility and transport of

sediment-associated phosphorus to receiving streams (Hoffmann et al., 2009; Kreutzweiser et al., 2008).

Results from the ANCOVA, Mann-Whitney U Test and changes in the positive to negative
harvesting effects ratio all show that TP yield responded significantly to forest harvesting at TLW.
Significant changes in hydrology in response to forest harvesting (Buttle et al., 2018, 2019) concurrent
with minimal change in TP concentrations show that changes in TP yield are being driven by shifting
hydrological conditions and not changes in phosphorus pools on the landscape. Unlike TP concentration,
TP yield typically increases after forest harvesting with annual increases ranging from 10 to 1000 g ha™
year? (Table 2.4). In the present study, maximum annual harvesting effects ranged from 14 to 22 g ha
year which is lower than the maximum harvesting effects observed in the literature (Table 2.4). Notably,
the observed harvesting effects within this study are lower than studies which experienced additional
disturbance effects such as road construction, site preparation and fertilization (Ahtiainen & Huttunen,

1999; Boggs et al., 2016; Deval et al., 2021 and McBroom et al., 2008). Studies that only included the
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effects of timber removal have reported a similar range of harvesting treatment effects on TP yield as
those observed at TLW (Lofgren et al., 2009; Palviainen et al., 2014). Accordingly, harvesting-related
activities other then direct tree removal may be the primary driver of deteriorated water quality in the
other investigations. Thus, the effects of timber removal and associated activities such as road

construction, stream crossings and site preparation should be evaluated separately and concurrently.

Surprisingly, harvesting effects on TP concentration and yield were larger in the selection cut than
the shelterwood cut, despite the lower harvesting intensity. This is likely related to the road network
within the selection cut catchment that runs parallel to the stream and reroutes overland flow into the
stream channel. Buttle et al. (2018) found the road network to have a similar impact, with the selection
cut catchment showing a larger harvesting impact on annual and seasonal water yield when compared to
either the clear-cut or shelterwood cut catchments. This further supports the notion described above that
harvesting related infrastructure (i.e., road networks, stream crossings and site preparation) may be the

primary driver of impacts on water quantity and quality in forested landscapes.

Unsurprisingly, TP concentration harvesting effects observed in the Spring, the most
hydrologically connected time of year at TLW (Buttle et al., 2018), were larger than the those observed in
the other seasons. The large response observed in the Winter was unexpected and may be caused by
Winter warming, rain on snow and/or more frequent freeze thaw events (Casson et al., 2012).
Surprisingly, harvesting had little influence on TP concentration in the Fall as it would be assumed that
leaf senescence would increase phosphorus pools that could be flushed out during Fall storms (Creed et
al., 2015). The largest seasonal effects on TP yield were observed in the Spring and Fall while the smallest
were measured in the Winter and Summer. This is unsurprising as the magnitude of harvesting effects on
seasonal runoff was largest in the Spring and Fall and smallest in the Winter and Summer (Buttle et al.,

2018).
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2.5.3. Combined and Competing Effects on Phosphorus Concentration and Yield

The TLW catchments are responding to a range of changing environmental conditions, including climate
change (Buttle et al., 2018) and recovery from acid rain (Webster et al., 2021b). These changing
environmental conditions likely influence the response of these catchments to forest harvesting. Climate
warming can alter TP concentrations and yields through changing hydrological connectivity that limits the
ability for phosphorus to be transported from the landscape to stream networks (Dillon & Molot, 1997).
Soil acidification can increase the mobilization of Al and Fe in soils which can increase the risk of
phosphorus leaching to surface waters (Sherman et al., 2006). As soils recover from acidification it can be
expected that the rate of phosphorus leaching will decrease through changes in phosphorus solubility
within forested soils (Penn & Camberato, 2019). However while previous studies in the Canadian Shield
report that soil acidification has had no effect on phosphorus sorption, more and work is needed to better
understand these processes (Baker et al., 2015). The combined effect of changing climate, recovery from
acid rain and reduction in phosphorus deposition may have reduced the specific effect of harvesting on
phosphorus transport dynamics and a larger harvesting effect may have been masked. The limited
responses of TP concentration and yield in the first three years after harvesting (Figure 2.3 and 2.4) were
likely driven by the particularly dry conditions in TLW that reduced hydrologic connectivity between the
landscape and stream channels (Buttle et al., 2018). As the impacts of forest harvesting on water quality
are typically greatest in the first three years immediately after harvesting (Ahtiainen & Huttunen, 1999;
Swank et al., 2001), the timing of this dry period likely limited associated responses in TP concentrations

and yields.

2.5.4. Implications for Drinking Water Treatability
The limited effects of forest harvesting on TP concentrations and yields in TLW (mean increases < 2 pg L
and <10 g halseason™) are unlikely to increase the probability of harmful algal bloom occurrence as TP

concentration thresholds associated with increased algal production typically range from 20— 50 ug TP L°
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! (Fastner et al., 2016; Vuorio et al., 2020; Xu et al., 2015). While landscape disturbance by both harvesting
and wildfire can increase phosphorus concentrations in lakes on the Canadian Shield, wildfire typically has
a larger effect (Carignan et al., 2000; Pinel-Alloul et al., 2002). Wildfire can significantly increase SRP and
TP concentrations (Emelko et al., 2016; Silins et al., 2014) and yields ranging from 880 to 6200 g ha' year
1(Smith et al., 2012) which can dramatically increase algal production in impacted streams to downstream
aquatic environments such as drinking water reservoirs (Emelko et al., 2016; Silins et al., 2014). Therefore,
under changing climatic conditions with the increased risk of wildfire, forest harvesting strategies,
especially those designed to limit linear features such as roads, may represent a suitable source water
protection strategy because it creates more diverse and resilient forests to drought and wildfire. However,
it has recently been observed that the increasing occurrence of algal blooms in oligotrophic lakes
throughout Ontario and North America may be strongly linked to climate change (Karmakar et al., 2015;
Stoddard et al., 2016; Winter et al., 2011). Therefore, small increases in TP concentration and yield from
disturbed forested landscapes such as those observed in this study may increase algal production in the

future.

2.6. Conclusion

Changing climatic conditions, recovery from acid rain and reduced levels of phosphorus deposition explain
the decreasing trends observed for TP concentration and yield at TLW. Small but significant harvesting
effects were observed in the clear-cut and selection cut for TP concentration and in all harvested
treatments for TP yield. Unsurprisingly the largest harvesting effects were observed in the clear-cut
catchment for both TP concentration and yield; however, the selection cut with the lowest harvesting
intensity showed the second largest impact on both TP concentration and TP yield. This is surprising but
may serve as an example of how harvesting related activities such as road construction, stream crossings

and site preparation may have a larger impact on water quality than timber removal. Buttle et al. (2018)
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reported that harvesting effects on water quantity were not observed until three years after disturbance,
providing a potential explanation to the lagged effect harvesting had on TP concentration and yield.
Seasonal harvesting effects on both TP concentration and yield were largest in the Spring. Significant
harvesting effects on both TP concentration and yield were observed in the Winter and may be a result of
the changing climatic conditions occurring at TLW due to changes in the vernal window. While harvesting
significantly increased TP concentration and yield, these increases were very small when compared to
other harvesting experiments and lower than those typically associated with excess algal growth.
Therefore, forest harvesting on hardwood dominated Canadian Shield catchments, is unlikely to pose any
threat to downstream aquatic environments and may be a suitable source water protection strategy to

make forests more resilient and reduce potential water quality impact from changing climate.
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Chapter 3. Legacy Forest Harvesting Impacts on Source Contributions to
Streamflow: Evidence using End Member Mixing Analysis at Turkey
Lakes Watershed

3.1. Abstract

Forests are critical water supply regions that are increasingly threatened by natural and anthropogenic
disturbance. Evaluation of runoff generating processes within harvested and forested headwater
catchments provides insight into disturbance impacts on water quality and drinking water treatability. In
this study, an extensive hydrologic dataset collected at the experimental Turkey Lakes Watershed (TLW)
located on the Canadian Shield was used to quantify sources of stormflow in legacy clear-cut (24-years
post harvesting) and forested (control) headwater catchments using an end member mixing analysis
(EMMA) model. Stream water, groundwater, soil water and throughfall water quality were evaluated
during Spring snowmelt, stormflow and Fall wet up. Groundwater chemistry was similar to stream water
chemistry in both catchments, suggesting that groundwater is a major contributor to stream flow. Water
chemistry in small wetlands within the study catchments was also comparable to stream water chemistry,
suggesting that wetlands are also important contributors. Differences in wetland position between the
legacy clear-cut and control catchments appeared to have a greater influence on source contributions
than the harvesting impact. Results from this study provide insight into runoff generation processes that

reflect event/seasonal flow dynamics and discuss the impacts on water quality.

Keywords: Forested headwater catchments; hillslope channel connectivity; runoff generation processes;

principal component analysis; wetlands; solutes
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3.2. Introduction

Forested landscapes are critical for the provision of safe and reliable drinking water to a majority of
Canadians and 60% of the US population—60% of the world’s largest cities also rely on forests for water
(Emelko et al., 2011; MacDonald & Shemie, 2014; Stein & Butler, 2004; Stein et al., 2005). The ecosystem
services of tropical and temperate forests have been valued at $23.32 trillion USD per year (de Groot et
al., 2012; Sun & Vose, 2016) with savings to global drinking water treatment costs valued at ~4.1 trillion
USD per year (Costanza et al., 1998). Landscape disturbance threatens water supply through alterations
to hydrologic and biogeochemical cycles that ultimately change water quantity and quality—these threats
are further exacerbated by compound disturbance (e.g., heavy precipitation following wildfire) (Caretta
etal., 2022; Emelko et al., 2011; Smith et al., 2011). Forest disturbance typically intensifies the water cycle
resulting in more water moving through the landscape (Buttle et al., 2018; Jones, 2000), which increases
the transport of sediment and nutrients to stream channels (Neary et al., 2009; Silins et al., 2009; Smith
et al., 2011; Webster et al., 2022). Sediment and nutrients are transported downstream (Emelko et al.,
2016; Stone et al., 2014, 2021) and challenge drinking water treatment operations (Emelko et al., 2011).
However, the varied hydrologic responses of forested catchments to landscape disturbance (Buttle, 2011;
Creed et al., 2019; Jones et al., 2012; M. Zhang et al., 2017) make predicting disturbance effects difficult
(McDonnell et al., 2018). Explaining this variability requires an understanding of the impacts of landscape
disturbance on water movement and storage in a variety of forested landscapes (Creed et al., 2019; Leach
et al.,, 2020; McDonnell et al., 2018) and is essential to evaluating potential risks to drinking water

treatment operations (Emelko et al., 2011; McDonnell et al., 2018).

Harvesting of trees is a common anthropogenic disturbance in many forested ecosystems
(Webster et al., 2015). In addition to industrial forestry and silviculture, harvesting is increasingly
advocated as a techno-ecological nature-based solution (TE-NBS) (Blackburn et al., 2021) for mitigating

climate change-exacerbated landscape disturbance (e.g., wildfire) threats to drinking water treatability

38



(Blackburn et al., 2021; Emelko & Sham, 2014). Critically, however, harvesting can impact water storage
and flow paths. Vegetation removal associated with harvesting can reduce rates of precipitation
interception, transpiration and increase water content of forest soils (Jones, 2000; Mackay & Band, 1997;
Murray & Buttle, 2003). Additionally, heavy equipment can change the physical characteristics of forest
soils by increasing soil bulk density and reducing soil porosity and infiltration rates (Chanasyk et al., 2003;
Startsev & McNabb, 2000; Whitson et al., 2003; Williamson & Neilsen, 2000). These changes may increase
soil saturation (Johnson et al., 2007; Murray & Buttle, 2005) and reduce the water storage capacity of soils
after harvesting (Buttle et al., 2019; Nijzink et al., 2016). Reduced water storage capacity can increase the
proportion of water transported via overland flow (Chanasyk et al., 2003) and shallow subsurface
pathways (Monteith et al., 2006b, 2006a) that result in more frequent quick flow events (Buttle et al.,
2019; Sgrensen et al., 2009). Notably, these combined changes result in higher annual and seasonal water

yields (Bosch & Hewlett, 1982; Buttle et al., 2018) and increased peak flows (Jones, 2000).

Long-term experimental watersheds, such as the Turkey Lakes Watershed (TLW) provide detailed
historical hydro-chemical data that can be used to evaluate complex hydrological processes (Webster et
al., 2021b). Previous work at TLW has shown that shallow soil water is a major contributor to stream flow
during snowmelt (Hazlett et al., 2001) and that perched water tables over less permeable/impermeable
soil layers direct flow through the upper soil profile (Semkin et al., 2002). Threshold relationships were
observed between quick flow and precipitation (Buttle et al., 2019) and streamflow generation is
controlled through transmissivity feedback (rapid streamflow increases as the water table approaches soil
surfaces) (Monteith et al., 2006a). Harvesting increased the proportion of water moving through the
upper soil profile (Buttle et al., 2018; Monteith et al., 2006a), reduced travel times (Leach et al., 2020;
Monteith et al., 2006b) and decreased the root zone storage capacity resulting in a reduced precipitation
threshold required for quick flow production (Buttle et al., 2019). Accordingly, increased annual and

seasonal water yields draining harvested catchments were observed with some signs of recovery 15 years
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after harvesting (Buttle et al., 2018). Collectively, this work has described key impacts of forest harvesting
on hydrologic response during the first 15 years post-harvest. However, few studies have been conducted
to evaluate the longer term (> 20 years) legacy impacts of forest harvesting on hydrologic processes that

control stream flow generation.

EMMA is a commonly used tool that attempts to explain observed stream water chemistry
composition as a mixture of different source areas or “end members” assuming a linear mixing process
(Ali et al., 2010; Christophersen et al., 1990; Christophersen & Hooper, 1992; James & Roulet, 2006). End
members are pre-defined hydrologic source areas such as groundwater, soil water, precipitation, etc. that
are hypothesized to contribute water to stream flow. The dimensionality of stream water chemistry data
sets is removed using principal component analysis (PCA) and potential end members are projected into
the mixing subspace defined by the stream water chemistry (Christophersen & Hooper, 1992; Hooper,
2001). End members are then evaluated for their ability to explain stream water chemistry in the mixing
subspace and mass balance equations are used to calculate relative end member contributions to stream
flow (Ali et al., 2010; Christophersen & Hooper, 1992). Diagnostic tools using eigenvector and residual
analysis have been developed to estimate the number of end members required to explain the stream

water chemistry without prior knowledge of the existing end members (Hooper, 2003).

EMMA has provided numerous insights regarding runoff generation processes and water quality.
Most studies define end members differently making direct comparisons difficult (Inamdar, 2011).
However, most studies have demonstrated that three end members are sufficient to explain stream water
chemistry (Ali et al., 2010; Katsuyama et al., 2001) and that the prominent end member contributing to
stream water can change depending on antecedent soil moisture conditions (Ali et al., 2010; Burns et al.,
2001). For example, at the Panola Mountain Research Watershed in Georgia, USA, end member
contributions to stream flow changed from outcrop runoff to riparian groundwater with increasing
antecedent moisture conditions (Burns et al., 2001). Similarly, the number of end members contributing
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to stream flow increased from two to three under higher antecedent moisture conditions as the transient
saturated groundwater end member was only contributing to stream flow under wet antecedent moisture

conditions in the Kiryu experimental watershed, Japan (Katsuyama et al., 2001).

Additional insights into how changing end members contribute to water quality have also been
assembled. For example, snowmelt was identified to drive episodic acidification within stream water by
diluting base cations at the Hubbard Brook Experimental Forest in New Hampshire, USA (Wellington &
Driscoll, 2004). This dilution effect shifted during Summer storms as the end member contributions from
upper soil horizons became more prominent and supplied organic acids to the stream channel (Wellington
& Driscoll, 2004). At the H.J. Andrews Experimental Forest in Oregon, USA, EMMA was used to identify
lateral subsurface flow originating from the organic and upper soil horizons as the dominant end member
contributing dissolved organic carbon (DOC) and dissolved organic nitrogen (DON) to the stream network
during the rising limb of the hydrograph (van Verseveld et al., 2008). These studies highlight the utility of
EMMA for discerning end member contributions to stream water under different antecedent soil moisture
conditions and the subsequent impacts on water quality. However, few studies have utilized EMMA to
evaluate landscape disturbance impacts on runoff generation processes or inform the suitability of forest

harvesting as a source water protection strategy.

This study presents the results from an intensive field sampling program that characterized water
chemistry of multiple end members contributing to stream flow in a legacy clear-cut and forested control
catchment on the Canadian Shield. Increased knowledge of these runoff generation processes is critical
to explaining water quality responses to landscape disturbance. The specific objectives of this study were
to: 1) assess the primary end member contributions to stream flow in a legacy clear-cut (> 20 years post-
harvest) and unharvested (control) catchments using end member mixing analysis, and; 2) assess
temporal variability in end member contributions to stream flow during snowmelt, Summer storm events
and Fall.
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3.3. Methods

3.3.1. Study Site and Experimental Design

The catchments used for the EMMA were C31 (clear-cut) and C32 (control). Full descriptions of these
catchments and the harvesting experimental design can be seen in sections 1.3.2 and 1.3.3 in Chapter 1.
One notable difference between the two catchments is the position of the wetland relative to the
catchment outlet. In C31, the wetland is in the upper parts of the catchment near the stream initiation
point, whereas in C32, the wetland is located immediately above the catchment outlet (Figure 3.1). Images

of field sites can be seen in Figure B1.
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Figure 3.1 Maps of Turkey Lakes Watershed (left) and sub catchments C31 (clear-cut; top right) and C32 (control; bottom right). Locations of
stream water sampling sights, groundwater piezometers, soil pits, throughfall collectors and wetlands are marked.
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3.3.2. Field Methods

3.3.2.1. Flow and Stream Water Chemistry

C31 and C32 were instrumented with 90° v-notch weirs, stilling basins and Steven’s Smart PT SDI-12™
pressure and temperature transducers to measure continuous stream flow at the basin outlet every 10
minutes. Stage discharge rating curves were used to calculate instantaneous discharge. In addition, level
loggers were placed in the upper parts of the stream channel near the stream initiation point. In C31, the
stream originated from a small wetland referred to as C31 wetland and, in C32, the stream starts at the
bottom of a hillslope referred to as the C32 initiation point. At these sampling locations, only stream stage
was recorded as creating a stage discharge rating curve was not possible due to the stream channel size
and logistical constraints. Stream water samples were collected at all four locations using ISCO 6700
automated water samplers and stored in acid-washed triple rinsed 1L polypropylene sampling bottles.
ISCO samplers were programmed to collect daily composite (4 times a day) water samples during the
snowmelt and Fall sampling periods. Additionally, the rising and falling limbs of select Summer storms
were sampled with ISCO samplers programmed to collect a sample every 0.5 to 2 hours depending on the
predicted size and length of the storm. A total of five storms were sampled during the Summer. Finally,
water samples were collected by hand with 500 mL HDPE sampling bottles at all sampling locations to
characterize baseflow conditions. All sampling bottles were acid washed and triple rinsed before being

used in the field.

3.3.2.2. Groundwater

The ablation and basal till groundwater end member chemistry was characterized by collecting water
samples from piezometer nests (Monteith et al., 2006b, 2006a). Piezometer nests consisted of two drive-
point piezometers (Solinst Canada Ltd, Ontario, Canada) with 10 or 25 cm screens and an inside diameter
(i.d.) of 2 or 4 cm that were driven into the ablation or basal till (Monteith et al., 2006a). Each catchment

was instrumented with a total of 12 piezometer nests in two transects located in the upper and lower
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parts of the catchments. Each transect ran perpendicular to the stream channel with three piezometer
nests located on each side of the channel. Average depths of the piezometers were 0.45 + 0.05 m and
0.40 £ 0.03 m in the ablation till and 1.09 + 0.19 m and 0.93 + 0.09 m in the basal till in C31 and C32,
respectively (Monteith et al., 2006a). In addition, wetland groundwater was characterized by a single
transect of 4 cm i.d. piezometers installed to an average depth of 0.39 £ 0.03 m and 0.37 £ 0.03 m into
the wetlands of C31 and C32, respectively. Groundwater samples collected using a peristaltic pump were
obtained weekly during the snowmelt and Fall sampling periods and during each storm event.
Groundwater samples were also collected once per month during the Summer to characterize stream
water chemistry during Summer baseflow. Piezometers were purged for five minutes or until dry and then
sampled the next day to allow the basal till piezometers sufficient time to recharge (Monteith et al.,

2006b).

3.3.2.3. Soil Water

Soil pits with two zero tension lysimeters were installed to collect unsaturated soil water flowing through
the soil profile next to each piezometer nest (excluding wetlands). Soil pits were dug by hand to an average
depth of 0.65 £ 0.10 m and 0.64 £ 0.10 m in C31 and C32, respectively. Lysimeters were installed directly
below the LFH layer and 20 cm below the LFH mineral soil interface. Lysimeter construction consisted of
PVC pipe (15.23 cm i.d.), PVC sheeting and a plastic screen mesh over the top to create a contact point
between the lysimeter and soil/LFH layer. Additionally, the mineral soil lysimeters had glass wool and a
mixture of soil and deionized water was placed on top of the plastic screen mesh to strengthen the contact
between the lysimeter and the soil matrix. Water drained from the lysimeters into acid washed triple
rinsed 1 L HDPE plastic sampling bottles. Sample bottles were placed in a plastic tote within each soil pit
to protect them from the elements. All lysimeters were installed in the Fall of 2020 to allow six months to
equilibrate with the soil profile before sample collection in the spring of 2021. Two of the soil pits were

completely saturated preventing the installation of the lysimeters. As these soil pits were in small

44



depressions, a drive point piezometer was installed to a depth of 20 cm approximately one meter in front
of the soil pit to sample water flowing through the upper parts of the soil profile. Soil water samples were
collected once a week during the snowmelt and Fall sampling period and after each storm event. Fresh
sampling bottles were placed in the soil pits before each storm to ensure any sample collected was
representative of each storm. Lysimeter samples were also collected once a month in the Summer

corresponding with the groundwater sampling described above.

3.3.2.4. Throughfall

A throughfall collector was installed in each catchment to characterize precipitation chemistry. These
collectors were constructed from plastic funnels with a mesh zip tied over the top to prevent clogging
from leaf litter. The funnel was placed on a steel post next to a soil pit with a sample line running from
the funnel to a 1L HDPE sampling bottle within the tote containing the lysimeter sample bottles.
Throughfall water samples were collected under the same sampling schedule as the lysimeters described

above.

3.3.3. Laboratory Methods

All water samples were analyzed at the accredited Water Chemistry Laboratory in the Great Lakes Forestry
Centre of the Canadian Forest Service in Sault Ste. Marie, Ontario, Canada. Water samples were analyzed
for S04, Ca%, K*, Mg?, Na, AI**, Ba?*, Sr>* and DOC using standardized procedures and quality control
methods (Webster, et al.,, 2021b). Water chemistry tracers were selected based on tracers used in
previous EMMA studies (Ali et al., 2010; Burns et al., 2001; Hooper, 2001; Wellington & Driscoll, 2004).
Due to the COVID-19 pandemic there were several closures of the water chemistry laboratory, sample
freezing and storage for up to four months before processing and analysis could be completed. Images of

laboratory equipment can be seen in Figure B3.
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3.3.4. End Member Mixing Analysis Model

End members used in the EMMA were selected based on physical characteristics of the catchments,
existing monitoring equipment and a prior understanding of the hydrological processes within TLW (Creed
et al., 2003; Leach et al., 2020; Monteith et al., 2006a, 2006b; Semkin et al., 2002). Specific end members
selected included basal till groundwater, ablation till groundwater, wetland groundwater, mineral soil
percolate, LFH percolate and throughfall. Stream and end member sampling occurred during four

different flow conditions defined as snowmelt, Summer, Summer storms and Fall.

3.3.4.1. Tracer Selection

Assumptions required for EMMA include: (i) tracer concentrations within end members need to be
constant in time; and (ii) tracers must be sufficiently different between end members, and; (iii) tracers
need to exhibit conservative behavior (Ali et al., 2010; Christophersen et al., 1990; Christophersen &
Hooper, 1992; Hooper, 2001). For the first assumption, end member tracers were grouped by season to
remove any seasonal effects. The second assumption was tested using the Kruskal-Wallis H-test and tracer
variability ratio (TVR). The Kruskal-Wallis H-test confirms for each tracer that at least one end member is
significantly different (p < 0.05) from another (Ali et al., 2010). The TVR ratio, typically used in sediment
source fingerprinting studies, was used to determine if the difference in tracer concentrations between
two end members was larger than the variation within either end member (Pulley & Collins, 2018). TVR

was calculated using Eq. 1 for each tracer and each end member group pairing:

}?max_}?min
)?7'*100
TVR = min (3.1)

mean(CVend Member 1» CVEnd Member 2)

where X4, and X,,;, are the maximum and minimum median tracer concentrations of the two potential
end members, and CV is the coefficient of variation of either end member (Pulley et al., 2015; Pulley &
Collins, 2018; Spencer et al., 2021). ATVR ratio > 2 was required for the tracer to be included in the EMMA

as recommended by (Pulley & Collins, 2018; Spencer et al., 2021). The third assumption was evaluated

46



using bivariate plots that are commonly used to assess conservative mixing in EMMA studies (Ali et al.,
2010; Hooper, 2003; James & Roulet, 2006; Spencer et al., 2021). Linear relationships between tracers
suggest conservative behaviour as non linearity may be evidence of chemical reactions occuring between
solutes (Christophersen & Hooper, 1992). A Pearson’s r correlation coefficient > 0.5 (p < 0.01) was used
as the cutoff to represent a linear relationship between two tracers (Ali et al., 2010) and a tracer that had
a linear relationship with at least one other tracer was deemed acceptable. All tracers that passed the

critical assumptions unperdinning EMMA were considered appropriate.

3.3.4.2. End Member Mixing Analysis Model

Once tracer selection was complete, the mixing sub-space (or U space) was created for each sampling
location under the different flow conditions to create a 2-dimensional (2D) mixing sub-space
(Christophersen & Hooper, 1992). Two dimensions were selected for ease of visualization (Spencer et al.,
2021). Stream water chemistry (n samples x p tracers) was standardized and centered (subtracted by the
mean and divided by the standard deviation) to create equal weighting between tracers. PCA was
conducted on the correlation matrix of the standardized and centered data using the prcomp function in
R (R Core Team, 2021). PCA analysis was completed on all tracers and every combination of four up to p
tracers was computed and the PCA model that explained the most variation in two dimensions was
retained (Burns et al., 2001; Wellington & Driscoll, 2004). Median + median absolute deviation (MAD) end
member tracer concentrations were then standardized and centered around the stream water chemistry
and projected into the mixing subspace defined by the stream water chemistry. If all end members are
characterized correctly and conservative mixing does occur, then end members are bound within the

stream water chemistry.

The diagnostic tool described by Hooper, (2003) was used to confirm that a two-dimensional
mixing subspace was appropriate. Residual analysis between the original stream water chemistry and the
orthogonal projections for each solute was completed with a random pattern between the residuals and
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the original stream water chemistry describing a good mixing subspace. If a random pattern was not
observed then additional eigenvectors (dimensions) were retained until a random pattern was observed
(Ali et al., 2010; Hooper, 2003; Liu et al., 2008). Additionally, the fit between the orthogonal projections
and observed stream water chemistry was evaluated using the relative root-mean-square error (RRMSE)

for each solute and dimension:

JE B~ %)

RRMSE = Y7~ =
n Xp

3.2)

where n represents the number of stream water samples, )?p represents the median concentration of
solute p, )?ip is the orthogonal projection from the mixing space and X, is the observed concentration of

solute p in sample i. Tracers with a RRMSE < 15% were deemed appropriate for EMMA (James & Roulet,

2006).

3.4.Results

3.4.1. Hydrometeorological Characterization

Stream flow sampling during snowmelt occurred from 2021-03-25 to 2021-05-09 and captured the latter
half of snowmelt which typically starts at the beginning of March in these study catchments (Webster et
al., 2021a). Total precipitation during this period was 117.5 mm and runoff in the clear-cut and control
catchment was 140.1 mm and 151.6 mm, respectively. Maximum daily runoff for the clear-cut and control
catchment was 16.6 mm day® and 16.6 mm day?, respectively (Table 3.1). Fall sampling occurred from
2021-10-09 to 2021-10-30 with a total precipitation of 97.9 mm, and total stream flow of 18.5 mm and
27.4 mm in the clear-cut and control catchment, respectively. Peak daily streamflow was 5.1 mm daytin
the clear-cut and 2.7 mm day! in the control catchment (Table 3.1). The number of zero flow days

observed during the field sampling period at the four sampling locations was highest in the C32 initiation
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point with 124 zero flow days (Table 3.2). The clear-cut and clear-cut wetland experienced 48 and 65 zero

flow days, respectively, while the control catchment had no zero flow days (Table 3.2).

Table 3.1 Precipitation and streamflow statistics for the clear-cut and control catchment during the snowmelt and Fall sampling
periods.

Parameter Snowmelt Fall
Precipitation Volume (mm) 1175 979
2 Day Antecedent Precipitation
(mm) 23 10.3
7 Day Antecedent Precipitation
(mm) 243 256
14 Day Antecedent Precipitation
(mm) 535 395
Peak Daily Precipitation (mm day-') 17.8 275
Total Stream Flow (mm) C31:140.1,C32: 151.6 C31:185,C32: 274
Peak Daily Runoff (mm day-') C31: 16.6, C32: 16.6 C31:51,C32: 2.7
Stream Yield (%) C31:119.2, C32: 130.3 C31:18.9, C32: 28

Table 3.2 Number of zero flow days observed at the four sampling locations during the sampling period from 2021-03-25 to
2021-10-30.

Location Number of Zero Flow Days”
Clear Cut 48
Control 0
Clear Cut Wetland 65
Control Headwater 124

"Spans the field sampling period of this study from 2021-
03-25 to 2021-10-30

Two Summer storms (storm 1 and storm 4) selected for end member mixing analysis occurred
from 2021-05-24 to 2021-05-26 and 2021-06-24 to 2021-06-26 for storm 1 and storm 4, respectively. Total
precipitation of storm 1 was 25.4 mm, and total stream flow for the clear-cut and control was 2.1 mm and
1.7 mm, respectively. Peak instantaneous stream flow was 0.3 Ls* haland 0.3 L s* halin the clear-cut
and control catchment, respectively (Table 3.3). Total precipitation for storm 4 was 14.1 mm, while total

stream flow was 2.8 mm for the clear-cut and 1.9 mm for the control. Peak instantaneous stream flow
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was 0.7 L st haland 0.2 L st ha! for the clear-cut and control catchments, respectively (Table 3.3).
Antecedent 2-, 7- and 14-day precipitation metrics shown were 25.7 mm, 26.0 mm, and 41.8 mm for

storm 1 and 14.1 mm, 22.2 mm, and 43.9 mm for storm 4 (Table 3.3).

Table 3.3 Precipitation and streamflow metrics for the clear-cut and control catchment during the two Summer storms.

Parameter Storm 1 Storm 4
Precipitation Volume (mm) 254 141
2 Day Antece(gqenr;t) Precipitation 25.7 141
7 Day Antece(g;anrj]t) Precipitation 26 229
14 Day Anteczargﬁ?)t Precipitation 418 439

Peak Instantaneous Precipitation

Rate (mm 10 minutes') 34 24
Total Stream Flow (mm) C31:2.1,C32: 1.7 C31:28,C32:19
Peakinstaifancous Rimoll iRate C31:0.6,C32: 0.3 C31:0.7,C32: 0.2
(L s’"ha)
Stream Yield (%) C31:82,C32:6.7 C31:19.5,C32: 136

3.4.2. Tracer Selection

The number of samples needed for each end member during the four flow conditions was evaluated to
ensure sufficient data were available for end member characterization. Few observations were available
for the ablation and basal till end members during the Summer storm sampling periods (Table 3.4)
because the groundwater table was often below the ablation and basal till piezometers. Accordingly, the
Summer and Summer storm data were combined to create the end members for this period. It was
hypothesized that there would be no difference in tracer concentration between these two sampling
periods as they both occurred during the dry Summer months. It should be noted that even after
combining the data, only 1 data point was available for either the ablation or basal till in the control
catchment. One data point is not sufficient to characterize these end members, but they were still

included in EMMA as the variation around the groundwater end members is small (Figure 3.2). To be
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consistent with the changes made for the ablation and basal till end members, all end member data for
the Summer and Summer storms sampling periods were combined. Significant differences (Kruskal-Wallis
H-test p < 0.05) were found between all end members for all tracers in both the clear-cut and control
catchments (Figure 3.2). TVR ratios (data not shown) were > 2 for all end member comparisons for all
tracers for both clear-cut and control catchments. A bivariate plot of stream water chemistry in the clear-
cut during snowmelt is shown in Figure 3.3 and highlights that each tracer behaves conservatively as each
has a Pearson’s r correlation coefficient 2 0.5 (Ali et al., 2010). All bivariate plots can be seen in Figure B3

— B14. A summary of the tracer selection processes is shown in Table 3.5.

Table 3.4 Number of observations available for each end member under the different flow conditions in the clear-cut and control
catchment.

Number of Observations
Catchment End Member Snowmelt Summer Storms Summer Fall
Throughfall 3 4 6 3
LFH Percolate 10 17 35 15
S vk % 14 16 13
Mineral Soil 17 10 1 9
Ablation Till 15 3 2 3
Basal Till 12 4 4 4
Throughfall 3 3 6 2
LFH Percolate 2 6 19 7
c32 Gr\é\llJentlngter 9 & g 5
Mineral Soil 4 3 8 5
Ablation Till 33 0 1 3
Basal Till 24 0 1 4
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Figure 3.2 Boxplots of tracer concentrations for each end member and stream chemistry in the clear-cut (C31) and control (C32)
catchments during the snowmelt, Summer and Fall sampling periods. Results from the Kruskal Wallis H-test are shown above.
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Table 3.5 Summary of tracers that passed the tracer selection criteria and those chosen for the final EMIMA model in the clear-cut, control, and clear-cut wetland sampling
locations for snowmelt, the two Summer storms, and the Fall sampling period.

Location Flow Condition Tracer Selection AP Ba* Ca* K* Mg* Na* DOC SO.* Sr*
Passed Tracer Selection v v v v v v v v v
Snowmelt )
Used in EMMA Model X X X v v v X v X
Storm 1 Passed Tracer Selection v X v v v v v v v
Clear-Cut Used in EMMA Model v X v X v X v v X
Storm 4 Passed Tracer Selection v N4 v v v v v v v
Used in EMMA Model v X X X v X v v v
Fall Passed Tracer Selection v v N4 v v v v v v
Used in EMMA Model v X v X v X X v v
Passed Tracer Selection v X N4 v v v v v v
Snowmelt )
Used in EMMA Model v X X X v v X v X
Storm 1 Passed Tracer Selection v N4 v v v v X v X
Control Used in EMMA Model X X v v v v X X X
Storm 4 Passed Tracer Selection v v v v v v v v v
Used in EMMA Model X X v X v v X v X
Fall Passed Tracer Selection v v v v v v v v v
Used in EMMA Model X X v v v v X X X
Snowmelt Passed Tracer Selection v v v X v v v v v
Used in EMMA Model X X v X v X v X v
Storm 1 Passed Tracer Selection v v v X v v v v v
Clear-Cut Used in EMMA Model X X v X v v v v X
Wetland Storm 4 Passed Tracer Selection v X v v v v v v v
Used in EMMA Model v X v X v v v X X
Eall Passed Tracer Selection v v v v v v v v v
X X v X v v X v X

Used in EMMA Model
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3.4.3. End Member and Stream Characterization

Solute concentrations ordered by throughfall, LFH percolate, wetland groundwater, mineral soil
percolate, ablation till, basal till and stream water (Figure 3.2) indicate that concentrations either
increased or decreased sequentially from throughfall to the basal till groundwater end members.
Generally, concentrations of Ca?*, Mg?*, Na’, SO,% and Sr** were highest in the ablation and basal till
groundwater end members and lowest in the throughfall and LFH percolate end members (Figure 3.2).
Conversely, Al**, K* and DOC were elevated in the throughfall and LFH end members and lower in the
ablation and basal till groundwater end members (Figure 3.2). One exception to the above patterns was
Ba?* which showed the largest concentrations in the wetland groundwater and mineral soil percolate end
members and the lowest concentrations in the throughfall end member (Figure 3.2). There were few
differences in these patterns between either the clear-cut and control catchments or the snowmelt,

Summer and Fall flow conditions.

Tracer concentrations that were highest in the groundwater end members (Ca?*, Mg?*, Na’, SO4*
and Sr?*) increased in concentration throughout snowmelt in both the control and clear-cut catchments
(Figure 3.4) while showing episodic decreases with increasing flow rates. During the Fall wet-up, stream
concentrations of Ca®*, Mg?, Na’, SO,> and Sr** decreased as flow increased and then showed no change
as flow stabilized. During the Summer storms Ca?*, Mg?*, Na’, SO,* and Sr?* were inversely related with
increasing stream flow (Figure 3.5). The opposite pattern was observed for AI**, K* and DOC which were
highest in the throughfall and LFH end members and increased with increasing flow during snowmelt,
Fall and Summer storms (Figures 3.4 and 3.5). No pattern was observed for Ba?* in stream water for any

sampling period (Figures 3.4 and 3.5).
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Figure 3.5 Hydrograph (black line) and tracer (blue dots) response of stream water during the two Summer storms. Stream runoff is in L s’ ha'! and tracer concentrations are in mg L.
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3.4.4. EMMA Results

Stream water chemistry was not bounded by end members in the data set (mixing subspace) and
therefore hydrograph separation was not possible. However, prominent end members contributing to the
stream water mixture were identified based on their proximity to stream water values as described by

Spencer et al. (2021).

3.4.4.1. Snowmelt

During snowmelt, two principal components (PCs) explained 97.4%, 98.2% and 95.5% of the variance for
the clear-cut, control, and clear-cut wetland, respectively (Figure 3.6). The ablation and basal till
groundwater end members were most like stream water chemistry for all three sampling locations, with
the wetland end member being the next closest for the clear-cut and clear-cut wetland. No wetland
groundwater data were available in the control catchment during snowmelt. Throughfall and LFH
percolate end members were most dissimilar from the stream water for all three end members. Higher
flow rates in the clear-cut and control catchments trended towards the LFH percolate and mineral soil
percolate end members. No obvious pattern was observed for increasing stream stage in the clear-cut
wetland and loadings trended away from the end members. Exceptions include K* in the clear-cut and
control trending towards the mineral soil and LFH percolate end members and DOC in the clear-cut

wetland trending towards wetland groundwater, mineral soil and LFH percolate in PC2.

3.4.4.2. Summer Storms

In the clear-cut, control, and clear-cut wetland, two PCs explained 97.8%, 96.6% and 97.3% of the variance
during storm 1 (Figure 3.7). Stream water values were closest to the ablation and basal till end members
in the clear-cut, control, and clear-cut wetland. Additionally, the wetland groundwater and mineral soil
water percolate were close to the stream water values in the control and mineral soil percolate in the
clear-cut wetland. Increasing stream flow trended towards the wetland groundwater, throughfall, mineral

soil, and LFH percolate in the clear-cut and clear-cut wetland. No pattern was discerned visually for
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I3* trended towards the

increasing stream flow in the control catchment. In the clear-cut catchment, A
wetland groundwater, mineral soil and LFH percolate end member while Mg?* and Ca?* trended towards
the ablation and basal till end members. In the control catchment, Mg?* and Ca?* trended towards the
wetland groundwater end member, while K* trended towards the throughfall, mineral soil, and LFH

percolate end members. For the clear-cut wetland, SO4* trended towards the ablation till end member

while Mg?* and Ca? trended towards the basal till end member.

For storm 4, two PCs explained 98.3%, 97.3% and 98.2% of the variance in the clear-cut, control,
and clear-cut wetland, respectively (Figure 3.7). Stream water chemistry was closest to the ablation and
basal till end members in the clear-cut and clear-cut wetland, while wetland groundwater and ablation till
end members were closest in the control. Increasing stream flow trended towards the mineral soil and
LFH percolate in the clear-cut and towards all end members in the control. No pattern was discerned
visually with increasing stream flow in the clear-cut wetland. DOC trended towards the mineral soil and
LFH percolate in the clear-cut, while all loadings trended away from end members in the control. DOC and

APP* trended towards the wetland groundwater and LFH percolate in the clear-cut wetland.

3.4.4.3. Fall

Two PCs explained 99.1%, 99.4% and 99.2% of the variance in the clear-cut, control, and clear-cut wetland,
respectively (Figure 3.6). The ablation and basal till groundwater end members were closest to the stream
water values at the clear-cut weir and clear-cut wetland while the mineral soil percolate end member was
closest to the stream water values in the control catchment. Higher flow rates trended towards the LFH
percolate and wetland groundwater in the clear-cut and control catchments, respectively. Most loadings
trended away from the end members. Exceptions include K* moving towards wetland groundwater in the

control, and SO4* towards all end members in PC1 for the clear-cut wetland.
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Figure 3.6 EMMA models for the clear-cut, control and clear-cut wetland sampling locations during the Snowmelt and Fall sampling periods
using the first two principal components that explain stream water chemistry. Grey circles show stream water points with circle size denoting
either stream flow (mm) for the clear-cut and control catchment or head (cm) for the clear-cut wetland. Coloured points and error bars denote
the median + MAD end member tracer concentrations that were projected into the mixing subspace defined by the stream water chemistry.
Arrows denote the loadings from the principal component analysis (PCA) for each tracer used in the EMMA model.
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Figure 3.7 EMMA models for the clear-cut, control, and clear-cut wetland sampling locations during storm 1 and storm 4 using the first two
principal components that explain the most variation in stream water chemistry. Grey circles show stream water points with circle size denoting
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chemistry. Arrows denote the loadings from the principal component analysis (PCA) for each tracer used in the EMMA model.
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3.4.4.4. Residual Analysis

Residuals analysis (RRMSE <15%) confirmed that a two-dimensional mixing space was sufficient to explain

the stream water chemistry for most sample locations for a range of flow conditions (Figure 3.8).

Exceptions included the clear-cut wetland during storm 4 as DOC was above the 15% cut off in the EMMA

model (Figure 3.8). If stream water chemistry was properly bound by the end members, then a 3-

dimensional mixing space (4 end members) would be required to explain the stream water chemistry in

clear-cut wetland during storm 4.
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Figure 3.8 Relative root mean square error (RRMSE, %) for the tracers used in the EMMA models. Horizontal line represents the 15% cut off
threshold recommended by James & Roulet, (2006). Colour represents the RRMSE explained by each principal component or dimension of the

mixing subspace.
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3.5. Discussion

3.5.1. Validity of EMMA at TLW

Three end members are required to explain stream water chemistry in the catchments (Figure 3.8)
(Hooper, 2003) and the data provided herein are comparable to other studies (Ali et al., 2010; Katsuyama
etal.,2001). However, hydrograph separation in the present study was not completed because the stream
water was not bound by end members within the mixing subspace. The only scenario where hydrograph
separation could have been calculated was for the clear-cut wetland and the control catchment during
Storm 1 (Figure 3.7). However, this analysis still provides key insight into hydrologic processes that control
runoff generation within these catchments and forms the conceptual framework to explain changes in
stream chemistry. Studies have reported that while end members were not bound by stream water
chemistry they were previously used to infer runoff generating processes in the Rocky Mountains of
Alberta (Spencer et al., 2021) and Canadian Shield of Quebec (Ali et al., 2010). The lack of bounding of
stream water by end member tracer concentrations could be caused by a missing end member that
contributes to stream water (Ali et al., 2010; Spencer et al., 2021). Figure 3.2 and Figure 3.4 show that
concentrations of Ca?*, Mg?*, Na’, SO4* and Sr?* within stream water lay outside the range observed in all
the end members, which suggests that another end member is missing from this analysis. Missing end
members could include a deeper groundwater source or a specific hillslope position that contribute to
preferential inflows that was not sampled in this study. Ali et al. (2010) discussed the important role that
aspect and specific hillslope positions, such as gullies, played in contributing to stream flow in the
hardwood forests of the Hermine catchment at the Station de Biologie des Laurentides, Quebec, Canada,
a study area having many similarities to the TLW. Additionally, specific hillslope positions or preferential
inflows have been shown to influence stream water quality parameters such as DOC (Ploum et al., 2021)

and temperature (Leach et al., 2017). Notably, the sampling design employed in this study may have
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precluded measurement of the complete range of water quality parameters for soil water and preferential

surface flow pathways that contribute end members to stream flow.

It has been suggested that EMMA is not appropriate for hydrograph separation because spatial and
temporal variation in solute end member chemistry with changing antecedent moisture conditions
violates the assumptions of this procedure (Inamdar et al., 2013). In the present study, end member
chemistry was split by season to minimize these changes; however, the variability in solute chemistry
(Figures 3.6 and 3.7) and shifting median end member solute concentrations (Figure 3.4) suggest these
assumptions were invalidated (Ali et al., 2010; Inamdar et al., 2013). Accordingly, this provides further
support that hydrograph separation using the mass balance equations should be avoided. Notably, this
observation combined with the labor intensive sampling regime required for EMMA may lead to the
perception that it is not a cost effective method for discerning hydrologic processes. However, using the
proximity of end members to stream water chemistry within the mixing subspace (Figures 3.6 and 3.7)
and the hydro-chemical response of stream water (Figures 3.4 and 3.5), inferences on hillslope channel
connectivity and runoff generation processes were still observed. Additionally, this study highlights the
importance of utilizing appropriate and thus different EMMA models to represent different hydrologic

scenarios as shown by Ali et al. (2010).

3.5.2. Insights into Hydrologic Processes

Solute chemistry in ablation and basal till groundwater were the end members most similar to stream
water in the mixing subspace, highlighting their role as primary sources contributing to stream water. This
pattern was consistent across all three sampling locations with few seasonal differences (Figures 3.6 and
3.7). This observation agrees with the results of previous work at TLW which show that during snowmelt
a perched water table over the basal till routed water through the ablation till before reaching the stream
channel (Hazlett et al., 2001; Semkin et al., 2002). Stream water chemistry at high flows trended towards

the wetland groundwater, mineral soil water and LFH percolate (Figures 3.6 and 3.7), suggesting that the
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upper portions of the soil profile are only hydrologically connected during higher flow conditions. Figure
3.4 supports this with AI**, K* and DOC concentrations which are highest in the LFH percolate, mineral soil
water and wetland groundwater end members, peaking in stream water at higher flows. Similar studies
have shown that groundwater is often the dominant contributing end member to stream water in
forested headwater catchments (Burns et al., 2001; Fuss et al., 2016; Katsuyama et al., 2001) and only
under higher flow conditions do the upper parts of the soil profile and hillslope become hydrologically

connected (Ali et al., 2010; Detty & Mcguire, 2010).

Few seasonal differences in end member contributions to stream flow were observed and were
rarely consistent among the three sampling locations. Exceptions were observed with the wetland
groundwater and mineral soil percolate end members being closest to stream water values for the control
catchment during the Fall and Summer storms (Figure 3.6; Figure 3.7). The lower contributions from the
ablation and basal till may be due to the lack of data from these end members in the control catchment
during Summer. Given that few groundwater samples were collected during storm events and a stream
response to storms was still observed, it could be hypothesized that these end members were not major
contributors to stream water as there was rarely enough ground water to collect a sample. Additionally,
the proximity of the wetland to the catchment outlet explains the prominent contributions of wetland

groundwater to streamflow in the control catchment.

3.5.3. Wetland Contributions to Stream Flow

While groundwater contributions were the primary source of water within the clear-cut and control
catchments, wetland groundwater contributions were an important secondary source, especially during
Summer storms (Figures 3.6 and 3.7). This is especially apparent in the control catchment, where the
wetland is directly upstream of the catchment outlet. During the Summer storms, wetland groundwater
solute chemistry was closest to stream water in the mixing subspace in the control catchment while the

groundwater end members were closest in the clear-cut (Figure 3.7). The wetland signal within the clear-
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cut may be diluted by hillslope contributions as the wetland is near the stream initiation point, unlike its
location directly above the catchment outlet in the control. Further support for this hypothesis is the
number of zero flow days observed in these catchments. Flow was sustained in the control catchment
during the Summer (no zero flow days) while the clear-cut had 48 zero flow days (Table 3.2). While these
differences may be caused by the impacts of legacy harvesting, they are more likely the result of
differences in wetland position between the two study catchments. Studies have shown that small
wetlands can act as sponges that fill up during wet periods and slowly drain, sustaining flow during dry
periods (Wagener et al., 2007; Webster et al., 2015). Work exploring the effect of wetland cover on mean
water travel times supports this theory as the relationship between travel times and wetland cover is
dependent on the antecedent moisture conditions (Lane et al., 2020; Leach et al., 2020). During wet time
periods, wetlands rapidly transport water laterally through the upper parts of the soil profile due to low
water storage capacity and high hydraulic conductivities (Leach et al., 2020). During dry periods, wetlands
may act as a small reservoir collecting water from surrounding hillslopes and slowly draining into the
stream channel (Lane et al., 2020; Leach et al., 2020). Notably, in the present study, stream flow within
the control catchment was mostly sourced by wetland groundwater. The proximity of the wetland to the

control catchment outlet maintained flow throughout the Summer.

3.5.4. Legacy Harvesting Effects on End Member Contributions to Stream Flow

Despite the differences in wetland groundwater contributions to stream flow between the control and
clear-cut catchments, there are few differences between the clear-cut and control catchments suggesting
legacy forest harvesting has limited impact on the prominent end member contributions to stream flow.
Previous work at TLW found that forest harvesting increased the proportion of water moving through the
upper parts of the soil profile based on K:SiO, molar ratios four years after harvesting (Monteith et al.,
2006a). If harvesting was still impacting these flow paths, it would be expected that the clear-cut mineral

soil and LFH percolate end member contributions to stream water would be larger than in the control. As
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no differences were observed in end member contributions to stream flow between the control and clear-
cut catchments, it can be assumed that harvesting induced flow path changes have recovered. As signs of
flow path recovery have been observed 15 years after harvesting (Buttle et al., 2018), it is reasonable to
assume a complete recovery may have occurred by the time of this study. This suggests that forest
harvesting may be a suitable source water protection strategy on this landscape as there are limited long-
term harvesting impacts on runoff generation processes that most affect stream water quality. However,
recent work conducted at TLW has shown how harvesting impacts on stream flow and hillslope runoff in
a low intensity selection harvest have persisted until 2020 (Leach et al., 2022). This evidence in
combination with the high variability observed in end member concentrations suggest the results from

this study should be interpreted cautiously.

3.5.5. Implications for Water Quality

Previous work has provided insights to the behavior of numerous water quality parameters and their
response to harvesting at TLW (Webster et al., 2022; Webster, et al., 2021b). Solutes such as K* and DOC
were still elevated in the study catchments 21 years after harvesting—these responses were attributed
to long-term changes in solute demand/availability and hillslope channel connectivity (Webster et al.,
2022). As both solutes are generally associated with shallow flow paths it follows that mineral soil and
LFH end members may contribute more to stream flow in harvested catchments. However, the results
from EMMA did not support this hypothesis and may suggest that changes in solute availability on the
landscape are driving the observed harvesting response. This shows the importance of quantifying not
only hillslope channel connectivity, but also nutrient and solute availability when evaluating the suitability

of landscape management decisions such as forest harvesting as source water protection strategies.

Previous studies have identified wetlands as a critical source of numerous water quality parameters
at TLW (Creed et al., 2003; Leach et al., 2020; Mengistu et al., 2014). Solutes such as DOC, dissolved

organic nitrogen (DON), total phosphorus (TP) and total dissolved phosphorus (TDP) were all elevated in
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catchments with large wetland fractions at TLW (Creed et al., 2003; Mengistu et al., 2014). The unique
biogeochemical processes occurring in these wetlands heavily influence the solubility, lability and mobility
of the above nutrients (Creed et al., 2003; Mengistu et al., 2014). The results from this study clearly show
the important influence wetlands play in runoff generation within these headwater catchments, providing
further evidence of their influence on both water quantity and quality. Wetlands appear to have a
disproportionately larger influence on stream water quantity and quality than other landscape features
such as hillslopes. Therefore special care should be taken by land managers to ensure wetland protection

given their sensitivity to landscape disturbance (Webster et al., 2015).

3.6. Conclusion

End member mixing analysis was used to evaluate the dominant sources of hillslope runoff that contribute
to the generation of stream flow in a legacy clear-cut and control catchment at TLW. Tracer concentrations
either increased (Ca*, Mg*, Na, SO4* and Sr?*) or decreased (AlI*, K* and DOC) sequentially from
throughfall to the basal till groundwater end members. Stream water was not bounded by end members
in the mixing subspace and making hydrograph separation impossible using this data set. Despite this
limitation, the results suggest that ablation and basal till groundwater end members were the major
contributors to stream flow in both the legacy clear-cut and control catchments, during snowmelt and
Fall. Groundwater originating from wetlands adjacent to the stream was also identified as a prominent
source of stream flow in both catchments. During the Summer storms wetland groundwater was the
dominant source of stream flow to the control catchment. However, wetland position in the landscape
and the degree of hydrologic connectivity to the stream channel influenced the contributions of wetland
groundwater to stream flow. There were few differences between end member contributions to stream
flow in the legacy clear-cut and control catchments suggesting hydrologic recovery had largely occurred
24 years post-harvesting. Future studies should focus on identifying critical hillslope positions or

preferential inflows that likely represent large contributions to stream flow within these catchments.
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Identifying these critical positions may increase the chances of hydrograph separation using EMMA and
provide more quantitative insight into the impacts of changing antecedent moisture conditions and
landscape disturbances on runoff generation processes. This study also shows the utility of EMMA for
explaining the hydrologic processes that control water quality and treatability responses to landscape
disturbances. This kind of analysis is useful for developing and evaluating source water protection and

climate change adaptation strategies and drinking water safety plans.
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Chapter 4. Legacy Harvesting Impacts on the Source and Concentration
of Phosphorus in a Hardwood Dominated Catchment on the Canadian
Boreal Shield

4.1. Abstract

Harvesting can alter the source and transport dynamics of phosphorus in forested headwater catchments,
but the nutrient export response can vary over time with treatment type, forest cover, landscape
characteristics and regional hydro-climatology. While several studies have highlighted these impacts at
relatively short time scales (< 10 years) less information is available regarding the longer time scales (> 20
years). Legacy forest harvesting impacts on phosphorus sources were evaluated in headwater catchments
of the Turkey Lakes Experimental Watershed by measuring hillslope phosphorus concentrations in
throughfall, forest floor (LFH) percolate, mineral soil percolate, wetland groundwater, ablation till
groundwater and basal till groundwater in a legacy clear-cut (24 years after harvesting) and forested
control catchment. Total particulate phosphorus (TPP) and particulate phosphorus fractions were also
evaluated in soil profiles on different hillslope positions in these catchments. Harvesting impacts on these
phosphorus sources were related to phosphorus concentration and yields in streams draining these
catchments under seasonal and event flow conditions. Legacy forest harvesting impacts on phosphorus
sources were limited as few significant differences in phosphorus concentrations or soil TPP and
phosphorus fractions were observed between the two catchments. This explained stream phosphorus
concentration as few significant differences between the legacy clear-cut and control catchment were
observed. Wetlands were identified as a critical source of phosphorus to stream channels in both
catchments and may be particularly susceptible to the impacts of forest harvesting. Total phosphorus

concentrations were significantly higher in stream water draining the legacy clear-cut than the control
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during snowmelt and two Summer storms (p < 0.05). However, as median differences were below the
detection limit (< 1 pg 1Y), these differences have no practical significance. Furthermore, as stream
phosphorus concentrations were low in both catchments (<1 — 10 pg | %), there is little risk of these
catchments proliferating excess algal growth in downstream aquatic environments and provides evidence

that forest harvesting is a suitable as a source water protection strategy on Canadian Shield catchments.

Keywords: hillslope; particulate phosphorus fractionation; wetland; forest soils; headwater streams

4.2. Introduction

Forested watersheds are critical source water regions (Costanza et al., 1998) that supply 33% of the
world’s largest cities with the majority of their drinking water (National Research Council, 2008). This
critical water supply is being threatened by climate exacerbated disturbance such as drought and wildfire
(Robinne et al., 2019, 2020) that alter hydrological pathways and biogeochemical cycles in forested
landscapes which lead to an increase in the transport of sediment and associated nutrients to stream
networks (Emelko et al., 2016; Silins et al., 2009; Smith et al., 2012). Notably, these land disturbance
effects can propagate long distances downstream (Emelko et al., 2016; Stone et al., 2014, 2021) and
challenge drinking water treatment operations (Emelko et al., 2011, 2016). Land management strategies
that reduce fuel loads such as forest harvesting have been proposed as a potential mitigation strategy to
protect critical forested source water regions (Deval et al., 2021; Emelko & Sham, 2014; Gannon et al.,
2019). Previous studies have reported that in some cases forest harvesting can negatively impact water
quantity and quality (Buttle et al., 2018; Kreutzweiser et al., 2008; Webster et al., 2022). To consider the
efficacy of forest harvesting as a potential mitigation strategy to protect critical forested source water

regions a better understanding of how forest harvesting impacts hydrologic and biogeochemical cycles
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and the transport of sediment associated nutrients to stream networks over a range of temporal scales is

critical.

The before-after-control-impact (BACI) study design is used to quantify the effects of forest
harvesting on water quality (Brown et al., 2005; Neary, 2016). Most BACI studies have evaluated the
immediate (< 5 years) forest harvesting impacts on water quantity and quality and show that the largest
harvesting impacts typically occur directly after disturbance (Ahtiainen & Huttunen, 1999; Boggs et al.,
2016; Swank et al., 2001). Fewer studies indicate that significant forest harvesting impacts can persist over
a longer time period (> 10 years) (Palviainen et al., 2014). Typical forest harvesting rotations occur on the
scale of decades (Himes et al., 2022; Kula & Gunalay, 2012; Lutz et al., 2016; Roberge et al., 2016) and
considerably less is known about the legacy impacts (> 20 years) of forest harvesting on water quality and

its potential longer term impacts on drinking water resources.

Logistical and financial constraints influence the sample design of BACI studies (Brown et al.,
2005). Water chemistry is sampled at a range of temporal frequencies (weekly, bi-weekly, monthly) but
during higher flow periods such as snowmelt, high sampling frequency (i.e., daily) sampling is often used
(Deval et al., 2021; Lofgren et al., 2009; Palviainen et al., 2010; Swank et al., 2001; Webster et al., 2022).
Accordingly, the use of variable sampling frequencies can preclude the measurement of highly variable
behaviour observed in many water quality parameters (Bieroza et al., 2018; Johnes, 2007; Piniewski et al.,
2019; Turgeon & Courchesne, 2008). While some BACI studies involve high frequency water chemistry
sampling (Boggs et al., 2016), more work is needed to fully capture the forest harvesting effects on water

quality parameters.

Phosphorus is the limiting nutrient for primary productivity in freshwater aquatic environments
and can promote algae (including potentially toxin forming cyanobacteria) proliferation (Schindler, 1974;

Schindler et al., 2016), which can challenge drinking water treatment operations, leading to service
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disruptions and even outages (Emelko et al., 2011; Emelko & Sham, 2014). Forest harvesting effects on
phosphorus concentrations and yields in stream networks are variable. Some studies report significant
increases in both phosphorus concentration and yield (Ahtiainen & Huttunen, 1999; Deval et al., 2021),
yield only (Lofgren et al., 2009; Nieminen, 2004; Palviainen et al., 2014) while in other cases no effect is
observed (Boggs et al., 2016; Webster et al., 2022). Differences in the observed responses are related to
harvesting effects on the hydrological or biogeochemical processes that control the transport of
phosphorus from the landscape to stream networks (Kreutzweiser et al., 2008; McMillan et al., 2018).
Several studies highlight the impacts of forest harvesting on hydrological processes (Bosch & Hewlett,
1982; Buttle et al., 2018; Neary et al., 2009). Consequently, as phosphorus is often described as being
transport limited (Hoffmann et al., 2009) it is notable that a more consistent harvesting response is not
observed. Accordingly, this suggests that impacts to phosphorus biogeochemical cycling may play an
important role in controlling the response of phosphorus concentration and yield within stream networks
as forested landscapes shift from transport- to source-limited after harvesting. Therefore, evaluating the
response of phosphorus cycling and pools to forest harvesting in relation to their connectivity to stream
channels may be critical to determining the suitability of forest harvesting as a land management tool that

prioritizes source water protection.

Phosphorus pools within forested ecosystems are present in dissolved and particulate inorganic
and organic forms (Smeck, 1985) and a range of biogeochemical processes influence the transfer of
phosphorus from one pool to another (Smeck, 1985). Soluble inorganic phosphorus, often referred to as
orthophosphate (PO4*) is the most bioavailable dissolved form of phosphorus and is introduced into soils
through mineral weathering, atmospheric deposition, decomposition and mineralization of organic
material (Achat et al., 2013; Kreutzweiser et al., 2008; Likens, 2004; Smeck, 1985). Orthophosphate within
the soluble inorganic pool is either utilized by plants and microbial communities, recycled back into the

organic pool (Achat et al., 2013; Attiwill & Adams, 1993; Kreutzweiser et al., 2008), adsorbed to Al, Fe, Mn
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oxides or precipitated out with Ca to form secondary mineral complexes (Gérard, 2016; Penn &
Camberato, 2019; Smeck, 1985) or leached from soil to surface waters (Smeck, 1985). Typically the rates
of biological and geochemical uptake are so large that the rates of phosphorus leaching from forested
soils to stream networks is quite small (Attiwill & Adams, 1993; Lang et al., 2016; Likens, 2004; Wood et
al., 1984). Phosphorus transport from terrestrial to aquatic environments mostly occurs under higher flow
conditions that activate preferential flow pathways and flush out the upper parts of the soil profile
(Backnas et al., 2012; Makowski et al., 2020). Due to the high sorption capacity of phosphorus to mineral
soil and the limited transport of orthophosphate to stream channels, soil erosion is the primary vector of
phosphorus transport from forested ecosystems to stream channels (Hoffmann et al., 2009; Kreutzweiser

et al., 2008).

Forest harvesting impacts phosphorus cycling through alterations to numerous biogeochemical
processes (Kreutzweiser et al., 2008). Increases in soil moisture, temperature, inputs of organic matter,
reduced vegetation uptake and mixing of organic matter with mineral soils increase soluble phosphorus
pools through higher rates of decomposition and mineralization (Guo et al., 2004; Gutiérrez del Arroyo &
Silver, 2018; Kreutzweiser et al., 2008). These increases can be counteracted by uptake from regenerating
vegetation, sorption to mineral soil and losses due to erosion and leaching (Bowd et al., 2019; Evans et
al., 2000; Hume et al., 2016; Kreutzweiser et al., 2008). However, these counteracting processes often
occur simultaneously and change in relative importance over time and can result in either a net Increase
(Evans et al., 2000; Guo et al., 2004; Piirainen et al., 2004), net decrease (Bowd et al., 2019; Hume et al.,
2016; Pennock & van Kessel, 1997), or no effect (Macrae et al., 2005; Vincent et al., 2013) on phosphorus
pools within forested soils. Generally phosphorus availability has a tendency to increase immediately after
harvesting (Guo et al., 2004), but quickly decreases as early successional species recolonize the landscape
and increase their nutrient demands (Akselsson et al., 2008). However, the changing relative importance

of these processes makes it challenging to predict the response of phosphorus pools to forest harvesting.
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Few studies to date have rigorously quantified and tried to relate changes in phosphorus pool availability

and/or pool size to stream water quality.

The objectives of this study are to evaluate the legacy (24 year) impacts of forest harvesting on
phosphorus pools within forested landscapes to examine how changing phosphorus availability may
control phosphorus responses in streams under different flow conditions at the Turkey Lakes Watershed
(TLW). Specific objectives are to: 1) examine differences in phosphorus concentrations and forms in water
sources throughout the soil profile in a legacy clear-cut and control catchment; 2) evaluate differences in
total particulate phosphorus and phosphorus form in mineral soils throughout the soil profile at upper,
middle and lower hillslope transect locations in legacy clear-cut and control catchment; and 3) quantify
differences in phosphorus concentrations and yields draining a legacy clear-cut and control catchment

using high frequency water chemistry sampling under different flow conditions.

4.3. Methods

4.3.1. Study Site and Experimental Design

For a full description of the study site and experimental design see sections 1.3.2 and 1.3.3 in Chapter 1.

4.3.2. Field Methods

Phosphorus source areas were defined as throughfall, LFH percolate, mineral soil percolate, wetland
groundwater, ablation till groundwater and basal till groundwater as done in Chapter 3. For a full
description of the sampling instrumentation and frequencies see section 3.3.2 in Chapter 3. In addition,
during the installation of lysimeters (section 3.3.2.3) soil samples were collected from each pit for
particulate phosphorus fractionation. In the Fall of 2020 samples were collected from the A, B and when

possible, C horizon/basal till. B horizon samples in each pit were collected as a composite of all B horizon
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layers. Each soil sample was collected with a metal trowel and stored in Ziplock plastic bags until

laboratory analysis could be conducted.

4.3.3. Laboratory Methods

Water samples were analyzed for total phosphorus (TP) and soluble reactive phosphorus (SRP) with a
Technicon Autoanalyzer Il using the automated molybdophosphoric blue method with a detection limit
of 1 pg L! at the accredited Great Lakes Forestry Center Water Chemistry Laboratory (Environment
Canada, 1979). Soluble reactive phosphorus samples were filtered through a 0.45 um filter before
analysis. Due to laboratory closures caused by the COVID-19 pandemic water samples were frozen for up

to 4 months before processing and analysis could occur.

Soil samples were air dried and then analyzed for particle size distribution using sieves and
hydrometers (A.S.T.M, 1964; Lamb, 1951). Particle size distributions can be seen in Figure C1. Additionally,
all material that passed through a #200 sieve (< 74 um) was retained and sent to a commercial laboratory
(ACT Labs, Burlington, ON, Canada) for particulate phosphorus fractionation according to the method
developed by Pettersson et al. (1988) and described by Emelko et al. (2016) and Stone & English, (1993).
Sequential extractions proceed in the order of (1) 1.0M NH4Cl at a pH of 7 for 2 hours, two times and is
considered the loosely sorbed phosphorus fraction (NH4sCl — RP); (2) 0.1M NaHCOs.Na,S,04 for 30
minutes, at 40°C with a pH of 7 considered the reductant soluble phosphorus that is primarily bound to
Fe (BD-P); (3) 1.0 M NaOH for 16 hours considered metal oxide bound phosphorus (NaOH-RP); (4) 0.5 M
HCl for 24 hours considered apatite phosphorus (AP) that is associated with Ca and Mg carbonates; (5) 1.0
M NaOH for 24 hours at 85 °C considered organic or refractory phosphorus (OP) that is typically unreactive
(Emelko et al., 2016; Stone & English, 1993; Tullio, 2022). The sum of the first three fractions comprises
the non-apatite inorganic phosphorus fraction (NAIP) which is considered the most bioavailable
particulate phosphorus fraction as phosphate (PO,*) can easily desorb from soils into surrounding waters

(House, 2003; Jarvie et al., 2002; Tullio, 2022). After each extraction and centrifugation the ammonium
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molybdate/stannous chloride method using a Technicon Autoanalyzer Il was used to measure phosphorus
concentrations within the supernatants (Emelko et al., 2016). Total particulate phosphorus (TPP) was

defined as the sum of the NAIP, AP and OP fractions.

4.3.4. Statistical Analysis

Data preparation included the removal of all stream water chemistry values reported on zero flow days.
As ~50% of reported TP and SRP concentrations in stream water were below the detection limit of 1 pg L
1 these values were set to half the detection limit (0.5 pg L ). This was done for data visualization and to
ensure enough data were available for statistical analysis. The same approach to data treatment was
conducted for sequential phosphorus fractionation data where all values below the detection limit were
set to half the detection limit. Total phosphorus and SRP export were calculated as the product of daily
water yield and the daily water composite chemistry sample for the snowmelt and Fall sampling periods.
Total phosphorus and SRP export were calculated using the instantaneous flow rate and high frequency
water chemistry sampled for two Summer storms. For the Summer storms, the water sampling frequency
did not match the flow rate frequency, and water samples were interpolated using the last observation
carried forward technique (Zhang & Thorburn, 2022). All export data were normalized to units of per
hectare per day value. Data normality was checked with the Shapiro-Wilk test. All data were
nonparametric, and the Mann-Whitney U and Kruskall-Wallis tests were used to evaluate significant

differences. All statistical analyses were performed in R-Studio (R Core Team, 2021).

4.4. Results

4.4.1. Source Area Phosphorus Concentrations

Few significant differences in source area phosphorus concentrations were observed between the clear-

cut and control catchment (Figure 4.1a). Exceptions include TP concentrations in the LFH percolate being
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significantly higher (Mann-Whitney U Test; p < 0.05) in the clear-cut than the control catchment during
snowmelt and Summer. Soluble reactive phosphorus concentrations in the LFH percolate were
significantly higher (Mann-Whitney U Test; p < 0.05) in the clear-cut than the control during Summer. In
the basal till groundwater, TP and SRP concentrations were significantly higher (Mann-Whitney U Test; p
<0.05) in the clear-cut during snowmelt. Soluble reactive phosphorus concentrations in the mineral soil
percolate were significantly higher (Mann-Whitney U Test; p < 0.05) in the control catchment during the
Fall. Total phosphorus and SRP concentrations differed significantly (Kruskal-Wallis Test; p < 0.05)

between source areas in both the clear-cut and control catchment (Figure 4.1b). Generally, TP and SRP

concentrations decreased with depth through the soil profile (Table 4.1).

Table 4.1 Number of observations (n) and the median + IQR for TP and SRP concentrations (ug L) in the clear-cut and control catchment during the
snowmelt, Summer and Fall sampling periods.

Snowmelt Summer Fall
Total Phosphorus Soluble Reactive Total Phosphorus Soluble Reactive Total Phosphorus Soluble Reactive
£0d Member Catchment (png L) Phosphorus (ug L) (ng L) Phosphorus (pg L) (pg L) Phosphorus (ug L)
Clear Cut n:3,76+48 n:3,3+75 n: 10, 55 + 53.8 n: 10, 7.8 £ 102.1 n38+4 n:3,13+06
Throughfall
Control n:3,77+85 n:3,05+06 n: 9,509 +2382 n:9,52+351 n:2132+74 n:208+03
Clear Cut n: 10, 15.7 £ 296 n: 10,5.7 £ 135 n:52,382+218 n:52,10.8 + 16.5 n:15,124+64 n:15,66+28
LFH Percolate
Control n:2 307 n:2,05+0 n:25 20.7+108 25, 3.5+ 27 n:7,14+57 n7,6+2
Wetland Clear Cut n:34,49+101 n:34,05+0 n: 30, 10.4 + 16.4 n:30,05+05 n: 13,184+ 149 n13,15+14
Groundwater Control : : n:11,13.7465 n11,1.1£08 n:5,97+92 n:51+06
- P Clear Cut n: 17,106+ 149 n:17,05+0 n:21,245+146 n:21,26+134 n:9 19.3+169 n9 15+14
Mineral Soi
Control n462+49 n:4,05+0 n:11,31.7+136 n:11,48+218 n:5 49.8+335 n:596+273
Clear Cut n:15,28+48 n:1505+0 n:5 35+56.9 n:5 05+372 n:3,96+63 n:3,05+0
Ablation Till
Control n:33,17+24 n:33,05+0 n:1,05+0 n:1,05+0 n:3,26+05 n:3,05+0
BTl Clear Cut n:12,32+38 n:12,05+0 n8 3+2 n:8 05+0 n:428+08 n:4,05+0
asal Ti
Control n:24,05+07 n:24,05+0 n:1,21+0 n:1,05+0 n436+13 n:4,05+0

Seasonal differences in TP and SRP concentrations within each source area were sometimes
observed (Figure 4.1c). Significant seasonal differences in throughfall TP concentrations (Kruskal-Wallis
Test; p < 0.05) were observed in both the control and clear-cut catchment. Significant seasonal effects on
TP concentrations in LFH percolate were observed in both catchments as well as SRP concentrations in
the control catchment (Kruskal-Wallis Test; p < 0.05). Significant seasonal effects on TP and SRP

concentrations within wetland groundwater was also observed in the clear-cut (Kruskal-Wallis Test; p <
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Figure 4.1 TP and SRP concentrations (ug L) in hillslope source areas. A) Comparing the clear-cut and control. B) Comparing the source
areas. C) Comparing Seasonal Differences. Results from the Mann-Whitney U Test (Panel A) or Kruskal Wallis test (Panel B and C) are shown

above.
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0.05). Significant seasonal effects were observed in mineral soil water for both TP and SRP concentrations
(Kruskal-Wallis Test; p < 0.05) in both catchments. For the observed significant differences listed above,
the largest seasonal concentrations occurred in either the Summer or Fall sampling periods. The lowest

median TP and SRP concentrations mostly occurred during snowmelt (Table 4.1).

4.4.2. Soil Particulate Phosphorus Fractions

Total particulate phosphorus concentrations increased with increasing depth through the soil
profile in both catchments (Table 4.2). The NAIP fraction was largest in the A (Clear-cut: 57.4 — 78.2 %;
Control: 51.6 —79.7 %) and B (Clear-cut: 54.3 — 79.1%; Control: 41.0 — 82.5%) horizons in both catchments.
In the C horizon the NAIP (Clear-cut: 20.4 — 42.1%; Control: 30.3 — 53.3%) and AP (Clear-cut: 29.6 — 66.7%;
Control: 10.7 — 51.3%) fractions were comparable. Within the NAIP fraction the metal oxide bound
phosphorus was the largest fraction in all soil horizons while the loosely sorbed phosphorus fraction was
smallest (Table 4.2). Few significant differences between the clear-cut and control catchment for TPP and
particulate phosphorus fractions were observed (Figure 4.2a). One exception was that OP concentrations
in the B horizon were significantly higher in the control catchment then the clear-cut (Mann-Whitney U
Test; p < 0.05). Total particulate phosphorus and individual particulate phosphorus fractions increased
with decreasing hillslope position in the A and B soil horizons (Figure 4.2b). No relationship was observed
between hillslope position and particulate phosphorus content in the C soil horizon. Significant differences
(Kruskal-Wallis Test; p < 0.05) between hillslope positions were observed for TPP, NAIP, AP, and OP in the
B horizon and OP in the A horizon in the clear-cut catchment. Differences in particulate P form were not

observed between hillslope positions in the control catchment.

4.4.3. Phosphorus Transport in Streams
Total phosphorus and SRP concentrations within the clear-cut, control, and clear-cut wetland at TLW were
small with median concentrations ranging from <1 -5 ug L™ (Table 4.3). This is especially apparent for SRP

concentrations in which many median concentration values were below the detection limit. Significant
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Table 4.2 Median # IQR (% of TPP) and number of observations (n) for total particulate phosphorus and particulate phosphorus forms of the A, B and C horizons in the clear-cut and control catchment.

Catchment  Soil Horizon n Total Pani&lgaéegﬁ?osphorus Loosely S(t:]rg%dgii"r;osphorus PE ;“:;]%tﬁ:g ﬁj‘;“F‘,’ 13_1) P'x:stglhgrﬂg?u%o;ngq 1) F’,\:,‘%';ap%a;t?sl?:gg; g“,:) Apatite Phosphorus (ug P g')  Organic Phosphorus (ug P g)
A 12 252.4+170.6 5+0(0.6-2.9%) 23.8+19.4(1.2-17.7%) 125.5 + 169.2 (42.4-73.6%) 171.7 £ 159.4 (57.4-78.2%) 5+0(1-5.5%) 75.1 + 22 (19-39.7%)
Clear Cut B 11 411.6+194.2 5+0(0.5-1.3%) 10 £ 0 (1-2.7%) 257 + 99.5 (51.8-77.2%) 272 +99.5 (54.3-79.1%) 16 +28.4 (1.2-7%) 134 + 17.5 (17.6-38.9%)
C 4 495+110.5 5+1.2(0.8-2.2%) 10 £3.1(1.9-3.4%) 170.5 + 27.8 (16.2-37.9%) 188 +20.9 (20.4-42.1%) 167.5 + 100.2 (29.6-66.7%) 120.5 + 30.8 (12.9-29.2%)
A 12 250.2+2255 5+0(0.6-3%) 21.2+13.7(1.3-14.3%) 142.5 + 224.9 (42.6-76.2%) 170.8 + 208.2 (51.6-79.7%) 5+0(0.7-3.3%) 75.6 + 11.8 (19.2-45.4%)
Control B 12 376.8 + 168.8 5+0(0.6-2.1%) 10+ 0 (1.2-6.7%) 248 + 108.2 (38.5-79.6%) 263 + 111 (41-82.5%) 5+ 258 (1-36.9%) 88.5 +44.2 (16.5-39%)
C 5 4829+1534 10+ 0 (1.3-3%) 10+ 0 (1.3-3%) 163 + 21 (26.6-47.4%) 183 + 21 (30.6-53.3%) 216 +194.2 (10.7-51.3%) 113 + 34 (16.4-36.1%)
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Table 4.3 TP and SRP concentrations (ug L) in stream water under different flow conditions in
the clear-cut, clear-cut wetland and control catchment. Number of observations (n) and
median * interquartile range (IQR) are shown.

Flow Conditions Location Total (F;J ZOEP;OWS Pﬁglsti)%lgrsse?ﬁgvﬁ')

Clear Cut n:49, 14+05 n:50,05+05
Snowmelt Clear Cut Wetland n:30,23+x15 n:30,08+06
Control n:47,1+09 n:47,05+05
Clear Cut n:24,13+09 n:24,05+06
Storm 1 Clear Cut Wetland n:24 41+19 n24 12+04
Control n:24,05+06 n:24,05+£05

Clear Cut n: 271 1.1 n:27,05+0

Storm 4 Clear Cut Wetland n:26,3+19 n:26,05+0
Control n:27,05+0 n:27,05+0

Clear Cut n11,11+08 n:11,05+0

Summer Clear Cut Wetland n:13,52+33 n:13,1+08
Control n:15,05+0.8 n:15,05+0

Clear Cut n:22,05+07 n:22,05+0

Fall Clear Cut Wetland n:22 32+11 n:22,05+0
Control n:22,05+07 n:22,05+0

seasonal differences (Kruskal-Wallis Test; p < 0.05) were seen for both TP and SRP concentrations in all
three stream water sampling locations (Figure 4.3). Seasonal TP and SRP concentrations were largest
during snowmelt in the clear-cut and control catchment (Figure 4.3; Table 4.3). In the clear-cut wetland
TP and SRP concentrations were largest during Summer baseflow and storm 1, respectively (Figure 4.3;

Table 4.3).

The temporal change in TP concentration as a function of stream flow (Figure 4.4) show that the
largest TP concentrations occurred during the largest flow events. However, a strong relationship
between stream flow and TP concentration was not observed as lots of scatter occurred. Hydrographs
with SRP concentrations were not shown as most data points lie below the detection limit. The highest
concentrations were observed in the clear-cut wetland with median concentrations ranging from 2.3 —

5.2 ug TP L and 0.5 - 1.2 pug SRP L (Table 4.3). The clear-cut wetland had significantly higher (Mann-
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Figure 4.4 Seasonal and Summer storm event differences of TP and SRP concentrations (ug L) in the clear-cut, clear-cut wetland
and control catchment in stream water. Results from the Kruskal Wallis test are shown in the top right corner.
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Figure 4.3 Precipitation (mm), stream flow (mm) and TP concentrations (ug L) in the clear-cut and control catchment during
the snowmelt, two Summer storms and Fall sampling period. Stream flow and precipitation in the snowmelt and Fall plots
represent the daily water/precipitation yield while stream flow and precipitation for the Summer storms represents the 10-
minuet water/precipitation yield. Precipitation, clear-cut and control catchment responses are shown in the top, middle and
bottom row, respectively.

84



1  Whitney U Test; p < 0.05) TP concentrations than the clear-cut for all flow types and SRP concentrations
2 during snowmelt, storm 1 and the Summer baseflow conditions (Figure 4.5). Harvesting effects on TP
3  concentrations were observed during snowmelt and both Summer storms as the clear-cut had
4  significantly higher TP concentrations (Mann-Whitney U Test; p < 0.05) than the control (Figure 4.5). No
5  significant differences for SRP concentrations were observed between the clear-cut and control
6  catchment.
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Figure 4.5 TP and SRP concentrations (ug L) the clear-cut, clear-cut wetland and control catchment under the different flow conditions. Values

shown above the boxplots are the p values from the Mann Whitney U Test.
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Differences in TP and SRP export were driven by changes in both water yield and phosphorus
concentration. Daily runoff was similar between both catchments during snowmelt (percent difference of
7.6%), greater in the clear-cut than the control during both Summer storms (percent differences ranging
from 22 — 44%), and greater in the control during the Fall (percent difference of 32.5 %) (Figure 4.6). Daily
TP and SRP yield was largest during snowmelt and smallest during the Fall for both catchments.
Differences in TP yield between the two catchments were observed with the clear-cut with larger TP yields
for snowmelt, Summer storms and Fall (percent difference ranging from 12.3 — 422.1 %). SRP yield was
larger in the clear-cut during the Summer storms (percent difference ranging from 58.6 — 93.9 %) and in
larger in the clear-cut during the Summer storms (percent difference ranging from 58.6 — 93.9 %) and in

the control during snowmelt and Fall (percent difference ranging from 34.7 — 41.2 %).

4.5. Discussion

4.5.1. Legacy Harvesting Impacts on Phosphorus Sources

Total phosphorus and SRP concentrations in water from hillslope source areas generally decreased with
increasing depth through the soil profile. Concentrations were highest in the throughfall and LFH
percolate while lowest in the ablation and basal till groundwater (Figure 4.1b; Table 4.1). These patterns
agree with past literature as loosely sorbed phosphorus is highest in organic material which acts as a
phosphorus source (Achat et al., 2013) and lowest in mineral soils where Al, Fe, Mn and Ca oxides adsorb
high levels of phosphorus thus acting as a sink (Evans et al., 2000; Penn & Camberato, 2019; Smeck, 1985).
Significant seasonal differences seen in both the clear-cut and control catchment during the Summer were
mostly limited to the throughfall, LFH, mineral soil and wetland groundwater sources (Figure 4.1c). These
were likely driven by increased temperatures and biological activity that increase rates of decomposition

and mineralization allowing for phosphorus pools to accumulate and be subsequently flushed out after
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Figure 4.6 Daily water yield (mm dayV), TP yield (mg ha* day) and SRP yield (mg ha* day™) for the clear-cut and control catchment under the
different flow conditions. Percent difference between the clear-cut and control catchment is shown above the bar plots.

Significant harvesting effects on TP and SRP concentrations draining the different hillslope source

areas were rare and occurred mostly in the LFH percolate (Figure 4.1a). Monteith et al. (2006b) described

how the LFH layer within the clear-cut at TLW was eliminated within the first 4 years after harvesting and

has been recovering since. This change may explain the observed increases in TP and SRP concentrations

draining the LFH layer as this source area may still be recovering from the impacts of forest harvesting.
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Piirainen et al. (2004) found a similar result with a 3x increase in TP flux draining out of the O horizon in a
mixed boreal forest in Eastern Finland, three years after forest harvesting. The results from TLW further
support this and show that elevated phosphorus leaching from the forest floor may have persisted for
more than 20 years. The observed increases could be caused by forest floor disturbance from heavy
equipment, deposition of logging residuals and increased rainfall intensities driven by reduced canopy
interception (Kreutzweiser et al., 2008; Piirainen et al., 2004).The increase in phosphorus leaching from
the forest floor was buffered by mineral soil as few significant differences were observed between the
mineral soil percolate or the ablation and basal till groundwater source areas (Figure 4.1a). This is
unsurprising as forest harvesting rarely increases phosphorus concentrations in groundwater (Evans et
al., 2000; Macrae et al., 2005) as mineral soils have high phosphorus binding capacity (Evans et al., 2000;
Piirainen et al., 2004). Accordingly, this suggests that forest harvesting can increase phosphorus sources
on the landscape; however, these increases are most likely isolated to forest floor percolate and pose
little risk to stream water quality as this source is rarely hydrologically connected to the stream channel

(Evans et al., 2000; Neary et al., 2009; Piirainen et al., 2004).

4.5.2. Particulate Phosphorus Fractions within Soils

Total particulate phosphorus and individual particulate phosphorus fractions within the mineral soils in
the clear-cut and control catchment were comparable to other forested soils. The TPP values in this study
ranged from 250 — 500 mg TP kg (Table 4.2) which is comparable to previous studies (100 — 1000 mg TP
kg; Table 4.4). Total particulate phosphorus content increased with increasing soil depth (Table 4.2)
which agrees with the results of other studies from boreal shield catchments in south-central Ontario
(Baker et al., 2015). However, this pattern does not always occur as TPP content has shown a decreasing
pattern with soil depth in Alberta, Canada (Whitson et al., 2005), Finland (Backnas et al., 2012), and the
Sierra Nevada Mountains, California, USA (Homyak et al., 2014). The loosely sorbed phosphorus which is

associated with phosphorus concentrations in runoff (Macrae et al., 2005; Pote et al., 1996, 1999), which
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Table 4.4 Total particulate phosphorus and particulate phosphorus forms from different studies in forested soils.

Location

Land Use

Soil Type

Soil Horizon

Phosphorus Fraction

Phosphorus Content mg P kg soil (% of Total Phosphorus)

Reference

Alberta, Canada

Forest and Clear Cut
Harvesting

Glay Luvisols, Eutric
Brunisols, Gleysols and
Organic

Surface Soils (0-10
cm)

Water Extractable Phosphorus

Total Phosphorus: H,SO,and Copper (1I)
Sulphate

Forest Floor and Surface Soils: > 70 (7%); Mineral Soil: < 2 (0.7%)

Forest Floor and Surface Soils: > 1000; Mineral Soil: < 300

Macrae et al., 2005

Alberta, Canada

Clear Cut Harvesting

Luvisolic

LFH, Ae, Bt, BC,
and Ck1

Total Phosphorus: Kjeldahl digestion

LFH: 1350; Ae: 610; Bt: 420; BC: 470; Ck1: 588

Whitson et al., 2005

Range of soils mostly

Surface soils (0-5

Germany Forest pange o cm) and subsoils  Total Phosphorus: HF Surface Soils: 196 - 2966: Subsoils: 175 - 1844 Stahretal., 2018
(73-106 cm)
S AN Ehosghonss: E:0.3+0.3 (0.3 %); B1: < 0.4 (0.1%); B2: < 0.4 (0.1%); BC: <0.4 (0.2 %)
Koskela, Finland  Forest Podzol E, B1, B2 and BC ; Backnas et al., 2012
Total Phosphorus: 0.5 M H,SO, E: 110.8 £ 40.8; B1: 308.8 + 76.0; B2: 274.2  30.6: BC: 204.0 £ 37.0
Forest at different

New Zealand

succesional stages defiend
as seedling (10 years),
sapling (25 years), pole
(120 years), mature(>150
years)

Soils derived from
greywacke, loess and
colluvium

Surface soils (0-10
cm)

Total Phosphorus: HNO,/HCIO,

Seedling: 399 + 67; Sapling: 706 + 120; Pole: 592 + 171; Mature: 671 + 80

Brandtberg et al., 2010

Soluble Inorganic Phosphorus:

oo 3.72 (0.9%)
Reducible Metal Hydroxide Phosphorus:
223 (5.3%
North Eastern 4 Upperpartsortne T MNEHCO-NES,0, 5%
LEJG:_E)edeStateS and Forest Varied 8 horizon Al Hydroxide and Organic PhOSphOl’US: By s (74 %) SanClements et al., 2010
P 0.1 M NaOH : &
Apatite Phosphorus: 0.5 M HCI 285 (6.7 %)
Residual Phosphorus: 1 M NaOH 52.66 (12.4%)
Ontario, Canada ~ Forest Poarly developed podzols | £, An, Ae, BN, Bf Total Phosphorus: 0.5 M H,SO, LFH: ~1239; Ah: 248 - 341; Ae: ~93; Bhf: 310 - 403: Bf- ~434 Baker etal., 2015
Freely exchangeable inorganic
phosphorus: Anion exchange membrane  A: 7 (0.8%); B: 3 (0.5%)
strip
Plant Available Phosphorus: . e
05 M NAHCD, A 115 (13.3%); B: 50 (8.4%)
. ‘ 4 A Horizon (0-10 cm) . ,
Sierra Nevada, Alpine/Forest Entisols, Inceptisols and and B Horizon (10~ AUFe Associated Phosphorus: 0.1 M A 534 (61.6%); B: 362 (60.6%) Homyak et al., 2013

California, USA

Spodosols

60 cm)

NaOH
Ca Associated Phosphorus: 1 M HCI

Residual Phosphorus: Microwave Extract
Concentrated HNO,and HCI

Total Phosphorus: Sum of Fractions

A 124 (14.3%); B: 119 (19.9%)
A 20 (2.3%); B: 14 (2.3%)

A: 867; B: 597
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are largely comprised of the smallest fraction of TPP (0.6 — 3%; Table 4.2). This is comparable to other
forested catchments (<1%; Table 4.4); however, comparisons should be made with caution as different
extraction methods are often used (Backnas et al.,, 2012; Homyak et al., 2014; Macrae et al., 2005;
SanClements et al., 2010). The largest phosphorus fraction was bound to metal oxides (16 — 79%; Table
4.2) and is unsurprising as Fe and Al oxides play a significant role in phosphorus retention within mineral
soils (Homyak et al., 2014; Penn & Camberato, 2019; SanClements et al., 2010). Overall, these results show
that phosphorus content in the soils at TLW is like other forested catchments and that leaching of

phosphorus from these soils would be small due to the small loosely soluble fraction.

Legacy forest harvesting appears to have no impact on TPP or phosphorus fractions as there were
few significant differences between the clear-cut and control catchment (Figure 4.2a). While studies have
shown the response of soils to forest harvesting is highly varied (Gu et al., 2017; Kreutzweiser et al., 2008),
there is substantial evidence showing that phosphorus content may decrease in legacy harvested
catchments as early successional species establish themselves on the landscape (Akselsson et al., 2008;
Bowd et al., 2019; Hume et al., 2016; Pennock & van Kessel, 1997). As these differences were not observed
at TLW, the question arises why was a decline in soil phosphorus content not observed and what processes
or conditions drive these varied responses? One hypothesis is that nitrogen limitations within TLW forests
(Kreutzweiser et al., 2008) may limit forest regeneration, preventing the depletion of phosphorus levels
within soils (Vincent et al., 2013). More work is needed to explore this hypothesis in order too understand
the complex interactions of nutrient limitations, forest growth and the subsequent impacts on water

quality.

One factor that did influence TPP and phosphorus fractions within the soils at TLW was hillslope
position. Total particulate phosphorus and its fractions within the A and B horizons was significantly larger
at the toe hillslope positions (Figure 4.2b). The increases in phosphorus content at the toe hillslope
positions may be problematic due to their proximity to the stream channel (Hoffmann et al., 2009). While
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few studies have explored the role of hillslope position on phosphorus content in forested catchments,
this area has been widely explored in agricultural landscapes. Studies have found that TP and loosely
soluble phosphorus increase with decreasing hillslope position (Honeycutt et al., 1990; Mage & Porder,
2013; Plach et al., 2022; Smeck, 1973) because of the continuous transport of phosphorus downslope
through leaching and erosion (Gu et al., 2017). This may present a driver of to excess phosphorus transport
to the stream channel if soils become phosphorus saturated or under high flow conditions (Hoffmann et
al., 2009); however, as phosphorus levels are significantly lower in forested catchments than agricultural

the chances of this are very low (Zhou et al., 2022).

4.5.3. Forested Wetlands a Phosphorus Source

The complex hydrologic and biogeochemical processes within wetlands make their influence on water
guantity and quality in forested catchments quite significant (Webster et al., 2015). The results from this
study are no exception as TP and SRP concentrations draining the clear-cut wetland were significantly
higher than those draining both the clear-cut and control catchments (Figure 4.4). Previous studies have
shown how small wetlands can act as phosphorus sources at TLW (Creed et al., 2003; Leach et al., 2020;
Mengistu et al.,, 2014; Chapter 2) and elsewhere (Casson et al., 2019; O’Brien et al., 2013). The
contributions of phosphorus from wetlands to stream channels are often disproportionately higher than
their extent within the catchment as the processes within wetlands greatly affect the solubility, lability
and mobility of phosphorus (Mengistu et al., 2014). Redox conditions common in wetland promote the
reduction of Fe(lll) and subsequent release of Fe(ll) including any associated phosphorus which increases
the soluble phosphorus pool within wetlands and subsequent transport to stream networks (Mengistu et

al., 2014; O’Brien et al., 2013).

While wetlands act as significant sources of phosphorus to stream channels, their impacts do not
always perpetuate downstream. Contributions of phosphorus from wetlands to catchment outlets can

depend on the level of hydrologic connectivity between the wetland and stream channel. Devito et al.

91



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

(2000) found that the response of TP concentrations in Boreal Plain lakes to forest harvesting was
dependent more on the degree of wetland connectivity to the lake than total wetland area. O’Brien et al.
(2013) found that while TP concentrations draining wetlands were high, concentrations at the catchment
outlet were significantly smaller which is comparable to patterns of TP and SRP in the present study (Figure
4.4). These differences were likely driven by biogeochemical processes occurring in the stream channel
and dilution from hillslope contributions to stream flow between the wetland and the catchment outlet
(O’Brien et al., 2013). Notably this further highlights the importance of wetlands and wetland position

within a catchment for water quality and should be considered when making land management decisions.

4.5.4. Legacy Impacts of Harvesting on Phosphorus Transport Dynamics

While the results from this study do show significant differences in TP concentrations between the clear-
cut and control catchment during snowmelt and the two Summer storms (Figure 4.4) these differences
are below the detection limit (< 1 pg I') (Table 4.3). Therefore, it cannot be stated with any certainty that
legacy forest harvesting has a significant impact on TP concentrations at TLW. Even if a significant
harvesting effect is occurring, it is irrelevant as TP and SRP concentrations draining these catchments are
so much lower (<1 - 10 pg L'?) than the TP thresholds required for significant proliferation of harmful algal
blooms (20— 50 pg L) (Fastner et al., 2016; Vuorio et al., 2020; Xu et al., 2015). A lack of legacy harvesting
response on TP or SRP concentrations is not surprising as many studies have shown forest harvesting
impacts can be short lived (Ahtiainen & Huttunen, 1999), small (Deval et al., 2021), or have no effect at all
(Boggs et al., 2016). Legacy harvesting effects on TP and SRP yields were slightly larger with percent and
absolute differences between the clear-cut and control catchment ranging from -40 — 400% and 0 — 25
mg ha day (Figure 4.6). However, compared to other studies these impacts are still very small as values

reported in other studies range from 0 — 1000 g ha year? (0 - 2740 mg ha* day?, Chapter 2).

In summary, forest harvesting can impact phosphorus transport dynamics through changes in

either source availability or source channel connectivity (McMillan et al., 2018). Therefore, it is not
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surprising that no legacy harvesting impact was observed. The results of this study clearly show for most
source areas there is no harvesting effect on phosphorus pools (Figure 4.1 and 4.2). Results from
Chapter 3 further support this observation as there were few differences in the prominent flow paths
contributing to stream flow between the clear-cut and control catchment 24 years after disturbance
which suggests legacy forest harvesting had no impact on source channel connectivity. Therefore, it can
be assumed that legacy harvesting has minimal if any impact on the phosphorus transport dynamics at
TLW and provides evidence that intelligent forest harvesting may be used as a wildfire mitigation

strategy on this landscape.

4.6. Conclusion

This study explored the legacy impacts of forest harvesting on phosphorus sources in water draining
through the hillslope and phosphorus content in mineral soil to explain phosphorus transport dynamics
observed in streams under different flow conditions. Significant differences were observed for TP and SRP
concentrations draining from the LFH layer but were mitigated by mineral soil. Few differences were
observed for the total phosphorus content and fractions in mineral soil and were like the values seen in
other forested environments. Additionally, loosely soluble phosphorus fractions were the lowest fraction
of TPP suggesting that mineral soil at TLW has a high capacity to retain phosphorus moving through the
soil profile. A lack of harvesting effect on TPP and phosphorus fractions within the mineral soil was
attributed to these catchments being nitrogen limited. Wetlands were identified as a critical source of
phosphorus and the degree of wetland channel connectivity is critical to a wetland’s contribution of
phosphorus to the stream channel. Despite intensive high frequency water sampling that captures the
rising and falling limb of the hydrograph no significant harvesting impacts were observed for SRP in the
streams. Significant harvesting impacts for TP concentrations were observed during snowmelt and
Summer storms; however, these differences were so small (below the detection limit) they are unlikely to

have any negative impacts on downstream aquatic environments. From this analysis it can be discerned
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that legacy forest harvesting has little impact on phosphorus transport dynamics as the few differences
identified in phosphorus sources are unlikely to impact stream water. Therefore, legacy forest harvesting
on the hardwood dominated forests of the Canadian Shield poses little risk to the proliferation of harmful

algal blooms that negatively impact drinking water treatment operations.
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Chapter 5. Synthesis and Future Directions

5.1. Synthesis

Climate exacerbated landscape disturbances such as wildfire can pose serious threats to drinking water
supplies originating on forested landscapes (Emelko et al., 2011; Robinne et al., 2019). Among their many
impacts on water quality and treatability, wildfires can accelerate the transport of sediment and
associated contaminants to stream networks; these impacts can propagate downstream to aquatic
environments such as lakes and reservoirs (Emelko et al., 2016; Hampton et al., 2022; Silins et al., 2014;
Smith et al., 2011). Phosphorus is the limiting nutrient for primary productivity in freshwater aquatic
ecosystems (Schindler, 1974; Schindler et al., 2016); it can promote the proliferation of algae that
challenge drinking water treatment operations and potentially produce toxins of human and ecosystem
health concern (Emelko et al., 2011; Emelko & Sham, 2014). Forest harvesting has been proposed as a
mitigation strategy for source water protection by reducing fuel loads and lowering the chances of
catastrophic wildfires (Deval et al., 2021; Emelko & Sham, 2014; Gannon et al., 2019). However, as forest
harvesting also may increase phosphorus concentrations and yields (Boggs et al., 2016; Deval et al., 2021)
research is required to evaluate the suitability of such approaches. The work presented in this thesis
evaluates the impacts of legacy forest harvesting on phosphorus transport dynamics (Chapter 2 and 4)
and the primary processes that control phosphorus transport (source availability, Chapter 4; and source
channel connectivity; Chapter 3) from terrestrial to aquatic environments in TLW on the Canadian Shield.
Thus, this research informs the use of forest harvesting as a land management strategy that prioritizes

source water protection in forested watersheds located on the hardwood dominated Canadian Shield.

Chapter 2 evaluates temporal changes in TP concentration and yields within forested catchments
and quantifies the harvesting impacts of three different harvesting strategies using a 31-year water

qguantity and quality data set and BACI study design. Results demonstrate that TP concentrations and
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yields generally decreased over time which is comparable to the results from previous studies (Eimers et
al., 2009; O’Brien et al., 2013; Pinder et al., 2014). The observed decreases in TP concentrations and yields
were attributed to changes in climate and/or recovery from acid rain. Significant increases in TP
concentration (mean increases < 2 pg L) were observed in the clear-cut and selection cut catchments.
Significant increases in TP yield (annual increases < 25 g ha year?) were observed in all harvested
catchments. While legacy forest harvesting impacts were statistically significant the data are much lower
than in previous forest harvesting studies (Ahtiainen & Huttunen, 1999; Boggs et al., 2016; Deval et al.,
2021; McBroom et al., 2008) and are unlikely to cause excess algal growth (Fastner et al., 2016; Vuorio et
al., 2020; Xu et al., 2015). Changing environmental conditions (climate change and recovery from acid
rain) may have attenuated any harvesting impacts on phosphorus concentration and yield through
changes in phosphorus source availability and source channel connectivity—additional work is needed to
evaluate these potential relationships. A conceptual diagram of the interaction of multiple potential

disturbance impacts on TP concentrations and yields is presented in Figure 5.1.

.~ Connectivity

l Phosphorus
Pools

Changing Recovery from TP Forest
Climate Acid Rain Deposition Harvesting
Hydrologic Hydrologic

Connectivity

Phosphorus
Pools

3

Stream TP Concentration Stream TP Concentration
and Yield and Yield

' Stream TP Concentration
and Yield

Figure 5.1 Conceptual diagram of how changing environmental conditions and forest harvesting may
interact to limit the harvesting impacts on TP concentrations and yields in TLW. Arrow direction within
each box denotes the expected response with downward facing arrows describing a decline and upward
facing arrows describing an increase.
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The prominent runoff generation processes in a legacy clear-cut and control catchment were
evaluated using EMMA and described in Chapter 3. Results show that the chemistry of stream water and
groundwater was comparable which suggests that groundwater was the dominant source of runoff within
both catchments. This finding is consistent with previous studies conducted in TLW (Hazlett et al., 2001;
Semkin et al., 2002) and elsewhere (Burns et al., 2001; Fuss et al., 2016; Katsuyama et al., 2001). Notably,
wetlands were identified as important sources of stream water in all study catchments. All differences in
runoff generating processes between the legacy clear-cut and control catchment could be attributed to

wetland position, suggesting legacy harvesting had no impact on runoff 24 years after disturbance.

Expanding upon the results in Chapter 2, Chapter 4 specifically examined the impacts of legacy
harvesting on phosphorus concentrations and yields 24 years after disturbance. Additionally, primary
hillslope phosphorus sources were evaluated in Chapter 4. In combination with the results from EMMA in
Chapter 3 (that identified dominant source areas to stream flow), these results explain observed stream
water phosphorus concentrations. Small, but significant differences in TP concentration between the
legacy clear-cut and control catchment were observed. However, as these differences were below the
detection limit (< 1 pg L), it cannot be concluded with certainty that legacy harvesting had a significant
impact on phosphorus concentrations. Wetlands were identified as a primary source of phosphorus to
stream channels as wetland concentrations were significantly higher than those draining the legacy clear-
cut and control catchments. Legacy harvesting had little impact on phosphorus sources throughout the
hillslope with the exception of the LFH percolate, which had significantly higher TP and SRP concentrations
in the legacy clear-cut compared to the control catchment. However, as the LFH layer is rarely
hydrologically connected to the stream channel (Chapter 3) it is unlikely to have any impact on stream

phosphorus concentrations.
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5.2. Future Research Directions

Phosphorus concentrations draining the study catchments were very low (1 — 10 pg L) and are similar to
data reported from other forested catchments (Deval et al., 2021; Palviainen et al., 2014, 2015). The
results from Chapters 3 and 4 suggest the low phosphorus concentrations (< 1 ug L) are attributed to the
prominent source areas of stream water (i.e., groundwater) in these catchments. The largest phosphorus
sources within the hillslope (throughfall and LFH percolate) were poorly connected hydrologically to the
stream channel, limiting the amount of phosphorus that could be transported to the stream. It is
hypothesized that wetlands are the primary source of phosphorus transported to stream channels
because they are both strongly connected hydrologically to streams (Chapter 3) and have measurable
phosphorus concentrations (Table 4.1; Figure 5.2). Additionally, as phosphorus has a high binding capacity
to mineral soil (Gérard, 2016; Penn & Camberato, 2019; Smeck, 1985), soil erosion via surface runoff is a
primary vector for the transport of phosphorus from terrestrial to aquatic ecosystems (Hoffmann et al.,
2009; Kreutzweiser et al., 2008). In forested catchments, surface runoff is relatively uncommon (Neary et
al., 2009) and was rarely observed in the study catchments (personal observation). Therefore, it is not
surprising that phosphorus concentrations within the streams were so low as erosion induced by surface
runoff would have rarely occurred. However, future work should further explore the complex
relationships and impacts of forest harvesting on wetland contributions to stream water quality and

erosional processes that transport fine sediment and associated nutrients to stream channels.

While this thesis evaluated harvesting impacts on phosphorus concentrations and yields draining
small headwater catchments, it has not fully explored the impacts of harvesting related infrastructure
such as road networks and stream crossings. Studies have shown that roads can greatly alter stream water
qguantity (Buttle et al., 2018; Wemple & Jones, 2003) and quality (Beschta, 1978; Brown et al., 2013;

Forsyth et al., 2006). Road networks redirect surface and shallow subsurface runoff from hillslopes to
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Figure 5.2 Conceptual diagram describing source area contributions to stream flow and their relative phosphorus concentrations.
P Source refers to the amount of phosphorus measured within any end member or source area as described in Chapter 4.
Connectivity refers to the level of hydrologic connectivity between the end member or source area as described in Chapter 3.
Harvesting impact refers to if harvesting impacted either phosphorus levels or the degree of hydrologic connectivity based on the
combined results of Chapters 3 and 4.

stream channels which reduces rainfall runoff response times and increases peak flows (Storck et al.,
1998; Wemple & Jones, 2003). This corresponds with higher rates of erosion (Beschta, 1978; Brown et al.,
2013; Forsyth et al., 2006) that transport nutrients, heavy metals and organic material into stream
networks (Emelko et al., 2011; Rachels et al., 2020). The influence of roads can be seen in Chapter 2, with
phosphorus concentration and yield in the selection cut (lowest harvesting intensity) responded more to
forest harvesting than the shelterwood cut. This was also previously observed in other allied TLW studies
(Buttle et al., 2018; Kreutzweiser & Capell, 2001; Webster et al., 2022) and shows that road construction

may have a larger impact on water quality than timber removal. Therefore, the results from this study
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may not reflect the full range of harvesting effects on phosphorus transport dynamics. Future research
efforts should focus on the impacts of forest harvesting on larger catchments, so as to include the
influences of road networks, stream crossings and landings on water quality parameters such as

phosphorus.

5.3. Threats to Drinking Water Treatability

The results from this thesis show that as the immediate harvesting impacts on phosphorus concentrations
and yields were small in Chapter 2 (< 2 pg L; < 25 g ha? year?) and Chapter 4 (< 1 pg L'Y; <30 mg hal day
1), thus suggests little threat to downstream drinking water treatability. Additionally, as TP concentrations
and yields appear to be declining temporally in response to changing climate and recovery from
acidification (Chapter 2), it is unlikely that water draining from these catchments will deliver enough
phosphorus to exacerbate proliferation of algae in downstream lakes. However, these conclusions should
be interpreted with caution, as other parameters not studied in this thesis such as total suspended
sediment, turbidity, and dissolved organic carbon (Emelko et al., 2011) also impact drinking water
treatment operations. Future work should focus on better understanding the relationships between
landscape disturbance in a changing climate, phosphorus loading and the subsequent influence on

primary productivity.

Throughout this thesis, wetlands were consistently identified as critical landscape features that
control water quantity and quality and is in agreement with similar studies conducted within TLW (Creed
et al., 2003; Leach et al., 2020; Mengistu et al., 2014). Also, as wetlands can be particularly sensitive to
landscape disturbance such as forest harvesting (Webster et al., 2015), there could be an elevated risk to
downstream drinking water treatment operations if they are disturbed. Therefore, in the interest of

source water protection, special care should be taken when conducting harvesting operations around
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wetlands. It should be noted that, this is already practiced as significant protections around wetlands are
already designated within the Ontario Ministry of Natural Resources Forest Management Guidelines
(OMNR, 2010). Future work should continue to evaluate the effectiveness of these protections under the

changing climatic conditions to ensure that the protection of source waters is maintained.

It can be concluded, based on the results from this thesis, that intelligent forest harvesting strategies
can be conducted on hardwood dominated Canadian Shield catchments without any significant impacts
to phosphorus concentrations or yields. Therefore, forest harvesting may be an appropriate land
management strategy that promotes source water protection on this landscape. Future research
opportunities include evaluating the impacts of harvesting related infrastructure such as road networks
and stream crossings on phosphorus transport dynamics, further exploring the influence of wetlands on
water quantity and quality within these catchments, identify the impacts of forest harvesting on other
parameters that threaten drinking water treatment operations, and assess the combined impacts of
changing climatic conditions and nutrient loading on freshwater lakes. Answering these questions in
combination with the results from this study will better identify the suitability of forest harvesting as a
land management strategy that promotes source water protection in the hardwood dominated Canadian

Shield forests.

101



References

A.S.T.M. (1964). Procedures for testing soils. American Society for Testing and Materials.

Abraham, J., Dowling, K., & Florentine, S. (2017). Risk of post-fire metal mobilization into surface water
resources: A review. Science of the Total Environment, 599-600, 1740-1755.
https://doi.org/10.1016/j.scitotenv.2017.05.096

Achat, D. L., Bakker, M. R., Augusto, L., Derrien, D., Gallegos, N., Lashchinskiy, N., Milin, S., Nikitich, P.,
Raudina, T., Rusalimova, O., Zeller, B., & Barsukov, P. (2013). Phosphorus status of soils from
contrasting forested ecosystems in southwestern Siberia: Effects of microbiological and
physicochemical properties. Biogeosciences, 10(2), 733—752. https://doi.org/10.5194/bg-10-733-
2013

Adams, M. A. (2013). Mega-fires, tipping points and ecosystem services: Managing forests and
woodlands in an uncertain future. Forest Ecology and Management, 294(2013), 250-261.
https://doi.org/10.1016/j.foreco.2012.11.039

Ahtiainen, M., & Huttunen, P. (1999). Long-term effects of forestry managements on water quality and
loading in brooks. Boreal Environment Research, 4, 101-114.

Akselsson, C., Westling, O., Alveteg, M., Thelin, G., Fransson, A. M., & Hellsten, S. (2008). The influence
of N load and harvest intensity on the risk of P limitation in Swedish forest soils. Science of the
Total Environment, 404(2-3), 284-289. https://doi.org/10.1016/j.scitotenv.2007.11.017

Alessio, P., Dunne, T., & Morell, K. (2021). Post-wildfire generation of debris-flow slurry by rill erosion on
colluvial hillslopes. Journal of Geophysical Research: Earth Surface, 126(11), 1-27.
https://doi.org/10.1029/2021JF006108

Ali, G. A, Roy, A. G., Turmel, M. C., & Courchesne, F. (2010). Source-to-stream connectivity assessment
through end-member mixing analysis. Journal of Hydrology, 392(3-4), 119-135.
https://doi.org/10.1016/j.jhydrol.2010.07.049

Attiwill, P. M., & Adams, M. A. (1993). Tansley review No. 50 Nutrient cycling in forests. New Phytologist,
124, 561-582. https://doi.org/https://doi.org/10.1111/j.1469-8137.1993.tb03847.x

Backnads, S., Laine-Kaulio, H., & Kigve, B. (2012). Phosphorus forms and related soil chemistry in
preferential flowpaths and the soil matrix of a forested podzolic till soil profile. Geoderma, 189-
190, 50-64. https://doi.org/10.1016/j.geoderma.2012.04.016

Baker, S. R., Watmough, S. A., & Eimers, M. C. (2015). Phosphorus forms and response to changes in pH
in acid-sensitive soils on the Precambrian Shield. Canadian Journal of Soil Science, 95, 95—108.
https://doi.org/10.4141/CJSS-2014-035

Beall, F. D., Semkin, R. G., & Jeffries, D. S. (2001). Trends in the output of first-order basins at Turkey
Lakes Watershed, 1982 — 96. Ecosystems, 4, 514-526. https://doi.org/10.1007/s10021-001-0025-0

Berghuijs, W. R., Woods, R. A,, Hutton, C. J., & Sivapalan, M. (2016). Dominant flood generating
mechanisms across the United States. Geophysical Research Letters, 43, 4382—4390.
https://doi.org/10.1002/2016GL068070.Received

Beschta, R. L. (1978). Long-term patterns of sediment production following road construction and
logging in the Oregon Coast Range. Water Resources Research, 14(6), 1011-1016.
https://doi.org/https://doi.org/10.1029/WR014i006p01011

102



Bieroza, M. Z., Heathwaite, A. L., Bechmann, M., Kyllmar, K., & Jordan, P. (2018). The concentration-
discharge slope as a tool for water quality management. Science of the Total Environment, 630,
738-749. https://doi.org/10.1016/].scitotenv.2018.02.256

Blackburn, E. A. J., Dickson-Anderson, S. E., Anderson, W. B., & Emelko, M. B. (2023). Biological filtration
is resilient to wildfire ash-associated organic carbon threats to drinking water treatment. ACS EST
Water, 3, 639-649. https://doi.org/10.1021/acsestwater.2c00209

Blackburn, E. A. J., Emelko, M. B., Dickson-Anderson, S., & Stone, M. (2021). Advancing on the promises
of techno-ecological nature-based solutions: A framework for green technology in water supply
and treatment. Blue-Green Systems, 3(1), 81-94. https://doi.org/10.2166/bgs.2021.008

Blankinship, J. C., & Hart, S. C. (2012). Consequences of manipulated snow cover on soil gaseous
emission and N retention in the growing season: a meta-analysis. Ecosphere, 3(1), 1-20.
https://doi.org/10.1890/es11-00225.1

Boggs, J., Sun, G., & McNulty, S. (2016). Effects of timber harvest on water quantity and quality in small
watersheds in the Piedmont of North Carolina. Journal of Forestry, 114(1), 27-40.
https://doi.org/https://doi.org/10.5849/jof.14-102

Bosch, J. M., & Hewlett, J. D. (1982). A review of catchment experiments to determine the effect of
vegetation changes on water yield and evapotranspiration. Journal of Hydrology, 55(1-4), 3-23.
https://doi.org/10.1016/0022-1694(82)90117-2

Bowd, E. J., Banks, S. C., Strong, C. L., & Lindenmayer, D. B. (2019). Long-term impacts of wildfire and
logging on forest soils. Nature Geoscience, 12(2), 113—118. https://doi.org/10.1038/s41561-018-
0294-2

Brown, A. E., Zhang, L., Mcmahon, T. A,, Western, A. W., & Vertessy, R. A. (2005). A review of paired
catchment studies for determining changes in water yield resulting from alterations in vegetation.
Journal of Hydrology, 310, 28-61. https://doi.org/10.1016/j.jhydrol.2004.12.010

Brown, K. R., Michael Aust, W., & McGuire, K. J. (2013). Sediment delivery from bare and graveled forest
road stream crossing approaches in the Virginia Piedmont. Forest Ecology and Management, 310,
836-846. https://doi.org/10.1016/].foreco.2013.09.031

Burns, D. A., Mcdonnell, J. J., Hooper, R. P., Peters, N. E., Freer, J. E., Kendall, C., & Beven, K. (2001).
Quantifying contributions to storm runoff through end-member mixing analysis and hydrologic
measurements at the Panola Mountain Research Watershed (Georgia , USA). Hydrological
Processes, 15, 1903—-1924. https://doi.org/10.1002/hyp.246

Buttle, J. M. (2011). The effects of forest harvesting on forest hydrology and biogeochemistry. In Forest
hydrology and biogeochemistry: Synthesis of past research and future directions (Issue Springer,
pp. 659-677). https://doi.org/10.1007/978-94-007-1363-5

Buttle, J. M., Beall, F. D., Webster, K. L., Hazlett, P. W., Creed, I. F., Semkin, R. G., & Jeffries, D. S. (2018).
Hydrologic response to and recovery from differing silvicultural systems in a deciduous forest
landscape with seasonal snow cover. Journal of Hydrology, 557, 805—-825.
https://doi.org/10.1016/j.jhydrol.2018.01.006

Buttle, J. M., Webster, K. L., Hazlett, P. W., & Jeffries, D. S. (2019). Quickflow response to forest
harvesting and recovery in a northern hardwood forest landscape. Hydrological Processes, 33(1),
47-65. https://doi.org/10.1002/hyp.13310

Caretta, M. A,, Mukheriji, A., Arfanuzzaman, M., Betts, R. A., Gelfan, A., Hirabayashi, Y., Lissner, T. K., Liu,

103



J., Gunn, E. L., Morgan, R., Mwanga, S., & Supratid, S. (2022). Water. In H.-O. Pértner, D. C. Roberts,
M. Tignor, E. S. Poloczanska, K. Mintenbeck, A. Alegria, M. Craig, S. Langsdorf, S. Loschke, V. Méller,
A. Okem, & B. Rama (Eds.), In: Climate Change 2022: Impacts, Adaptation, and Vulnerability.
Contribution of Working Group Il to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change (pp. 551-712). Cambridge University Press.
https://doi.org/10.1017/9781009325844.006.552

Carignan, R., D’Arcy, P., & Lamontagne, S. (2000). Comparative impacts of fire and forest harvesting on
water quality in Boreal Shield lakes. Canadian Journal of Fisheries and Aquatic Sciences, 57, 105—
117. https://doi.org/10.1139/f00-125

Carvalho, L., Mcdonald, C., de Hoyos, C., Mischke, U., Phillips, G., Borics, G., Poikane, S., Skjelbred, B.,
Solheim, A. L., Van Wichelen, J., & Cardoso, A. C. (2013). Sustaining recreational quality of
European lakes: Minimizing the health risks from algal blooms through phosphorus control. Journal
of Applied Ecology, 50(2), 315—323. https://doi.org/10.1111/1365-2664.12059

Casson, N. J., Eimers, M. C., & Watmough, S. A. (2012). Impact of winter warming on the timing of
nutrient export from forested catchments. Hydrological Processes, 26(17), 2546—2554.
https://doi.org/10.1002/hyp.8461

Casson, N. J., Eimers, M. C., Watmough, S. A., & Richardson, M. C. (2019). The role of wetland coverage
within the near-stream zone in predicting of seasonal stream export chemistry from forested
headwater catchments. Hydrological Processes, 33(10), 1465-1475.
https://doi.org/10.1002/hyp.13413

Chanasyk, D. S., Whitson, I. R., Mapfumo, E., Burke, J. M., & Prepas, E. E. (2003). The impacts of forest
harvest and wildfire on soils and hydrology in temperate forests: A baseline to develop hypotheses
for the Boreal Plain. Journal of Environmental Engineering and Science, 2, S51-S62.
https://doi.org/10.1139/s03-034

Christophersen, N., & Hooper, R. (1992). Multivariate analysis of stream water chemical data: The use of
principal components analysis for the end-member mixing problem. Water Resources Research,
28(1), 99-107. https://doi.org/https://doi.org/10.1029/91WR02518

Christophersen, N., Neal, C., Hooper, R. P., Vogt, R. D., & Andersen, S. (1990). Modelling streamwater
chemistry as a mixture of soilwater end-members - A step towards second-generation acidification
models. Journal of Hydrology, 116, 307-320. https://doi.org/https://doi.org/10.1016/0022-
1694(90)90130-P

Costanza, R., d’Arge, R., de Groot, R, Farber, S., Grasso, M., Hannon, B., Limburg, K., Naeem, S., O’Neill,
R. V., Paruelo, J., Raskin, R. G., Sutton, P., & van den Belt, M. (1998). The value of the world’s
ecosystem services and natural capital. Ecological Economics, 25(1), 3-15.
https://doi.org/10.1016/s0921-8009(98)00020-2

Creed, I. F., Hwang, T., Lutz, B., & Way, D. (2015). Climate warming causes intensification of the
hydrological cycle, resulting in changes to the vernal and autumnal windows in a northern
temperate forest. Hydrological Processes, 29(16), 3519—3534. https://doi.org/10.1002/hyp.10450

Creed, I. F., Jones, J. A., Archer, E., Claassen, M., Ellison, D., McNulty, S. G., van Noordwijk, M., Vira, B.,
Wei, X., Bishop, K., Blanco, J. A, Gush, M., Gyawali, D., Jobbagy, E., Lara, A., Little, C., Martin-
Ortega, J., Mukheriji, A., Murdiyarso, D., ... Xu, J. (2019). Managing forests for both downstream and
downwind water. Frontiers in Forests and Global Change, 2(64), 1-8.
https://doi.org/10.3389/ffgc.2019.00064

104



Creed, I. F., Sanford, S. E., Beall, F. D., Molot, L. A., & Dillon, P. J. (2003). Cryptic wetlands: Integrating
hidden wetlands in regression models of the export of dissolved organic carbon from forested
landscapes. Hydrological Processes, 17(18), 3629-3648. https://doi.org/10.1002/hyp.1357

Crouch, R. L., Timmenga, H. J., Barber, T. R., & Fuchsman, P. C. (2006). Post-fire surface water quality:
Comparison of fire retardant versus wildfire-related effects. Chemosphere, 62(6), 874—889.
https://doi.org/10.1016/j.chemosphere.2005.05.031

Davidson, E. A., Chorover, J., & Dail, D. B. (2003). A mechanism of abiotic immobilization of nitrate in
forest ecosystems: The ferrous wheel hypothesis. Global Change Biology, 9(2), 228-236.
https://doi.org/10.1046/j.1365-2486.2003.00592.x

de Groot, R., Brander, L., van der Ploeg, S., Costanza, R., Bernard, F., Braat, L., Christie, M., Crossman, N.,
Ghermandi, A, Hein, L., Hussain, S., Kumar, P., McVittie, A., Portela, R., Rodriguez, L. C., ten Brink,
P., & van Beukering, P. (2012). Global estimates of the value of ecosystems and their services in
monetary units. Ecosystem Services, 1(1), 50-61. https://doi.org/10.1016/j.ecoser.2012.07.005

Detty, J. M., & Mcguire, K. J. (2010). Topographic controls on shallow groundwater dynamics:
implications of hydrologic connectivity between hillslopes and riparian zones in a till mantled
catchment. Hydrological Processes, 24(March), 2222-2236. https://doi.org/10.1002/hyp.7656

Deval, C., Brooks, E. S., Gravelle, J. A., Link, T. E., Dobre, M., & Elliot, W. J. (2021). Long-term response in
nutrient load from commercial forest management operations in a mountainous watershed. Forest
Ecology and Management, 494(April), 119312. https://doi.org/10.1016/j.foreco.2021.119312

Devito, K. J., Creed, I. F., Rothwell, R. L., & Prepas, E. E. (2000). Landscape controls on phosphorus
loading to boreal lakes: Implications for the potential impacts of forest harvesting. Canadian
Journal of Fisheries and Aquatic Sciences, 57(10), 1977—1984. https://doi.org/10.1139/f00-148

Dillon, P. J., & Molot, L. A. (1997). Effect of landscape form on export of dissolved organic carbon, iron,
and phosphorus from forested stream catchments. Water Resources Research, 33(11), 2591-2600.
https://doi.org/10.1029/97WR01921

Dudley, N., & Stolton, S. (2003). Running Pure: The importance of forest protected areas to drinking
water. In World Bank/WWF Alliance for Forest Conservation and Sustainable Use.
https://openknowledge.worldbank.org/handle/10986/15006

Eimers, C. M., Watmough, S. A., Paterson, A. M., Dillon, P. J., & Yao, H. (2009). Long-term declines in
phosphorus export from forested catchments in south-central Ontario. Canadian Journal of
Fisheries and Aquatic Sciences, 66(10), 1682—1692. https://doi.org/10.1139/F09-101

Eimers, M. C., Hillis, N. P., & Watmough, S. A. (2018). Phosphorus deposition in a low-phosphorus
landscape: Sources, accuracy and contribution to declines in surface water P. Ecosystems, 21(4),
782-794. https://doi.org/10.1007/s10021-017-0184-2

Emelko, M. B., Schmidt, P. J., & Borchardt, M. A. (2019). Confirming the need for virus disinfection in
municipal subsurface drinking water supplies. Water Research, 157, 356-364.
https://doi.org/10.1016/j.watres.2019.03.057

Emelko, M. B., Silins, U., Bladon, K. D., & Stone, M. (2011). Implications of land disturbance on drinking
water treatability in a changing climate: Demonstrating the need for “source water supply and
protection” strategies. Water Research, 45(2), 461-472.
https://doi.org/10.1016/j.watres.2010.08.051

Emelko, M. B., Stone, M,, Silins, U., Allin, D., Collins, A. L., Williams, C. H. S., Martens, A. M., & Bladon, K.

105



D. (2016). Sediment-phosphorus dynamics can shift aquatic ecology and cause downstream legacy
effects after wildfire in large river systems. Global Change Biology, 22(3), 1168-1184.
https://doi.org/10.1111/gcb.13073

Emelko, M., & Ho Sham, C. (2014). Wildfire impacts on water supplies and the potential for mitigation.
WWW.CWn-rce.ca

Emmerton, C. A., Beaty, K. G., Casson, N. J., Graydon, J. A., Hesslein, R. H., Higgins, S. N., Osman, H.,
Paterson, M. J., Park, A., & Tardif, J. C. (2019). Long-term responses of nutrient budgets to
concurrent climate-related stressors in a boreal watershed. Ecosystems, 22(2), 363—378.
https://doi.org/10.1007/s10021-018-0276-7

Emmerton, C. A., Cooke, C. A., Hustins, S., Silins, U., Emelko, M. B., Lewis, T., Kruk, M. K., Taube, N., Zhu,
D., Jackson, B., Stone, M., Kerr, J. G., & Orwin, J. F. (2020). Severe western Canadian wildfire affects
water quality even at large basin scales. Water Research, 183, 116071.
https://doi.org/10.1016/j.watres.2020.116071

Environment Canada. (1979). Analytical Methods Manual. Inland Waters Directorate, Ottawa, Canada.
Ernst, C. (2004). Protecting the source land conservation and the future of America’s drinking water.

Evans, J. E., Prepas, E. E., Deviot, J. J., & Kotak, B. G. (2000). Phosphorus dynamics in shallow subsurface
waters in an uncut and cut subcatchment of a lake on the Boreal Plain. Canadian Journal of
Fisheries and Aquatic Sciences, 57, 60—72. https://doi.org/https://doi.org/10.1139/f00-123

Fastner, J., Abella, S., Litt, A., Morabito, G., Voros, L., Palffy, K., Straile, D., Kimmerlin, R., Matthews, D.,
Phillips, M. G., & Chorus, |. (2016). Combating cyanobacterial proliferation by avoiding or treating
inflows with high P load—experiences from eight case studies. Aquatic Ecology, 50(3), 367—383.
https://doi.org/10.1007/s10452-015-9558-8

Forsyth, A. R., Bubb, K. A., & Cox, M. E. (2006). Runoff, sediment loss and water quality from forest roads
in a southeast Queensland coastal plain Pinus plantation. Forest Ecology and Management, 221(1-
3), 194-206. https://doi.org/10.1016/j.foreco.2005.09.018

Foster, N. W., Beall, F. D., & Kreutzweiser, D. P. (2005). The role of forests in regulating water: The
Turkey Lakes Watershed case study. Forestry Chronicle, 81(1), 142—-148.
https://doi.org/10.5558/tfc81142-1

Fritz, K. M., Schofield, K. A., Alexander, L. C., McManus, M. G., Golden, H. E., Lane, C. R., Kepner, W. G.,
LeDuc, S. D., DeMeester, J. E., & Pollard, A. I. (2018). Physical and chemical connectivity of streams
and riparian wetlands to downstream waters: A synthesis. Journal of the American Water
Resources Association, 54(2), 323—-345. https://doi.org/10.1111/1752-1688.12632

Fuss, C. B., Driscoll, C. T., Green, M. B., & Groffman, P. M. (2016). Hydrologic flowpaths during snowmelt
in forested headwater catchments under differing winter climatic and soil frost regimes.
Hydrological Processes, 30, 4617—4632. https://doi.org/10.1002/hyp.10956

Gannon, B. M., Wei, Y., Macdonald, L. H., Kampf, S. K., Jones, K. W., Cannon, J. B., Wolk, B. H., Cheng, A.
S., Addington, R. N., & Thompson, M. P. (2019). Prioritising fuels reduction for water supply
protection. International Journal of Wildland Fire, 28(10), 785—-803.
https://doi.org/10.1071/WF18182

Gérard, F. (2016). Clay minerals, iron/aluminum oxides, and their contribution to phosphate sorption in
soils - A myth revisited. Geoderma, 262, 213-226.
https://doi.org/10.1016/j.geoderma.2015.08.036

106



Gravelle, J. A, Ice, G., Link, T. E., & Cook, D. L. (2009). Nutrient concentration dynamics in an inland
Pacific Northwest watershed before and after timber harvest. Forest Ecology and Management,
257(8), 1663-1675. https://doi.org/10.1016/j.foreco.2009.01.017

Grogan, D. S., Burakowski, E. A., & Contosta, A. R. (2020). Snowmelt control on spring hydrology declines
as the vernal window lengthens. Environmental Research Letters, 15.

Gu, S., Gruau, G., Dupas, R., Rumpel, C., Creme, A., Fovet, O., Gascuel-Odoux, C., Jeanneau, L., Humbert,
G., & Petitjean, P. (2017). Release of dissolved phosphorus from riparian wetlands: Evidence for
complex interactions among hydroclimate variability, topography and soil properties. Science of
the Total Environment, 598, 421-431. https://doi.org/10.1016/j.scitotenv.2017.04.028

Guo, D., Mou, P., Jones, R. H., & Mitchell, R. J. (2004). Spatio-temporal patterns of soil available
nutrients following experimental disturbance in a pine forest. Oecologia, 138(4), 613—621.
https://doi.org/10.1007/s00442-003-1473-3

Gustine, R. N., Hanan, E. J., Robichaud, P. R., & Elliot, W. J. (2022). From burned slopes to streams: How
wildfire affects nitrogen cycling and retention in forests and fire-prone watersheds.
Biogeochemistry, 157(1), 51-68. https://doi.org/10.1007/s10533-021-00861-0

Gutiérrez del Arroyo, 0., & Silver, W. L. (2018). Disentangling the long-term effects of disturbance on soil
biogeochemistry in a wet tropical forest ecosystem. Global Change Biology, 24(4), 1673-1684.
https://doi.org/10.1111/gcb.14027

Hampton, T. B,, Lin, S., & Basu, N. B. (2022). Forest fire effects on stream water quality at continental
scales: A meta-analysis. Environmental Research Letters, 17(6). https://doi.org/10.1088/1748-
9326/acbabce

Hardy, J. P, Groffman, P. M., Fitzhugh, R. D., Henry, K. S., Welman, A. T., Demers, J. D., Fahey, T. J.,
Driscoll, C. T., Tierney, G. L., Hardy, J. P., Groffman, P. M., Fitzhugh, R. D., Henry, K. S., Welman, A.
T., Demers, J. D., Fahey, T. J., Driscoll, C. T., Geraldine, T. L., & Nolan, S. (2001). Snow depth
manipulation and its influence on soil frost and water dynamics in a northern hardwood forest.
Biogeochemistry, 56, 151-174. https://doi.org/https://doi.org/10.1023/A:1013036803050

Hatch, L. K., Reuter, J. E., & Goldman, C. R. (2001). Stream phosphorus transport in the Lake Tahoe basin,
1989-1996. Environmental Monitoring and Assessment, 69(1), 63—83.
https://doi.org/10.1023/A:1010752628576

Hazlett, P. W., Semkin, R. G., & Beall, F. D. (2001). Hydrologic pathways during snowmelt in first-order
stream basins at the turkey lakes watershed. Ecosystems, 4, 527-535.
https://doi.org/10.1007/s10021-001-0026-z

Himes, A., Betts, M., Messier, C., & Seymour, R. (2022). Perspectives: Thirty years of triad forestry, a
critical clarification of theory and recommendations for implementation and testing. Forest Ecology
and Management, 510(January), 120103. https://doi.org/10.1016/j.foreco.2022.120103

Hirsch, R. M., & Slack, J. R. (1984). A nonparametric trend test for seasonal data with serial dependence.
Water Resources, 20(6), 727-732. https://doi.org/https://doi.org/10.1029/WR020i006p00727

Hirsch, R. M., Slack, J. R., & Smith, R. A. (1982). Techniques of trend analysis for monthly water quality
data. Water Resources Research, 18(1), 107-121.
https://doi.org/https://doi.org/10.1029/WR018i001p00107

Hoffmann, C. C., Kjaergaard, C., Uusi-Kdmpp4, J., Bruun Hansen, H. C., & Kronvang, B. (2009).
Phosphorus retention in riparian buffers: Review of their efficiency. Journal of Environmental

107



Quality, 38(5), 1942-1955. https://doi.org/10.2134/jeq2008.0087

Hohner, A. K., Cawley, K., Oropeza, J., Summers, R. S., & Rosario-Ortiz, F. L. (2016). Drinking water
treatment response following a Colorado wildfire. Water Research, 105, 187—-198.
https://doi.org/10.1016/j.watres.2016.08.034

Homyak, P. M., Sickman, J. O., & Melack, J. M. (2014). Pools, transformations, and sources of P in high-
elevation soils: Implications for nutrient transfer to Sierra Nevada lakes. Geoderma, 217-218, 65—
73. https://doi.org/10.1016/j.geoderma.2013.11.003

Honeycutt, C. W., Heil, R. D., & Cole, C. V. (1990). Climatic and topographic relations of three Great
Plains soils: Il. Carbon, nitrogen, and phosphorus. Soil Science Society of America Journal, 54(2),
476-483. https://doi.org/10.2136/sssaj1990.03615995005400020031x

Hooper, R. P. (2001). Applying the scientific method to small catchment studies: a review of the Panola
Mountain experience. Hydrological Processes, 15, 2039-2050. https://doi.org/10.1002/hyp.255

Hooper, R. P. (2003). Diagnostic tools for mixing models of stream water chemistry. Water Resources
Research, 39(3), 1-13. https://doi.org/10.1029/2002WR001528

Houlton, B. Z., Driscoll, C. T., Fahey, T. J., Likens, G. E., Groffman, P. M., Bernhardt, E. S., & Buso, D. C.
(2003). Nitrogen dynamics in ice storm-damaged forest ecosystems: Implications for nitrogen
limitation theory. Ecosystems, 6(5), 431-443. https://doi.org/10.1007/s10021-002-0198-1

House, W. A. (2003). Geochemical cycling of phosphorus in rivers. Applied Geochemistry, 18(5), 739—
748. https://doi.org/10.1016/50883-2927(02)00158-0

Huang, W. Z., & Schoenau, J. J. (1997). Seasonal spatial variations in soil nitrogen and phosphorus supply
rates in a boreal aspen forest. Canadian Journal of Soil Science, 77(4), 597—-612.
https://doi.org/10.4141/597-002

Hume, A., Chen, H. Y. H,, Taylor, A. R, Kayahara, G. J., & Man, R. (2016). Soil C:N:P dynamics during
secondary succession following fire in the boreal forest of central Canada. Forest Ecology and
Management, 369, 1-9. https://doi.org/https://doi.org/10.1016/j.foreco.2016.03.033

Ide, J., Haga, H., Chiwa, M., & Otsuki, K. (2008). Effects of antecedent rain history on particulate
phosphorus loss from a small forested watershed of Japanese cypress (Chamaecyparis obtusa).
Journal of Hydrology, 352(3—4), 322—335. https://doi.org/10.1016/j.jhydrol.2008.01.012

Inamdar, S. (2011). The use of geochemical mixing models to derive runoff sources and hydrologic flow
paths. In Forest hydrology and biogeochemistry: Synthesis of past research and future directions
(Vol. 216, pp. 163-183). https://doi.org/10.1007/978-94-007-1363-5

Inamdar, S., Dhillon, G., Singh, S., Dutta, S., Levia, D., Scott, D., Mitchell, M., Van Stan, J., & McHale, P.
(2013). Temporal variation in end-member chemistry and its influence on runoff mixing patterns in
a forested, Piedmont catchment. Water Resources Research, 49(4), 1828-1844.
https://doi.org/10.1002/wrcr.20158

James, A. L., & Roulet, N. T. (2006). Investigating the applicability of end-member mixing analysis
(EMMA) across scale: A study of eight small, nested catchments in a temperate forested
watershed. Water Resources Research, 42(8), 1-17. https://doi.org/10.1029/2005WR004419

Jarvie, H. P., Withers, J. A., & Neal, C. (2002). Review of robust measurement of phosphorus in river
water: sampling, storage, fractionation and sensitivity. Hydrology and Earth System Sciences, 6(1),
113-131. https://doi.org/10.5194/hess-6-113-2002

108



Jeffries, D. S., Kelso, J. R. M., & Morrison, I. K. (1988). Physical, chemical, and biological characteristics of
the Turkey Lakes Watershed, central Ontario, Canada. Canadian Journal of Fisheries and Aquatic
Sciences, 45, 3—13. https://doi.org/http://dx.doi.org/10.1139/f88-262

Johnes, P. J. (2007). Uncertainties in annual riverine phosphorus load estimation: Impact of load
estimation methodology, sampling frequency, baseflow index and catchment population density.
Journal of Hydrology, 332, 241-258. https://doi.org/10.1016/j.jhydrol.2006.07.006

Johnson, A. C., Edwards, R. T., & Erhardt, R. (2007). Ground-water response to forest harvest:
Implicaitons for hillslope stability. Journal of the American Water Resources Association, 43(1),
134-147. https://doi.org/10.1111/j.1752-1688.2007.00011.x

Jones, J. A. (2000). Hydrologic processes and peak discharge response to forest removal, regrowth, and
roads in 10 small, experimental basins, western Cascades, Oregon. Water Resources Research,
36(9), 2621-2642. https://doi.org/10.1029/2000WR900105

Jones, J. A, Creed, I. F., Hatcher, K. L., Warren, R. J., Adams, M. B., Benson, M. H., Boose, E., Brown, W.
A., Campbell, J. L., Covich, A., Clow, D. W., Dahm, C. N,, Elder, K., Ford, C. R., Grimm, N. B.,
Henshaw, D. L., Larson, K. L., Miles, E. S., Miles, K. M., ... Williams, M. W. (2012). Ecosystem
processes and human influences regulate streamflow response to climate change at long-term
ecological research sites. BioScience, 62(4), 390-404. https://doi.org/10.1525/bi0.2012.62.4.10

Julich, D., Julich, S., & Feger, K. H. (2017). Phosphorus in preferential flow pathways of forest soils in
Germany. Forests, 8(1). https://doi.org/10.3390/f8010019

Karmakar, M., Leavitt, P. R., & Cumming, B. F. (2015). Enhanced algal abundance in northwest Ontario
(Canada) lakes during the warmer early-to mid-Holocene period. Quaternary Science Reviews, 123,
168-179. https://doi.org/10.1016/j.quascirev.2015.06.025

Katsuyama, M., Ohte, N., & Kobashi, S. (2001). A three-component end-member analysis of streamwater
hydrochemistry in a small Japanese forested headwater catchment. Hydrological Processes, 15(2),
249-260. https://doi.org/10.1002/hyp.155

Kerr, J. G., Burford, M. A,, Olley, J. M., Bunn, S. E., & Udy, J. (2011). Examining the link between
terrestrial and aquatic phosphorus speciation in a subtropical catchment: The role of selective
erosion and transport of fine sediments during storm events. Water Research, 45(11), 3331-3340.
https://doi.org/10.1016/j.watres.2011.03.048

Kitis, M., Karanfil, T., Wigton, A., & Kilduff, J. E. (2002). Probing reactivity of dissolved organic matter for
disinfection by-product formation using XAD-8 resin adsorption and ultrafiltration fractionation.
Water Research, 36(15), 3834—3848. https://doi.org/10.1016/50043-1354(02)00094-5

Kreutzweiser, D. P., & Capell, S. S. (2001). Fine sediment deposition in streams after selective forest
harvesting without riparian buffers. Canadian Journal of Forest Research, 31(12), 2134-2142.
https://doi.org/10.1139/x01-155

Kreutzweiser, D. P., Hazlett, P. W., & Gunn, J. M. (2008). Logging impacts on the biogeochemistry of
boreal forest soils and nutrient export to aquatic systems: A review. In Environmental Reviews (Vol.
16, pp. 157-179). https://doi.org/10.1139/A08-006

Kula, E., & Gunalay, Y. (2012). Carbon sequestration, optimum forest rotation and their environmental
impact. Environmental Impact Assessment Review, 37, 18-22.
https://doi.org/10.1016/j.eiar.2011.08.007

Kundert, K., Emelko, M. B., Mielk, L., Elford, T., & Deng, J. . (2014). Alberta flood 2013 - City of Calgary

109



water treatment system resiliency. In 16th National Conference on Drinking Water (Vol. 4).
Lamb, T. W. (1951). Soil Testing for Engineers. John Wiley & Sons, Inc., New York.

Lane, D., McCarter, C. P. R., Richardson, M., McConnell, C., Field, T., Yao, H., Arhonditsis, G., & Mitchell,
C. P.J. (2020). Wetlands and low-gradient topography are associated with longer hydrologic transit
times in Precambrian Shield headwater catchments. Hydrological Processes, 34(3), 598-614.
https://doi.org/10.1002/hyp.13609

Lang, F., Bauhus, J., Frossard, E., George, E., Kaiser, K., Kaupenjohann, M., Kriiger, J., Matzner, E., Polle,
A, Prietzel, J., Rennenberg, H., & Wellbrock, N. (2016). Phosphorus in forest ecosystems: New
insights from an ecosystem nutrition perspective. Journal of Plant Nutrition and Soil Science,
179(2), 129-135. https://doi.org/10.1002/jpIn.201500541

Leach, J. A, Buttle, J. M., Webster, K. L., Hazlett, P. W., & Jeffries, D. S. (2020). Travel times for
snowmelt-dominated headwater catchments: Influences of wetlands and forest harvesting, and
linkages to stream water quality. Hydrological Processes, 34, 2154-2175.
https://doi.org/10.1002/hyp.13746

Leach, J. A., Hudson, D. T., & Moore, R. D. (2022). Assessing stream temperature response and recovery
for different harvesting systems in northern hardwood forests using 40 years of spot
measurements. Hydrological Processes, 36(11), 1-16. https://doi.org/10.1002/hyp.14753

Leach, J. A, Lidberg, W., Kuglerova, L., Peralta-Tapia, A., Agren, A., & Laudon, H. (2017). Evaluating
topography-based predictions of shallow lateral groundwater discharge zones for a boreal lake-
stream system. Water Resources Research, 53, 5420-5437.
https://doi.org/10.1002/2016WR019804.Received

Li, D., Lettenmaier, D. P., Margulis, S. A., & Andreadis, K. (2019). The role of rain-on-snow in flooding
over the conterminous United States. Water Resources Research, 55(11), 8492—8513.
https://doi.org/10.1029/2019WR024950

Likens, G. E. (2004). Some perspectives on long-term biogeochemical research from the Hubbard Brook
Ecosystem Study. Ecology, 85(9), 2355-2362. https://doi.org/10.1890/03-0243

Liptzin, D., & Silver, W. L. (2009). Effects of carbon additions on iron reduction and phosphorus
availability in a humid tropical forest soil. Soil Biology and Biochemistry, 41(8), 1696—1702.
https://doi.org/10.1016/j.s0ilbio.2009.05.013

Liu, F., Bales, R. C., Conklin, M. H., & Conrad, M. E. (2008). Streamflow generation from snowmelt in
semi-arid, seasonally snow-covered, forested catchments, Valles Caldera, New Mexico. Water
Resources Research, 44(December), 1-13. https://doi.org/10.1029/2007WR006728

Lofgren, S., Ring, E., von Bromssen, C., Sgrensen, R., & Hogbom, L. (2009). Short-term effects of clear-
cutting on the water chemistry of two boreal streams in northern Sweden: a paired catchment
study. Ambio, 38(7), 347-356. https://doi.org/10.1579/0044-7447-38.7.347

Lutz, D. A., Burakowski, E. A., Murphy, M. B., Borsuk, M. E., Niemiec, R. M., & Howarth, R. B. (2016).
Trade-offs between three forest ecosystem services across the state of New Hampshire, USA:
Timber, carbon, and albedo. Ecological Applications, 26(1), 146—161. https://doi.org/10.1890/14-
2207.1/suppinfo

MacDonald, R., & Shemie, D. (2014). Urban Water Blueprint.

Mackay, D. S., & Band, L. E. (1997). Forest ecosystem processes at the watershed scale: dynamic
coupling of distributed hydrology and canopy growth. Hydrological Processes, 11(9), 1197-1217.

110



https://doi.org/10.1002/(sici)1099-1085(199707)11:9<1197::aid-hyp552>3.3.c0;2-n

Macrae, M. L., Redding, T. E., Creed, I. F., Bell, W. R., & Devito, K. J. (2005). Soil, surface water and
ground water phosphorus relationships in a partially harvested Boreal Plain aspen catchment.
Forest Ecology and Management, 206, 315-329. https://doi.org/10.1016/j.foreco.2004.11.010

Mage, S. M., & Porder, S. (2013). Parent material and topography determine soil phosphorus status in
the Luquillo Mountains of Puerto Rico. Ecosystems, 16(2), 284—294.
https://doi.org/10.1007/s10021-012-9612-5

Makowski, V., Julich, S., Feger, K., Breuer, L., & Julich, D. (2020). Leaching of dissolved and particulate
phosphorus via preferential flow pathways in a forest soil : An approach using zero-tension
lysimeters. Journal of Plant Nutrition and Soil Science, 183, 238-247.
https://doi.org/10.1002/jpIn.201900216

Mansilha, C., Duarte, C. G., Melo, A, Ribeiro, J., Flores, D., & Marques, J. E. (2019). Impact of wildfire on
water quality in Caramulo Mountain ridge (Central Portugal). Sustainable Water Resources
Management, 5(1), 319-331. https://doi.org/10.1007/s40899-017-0171-y

McBroom, M. W., Beasley, R. S., Chang, M., & Ice, G. G. (2008). Water quality effects of clearcut
harvesting and forest fertilization with best management practices. Journal of Environmental
Quality, 37(1), 114-124. https://doi.org/10.2134/jeq2006.0552

McConnell, C., Kaye, J., & Kemanian, A. (2020). Reviews and syntheses: Ironing out wrinkles in the soil
phosphorus cycling paradigm. Biogeosciences, 17(21), 5309-5333. https://doi.org/10.5194/bg-17-
5309-2020

McDonnell, J. J., Evaristo, J., Bladon, K. D., Buttle, J., Creed, I. F., Dymond, S. F., Grant, G., l[roume, A,,
Jackson, C. R., Jones, J. A., Maness, T., McGuire, K. J., Scott, D. F., Segura, C., Sidle, R. C., & Tague, C.
(2018). Water sustainability and watershed storage. Nature Sustainability, 1(8), 378-379.
https://doi.org/10.1038/s41893-018-0099-8

McDowell, R. W., & Sharpley, A. N. (2002). The effect of antecedent moisture conditions on sediment
and phosphorus loss during overland flow: Mahantango Creek catchment, Pennsylvania, USA.
Hydrological Processes, 16, 3037-3050. https://doi.org/10.1002/hyp.1087

McMillan, S. K., Wilson, H. F., Tague, C. L., Hanes, D. M., Inamdar, S., Karwan, D. L., Loecke, T., Morrison,
J., Murphy, S. F., & Vidon, P. (2018). Before the storm: antecedent conditions as regulators of
hydrologic and biogeochemical response to extreme climate events. Biogeochemistry, 141(3), 487—
501. https://doi.org/10.1007/s10533-018-0482-6

Mengistu, S. G., Creed, |. F., Webster, K. L., Enanga, E., & Beall, F. D. (2014). Searching for similarity in
topographic controls on carbon, nitrogen and phosphorus export from forested headwater
catchments. Hydrological Processes, 28(8), 3201-3216. https://doi.org/10.1002/hyp.9862

Monteith, S. S., Buttle, J. M., Hazlett, P. W., Beall, F. D., Semkin, R. G., & Jeffries, D. S. (2006b). Paired-
basin comparison of hydrologic response in harvested and undisturbed hardwood forests during
snowmelt in central Ontario: Il. Streamflow sources and groundwater residence times.
Hydrological Processes, 20(5), 1117—-1136. https://doi.org/10.1002/hyp.6073

Monteith, S. S., Buttle, J. M., Hazlett, P. W., Beall, F. D., Semkin, R. G., & Jeffries, D. S. (2006a). Paired-
basin comparison of hydrological response in harvested and undisturbed hardwood forests during
snowmelt in central Ontario: I. Streamflow, groundwater and flowpath behaviour. Hydrological
Processes, 20(5), 1095-1116. https://doi.org/10.1002/hyp.5956

111



Moore, R. D., & Scott, D. F. (2005). Camp Creek revisited: Streamflow changes following salvage
harvesting in a medium-size, snowmelt-dominated catchment. Canadian Water Resources Journal,
30(August 2005), 331-344. https://doi.org/https://doi.org/10.4296/cwrj3004331

Morrison, I. K., Cameron, D. A., Foster, N. W., & Groot, A. (1999). Forest research at the Turkey Lakes
Watershed. The Forestry Chronicle, 75(3), 395—399.
https://doi.org/https://doi.org/10.5558/tfc75395-3

Murray, C. D., & Buttle, J. M. (2003). Impacts of clearcut harvesting on snow accumulation and meltin a
northern hardwood forest. Journal of Hydrology, 271(1-4), 197-212.
https://doi.org/10.1016/50022-1694(02)000352-9

Murray, C. D., & Buttle, J. M. (2005). Infiltration and soil water mixing on forested and harvested slopes
during spring snowmelt, Turkey Lakes Watershed, central Ontario. Journal of Hydrology, 306(1-4),
1-20. https://doi.org/10.1016/j.jhydrol.2004.08.032

Naghdi, R., Solgi, A., Labelle, E. R., & Zenner, E. K. (2016). Influence of ground-based skidding on physical
and chemical properties of forest soils and their effects on maple seedling growth. European
Journal of Forest Research, 135(5), 949-962. https://doi.org/10.1007/s10342-016-0986-3

National Research Council. (2008). Hydrologic effects of a changing forest landscape. In The National
Academies Press. The National Academies Press. https://doi.org/10.17226/12223

Neary, D. G. (2011). Experimental forest watershed studies contributing to the effect of disturbances on
water quality. 1910(Penman 1963).

Neary, D. G. (2016). Long-term forest paired catchment studies: What do they tell us that landscape-
level monitoring does not? Forests, 7(8), 1-15. https://doi.org/10.3390/f7080164

Neary, D. G., Ice, G. G., & Jackson, C. R. (2009). Linkages between forest soils and water quality and
quantity. Forest Ecology and Management, 258(10), 2269-2281.
https://doi.org/10.1016/j.foreco.2009.05.027

Nieminen, M. (2004). Export of dissolved organic carbon, nitrogen and phosphorus following clear-
cutting of three Norway spruce forests growing on drained peatlands in southern Finland. Silva
Fennica, 38(2), 123—132. https://doi.org/10.14214/sf.422

Nijzink, R., Hutton, C., Pechlivanidis, I., Capell, R., Arheimer, B., Freer, J., & Han, D. (2016). The evolution
of root-zone moisture capacities after deforestation: A step towards hydrological predictions under
change? Hydrology and Earth System Sciences, 20, 4775-4799. https://doi.org/10.5194/hess-20-
4775-2016

O’Brien, H. D., Eimers, M. C., Watmough, S. A., & Casson, N. J. (2013). Spatial and temporal patterns in
total phosphorus in south-central Ontario streams: The role of wetlands and past disturbance.
Canadian Journal of Fisheries and Aquatic Sciences, 70(5), 766—774. https://doi.org/10.1139/cjfas-
2012-0474

OMNR. (2010). Forest management guide for conserving biodiversity at the stand and site scales.
Toronto: Queen’s Printer of Ontario.

OMNREF. (2015). Forest management guide to silviculture in the Great Lakes-St. Lawrence and boreal
forests of Ontario. Toronto: Queens Printer for Ontario.

Orihel, D. M., Baulch, H. M., Casson, N. J., North, R. L., Parsons, C. T., Seckar, D. C. M., & Venkiteswaran,
J. J. (2017). Internal phosphorus loading in canadian fresh waters: A critical review and data
analysis. Canadian Journal of Fisheries and Aquatic Sciences, 74(12), 2005—2029.

112



https://doi.org/10.1139/cjfas-2016-0500

Oulehle, F., Wright, R. F., Svoboda, M., Bace, R., Matéjka, K., Kania, J., Hruska, J., Couture, R. M., &
Kopacek, J. (2019). Effects of bark beetle disturbance on soil nutrient retention and lake chemistry
in glacial catchment. Ecosystems, 22(4), 725-741. https://doi.org/10.1007/s10021-018-0298-1

Palviainen, M., Finér, L., Laiho, R., Shorohova, E., Kapitsa, E., & Vanha-majamaa, |. (2010). Phosphorus
and base cation accumulation and release patterns in decomposing Scots pine, Norway spruce and
silver birch stumps. Forest Ecology and Management, 260(9), 1478-1489.
https://doi.org/10.1016/j.foreco.2010.07.046

Palviainen, M., Finér, L., Laurén, A., Launiainen, S., Piirainen, S., Mattsson, T., & Starr, M. (2014).
Nitrogen, phosphorus, carbon, and suspended solids loads from forest clear-cutting and site
preparation: Long-term paired catchment studies from eastern Finland. Ambio, 43(2), 218-233.
https://doi.org/10.1007/s13280-013-0439-x

Palviainen, M., Finér, L., Laurén, A., Mattsson, T., & Hogbom, L. (2015). A method to estimate the impact
of clear-cutting on nutrient concentrations in boreal headwater streams. Ambio, 44(6), 521-531.
https://doi.org/10.1007/s13280-015-0635-y

Penn, C. J., & Camberato, J. J. (2019). A critical review on soil chemical processes that control how soil
pH affects phosphorus availability to plants. Agriculture, 9, 1-18.
https://doi.org/https://doi.org/10.3390/agriculture9060120

Pennock, D., & van Kessel, C. (1997). Clear-cut forest harvest impacts on soil quality indicators in the
mixedwood forest of Saskatchewan , Canada. Geoderma, 75, 13-32.

Pettersson, K., Bostriim, B., & Jacobsen, O. (1988). Phosphorus in sediments - speciation and analysis.
Hydrobiologia, 170, 91-101.

Piirainen, S., Finér, L., Mannerkoski, H., & Starr, M. (2004). Effects of forest clear-cutting on the sulphur,
phosphorus and base cations fluxes through podzolic soil horizons. Biogeochemistry, 69(3), 405—
424, https://doi.org/10.1023/B:BI0G.0000031061.80421.1b

Pinder, K. C., Catherine Eimers, M., & Watmough, S. A. (2014). Impact of wetland disturbance on
phosphorus loadings to lakes. Canadian Journal of Fisheries and Aquatic Sciences, 71(11), 1695—
1703. https://doi.org/10.1139/cjfas-2014-0143

Pinel-Alloul, B., Prepas, E., Planas, D., Steedman, R., & Charette, T. (2002). Watershed impacts of logging
and wildfire: Case studies in Canada. Lake and Reservoir Management, 18(4), 307-318.
https://doi.org/10.1080/07438140209353937

Piniewski, M., Marcinkowski, P., Koskiaho, J., & Tattari, S. (2019). The effect of sampling frequency and
strategy on water quality modelling driven by high-frequency monitoring data in a boreal
catchment. Journal of Hydrology, 579(May), 124186.
https://doi.org/10.1016/j.jhydrol.2019.124186

Plach, J. M., Macrae, M. L., Wilson, H. F., Costa, D., Kokulan, V., Lobb, D. A., & King, K. W. (2022).
Influence of climate, topography, and soil type on soil extractable phosphorus in croplands of
northern glacial-derived landscapes. Journal of Environmental Quality, 51(4), 731-744.
https://doi.org/10.1002/jeq2.20369

Ploum, S. W., Leach, J. A, Laudon, H., & Kuglerov3, L. (2021). Groundwater, soil, and vegetation
interactions at discrete riparian inflow points (DRIPs) and implications for Boreal streams. Frontiers
in Water, 3(July), 1-8. https://doi.org/10.3389/frwa.2021.669007

113



Pote, D. H., Daniel, T. C., Moore, P. A, Nichols, D. J., Sharpley, A. N., & Edwards, D. R. (1996). Relating
extractable soil phosphorus to phosphorus losses in runoff. Soil Science Society of America Journal,
60(3), 855—859. https://doi.org/10.2136/sssaj1996.03615995006000030025x

Pote, D. H., Daniel, T. C., Nichols, D. J., Sharpley, A. N., Moore, P. A., Miller, D. M., & Edwards, D. R.
(1999). Relationship between phosphorus levels in three ultisols and phosphorus concentrations in
runoff. Journal of Environmental Quality, 28, 170-175.

Price, J. I., Renzetti, S., Dupont, D., Adamowicz, W., & Emelko, M. B. (2017). Production costs,
inefficiency, and source water quality: A stochastic cost frontier analysis of Canadian water utilities.
Land Economics, 93(1), 1-11. https://doi.org/10.3368/le.93.1.1

Pulley, S., & Collins, A. L. (2018). Tracing catchment fine sediment sources using the new SIFT (Sediment
Fingerprinting Tool) open source software. Science of the Total Environment, 635, 838—858.
https://doi.org/10.1016/j.scitotenv.2018.04.126

Pulley, S., Foster, I., & Antunes, P. (2015). The uncertainties associated with sediment fingerprinting
suspended and recently deposited fluvial sediment in the Nene river basin. Geomorphology, 228,
303-319. https://doi.org/10.1016/j.geomorph.2014.09.016

R Core Team. (2021). R: A language and environment for statistical computing. R Fouondation for
Statistical Computing, Vienna, Austria. https://www.r-project.org/

Rachels, A. A., Bladon, K. D., Bywater-reyes, S., & Hatten, A. (2020). Quantifying effects of forest
harvesting on sources of suspended sediment to an Oregon Coast Range headwater stream. Forest
Ecology and Management, 466, 1-13. https://doi.org/10.1016/j.foreco.2020.118123

Rekolainen, S., Posch, M., Kdmari, J., & Ekholm, P. (1991). Evaluation of the accuracy and precision of
annual phosphorus load estimates from two agricultural basins in Finland. Journal of Hydrology,
128(1-4), 237-255. https://doi.org/10.1016/0022-1694(91)90140-D

Roberge, A. )., Laudon, H., Bjérkman, C., Ranius, T., Sandstrém, C., Felton, A., Sténs, A., Nordin, A.,
Granstrom, A., Roberge, J., Laudon, H., Bjorkman, C., Ramus, T., Granstrém, A., Widemo, F., Bergh,
J., Sonesson, J., Stenlid, J., & Lundmark, T. (2016). Socio-ecological implications of modifying
rotation lengths in forestry. Ambio, 45, S109-S123. https://doi.org/10.1007/s13280-015-0747-4

Robinne, F. N., Bladon, K. D., Silins, U., Emelko, M. B., Flannigan, M. D., Parisien, M. A., Wang, X., Kienzle,
S. W., & Dupont, D. P. (2019). A regional-scale index for assessing the exposure of drinking-water
sources to wildfires. Forests, 10(5), 1-21. https://doi.org/10.3390/f10050384

Robinne, F. N., Hallema, D. W., Bladon, K. D., & Buttle, J. M. (2020). Wildfire impacts on hydrologic
ecosystem services in North American high-latitude forests: A scoping review. Journal of
Hydrology, 581(August 2019), 124360. https://doi.org/10.1016/j.jhydrol.2019.124360

SanClements, M. D., Fernandez, . J., & Norton, S. A. (2010). Phosphorus in soils of temperate forests:
Linkages to acidity and aluminum. Soil Science Society of America Journal, 74(6), 2175-2186.
https://doi.org/10.2136/sssaj2009.0267

Schindler, A. D. W. (1977). Evolution of phosphorus limitation in lakes. Science, 195(4275), 260-262.
https://doi.org/https://doi.org/10.1126/science.195.4275.260

Schindler, D. (1974). Eutrophication and recovery in experimental lakes: Implications for lake
management. Science, 184(4139), 897—-899.
https://doi.org/https://doi.org/10.1126/science.184.4139.897

Schindler, D. W., Carpenter, S. R., Chapra, S. C., Hecky, R. E., & Orihel, D. M. (2016). Reducing

114



phosphorus to curb lake eutrophication is a success. Environmental Science and Technology,
50(17), 8923-8929. https://doi.org/10.1021/acs.est.6b02204

Segal, D. S., Jones, R. H., & Sharitz, R. R. (1990). Release of NH4-N, NO3-N and PO4-P from litter in two
bottomland hardwood forests. The American Midland Naturalist, 123(1), 160-170.
https://doi.org/https://doi.org/10.2307/2425769

Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi, M., Vacchiano, G., Wild, J., Ascoli, D., Petr,
M., Honkaniemi, J., Lexer, M. J., Trotsiuk, V., Mairota, P., Svoboda, M., Fabrika, M., Nagel, T. A., & O
Reyer, C. P. (2017). Forest disturbances under climate change. Nature Climate Change, 7, 395—-402.
https://doi.org/10.1038/nclimate3303.Forest

Semkin, R. G., Hazlett, P. W., Beall, F. D., & Jeffries, D. S. (2002). Development of stream water chemistry
during spring melt in a northern hardwood forest. Water Air Soil Pollution Focus, 2, 37-61.
https://doi.org/https://doi.org/10.1023/A:1015882207107

Shakesby, R. A., & Doerr, S. H. (2006). Wildfire as a hydrological and geomorphological agent. Earth-
Science ReviewsEarth-Science Reviews, 74, 269-307.
https://doi.org/10.1016/j.earscirev.2005.10.006

Shaw, A. N., & Cleveland, C. C. (2020). The effects of temperature on soil phosphorus availability and
phosphatase enzyme activities: a cross-ecosystem study from the tropics to the Arctic.
Biogeochemistry, 151(2—3), 113—125. https://doi.org/10.1007/s10533-020-00710-6

Sherman, J., Fernandez, I. J., Norton, S. A., Ohno, T., & Rustad, L. E. (2006). Soil aluminum, iron, and
phosphorus dynamics in response to long-term experimental nitrogen and sulfur additions at the
Bear Brook watershed in Maine, USA. Environmental Monitoring and Assessment, 121(1-3), 419—
427. https://doi.org/10.1007/s10661-005-9140-2

Silins, U., Bladon, K. D., Kelly, E. N., Esch, E., Spence, J. R., Stone, M., Emelko, M. B., Boon, S., Wagner, M.
J., Williams, C. H. S., & Tichkowsky, I. (2014). Five-year legacy of wildfire and salvage logging
impacts on nutrient runoff and aquatic plant, invertebrate, and fish productivity. Ecohydrology,
7(6), 1508-1523. https://doi.org/10.1002/eco0.1474

Silins, U., Stone, M., Emelko, M. B., & Bladon, K. D. (2009). Catena sediment production following severe
wildfire and post-fire salvage logging in the Rocky Mountain headwaters of the Oldman River
Basin, Alberta. Catena, 79(3), 189—197. https://doi.org/10.1016/j.catena.2009.04.001

Smeck, N. E. (1973). Phosphorus: An indicator of pedogenetic weathering processes. In Soil Science (Vol.
115, Issue 3, pp. 199-206). https://doi.org/10.1097/00010694-197303000-00005

Smeck, N. E. (1985). Phosphorus dynamics in soils and landscapes. Geoderma, 36(3—4), 185-199.
https://doi.org/10.1016/0016-7061(85)90001-1

Smith, H. G., Hopmans, P., Sheridan, G. J., Lane, P. N. J., Noske, P. J., & Bren, L. J. (2012). Impacts of
wildfire and salvage harvesting on water quality and nutrient exports from radiata pine and
eucalypt forest catchments in south-eastern Australia. Forest Ecology and Management, 263, 160—
169. https://doi.org/10.1016/j.foreco.2011.09.002

Smith, H. G., Sheridan, G. J., & Nyman, P. (2011). Wildfire effects on water quality in forest catchments:
A review with implications for water supply. Journal of Hydrology, 396, 170-192.
https://doi.org/10.1016/j.jhydrol.2010.10.043

Sgrensen, R., Ring, E., Meili, M., Hogbom, L., Seibert, J., Grabs, T., Laudon, H., & Bishop, K. (2009). Forest
harvest increases runoff most during low flows in two boreal streams. Ambio, 38(7), 357-363.

115



https://doi.org/10.1579/0044-7447-38.7.357

Spencer, S. A., Anderson, A. E., Silins, U., & Collins, A. L. (2021). Hillslope and groundwater contributions
to streamflow in a Rocky Mountain watershed underlain by glacial till and fractured sedimentary
bedrock. Hydrology and Earth System Sciences, 25(1), 237-255. https://doi.org/10.5194/hess-25-
237-2021

Startsev, A. D., & McNabb, D. H. (2000). Effects of skidding on forest soil infiltration in west-central
Alberta. Canadian Journal of Soil Science, 80(4), 617—624. https://doi.org/10.4141/599-092

Stein, S., & Butler, B. (2004). On the front line: Private forests & water resources. In Forest Service
Wildland Waters: Vol. FS-790 (Issue Summer). https://doi.org/10.1002/asi.1099

Stein, S. M., McRoberts, R. E., Alig, R. J., Nelson, M. D., Theobald, D. M., Eley, M., Dechter, M., & Carr, M.
(2005). Forests on the edge: Housing development on America’s private forests. In Gen. Tech. Rep.
(Issue PNW-GTR-636).

Stoddard, J. L., Van Sickle, J., Herlihy, A. T., Brahney, J., Paulsen, S., Peck, D. V., Mitchell, R., & Pollard, A.
I. (2016). Continental-scale increase in lake and stream phosphorus: Are oligotrophic systems
disappearing in the United States? Environmental Science and Technology, 50(7), 3409-3415.
https://doi.org/10.1021/acs.est.5b05950

Stone, M., Collins, A. L., Silins, U., Emelko, M. B., & Zhang, Y. S. (2014). The use of composite fingerprints
to quantify sediment sources in a wildfire impacted landscape, Alberta, Canada. Science of the
Total Environment, 473—-474, 642—650. https://doi.org/10.1016/j.scitotenv.2013.12.052

Stone, M., & English, M. C. (1993). Geochemical composition , phosphorus speciation and mass
transport of fine-grained sediment in two Lake Erie tributaries. Hydrobiologia, 253, 17-29.
https://doi.org/https://doi.org/10.1007/BF00050719

Stone, M., Krishnappan, B. G,, Silins, U., Emelko, M. B., Williams, C. H. S., Collins, A. L., & Spencer, S. A.
(2021). A new framework for modelling fine sediment transport in rivers includes flocculation to
inform reservoir management in wildfire impacted watersheds. Water, 13(17).
https://doi.org/10.3390/w13172319

Storck, P., Bowling, L., Wetherbee, P., & Lettenmaier, D. (1998). Application of a GIS-based distributed
hydrology model for prediction of forest harvest effects on peak stream flow in the Pacific
Northwest. Hydrological Processes, 12(6), 889—904. https://doi.org/10.1002/(SICI)1099-
1085(199805)12:6<889::AID-HYP661>3.0.CO;2-P

Su, Y., Langhammer, J., & Jarsjo, J. (2017). Geochemical responses of forested catchments to bark beetle
infestation: Evidence from high frequency in-stream electrical conductivity monitoring. Journal of
Hydrology, 550, 635—649. https://doi.org/10.1016/j.jhydrol.2017.05.035

Sun, G., & Vose, J. M. (2016). Forest management challenges for sustaining water resources in the
Anthropocene. Forests, 7(3), 1-13. https://doi.org/10.3390/f7030068

Swank, W. T., Vose, J. M., & Elliott, K. J. (2001). Long-term hydrologic and water quality responses
following commercial clearcutting of mixed hardwoods on a southern Appalachian catchment.
Forest Ecology and Management, 143, 163—178. https://doi.org/https://doi.org/10.1016/S0378-
1127(00)00515-6

Tullio, M. (2022). Impact of the Kenow wildfire on the form and mobility of particulate phosphorus in
gravel-bed rivers at large basin scales: Implications for downstream propagation.

Turgeon, J. M. L., & Courchesne, F. (2008). Hydrochemical behaviour of dissolved nitrogen and carbon in

116



a headwater stream of the Canadian Shield: relevance of antecedent soil moisture conditions.
Hydrological Processes, 22, 327-339. https://doi.org/10.1002/hyp

United Nations Department of Economic and Social Affairs, U. N. F. on F. S. (2021). The global forest
goals report 2021. In The Global Forest Goals Report 2021.

van Verseveld, W. J., McDonnell, J. J., & Lajtha, K. (2008). A mechanistic assessment of nutrient flushing
at the catchment scale. Journal of Hydrology, 358(3—4), 268—287.
https://doi.org/10.1016/j.jhydrol.2008.06.009

Vincent, A. G., Vestergren, J., Grobner, G., Persson, P., Schleucher, J., & Giesler, R. (2013). Soil organic
phosphorus transformations in a boreal forest chronosequence. Plant and Soil, 367(1-2), 149-162.
https://doi.org/10.1007/s11104-013-1731-z

Vuorio, K., Jarvinen, M., & Kotamaki, N. (2020). Phosphorus thresholds for bloom-forming
cyanobacterial taxa in boreal lakes. Hydrobiologia, 847(21), 4389-4400.
https://doi.org/10.1007/s10750-019-04161-5

Wagener, T., Sivapalan, M., Troch, P., & Woods, R. (2007). Catchment classification and hydrologic
similarity. Geography Compass, 1(4), 901-931. https://doi.org/10.1111/j.1749-8198.2007.00039.x

Wagner, C., & Adrian, R. (2009). Cyanobacteria dominance: Quantifying the effects of climate change.
Limnology and Oceanography, 54(6 PART 2), 2460-2468.
https://doi.org/10.4319/10.2009.54.6_part_2.2460

Watt, C., Emelko, M. B., Silins, U., Collins, A. L., & Stone, M. (2021). Anthropogenic and climate-
exacerbated landscape disturbances converge to alter phosphorus bioavailability in an oligotrophic
river. Water, 13(3151). https://doi.org/10.3390/w13223151

Webb, A. A. (2012). Can timber and water resources be sustainably co-developed in south-eastern New
South Wales, Australia? Environment, Development and Sustainability, 14(2), 233-252.
https://doi.org/10.1007/s10668-011-9319-3

Webster, K. L., Beall, F. D., Creed, I. F., & Kreutzweiser, D. P. (2015). Impacts and prognosis of natural
resource development on water and wetlands in Canada’s boreal zone. Environmental Reviews,
23(1), 78-131. https://doi.org/10.1139/er-2014-0063

Webster, K. L., Leach, J. A., Hazlett, P. W., Buttle, J. M., Emilson, E. J. ., & Creed, I. . (2022). Long term
stream chemistry response to harvesting in a northern hardwood forest watershed experiencing
environmental change. Forest Ecology and Management, 519, 1-16. https://doi.org/https://doi-
org.proxy.lib.uwaterloo.ca/10.1016/j.foreco.2022.120345

Webster, K. L., Leach, J. A, Hazlett, P. W., Fleming, R. L., Emilson, E. J. S., Houle, D., Chan, K. H. Y.,
Norouzian, F., Cole, A. S., O’Brien, J. M., Smokorowski, K. E., Nelson, S. A., & Yanni, S. D. (2021a).
Turkey Lakes Watershed, Ontario, Canada: 40 years of interdisciplinary whole-ecosystem research.
Hydrological Processes, 35(4), 1-8. https://doi.org/10.1002/hyp.14109

Webster, K. L., Leach, J. A., Houle, D., Hazlett, P. W., & Emilson, E. J. S. (2021b). Acidification recovery in
a changing climate: Observations from thirty-five years of stream chemistry monitoring in forested
headwater catchments at the Turkey Lakes watershed, Ontario. Hydrological Processes, 35(9), 1-
15. https://doi.org/10.1002/hyp.14346

Weitzman, J. N., Groffman, P. M., Campbell, J. L., Driscoll, C. T., Fahey, R. T., Fahey, T. J., Schaberg, P. G.,
& Rustad, L. E. (2020). Ecosystem nitrogen response to a simulated ice storm in a northern
hardwood forest. Ecosystems, 23(6), 1186—1205. https://doi.org/10.1007/s10021-019-00463-w

117



Wellington, B. I., & Driscoll, C. T. (2004). The episodic acidification of a stream with elevated
concentrations of dissolved organic carbon. Hydrological Processes, 18, 2663—-2680.
https://doi.org/10.1002/hyp.5574

Wemple, B. C., & Jones, J. A. (2003). Runoff production on forest roads in a steep, mountain catchment.
Water Resources Research, 39(8), 1-17. https://doi.org/10.1029/2002WR001744

White, J. C., Wulder, M. A., Hermosilla, T., Coops, N. C., & Hobart, G. W. (2017). A nationwide annual
characterization of 25 years of forest disturbance and recovery for Canada using Landsat time
series. Remote Sensing of Environment, 194, 303-321. https://doi.org/10.1016/j.rse.2017.03.035

Whitson, I. R., Abboud, S., Prepas, E. E., & Chanasyk, D. S. (2005). Trends in dissolved phosphorus in Gray
Luvisol soil profiles after forest harvest. Canadian Journal of Soil Science, 85, 89-101.
https://doi.org/https://doi.org/10.4141/504-030

Whitson, I. R., Chanasyk, D. S., & Prepas, E. E. (2003). Hydraulic properties of Orthic Gray Luvisolic soils
and impact of winter logging. Journal of Environmental Engineering and Science, 2(Supplement 1),
S41-549. https://doi.org/10.1139/s03-033

Williams, C. H. S,, Silins, U., Spencer, S. A., Wagner, M. J., Stone, M., & Emelko, M. B. (2019). Net
precipitation in burned and unburned subalpine forest stands after wildfire in the northern Rocky
Mountains. International Journal of Wildland Fire, 28(10), 750-760.
https://doi.org/10.1071/WF18181

Williamson, J. R., & Neilsen, W. A. (2000). The influence of forest site on rate and extent of soil
compaction and profile disturbance of skid trails during ground-based harvesting. Canadian Journal
of Fisheries and Aquatic Sciences, 30, 1196—1205. https://doi.org/https://doi.org/10.1139/x00-041

Winter, J. G., Desellas, A. M., Fletcher, R., Heintsch, L., Morley, A., Nakamoto, L., Utsumi, K., Winter, J.
G., Desellas, A. M., Fletcher, R., Heintsch, L., Morley, A., Nakamoto, L., Utsumi, K., Winter, J. G.,
Desellas, A. M., Fletcher, R., Heintsch, L., Morley, A, ... Utsumi, K. (2011). Algal blooms in Ontario,
Canada: Increases in reports since 1994. Lake and Reservoir Management, 27, 107-114.
https://doi.org/10.1080/07438141.2011.557765

Wood, T., Bormann, F. H., & Voigt, G. K. (1984). Phosphorus cycling in a northern hardwood forest:
Biological and chemical control. Science, 223(4634), 391-393.
https://doi.org/https://doi.org/10.1126/science.223.4634.391

Xu, H., Paerl, H. W., Qin, B., Zhu, G., Hall, N. S., & Wu, Y. (2015). Determining critical nutrient thresholds
needed to control harmful cyanobacterial blooms in eutrophic Lake Taihu, China. Environmental
Science and Technology, 49(2), 1051-1059. https://doi.org/10.1021/es503744q

Zhang, M., Wei, X., & Li, Q. (2017). Do the hydrological responses to forest disturbances in large
watersheds vary along climatic gradients in the interior of British Columbia , Canada?
Ecohydrology, 10, 1-13. https://doi.org/10.1002/eco.1840

Zhang, Y., & Thorburn, P. J. (2022). Handling missing data in near real-time environmental monitoring: A
system and a review of selected methods. Future Generation Computer Systems, 128, 63—72.
https://doi.org/10.1016/j.future.2021.09.033

Zhou, S., Li, N., & Margenot, A. J. (2022). Soil meets stream: Vertical distribution of soil phosphorus in
streambanks. Geoderma, 424(April), 1-14. https://doi.org/10.1016/j.geoderma.2022.115989

118



Appendix A Supplementary Material for Chapter 2

Table A1 Linear regression equations used for estimating predicted harvesting behaviour in the BACI study design.

Note:
*p-value<0.1

** p-value = 0.05
(ns) p-value = 0.1

Control C32 Control C35 Control C46
Catchment n Intercept Slope SEE  Adjusted7®> n Intercept Slope SEE  Adjusted7® n Intercept Slope SEE  Adjusted 7°

Flow Weighted Total Phosphorus Concentration

4 Clear Cut 54 0.285+0.094** 0.763+0.088** 0.309 0.591 63 0.353+0.102** 0.677+0.093** 0.362 0.466 61 0.261+0.121** 0.698+0.103** 0.371 0.437

5 Selection Cut 54 0.024+0.102(ns) 0.88+0.092** 0.314 0.637 61 0.281+0.115** 0.614+0.102** 0.395 0.378 60 0.163+0.127 (ns) 0.698+0.109** 0.390 0.416

6 Shelterwood Cut 56 0.319+0.1** 0.727£0.089 **  0.353 0.553 66 0.424+0.116™ 0.561+0.103** 0.421 0.318 62 0.181+0.121(ns) 0.744+0.103** 0.371 0.465
Total Phosphorus Yield

7 Clear Cut 54  0.161:0.087* 0.913£0.055** 0.490 0.843 63 -0.125+0.095(ns) 0.945%0.059** 0.535 0.808 61 -0.557£0.143** 1.069+0.081** 0.605 0.747

8 Selection Cut 53 -0.429:0.099* 1.086+0.063** 0.544 0.853 61 -0.622+0.12* 1.069£0.073** 0.644 0.785 60 -0.982+0.159** 1.17£0.09*  0.667 0.746

9 Shelterwood Cut 56 0.476:0.075** 0.802+0.048** 0.431 0.838 66  0.292+0.087** 0.774%0.053** 0.505 0.769 62 -0.099+0.111(ns) 0.926+0.063** 0.471 0.782
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Flow Weighted Total Phosphorus Concentration (ug L") in the Harvested Catchment
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Figure A1 Linear regression relationships pre and post harvest between control and harvested catchments across all seasons for

flow weighted total phosphorus concentration (ug L*2).

120




Clear Cut Selection Cut Shelterwood Cut
O |m
w |
K =
O |m
W |
| =
54
Q|m
B o
£ 2 @, [=
(o]
£
¥ =
S 101
©
© 5 O §
w (3
S 5 Nla
3 =8
14
%10-
o 97 O s
£ o [
£ 2] D e
2 g
"4 10
2 oS
5|3
5 > |z
= 2 =
[
s A
C
3
S °] ql®
O 8|5
o 5 «
2=
| o
[o]
¥
@ »
27 a3
o =3
T 21 “
o
l_
g 5 (0]
2 Qg
‘T (=)0 e |
z 2 “
g 10
i [0)]
4 C
5 e) 3
83
27* K
13 - L]
5 . . - 2
. o® | ® o% . 8 3
21 : E . = . a3
. ° e _® L] g
s o & 4 .
10
51 a . :. > g)
- o o . Ly g 3
4 » > . - . @ 3
2 | l ' | | I. . s | = | | I : l O | Q
1 2 5 10 1 2 5 10 1 2 5 10

ow Weighted Total Phosphorus Concentration (ug in the Control Catchment
Flow Weighted Total Phosph Ci ion ( L") inthe C | Catch

Time Period

== Pre Harvest

=== Post Harvest

Figure A2 Linear regression relationships pre and post harvest between control and harvested catchments for individual seasons

for flow weighted total phosphorus concentration (ug L*?).

121




-1

Total Phosphorus Yield (g ha™' season ) in the Harvested Catchment

10.0

10.0

Clear Cut

Selection Cut

Shelterwood Cut

Z¢ |04uoD

G¢ |043uoD

9% [04uod

0.1 1.0

10.0

0.1 1.0 10.0
Total Phosphorus Yield (g ha”' season") in the Control Catchment

0.1

10.0

Time Period

== Pre Harvest

== Post Harvest

Figure A3 Linear regression relationships pre and post harvest between control and harvested catchments across all seasons for
total phosphorus yield (g ha'! season).
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Figure A4 Linear regression relationships pre and post harvest between control and harvested catchments for individual seasons
for total phosphorus yield (g ha seasoni).
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Appendix B Supplementary Material for Chapter 3

Figure B1 Images of field sites at TLW A) watershed divide in C32 B) hillslope in C32 beforé leaf out C) wetland in C32 during Fall
D) wetland in C31 during Spring E) hillslope in C32 near weir F) stream channel in C32 before snowmelt.

124



Qe { fo AW

eter pits in C32 B) throughfall collector in C31, C) mineral
soil zero tension lysimeter during instillation, D) ISCO automated sampler being programed E) mineral soil zero tension lysimeter
before instillation, F) peristaltic pump collecting groundwater.

Figure B2 Images of field equipment used in TLW: A) shows two lysim
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Figure B3 Images of laboratory set up in the Great Lakes Forestry Centre: A) water sample splitting apparatus that filters water
samples from field bottles to laboratory bottles, B) water sample laboratory bottles.
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Figure B4: Bivariate plot for the clear-cut during the Fall. Top right of the plot represents the Pearson’s correlation coefficient
and level of significance (* p <0.05, ** p < 0.01, *** p <0.001, **** p < 0.0001) for the linear relationships between each tracer.
Red line shows the line of best fit using linear regression.
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Figure B5: Bivariate plot for the clear-cut during storm 1 Top right of the plot represents the Pearson’s correlation coefficient
and level of significance (* p < 0.05, ** p <0.01, *** p < 0.001, **** p <0.0001) for the linear relationships between each tracer.
Red line shows the line of best fit using linear regression.
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Figure B6: Bivariate plot for the clear-cut during storm 4 Top right of the plot represents the Pearson’s correlation coefficient
and level of significance (* p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001) for the linear relationships between each tracer.
Red line shows the line of best fit using linear regression.
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Figure B7: Bivariate plot for the control during snowmelt Top right of the plot represents the Pearson’s correlation coefficient
and level of significance (* p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001) for the linear relationships between each tracer.
Red line shows the line of best fit using linear regression.
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Figure B8: Bivariate plot for the control during the Fall Top right of the plot represents the Pearson’s correlation coefficient and
level of significance (* p < 0.05, ** p <0.01, *** p <0.001, **** p < 0.0001) for the linear relationships between each tracer. Red
line shows the line of best fit using linear regression.
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Figure B9: Bivariate plot for the control during storm 1 Top right of the plot represents the Pearson’s correlation coefficient and
level of significance (* p < 0.05, ** p £0.01, *** p £0.001, **** p <0.0001) for the linear relationships between each tracer. Red
line shows the line of best fit using linear regression.
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Figure B10: Bivariate plot for the control during storm 4 Top right of the plot represents the Pearson’s correlation coefficient and
level of significance (* p < 0.05, ** p £0.01, *** p £0.001, **** p <0.0001) for the linear relationships between each tracer. Red
line shows the line of best fit using linear regression.
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Figure B11: Bivariate plot for the clear-cut wetland during snowmelt Top right of the plot represents the Pearson’s correlation
coefficient and level of significance (* p < 0.05, ** p < 0.01, *** p <0.001, **** p <0.0001) for the linear relationships between
each tracer. Red line shows the line of best fit using linear regression.
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Figure B12: Bivariate plot for the clear-cut wetland during the Fall Top right of the plot represents the Pearson’s correlation
coefficient and level of significance (* p < 0.05, ** p <0.01, *** p <0.001, **** p < 0.0001) for the linear relationships between
each tracer. Red line shows the line of best fit using linear regression.
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Figure B13: Bivariate plot for the clear-cut wetland during storm 1 Top right of the plot represents the Pearson’s correlation
coefficient and level of significance (* p < 0.05, ** p < 0.01, *** p <0.001, **** p <0.0001) for the linear relationships between
each tracer. Red line shows the line of best fit using linear regression.

0.016 0.022 0.18 022 026 0.70 0.80 20 22 24 26
1 il L i | 1 1 1 1 1 1 L L 1 1 1 T O O (N -
APR* 0.0064 -0.65 0.69 -0.75 -0.79 0.95 -0.92 029 E°
o3, o Ba2* 0.23 -0.16 0.053 0.059 -0.012 0.18 0.30
= °°° — Sy - ek ek . ik wer [ O
s 5 4 cat -0.41 0.94 0.89 -0.75 0.76 08 "
o 21 [ ©
5. el T PSa, o [&gmy K’ -0.41 -0.47 0.63 -0.76 -0.19
T o8, B O
=] @, © C O 2 ekek ek ke wex N
o CALE d e o ° Mg** 0.91 -0.84 0.77 074 E°
g e I -—— T L g6 ] ©
L s 9 8 A/ge'{qg,fr Na* -0.89 0.86 0.68
i ) o °
(=] o eie L &
¢ 3 " Tk
& S sbe e o " DOC -0.93 046 [~
11— 2 Sopeeaifoo 29538850 C e
« 00 OO 00 o3 00 2' *
: OZ <3 ° o ) ° ° S04 0‘48 S,'
&0 O M ° ® % ) ) @ ) 24 E 3
Re . Xe) o oo ©O o o o o0 o 0000 o [@@o 0 O sr : ‘e
nl T TT T T o T lﬂ T T T o j 1 S ! T I E o Ih T T T T = 1T T 1T 17T T g
0.05 0.08 0.11 6.6 70 74 0.64 0.70 0.76 5 6 7 8 9 0.0210 0.0225 0.0240 .

Figure B14: Bivariate plot for the clear-cut wetland during storm 4. Top right of the plot represents the Pearson’s correlation
coefficient and level of significance (* p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001) for the linear relationships between
each tracer. Red line shows the line of best fit using linear regression.
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Appendix C Supplementary Material for Chapter 4
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Figure C1 Particle size distribution of soils in the A, B and C horizon in the control and clear-cut catchments. Colours represent

different soil pits samples from each catchment.
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