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ABSTRACT
The effects of forest disturbance on dissolved organic carbon in the Algoma region,
central Ontario

Matthew G. Watkins

ABSTRACT

Many communities in Canada rely on water sourced from boreal forest
headwaters for their drinking water. The Boreal Shield Ecozone is highly susceptible to
climate change which threatens to exacerbate the effects of natural and human-driven
disturbances such as wildfire, insect infestation and harvesting on water quality.
Therefore, examining source water quality in headwater catchments within the Boreal
Shield Ecozone is crucial to elucidating the potential implications of these disturbances to
water treatment processes in the context of a changing climate. A synoptic water
sampling investigation was conducted to evaluate how dissolved organic carbon (DOC)
quantity and quality and disinfection by-product formation-potential (DBP-FP) quantity
varied across space and time in the Algoma region of central Ontario. Over a five-month
timeframe (June 2021 - October 2021), 168 streamflow estimates and 176 water samples
were collected across 30 catchments (catchment areas from 0.2 - 106.8 km?) which varied
in their forest disturbance histories.

DOC concentration ([DOC]) ranged from 2.4 - 38.2 mg L'! and tended to be
higher in harvest-dominated sites, while no discernible differences in SUVA254 were

observed between catchment types. DOC export estimates ranged from 1.0 - 63.2 g C m?
over a 141-day period (June 5" - Oct. 23", 2021). Fluorescence indices for quantifying
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DOC composition suggested that all catchments were dominated by humified and
terrestrially sourced carbon. DBP-FP values were positively correlated to UV-254 (r =
0.76 - 0.78) and [DOC] (r = 0.85 - 0.88), such that DBP-FP spatiotemporal patterns were
strongly coupled to DOC dynamics.

Multiple linear regression analysis identified that open water was negatively
related to [DOC] and SUVA2s4 and explained the most variability in their spatiotemporal
patterns. In addition, catchment area, which was negatively related to [DOC] and
SUVA2s4, and legacy insect infestation and harvesting disturbance helped improve model
explanatory power. Other predictor variables, such as slope, wetland cover, coniferous
forest cover and recent forest disturbance (i.e., 5-year harvesting and 5-year insect
infestation), showed relatively poor explanatory power. Variability in DOC export
estimates may be explained by harvesting disturbance (adjusted r?> = 0.68 - 0.82). The
results of this study emphasise that complex processes across the terrestrial-aquatic
continuum, which are influenced by several factors, such as runoff, forest disturbance and
landscape heterogeneity, govern the spatiotemporal patterns in water quality across boreal

headwaters within the Algoma region.

Keywords: dissolved organic carbon, drinking water supply, forest disturbance, specific

ultraviolet absorbance, water quality, disinfection by-products, Boreal Shield Ecozone
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Chapter 1: Introduction

1.1 Drinking water in Canada

Provision of clean drinking water is a major public health concern in Canada. As
such, provincial and territorial governments work with Health Canada to establish basic
parameters for every jurisdiction to follow which ensures the safest water supply possible
(Health Canada, 2020). Source water in Canada is typically of high quality; however,
spatiotemporal variability in water composition often necessitates water treatment
(Health Canada, 2020). Conventional methods, such as coagulation, flocculation,
sedimentation, and filtration, are commonly used to treat surface water and there are
guidelines in place for microbiological, radiological and chemical, and physical
constituents (Health Canada, 2020; Crittenden et al., 2012). Numerous factors may
influence treatment selection, design, and operation including budget, population,
operator skill, finished water quality, and source water quality (Crittenden et al., 2012;
Emelko et al., 2011). Consistency in source water quality is particularly important as
thresholds exist for key water quality metrics such as turbidity, colour and natural organic
matter (NOM; with the dissolved fraction often referred to as dissolved organic matter
(DOM)). Exceedance of water quality thresholds predictably leads to greater treatment
challenges, such as design and infrastructure modification, which can increase costs
(Table 1.1; Crittenden et al., 2012; Emelko et al., 2011). Stable and effective water
treatment operations are essential since approximately 66% of Canadians rely on surface
water bodies such as lakes and reservoirs for their drinking water supply (Natural

Resources Canada, 2023). Moreover, most of this surface water supply originates in



forested headwater regions which are the integral providers of source water for human

consumption (Natural Resources Canada, 2023).

1.1.1 The Boreal Shield Ecozone: source water and susceptibility to
anthropogenic climate forcing and forest management

With over 800,000 km? of surface freshwater (Natural Resources Canada, 2019),
the Boreal Shield Ecozone is a crucial forested source water region in Canada. Many
communities, including numerous First Nations, rely on the Boreal Shield Ecozone for
their water supply (Moola and Roth, 2019; Smith, 2015). Much of the headwaters within
the Ontario portion of the Great Lakes Basin, which supplies approximately 80% of the
province’s clean drinking water, drain boreal forest landscapes (Government of Ontario,
2016). The source water provided by the forested headwaters of the Boreal Shield
Ecozone is particularly susceptible to future climatic changes and resource demand which
threaten to increase land disturbance, affect ecological stability, and impact water quality
(Boulanger and Puigdevall, 2021; Price et al., 2013; Emelko et al., 2011; Dale et al.,
2001).

Since 1948, annual average temperature has risen by 1.9 °C in Canada, which is
nearly twice the global average (Natural Resource Canada, 2023). In addition, mean
annual temperatures in the Boreal Shield Ecozone could significantly increase in the
future which will likely affect all aspects of ecosystem function (Boulanger et al., 2023;
Price et al., 2013). This is particularly concerning as these forests are expected to be less
resilient to climatic shifts than other northern forests (Boulanger and Puigdevall, 2021).

Large-scale natural disturbances such as wildfire, which are primarily responsible for



driving canopy succession in the Boreal Shield Ecozone (Price and Apps, 1995), are
already increasing in frequency and severity due to changing climate (Robinne et al.,
2020; Coogan et al., 2019; Price et al., 2013). Wildfires are also expected to burn to
deeper soil horizon depths which will make fire suppression efforts more challenging
(Brandt et al., 2013). Shifts in insect infestation disturbance dynamics are also of concern
since they are known to account for a substantial amount of wood volume loss in
Canadian forests, with insect infestations affecting approximately 17.8 million ha of
forested landscapes in 2020 (Natural Resources Canada, 2022; Volney and Fleming,
2000). Further, increases in regional temperature could see (a) populations of boreal
forest insects rise; and (b) changes to insect behavioural dynamics, which could impact
the nature of forests and tree mortality (Price et al., 2013). Thus, continuing climate
perturbations threaten to exacerbate the effects of forest disturbance in the Boreal Shield
Ecozone which poses a major risk to water supply and quality (Robinne et al., 2020;
Emelko et al., 2011). In conjunction with industrial harvesting and its associated
management activities, which have taken place in the Boreal Shield Ecozone since the
early 20» century (Brandt et al., 2013), these forest disturbances have notable effects on
the landscape which can significantly affect surface water dynamics. These effects
include:

e increased erosion which can lead to higher total suspended solids and turbidity

(Emmerton et al., 2015; Emelko et al., 2011; Tremblay et al., 2009).
e changes in fundamental hydrological processes (e.g., interception, transpiration,

groundwater fluxes) leading to increased soil moisture and runoft, which, in turn,



can impact streamflow regimes (Bladon et al., 2014; Buttle, 2011; Pike et al.,
2010).

e clevated stream nutrient and trace metal concentrations (Webster et al., 2022;
Emmerton et al., 2015; Palviainen et al., 2015; de Wit et al., 2014; Tremblay et al.,
2009).

e changes to surface vegetation and soil composition which may alter the
spatiotemporal dynamics of NOM quantity and quality (Freeman et al., 2023;
Kreutzweiser et al., 2008).

e stream temperature changes, particularly in small streams, which may affect
aquatic species and riparian microclimate (Moore et al., 2005).

e changes to nutrient cycling processes (e.g., rates of microbial decomposition,
mineralisation), which can lead to the release of substantial amounts of NOM into
terrestrial and aquatic environments (Kreutzweiser et al., 2008).

Most of these effects have some level of impact on the amount and nature of NOM
moving through terrestrial and aquatic systems within the Boreal Shield Ecozone. As
such, shifts in NOM concentration and quality threaten to increase the number of
operational challenges faced by water managers and put more strain on our water supply

(Emelko et al., 2011).

1.1.2 Natural organic matter and its effect on drinking water quality
NOM primarily originates from the degradation of plants in the terrestrial and
aquatic environment, and from algae and aquatic microbial exudates (Amon, 2002; Aiken

and Cotsaris, 1995; Thurman, 1985). The composition and character of NOM can vary



widely as it is continuously altered and transformed by a multitude of environmental
processes including exposure to ultraviolet light (i.e., photodegradation), microbial
decomposition and chemical fixation (United States Geological Survey, 2023; Vidon et
al., 2014; Aiken and Cotsaris, 1995). For example, NOM with a relatively short residence
time (e.g., transported from shallow soil layers during stormflow runoft through enriched
‘export control points’) will have a distinctly different composition than NOM that
undergoes sorption and periods of fractionation as it percolates through multiple soil
horizons (Figure 1.1; Leonard et al., 2022; Yang et al., 2015; Crou¢ and Leenheer, 2003;
McClain et al., 2003; Amon, 2002; Aiken and Cotsaris, 1995). These travel paths
generate heterogeneous distributions of NOM within the environment that vary in their
hydrologic connectivity to the aquatic environment which leads to fluctuating amounts in
stream water (Lintern et al., 2018; Croué and Leenheer, 2003; Aiken and Cotsaris, 1995;
Thurman, 1985). Ultimately, NOM is a complex, heterogenous mixture of hydrophobic
and hydrophilic particulate, colloidal and dissolved compounds that primarily results
from the hydrological pathway taken through the landscape (Amon, 2002; Aiken and
Cotsaris, 1995).

Despite its complex nature, NOM is predominantly made up of carbon and efforts
have been made to quantify various fractions such as total organic carbon (TOC),
dissolved organic carbon (DOC) and particulate organic carbon (POC) (Health Canada,
2019; Croué and Leenheer, 2003; Thurman, 1985). Such measurements of organic carbon
are more common than of NOM or DOM because organic matter contains other elements
(e.g., oxygen and hydrogen), which complicates quantification (Thurman, 1985).

Moreover, quantifying DOC is especially important as it: (1) makes up the predominant



fraction of TOC in most source water (Wetzel, 2001), making it a good proxy for NOM;
and (2) is the component of NOM that is chemically reactive, thereby causing significant
problems for water treatment (Health Canada, 2019; Thurman, 1985).

Operationally, DOC is the fraction of organic carbon in NOM that can pass
through a filter of a predefined size (e.g., 0.2 um, 0.45 pum, or 0.7 um (Denis et al.,
2017)) and is considered a “master water quality variable” that drives aquatic ecosystem
function (e.g., protecting biota through UV attenuation and complexing trace metals)
(United States Geological Survey, 2023; Zarnetske et al., 2019; Oni et al., 2013; Boggs et
al., 1985). DOC can also affect drinking water treatment by creating aesthetic,
operational, and indirect health effect issues (Health Canada, 2019; Roulet and Moore,
2006; Edzwald, 1993; Reckhow et al., 1990; Rook, 1976). The humic substance fraction
of DOC can alter water colour, while more volatile compounds (i.e., algal metabolites,
which number over 200) can deteriorate water taste and produce odour (Health Canada,
2019; Watson 2003). Furthermore, DOC reacts with and consumes chemical additives
(i.e., coagulant) during the coagulation process; therefore, waters rich in DOC require
elevated coagulant dosages (Table 1.1; Crittenden et al., 2012; Edzwald, 1993). This
coagulant amount is also not static since certain components of DOC, such as fulvic
acids, require higher dosages of coagulant than others (e.g., humic acids) (Edzwald,
1993). DOC compounds also act as a source of energy for aquatic bacteria which can lead
to increases in biofilm production and affect the biological nature of drinking water
throughout treatment (Health Canada, 2019). Additional negative impacts occur during
the disinfection stage, where DOC reacts with chemical disinfectants, such as chlorine or

bromide, to form undesirable disinfection by-products (DBPs) (Reckhow et al., 1990;



Rook, 1976). Therefore, a primary goal of water managers is to control NOM (i.e.,
reducing NOM concentrations to a low as possible), in order to maximise water treatment
effectiveness (Health Canada, 2019).

Recently, DBPs have become a topic of interest due to their proposed mutagenic,
carcinogenic and genotoxic characteristics, which have negative implications for human
health (Cortés, 2018; Ates et al., 2007; Richardson et al., 2007; McDonald and
Komulainen, 2005; World Health Organization, 2004). Numerous DBPs are known to
exist (Richardson et al., 2007; World Health Organization, 2004) with trihalomethanes
(THMs) and haloacetic acids (HAAs) being the most abundant groups, and much work
has been done to elucidate their relationship to the character of NOM in source water
since their discovery in the 1970s (Bond et al., 2012; Nokes et al., 1999; Reckhow, Singer
and Malcolm, 1990, Rook, 1976). Accordingly, methods evaluating the chemical nature
of organic matter, such as ultraviolet absorbance at 254 nm (also called SAC2s4) and
specific ultraviolet absorbance at 254 nm (SUVA2s4), a surrogate measure for the DOC
fraction, have become important indicators for aromaticity (i.e., aquatic humic
substances), which is strongly linked to DBP formation in a given source water (Bond et
al., 2012; Weishaar et al., 2003; Reckhow et al., 1990). Efforts have also been made to
shift to alternative water treatment chemicals to inhibit carbonaceous DBPs from
forming; however, these alternative chemicals create nitrogenous DBPs, which have been
shown to pose even greater health risks (Selbes et al., 2017; Gan et al., 2013). These
health risks have led to the regulation of seven DBPs in Canadian drinking water and
similar regulation by the World Health Organization and the United States Environmental

Protection Agency (Health Canada, 2020; United States Environmental Protection



Agency, 2006; World Health Organization, 2004). Therefore, it is important to better

understand the variability in (a) the quantity and quality of DOC; and (b) the conditions

(e.g., rainfall, forest disturbance) that lead to changes in the nature and reactivity of DOC

since it directly contributes to disinfection byproduct synthesis (Health Canada, 2019;

Reckhow et al., 1990).

Table 1.1 Relationship between SUVA2s4 and potential TOC removal (from Table 6,
Health Canada, 2019).

SUVA

<2

>4

NOM composition UV absorbance
Mostly hydrophilic and
low molecular weight
compounds

Mixture of hydrophilic
and hydrophobic
compounds; mixture of
molecular weights
Mostly hydrophobic and
high molecular weight
compounds

Low

Medium

High

Coagulation
NOM has little influence on
coagulant dose (i.e., mainly
non-coagulable NOM)

NOM influences coagulant
dose

NOM controls coagulant
dose

Potential TOC removal

0 - 40%; higher end for
waters with high TOC

40 - 60%; higher end
for waters with high
TOC

60—-80%; higher end for
waters with high TOC

1.2 Stream DOC response after catchment disturbance in

northern forested regions

Disturbance regimes exert a strong control on water quality in northern forested

regions (Carignan and Steedman, 2000). Accordingly, much investigation has been done

on the response of stream [DOC] and DOC export after the occurrence of harvesting

(usually by clearcut), wildfire and insect infestation (Table 1.2). Studies examining the

relationship between forest harvesting and stream [DOC] response have shown mixed

results (Freeman et al., 2023; Table 1.2). Numerous studies have found that [DOC] and

DOC flux increase significantly shortly after harvest (Aaltonen et al., 2021; Schelker et

al., 2012; Laudon et al., 2009; Nieminen, 2004). Conversely, several studies have



reported [DOC] decreasing after recent harvest, specifically during baseflow (Mistick and
Johnson, 2020), in areas of lower hydrologic connectivity (Erdozain et al., 2020) and in
an outflow ditch (Palviainen et al., 2023). Furthermore, others have found increases in
[DOC] in harvested areas followed by a decrease (Kreutzweiser et al., 2004), a decrease
after harvesting followed by an increase (Webster et al., 2022), or no discernible
difference (de Wit et al., 2014).

The response of stream [DOC] in watersheds that have been affected by wildfire
is also highly variable (Robinne et al., 2020). Robinne et al. (2020) suggest that the lack
of more generalised stream chemistry patterns post-wildfire is, in part, due to differences
in the intensity and extent of the wildfire, reporting results, and study site characteristics.
Several studies in Alberta, Canada have reported that [DOC] markedly increased in
burned and salvaged-logged, and burned catchments post wildfire (Mertens et al., 2019;
Emelko et al., 2011), while more subtle increases in [DOC] after recent wildfire activity
have been observed in the northern United States (Mast and Clow, 2003; Minshall et al.,
2001). Conversely, other investigations have noted post-fire declines in [DOC]
(Rodriguez-Cardona et al., 2020; Betts and Jones, 2009). Interestingly, a review of
wildfire effects on water quality in forested catchments by Smith et al. (2011) argued that
although influxes of carbon into streams within wildfire-affected areas might negatively
affect water treatment, [DOC] responses (in the streams and lake studies that were
reviewed) were relatively minimal.

Effects of insect infestation on stream [DOC] have received little attention within
northern watersheds as, to my knowledge, there is only one documented study in the

Boreal Shield Ecozone, which found that spruce budworm defoliation had no effect on



[DOC] but increased aromaticity (SUVA2s4) was observed in boreal and hemiboreal
streams (McCaig et al., manuscript in review). Limited research in other regions have
reported mixed results. While several studies have reported significant increases in
[TOC] and DBP precursors in western catchments affected by mountain pine beetle
(Bouillard et al., 2016; Mikkelson et al., 2013), other insect infestation work from the
United States has observed stream [DOC] to increase then decrease rather quickly (Lewis
and Likens, 2007) or show no significant changes (Clow et al., 2011). Additionally, a
study from the Boreal Shield Ecozone that focused on lakes rather than streams found
that [DOC] was significantly reduced (-27% on average) in boreal lake waters after their
respective watersheds experienced insect defoliator events over a 32-year period
(Woodman et al., 2021). It is unclear if this same response to insect infestation occurs in
stream [DOC] within this region.

The emergence of climate change and resource-associated development has put
increased stress on our forested source water regions (Webster et al., 2015). While this
has sparked much investigation into the effects of forest disturbance on water quality, it is
evident that more work is required to elucidate and generalise the patterns of stream
[DOC] response in harvesting-, wildfire- and insect infestation-affected catchments. For
instance, little work has been done investigating how these types of disturbances may
affect water quality within the Boreal Shield Ecozone at the landscape scale. Moreover,
many boreal catchments experience several types of disturbance of varying extent and
timing or repeat disturbance events. A shortcoming of many studies is that they only look
at the isolated effects of one disturbance type (Table 1.1) or a single wildfire event
(Robinne et al., 2020). In a changing climate where large-scale controls on regional
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stream [DOC] patterns, such as mean annual temperature (Laudon et al., 2004),
disturbance regime (Carignan and Steedman, 2000), and precipitation and subsequent
runoff and streamflow (Raymond et al., 2016; Musolff et al., 2015; Tank et al., 2012), are
becoming more unpredictable, investigating catchments that have undergone multiple
types of disturbance may provide valuable insights into surface water chemistry response
(Robinne et al., 2020). Furthermore, most investigations lack DBP-FP sampling which
provides insight into the quantity of DBPs that may be formed in treatment facilities from
a given source water (Rajamohan et al., 2012). Therefore, further clarification of the
terrestrial and aquatic processes that control stream DOC quantity and quality and DBP-
FP quantity within disturbed catchments across the boreal landscape is crucial to
understand the implications to water supply and quality in a sensitive source water

region.
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Table 1.2 Literature summary of streamflow [DOC] response to forest disturbance in northern forested landscapes.

Background colour indicates study type (blue = harvesting; red = wildfire; green = insect infestation). Percent values under

“Treatment” column refer to proportion of catchment or basal area affected by a given treatment.

Pre-treatment

* 95" percentile [DOC]s were elevated

Location Forest Type Treatment Catchments period Post-treatment period Sample frequency Treatment effect References
Northern : NorwaYSpmce 4 (11 and Every 8 hrs for a total of 21 samples per © ImaicEREd S"ea.m wEEr ([l
 Scots pine Clearcut 2 years 1year of up to 50% during early summer Laudon et al., 2009
Sweden N 320 ha) week ) 3
 Birch * 70% increase in DOC export
« Median [DOC] increased by 4.5 mg L™
=
O R SR Clearcut (63.7% with no 4 years (2 years . . (z.lfter clearcu.t) and 11.7 mg L (after clearcut and
Northern i’ 4(15.6 - post-harvest and 2004 - 2006: biweekly (early spring - late site preparation)
* Scots pine buffer and 88.2% 2 years ) . P . Schelker et al., 2012
Sweden N ) . ) 156.2 ha) 2 years post-site fall); monthly (winter) * Riverine C fluxes increased by 92%
 Birch with a discontinuous ~10m buffer) .
preparation) (after clearcut) and 195% (after clearcut and
site preparation)
a . No significant treatment effects were observed
- S ; o st
Sodie Pme. S ERYES ayesticitiolenetiineticc Rliedandias 7 months I i (i pe.nod) Biweekly / Monthly for TOC concentrations in either post-harvest de Wit etal., 2014
Norway dominated 30%) ha) * 1-3 years (2" period) s
Southern o Clearcut [DOC] was lowest in clearcut and there was
Finland Spruce-dominated * CCF (continuous cover 1(0.04 km?) NA 2 years Not specified no difference in [DOC] between CCF and uncut Palviainen et al., 2023
forest management) catchment
* Mean [DOC] increased by
a1 ) “4uri
Southern 5(37-7.8 . §.4 mgL?, 9.0mgL?, and 22.8 mg L*during the -
Finland Norway spruce Clearcut (40%, 40% and 72%) ha) 2 years 3-4years Weekly / Biweekly first four years Nieminen, 2004
« Total DOC export increased by 80 kg ha™and
184 kg ha™over the first three years at two sites
o Forest felling .
Central . . 2(1.8and . ~ Mean [DOC] was greater in the felled catchment
Scotland itz IReIaKE c.learance e 3.9 km?) i | Aoy (it than the catchment with wind farm construction Az, 286
construction
* Norway spruce Forest management _ . . . L
Finland  Scots pine (supplementary information W Not specified Not specified ey (Epmpemetifh ey (el eI e.mn.ual s c.oncen.lranon PO Aaltonen et al., 2021
" . 12,150 ha) monthly (rest of year) were significantly higher in managed catchments
* Birch not available)
el O Gl Tz RS (7] © @tz (EH) 7(45-68.9 Daily during snowmelt f.osrttr::rf‘::r?tofg\/‘ya:abrilogsf;\ea-:‘\/aethESt conditons
Ontario, * Yellow birch (9%) * Selection cut (100%) ) ) 15 years 21 years v . 8 ) . ¥ P N Webster et al., 2022
) " ha) and biweekly during the rest of the year * Sustained elevated concentrations between
Canada  Various conifers (1%)  Shelterwood (70%) N
four- and nine-years post-harvest
* Diameter limit harvest
tral |
G mf  Sugar maple (=R ba.sa eIzl 8(4.6-130 Daily (spring runoff) and weekly or [DOC] increased slightly one year after Kreutzweiser et al.,
Ontario, B o Selection harvest (29% 2 years 3years N . .
* Yellow birch ha) biweekly during the rest of the year harvest and declined by two years post-harvest 2004
Canada basal area)
 Shelterwood (42% basal area)
British e it Lower [DOC] in the clearcut catchment during -
Columbia, Conifer-dominated Clearcut 2(6-97ha) NA Not specified ngh (ifo-<itn eEBEE=T B EET £ baseflow; larger and faster [DOC] response to I3 Xews] e,
minutes) . 2020
Canada storms in the clearcut catchment
* Softwoods (42%)
New  Softwood-cedar L [DOC] concentrations were significantly
Brunswick, (15%) T;:;s_t‘(‘ge;;;ut IR 14716(570:3) NA 0-5years Not specified lower at sites with higher hydrological Erdozain et al., 2020
Canada * Mixedwoods (18%) : : : connectivity
* Hardwood (25%)
Central - 17 (3.7 - ) Post-fire decline in stream water Rodriguez-Cardona et
I -
siberia (e Wikl 254.3 km?) iR o MeBepesic {poc] imately 50-year recovery time) al,, 2020
o Mean DOC slightly higher in burned catchment
" g Conifer-dominated Wildfire (0.4% - 73%) 5 NA 0- 4 years Variable (twice weekly - monthly) (1.1 mg L*t0 0.7 mg L?). Low Mast and Clow, 2003
United States p
[DOC]s in general
. . Single grabs with periods of multiple . N
Idaf\o, [ilrs ‘and pine- Wildfire (trace - 91%) 11 NA 0-1year samples taken within 20-72 hour el burnet.i cat.chments. Minshall et al., 2001
United States dominated N Low [DOC] concentrations in general
timeframes
. * Increased median [DOC]s in burned and salvage-
Southern - M logged catchments in the first two years and
Alberta, Not specified o Wil (21'900 L2 7RI 5 NA 1-4years VErEED remained elevated in the third- and fourth-years Emelko et al., 2011
 Salvage-logging 13.15 km?) Dataset 2: »
Canada High post-wildfire
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Table 1.2 Continued.

Pre-treatment

United States

across one snowmelt period

[DOC]

Location Forest Type Treatment Catchments period Post-treatment period Sample frequency Treatment effect References
Southern ) [DOC]s were highest in burned and ‘ ‘
Alberta, Not specified * Wildfire (21,900 ha) 7(3.59 - NA S Two weeks salvage-logged catchments and next highest in Mertens et al., 2019
Canada * Salvage-logging 13.15 km2) burned
catchments eight years post-wildfire
ez Hardwood-dominated Wildfire (65%) Hlez=10 2-3years 3years Daily [DOC] declined from 5.7 mg L to 5.1 mg L™* Betts and Jones, 2009
United States km?) - . !
[DOC] concentrations were highest just
hemlock- and weeks after defoliation (44-69% and
Pennsylvania, i?:::’:anet;:‘e:cch: an e 2 (299 and ~1 year DelgmEEs Variable 100-163% greater than pre-treatment Lewis and Likens,
United States N 450 ha) concentrations). DOC concentrations were similar 2007
dominated I
to pre-defoliation levels two-three months after
defoliation had occurred.
Significantly higher TOC and DBP
Col'orado, Pine forest Insect infestation 9 NA 0-7 years Quarterly intervals e o s taclliey .usln.g Mikkelson et al., 2013
United States source water from mountain pine
beetle affected areas
Colorado, pine forest Insect infestation 14 NA NA 2 - 6 samples per site No significant changes in streamwater Clow etal,, 2011
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1.3 Research objectives

The main research objectives for this study were to: (1) examine the spatial and

temporal dynamics of DOC quantity and quality and DBP-FP quantity in catchments with

complex disturbance histories (i.e., predominantly intermixed harvesting and insect

infestation events that varied in extent and timing); and (2) determine which physical,

land cover and disturbance characteristics help explain observed patterns of DOC

quantity and quality. Multiple working hypotheses (Chamberlin, 1890) were considered

for each research objective. For objective 1, expected outcomes were:

large variability in [DOC] and DOC export across space due to landscape
heterogeneity (Health Canada, 2019; Jantze et al., 2015; Oni et al., 2013; Lyon et
al., 2012; Dawson et al., 2011; Buffam et al., 2008; Creed et al., 2008, Temnerud
and Bishop, 2005; Moore, 2003; Thurman, 1985).

elevated [DOC] and SUVA2s54 during high flow periods as, typically, more labile
DOC tends to be flushed during stormflow (Raymond et al., 2016; Hinton et al.,
1997) due to an increase in the water table, which shifts the main flow path from
groundwater to more surficial pathways that mobilise different organic matter
source pools (Mistick and Johnson, 2020; Creed et al., 2015; Yang et al., 2015).
elevated [DOC] and DOC export in catchments that have experienced recent (1 - 3
years) harvest events (Table 1.1) due to: (1) soil disturbance; (2) elevated water
tables that lead to the saturation of organic rich surficial soil layers coupled with
lower evapotranspiration and increased runoff; and (3) increased decomposition

and leaching (e.g., harvest residues) associated with increases in forest floor
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moisture and temperature (Shah et al., 2022; Schelker et al., 2013; Schelker et al.,
2012; Buttle, 2011; Laudon et al., 2009; Kreutzweiser et al., 2008).

a strong positive correlation between [DOC] and [THM-FP] and [HAA-FP] due to:
(1) organic matter in source water being the primary precursor to disinfection by-
product formation (Health Canada; Rook, 1974); and (2) strong correlations being
observed in numerous studies (Yang et al. 2015; Rajamohan et al., 2012; Engelage
et al., 2009; Chow et al., 2007) and forWater network datasets (Monica Emelko,

pers. communication).

For objective 2, expected outcomes were:

lower [DOC] and SUVA»s4 in catchments with upstream lake presence as carbon

quality may change through lake passage and significant amounts of organic
carbon have been reported to be lost within boreal lakes (i.e., mineralised or
outgassed); thereby decreasing [DOC] downstream (Vidon et al., 2014; Larson et
al., 2007; Algesten et al., 2004; Molot and Dillon, 1996).

elevated [DOC] and DOC export in catchments with greater wetland percentage as
wetland percentage is perhaps the most important predictor of DOC export up to
the regional scale; strong associations between [DOC], DOC export and wetland
percentage have been well-documented in several boreal studies (Casson et al.,
2019; Creed et al., 2008; Laudon, Kohler, and Buffam, 2004; Dillon and Molot,

1997).
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Chapter 2: Study area and methods

2.1 Study area

The study was conducted in the Algoma region of Ontario, Canada which is
located within the south-central portion of the Boreal Shield Ecozone. This area marks
the transitional boundary between predominantly mixed-forest (Great Lakes - St.
Lawrence) to the south and conifer-dominated forest (Boreal) to the north (Rowe, 1972).
White and black spruce (Picea glauca, Picea mariana), jack pine (Pinus banksiana) and
balsam fir (4bies balsamea) are characteristic tree species of the boreal landscape, while
eastern hemlock (7suga canadensis), yellow birch (Betula alleghaniensis), sugar maple
(Acer saccharum), and eastern white and red pines (Pinus strobus, Pinus resinosa) —
along with several other broadleaved and boreal species — characterise the Great Lakes -
St. Lawrence forest (Rowe, 1972). Critical drivers of ecosystem dynamics within these
forests are disturbances such as insect infestation, disease, wildfire and commercial
harvesting (e.g., shelterwood, clear-cut) which often vary in extent, intensity and length
(Brandt et al., 2013; Oliver and Larson 1996; Price and Apps 1995).

The region is underlain by an assemblage of Precambrian rocks; primarily east-
west striking metasedimentary belts intermixed with gneisses and metavolcanics
(Geological Survey of Canada, 1989). Thin tills (usually <4m), of two origins,
metavolcanic and Paleozoic carbonate, generally overlie much of the bedrock
(Geological Survey of Canada, 1989). Soil parent material is relatively young due to the
recent influence of the Laurentide ice sheet during the Pleistocene and much of the
Quaternary deposition within the region is glaciofluvial in origin (Geological Survey of

Canada, 1989). As such, eskers and moraines are common landforms (Geological Surve%/6



of Canada, 1989). Although variations in the intensity of podsolisation are seen across the
landscape (Thiffault, 2019), humo-ferric podzols are common under dense canopies
while organic-rich soils tend to dominate wetlands (DeAngelis, 2008).

The climate is strongly continental, characterised by a short growing season, cold
winters (-20 °C or lower), and warm summers (20 °C or higher) which tend to have
higher amounts of rainfall than other seasons (Environment Canada, 2023; Thiffault,
2019; Brandt et al., 2013; DeAngelis, 2008). Climate normals between 1981 and 2010 at
multiple Environment Canada meteorological stations (e.g., Wawa, Timmins) suggest a
relatively strong west to east precipitation gradient (i.e., ~950 mm near Lake Superior
declining to ~800 mm inland) across the region (Environment Canada, 2023). Snowfall
accounts for approximately 35% of the annual precipitation in the region (Environment

Canada, 2023).

2.2 Catchment selection

Catchments in this study were selected to cover a range of forest disturbance that
varied in type, extent, and timing across the Boreal Shield Ecozone. Initially, all streams
that crossed under each major highway — Highways 556, 129 and 101 — were located on
ArcGIS Pro (version 2.7). Catchments were then delineated using the stream crossing as
the outlet and characterised based on terrain properties (e.g., mean elevation) from these
locations using the Ontario Flow Assessment Tool. Land cover data (e.g., tree species)
were extracted from the Ontario GeoHub (Forest Resources Packaged Products — Version
2) and converted into percentage coverage within each catchment using Python (Erika

Freeman, pers. communication; Table 2.1). To capture large heterogeneity in forest
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disturbance across the region, data dating back to 2000 (i.e., <20 years) were assessed. In
addition, this threshold allowed the removal of legacy disturbances (i.e., >20 years),
which was not a focus of this study. Harvesting data up to 2019 were obtained through
the Ontario’s Ministry of Natural Resources and Forestry repository. The 2019/2020
fiscal year of harvesting data was currently undergoing review and was not available
during the time of data acquisition (Larry Watkins, pers. communication). Therefore,
some of the study catchments may have undergone more recent harvesting events which
could not be captured by this investigation. Insect infestation, abiotic (e.g., ice storms,
wind damage) and wildfire data were collected from Natural Resources Canada and
Ontario GeoHub repositories, respectively (Government of Ontario, 2020; Natural
Resources Canada, 2020). The effects of drought, which was another disturbance type
included in the abiotic dataset, on streamflow and stream chemistry were not considered
as drought impact is estimated to be regional; thus, every study catchment was assumed
to experience similar effects (Dale et al., 2001). A forest disease dataset (of
predominantly brown spot needle blight of pine and septoria leaf spot and canker) was
also examined; however, no events occurred in any of the study catchments over this
timeframe. These data were then dissolved and subsequently intersected with catchment
boundaries to establish percent area cover of each disturbance type. Individual
disturbance events had a corresponding year of occurrence which enabled the creation of

unique disturbance histories for each catchment (Table 2.2).
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Table 2.1 Summary of physical and land cover catchment characteristics for all 30 sampling sites within the Algoma region.

Catchment
ID
C12
c6
Cc14
C11
C5
Cc8
ca
Cc13
Cc9
C1
C10
Cc2
Cc7
c3
H3
H2
H1

Group

Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Harvest
Harvest
Harvest
Harvest
Infestation
Infestation
Infestation
Infestation
Infestation
Infestation
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed

Latitude

47.9442
47.8628
47.9912
47.9587
47.8651
47.8958
47.8506
48.0317
47.926
47.7486
47.9653
47.7697
47.8627
47.7727
47.8059
47.8084
46.8176
47.9423
47.4367
47.127
47.3853
46.7571
47.3524
47.1577
47.6937
47.2757
46.7965
46.746
47.5089
47.9431

Longitude

-84.3909
-83.9045
-84.7646
-84.3672
-83.8316
-84.0497
-83.7701
-84.6484
-84.1079
-83.3875
-84.3485
-83.4481
-83.9047
-83.4525
-83.6341
-83.6291
-83.3279
-84.1805
-83.2054
-83.1423
-83.2007
-83.8506
-83.2099
-83.1542
-83.3088
-83.2036
-83.322
-84.1009
-83.2127
-84.1747

Drainage
Area (km?)

106.8
69.3
44.1
39.3
20.5
15.6
13.1
12.8

4.6
3.5
1.8
1.5
1.2
0.2
5.2
1.8
1.7
0.5
65.3

46.0
36.0
11.6

2.7
1.2

25.5
19.6
16.0
14.2

9.1
2.1

Elevation
(ma.s.l.)

440.3
459.5
339.3
394.9
454.7
465.9
464.8
365.4
454.1
455.5
385.3
457.6
449.3
454.8
473.2
483.2
455.2
427.5
464.9
477.5
482.3
3935
459.5
469.7
461.4
514.1
434.3
422.6
471.2
431.0

Slope

)
13.3
4.5
12.2
12.2
3.7
7.8
5.5
8.6
7.2
3.3
6.2
4.9
4.5
3.8
4.6
7.2
13.1
6.3
4.1
12.1
6.0
14.3
3.6
13.1
2.0
9.9
14.2
10.7
33
7.5

Wetland
Cover (%)

3.1
5.9
0.8
4.0
6.9
6.7
3.9
3.7
10.1
6.9
3.0
10.3
11.3
0
7.5
6.9
2.9
13.8
3.7
2.5
4.9
1.6
14.2
5.4
2.4
3.6
4.2
4.3
24
0.1

Open
Water

(%)
6.1
4.3
17.8
2.9
29.5
3.0
17.3
8.4
0.0
9.6
2.4
6.1
5.5
0
0.6
0.4
1.1
0
9.5
7.3
3.8
3.0
4.4
0.5
1.8
1.9
1.4
21
0.7
0.8

Total

Productive
Forest (%)

93.9
89.7
69.4
95.3
61.1
88.2
76.3
86.1
88.0
74.9
92.2
82.5
82.6
99.4
88.2
91.9
94.0
85.6
85.5
87.4
89.7
94.9
79.9
93.6
91.2
93.2
92.9
93.0
94.1
100.0

Deciduous
Forest (%)

56.5
223
416
55.7
23.7
37.6
41.0
42.6
35.1
385
57.2
43.8
9.7
34.4
27.4
53.1
76.5
39.0
49.2
59.1
48.9
46.9
48.4
51.6
25.7
57.0
36.3
52.9
45.8
36.7

38.1
41.7
56.1
39.8
53.4
39.0
57.1
57.0
64.6
14.9
27.7
39.5
30.8
42.3
72.6
46.2
19.8
58.4
29.8
10.3
40.4
28.9
313
13.0
53.9
10.6
32.4
28.4
32.7
56.6

Coniferous
Forest (%)
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Selection of treatment catchments was based on several criteria: catchment size,
type and extent of disturbance, timing of disturbance, and accessibility. All harvesting
was conducted using clearcutting while insect infestations were predominantly Large
Aspen Tortrix, Birch Skeletonizer, Bruce Spanworm, Forest Tent Caterpillar and Aspen
Twoleaf Tier. Spruce Budworm and Jack Pine Budworm infestations were also present,
albeit less frequent in this region. Abiotic events consisted of ice storms and blowdown.
To prioritise the effects of recent disturbance on water quality within the region,
treatment sites affected by recent (i.e., <5 years) disturbance events were to only be
selected; however, this proved limiting and events that occurred within the last 10 years
were considered to include more sites of all treatment types. In one case, disturbance
within the last 13 years was considered in order to include a mixed-disturbance site
affected by wildfire since wildfire occurrence after the year 2000 was rare in the study
region. Catchments experiencing greater than 20% disturbance to their catchment area
during this time were selected since the hydrochemical effects of forest disturbances are
typically assumed to be undetected below this threshold (Wei et al., 2021; Bosch and
Hewlett, 1982). Sites were subdivided into harvest-dominated, insect-dominated (herein
referred to as insect infestation) and mixed-disturbance groups; two candidate wildfire-
dominated sites were removed after field reconnaissance confirmed their inaccessibility.
Forest disturbance was broken down into three timeframes: (1) disturbance occurring
within the last 5 - 7 years, (2) disturbance occurring between 8 and 10 years ago; and (3)
10 or more years since disturbance. Harvest-dominated classifications were assigned to
sites that had experienced harvesting events that exceeded 20% catchment coverage in
the 5 - 7 year or the 8 - 10 year timeframe. Insect-infestation classifications were assigned
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to sites that had experienced insect infestations that exceeded 20% catchment coverage in
the 5 - 7 year or the 8 - 10 year timeframe. Mixed-disturbance classification was assigned
to sites that had experienced: (1) two different disturbance types that both exceeded 20%
catchment coverage in the same timeframe or in different timeframes; or (2) one
disturbance type that exceeded 20% catchment coverage and a different disturbance type
that exceeded 10% catchment coverage in the same timeframe. Control catchments were
those that experienced no more than 5% cumulative disturbance. The only exception to
this threshold was C7, which experienced a harvest event in 2002 that affected 9% of its
catchment area. This 5% threshold was selected for two reasons: (1) completely
undisturbed catchments were rare given the extensive disturbance across the region
during this timeframe; and (2) catchments at or below this threshold were assumed to
behave like undisturbed catchments (Bosch and Hewlett, 1982). These control
catchments were also assumed to be fully recovered from a 2002 Spruce Budworm
infestation that had covered the entire study region. Overall, this synoptic approach
covered a large geographical extent and captured a variety of disturbance conditions

across a wide range of catchment size (0.2 - 106.8 km?).
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Table 2.2 Summary of forest disturbance impact (% of catchment area) within each catchment in the Algoma region. Disturbance is

broken down by type into 5-year blocks with cumulative percentage of catchment area affected calculated in the 10-, 15-, and 20-year

columns. No catchment experienced a wildfire event between 2014 and 2019 so 5-year wildfire is not included.

Catchment

ID

Cc9

ca
Cl4
C13
C10
Cc11
C12

Group

Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Harvest
Harvest
Harvest
Harvest
Infestation
Infestation
Infestation
Infestation
Infestation
Infestation
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed

5-year
Harvest
0

o
=

O OO0 OO0 o0 oo o o -

5-year
Infestation
0

O OO O OO0 o oo

46.3
18.0

2.7
44.5
7.8

13.8

16.7

5-year
Abiotic

:OOOOOOOOOOOOOOOOOO

0.8
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Sampling sites (n = 30) were primarily located at stream crossings along

Highways 556, 129 and 101 between the cities of Sault Ste. Marie, Chapleau, and Wawa

(Figure 2.1). Two sites were located 2 km west of Highway 101 on a forest service road.

The sites sampled an area of approximately 14,200 km? and spanned three Ministry of

Northern Development, Mines, Natural Resources and Forestry (NDMNRF) Forest

Management Units: Algoma Forest, Northshore Forest and Martel Forest.
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Figure 2.1 Study catchments selected for synoptic water sampling and manual discharge

estimation in the Algoma region of central Ontario, Canada. Water samples and discharge

estimates were taken at catchment outlets near highway crossings (indicated by red

circles on inset maps). Note: the clustering of the insect infestation and control

catchments.
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2.3 Field observations

Data collection occurred from late May 2021 to late October 2021 (herein referred
to as the study period) to capture a range of flow conditions. Suitable areas for manual
streamflow measurements and locations for hydrometric instrument installation were

identified during site reconnaissance prior to data collection.

2.3.1 Hydrological and meteorological overview

Annual mean discharge data was obtained from the ‘Goulais River near
Searchmont’ monitoring station (02BF002) operated by the Water Survey of Canada for
the 2021 calendar year. This station was selected to gain an understanding of hydrological
regime within the region and to estimate what percentage of the annual runoff occurred
during the study period, which was calculated to be 30% (Figure 2.2). Due to the lack of
currently active climate stations within the study region, five nearby stations (Massey,
Pukaskwa (AUT), Sault Ste. Marie Airport, Sudbury Climate, and Timmins Climate)
were used to characterise air temperature and precipitation conditions during the study

period (Figure 2.3).
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Figure 2.2 Mean daily discharge recorded at the ‘Goulais River near Searchmont’
monitoring site (02BF002) operated by the Water Survey of Canada for the 2021 calendar
year. The blue-coloured line segment on the hydrograph and the grey rectangle indicates

the timeframe (June 5% - Oct. 23", 2021) used to estimate DOC export in this study.
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Figure 2.3 Environment and Climate Change Canada - Meteorological Service of Canada
(ECCC-MSC) climate stations used to collect daily precipitation and temperature data

across the Algoma region, central Ontario, Canada.

2.3.2 Water level and streamflow

Rebar stakes (1.8 m length) were installed into the streambed at all sites for stage
measurements. The height from the top of the rebar to both the bed of the channel and the
stream surface was measured at each site using a measuring tape. These measurements
were taken concurrently with spot measurements of stream discharge. Unvented Hobo
U20L loggers — housed in 20 cm sections of PVC pipe (3.2 cm diameter) and fastened
with eye bolts — were secured to each stake with hose clamps and measured water level at
10-minute intervals (Figure 2.4). This adapted design was chosen due to its long-term

reliability and low impact on the aquatic ecosystem (Fogg et al., 2020).
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Figure 2.4 Adapted Hobo U20L logger design from Fogg et al. (2020) installed at H1.

At nine sites, a second Hobo U20L was secured to the base of a tree near the
stream to record barometric pressure in order to correct the unvented stream stage
measurements. Unfortunately, there were not enough U20Ls to record barometric
pressure at each of the remaining 21 study sites. Therefore, one U20L was installed at a
marked, forested location along the highway between two or sometimes three sites within
5 km of each other. In all instances, near-ground, shady locations were selected to
minimise sunlight exposure to the sensor; in cases where the overhead canopy was thin,
brush and bark were used to shade the logger.

Manual measurements of stream discharge were made 168 times across 26 sites
throughout the study period. An average of six measurements were taken at each site,
with a maximum of seven and a minimum of two at one site. Measurements could not be
made at four sites as stream depth was too deep to gauge safely. Measurements were

made on a bi-weekly basis from May to early July and shifted to tri-weekly and monthly
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measurements from late July to late October. Measurement locations were selected along
channel reaches that were: (1) relatively straight and unobstructed; and (2) had high
potential for sustained streamflow throughout the field season (Turnipseed and Sauer,
2010). Cross-sectional area of each stream was calculated and mean flow velocity was
measured using a SonTek FlowTracker2 or an Ott MF Pro following the area-velocity
method (B.C. Ministry of Environment and Climate Change Strategy, 2018; Sanders,
1998). Panel discharge estimates were computed by the equal-area method and summed
to obtain total streamflow for each site (Sanders, 1998).

Water pressure was calculated by subtracting barometric pressure from the total
pressure measured by in-stream loggers. Subsequently, mean hourly values of water
pressure (kPa) were computed by averaging each 10-minute measurement and converted
to water depth in metres. Corresponding manual rebar measurements were matched to
each site’s hourly water depth record by date and time. Since loggers were removed twice
for data collection, offsets were made to correct the stage time series. At sites where the
rebar was physically moved due to low flows or stream drying, two separate adjusted
water levels records were generated.

Stage-discharge relationships were derived from measured streamflow and
corresponding hourly mean water depth. Depending on the stage-discharge relationship,
loess, non-linear least-squares, or segmented regression models were fit for each site to
generate hourly discharge records. Stage data of “high” quality were given to sites that
exhibited uninterrupted water levels for the entire study period (Table 2.3). Sites that had
missing data (either from low flows or stream drying) were deemed of “partial” quality,
and “low” stage quality was assigned to sites where excessive noise was observed in the
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data rendering it unusable. Continuous discharge estimates from reliable stage-discharge
relationships were deemed high quality. Partial discharge quality was assigned to sites
that had shown reliable stage-discharge relationships for the period prior to physical
relocation of the logger, and low discharge quality was assigned to sites that had hourly

estimates generated from poorly developed rating curves.

2.3.3 Water quality

Water samples were manually collected at all 30 sites (concurrent with spot
discharge measurements) in triple-rinsed 1 L high-density polyethylene wide mouth
bottles. To minimise road influence on water quality, samples were collected at least 25 m
upstream of road crossings (United States Geological Survey, 2006). At sites where
wading was deemed safe, an effort was made to sample as close to the center of the
stream as possible in areas that had well-mixed flow (United States Geological Survey,
2006). Where stream depth and pervasive wetlands prevented wading, samples were
taken while positioned at the top of the culvert on the upstream side of the road.

Eight of the sampling sites were selected for additional DBP-FP sampling (Table
2.3). Six disturbed sites (two of each catchment treatment type) were chosen primarily
based on differences in forest disturbance extent and timing whereas two control sites
were selected based on differences in catchment size and landscape characteristics (e.g.,
forest type, slope). Since only a limited number of sites could be sampled due to lab
analysis costs, an attempt was made for these sites to be distributed throughout the study
region and represent a range of conditions (forest disturbance and hydrological) seen

across the ecozone.
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A portion (20 mL) of each DOC sample was filtered within 48 hours of sampling
through 0.7 um glass fibre filters into scintillation vials and sealed for DOC quality
analysis. All samples were transported in coolers with multiple ice packs and
subsequently refrigerated overnight. DOC samples were delivered to the Great Lakes
Forestry Centre in Sault Ste. Marie and refrigerated until analysis. UV absorbance at 254
nm (m™") was measured on a Cary 60 UV-Vis spectrophotometer and used to calculate
SUVAu2s4 by dividing by DOC in mg L'!. Three-dimensional fluorescence scans were run
on an Agilent Cary Eclipse at 5 nm excitation steps from 220 to 450 nm, and emissions
were read at 2 nm steps from 300 to 600 nm. Spectral corrections and calculation of
indices was conducted with the ‘staRdom’ R package. Two fluorescence indices were
calculated: the humification index (HIX; Ohno, 2002) and the fluorescence index (FI;
McKnight et al., 2001). DBP-FP samples were sent on ice to the Department of Civil and
Environmental Engineering at the University of Waterloo in sealed coolers for subsequent
analysis (i.e., [THM-FP] and [HAA-FP] measurements were conducted on a HP 6890
Series Gas Chromotagraph and a TELEDYNE Tekmar Atomx 15-000-1000 following the
P&T/GC/MS and LLE/GC/MS methods adapted from US EPA 501.1 and 552.3,

respectively).
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Table 2.3 Type and quality of data collection for each study catchment.

Catchment ID

c14
c12
c9
c2
ca
c8
c7
c5
c6
c11
13
10

Group

Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Harvest
Harvest
Harvest
Harvest
Infestation
Infestation
Infestation
Infestation
Infestation
Infestation
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed

Stage Quality
High
High
High
High
High
High
Low
High
Low

Partial
Partial
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High

Discharge Quality
High
High
High
High
High
High

Not taken
Not taken
Not taken
Partial
Low
Low
Low
Low
Low
Low
Not taken
Low
High
High
High
Low
Low
Low
High
High
High
High
Low

Low

DBP-FP Sampling

No
Yes
No
Yes
No
No
No
No
No
No
No
Yes
No
No
No
No
No
Yes
No
Yes
No
Yes
No
No
Yes
No
No
No
Yes

No
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2.4 Analysis

2.4.1 Instantaneous DOC flux and DOC export

For days with manual discharge estimates, instantaneous DOC flux was computed
by multiplying the manual discharge estimate and [DOC] from the spot water sample.
In addition to the instantaneous flux estimates, a subset of 15 sites had high quality
discharge records (Table 2.3) and a minimum of five [DOC] samples, which were used to
estimate DOC flux for the period of June 5" to October 23, 2021 (i.e., 141 days) which
corresponded to the dates with the most overlapping data across the sites. Over this
timeframe, DOC export was computed using daily [DOC] estimated by: (1) linear
interpolation between sample points; (2) assuming all days had equal concentrations to
the maximum [DOC] measured at the site; and (3) assuming all days had concentrations
equal to the minimum [DOC] measured at the site. Methods (2) and (3) were used to
capture uncertainty in the export estimate. A fourth method, linear regression between
discharge and [DOC], was also used; however, poor relationships between daily
discharge and [DOC] made flux estimates inaccurate; therefore, this method was
excluded. DOC export was standardised by catchment area.

Volume-weighted [DOC]s were compared to unweighted [DOC]s which resulted
in a strong correlation (r = 0.95); therefore, the main findings from this study should not

differ regardless of which method is employed.
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2.4.2 Concentration - discharge relationships
Relationships between solute concentration and stream discharge (herein referred

to as C - Q) are often used to provide insights into how catchments hydrochemically
respond to changes in runoff (McPhail et al., 2023; Godsey et al., 2009). Therefore,
preliminary C - Q relationships were determined for 15 sites with high quality discharge
estimates to quantify basic response patterns and help elucidate solute transport and
delivery mechanisms in previously ungauged catchments across the Boreal Shield
Ecozone. [DOC] and instantaneous discharge were log transformed to derive power law
relationships which enabled C - Q behaviour to be categorised primarily based on the
exponent b (McPhail et al., 2023; Bieroza et al., 2018; Creed et al., 2015; Godsey et al.,
2009). In addition, the coefficient of variation was calculated for [DOC] (CVc¢), and
instantaneous discharge (CVq) such that the ratio (CV¢/ CV) could be utilised as an
additional categorisation threshold (McPhail et al., 2023). Accordingly, following Beiroza
et al.’s (2018) chemostatic behaviour threshold of |b| <0.1 and McPhail et al.’s (2023)
additional CV¢/ CVqratio stipulations, C - Q relationships were defined as:

1. Chemostatic behaviour when |b| <0.1 and CV¢/ CV@ <0.5

2. Transport-limited (i.e., flushing) behaviour when b > 0.1

3. Source-limited (i.e., dilution) behaviour when b < -0.1

4. Chemostochastic behaviour when |b| <0.1 and CV¢/ CV@>0.5
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2.4.3 Correlation analysis

Exploratory scatterplots were produced to examine relationships between: (1)

water quality response variables (mean [DOC], mean instantaneous DOC flux, DOC
export, mean SUVA254, mean [THM-FP], and mean [HAA-FP]) and predictor variables

(physical and land cover catchment characteristics, and forest disturbance timeframes);
and (2) mean discharge, CVc, and CVc¢/ CVgand catchment area (Figure 2.5).
Spearman’s correlation analysis was then conducted to determine the direction, strength,
and significance of these relationships. Spearman’s correlation analysis was selected
because: (1) some data violated the assumption of normality; (2) the sample size was
small; and (3) it is more robust to outliers than Pearson’s correlation coefficient test. The

significance threshold used in this analysis was set at p = 0.05.
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Figure 2.5 Flowchart depicting the analysis pathway taken in this study.

2.4.4 Multiple linear regression analysis

A principal component analysis (PCA) was used (from the ‘stats’ R package) to
assess predictor variable redundancy and helped determine which suite of variables was
to be retained in the multiple linear regression analysis (MLRA). Prior to conducting the
PCA, several variables were excluded for the following reasons:

e S-year wildfire disturbance (which had a value of zero for every study catchment).
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e 20-year wildfire disturbance (values were identical to 15-year wildfire
disturbance).

e Total productive forest % (this variable contained considerable uncertainty and is
defined as: “area that has the potential for tree growth which may or may not have
timber currently growing as it is dependent on the development stage” (Ministry of
Natural Resources, 2009)). As such, it was assumed that coniferous forest % and
deciduous forest % were more accurate representations of current forest cover in
the region.

e 10-, 15-, and 20-year abiotic disturbance (values were identical to 5-year abiotic
disturbance).

MLRA was used to further elucidate if certain landscape characteristics or forest
disturbance (either categorical or a specific type and timeframe) had a strong positive or
negative relationship with DOC quantity and quality in this study. The goal was to create
a ‘base model’ of predictor variables that: (1) contained several land cover characteristics
that were assumed to influence DOC quantity and quality in northern headwaters; (2)
minimised multicollinearity; and (3) to a reasonable degree, followed the other statistical
assumptions of multiple regression such as normally distributed data, linearity, and no
outliers (Uyanuk and Giiler, 2013; Tabachrick and Fidell, 1996). Ultimately, five
predictor variables were retained for the MLRA. Predictor variables were standardised
using the z-score function (from the ‘mosaic’ R package) for efficient plotting and
comparison.

Stream networks within boreal forest landscapes tend to have elevated [DOC] and

DOC export in catchments with a significant percentage of wetlands; therefore, the sum
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of open and treed wetlands was retained as wetland cover (%) (Creed et al., 2003;
Laudon et al., 2003; Dillon and Molot, 1997). Previous work has also shown that forest
coverage (and even specific forest types (Freeman et al., 2023)) can influence DOC
quality (Piirso et al., 2012). Moreover, dense coniferous coverage can result in acidic,
organic-rich soils (Buffam et al., 2008). Therefore, coniferous forest cover (%), which
showed stronger simple linear relationships to mean [DOC] and DOC export than
deciduous forest cover, was retained. Slope (°) was retained as it exerts an important
influence on particulate and dissolved solute mobilisation and delivery into stream
networks (Lintern et al., 2018). In addition, topographic characteristics such as slope tend
to be particularly important influences on stream water solute concentrations during dry
periods, which was a focus in this study (Lintern et al., 2018). Catchment area (km?)
was included as heterogeneity in hydrology across space can significantly influence
solute delivery (Lintern et al., 2018). Open water (%) was retained due to its strong
influence on DOC quantity and quality, which was addressed in Section 1.3. Open water
includes lakes, ponds, reservoirs and wide rivers (Ministry of Natural Resources, 2009).
Rivers > 10 m in width are defined as wide rivers and mapped as polygons, whereas
rivers < 10 m in width are mapped as linear features (Ministry of Natural Resources,
2009). Accordingly, only certain channel sections of C12 would be considered a wide
river. Therefore, nearly the entire percentage of open water calculated in this study is in
the form of lakes.

Excluded predictor variables included deciduous forest % as it showed weaker
relationships with mean [DOC] and DOC export than coniferous forest %, while also
being collinear with slope and negatively related to coniferous forest %; latitude (DD)
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due to collinearity with coniferous forest % and, to a lesser degree, collinearity with
elevation; longitude (DD) since collinearity was observed with elevation and, to a lesser
degree, coniferous forest %; elevation (m a.s.l.) as the catchments had a small range
(~150 m) in relief which was assumed to not significantly influence hydrological
processes; and many forest disturbance timeframes, such as 5-year wildfire and 20-year
infestation, due to: (1) the strong influence of single events; (2) zero catchment coverage
at many sites for these timeframes; or (3) negligible differences in disturbance percentage
with other timeframes.

The base model was run on each individual sampling campaign (SC) for [DOC],

SUVA2s4, and instantaneous DOC flux. In addition, the base model was also run on mean

[DOC], mean SUVA254 and DOC export computed for the full study period. Due to low

sample numbers, there was not enough statistical power to run the base model on either
[THM-FP] or [HAA-FP]. C3 was removed from the MLRA as it contained many
anomalous (i.e., high) [DOC] values, which had a strong influence on the modelling
results.

Numerous model variations (i.e., the base model with various forest disturbance
timeframes) were also fit to mean [DOC], mean SUVA254 and DOC export to determine
if recent and legacy insect infestation and harvest disturbance increased explanatory
power. A full list of models (including the base model, their variables and corresponding
codes) is included in Table B3 (Appendix B). Akaike’s information criterion (AIC) was

used to determine if any of the model variations better explained the variability in the
spatiotemporal patterns of mean [DOC], mean SUVA2s4, and DOC export relative to the

base model (Burnham and Anderson, 2004). Models were ranked by AICc, a second-



order bias correction that is a refinement of AIC for small sample data, and weights of the
model variations were compared to the weight of the base model to determine if
improvements, no changes or worsening in explanatory power occurred (Burnham and

Anderson, 2004; Section 3.9.3.2).

2.4.4.1 Coefficient estimate plot overview
MLRA results were displayed in a multiple plot format that indicated each
response variable on the top of their respective plot, each predictor variable individually
listed on the y-axis, and the coefficient estimate (spanning a numerical range) on the x-
axis. Each SC (i.e., 1 through 6), as well as the mean across all SCs, was represented by
an individual dot and line combination which corresponded to a unique colour indicated
on the legend at the top of each arranged plot. An example plot (Figure 2.6), shown at the
bottom of this section, was created for clarity purposes. It is important to understand that:
1. A point to the right of zero (on the x-axis) indicates a positive relationship and a
point to the left of zero indicates a negative relationship.
2. The further a point is away from zero in either direction, the stronger the
relationship is.
3. When the solid line attached to each SC’s coefficient estimate does not cross
zero, the estimate is significantly different from 0 at p = 0.05. Conversely, when
the solid line attached to each SC’s coefficient estimate does cross zero, the

estimate is not significantly different from O.
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Figure 2.6 Template plot depicting how the various components of the coefficient

estimate plot are displayed to provide clarity and aid in interpretation of results. Note that

the legend position on the arranged plot (Section 3.9.3) has been moved to the top.
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Chapter 3: Results

3.1 Regional temperature and precipitation

Mean air temperature ranged from 12.7 - 15.7 °C and total precipitation ranged
from 393.3 - 568.4 mm over the duration of the study period (Table 3.1). Temperatures
generally peaked in June (apart from Sault Ste. Marie Airport, where temperatures peaked
in August) and were lowest in late October (Figure 3.1). Temperatures in October were
anomalously high relative to historical averages (Appendix E). Daily precipitation ranged
from 0 - 55.4 mm (Massey) and the highest daily precipitation amounts were generally
seen from June - August (Figure 3.2). Breaks in the mean daily air temperature graph
indicate days with missing data. Historical climate data (i.e., average monthly air
temperature and precipitation) is documented in Appendix E.

Table 3.1 Site information and mean temperature and total precipitation from ECCC-

MSC climate stations across central Ontario.

Station Elevation Latitude Longitude Mean air 'I.'o?:al .
name (m asl) (DD) (DD) temperature preClpltatlon
(°C) (mm)
PG 191.5 48.61 -86.29 12.7 3933
U . . . . .
Sault Ste.
Marie 187 46.48 -84.52 14.9 506.9
Airport
Massey 200 46.19 -82.02 15.7 568.4
Timmins 294.4 4856  -81.39 13.6 442.9
Climate
sudbury 348 46.63  -80.79 15.0 546.4
Climate
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region, central Ontario, Canada.

Rain (mm/day)

40 1

201

0- Dl

Massey

Pukaskwa (AUT)

Sault Ste. Marie A

b Ll

Sudbury Climate

Timmins Climate

L Wi Wl

T T T
by
L& 3‘)

sx
¥y ¥

(\ \
Ry Q;QQ 00 ‘\o \gﬁ" SO ?9‘}' ge;Q o ‘\o

Figure 3.2 Daily precipitation at ECCC-MSC climate stations across the Algoma region,

Ontario, Canada.

42



3.2 Water level and streamflow

Study catchments exhibited one of three general streamflow regimes: (1) overall
increases in water level likely associated with increases in discharge (Q) during the study
period; (2) overall decreases in water level likely associated with decreases in Q during
the study period; and (3) flashy regimes associated with precipitation events (Figure 3.4;
Appendix A). Four streams displayed increases in water level over time, while four other
streams showed general decreases in water level over that same period. Most catchments
that were monitored in the study behaved in a relatively flashy nature. Unfortunately,
streamflow regimes could not be determined at C6 and C7, due to a lake effect caused by

a partially intact beaver dam, and C13 as it dried up in mid-July.
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Figure 3.3 Adjusted water level from four sites (A: M2, increase; B: C2, decrease; C:
H2, flashy response; and D: C1, flashy response) showing the three distinct streamflow
patterns observed in the region. Two examples of flashy response are shown to highlight
site to site differences. A discharge estimate was not taken at M2 during late October;

therefore, the November date stamp is not shown.
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For the 26 catchments where streamflow was measured, the lowest and highest
streamflow estimates were 0.1 and 1511 L s™' at C8 and C13, respectively. Four negative
measurements were observed, likely due to mud and vegetation interfering with the
instrument sensor, and were omitted. Fifteen sites were deemed to have high quality
discharge estimates (i.e., a well-defined rating curve relationship), 10 sites were deemed
to have low quality discharge estimates (i.e., unreliable rating curves) and one site had
partial high quality discharge estimates as the logger location was changed (due to low

flows) resulting in some unrecoverable data.
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Figure 3.4 Rating curves highlighting the range in stage-discharge relationship quality
across six sites. Regression method is indicated by colour: red = non-linear least squares

regression; blue = loess fit; black = segmented regression.
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3.3 Concentration - discharge relationships

Across the study region, chemostatic, transport-limited, and chemostochastic C -
Q behaviour was observed coupled with relatively wide ranges in values for b and CVc /
CVratios, respectively (Table 3.2; Figure 3.5). Chemostatic (47% of sites) and
transport-limited (40% of sites) were the most common patterns of solute behaviour,
whereas chemostochastic behaviour was restricted to one site, M6. No sites displayed
source-limited behaviour. Disturbed sites showed the greatest proportion of chemostatic
behaviour, while control sites favoured transport-limited behaviour. Transport-limited
sites tended to have greater variability in C relative to Q, whereas lower variability in C
relative to Q was seen at chemostatic sites.

Table 3.2 C - Q relationship classification with corresponding b and CVc / CVq values

for 15 study sites.

Catchment ID b CVc/ CVq C - Q Behaviour
Cc2 -0.001 0.026 Chemostatic
ca -0.027 0.065 Chemostatic
H3 0.08 0.16 Chemostatic
13 0.061 0.21 Chemostatic
14 0.078 0.28 Chemostatic
M3 0.056 0.22 Chemostatic
M5 0.047 0.15 Chemostatic
M4 0.007 0.69 Chemostochastic
12 Could not determine 0.22 N/A
C8 0.33 0.71 Transport-limited
Cc9o 0.35 0.46 Transport-limited
C12 0.3 0.53 Transport-limited
Cl14 0.2 0.47 Transport-limited
H2 0.25 0.37 Transport-limited
M6 0.27 0.34 Transport-limited
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Figure 3.5 C - Q relationships in log-log space for 15 sites with high quality discharge

estimates across the Algoma region, central Ontario. Regression line is indicated in black.
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3.4 [DOC] spatiotemporal variability

DOC concentration measured across all sites during the five-month study period
ranged between 2.4 and 38.2 mg L-! (Figure 3.6). The highest [DOC]s were observed at
the smallest (0.2 km?) catchment, (C3; n = 6, mean = 27.7 mg L!) while the lowest
[DOC]s were recorded at C14 (n = 6, mean = 3.4 mg L"). The greatest range in [DOC]
was observed at C9 (n = 6, sd = 8.7 mg L"), and the lowest range in [DOC] was observed

at C2 (n=6,sd = 0.4 mg L") (Table 3.3).
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Table 3.3 Summary of DOC quantity metrics across all 30 sampling sites in the Algoma

region.

Catchment
ID

Cc3
c9
C10
Cc2
C8
Cc7
Cé
C5
c4
C13
C11
C12
C1
C14

Group

Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Harvest
Harvest
Harvest
Harvest
Infestation
Infestation
Infestation
Infestation
Infestation
Infestation
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed

S

a O o o o o o o o o o o o o o o o o o o w o 0o o o o u o o

Mean DOC (mg L1)

27.7
16.8
14.3
10.3
9.3
7.4
7.4
6.8
5.4
5.1
5.1
4.1
3.6
3.4
18.1
14.5
13.7
6.1
15.8
14.6
111
6.6
5.1
3.9
11.5
10.4
9.6
8.2
8.2
7.5

Standard Deviation (mg L)

7.4
8.7
2.0
0.4
4.9
31
34
3.7
0.5
1.0
1.0
1.2
1.2
0.8
33
5.1
1.5
1.1
2.8
2.0
1.6
0.5
2.1
0.5
5.4
1.4
1.9
1.5
13
1.5

Coefficient of
Variation

0.3
0.5
0.1
0
0.5
0.4
0.5
0.5
0.1
0.2
0.2
0.3
0.3
0.2
0.2
0.4
0.1
0.2
0.2
0.1
0.1
0.1
0.4
0.1
0.5
0.2
0.2
0.2
0.2
0.2
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[DOC] in control catchments ranged from 2.4 to 38.2 mg L' (n = 80, mean = 9.1
mg L); 5.1 t022.9 mg L' (n =24, mean = 12.8 mg L) in harvest-dominated
catchments; 2.9 to 18.8 mg L! (n = 36, mean = 9.5 mg L) in insect infestation-
dominated catchments; and 5.8 to 20.7 mg L' in mixed-disturbance catchments (n = 36,
mean = 9.2 mg L-"). Mean and median [DOC] were higher in harvest-dominated
catchments relative to the other three catchment types, whose mean and median [DOC]

values were relatively similar.

404
* (o]
O+
*+ @
30 4
* @

Figure 3.6 Synoptic sampling results for [DOC] taken from June 2021 - October 2021
over six individual ‘sample campaigns’ at 30 sites. Boxplot summary here and
throughout: the median (middle horizontal line), first and third quartiles (lower and upper
hinges), 1.5 times the interquartile range (lower and upper whiskers) and outliers beyond

the end of the whiskers (points) are represented with a *.
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Mean [DOCT] had significant positive correlations with elevation (r = 0.35; p <
0.001), and longitude (r = 0.31; p < 0.001). Conversely, mean [DOC] had significant
negative correlations with catchment area (r = -0.47; p <0.001), open water % (r = -0.45;
p <0.001) and slope (r =-0.28; p <0.001).

In disturbed catchments, mean [DOC] had a significant positive correlation (r =
0.51, p = 0.05) with 20-year insect infestation % (Figure 3.8). All other correlations
between mean [DOC] and forest disturbance predictor variables were not significant

(Appendix B).
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Figure 3.7 Mean [DOC] versus various landscape predictor variables. Catchment area is

log km?,
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Figure 3.8 Mean [DOC] versus forest disturbance predictor variables.

Individual site analysis (Figure 3.9) indicated that control catchments exhibited

the most variation in [DOC] over time. [DOC] at some sites (e.g., C6 through C9, H3,

and M6) tended to decrease from May to August and significantly increase in September

and October. High within-group consistency was observed for mixed-disturbance

catchments; however, a linear increase was observed at M 1. In addition, [DOC] remained

relatively stable at M2, 16 and C1 (Appendix A). In other cases, several sites, such as 12,
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16, C2, and C4, exhibited little fluctuation in [DOC] over time. More mixed patterns were
observed at sites where water level tended to increase and restabilise over the course of

the study period (Appendix A).
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Figure 3.9 Temporal variability in [DOC] for all 30 sites from June 2021 - Oct. 2021.

Missing samples are a result of streams drying up.

Overall, median [DOC] tended to decrease in control catchments from June -
August and markedly increase in September and October (Figure 3.10). Variability in
control catchment [DOC] was also notably lower in late August relative to the rest of the
study period. Harvest-dominated catchments experienced relatively stable [DOC], except
for SC 4 (late August), when it declined. Additionally, in five out of six SCs, H4 had a

markedly lower [DOC] than the other three harvest catchments. Insect infestation-
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dominated catchments exhibited no consistent changes in [DOC] over time; however,
some slight fluctuations in [DOC] variability were observed between successive sample
campaigns. Mixed-disturbance sites displayed much lower variability in [DOC] relative
to the other catchment types. The lowest [DOC]s were observed at the peak of the dry
season (July and August) during the lowest baseflow observed in this study (Appendix
A). [DOC] slightly increased into the fall and peaked in late September (end of the water
year), when baseflow is typically at its lowest (United States Geological Survey, 2023).
Mean [DOC] was highest in SC 5 (12.4 mg L) in late September, followed by SC 6
(10.9 mg L") in late October, and was lowest in SC 4 (7.7 mg L") in late August. Little
variation in mean [DOC] was seen across the first three SCs (8.6 - 9.8 mg L!) in June
and July, respectively. Overall, mean [DOC] was lower in the late spring and summer
period (8.8 mg L") compared to the fall (11.6 mg L'); however, nearly twice as many
samples were collected during the late spring and summer (z = 117) than in the fall (n =

59).
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Figure 3.10 Temporal variability in [DOC] showing individual boxplots for separate

sample campaigns. Outliers are represented with a *.
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3.5 Instantaneous DOC flux

Instantaneous DOC flux ranged from 0.1 mg s*' kmto 3877 mg s*' km™. The
highest flux was observed at C3, and the lowest flux was observed at M5 (Figure 3.11).
For many sites, flux decreased from June to August and increased in September and
October. Cyclical behaviour (e.g., I3, C4 and 16) was also observed, while fluxes at other
sites, such as H1 and C1, remained relatively stable over time. H2, H3, and to a lesser

degree, M4, experienced significant reductions in flux during July and August.
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Figure 3.11 Temporal variability in instantaneous DOC flux for all 30 sites from June
2021 - Oct. 2021. Missing data are a result of streams drying up, negative discharge

estimates that were omitted, or discharge measurements not taken on the final sample run

due to poor stage-discharge relationships established over the five previous site visits.

Instantaneous flux tended to decrease from June to August and increase in
September and October in control, harvest-dominated and mixed-disturbance catchments
(Figure 3.12). Conversely, fluxes from insect infestation-dominated catchments tended to
increase from June to late July, which was followed by slightly lower fluxes seen in
August through October. The highest inter-site variability in flux was observed in
harvest-dominated catchments, which had notable increases in early July and late August
relative to other SCs. Mixed-disturbance catchments also saw larger variability in August,
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relative to early July and October in particular. Control and insect infestation-dominated

catchment flux variability did fluctuate as well, but to a lesser degree.
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Figure 3.12 Temporal variability in instantaneous DOC flux showing individual boxplots

for separate sample campaigns. Outliers are represented with a *.

Instantaneous DOC flux tended to have relatively weak correlations with most
landscape predictor variables (r = -0.36 - 0.29) (Figure 3.13; Appendix B); however, it
did have a significant negative correlation with catchment area (r = -0.46; p = 0.02).
Additionally, flux variability tended to increase with increasing latitude, longitude, and
wetland cover and tended to decrease with increasing open water %. C3, due to its small
catchment size and elevated [DOC], was influential in determining the strength of these

relationships.
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In disturbed catchments, mean instantaneous DOC flux was significantly

positively correlated with 10- and 15-year insect infestation % (r = 0.59) and 20-year

harvest % (r = 0.53) (Figure 3.14). All other correlations between mean instantaneous

DOC flux and forest disturbance predictor variables were not significant (Appendix B).
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Figure 3.13 Mean instantaneous DOC flux versus various landscape predictor variables.

Catchment area is log km?.
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Mean instantaneous DOC flux (mg s™" km™)

@ Control = Harvest ¢ Infestation £ Mixed
5-year Abiotic Disturbance (%) 5-year Infestation Disturbance (%) 5-year Harvest Disturbance (%) 10-year Wildfire Disturbance (%)
10004 @ * ¢ *
° ® ® °
J 7]
10018, IR ° ® o
A A
A % iy L A
L 4 A A A
101 = T e
o) ] [
L R T A N Y R R R Y
10-year Abiotic Disturbance (%) 10-year Infestation Disturbance (%) 10-year Harvest Disturbance (%) 15-year Wildfire Disturbance (%)
10004 @ ° @ [)
] ® © ®
4 5]
101§, . . Bl . me g
A . * o A 8 A ® A .
g % a A \ i A
(] . )
10 A A A A
° o [)
° o ] o Q pf": & ;\93 ,\@ Q 0 b o ® o “° ] ] o el
15-year Abiotic Disturbance (%) 15-year Infestation Disturbance (%) 15-year Harvest Disturbance (%) 20-year Wildfire Disturbance (%)
10004 © » * ®
° ° ® e
4 =] =]
10018, ® 2 Fodlng * o "B !
A ; ° o a 3 « A - i .
] % ® A & =3 A
101 A . A A
° ° @ [)
Q o N N e Q o o el KO N o P [N 9 I I S
20-year Abiotic Disturbance (%) 20-year Infestation Disturbance (%) 20-year Harvest Disturbance (%)
10004 ® *lle
° ef|e
- |
1001, = Py o o8
A . L 2|8 LN
. §l|# L.
10 A A - A
e eo||e T
Q L) B N I Q @ &» A & o N > o ©

Figure 3.14 Mean instantaneous DOC flux versus forest disturbance predictor variables.

3.6 DOC export estimates

The maximum and minimum estimated DOC export was 63.2 gCm2and 1.0 g C

m2 over a period of 141 days (Section 2.4.1) at H3 and C9, respectively (Figure 3.15).

Interpolated DOC export estimates ranged from 3.0 - 51.7 g C m™? over the same

timeframe; control catchments ranged from 3.0 - 23.3 g C m2, while harvest-dominated

catchments ranged from 24.5 - 51.7 g C m™, insect infestation-dominated catchments
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ranged from 5.4 - 36.6 g C m2, and mixed-disturbance catchments ranged from 5.6 - 44.9
g C m2. H3, M6, H2 and 14 had the most variability in DOC export estimates while C2,
C4, 12 and M5 had highly consistent export estimates for all methods used.

Corresponding hydrographs and DOC samples are included in Appendix A.
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Figure 3.15 DOC export estimates for 15 sites between June 6" - Oct. 23, 2021.

3.6.1 DOC export spatial variability

There were no statistically significant relationships between any landscape
variables and DOC export (Figure 3.16; Appendix B). DOC export tended to increase and
be highly variable in small catchments (~ <5km?). In larger catchments, DOC export
showed no discernible correlation, but tended to become smaller and less variable.
Increased variability in DOC export was seen in catchments with little (<5%) to no open

water % while export estimates tended to decrease with increasing open water %.
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DOC export in disturbed catchments was positively correlated with 20-year

harvest % (r = 0.82; p = 0.007) (Figure 3.17; Appendix B). All other correlations between

DOC export and forest disturbance predictor variables were not significant (Appendix B).
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Figure 3.16 DOC export versus various landscape predictor variables. Catchment area is

log km?.
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Figure 3.17 DOC export versus forest disturbance predictor variables.
3.7 DOC quality

SUVA2s54 ranged from 1.6 to 10.1 L mg™! m™' across the study region. Values
ranged from 1.6 to 10.1 L mg™' m!in the control catchments; from 1.8 to 5.6 L mg-' m!
in harvest-dominated catchments; from 2.9 to 5.1 L mg™' m™! in insect infestation-

dominated catchments; and from 3.8 to 8.9 L mg"' m'! in mixed-disturbance catchments.

SUVA2s54 was slightly higher in harvest-dominated and mixed-disturbance catchments
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relative to control and insect infestation-dominated catchments; however, these
differences were not significant. The majority (59%) of SUVA2s4 calculations exceeded a
value of 4 L mg' m!, 40.9% fell between the values of 2 and 4 L mg! m™!, and two
values were below 2 L mg™!' m!. Additional DOC quality results (i.e., fluorescence

indices) are presented in Appendix C.
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Figure 3.18 SUVA2s4 results from June 2021 - October 2021 over six individual sample

campaigns at 30 sites. Outliers are represented with a *.

Many sites experienced little fluctuation in SUVA2s4 variability overall (Figure

3.19); however, slight decreasing trends were observed for I3, 16 and C2, while other
sites, such as C1 and C5, experienced more cyclical behaviour. Notably, C11 experienced
a large spike in SUVA254 in late July and other anomalous increases and decreases in
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SUVA2s4 were seen in late August for M6, C8, H3 and H4. Later samples in sites that

experienced an anomalous spike or reduction in SUVA2s4 value returned to the range of

previously calculated values observed earlier in the study period.
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Figure 3.19 Temporal variability in SUVAzs4 for all 30 sites from June 2021 - Oct. 2021.

Missing data are a result of streams drying up.

Harvest-dominated sites experienced a decrease in SUVA254 in late August, which
was accompanied by an increase in variation (Figure 3.20). Additionally, a slight increase
in variability during October was observed in the harvest-dominated sites. SUVA254

values for mixed-disturbance catchments slightly increased in variability from June to

October but were otherwise relatively stable. In insect infestation-dominated catchments,

SUVA»s4 variability tended to increase during July and August. Conversely, control g5



catchments experienced lower SUVA2s54 variability during September. Across all sites, the

largest and smallest SUVA2s4 values were observed in July and August.
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Figure 3.20 Temporal variability in SUVA2s4 showing individual boxplots for separate

sample campaigns. Outliers are represented with a *.

Mean SUVA2s4 had significant negative correlations with open water % (r = -
0.69; p <0.001) and catchment area (r =-0.39; p = 0.03) (Figure 3.21). Non-significant

correlations were seen between mean SUVA2s4 and all other catchment characteristic

variables (Appendix B).
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Mean SUVA»54 in disturbed catchments had significant negative correlations with

5-year insect infestation (r = -0.58, p = 0.02) and all abiotic disturbance timeframes (r = -

0.49, p = 0.05) (Figure 3.22). Non-significant relationships were observed between

SUVA2s4 and all other forest disturbance predictor variables (Appendix B).
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Figure 3.21 Mean SUVA2s4 versus various landscape predictor variables. Catchment

area is log km?,
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Figure 3.22 Mean SUV A2s4 versus forest disturbance predictor variables.

3.8 DBP-FP spatiotemporal variability

Based on 48 stream samples taken from eight sites (Section 2.3.3), [THM-FP]

ranged from 124.6 - 2079 mg L', while [HAA-FP] ranged from 166.7 - 2302.7 mg L!

(Figure 3.23). The highest concentrations of THM-FP and HAA-FP were observed at M6,

while the lowest concentrations of THM-FP and HAA-FP were recorded at C12. Median

THM-FP and HAA-FP concentrations were higher in all treatment catchment types
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relative to control catchments. Large differences in [HAA-FP], and to a lesser degree,
[THM-FP], were observed between the harvest-dominated sites (H1 and H4), which

increased overall variability within that catchment type.
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Figure 3.23 [THM-FP] (A) and [HAA-FP] (B) results from June 2021 - October 2021
over six sample campaigns at eight sites. Outliers are represented with a *. Some [HAA-
FP] samples could not be calculated due to low chlorine levels and are, therefore,
missing.

[THM-FP] temporal variability was relatively low for C12, H1, H4 and M1
(Figure 3.24); however, [THM-FP] in H1 tended to be consistently elevated, with a
noticeable drop in concentration in late September. The largest [THM-FP] variability was
observed at M6. 13 and C2 experienced decreasing trends over time and I1 had a spike in

[THM-FP] during late July but otherwise concentrations were relatively low.
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Figure 3.24 Temporal variability in [THM-FP] for eight sites from June 2021 - Oct.

2021.

[HAA-FP]s were relatively stable over time in C12, H1 and H4; however, H1 had
elevated [HAA-FP] relative to C12 and H4 (Figure 3.25). The largest variability in
[HAA-FP] over time was observed at M6, which also had the highest concentration (late
October). Overall, increasing trends in [HAA-FP] were observed at M1 and M6 whereas
decreasing trends were seen at C2 and 13; however, both C2 and I3 both experienced

small increases in the October sample.
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Figure 3.25 Temporal variability in [HAA-FP] for eight sites from June 2021 - Oct.
2021. Some September [HAA-FP] samples (n = 3) could not be calculated due to low

chlorine levels and are missing.



3.8.1 Relationships between [DBP-FP] and [DOC], catchment
characteristics, and forest disturbance

[THM-FP] (r = 0.88) and [HAA-FP] (r = 0.85) were positively correlated with
[DOC]. The relationship between [DOC] and [HAA-FP] tended to be most variable in

mixed-disturbance catchments. [HAA-FP] was also positively correlated with SUVA2s4

(Appendix C).
Control = Harvest ¢ Infestation £ Mixed
A 25004 R=088,p<0.001 B 25004 R=0.85,p<0.001
2000 - -+ 2000 - A
fa —_
I w
J ® _
2 1500 _ 2 1500 =
S— ~ @ =
AN 5]
& b & L e me
. Oy @ [ .
= < n
= 1000 05 < 1000 Lgo o
[ £ <>— & T @
A B Q 8]
% o L 4 0‘ (5]
500 - N R D, o
Gl ) 500 A B e
= By a
< Ry %@
op 00 [°)
Roo = $
T T T T T
5 o o ® o N o P
DOC (mgL™)

Figure 3.26 [THM-FP] (A) and [HAA-FP] (B) versus [DOC] at eight sites across the

Algoma region.

Mean [THM-FP] had a significant positive correlation with longitude (r =0.51; p
<0.001) and elevation (r = 0.38; p < 0.01) (Figure 3.27; Appendix B). Significant
negative correlations occurred between mean [THM-FP] and catchment area (r = -0.52; p
<0.001), and open water % (r =-0.42; p < 0.01). Additionally, as with mean [THM-FP],
mean [HAA-FP] had significant positive correlations with longitude (r = 0.48; p <0.001)

and elevation (r = 0.4; p < 0.01) (Figure 3.29). Notable significant negative correlations
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were also observed between [HAA-FP] and catchment area (r = -0.6; p < 0.001), and

open water % (r =-0.44; p < 0.01), respectively. There were no significant correlations

observed between either mean [THM-FP] or mean [HAA-FP] and any of the forest

disturbance predictor variables (Figure 3.28; Figure 3.30; Appendix B).
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Figure 3.27 Mean [THM-FP] versus various landscape predictor variables. Catchment

area is given on a logarithmic scale.
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Figure 3.28 Mean [THM-FP] versus forest disturbance predictor variables.
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Figure 3.29 Mean [HAA-FP] versus various landscape predictor variables. Catchment

area is given on a logarithmic scale.
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Figure 3.30 Mean [HAA-FP] versus forest disturbance predictor variables.
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3.9 Statistical analyses

3.9.1 Spearman correlation analysis — catchment characteristics and
multicollinearity

Spearman’s correlation coefficients between catchment characteristics ranged
widely (r =-0.79 - 0.78) (Figure 3.31). The strongest positive correlation was observed
between longitude and elevation (r = 0.78). Lesser positive correlations were seen
between latitude and coniferous forest % (r = 0.6), catchment area and open water % (r =
0.52), deciduous forest % and slope (r = 0.5), total productive forest % and slope (r =
0.41), and deciduous forest % and total productive forest % (r = 0.31). The strongest
negative correlation was observed between latitude and longitude (r = -0.79). Other
notable negative correlations included those between total productive forest % and open
water % (r = -0.63), coniferous forest % and deciduous forest % (r = -0.58), total
productive forest % and wetland cover % (r = -0.55), coniferous forest % and longitude (r

=-0.48), and latitude and elevation (r = -0.43).
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Figure 3.31 Spearman’s correlation analysis plot for physical and land cover catchment

characteristics.

3.9.2 Principal component analysis

Results of the PCA were used to identify redundancy in predictor variables and

drove the selection of the most important variables for inclusion in the multiple

regression base model (Figure 3.32). Redundant variable groups (i.e., variables that

tended to cluster together) included:

10- and 15-year insect infestation disturbance and elevation.

5-, 10-, and 15-year harvest disturbance.

Longitude and 5-year insect infestation disturbance.

Wetland cover %, 20-year harvest disturbance, and 15-year wildfire disturbance.

Deciduous cover % and slope.
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Figure 3.32 Principal component analysis plot results for the 19 landscape and forest

disturbance predictor variables.
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3.9.3 Multiple linear regression analysis — landscape influence on water
quality
3.9.3.1 Base model

The base model, which was fit to DOC export (Section 3.9.3.2) and various
sample campaigns of [DOC], SUVA2s4 and instantaneous DOC flux (Figure 3.33),
resulted in adjusted r? values ranging from -0.2 - 0.54. [DOC] had the strongest negative
relationship with open water %. In addition, open water % had numerous significant
negative relationships with SUVA2s4 which highlighted its strong explanatory power on
DOC quality. All other predictor variables had little explanatory power on DOC quality.
Instantaneous DOC flux was observed to have the strongest negative relationship with

catchment area and the strongest positive relationship with wetland cover %.
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Figure 3.33 Coefficient estimates for [DOC], SUVA2s4, and instantaneous DOC flux. Lines represent 95% confidence

intervals.




3.9.3.2 Forest disturbance inclusion

Recent forest disturbance did not help explain much of the variability in mean
[DOC]; however, the 151 and 15H legacy disturbance models improved model
explanatory power for mean [DOC] the most (i.e., increasing adjusted r? by 0.11 - 0.23)
(Table 3.4). This was primarily driven by insect infestation, but, to a lesser degree,

harvesting contributed as well. In addition, the legacy harvesting model (20H) explained
more variation in mean SUVA2s4 than the base model; however, other disturbance and

land cover predictor variables had little explanatory power (Table 3.5). DOC export was
best explained by the 15H legacy harvesting model followed by the 10H, 5H, and 5H and
51 models, which were all improvements over the base model (Table 3.6). Legacy insect
infestation also helped to explain some of the variability; however, to a lesser degree than
harvesting. However, when compared to the more consistent results of mean [DOC] and
mean SUVA2s4, the small sample size (n = 15) of the DOC export dataset likely led to
several statistical issues (e.g., poor model fit, high sensitivity to forest disturbance data,

and inconsistencies in AICc weights).
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Table 3.4 AICc weights and adjusted r? values for models fit to mean [DOC] that

included various harvest and insect infestation disturbance timeframes.

Model AlCc Adjusted r?
15H + 15I 156.72 0.6
10H + 10l 160.52 0.55
101 161.74 0.48
151 161.79 0.48
Base model 165.97 0.37
5H 167.04 0.37
15H 167.75 0.36
10H 168.74 0.34
5l 169.72 0.31
20H 169.82 0.31
5H + 5l 171.13 0.35

Table 3.5 AICc weights and adjusted r? values for models fit to mean SUVA2s4 that

included various harvest and insect infestation disturbance timeframes.

Model AlCc Adjusted r?
20H 51.67 0.50
Base model 53.11 0.42
101 54.30 0.45
15| 54.30 0.45
15H 55.59 0.42
5H 56.22 0.41
5l 56.41 0.41
10H 56.47 0.41
15H + 15I 58.09 0.43
10H + 10l 58.51 0.43

5H + 51 59.84 0.40



Table 3.6 AICc weights and adjusted r? values for models fit to DOC export that included

various harvest and insect infestation disturbance timeframes.

Model AlCc Adjusted r?
15H 135.38 0.74
5H 137.62 0.7
10H 138.66 0.68
5H + 5l 141.78 0.82
Base model 146.78 0.05
15H + 15l 148.28 0.73
101 149.30 0.35
151 149.30 0.35
10H + 10I 152.56 0.64
20H 153.04 0.16
51 155.63 0

Chapter 4: Discussion

4.1 Water level and streamflow

The majority of sites in close spatial proximity exhibited hydrologic similarity
(Bloschl, 2005); however, several sites, such as M2 and C4, experienced dampened peak
flow responses relative to nearby sites, which was likely a function of upstream lake
presence and larger catchment areas. In addition, upstream lakes tended to reduce the size
of peak flows several kilometres downstream of their respective outlets, which support
findings by Leach and Laudon (2019). Generally, it is accepted that peak flows can be
less pronounced in catchments that have more open water coverage (Hudson et al., 2021;
Leach and Laudon, 2019; FitzGibbon and Dunne, 1981). Moreover, lake storage can play

a key role in reducing runoft response (FitzGibbon and Dunne, 1981).

84



The four sites (C2, C3, C4 and 12) that experienced streamflow decreases over
time were all linked to nearby lake systems which likely exerted a strong control over
their streamflow regime. Typically, lake water level fluctuates over time as a result of
variability in catchment water balance (Wrzesinki and Ptak 2016; Polderman and Pryor,
2004); however, despite observing overall reductions in these catchment outflows,
examining whether evapotranspiration exceeded precipitation (Figure 3.2) and
groundwater inputs to lakes, which would result in lake water level drops, was outside the
scope of this study. Alternatively, these streamflow reductions may have been the result
of upstream beaver activity (i.e., an increase in water storage).

Streamflow increases over time were observed at three sites (I5, 16 and M2).
These patterns likely resulted from beaver dam construction downstream, which is known
to increase stage (Westbrook et al. 2006; Woo and Waddington, 1990). The water level
rises observed at I5, 16 and M2 are similar to a hydrograph from a stream that was
affected by downstream beaver dam construction in northern Ontario (Woo and
Waddington, 1990). Although no dams or ponds were visible at I5, 16 or M2, evidence of
beaver was observed at many other sites, such as C11 (Figure 3.34). The effect of beaver
was not considered in the design of this study; however, beaver likely influence
hydrologic connectivity and water storage in these boreal systems, which may in turn

affect water quality (Moore 2003; Woo and Waddington, 1990; Nieman, 1982).
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Figure 3.34 A gap flow dam, as defined by Woo and Waddington (1990), at C11. A lodge

can also be seen further up the stream, through the tree line, on the right-hand side.

4.1.1 Concentration - discharge relationships

Chemostatic solute behaviour has been commonly observed for [DOC] in river
systems (McPhail et al., 2023; Fazekas et al., 2020; Bieroza et al., 2018; Creed et al.,
2015). The dominance of chemostatic behaviour seen across the boreal landscape in this
study thus agrees with these previous investigations into C - Q patterns (McPhail et al.,
2023; Fazekas et al., 2020; Bieroza et al., 2018; Creed et al., 2015). The relatively high
prevalence (40%) of transport-limited C - Q relationships also support the notion that
[DOC] may exhibit non-chemostatic behaviour as well (McPhail et al., 2023). Event-
based flows typically pulse labile DOC from more surficial sources into stream networks
as solute transport shifts away from subsurface pathways (Raymond et al., 2016; Yang et
al., 2015). This suggests that localised DOC stores are relatively inexhaustive at some
sites and discharge limits delivery to streams (Musolff et al., 2015); however, it is clear
that [DOCT] in certain catchments within the region is more sensitive to changes in flow
path during storm events than others (Appendix A). As Lintern et al. (2018) suggest, this

may be attributed to the proximity of source areas to the stream or the overall distributiogn6



of landscape features within each catchment. Although DOC may be relatively
homogeneously distributed across the landscape (i.e., lack of source-limited C - Q
relationships), distant source pools could decrease the likelihood of hydrological
connection during water table elevation (Lintern et al., 2018), and thus reduce the
tendency for [DOCT] to increase with discharge.

Moatar et al. (2017) used physical catchment (e.g., catchment area) and land use
characteristics in an attempt to explain variability in C - Q relationships for some French
catchments. Their results showed that biological processes may influence C - Q
behaviour at low flows while hydrology tends to control C - Q behaviour at high flows.
McPhail et al. (2023) also attempted to explain differences in C - Q relationships by
examining catchment characteristics; however, their selected physiographic indices
exhibited little explanatory power. Although variability in C - Q behaviour was present in
this study (Figure 3.5), catchment area had negligible correlations with CVc¢ and
CVc/CVq. These relationships remained statistically weak despite having the greater
range in catchment area than that examined by McPhail et al. (2023).

C - Q relationships in this study were derived from a small sample size (Figure
3.5) and much longer-term datasets have been used in previous work (McPhail et al.
2023, Moatar et al. 2017; Creed et al. 2015). As such, more data from these streams

would permit the estimation of more robust C - Q relationships.
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4.2 DOC quantity and quality variability

[DOC] varied between 2.4 mg Lt and 38.2 mg Lt across the landscape, which
was relatively unsurprising due to the general expectation of variation in [DOC] in
aquatic systems (Thurman, 1985). Additionally, the observed range in [DOC] agreed with
many previous water chemistry studies in northern forested environments (Lupon et al.,
2023; Oni et al., 2013; Dawson et al., 2011; Laudon et al., 2011; Buffam et al., 2008;
Temnerud & Bishop, 2005; Moore, 2003).

Interpolated DOC export, which ranged from 3.0 - 51.7 g C m over the study
period, agreed with the spatial variability observed in previous boreal investigations
(Burd et al., 2018; Mengistu et al., 2013; Olefeldt et al., 2012; Creed et al., 2008; Laudon
et al., 2003; Dillon and Molot, 1997; Clair et al., 1994); however, exports from several
catchments equalled or exceeded previously reported values (Urban et al., 1989; Naiman,
1982). Unfortunately, other studies primarily report DOC export estimates in annual
averages, which cannot be directly compared to the results of this investigation, which
only captured a 141-day period from the late spring to fall. Smaller catchments (<5 km?)
tended to have highly variable and relatively large exports. Due to their close connection
to source areas (Freeman et al. 2007), small headwater catchments act as the primary
entry point to the aquatic system for terrestrial DOC, thus having a large influence on

DOC export (Agren et al., 2007).
SUVA254 ranged from 1.6 to 10.1 L mg* m, which was consistent with several
other studies (Inamdar et al., 2007). Such heterogeneity in DOC quality tends to be

driven by the spatiotemporal variability in hydrological connections to nearby terrestrial

source areas in low order streams (Creed et al., 2015; Freeman et al., 2007). This may in
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part explain why there were no discernable differences in DOC quality between

catchment types across the region.

£4.2.1 DOC and catchment characteristics
Open water % had significant negative correlations with mean [DOC] and mean
SUVA2s54 and also explained the most variability in mean [DOC] and mean SUVA254 in

the MLRA. Several boreal studies have reported that significant amounts of terrestrial
organic carbon entering aquatic ecosystems can be retained and subsequently lost (i.e.,
via sedimentation or CO2 emission) in lakes (Algesten et al., 2004; Molot and Dillon
1996). Significant negative relationships between upstream lakes and stream TOC have
also been reported in numerous (n = 86) catchments with low lake coverage (range = 0.5
- 26%; mean = 9%) (Mattsson et al., 2005). Longer water residence times in lakes,
relative to rivers, also allows for terrestrial DOC to undergo various degrees of
transformation and can significantly increase the amount of carbon lost (Algesten et al.,
2004; Mash et al., 2004). In conjunction with retention and mineralisation of terrestrially
derived DOC, lakes have high production rates of autochthonous DOC through algal or
macrophyte activity (Creed et al., 2015; Mash et al., 2004). As such, lakes contribute
large amounts of autochthonous DOC downstream, which differs in composition (e.g.,
less absorbance capacity, more hydrophilic) from terrestrially derived DOC (Health

Canada, 2019; Martin et al., 2005; Mash et al., 2004). These processes likely explain why
such strong decreases in [DOC], SUVA2s4 and generally lower quantity and variability in

DOC export occurred in streams sampled below lakes in this study.
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The smallest catchment (C3) had the highest mean [DOC], which was
significantly higher than every other study site. This supports the findings of Gough
(2014) where the highest mean [DOC] was recorded at the smallest upland catchment in

northern Wales. Catchment area also had significant negative correlations with mean
[DOC] and mean SUVA2s4 but exhibited significantly less explanatory power than open

water % in the MLRA,; however, results indicate no discernable difference in mean
[DOC] with increasing catchment area if C3 is removed (Figure 3.7), which would
support previous findings (Agren et al., 2013; Temnerud and Bishop 2005; Mitchell and
McDonald, 1995). In addition, DOC export had a weak negative relationship with
catchment area which supports the negative relationships found in other studies (Agren et
al., 2007; Mattsson et al., 2005). Increased solute transport time due to longer flow paths
in larger catchments likely leads to higher retention, decomposition, and mineralisation of
DOC (Mattsson et al., 2005). Catchment area also tends to positively covary with lake
presence, which increases DOC retention (Algesten et al. 2003; Molot and Dillon, 1996);
however, the elevated exports observed in the smaller catchments are likely influenced by
recent disturbance events which may explain the weak relationship seen with catchment
area (Section 4.2.2).

Overall, slope and wetland cover % were relatively poor explanatory predictor
variables of DOC quantity and quality across the landscape; however, a significant
positive correlation was observed between mean [DOC] and slope which suggests that it
may in part influence the mobilisation and delivery of solutes to the stream network
within these catchments (Lintern et al., 2018). The absence of relationships between

wetland coverage and DOC quantity and quality was unexpected given that increasing
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wetland coverage has been shown to be strongly correlated with stream [DOC] and DOC
export in other northern forested region studies (Casson et al., 2019; Hanley et al., 2013;
Laudon et al., 2011; Creed et al., 2008; Laudon et al., 2004; Dillon and Molot, 1997).
Due to water retention and frequent anoxic conditions, most forested wetlands
accumulate and store large quantities of DOC, thereby acting as principal sources of
carbon to nearby streams (Casson et al., 2019; Creed et al., 2008; Creed et al., 2003;
Dillon and Mollot, 1997). Periods of dryness lead to hydrologic disconnection between
streams and surrounding wetlands likely leading to more proximal sources, such as
surficial soil layers in the riparian zone, serving as the dominant source of DOC during
these times (Lintern et al., 2018; Ledesma et al., 2015; Laudon et al., 2009).

Another important aspect of wetlands is their proximity to streams, and work by
Laudon et al. (2011) called for examination into how wetland location within the
catchment affects DOC dynamics. Andersson and Nyberg (2008) found no significant
correlation between DOC flux and wetlands located within 50 m of the stream and
statistical models that included near-stream wetland proportion were found to be poor
predictors of DOC in central Ontario catchments (Casson et al., 2019). Ultimately,
catchment topography may serve as a better overall predictor of DOC flux than wetland
extent and their location within the catchment (Andersson and Nyberg, 2008). Perhaps a
more important factor is the influence of cryptic wetlands on DOC export (Creed et al.,
2003); however, accurate ground surveys would have to be conducted across this

landscape to better examine the role of cryptic wetlands on DOC quantity.
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£4.2.2 DOC and forest cover and disturbance

Coniferous forest cover % did not have a significant relationship with DOC
export in this study which disagrees with the notion that coniferous forest coverage tends
to be a positive influence on DOC export (Agren et al., 2007). Additionally, coniferous
forest cover % showed little explanatory power on DOC quantity and quality within the
MLRA. Nevertheless, acidic, organic-rich soils tend to develop below thick coniferous
canopies and this, coupled with higher rates of terrestrial DOC production in the summer
months due to increases in temperature and soil respiration, may lead to more DOC
leaching from these areas relative to deciduous canopies (Buffam et al., 2008; Agren et
al., 2007). The negligible effect deciduous forest cover had on DOC export was also
consistent with findings by Agren et al. (2007) despite a greater range in catchment
coverage (9.7 - 76.5%) of deciduous forest in this study.

Three of the four harvest-dominated catchments in this study, which were
sampled between two and eight years after their respective clearcut events, showed
elevated [DOC]s relative to control catchments and other disturbed catchments.
Generally, rises in [DOC] tend to occur in the first few years after harvesting significant
amounts of forested watersheds (Freeman et al., 2023; Shah et al., 2022; Nieminen et al.,
2015; Palviainen et al., 2015; Schelker et al., 2012; Laudon et al., 2009; Kreutzweiser et
al., 2008; Nieminen, 2004). Conversely, stream [DOC] in harvested catchments in the
nearby Turkey Lakes Watershed declined for the first few years post-harvest and only
rose 4 - 9 years post-disturbance (Webster et al., 2022). Shah et al. (2022) also noted that
elevated [DOC]s may persist for longer than 3 - 4 years post-harvest. Elevated stream

[DOC] post-harvest is generally attributed to soil disturbance and the decrease in
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evapotranspiration from tree loss leading to higher water tables and hydrologic
connectivity (Palviainen et al., 2022; Shah et al., 2022; Laudon et al., 2009; Kreutzweiser
et al., 2008). Alternatively, leaching from slash or the release of DOC from other harvest
residues, such as burn piles or remaining logs, may also contribute to elevated
concentrations (Laudon et al., 2009; Kreutzweiser et al., 2008). Indeed, near stream areas
observed at some harvested sites in this study contained abundant source material (Figure
3.35). Increased surface temperatures in logged areas can lead to elevated decomposition
rates that may release more labile DOC (Palviainen et al., 2022; Shah et al., 2022
Kreutzweiser et al., 2008); however, while soils may become enriched with carbon post-
harvest, large amounts have been shown to be retained in surficial horizons (Piirainen et

al., 2002).

Figure 3.35 Harvest residue left behind after clearcutting operations near the stream

channel at H3.

The significant positive correlation exhibited by legacy harvesting on DOC export
suggests that this form of disturbance may have explained the variability in export from
several catchments, which is consistent with other investigations (Nieminen et al. 2015;

Nieminen, 2004; Lundin 2000; Lundin, 1999). Annual DOC exports have been observed
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to increase by 8.0 - >20 g C m™ in catchments several years following harvest in northern
regions (Nieminen et al. 2015; Nieminen, 2004). Due to the complex response of
hydrological processes to forest disturbance (Buttle, 2011), attributing such changes (i.e.,
increases in DOC export) to any one single metric seems unlikely; rather a combination
of factors is likely responsible. Urban et al. (1989) noted that differences in water yield
were the main control on large inter-catchment variation in DOC export. Indeed, the
review by Buttle (2011) noted that water yield tends to increase after harvesting, with the
largest increases seen in smaller catchments. As runoff is a primary control on DOC
export (Meybeck, 1982), this may explain why export variability and magnitude were
higher in smaller catchments that had experienced > 24% harvest in this study.
Alternatively, Naiman (1982) speculated that pervasive beaver activity (Section 4.1) may
have influenced high DOC export at one boreal site. Thus, although the results of this
study suggest that harvesting and its associated effects on fundamental hydrological
processes (Buttle, 2011) may exert the most noticeable control on DOC export, other
landscape factors, such as local biological, soil, and hydrogeological conditions, may also
be important influences (Davidson et al., 2019; Schiff et al., 1997).

At the group classification level, catchments that experienced a range (25% -
100%) of insect infestation intensity over the last 20 years had relatively similar DOC
quantity and quality compared to that of mixed-disturbance and control catchments.
Conversely, 10- and 15-year insect infestation increased model explanatory power in the

MLRA, and although recent insect infestation (i.e., 5-year) did not explain much of the

variability in mean [DOC] and mean SUVA254 in the same models, it did have a

significant negative correlation with mean SUVA2s4. This significant negative
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relationship observed between 5-year insect infestation and mean SUVA254 may be

attributed to the reduction of forest canopy cover (Woodman et al., 2021). Woodman et
al. (2021) noted that, during the growing season, insect infestation outbreaks tended to
reduce leaf area index in 12 catchments across Ontario, Canada from 1985 to 2016.
Moreover, defoliator feeding tends to peak in mid-summer, whereas leaf matter
accumulation is typically highest during the fall (Gill et al., 2015). Accordingly, insect
defoliators may, to a varying degree, decrease the terrestrial litter pool available for
decomposition and subsequent export through aquatic systems (Carlisle et al., 1966).
Conversely, McCaig et al. (2023) observed increased aromaticity (i.e., SUVA2s4) in
catchments that were recently affected by spruce budworm defoliation. The
improvements to model explanatory power by 10- and 15-year insect infestation might by
linked to the input of labile carbon into the soil ecosystem by insect frass (Lovett et al.,
2002), or may be spurious. Legacy insect infestation (i.e., 20-year) also showed a
significant positive correlation with mean [DOC]; however, this can be explained by the
sharp increase in the spatial extent of disturbance to 100% catchment coverage in many
sites as a result of the regional 2002 Spruce Budworm event. Therefore, group
classification findings in this study agree with (a) Clow et al. (2011)’s observation of no
significant changes in stream [DOC] after mountain pine beetle infestations in Colorado;
and (b) McCaig et al. (2023)’s findings of no effect of spruce budworm defoliation on
[DOC] in boreal and hemiboreal streams. Conversely, these conclusions contrast with the
results from several other studies where stream [TOC] significantly increased after
mountain pine beetle events, which may be a result of more immediate tree mortality

(Brouillard et al., 2016; Mikkelson et al., 2013). Lewis and Likens (2007) also observed a
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short term (i.e., over the course of several weeks) increase in stream [DOC] following
insect infestation; such an occurrence could not be captured by the sampling in this study.
Ultimately, the results of this investigation suggest that the effect of insect infestation on
water quality in boreal headwaters is complex and more work needs to be completed to
generalise stream response patterns of this disturbance type.

No wildfire-dominated catchments were included in this study. Over the last 20
years, the study region had little wildfire impact despite wildfire serving as the leading
cause of tree mortality by area in Canadian forests (Natural Resources Canada, 2022).
The two mixed-disturbance catchments (M2 and M6), which had 25.3% and 20% of their
respective catchment areas affected by wildfire 9 and 12 years ago, gave mixed insights
as to how these catchments might be responding to this type of disturbance. This, in part,

is due to these catchments experiencing significant harvesting over the same period. For
instance, some of M2 and M6’s water quality metrics (e.g., [DOC] and SUVA254) were

relatively similar to the ranges observed in other mixed-disturbance catchments.
Conversely, M6 had the highest recorded [THM-FP] and [HAA-FP], and one of the
highest and most variable DOC export estimates of the entire study. Although the effects
of wildfire on the landscape and catchment functions are well documented (Bladon et al.,
2014; Brandt et al., 2013), stream chemistry response is somewhat inconsistent as other
boreal investigations have reported short term increases in stream [DOC] (Mertens et al,
2019; Emelko et al., 2011), and also decreases (Rodriguez-Cardona et al., 2020; Betts and
Jones, 2009). Rodriguez-Cardona et al. (2020) suggest that several factors, such as fire
extent, burn depth, and the type of organic matter consumed by blazes all affect

watershed recovery timelines. Therefore, further investigation of wildfire-dominated
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catchments is needed to clarify the effects of this disturbance type on water quality in

central Ontario.

4.3 DBP-FP

The formation potential of common DBPs, such as trihalomethanes and haloacetic
acids, is a good indicator of the maximum amount of these compounds that may be
formed from a given source water during water treatment (Rajamohan et al., 2012).
Significant positive relationships between [DOC] and [THM-FP] and [HAA-FP] were
observed which parallels results from other studies (Yang et al., 2015; Rajamohan et al.,
2012; Engelage et al., 2009; Chow et al., 2007). UV2s4 also provided positive predictions
of [THM-FP] and [HAA-FP] as found other forWater network studies (Monica Emelko,
pers. communication). In addition, the ranges in [THM-FP] and [HAA-FP] observed in
this study were consistent with numerous other investigations (Qadafi, 2020; Yang et al.,
2015; Rajamohan et al., 2012; Engelage et al., 2009; Chow et al., 2007).

The influence of [DOC] on [THM-FP] and [HAA-FP] was most apparent over
time as the temporal variation in [THM-FP] and [HAA-FP] closely resembled that of
[DOC]. Yang et al. (2015) observed similar patterns when monitoring water quality
during four storm events in South Korea. This, along with spatial heterogeneity in [THM-
FP] and [HAA-FP], is likely tied to terrestrial DOC sourcing and the connectivity of
source areas to the stream (Section 4.1; Yang et al., 2015); however, low site numbers (n
= 8) limit the ability to explain differences in [THM-FP] and [HAA-FP] between
catchment types. Nevertheless, this work highlights that [THM-FP] and [HAA-FP] are

strongly coupled to the spatiotemporal variability in [DOC] at the regional scale.
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4.4 Uncertainty and errors

This synoptic sampling campaign gave valuable insight into the hydrochemical
behaviour of catchments with unique disturbance histories within the Boreal Shield
Ecozone; however, the nature of the region and the timing of the study (i.e., COVID-19

pandemic) did contribute to some key limitations.

4.4.1 Study design

Resources and logistics meant that discharge estimates and concurrent water
samples were limited to six times at 30 sites. More samples and sites would have
provided a better understanding of how these water quality variables, particularly DOC,
varied across space and over time. Most samples in this study were collected during
baseflow conditions or on the receding limb of precipitation events. Although some
receding limb samples in several catchments did indicate increases in [DOC] relative to
baseflow (Appendix A), prominent short-term increases of DOC tend to occur during
stormflow (Raymond et al., 2016; Hinton et al., 1997). Therefore, an absence of peak
flow samples may lead to an underrepresentation of quantity and export of DOC (Kerr et
al., 2016). In addition, sampling of small headwater streams can lead to larger export
error when compared with the regularity in streamflow patterns of larger systems as
missing event-based flows is common (Kerr et al., 2016). Export estimation can also be
sensitive to the temporal duration it is calculated over, with lower sampling frequency
and shorter sampling duration (i.e., seasonal timeframes) being shown to increase error in

annual load (Kerr et al., 2016). Therefore, it is with good confidence that the DOC export
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estimates calculated in this study likely underrepresent true DOC export amounts flowing
out of these catchments during the study period.

Capturing a wider range of flows would have increased rating curve reliability. In
turn, better computation of continuous discharge estimates would have occurred, thereby
leading to reduced uncertainty in the linear interpolation method used for the calculation
of DOC export (Kerr et al., 2016). This would have resulted in an increased number of
sites with reasonable DOC export estimates and a more accurate understanding of the
quantity and spatial variability in export across the region.

Site accessibility and the type and extent of forest disturbance within the region
during the last 20 years limited the availability of pristine and recently disturbed
catchments. Ideally, pristine catchments (i.e., 0% forest disturbance in the last 20 years)
would have been selected for every control site; however, no pristine catchments were
accessible for examination in this study, such that catchments with as close to pristine
status as possible had to be selected as controls. Unfortunately, it is impossible to know if
the control catchments selected in this study exhibited similar hydrochemical behaviour.
One crucial assumption for the control catchments monitored in this study was that they
had all completely recovered from an intense Spruce Budworm infestation in 2002 that
covered 100% of their catchment areas, respectively.

Only four harvest-dominated catchments were accessible in this study; however,
investigating harvested catchments solely affected by clearcutting in this study avoids the
potential for varying levels of impact that different harvesting methods may have on
DOC quantity and quality. Nevertheless, examining sites affected by shelterwood and
selection cut methods within the region would facilitate interesting comparison,
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specifically regarding stream [DOC] and DOC quality response, and DOC export
estimates. Previous work suggests that partial cutting would likely impose less impact on
stream solute concentrations than clearcutting (Webster et al., 2020; Kreutzweiser et al.,
2008; Tetzlaff et al., 2007; Feller, 2005). Ultimately, low site numbers limit the
understanding of spatiotemporal patterns of [DOC] in harvest-dominated catchments;
therefore, these catchments may not be an adequate representation of how harvesting
impacts water quality in the region. Moreover, the catchment areas of the harvest-
dominated sites only ranged from 0.5 - 5.2 km? so the harvest-specific conclusions of this
study should be limited to basin sizes within that range.

The nature of forest harvesting may vary from catchment to catchment. For
instance, the number of roads and temporary bridges requiring construction and
deconstruction, which can lead to increases in overland flow as a result of soil
disturbance (Cambi et al., 2014), is likely to differ between areas of operation. These
actions can result in perturbations in groundwater flow, particularly when roads are
constructed on hillslopes (Cambi et al., 2014; Hubbart et al. 2007; Wemple et al. 1996).
In addition, machinery can create ruts which vary in number and severity due to
variations in topography, land cover, and the amount of catchment area affected by
harvesting (Cambi et al., 2014). Ruts are particularly problematic on slopes where they
can act as preferential runoff pathways (Cambi et al., 2014). The timing of operations is
also important. Variability in soil wetness conditions influence the impact machinery
usage has on the landscape, particularly with respect to soil compaction (Cambi et al.,
2014). These factors can influence site cleanup, which varies in degree and can leave
behind log and debris piles of various size that may act as significant leaching sources of
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carbon (Laudon et al., 2009; Kreutzweiser et al., 2008). Unfortunately, the spatial
coverage of this study and the coarse nature of regional forest disturbance data used
cannot account for these localised management effects.

Catchment area calculation and forest disturbance and land cover percentages
relied on delineation, geospatial mapping techniques, and severity indexes that are prone
to uncertainty. For instance, the choice of digital elevation model can impact catchment
delineation accuracy (Keys and Baade, 2019). The Ontario Flow Assessment Tool, the
delineation method used in this study, used a 30 m grid resolution; however, Zhang and
Montgomery (1994) noted that a 10 m grid size markedly improved accuracy when
compared to data of 30 m resolution. Additionally, dissolving forest disturbance polygons
together to acquire total cumulative coverage (for each forest disturbance type) over the
last 20 years did not account for areas of overlap within disturbance types (particularly
insect infestation events). Therefore, disturbance intensity is likely underestimated in this

study.

4.4.2 Field and data collection

Little was known about stream behaviour at low and peak flows prior to site
selection. This proved particularly challenging for selecting locations to install long term
water level loggers. As such, several installations had to be relocated due to low flows,
which resulted in more uncertainty in streamflow and, in rare cases, large data gaps.
Having a better understanding of water level variability at these sites would have likely
resulted in better logger placements, and more extensive and accurate streamflow

estimates.

101



Channel cross-sections selected for estimating discharge were confined to areas
near highway crossings where terrain was traversable. Thus, the streambed of many
channel sections selected in this study was less than ideal (e.g., large rocks, soft mud
and/or vegetation), which increased the uncertainty of discharge estimates.

Several loggers measuring barometric pressure were exposed to extended periods
of solar radiation during the study period which caused diurnal patterns to become
superimposed on several streamflow regimes. Therefore, more distant surface loggers
were used to calculate water pressure at the sites with affected loggers which may have

affected water pressure accuracy.

4.4.3 Analyses

A shortcoming of the MLRA was that little explanatory power was observed for
many SCs. In addition, there was variability in the explanatory power of the models
across SCs which may have led to the inconclusive relationships (i.e., positive and
negative coefficient estimates), such as coniferous forest cover % and instantaneous DOC
flux. For instance, the base model adjusted r? values ranged from 0.21 - 0.71 for [DOC]
across the seven SCs which indicates that predictor variable influence fluctuated in
strength between SCs, as well as reflecting the large amount of noise in the dataset.
Although, open water %, catchment area and legacy insect infestation tended to explain
the most variability in mean [DOC], the poor explanatory power of several predictor
variables, such as slope and wetland cover %, implies that some of the spatiotemporal
patterns in [DOC] across this region are explained by environmental factors missing from

this study.
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There was a range in collinearity between catchment characteristics. For instance,
it was difficult to disentangle the effects of catchment area and open water % on water
quality due to their positive correlation, which has also challenged other researchers
(Hudson et al. 2021). This was exemplified by mean [DOC]s significant negative
correlations with both open water % and catchment area; however, some patterns in
several catchments pointed to more lake-influence, such as dampened peak flow
responses and consistent [DOC], which predictably led to lower within-catchment

variability for several methods of DOC export estimation. In addition, open water %
explained most of the variability in SUVA2s54 whereas catchment area had noticeably less

explanatory power but exhibited a stronger negative signal with instantaneous DOC flux.
Finally, many catchments had 0% coverage values for abiotic and wildfire
disturbance which disproportionally influenced the correlations between these predictor

variables and the water quality variables (Figure 3.8).
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Chapter 5: Conclusion

5.1 Key findings

A synoptic sampling campaign was conducted from May 2021 to October 2021 in

30 catchments across the Boreal Shield Ecozone in central Ontario. The first research

objective was to examine the spatial and temporal dynamics of DOC quantity and quality

and DBP-FP quantity in catchments with unique disturbance histories. The second

research objective was to assess the ability of landscape characteristics to explain

observed patterns of DOC quantity and quality. The results from this study revealed that:

1.

2.

Streamflow regimes varied over space and time.
C - Q relationships for [DOC] primarily exhibited chemostatic and transport-

limited behaviour.

. DOC quantity and quality and DBP-FP quantity were variable over space and

time.

Harvest-dominated catchments were associated with elevated [DOC] compared to
all other catchment types.

DOC export estimates tended to be lower and less variable in catchments that: (1)
did not experience recent harvest disturbance; (2) had catchment areas > 5 km?;
and (3) had upstream lakes in close proximity to sampling locations.

DOC composition was humified in nature and linked to terrestrial source areas.

[DBP-FP] was strongly coupled to the spatiotemporal patterns of [DOC].
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8. Open water % and catchment area explained the most variability in mean [DOC]
and mean SUVA254; however, isolating their effects remains a challenge. Legacy

insect infestation, and to a lesser degree legacy harvesting, also helped explain
some variability in mean [DOC], while other predictor variables, such as slope,

wetland cover % and recent forest disturbance, showed little explanatory power.

5.2 Implications for clean drinking water

DOC quantity and quality and DBP-FP quantity were spatiotemporally variable
across a range of flow regimes within the Algoma region. Catchments that had
experienced recent harvest events were associated with elevated [DOC], elevated [DBP-
FP]s and tended to have higher variability in DOC export estimates. Since certain water
treatment facility processes, such as direct/inline filtration and microfiltration, are
designed to work best at consistently low DOC levels (<4 mg L), variability in DOC
quantity and quality across an important source water region could result in treatability
concerns (Crittenden et al., 2012; Emelko et al., 2011). Additionally, stormflow responses
to rainfall events in some catchments in this study lead to increases in [DOC] and DOC
aromaticity (Raymond et al., 2016; Yang et al., 2015; Hinton et al., 1997), thereby leading
to more treatability challenges (Health Canada, 2019; Emelko et al., 2011). Accordingly,
understanding these spatial and temporal patterns in [DOC] and its fate across the
landscape can help forestry and water professionals make informed management
decisions such that water quality goals are met to ensure the highest safety for public

consumption.
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The aesthetic objective limit for [DOC] is 5 mg L' in Ontario (Government of
Ontario, 2003); however, suggested treated water quality targets for [DOC], for DBP
control specifically, are 2 mg L' (source with high specific DBP yield) and 4 mg L™!
(source with lower specific DBP yield) for other jurisdictions in Canada (Health Canada,
2019). These are further lowered to 1.8 mg L' for biological stability (Health Canada,
2019). In this study, every site exhibited higher mean [DOC] than the biological stability

target and 90% of sites had higher mean [DOC] than the lower specific DBP yield target.
The significant proportion (59%) of SUVA2s4 values that exceeded 4 L mg™! m! in this

study is also concerning as NOM controls coagulant dosage above this threshold (Table
1.1). Nevertheless, the quantity and quality of DOC observed in boreal headwaters is
likely to significantly differ from DOC at the intake point to water treatment facilities.
This is due to large variability in the travel paths and residence times through terrestrial,
fluvial, and lacustrine environments which can result in retention and mineralisation of
organic matter (Mattsson et al., 2005; Algesten et al., 2003; Molot and Dillon, 1996), and
a range of transformation and decomposition through microbial processing, chemical
fixation, remobilisation, transport, and photodegradation (Creed et al., 2015; Aitkenhead-
Peterson et al., 2003; Schiff et al., 1997; Aikens and Cotsaris, 1995). Moreover, hundreds
of thousands of small headwater streams feed into larger rivers which have lower
connectivity to terrestrial sources and show a tendency to homogenise DOC diversity
downstream due to (a) lower terrestrial inputs; and (b) the increasing influence of in-
stream production and processing of organic carbon (Creed et al., 2015; Tiwari et al.,
2014; Freeman et al., 2007). Thus, movement of DOC from source to intake may reduce

the variability in terrestrial organic matter composition downstream which may lessen the
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impact on water treatment operations (Government of Canada, 2019; Creed et al., 2015;
Vannote et al., 1980). Conversely, increases in autochthonous DOC downstream, which is
less amenable to coagulation during water treatment than terrestrially derived DOC,
combined with (a) the terrestrial flushing of more reactive DOC during high flow events;
and (b) the occasionally large and variable DOC export amounts in small, recently
harvested catchments could impact water treatment costs and effectiveness under future
climatic and anthropogenic stressors (Government of Canada, 2019; Raymond et al.,

2016; Creed et al., 2015; Hinton et al., 1998).

5.3 Future work

Future work should clarify how factors such as catchment hydrology, land cover
characteristics, and forest disturbance influence the quantity and quality of DOC over
space and time, which may improve understanding on the implications to water treatment
(such as DBP formation). Future experiments should capture more event-based flows
with a focus on the rising limb of the hydrograph. Sampling event-based flows is critical
since flow paths change relative to baseflow and hydrologically link different DOC
source pools. Moreover, sampling event-based flows at a higher temporal resolution
could be combined with hysteresis plots to better understand DOC mobilisation and
sources. Longitudinal sampling of stream reaches could also provide more insight into
the spatial variability of DOC in northern headwater systems. Future studies might
consider the effect of beaver due to their: (a) prevalence in streams within the region; and

(b) impact on streamflow regime, riparian environment dynamics, and water storage,
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which all influence water quality (Westbrook et al., 2020; Westbrook et al., 2006; Woo
and Waddington, 1990).

Future MLRAs could include other important predictor variables such as
dominant parent material, water travel time, or soil wetness conditions. Their inclusion
may better explain the spatiotemporal variability in DOC. In addition, models should
prioritise the inclusion of topographic and geological variables to better understand the
influence of landscape characteristics on [DOC] during the summer months due to the
strong control of these variables on stream solute concentrations during dry periods
(Lintern et al., 2018). Finally, hierarchical partitioning (specifically through the
‘rdacca.hp’ R package) could be a useful supplement to multiple linear regression in the

future (Lai et al., 2022; Chevan and Sutherland, 1991).
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APPENDICES

Appendix A — Streamflow and rating curves
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Appendix B — Statistical analysis
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Table B1 Spearman’s correlation analysis values between catchment characteristic variables and water quality response

variables. P-value reported in parentheses.

Mean DOC
Variable Mean [DOC] instantaneous export ( Mean SUVA354 Mean [THM-FP] Mean [HAA-FP]
(mgL?) DOC flux (mg s P 2 & (L mg!'m™) (mgL?) (mgL?)
2 Cm)

km™)
Coniferous
PR 0.14 (0.07) -0.2 (0.02) 0.36(0.19)  0.01(0.89) -0.29 (0.05) -0.12 (0.42)
Deciduous -0.28
forest % -0.007 (0.9) 0.19 (0.03) (0.31) -0.039 (0.6) 0.25 (0.089) 0.064 (0.68)
Catchment area -0.39
(km ) -0.43 (0.0001) -0.1(0.22) o -0.21 (0.005) -0.52 (0.0001) -0.6 (0.0001)
Elevation (masl)  0.35(0.0001)  0.018 (0.83) '(%'gi‘)s 0.013 (0.87) 0.38 (0.008) 0.4 (0.006)
Latitude (DD) -0.05 (0.5) -0.16 (0.06)  0.13(0.63)  -0.038 (0.82) -0.28 (0.05) -0.096 (0.53)
Longitude (DD) | 0.32(0.0001)  0.16 (0.06) '(%'g‘;? 0.055(0.46)  051(0.0002)  0.48 (0.0008
Open water %  -0.45(0.0001)  -0.036 (0.67)  -0.24 (0.4) -0.51 (0.0001) -0.42 (0.003) -0.44 (0.003)
Slope (°) -0.28 (0.0002)  -0.0046 (0.96) ('g '22;’) 0.069 (0.36) -0.00087 (1.0) -0.15 (0.34)
Wetland
cover % 0.12 (0.1) 0.046 (0.59)  0.26 (0.35) 0.06 (0.43) -0.27 (0.06) -0.24 (0.12)
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Table B2 Spearman’s correlation analysis values between forest disturbance variables and water quality response variables in

disturbed catchments. P-value reported in parentheses.

Variable

5-year harvest (%)
5-year infestation (%)
5-year abiotic (%)
10-year wildfire (%)
10-year harvest (%)
10-year infestation
(%)

10-year abiotic (%)
15-year wildfire (%)
15-year harvest (%)
15-year infestation
(%)

15-year abiotic (%)
20-year wildfire (%)
20-year harvest (%)
20-year infestation
(%)

20-year abiotic (%)

Mean [DOC]

(mgL?)

0.2 (0.45)
-0.21 (0.43)
-0.04 (0.88)
0.14 (0.6)
0.21 (0.43)

0.38 (0.14)

-0.04 (0.88)
0.05 (0.85)
0.16 (0.56)

0.38 (0.14)

-0.04 (0.88)
0.05 (0.85)
0.24 (0.38)

0.51 (0.05)

-0.04 (0.88)

Mean

instantaneous
DOC flux (mg

s1km?)
0.2 (0.48)
-0.036 (0.9)
-0.44 (0.1)
-0.31(0.26)
0.26 (0.34)

0.59 (0.02)

-0.44 (0.1)
-0.37(0.18)
0.19 (0.5)

0.59 (0.02)

-0.44 (0.1)
-0.37 (0.18)
0.53 (0.04)

0.13 (0.63)

-0.44 (0.1)

DOC export
(g Cm?)

0.63 (0.07)
-0.36 (0.35)
-0.51 (0.16)
0.41 (0.27)
0.63 (0.07)

0.27 (0.49)

-0.51 (0.16)
0.41 (0.27)
0.54 (0.13)

0.27 (0.49)

-0.51 (0.16)
0.41(0.27)
0.82 (0.007)

-0.08 (0.76)

-0.51 (0.16)

Mean

SUVA2s54 (L

mg' ")
0.12 (0.66)
-0.58 (0.02)
-0.49 (0.05)
0.42 (0.11
0.36 (0.17)

-0.42 (0.1)

-0.49 (0.05)
0.46 (0.07)
0.35 (0.18)

-0.42 (0.1)

-0.49 (0.05)
0.46 (0.07)
0.41(0.11)

0.05 (0.87)

-0.49 (0.05)

Mean [THM-FP]

(mgL?)

-0.39 (0.44)
-0.44 (0.38)
No data
0.39 (0.44)
-0.26 (0.66)

-0.39 (0.44)

No data
0.39 (0.44)
-0.26 (0.66)

-0.39 (0.44)

No data
0.39(0.44)
-0.6 (0.24)

0.06 (0.91)

No data

Mean [HAA-FP]

(mgL?)

-0.21 (0.69)
-0.44 (0.38)
No data
0.65 (0.16)
-0.14 (0.8)

-0.39 (0.44)

No data
0.65 (0.16)
-0.14 (0.8)

-0.39 (0.44)

No data
0.65 (0.16)
-0.49 (0.36)

0.32 (0.54)

No data
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Table B3 Multiple linear regression models and their corresponding codes.

Model

Base model

5H
51
10H
101
15H
151
20H

5H + 5l

10H + 101

15H + 151

Variables

Open water + Catchment area + Slope +
Wetland cover + Coniferous cover

Base model + 5-year harvesting %

Base model + 5-year insect infestation %
Base model + 10-year harvesting %

Base model + 10-year insect infestation %
Base model + 15-year harvesting %

Base model + 15-year insect infestation %
Base model + 20-year harvesting %

Base model + 5-year harvesting % + 5-year
insect infestation %

Base model + 10-year harvesting % + 10-year
insect infestation %

Base model + 15-year harvesting % + 15-year
insect infestation %
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Appendix C — DOC quality, DBP-FP and fluorescence indices

[THM-FP] and [HAA-FP] were positively correlated with SUVA2s4 (Figure C1).

SUVA2s4 was also positively correlated with [DOC] (Figure C2).
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Figure C1 [THM-FP] (A) and [HAA-FP] (B) versus SUVAzs4 at eight sites across the

Algoma region.
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Figure C2 SUVA:2s4 versus [DOC] for 30 sites across the Algoma region.

FI and HIX values ranged from 1.1 - 1.55 and 0.77 - 0.98, respectively (Figure

C3; Figure C4). These ranges indicated that DOC was predominantly sourced from

terrestrial areas with little input from microbial sources, and was relatively humified

(Ohno et al., 2002; McKnight et al., 2001) In general, large within- and between- group

spatial variability was observed, except for HIX across mixed-disturbance catchments,

where reduced variability was seen.
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Figure C3 Variability in FI across study catchments within the Algoma region, central

Ontario.
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Figure C4 Variability in modified HIX, as per Ohno et al. (2002), across study

catchments within the Algoma region, central Ontario.
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Appendix D — Technology and instrument usage

All physical and digital instruments and devices used in the production of this
thesis are summarised in Table E1. Notable R packages (and their respective outputs)

used in the data analysis stage included:

corrplot (correlation plot)

e dotwhisker (multiple linear regression coefficient plot)
e ggpubr (multiple linear regression coefficient plot)

e tidyverse (data cleaning; base figures)

e readxl (importation of Microsoft Excel data)

Table D1 Digital and physical technology used to complete this thesis project.

Device / Instrument Software Application

Computer R Data analysis

Computer Rstudio Integrated development
environment

Computer Github Version control

Computer Microsoft Excel Data storage

Computer ArcGIS Geospatial mapping

SonTek FlowTracker 2 & Ott MF Pro NA Streamflow gauging

HOBO U20L water level data logger HOBOware Pro Water level and water and
air temperature recording

Seal Analytical AA3 Autoanalyzer AACE 6.07 DOC analysis

Cary 60 UV-Vis spectrophotometer NA Specific ultraviolet
absorbance

Agilent Cary Eclipse NA 3-D fluorescence scans

Shimadzu, TOC-V CPH Total Organic NA DOC quantification

Carbon Analyzer

HP 6890 Series Gas Chromatograph NA THM-FP, HAA-FP
quantification

TELEDYNE Tekmar Atomx 15-000-100 NA THM-FP quantification
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Appendix E — Ancillary climate data
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Figure E1 Boxplots of monthly (May to October) mean air temperature and monthly
precipitation recorded at ‘Sudbury A’ climate station from 1990 to 2013 (monthly data
was only available up to 2013). Red circles represent conditions during the 2021 late

spring to fall period when the data in this investigation was collected.
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Matthew Watkins personally thanks you for reading this master’s thesis — a life-altering

crucible he will never forget (Figure E2).

Figure E2 Extraction of installed streamflow equipment at 16 on the final fall sample run

which occurred from October 23 - 26™, 2021. Photo taken by Danielle Hudson.
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