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ABSTRACT

Dissolved organic matter (DOM) is a ubiquitous component of aquatic and terrestrial systems and
an important constituent that can influence aquatic health and drinking water quality. For
instance, DOM cana as an important nutrient for microbes or react with chlorine during

treatment of drinking water supplies to form harmful disinfection4pyoducts. As DOM is

comprised of thousands of different organic molecules, the degree that DOM reacts with its
surroundings depends not only on the amount of carbon, but also on its composition. A changing
climate caninfluenceDOM concentration and composition in a number of ways, such as by altering
the residence time within the watershed or changing rates of DObtpssing through warming
temperatures. Recently, changes to DOM quality and quantity have been observed across surface
waters in the northern hemisphere, which can complicate future drinking water treatment options.
Organicrich areas underlain with periafrost are found across the circumpolar north, leading to
uncertainty over theeffectsof permafrost degradation on carbon release and fate, particularly upon
downstream ecosystems and drinking water resources. Better prediction as to how DOM wiill
respondunder a warming climate requires an understanding of the variability in the amount and
composition of DOM, as well as the drivers of DOM reactivity. However, the few arctic or sub
arctic locations withcomprehensivddOM datasets can be difficult to conmeadue to the use of
various DOM characterization techniques. Further, datalacking, or entirely missing, in many
areas of Ca n aalcticy She averal gaalrofrthis shasis is to use field and laboratory
measurements to quantify the hetageneity encountered in DOM concentration and composition
from a variety of hydrologic environments in three Canadian sarotic and arctic ecoregions, and

to link this variability to DOM lability.

Statistical analyses of loagrm monitoring of river hydrdogy and water quality provides a
guantitative measure to the response of a watershed to a warming climate. Northern areas are
quickly responding to a warming climate, yet few loftgrm monitoring records exist and most
focus on large rivers draining dictly into the Arctic Ocean. The Government of Northwest
Territories have been collecting monthly river water quality parameters for the past 30+ years,
providing a comprehensive dataset to quantify changes occurring to the Northwest Terri{iNiEs
and cefine baseline conditions to help assess future change. Trend analysis was applied to mean

annual and monthly air temperature, total precipitation, discharge, concentration, and load for
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rivers draining the taiga shield (Yellowknife and Cameron Rivers) &iga plains (Marian River)

during the past 30 years. Mean annual air temperatures have significantly increfasied) the

past 80 years (3.2 x20C/yr), with significant increased winter monthly average temperatures
(January to April). Largmter-annual variability was found in monthly average discharge for the
Yellowknife and Cameron rivers, yet no significant change was found to the mean annual discharge
during the past 80 years (the Marian River is ungauged). Winter flows have also increased ov

time within the Yellowknife River. Significant increases to mean monthly cation and anion
concentrations occurred within the Yellowknife and Cameron rivers, but they did not result in
significant changes to the annual loads. Baseline conditions caasity determined for the

Marian and Cameron rivers due the unchanging hydrologic and geochemical record. However, the
Yellowknife River exhibits a undlirectional change in water quality, indicative of enhanced
subsurface flow pathways even with no si§joant change to its discharge. These results indicate
that annual variability in river discharge is important for determining differences in geochemical

fluxes with a warming climate.

DOM composition can be quantified using a wide range of analyteethniques that vary in
information obtained, cost, and analytical complexity. The overall objective was to use a readily
available suite of DOM characterization techniques from surface and subsurface environments to
determine which simple parameters eapi the most variability within our DOM dataset, and use
these parameters to create a simple, effective way to compare compositional differences in DOM.
Samples were collected from surface and subsurface waters across northern freshwaters in Canada.
DOM composition was quantified via absorbance, elemental ratios, aneesidesion
chromatography. Overall, DOM concentrations ranged from 0.5 mgiiCAurface water ahigh
arctic sites to 273 mg C/L in NT subsurface environments. Composition measutdxetia
explained DOM variability and were most unrelated in approach were specific absorbance at 255
nm (SUVA), ratio of dissolved organic carbon to dissolved organic nitrogen (DOC:DON), slope of
absorbance between 275 to 295 nmdfg, and humic subsinces fraction (HSF)Application of
principal component analyses (PCApantifiedthese independent measures of composition
explain up to 61% of the variability within the first three PCA axes. These four measures were used
to create ah¢€dmpaooi fiaem | Wt ate comparison of
SUVA, Sr5205 DOC:DON, and HSF values were observed across DOM concentrations and spatial

scales. Overall, subsurface DOM composition was similar across all locations, definedh by hig
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amounts of humics, DOC:DON, and SUVA, and loygfs while surface water DOM contained a
variety of compositions across sites. Composition Wheels provide a simple way to visualize and
compare DOM composition and quality, as well as efficiently comivate differences in DOM

composition to a variety of scientific and interested audiences.

Microbial degradation is often the most important driver of DOM fate within aquatic systems.
However, few measures of DOM microbial degradation rates are found asugmgrctic and arctic
freshwater studies. The overall objective was to use-d&pincubation experiment to determine
how DOM composition influences microbial DOM degradation, and quantify microbial degradation
rates for various surface and subsurfagatersin the taiga shield (Yellowknife, NT), southern arctic
(Daring Lake, NT), and northern arctic (Lake Hazen Watershed, NU). Proportion of DOM loss
ranged from 1 to 27% across all samples with no clear association to initial DOM composition or
hydrologic site. Firstorder degradation rates ranged from 0.4 to 11.23¢t§ and were highest
from DOM in the taiga shield subsurface and a southern arctic pd@amples from the northern
arctic contained the lowest rates and DOM loss, suggesting highcab&@iM may have undergone
processing prior to the incubation experimera more southern locations or no processing if the
inoculum contained no viable microbes. Metrics of DOM composition responded differently to
microbial degradation across all sampléshsorbance based measures/€ss and SAGzg have
poor relationships to the proportion of DOM loss and#-drder microbial degradation rates, whereas
molecular sizebased groupings were stronger predictors of degradation rate and proportion of
DOM loss. Further, SUVA was a sensitive indicator of the micrebiduced change in DOM, and
not a good predictor of biodegradability. DOM from all three northern ecoregions contained some
degree of microbialabile components that may not be well reflectedngsmost measures of the
initial DOM composition. Hence, the amount of DOM lost, degradation rate, and the unigqueness in
the response of DOM at each location indicates a locasipecific definition of DOM lability.

Photolysis is an important degradatigrathway for DOM in northern systems due to the prolific
number of shallow, exposed surface waters characteristic of many arctic landscapes. However, few
DOM photodegradation rates have been published from Canadian arctic freshwaters. The objective
of this data chapter was to determine how differences in DOM composition influence gabiiity
and photodegradation rate from arctic and satxtic surface and subsurface waters in Canada.
Degradation rates, calculated from the total DOM loss, were higinesibsurface samples (linear: 2
to 25 x 16 m%E; Ftorder: 4.1 to 17 x¥dm%E). Degradation rates were used to calculate total
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DOM loss after 500 E/of photosynthetic active radiation (PAR) across all samples, equivalent to
18 and 13 days of sught in the high arctic and subarctic, respectively. Southern arctic subsurface
and creek lost the highest amount of DOM (58 and 38%, respectively) while most other samples lost
between 13 to 19%. The lowest proportion of DOM loss was observed fromaaskaddd river (4%)
likely due to preexposure among the landscape. No significant correlations were found between
initial DOM composition and photolytic degradation rate. Alternatively, initial measures of SUVA
and SAGzopredicted the proportion of phlytic DOM loss. Photolytiénduced changes to DOM
were similar across all samples: decreased values of SUVA, DOC:DON, and 8&Cincreased
values of &rs205 Hence, photolysis uniformly altered DOM regardless of initial composition or
sample locton. Specific measures of DOM composition, such as SUVA and:spAfvide

sensitive indicators of photolytic processes and can be used to estimate the degradation rate and
proportion of DOM loss.

Chlorine reacts with DOM to form harmful disinfection kproducts (DBP), yet the extent DOM
forms DBP may depend upon the amount and composition of DOM. The objective of this data
chapter was to determine how differences in DOM composition from-ardtic freshwaters
influences DBP formation. Samples werelected from Yellowknife, Wekweéti, and Daring Lake,
NT, and a microbial and photolytic degradation experiment to understand how drivers of DOM fate
influence DBP formation. Further, public water quality data records were used to determine the
prevalence BDOM and DBP across NT water treatment records. DOM composition was
characterized using overall concentration, SUV&s&s DOC:DON, and sizexclusion
chromatography determined fractions of humic substances (HSF). Concentrations of
trihalomethanes THM) and haloacetic acids (HAA) were measured with equivalent chlorine
residuals 24 hours after chlorine addition. Public water quality records indicate both DBP and DOM
were ubiquitous in NT water sources and generally below health guidelines. DOM tigoo
plays an important role for disinfection demaras nostrong relationship was found between
chlorine demandand DOM concentration Simple measures of DOM composition, such as SUVA
and S7s205 resulted in stronger correlations with DBfoncentration than overall DOM
concentration. In particular, high molecular weight and aromatic humics, representative of
terrestriatlike DOM sources, formed higher DBP concentrations. Microbial degradation led to

higher DBP yields normalized to DOM nsawhile photolysis had little effect. We show various
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compositions of DOM from across the NT lead to different but predictable differences in DBP

concentration.

Data and interpretations from all chapters were brought together to form a conceptual diagram
of DOM evolution in the NT. Different DOM compositions and changes related to microbial and
photolytic degradation aided with categorization of different samples along-axis plot of
compositional end members: terrestrial, photolytic, and autochthanobiot all DOM composition
metrics respond the same way during degradation. Specific indicators of processes were identified
from the degradation experiments: SUVA and SABoth responded oppositely to microbial and
photolytic degradation, while $s295 only increased for photolysis. Although these processes
appeared to align with the variation observed among high arctic DOM composition and sources,
notable differences in high arctic DOM composition demonstrate the need for revision to
incorporate otler high arctic sites to the current DOM conceptual diagram. The conceptual
di agram identified zones of YI| abirliesyk yD VDM otnhpaots i
have the potential to form high concentrations of DBP. The conceptual diagram @mewad
framework to focus and continue developing the impact of various drivers on DOM quantity and
quality under different climate scenarios.
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Chapter1
Dissolved Organic Matter in Canada’s North under a Changing

Climate

1.1 Canada’s Arctic Landscape

The arctic is an important part dfanadianidentity with its three northern territories

encompassing almost 40% of Canadays total | and &
(66.5° N), the arctic is an environment of extremes and genagglesented by long, cold winters

and short, cool summers. Freeaw cycles control many physical and geological processes, while

moisture is generally stored during the winter as snow and released during the spring fteshet

These systems are uniquely defined by the abundance of small ponds and lakes due to the presence

of permafrost™. Permafrost, defined as the subsurface wheeemean annual temperature is

below 0°C for two years, can range from discontinuous and sporadic in the south to continuous in

the norttP. The climate and physical features are unique and sesdrsystems apart from anything

else observed across the globe.

The Quaternary (~2.6 myagriodrepresents a time of planetary cooling with alternating glacial
and interglacial periods. The northern Canadian physical landscape seen today is a result from
processes during the deglaciation of ice sheets and glaciers that covered Canada approximately
13,000 to 6,000 yedvsfore preserit Retreating glaciers scoured ancpesed Precambrian bedrock
across much of the Northwest Territories, leaving behind rolling topography and-glastial
deposit§, while sedimentary bedrock was exposed in the high aféti Areas in the high arctic are
defined as a polar desert due to the lack of moisture. Here, vegetation is sparse and growth is
limited as plant life adapts to lowutrient and low solar radiation conditions with #lerance
towards desiccation, snow, and fréstin contrast, lower arctic areas can contain trees and shrub
vegetation, especially in areas where the southerost limits encounter the boreal ecotohe
These unique features of the arctic govern much of the distribution and functioning of surface

water systers found today.

Climate change occurs globally yet northern systems are the most sensitive to a warming north,
exhibiting clear and rapid changes due to anthropogenic influecés Specifically, certain areas

are undergoing permafrost degradation, shifh vegetation, increased mean annual air and
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subsurface temperatures, changes to lake ice thickness and duration, and changes to the timing and
form of precipitation, all of which camlter hydrologic flow pathways, aquatic health, and

elemental cycling®. Furher, the everyday lives of northern community members are directly
affected whether it be changes to safe passageway to hunting areas, continual road maintenance
from permafrost degradation, increased occurrence and severity of fires, or changes tagrinki

water quality?2 Ultimately, the uncertainty towards the future environmental respastsea

warming climate greatlyinfluencesenvironmental, social, and econotréectors in the North.

1.2 Carbon in a Warming North

The release of carbon currently frozen and Yi mmo
degradationwill significantly alter the global carbon cycté Permafrost areas are predicted to
become a net carbon source to the atmosphere by2&0th current estimates of 1700 Pg of
carbon currently stored within permafrost across the circumpolar nér#§ Carbon can be released
in particulate form, dissolved phase, or as a greenhouse gas (namely carbon dioxide or methane
from surfacewaters and vegetatiof)18215  Attempts have been made to predict the vulnerability
of stored carbon, such as through use of €:Nshallow ponds and lakes across the arctic landscape
are know to be biogeochemical hotspdt€3° and can determine whethemacbon is released to the
atmosphere or sequestered into the sediments. Changes to the carbon cycle have been quantified
through the release of greenhouse gases from either permafrost?#@*3 or increased
terrestrial and aquatic productivity®™6. Recent work enaopassed the lateral transfer of carbon
across terrestriahquatic linkage¥47 Further, the use of stable and radioactive isotopes have been
incorporated to better understand the portioning of old, permafrostivknt carbon versus recent
carborf8, Hence, rapid changes to climate have the potential to greatly influence the global carbon
cycle by altering the amount, form, and rate of carbon transferred between northern terrestrial and

aguatic ecosystems.
1.3 Importance of Dissolved Organic Matter

1.3.1 Role of DOM in the Natural Environment

Dissolved organic matter (DOM) is a ubiquitous component found among terrestrial and aquatic
environments. Although DOM is comprised of thousands of different molecules with varying

structural and bemical properties, the overall amount can be quantified by the concentration of
2



dissolved organic carbon that passes through an operational filter size (commonly ranges between
0.2 to 0.2Am). Sources of DOM within a system are categorized as being tbimstu (termed
autochthonous) or transported into the system from the surrounding environment (termed
allochthonousfigurel.1). Differences in DOM source ampdocessing, whether it be physical,
chemical, or biological, within the watershed dictates the amount and form of R@ailable for

further reactiong%sL

Dissolved organic matter plays a number of important roles within the environmé&within
aquatic systemd)OM transports carbon between aquatic and terrestrial systé regulates pH>2,
absorls solar radiatiol¥®>} impacs visibility and thermal regimes within surface watés6 acs as
an important energy source for microb&sand influence redox conditions and biogeochemical
reaction§® Drinking water quality is afécted by the amount and form of DOM. Treeare no
Federal Canadian water quality guidelinfess a maximum acceptable concentration for DOM, but
provincial governments have set an aesthetic objective value, between 2 to 5 mg C/L, to reduce
colour, odour, aste, and microbial regrowth within water distribution infrastructi#® Metals can
complex with and be transported by DG#62while differences in DOM concentration and
composition influencemercury bioaccumulation in invertebrates and f#8h The singlelargest
determinant of water treatment cost is the removal of organics as filtration, coagulation,
flocculation, orultra-violet light are required to lower the amount of organic matter within water
supplie§¥6 Further, during the disinfectant stage of water treatment, DOM can react with
chlorine to produce various carcinogenic disinfectioprproducts (DBPKrasner et al. 2006)
However, the amount of DBP formed, and its toxicity, depend upon the concentration and
composition of DOME Hence, both the amount and composition of DOM are important

parameters that dictate aquatic ecosystem health and drinking water quality.

1.3.2 DOM Quantity versus Quality

The reactivity of DOM to the surrounding environment demis upon the amount and specific

mi xture of organic molecules present. The term
mixtures of DOM, but the term is ambiguous as it can refer to a number of different characteristics
depending upon the paraner and role under question. For instance, DOM quality as defined by

its ability to absorb ultraviolet and visible light could be completely different from DOM quality as

defined by its ability to complex and mobilize trace metals. Hence, different c6IBOM within



the environment result in different qualities of DOM. This confusion can be simplified by referring

to variations in DOM composition, rather than quality, which will be used for this thesis.

Differences in DOM composition are commonly chetexized by the lightabsorbing
components (chromophoric DOM), specifically by quantifying ultraviolet and visible light
absorption or fluoresceneemission excitatiof™3 However, these techniques only provide
information on the chomophoric components, and could also include interference from the matrix
solution (such as irorPoulin et al. 2014) Regardless, absorbance and fluorescence metrics provide
an economic and relatively simple method to characterize DOM. Other methods include the use of
molecular grouping®76 elemental ratio% "8 or specific molecular structures via mass
spectrometry®8% These techniques can be used to quantify differences in DOM composition, each
with their own advantages and disadvantages. However, differences in absorbance wavelengths or
methodology used across published studies make it difficult to holibficampare DOM across
studies.

Degradation of DOM is dependent upon @sncentration and composition. Ultimately, the
persistence of DOM within the environment is controlled BYDM intrinsic properties such as
specific molecular groups or characterisfitsChanges to DOMs a result of processingan be
guantified using laboratory experiments theéetermine the amount of DOM loss over time using
biotic®2®>and abiotic processes (in particular solar radia#ohj. However, differences in
experiment duration, filter sizes, or addition of nutrients make it difficult to compare theqaage
of microbial or photolytic labile DOM across siteRegardlesshese examinations quantify the rate
of DOM change, indicate how DOM composition is affected, and provide tools to ptadict

response of DOM underdifferent climate change scenarios.

1.4 The Role of DOM in a Changing North

The responseof DOM to a warming climate hae global implications for water quality, carbon
cycling, and climate feedback systems. For instance, warmer temperatures could irtbeease
export of DOM among major northern river systems draining into the Arctic Oé&aamhancing
the transfer of carbon from freshwater terrestrial systems into the marine environment. Increased
amounts of DOM, particularly terrestrisderived DOMhave beerobserved across the northern
hemispheré®8%nd resultedn changes to water trasparency Further, differences in aquatic
terrestrial linkages could increase the variability in DOM composition found in surface waters as
4



observed across Finnish thaw pofi@i§he darkening of surface water colour in the northern

hemi sphere, a phenomena strenrchaages iryDOMamwl iran Expactat i ony ,
from the surrounding catchmerdand can influence thermal regimes, water clarity, and drinking

water treatment option%%5:91.92 Hence, the connection between a changing terrestrial

environment upon surrounding aquatic systems in terms of subsurface processing and hydrologic

flow paths has important consgiences upon water quality.

Degrading permafrost among organiich substrates can contribute very old, low molecular
weight, low aromatic, and microbialfabile DOM to nearby surface watéf$%%,  Although
photolysis accounts for 70 to 95% of DOM processed in shallow Alaskan surface®¥aters
permafrostderived DOM seems to be unaffected by photoRfSisFurtter, DOM change via photo
oxidation and photochemical transformation is found to be more common than complete
mineralization of DOM into carbon dioxid&1°1 Differences in the processing and transport of
DOM canalter subarctic pond bacterial communiti€$ influence future drinking water
treatability®6-102 and promote acidification of the East Arctic SA&f The response of the carbon
cycle to a changing climate will directly influence DOM in northern waters, thus understanding the
role DOM composition plays in dictating its fate will aid in predicting how DQ@ifflectsvarious

aquatic ecosystem functions and drinking water quality.

1.5 Thesis Rationale and Objectives

Studies on climate change in the Arctic come from a select few sites that have been extensively
studied® likely due to thehigh costs of arctic field work®> Many northerrbased DOM studies

are found in Siberit28.29.32:46,96.0088 A|ask&299.1016 gand Nordic countrie¥®-%8.11720 |n Canada,
the main sites inalide the Yukon River Basitt2T26 Mackenzie Delt&®132 and select high arctic
sites (Bylot Islantf113%nd Cape Boun##4138 Nunavu). However, fev data are found from large
areas of C a n a darctic that desscrilie ic@oor asubdrctis shibld sité®:140 let alone
published rates of DM degradation via biotic or photolytic pathways'here is a need in the
scientific community to pursue how procesmsed knowledge of the landscagen be used to
understandcontrolsof DOM fatethat helpto link climate-driven changesvith the impact onDOM
compositiort*2 Although much information can be found over freshwater northern carbon cycling
under a changing climate, there are still large geographic areas of Canada lacking important

information.



The overall goal of this Ph.D thesis is to determine how DOM anmt@ama composition differs
betweendifferent arctic and sufarctic environments, and understand hdiesedifferences in
DOM compositionaffectaquatic ecosystem health, drinking water quality, ahe ultimate
environmentalfate of DOM. Thisgoalwill be accomplished by combining field data with
laboratory experiments to answer three specific objectives: 1) how does DOM compositich2yary
how does DOM composition influence microbial and photolytic degradation Raes 3) how does

DOM composition relatéo drinking water quality and aquatic ecosystem healigure1.2).

This thesids organized into five data chapterfllowed by one chapter that synthesizes the
reallts into a conceptual model of DOM composition in the environment and tests that model on
DOM from the high arctic, and a final chapter that summarizes the key original findings in this
thesis. In the first data chapterlong-term river water quality daa records will be used to
determine how rivers near Yellowknife, Northwest Territories (NT), have chamfygthg the past
30 years, and whether baseline conditions can be defi@edter 3. A suite of simple DOM
characterization methods from samples spanning a large range of Canadian ecoregions (from
Southern Ontario to the NT) will be used to determine which measures of D@#position best
represent differences in DOMChapter 3. These select compositional measures will be used to
determine how DOM composition influences microbi@hapter 4 and photolytic Chapter
degradation. The influence of DOM cowsition on drinking water quality will be assessed by
comparing differences in DOM with the formation of disinfection-pyoducts Chapter §. Finally,
results fromthe previous chapters will be combined to form a conceptual diagram of DOM
evolution in the NT Chapter 7, which will be used to compare with changes to DOM aloveil-

defined high arctic flow path to assess whether similar processes and drivers dictate DOM fate.
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T _——

/- refers to the environment of
_} interest under consideration.

: abiotic or biotic process that degrades DOM

Figure 1.1: A general schematic to illustrate the definitions for dissolved organic matter (DOM) source as it is
convertedbetweeninorganic carbon dioxide (C£to DOM and transferred across systems.

THESIS

Do We see a response Dissolved Organic Matter
Compostional metrics?

i 1 ? . .
to a warming climate® How labile is it?
What does that mean?

Does this fit
the high-arctic?

Evolution of DOM in NT

Figure 1.2: Simgified outline of this thesis, combining lonterm environmental records in the Northwest
Territories (\T; left side with field and laboratory analyses of dissolved organic matter (DOM; riidhd).
These two aspectsrecombined to create a synthesis[@OM evolution, which will also be compared to
DOM collectedrom a high arctic location.



Chapter 2
Trends in Water Quality from Three Rivers near Yellowknife,

Northwest Territories

2.1 Introduction

Long-term monitoring of river water quality provides hydrologic and ggeemical insight of the
surrounding watershed. Statistical analyses of discharge and chemical fluxes can identify
environmental responses to climate or anthropogenic driv&&*2 Significant changes in nutrient
exports have been linked to combinationsasfthropogenic and climate influenc&414> For

instance, inceased summer temperatures and changes to land management in the United Kingdom
led to the enhanced release of dissolved organic carbon (DOC) from upland peat catdtitnents
Determining drivers of change within watersils, and how different watersheds respond to such
changes, can be addressed by the analysis ofterrg monitoring records of water quantity and

quality.

The Northwest Territories (NT) is an area of Canada that is most sensitive to a warming climate.
Air temperatures in the arctic have increased in recent decades, concurrent with decreases to
annual snow deptk147 A shift in precipitation from snow to rain has been observed in the-sub
ardic and is expected to continue with a changing climdt&® ultimately affectingthe seasonal
hydrological balance of many ntirern systems.Understanding how arctic and sedrctic
ecosystems respond to a warming climate on a watershed scale is difficult due to high costs
associated with routine field work and a lack of technical infrastructune terms of natural
resource exiaction in the NT, degrading permafrost allows for new subsurface connections to
nearby surface waters that can complicate industrial waste dispts@rinking water
sustainability can also balteredas manyNT communities solely rely on rivers as sources of
drinking water, which are alreadgffectedby high turbidity, colour, and particulate trace met#i$
Understanding how arctic rivers respond tonsarming climate is important for predictingffects

on future aquatic and community health.

Northern systems are already responding to a changing climate. Discharge in Eurasian rigers ha

significantly increased and contributed the highest combined avemdigcharge of all circumpolar
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rivers to the Arctic Ocean between 1964 to 2000Annual discharge from 42 northern Canadian
rivers hasincreased by 18% between 1989 and 2&i@ at a rate greater than that of northern
Eurasian river$® Increasing temperatures and changes to precipitation are the main drivers of
change to river dischardel Further, increased flows within the Mackenzie River Basin have been
correlated with longterm atmospheric processes, such as the Pacific Decadal Oscilfation

signifying a response of these watersheds to climatic drivers at longer time scales.

Permafrostthaw can influence watershed processes and nutrient expBarmafrost degradation
is linked with increased winter base flow due émhanced subsurface water capaityHowever,
recent studies find enhanced late fall storage, rather than increased groundwater contribution, may
be responsible for increased winter base flow within sarotic creek®3 Increasing activdayer
thicknesses, thermokarst processasd degrading permafrost can enhance weathering and
mobilization of previouslyfrozen solutes and nutrients within permafrost, including carbon,
inorganic nitrogen, and phosphortf$:122.132.154.15gyrther, mineralization incubation experiments
on thawing Swedish peatlands found sigo#nt releases of nitrogen with warming temperatutes
Such changes have the potentialdlter in-river and downstream productivity of many arctic
systems®’ Concentrations of major ions are predicted to increagith permafrost degradation as
flow paths become less confined to upper, organic rich layers and move into deeper, rriokral
subsurface materi&l®16C The Arcticmay changdrom a surface to subsurface dominated syst&m

affecting geochemistry of waters that eventually discharge to surface water systems.

Of further concern are the large stores of carbon found within permatfdstHowever, there is
uncertainty in how degrading permafrost influences D@@ncentrations in arctic riversSome
studies expect DOC to decrease with permafrost degradation due the exposure of mineral soils and
increased adsorptidf®16%r from increasd subsurface transit times and microbial
mineralizationt%3 Further, hcreased subsurface contributions resulting from permafrost thaw in
the Yukon and Alaska decreased DOC exportyal as altered DOC quality123 Alternatively,

DOC loading has increased with time in circumpolar rivers draining into the Arctic Ocean due to
climate chang¥* Large amounts of carbon within permafrost may be released with permafrost
thaw, asobserved in Siberi&282? Within the Mackenzie watershed\T,thawing permafrost has

led to increased DOC export over tif¥é while monthly summer DOC fluxes have increased in the
Yukon RiverBasin?2 There is much uncertainty over the response of permafrost to a warming

climate and the role that DOC plays



Many studies have focused on the export of nutrients from large rivers into the Arctic Ocean,
generallyin areas draining an iceich subsurface where slumping and thermokarst processes may
be responsible for increased nutrients within riverEhe overall objective of this study is to provide
a better understanding of howhree rivers near Yellowknife, NBre responding geochemically and
hydrologically to a changing climate, as well as determine local baseline conditions and natural
variability. This will be accomplished with two specific objectives: 1) determine if there are
significant changes to hydroffic discharge, solute concentrations, and geochemical fluxes over
time in three rivers near Yellowknife, NT, and 2) quantify changes to local climate and whether

these changes are reflected in the geochemical record in these rivers.

2.2 Site Descriptions

The Yellowknife, Cameron, and Marian Rivers all drain into the northern end of Great Slave Lake,
NT (Figure2.1). These rivers were chosen for this study as they have {tatgn records of water
guality and discharge that represent two prominent ecozones in the MTaddition, the

Yellowknife and Cameron rivers drain a similar ecozone but differ in watershed area, providing a
scalecomponent to this study.The Yellowknifeand Cameron rivers drain the Taiga Shield ecozone
(basin area: 19,353 Rand 3,630 ki respectively), while the Marian River flows between the
Taiga Shield and Taiga Plains ecozones (basin area: 23,8D8Tkma Taiga Shield is underlain with
Precambria bedrock, till deposits, eskers, and peat platé&while the Taiga Plains is comprised

of extensive peatlands and till plait¥§ Both are below the treelineln the NT, permafrost extent
ranges from sporadic and discontinuous in the south, to continuous in the héftthExtensive
discontinuous permatfrost is found around Yellowknife in areas with forested systems, whereas
increased bedrock exposuresults insporadic discontinuous are®¥8 Hydrologic flow in the Taiga
Shield follows a subarctic nival flow regime, characterized by highest flowmdspring due to
snowmelt, followed by a gradual decline to baseflow during the wiferThe area around
Yellowknife is hydrologically characterized by a series of lakes connected by wetlands and streams,

where flow through the system can likefinedasa IYahdis Ip isysteny’®
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2.3 Methods

2.3.1 Data Collection

Historical daily climate data were retrieved online from Environment Canada
(http://www.climate.weather.gc.caMean daily temperature®C) and total daily precipitation (mm)
were taken from the Yellowknife Airport Station #1706 (from 1942 to 2013) atihi$#51058

(from 2013 to 2016Daily data were aggregated into monthly and yearly averagdgdrological

data were taken from the WaterOffice Government of Canada (http://wateroffice.ec.gc.ca), for the

Yellowknife and Cameron riversCurrently, thereis no gauging of the Marian River.

Water samples were collected once a month between 1985 and 2013 by the Northwest Territories
Water Resources Division, Environment Natural ResourGm/ernment of Northwest Territories
Depending on season, water wadleoted from shore in open water, or from an auger hole in the
middle of the river during winter.Collection from the Marian River began in September 1987.
field parameters include pH and specific conductivifijthe sample was kept in a cooler ungihme
day filtering was completed at the Taiga Environmental Laboratory, Yellowknife, Né&ld and

travel blanks were included.

All samples were run by the Taiga Environmental Laboratory where data were gechigégked
as received Samples were run forations (potassium, ¥ sodium, N&; calcium, C&; magnesium,
Mg?*), anions (chloride, Glsulphate, S&; alkalinity), nutrients (ammonia, Ngi nitrate plus
nitrite, NOs+NQy; total phosphorus, TP; DOC), anther parameters (total dissolved solids, $p
It is estimated that quality assurance/quality control samples accounted for ~20% of all samples
submitted (Robin Staple§NWT;pers. comm. Any field or travel blank parameter that measured
above detection limits were flagged, reviewed, andnalyzed with samples from the same batch.
Values under analytical detection limits were kept in the dataset at the concentration of the
detection limit(Appendix A). Any parameters that measured replicates greater than 15% of each
other were flagged and reviewedRerun values replaced original value&inally, outliers were
flagged if any of the above occurred, or if the value was outside of 1.5x the interquartdesa
Professional judgement was used to remove outliers if numerous validation tests had failed, or

significant field sampling events occurred (i.e: no gloves, high wind).
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2.3.2 Statistical Analyses

2.3.2.1 CALCULATION OF FLUXES

Mean annual fluxes for cations, aniomsjtrients, and TDS were calculated for the Yellowknife and
Cameron Rivers by combining geochemical and hydrological datasétses could not be
calculated for the Marian River as hydrological data for this river does not eRigtmonthly and
annual fuxes were calculated using LOADESFvia LoadRunnér2 Briefly, LOADEST runs a
number of predefined models to find the best fit for flow and concentration data, then uses that
model to calculate the lodd. To minimize theinfluence of the linear time functions within
LOADEST, monthly concentration data and monttdyeraged discharge data were run using a

series of Byear increments as done by other tisiend analysis of northern rivefg?.132

2.3.2.2 SIGNIFICANT TRENDS

Significance of annual and seasonal trends were calculated using theamametric ManaKendall

test for temperature and precipitation averages, seasonal averages in concentration, annual

geotemical flux, and hydrologic dischargéinnual concentration datavere averaged by season

and compared overtimeDat a wer evhfiitremtedyprnte remove autocorrel
seri al correlation within a nsiatmteallsapalytedfor usi ng t he
significancé’® Monthly and annual zcores were also calculated for temperature and precipitation
data(Appendix A).

2.4 Results

2.4.1 Climate Data

Mean annual air temperatures near Yellowknife significantly increadading the past 80 years

(Senys s |26Qlye p<0.G5FigureX2a)Iwbile total annual precipitation increased but not

significantly (Figure2.2b). Monthly average temperatures significantly warmed over the years in

the months of January to April, June, and JUjglre2.3a). Most significant increases were found

duringwinter months( December t o Apr i2°Clyr, 5<6.05), 3Junef3d.50cAk : 5. 0 x 1
°Clyr, p<0.05), and July (2.6 x4%C/yr, p<0.05).The largest range in average monthly

temperatures per month were found during winter (November to May), while summers (June to

October) exhibited a narrow range in temperatures across yebosal monthly precipitation was
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consistent across most months, except for increased values in Jafitigure2.3b). Most

precipitation fell from July to September, with lower values from October to June.

2.4.2 Hydrological Data

The Cameron River has a lower discharge thia@ Yellowknife RiverKigure2.4) but contains

similar yields when normalized for watershed ar@gppendix A). Largevariability in the average
monthly discharge between May and Augusbbserved over the three decades, witgraater
variability (up to ~5x) in the Cameron River than the YellowlenRiver. Average monthly

discharge for the Cameron River did not significantly change over the three decades other than a
decrease in AugusF{gure24a). The Yellovknife River increased in average monthly discharge
over time for the months of January to Maki§ure2.4b). No significant change to mean annual
discharge was foundf either the Yellowknife or Cameron Rivefigure2.5). Distinct seasonal
patterns were identified in daily discharge data, illustrated by the timing of peak andlmw f
periods. Lowest flows from the Yellowknife and Cameron Rivers occurred during winter months
(December to April), followed by a rise in the annual hydrograph during spring melt (termed
Yfreshety; May to June), p e al and & gradualdeclineing t he s
discharge during the fall (September to Novemlfgégure2.6).

2.4.3 Geochemical Concentrations and Loads

2.4.3.1 CATION CONCENTRATIONS

The Cameronyellowknife, and Marian rivers contained similar concentrations dfakd N&

Figure2.7a). The Marian River had higher concentrations ofand Mg* than either the

Cameron or Yellowknife riversLowest concentrations of Kand N& in the Yellowknife and

Cameron rivers occurred around 1995, followed by an increasing trend annually across all seasons.
In the Yellowknife River, significant increases in®and Mg* concentrationsoccurred across all
seasons, but only in spring for'and both spring and summer for NéTable2.1; Figure2.7a). All

cation concentrations significantly increased across all seasons within the Cameron River.

significant decrease in*occurred in the Marian River during spring.

2.4.3.2 ANION CONCENTRATIONS

On averageCameron River Clconcentrations were higher than either the Yellowknife or Marian

rivers. The Cameron and Yellowknife rivers contained similars8@oncentrations, while
13



alkalinity was higher in the Cameron than the Yellowknife Riv@ihe Marian Rivehad higher

concentrations of both S® and alkalinity compared to all other rivers in the studyigure2.7b).

Anion concentrations in the Yellowknife River increasgidnificantly during the spring and
summer. Alkalinity increased significantly across years in all seasons in both the Yellowknife and
Cameron riversigure2.7b). Chloride concentrations in the Cameron River increased significantly
across years for each season, whileSicreased significantly during the fall and winteSpring
CI concentrations in the Marian River decreased significantly in spring, whilg*Significantly

decreased in fallAlkalinity increased significantly during summer.

2.4.3.3 NUTRIENT CONCENTRATIONS

All three rivers had similar nutrient concentration&igure2.7c). Overall average inorganic

nitrogen species were slightly higher in the Marian River than either the Cameron or Yellowknife
rivers. Lowest DOC concentrations were found in the Yellowknife River compared to either the
Cameron or Marian river.Conceentrations of TP in the Yellowknife and Cameron rivers were lower

than in the Marian River.

All rivers exhibited seasonality in N€NO; and TP concentrations, with high concentrations in
the fall and winter, and lower concentrations during the spring and sumn@uncentrations of
NHs decreased across all rivers and seasons with tirh@wever, summer Nklconcentrations in
the Marian Rive increased between 2005 and 208i@re2.7c). Concentrations of NOFNOy
increased across all seasons in the last ten years among all three rivensentrations 6BNOs
+NOy significantly increased during the fall within the Cameron River, and significantly increased
during winter and fall in the Marian RiverDOC concentration increased across all seasons within
the Yellowknife and Marian rivers, while the Camer®iver exhibited no change in concentration
with time. Total phosphorus concentrations within the Yellowknife River significantly increased in

spring, while winter TP concentrations significantly declined in the Marian River.

2.4.3.4 OTHER PARAMETERS

Concentratons of TDS were highest in the Marian River, followed by the Cameron River and
Yellowknife River Figure2.7d). Specific conductivity was highest in the Marian Riveslléwed by

the Cameron and Yellowknife river.
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Concentrations of TDS significantly increased during the spring in the Yellowknife River and
during the fall in the Cameron RiveF{gure2.7d). Measurements of specific conductivity
significantly increased across all seasons for both the Yellowknife and Cameron rkrsvers
were neutral to slightly basic. Significant increases to pH were only observed during summer

the Marian River, and in all seasons but winter in the Cameron River.

2.4.3.5 ANNUAL CATION & ANION LOADS

The Yellowknife River had higher cation and anion loads than the Cameron Riabig2.2). Both
rivers exported higher loads of €athan the other cations. Although cation loads in the
Yellowknife River increased between 1985 and 2013, annual cation and anion loads from the

Caneron and Yellowknife rivers did not significantly change over the time perieidre2.8a).

2.4.3.6 ANNUAL NUTRIENT & TDS LOADS

Inorganic nitrogen loads were an order of magrde higher in the Yellowknife River than the
Cameron RiverTable2.2; Figure2.8c). The Yellowknife River exported higher DOC and bads
than the Cameron RiverlNHz loads did not change over time in the Cameron River, but
significantly decreased in the Yellowknife Rivé&igure2.8c). NOs+NO; loads in both rivers show
no change over timeDOC loads increased over time in the Yellowknife River, but significantly
decreased in the Cameron RiveérP load in the Yellowknife River have increaseith time, but
exhibited a decreasing trend since 200% load within the Cameron River gradually decreased

over time.

Higher TDS loads are found in the Yellowknife River than the Cameron Riednl€2.2; Figure
2.8d). Annual loads of TDS within the Yellowknife and Cameron rivers increased over thigeie

2.8d). However, from 2000 onward, annual loads of TDS decreased in the Cameron River.
2.5 Discussion

2.5.1 Changes to Climate & River Flow in the Northwest Territories

Climate can be an important drér of change to arctic rivers, influencing watershed processes and
flow pathwayg$51.152.174 For instance, \&rming air temperatures in Sweden led to increasetve
layer thicknesses and permafrost degradatiéi’® Warming temperatures in Yellowknife could

influence subsrface contribution to surface water quantity and quality, especially in areas where
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discontinuous permafrost continues to degradeermafrost degradation has already been found to
occur in the are#® potentially influencing flow pathwayshowever, insulating peat {eers,

commonly found around Yellowknife, can limit effects of increased air temperatures upon
subsurface processég1’/ Annual discharge has not changed in the Yellowknife or Cameron rivers
(Figure2.5), suggesting no clear response between permafrost degradation scitbdge in these
systems.This may be in part due to the lack of significant increase to total precipitation in the area
(Figure2.3b), potentially coupled with estirtad increased evapotranspiration rates across the
circumpolar norti4178 Rivers in this study drain smaller atersheds and may not be as responsive
to a warming climate compared to the previoustudied, larger systemd&-150.131Fyrther, the
presence of large lakes can attenuate streamflow to reflect a prolacustgimae&? which could
minimize or dampen the effects of hydrologic changes associated with permafrost degradation.
Although temperatures are warming in the area, there appears to be no significant change to the

amount of water draining these systems over thadirecord.

Changes to temperature and precipitation around Yellowkuifeing the past seven decades did
not occur uniformly over the yearly cycld-{gure2.2). Increagd winter temperatures and increased
precipitation around the late summer and fall are similar to studies predicting a seasonal regime
shift in the ared?*®153 This shift can enhance winter streamflow by increasing tatason
hydrologic storage by soils and lakesd isobserved in the significant incese in average monthly
winter discharge within the Yellowknife RiveF{gure2.4b). Annual discharge of the Cameron
River showed no significant changkiring the past sven decadeand contradicts previous findings
of significant increaset both winter base flow and mean annual flétv These increasegere
linked to enhanced permafrost degradation in the waterstiet resulted in increasesubsurfae
capacity during winter. The discrepancy between trends in this study and the work of St. Jacques
and Sauchyttlies in the time periods being considered, as the previous dataset ended in 2007
during an upward trend in dischargeMore recent measurements of discharge (2008 to 2014) show
an annual declineResults from this study provide evidence of enhanced base flow during winter
months within the Yellowknife River, but also highlight the importance of lelegm monitoring to

adknowledge influences of cyclic processes on flow in northern watersheds
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2.5.2 Geochemical Response in the Yellowknife, Cameron, and Marian rivers

Geochemical differences between rivers can be attributed to underlying geology and watershed
characteristics.The Yellowknife and Cameron rivers draiime Taiga Shieldwhich consistof

shallow glacial tills and Precambrian bedrot®17? while the Marian River flows between the

Taiga Shield and Taiga Plainghe Taiga Plains are comprised of deeper glacialditld calcareous
soils'®¢and are relatively easier to erode than the Precambrian igneous bedrock, resulting in higher
concentrations of dissolved €aMg?*, SQ%, alkalinity, and DS in the Marian River Similarity

among trends ircation and aniorconcentrations between the Yellowknife and Cameron rivers,

compared to the Marian River, reflect the role watershed characteristics have upon water quality.

With no change to annual diselige in the Yellowknife River, positive Sdihiel slopesn loads
although not statistically significant, for most constituents indicate increased export of solutes from
the watershed.Increases to solute fluxes were observed in the Yukon River BasiMaoKenzie
River and linked with increased actisayer thicknesses and enhanced weathet#g32 Similar
patterns are seen in the Yellowknife River; however, not at the signiedound in these larger
systems.Watersheds underlain with iceich permafrost are susceptible to thermokarst processes
that can release large amounts of particulate and dissolved materials to surface \wel&rt!
which may result in a more pronounced response than in rivers drainiegpoor areas
Regardless, results ofcreased solute fluxes are similar to other studies that have identified the

influence of permafrost degradation on river geochemistty82

Increased actiayer thicknesses and permafrost degradation can result in two water quality
scenarios: 1) flow pathways deepen into mineral layers and enhance the export of inorganic solutes
while decreasing DOC concentratiof{$ or 2) organierich layers become unfrozen and increase
the release of organic carbon and nutriel¥s Although data in this study cannot identify a
singular factor like permafrost degradation, increasing trends in solute concentragéinds
increasing N@+NO; loads are evidence of changing watgiality. The lack of change in DOC
concentration concurrent with increases to inorganic solutes corroborates the idea that flow
pathways are deepening into minerdth layers. Further, as there are no significant increases to
total precipitation, changs in concentrations and fluxes would be more representative of

subsurface flow pathways responding to warming air temperatures on the Taiga Shield.
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Changing flow pathways in the subrctic can alter seasonal water chemistipcreased winter
baseflow andolute concentration within the Yellowknife River could result from enhanced soil and
lake storage before freez®. This has been found to be responsible for fueling increased winter
streamflow and solute, nutrient, and DOC exportthe are&*%153 Buildup of inorganic nitrogen
during the winter within subarctic lakes may provide a source for increased annual nitrate and
nitrite fluxes while annual discharge remains statieurther, recent (>2010) increases toNQIOs
concentrdions during the fall and wintey concurrent with stable TP concentrations and decreased
TP loadsigure2.7c, Figure2.8c) suggest there is no increase in river productivity to take up extra
nitrogen. The fall and winter represent seasons of decreased productivity due to colder
temperatures and less light, themhanced contributions of inorganic nitrogen may accumulate.
Nutrient limitation and changes to food webs can result from permaftbsiv induced changes to
nutrients and DGC within Alaskan thaw lake¥*2 These rivers exhibit similar changes and indicate
that they may not be able to compensate for higher nutrients, especially as TP loads, ataimpo
nutrient that can limit microbial activity, have decreased since 200§ufe2.8c). Hence,

productivity within these rivers may not be able to reduitgure increases to inorganiaitrogen.

Sporadic and sudden environmental events can impact water qualf§dfires occurring in the
boreal forest, especially the NT, have increased in severity and occutféageWildfires result in
increased exports of nutrients and major iomerh a boreal and mixedonifer watershe¢f’*8and
can decrease DOC loading among arctic rivétsLarge fires have occurred in the Yellowknife and
Cameron watersheds in 1998 and 2014, while the Marian River watershed experienced fires in 2008
and 201%9 Although the scope of this paper was not to identify wildfire effects upon water
quality, longterm datasets may reflect these effects via higher summer concentrations of inorganic
nitrogen and DOC after wildfiresHigure2.7).

2.5.3 DOC in the Northwest Territories

In terms of the global carbon cycle, much uncertainty surrounds the response of carbon stocks as
northern watersheds begin to warm and expose previotfsbzen carbon within permafrost. In
watersheds underlain by carbemch permafrost, DOC export during spring contained higher
contributions of recentlyfixed carbon, whereas late summer to winter flows contl a greater
amount of old carbon derived from a deepened aetasger and permafrost degradatiéf®125.190

DOC concentrations found in this study are comparable to DOC canagons in other
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permafrostaffected stream8but no significant change ioncentrationis found in anyriver over
time (Figure2.7c). Increased concentrations and fluxes of major cations and anions suggest that if
permafrost degradation in the area is leading to enhamadgasurface flow, these flow pathways

may be travelling through inorganic, till layers, rather than mobilizing permafrdstived DOC.

High DOC concentrations in streams and rivers have been correlated to a higher percentage of
wetlands or peatlands in aatershed®2192 However, the presence of permafrost in the northern
half of West Siberia reduddahe export ofhigh DOC concentrations from highrganic
environment3 Further, it was determined tha mean annual air temperatusbove-2°C
represents a threshold where higher DOC concentrations are exported frorrdeeaed
watersheds.Within the NT, mean air temperatures exceeded this threshold in 1998, and have been
closeto or surpassed this limiduring the past decadd-{gure2.2a). A large area of the NT contains
organicrich permafrost®*that may export higher DOC loads as temperatucestinue tomeet or
exceed this thresholdFurther, climate driven changes to hydrologic flow pathways have the
potential to connect previoushsolated bogs’# further enhancing the susceptibility of high
organic areas around Yellowknife to increase DOC expbignce, the increasing trend in mean
annual air temperatures around Yellowknisggnifiesthe potentialfor increasingDOC loads from

these areas

2.5.4 Baseline Conditions

Longt erm records of water quality and dsferthbar ge ¢
area. Baseline conditions of river concentrations and export for the whole NT cannot be completely
defined using only three rivers presented here; however, relative changes in water quality over time
provide an opportunity to assess how localdasimilar subarctic rivers may respondAlthough

not significant, he steady increase to the load of major cations, anions, and all nutrients (except

NH3) within the Yellowknife Riversuggestghat annual baseline conditiomsay be beginning to
changelmportantly, increasing winter temperatures and increasing average winter discharge result

in a dynamic baseline for the Yellowknife RivaBased on concentration data for the Marian River,

increases to alkalinity, and more recently nutrients, suggestagred weathering in the watershed,

similar to other Mackenzie Basin systet#s!9> The baseline for the Cameron River is more easily

defineddue to relatively unchangingnnual discharge and solute fluxegnalyses of tiese three
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rivers shows the importance of yedwng monitoring o compare how different rivers in iepoor

systems respond to a warming climate.

2.6 Conclusions & Future Trends

Longterm meteorological and water quality records of three rivers around Yellowknife indicate a
geochemical response to a warming clima¥empentures have significantly increasetiiring the
past 80 years, whilaverage annual discharge for the Yellowknife and Cameron rivers show no
significant change Instead, the magnitude of solute and nutrient export into Great Slave heke
determined byvariations in the monthly average dischargaore-so than the unidirectional

change over timeHence changes talischarge will dictate the load of dissolved constituents into
Great Slave Lake rather than slight changes to concentratidambined result of increasing solute
concentrations, increasing cation fluxes, and stable DOC concentrations suggest an increasing
contribution from mineratrich subsurface flow pathways, altering water quality over tinfeesults
show how increased inorganic nitrogemxgort during the winter, previously observed within
smaller catchment83 can be observeih larger systems However,the lack of increasing river
productivity may result in the continual increase in nutrient&eochemical and hydrological
analyses of the Yellowknife, Cameron, and Marian rivers fimelimportance of annual variability

and enhanced subsurface flow pathways play an important part dictating water quality in the NT.

Defining baseline conditions in these rivers allows for a determinatbbimpacts upon water
guality and quantity resultag from future resource development arwarming climate. Static
baseline conditions are difficult to define in the Yellowknife River due to increasing cation
concentrations and increasing winter dischargéameron and Marian River geochemical and
hydrological baselinesvere more simple to define due to the relatively unchanging annual
discharge and geochemical fluwxthin the Cameron River, and lack of geochemical trends in the

Marian River

Northern riverswill continue to changegiven future climate senarios of increased temperatures
and changes to jcipitation regime®%197 Future work could focus ospecificyears thatreflect
future conditions {ie. dy summers or wet fallsto understand the geochemical response within
these three rivers. Further, dischargelute relationshipgAppendix A could be further explored
to create dischargsolute relationshipgo predict expors of certain constituentsito Great Slave
Lake. In terms of environmental consequences to a changingatensubsurface warming could
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result in increased risk of contaminating freshwater sources from anthropogenic activities as
municipal and industrial waste can be mobilized into sources via permafrost degratfdtiéh
Enhanced export of nutriels due to permafrost thaw could have similar results to thmsuced
slumping in small lakes, such as increasing biological producti¥ityncreased temperatures may
also enhance peatland carbon decomposit@mhancingthe export of BDC and nutrients into

Great Slave LakeThe rate and magnitude of these processes are still uncertain; however, changes
to water quality observed in these three rivers over the past three decades suggeslde but

uni-directional geochemical response a warming climate.
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Table 2.1: Summary of the MantKendall statistical analyses on concentrations of various water quality
parameters over time for different seasons in the Yellowknife (YK), Cameron (Caid)Marian (MAR)
rivers. Shapes represent the river, size of symbol represents the significance, and colour represents the
direction of the trend.

Parameter Winter Spring Summer Fall
KJr . . . . . .
+
Na . . . L L] * River
Ca 24+ * + . *
Mg 2+ . + . B 9 . YK
«a Ao
cl . . A . . . ’ MAR
5042' L] * A + . * (]
Alk * * *
|'\‘|H3+ . a . . A . . a . . a . Tre(:{(iiﬂ?el f;;:;ce
NO,+ NG, ¢ L ¢ e ¢ ° P00
TP . " " . . & . . A . 0.05> p >0.01
0.01
DOC . . . . A . . a + . a . . pe
TDS . N . N . . N . . . ﬁg;'z’;‘;:e
pH . A - . + . . *
Spec. Cond. . . . .

Table 2.2: Average annual loads for various chemigarameters for the Yellowknife and Cameron rivers,
Northwest Territories, Canada. Included areslt andar d devi ation (¢n). and tot al nu
Alkalinity is measured as total concentration as CafCO

Yellowknife Cameron
Parameter Avg (Gglyr) € (Gglyr) n  Avg(Gglyr) ¢ ( Ggn
K* 1.2 0.5 27 0.2 0.1 29
Na* 2.2 1.1 27 0.5 0.2 29
Ca* 6.6 3.0 27 1.8 0.9 29
Mg2* 2.4 1.1 27 0.5 0.3 29
Cl 2.2 0.9 27 0.5 0.3 29
Sloy 4.2 1.7 27 0.9 0.5 29
Alkalinity 23 10 26 5.7 2.8 29
N-NH3 1.6E02 1.1E02 24 2.0E03 9.2E04 22
N-NOs+NOy 4.5E02 1902 24 5.2E03 3.2E03 19
TP 1.5E02 9.1E03 24 2.7E03 2.3E03 19
DOC 6.5 2.8 27 1.6 0.7 19
TDS 40 17 27 9.9 54 22
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Figure 2.1: Sampling locations for théhree rivers and their geographical location. Different ecozones are
shaded (green: Taiga Plains; orange: Taiga Shield).

|
S}

|
B~

|
[=2]

° p-value: <0.05

(o] B
[a) o
S o
®
[ ]

W
S
Q@

250

200/

Total Annual Precip. (mm) g@ Avg.Annual Temp. ("C) I
L ]

150 ° \:H/.a]Ll.at 0.17
1940 1960 1980 2000

Figure 2.2: Average annual air temperature (And total annual precipitation (B) for the city of Yellowknife,
NT. Included are linear regressions through the entire time period, as well as the beginning of water sampling
(blue vertical line)Significance in the trend is determined using a MalKandal test.
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Figure 2.6: Daily averagealischarge for the Cameron (A) and Yellowknife (B) rivers. Light grey points indicate
individual data points for different years, while solid coloured lines represent averages on each day. Included
are divisions for each season based on the hydrograph.
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Figure 2.8: Calculated annual load®r cations (A), anions (B), nutrients (C), and total dissolved solid$n(D)
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months of datalLines rgresent significant trends over the time period (Mann Kendall).
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Chapter 3
Visualizing Dissolved Organic Matter Using Common

Composition Metrics across a Variety of Canadian Ecoregions

3.1 Introduction

Dissolved organic matter (DOM) is a ubiquitous component of terrestrial and aquatic environments
and an important determinant of overall water qualitfzor example, DOM dictates thermal and pH
regimes within lake®, complexes with and mobilizes met&lisand acts as an important redox
constituent for biogeochemical reactiotis Further, DOMaffectsdrinking water quality through

taste, odour, and coloffi and reacts with chlorine during drinking water trement processes to

form carcinogenic disinfection bproduct$’. The overall reativity of DOM is determined by its
mixture of thousands of organic molecules with differing structural and chemical characteristics.
Increased DOM concentrations in surface waters have been observed across the United Kingdom,
Europe, and North Ameriéa8°and have been linked with declines to water transpareféy

These changes can have significaffiectsupon future drinking water treatment optior¥8192 yet

little information is found on how DOM composition changés Hence, quantifying changes to the
amount and composition of DOM across temporal and spatial sedli®ss for a better

understanding of future changes to DOM and its influence upon water quality.

Measures of DOM concentration and composition are used to identify source, quality, and fate of
DOM within the environment. The overall DOM concentrations operationally defined as the
concentration of carbon molecules passing through variable filter sizes (generally between 0.2 and
0 . 7 Qompositional measures commonly used include ultraviolet or visible light
absorbancé-7319fluorescenc®’2 elemental ratio§, molecular weight and siZze and mass
spectrometry®8 Differences in DOM composition have been used to quantify hydrologic mixing
and changes to redox potent?dl Differences in DOMabsorbance parameters have been useful for
tracking changes to DOM composition within riverine systeffand coastal wetland®’, but can be
susceptible to interference from other molecules within the sample, such as nitrate #ifon
Corrections for such interference are dependent upon DOM quality, so there is circularity if
corrected and subsequently used to infer quafty Thus, use of various characterization

techniques camprovide anholistic representatiorof the components that comprise DOM.
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Dissolved organic matter is the negpresentatiorof varying sources and degrees of processing
at that point within the watershed Climate, hydrology, land cover, and nutrients haaibeen
found to influencdake DOMcompositiorf®51.202 Quantifying changes to DOM composition along
a hydrologic continuum can provide information on dominant sources or processes that influence
DOM evolutiort®3 Laboratory expeéments have been used to isolate specific DOM compositional
changes resulting from either microbial or photolytic degradafi#f* Catchmeniscale
observations of DOM composition have identified a gradient along the aquatic continuum where
soil-derived aliphatic components of DOM are preferentially lost as water moves from subsurface to
surface waters. Here, aromatic, higiomind oxidation state DOM becomes further degraded along
the fluvial network to more aliphatic, low nominal oxidation state DOM! Increased degradation
and processing of DOM along a system reduces its chemodiversity, with persistence of specific
components linked to the original DOM compositf®9$1:2°> Hence ,compositional measures
provide quantitative information along the aquatic continuum that could be used to trace the

evolution or reactivity of DOM.

Recent progress in the understanding of DOM and carbon cycling has led to a change in the
importance of chaacterizing DOM compositionSpecifically, the conceptualization of the genesis
of soil organic matter (SOM) is undergoing a paradigm sh#fteviously, it was thought that SOM
within subsurface environments would continually evolve towards recalcitramtrfs that were
resistant to further degradationRecent findings view organic matter as a continuum of
decomposed and rgenerated components that can be protected from further alteration by the
surrounding soil and mineral matr¥208 Further processing enhances the solubility of SOM,
transporting large volumes of labile, microbiderived carbonnto aquatic systemsOnce in the
aquatic system, differences in DOM properties and composition, or intrinsic controls, are thought to
dictate DOM fate morao than extrinsic controls such as temperature, nutrients, sunlight
exposurél. Modelling ofthe rates at which microbes process DOM in surface waters have included
approaches that treat OM as a heterogeneous mixture of compounds with varying decay rates,
rather than a 9 or 1-order rate®¥211 allowing for specific DOM components to dictate overall
degradation kinetics.Hence, understanding kinetics and fate of DOM is closely linked to

guantifying and comparing compositional changes over spatial and temporal scales.

Comparison of different DOM measures have generally focussed on single hydrological

environments (i.e. solely lakes) one or twomeasurs across spatial scales and varying
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environments. More recent studies have looked to pair optical properties withaauhed

compositional method8:8? The use of various and complimentary measupé®OM composition

can provide a better characterization of DOM among samplé®ere are various options to
characterize DOM within the environment, but many are expensive, require complicated analysis,
or are notaccessibleFor instance, Fourietransorm infrared spectroscopyFTIR)analyses

provides insightful and novel information on DOM compositf@ri®but is not readily available.
Although fluorescence and subsequgrarallel factor analyse PARAFAQ are commonly used to
characterize DOMwe chase to focus on a variety @vailableUV-visible light absorbance
parameters.The objective of this study is to use a relatively simple suite of DOM characterization
techniques from surface and subsurface environments to determine which parameters explain the
most variability within a DOM dataset from various ecoregions across Canad use these
parameters to create a simple, effectteel to compare compositional differences in DOM. This

will be accomplished in three parts: 1) determine which measures of DOM composition explain the
most variability, 2) identify how these measusreslate to DOM quantity and site, and 3) create a
new visualization tool to easily compare different DOM samples based upon these composition
measures

3.2 Methods

3.2.1 Sites @ Sampling

Locations were selected where DOM was expected to differ due to differensasrounding

watershed characteristics (e.g. land use, climate, and vegetattumjace and subsurface samples
were collected from the Northwest Territories (Yellowknife, Wekweéti, Daring Lake), Nunavut
(Lake Hazen Watershed), and Ontario (It{§kRperimenal Lakes Area)Rigure3.1; Appendix B.

Surface water samples included lakes, rivers, creeks, and ponds, and were collected 0.25 m below
the surface.Subsurface samples from northern locations (Yellowknife, Wekiy®aring Lake,

Lake Hazen) were collected from the deepest extent of the aldixar, just above the permafrost
boundary (0.1 to 0.5 m below surfac&dditional samples were collected at Turkey Lakes

Watershed (ON), Nottawasaga Valley (ON), Grand River (Msgkenze River (NT)and Black

Brook Watershed (NB), but were only measured for overall DOM concentration and select

composition measures.
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Surface water samples were collected using a 60 mL syringe and filtered usingrOs§singe
tip filter (Whatman GD/X 45mminto 40 mL prewashed glass vialsSubsurface samples were
collected using a peristaltic pump with an attached Q\dbsyringetip filter. Vials and filters were
pre-rinsed with filtered sample water before collectioBamples were kept cool (¢@) andin the

dark until analysis within three weeks of collection.

3.2.2 DOM Quantity @ Composition Analyses

Dissolved organic carbon and total nitrogen concentrations were measured using the Shimadzu
Total Organic Carbon (TOC) Combustion Analyzer with TNML module Dissolved organic

nitrogen (DON) was calculated as the difference between total dissolved nitrogen concentration and
sum of the inorganic nitrogen species (nitrate, nitrite, and ammoniumrganic nitrogen species

were measured using SmartChem 20Q@nated Chemistry Analyzer (Unity Scientific, MA United
States).

Absorbance was measured using a Cary 10eMI& Spectrophotometer (Agilent, CA United
States) at 5 nm increments from 200 to 800 mpeionized water was used to zero the machine, and
was runintermittently during analyses to correct for baseline drifthe Naperian absorption
coefficient @; nr!) was calculated using:
agpm O

0
whereA is the baselineorrected absorbance at wavelengtlandL is the cell length (m) A suite

&

of absorbance characteristics were then calculafesb(e3.1).

DOM composition was determined using a size exclusion chromatography technique (Liquid
Chromatography¥ Organic Carbon Detection, L{OCD), at the University of WaterlooBriefly,
the sample was diluted to within ®5 mg C/L and injected through a sizxclusion column (SEC;
Toyopearl HW50S, Tosoh Bioscience) that sepaddd®M based on hydrodynamic radii into five
hydrophilic fractions (from largest to smallest): biopolymers (BP; polysaccharides or proteins),
humic sulstances fraction (HSF; humic and fulvic acids), building blocks (BB; lower weight humic
substances), low molecular weight neutrals (LMWN; aldehydes, small organic materials), and LMW
acids (LMWA,; saturated monprotic acids).Based on elution time, a nurebaverage molecular
weight was derived only for the HSPuplicates run at six concentrations yield a precision for the

LC-OCD of less than £0.09 mg C/L for all fractiorGoncentrations of each fraction were calculated
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using specialized software (Chr@wLC, DOGLabor, Germany) that integratikchromatograms
from the LGOCD.

3.2.3 Statistical Analyses  Composition Wheel Design

Data were analysed using unconstrained ordination analysis via principal compsaeatysis
(PCA) on a subset of samples that contalirml composition measures (n=13@ata were scaled

before PCA, and analysed using R Statistical Softi¥are

A Composition Whee{CW)is a representation of various composition measures using a
polygon. Differences in shape can be easily used to compare different DOM compositions.
Composition Wheel parameters were chosen based on the highest contribution of variables
explaining the first two princial component axesAppendix B. Further, independent measures of
DOM composition were chosen to minimize overlapnformation betweersimilar techniques.

Each Composition Wheel axis corresponds to acfffzeparameter.For each axis, the individual
value for each sample is normalized as a value between the maximum and minimum encountered

for that parameter in the dataset.
3.3 Results

3.3.1 DOM Concentration & Composition

DOM concentrations ranged from 0.1 to 21§ C/L, with highest mean values in subsurface, pond,
and creek sampleg\ppendix B. Highest DOM concentrations were found from subsurface
environments in Yellowknife, while the lowest concentrations were found in high arctic
environments Figure3.2). High arctic seeps, rivers, and lakes contained the lowest geera
DOC:DON values, but higher averaggecific ultraviolet absorbance at 255 ni8YVA and HF-
values than other locationsSUVA values ranged from 1.1 to 21 L/(myand were similar between
ponds, lakes, and riverddighest SUVA values were found from the bottom of a boreal lake and
high arctic subsurfaceSpectral slope values ranged from 0.005 to 0.032, amd were highest in
high arctic surface watersValues of DOC:DON ranged between 9 to 124, and were tawesers
andsamples fronhigh arctic sites.Proportion of humics (HSF) ranged from 14% to 85%, and on
average were lowest in lake®verall, subsurface samples contained the highest SUVA and
DOC:DON values, and lowesi7$9sand HSF valuesHence DOM concentrationand composition

vary across geographic scales and hydrological environments.
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3.3.2 PCA on DOM Composition

The first three princial component axes explained 61% of the variance in the dataset, with PC1
and PC2 accounting for 51% of the variabiligomparison of the first two principal components
yield four distinct groupings of stronghgcontributing measures: I) SUVA, SAgG SAGsq II) HSF,

HS MW, 1ll) S7s205 B2 B3, and &; and 1V) BB, LMWN, and BRGroups | and Il were negatively
associated to groups Il and NHighest contributions to PC1 and PC2 axes were HSF 3&A%s

205 and SUVA. Variables with contribution to P@td PC2 lower than 2% wereg i, DOC:DON,
Se50400 and LMWA Appendix B. Absorbance parameters normalized to DOM concentrations
(SAGsg SAG2q and SUVA) all plotted closely to each other and trended positively with measures
of HSF, HE molecular weight, and DOC:DONAbsorbance techniques plotted perpendicular to
LC-OCD measuredgure3.3). Thus, based on contribution and characterization technique, this
study focussed on four independent measures to define DOM composition that include three high
contributing variables to PC1 and PC2 axes (SU\A2& ard proportion of HSF) and DOC:DON.

3.3.3 Composition Wheel Axes

Four DOM composition measures that explained the most variability within the dataset were used
to compare DOM across a larger dataseébmposition Wheel axes were defined using absorbance
measures§UVA, Srs209, HSF, and DOC:DOMIthough two absorbance measures are used, they
represent independent measures of DOM composition as one characterizes the amount of UV
absorbing components normalized to DOM concentration (SUVA) and the otlkerrislaed with

DOM molecular weight (Zs209. Shapes varied across hydrologic and geographic settings, with
larger shapes corresponding to samples with higher values of compositional meafmeds and
lakes tended to have lower values of SUVA and DOC:DO@iNeveubsurface DOM contained higher
HSFand SUVA valuedHgure3.4:). Representation of different measures using these four axes

allows for a facile comparison of DMD composition among samples.
3.4 Discussion

3.4.1 Comparison of DOM Composition Measures

Collection of samples from various locations and hydrological environments resultaavide
range in values for each composition metric within the datagebur distinct PCAclusters

contained characterization methods that responded to different components of DOM (i.e:
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independent measure of either sibased grouping, absorbance, or elemental ratie)rther,
chromophoric (CDOM) and neohromophoric components of DOM wereell represented within

the dataset as absorbance measures plotted perpendicular to elemental abhdserefractionation
methods Figure3.3). Similar studies using €A to assess relationships across various DOM
characterization techniques have found higher explained variability in the first two principal
componentaxes than this studi?213 However, those studies used only absance parameters to
describe DOM composition from leachates and surface waters in a subtropical coastal wetland
Representing a single location or soutideely resultsin a higher explained variance than studies
using a suite of DOM characterizationctenique3®2due to the simplification of quantitative DOM
information?'4 Further, data from this study represent various sites along the aquatic continuum.
Although the dataset contains a wide range of values in all characterization methods, statistical
andyses indicates that DOM composition could be easily represented by certain measures across

spatial scales.

Of all compositional measures used in this study, simple absorbance parameters that are
normalized to the concentration of DOM explained the higheatiability within the dataset.This
suggests therarea wide rangeio the CDOM components encountered across various
environments. Although various wavelengths could be selected, an excellent correlation was found
when predicting the absorbance of arsple at a specific wavelength using different wavelengths
across the absorbance speéffa Absorbance atifferent wavelengths within a sample are closely
related and should provide similar interpretations of DOM composition, and is further supported by
the grouping of specific absorption coefficients within the PGAgure3.3). Although absorbance
parameters are easily measured and helpful in comparing different DOM compositions, they do not
accurately reflect norCDOM components that could be important for overall DOM composition.
The difficulty with characterizing DOM amposition is that there are a number of parameters that
could be used to represent specific components of a whole. These results illustrate how relatively

simple measures of absorbance provide a limited, but quantifiablaponent that represents DOM.

Intrinsic DOM properties can be assessed through positive associations between different
measures, allowing for a detailed interpretation of the overall DOM compositiéor. instance, the
similar direction of both HSF and DOC:DON PCA vectors indicate hioatic-like molecules within
DOM likely contain the minority of nitrogen moietiesA similar interpretation of DOM was

observed in Swedish lak&and northern German strear$. Further, positive associations
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between concentratiomormalized absorbance parameters to other forms of ab@rization (such

as sizebased groupings or DOC:DON) indicate that CDOM may be primarily associated with high
molecular weight, lowN containing humielike components.Slope ratio (§ is inversely-related to
overall molecular weigh? further supporting these findings by plotting oppositely of HSF but
similarly to degraded components of Hfti¢h aBB19. Similar associations between DOM
characterization techniques are found in other studisingdifferent DOM saurce€'’. Comparison
with highly detailed characterization of DOM usirigTIR shows agreement with certain £QCD
fractions and fluorescence componefttsAssociations betweeniffierent characterization

techniques not only help determine measures most useful to describe DOM composition, but also

avoid overlap of information.

In contradiction, we find both highmolecular weight (BP) and loamolecular weight (LMWN)
variables plotting closely on the PCAHgure3.3). LC-OCD quantifies different sizbased DOM
groupings as a proportion, removing the influence of overall concentration wt@nparing LG
OCD groupings across sampledowever, the HSF generally comprises the dominant fraction of
DOM’®and could lead ta negative correlation to other components (i.e: higher HSF inherently
leads to lower proportions of BP and LMWNjlence, when humics do not comprise the majority
of DOM, the dominant moleculasize fraction shifts to either larger (BP) smaller (LMWN)
components for either surface or ground waters, respectiyajypendix B. Differences inthe
proportions ofeither high or low molecular weight components do not influence most absorbance
based parameters as they plot perpendicular to theQCD vectors, further supporting the concept
that these independent measures of composition can be used together to gain a better

understanding ofibsorbing and nomabsorbing components &OM.

3.4.2 How Compositional Measures Relate to DOM Concentration or Site

This large dataset incorporating both DOM quantity and composition provides an opportunity to
compare the two.While some studies find correlatns between the amount of DOM and its quality
across continental USA (lakes, streams, and estuadieshers do not (boreal strearffand north
temperate lakes in Wiscoitg®!9. In this gudy, DOM concentrations from high arctic creeks were
orders of magnitude different than subsurface DOM at Yellowknife, yet contained similar SUVA

values Figure3.2a). Although DOM concentration is not adequate to determine its composition,
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concentrations of DOM are necessary for calculating mass balances, fluxes, biogeochemical rates, or

observing net effects of mixing and should be measured concomitantly with cotigei metrics.

The general perception is that watershed vegetation governs the type of DAldwever, CWs
suggest this is not the cas&imilar DOM compositions are observed regardless ofdmge of
vegetation types and sitdhat span areas of peat [s&s (taiga shield), boreal shield watersheds,
tundra heath ecosystems (Southern Arctic), and the high xeric arctic with relatively productive
wetlands Figure34). Instead, dferences in DOM composition are more apparent between
subsurface and surface water DOM than between sites; all subsurface DOM samples exhibit a high
proportion of large, humic, UNabsorbing componentsThe various sampling locations are very
different in terms of vegetation and hence terrestrial sources of DOM, yes {Ddicate similarites
across different ecoregions.

The range in values found across the four compositional measures also compared well with DOM
from other studies, indicating thddOM composition may not be unique to its locale.
Concentrations of DOM and SUVA values from rivers in this study compared well to the
comprehensive study of United States rivérmand Canadian boreal lak&s Across lakes, streams,
and estaries in the United States, similar ranges in DOM concentration, SUVA, and DOC:DON
were found!® However, much higher SUVA values were found in Aaverine environments,
particularly in subsurface samples from orgaimich wetlands. Hence, DOM from northern regions
contain similar compositions as@M from areas with different climate and vegetation

characteristics.

Commonalities in DOM composition across concentrations and spatial gradients could identify
similarities in DOM sources or processing, or reflect the presence of common molecular moietie
that persist within the environmentln a 126lake survey of boreal lakes in Sweden, 95% of all
unique molecular DOM compounds within the dataset were identified after only 45%3kes
indicating a commonality in DOM composition transcending spatial scales and environmental
gradients. The smilarity in varying compositional measures across different studies indicates DOM
composition is not vastly different across environmental or latitudinal gradients, and differences in
certain measures could be easily used to observe the evolution of @idasition across the

aquatic continuum.
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3.4.3 Visualizing Differences in DOM Composition

Expressing DOM composition with only four concentratiemdependent parameters excludes
advantages of other techniques not used in this studpwever, there is agreemebetween

multiple parameters that allow for the use of surrogates in @. LC-OCD is not widely available
but many studies have traditionally used resifn&?22br other sizeexclusion columng4+224o
characterize DOMFurther, LGOCD fractions of humics have been well correlated to measures of
IEC-NMR and more ecessible fluoresceneeeasuresuch as HIX?215223 Although fluorescence

was not used in this study, strong associations between certain fluorescence parameters and
absorbance or moleculaveight groupings could be used to replace-DCD defined fractins, such
as using PARAFAC modelling to discern components most similar tod H&fAppendix B. These
fluorescence parameters are also independent measures of DOM composition and could be readily
substituted into the CW Elemental ratios of DOC:DON were positively correlated with hoiilke
fluorescence and negatively correlated to protéike component$®2 Slope ratio and £E; (see
Table3.1 for description) are potential surgates for &rs205(Figure3.2). Measurements of SUVA
could be substituted with SAzy SAGsq or EiEs, as well as HIX if not used for H8F2 Although
SUVA has been correlated to fluorescence componer$t-€93 the opposite has also been fodHd
Associations between different characterization techniques allow for mixing and comparison of
different variablesindicating a widerange of appkability of CW for usewithin environmental

sciences.

Clear communication of science and its relevance to society is becoming increasingly important
for informing public and supporting evidendeased policy decisionsThis visualization method
provides arefficient communication tool not only among scientists, but also between scientists and
other parties concerned with water quality, ranging from stakeholders to community members. It is
clear how DOM composition differs due to the variations in shape,nelg changes in the
numerical value of metrics are better understood by those with adequate background who are
familiar with the methods.Further, changes to composition resulting from DOM degradation could
be used to trace DOM evolution, while differesttapes of DOM could be associated with certain
parameters of interest (i.e. disinfection demand, metal mobiliBy.reducing the complexity of
independent DOM measures and creating an easily comparable shape, differences in DOM

composition can be easijompared and communicated to larger audiences.
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Table 3.1: Dissolved organic matter composition as described by chemical, absorbance, and medemular

based measures.

Parameter Equation Unit Characteristic Reference
Chemical

DOC:DON 0 0 - w
Absorbance

Inversely related to
molecular size
Humic molecular weight

EE o} 0 -

ErEs ° ° i and size
agpmn 6 jO Al .
SA Specific colour
Gso ST & ez pTT p
agpm 0 jO ,
SA - —_—
Cizo $/ # C i
agpm 0 jO ,
SUVA &P J _ ) Correlated tq Qegree of
$/ # I C | aromaticity
Sr5205 © W, Q nmr? Inversely related to MW
Sgsoa00 © W Q nm?
. Inversely related to overall
S Y ) molecular weight;
Y integrative indicator of

CDOM history
Size Exclusion Chromatography

Biopolymers (BP) - % of DOM Polysaccharides, proteins
Humic substances (HSF - % of DOM Humic or fulvic-like
components
Building Blocks (BB) - % of DOM Degraded HS
Low-molecular weight i o Aldehydes, small organic
neutrals (LMWN) % of DOM materials

Low-molecular weight
acids (LMWA)

HS molecular weight
(HS MW)

- % of DOM  Saturated mongrotic acids

Nominal average moleculal

g /mol weight of HS

69

224

225

71

199
199

199

75

75

75

75

75

75

38



Lake Hazen——s;

CANADA

600

ECOREGIONS
[[INorthern Arctic

[ISouthern Arctic

[ Taiga Shield

[ Boreal Shield

[ Mixedwood Plains
[7] Atlantic Maritime

‘Black Brookl -
v Watershed

Figure 3.1: Locations of sampling sitesndecoregion. River locations (Grandvr, ON; Mackenzie River,
NT) labelled at the mouth of the river.
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Figure 3.2 Compositional measures versus overall DOM concentration (mg C/L). Measures include A)

specific ultraviolet absorbance at 266, B) slope between 275 to 295nm, C) DOC:DON, and D) proportion of
humic substances. Colours represent geographical sampling locations (HZ: Lake Hazen Watershed, NU; DL:
Daring Lake, NT; WK: Wekweéti, NT; YK: Yellowknife, NT; MR: Mackenzie River, NT;IE3[A:

Experimental Lakes Area, ON; TLW: Turkey Lakes Watershed, ON; NW: Nottawasaga Valley, ON; GR: Grand
River, ON; LP: Long Point, ON; BBK: Black Brook Watershed, ON) while shapes represent hydrologic
environments. Light grey circles represent two otHe©OM characterization studies conducted at similar

scales.
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Figure 3.3: Principal component analysis for samples that contained measures of absorbance (red), elemental
ratios (green), and LOCD (purple) (n243). Grey dots represent individual samples.
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Figure 3.4: Composition Wheels for different hydrological environments at different locations. Axes
represent the normalized value for each paramepara@meteraxis in bottom left). Different samples from the
same hydrological and geographic setting are plotted within the same wheel.



Chapter 4
How Dissolved Organic Matter Composition from Freshwaters
in the Western Canadian Sub-Arctic to High Arctic Influences
Loss and Degradation Rate during a Microbial Degradation

Experiment

4.1 Introduction

Northern environments are some of the most sensitive to a warming climate and are experiencing
rapid changes thaaffectcarbon cycling, aquatic ecosystem health, and drinking water quality.
Across the circumpolar north, large reserves of carbon are frozen within orgaetic
permafrosté219hut changes to temperature and hydrology have led to the mobilization of this
carbori®18:30.33 |n particular, release of carbon as dissolved organic matter (DOM) can transfer
carbon between aquatic and terrestrial ssts. The overall amount of DOM in a sample is
guantified by the concentration of dissolved organic carbon that passes through variable filter sizes.
However, DOM is comprised of thousands of organic molecules with varying structural and
chemical properts that can influence the reactivity of DOM with its surroundings. For instance,
depending upon its composition, DOM can influence water transparency and thermal regimes
within lakes®®, provide an important energy source for aquatic food websluence subarctic lakes
and pond bacterial community composition and diver8%yor act as an important biogeochemical
constituent in redox reactiort& In terms of drinking water resources, DOM affects water colour,
taste, and odour, and reacts to form carcinogenic disinfectioptmgucts during water

treatmenfT67. Increases to surface water DOM concentrations have been observed, most notably
among northern environments, and can complicate future drinking water treatment optfeéB4a°2
Determining what drives differences in DOM concentration and composition in northern
environments would better allow for predictions to the impact of changing DOM upon aquatic

health and drinking water resurces.

Recent studies have focussed on dfiectsof permafrost degradation and subsequent carbon
release on the overall carbon cycle and aquatic ecosystem. Carbon from thawing permafrost is old

and can be easily utilized by microl3&$3422fh comparison to activéayer DOM which has been
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subjected to substantialegrradation before reaching surface waférsin northern environments,
subsurface DOM characteristics are becoming increasingly domiwithin surface waterDOM3#
andcouldlead toenhance bacterial production within peatland laké%. Further, thaw ponds with
high DOM and nutrients in the eastern Canadian Arctic have higher microbial activity and higher
water methylmercury concentratio$® In ice-rich areas, arming of the subsurfaceesultsin
active-layer detachments and thermokarst that leads to sudden influxes of permafrost carbon and
nutrients into surface watetfg®136.229 Hence, the responsef northern areas to a warming climate
havedirect implications on the carbon cycle and aquatic ecosystem health as there istdmdipl

for large amounts of previously immobilized carbon to enter aquatic systems.

Biodegradation is an important driver of DOM concentration and composition in the
environment. The intrinsic (compositional) properties of organic matter can dictate éasily
DOM can persist or degrade, termed lability, within the environn¥&At%-231 Optical properties of
DOM, such afluorescencandultraviolet (UV}visible absorbance, have been used as qualitative
indicators of biodegradatidid83 Generally, DOM transported into surface watémsm terrestrial
environments (allochthonous DOM) is typically considered more difficult to biodegrade, or
recalcitrant, compared to DOM producéusitu (autochthonous DOM). However, recent studies
have found otherwis#?232.233 Similarly, the traditional approach to the labitecalcitrant
categorization was based on a siaactivity continuum, where high molecular weight DOM wa
more labile than low molecular weigltomponent334 Recent findings suggest that bioavailable
DOM components are influenced by the diversity of the DOM mixture in the sy&ténthus it is
possible for labile components to be molecules of either low molecular weight (EMuV high
molecular weight (HMW!% Characterizing DOM composition provides a way to quantify how

biological processing alters DObbncentration and composition.

Northern surface waters act as biogeochemical hotspots for carbon and nutrient &&jitigus
better predictions of carbon cycling and carbon fate in northern systems can be achieved by
guantifying the rates and processes that dictate D&hlution. Most biodegradation studies have
been conducted in Siberia, Alaska, and Sweden, while Canadian erqesi have focused on
northern Quebet>23%r the Mackenzie Delt&°22? There is a wide range in the fraction of DOM
that is biodegradable (BDOM) among these systems. For instance, within thaw slump only
incubations, BDOM ranged from >40% in Sib&8to between 1 and 12% in tiNT12% Large

differences in the proportion of BDOM are found, yet few estimates of BDOM exist, let alone
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microbial degradation rates with paired measures of DOM composition fdewireas oforthern
Canada.Degradation rates providea quantifiablevalueto predict and model the responge DOM
concentration to a changing climatesed on known parameters, such as changes to nutrient levels,

water resdence times, otemperatures.

The overall objective of this study is to quantify the range of BDOM and microbial degradation
rates of DOM across various hydrologic sites from the westernanatic and high arctic in Canada.
This will be accomplished using three specifibjectives: 1) quantify the concentration of BDOM
and microbial degradation rate for each site, 2) determine how microbial degradation changes
measures of DOM composition from different northern sites, and 3) determine whether initial DOM
composition carbe used to predict microbial degradation rate. Various hydrologic sampling sites
along a latitudinal gradient will be used to provide a range in DOM compositions that span

differences in watershed characteristics, sources, and processes
4.2 Methods

4.2.1 Sample Collection

Bulk water was collected from creeks, lakes, ponds, and subsurface sites across the Northwest

Territories (late July; Yellowknife (YK), Daring Lake(DL)) and the Lake Hazen Watershed, NU (HZ;

early July;Figure4.1). Subsurface water was collected from the deepest extent of the dayiee

An aliquot of each sample was taken as the Yinoc
particulates and allowdr the ambient microbial consortium to pass through. The remaining water

was filtered i nltshohlebe hated thad filtdritng tolD.48h Soes\not.eliminate all

microbes and render the solution sterileutwas chosen to be consistenith previous

characterization of DOM samples (i@hapter 3. Both filtered water and inoculum were kept cool

(<4°C) and in the dark until experiments were condeatiwithin 2 weeks) at the University of

Waterloo. For logistical reasons, Lake Hazen experiments were conducted on site.

4.2.2 Microbial Degradation Experiment Setup

Similar to the majority of reported microbial incubation studies, the concentratioB@OMwas
defined as the loss in DOM concentratidaring the duration of the experimen(Table4.1) and

calculated as:
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where DOGrepresents the initial concentration of dissolved organic carbon and g@presents

the final concentration. Percentage of BDOM was calcul&tedividing the BDOM concentration

by DOG. Use of this common methodology to calculate BDOM allowed for the comparison of
results from this study to other reported valsiacross the circumpolar north. It should be noted

that this definition of BDOM asgmnes DOM loss results only from mineralization into £

i ncorporation into biomass. Very few studies inc
DOM without inoculum Table4.1). Over time, DOM can be lost to flocculation processes or adhere
to container walls during storage in the absence of microbial activity. Thus, reported estimates of
BDOM include these dark abiotic losseSontrols were included in thissxperimentin order to

calculate the minimum proportion of DOM loss due to microbial degradation. Total DOM loss
which mayinclude abiotic lossesvas used to calculate degradation rates and compare proportions
of BDOMusing consistenBDOM definitionsencountered in the published literature.

Microbial degradation experiments were conducted using duplicate sacrificial bottles at the
following time points: 0, 4, 7, 14, and 30 dayfese sampling timesapture the majority of DOM
change angrovide highresolution sampling during initial rapid degradation. Half of the filtered
water was mixed with inoculum (10% by volume), well stirred, and poured into a series of either 250
mL acidrinsed glass bottlesyiKandDL) or 5 L Tedlar bagddZ). The remaining sample was used
as a Control treatment to compare loss of DOM without inoculuBontrol treatments were not
prepared for Lake HazerContainers had sufficient air in the headspace to avoid oxygen limitation
during DOM decompositionBottles and Tedlar bags were gently agitated daily to ensure the water

did not become anoxicExperiments were conducted in the dark and at room temperature

4.2.3 Laboratory Analyses

Sampleswereré i | tered to 0.45 Am at eaubsequsmacr i ficial ti
geochemical analysessamples were quantified for concentrations of dissolved organic carbon

(DOC; mg C/L) and total nitrogen (TDN; mg N/L) using a Shimadzu Total Organic Carboni(JOC

Combustion Analyzer with TNML module (precision of £0.3grC/L; £0.3 mg N/L). Inorganic

nitrogen species (N8 NOs, NHs") were analysed using SmartChem 200 Automated Chemistry

Analyzer (NQ and NH;* precision of £0.1 mg N/L, precision N®f £0.15 mg N/LYnity Scientific,

MA United States).
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DOM was charaterized primarily usindJV and visible absorbance and DOC:DON ratios.
Absorbance was measured using a Cary 1060MI%Y Spectrophotometer (Agilent, CA United States)
at 5 nm increments from 200 to 800 nm. Deionized water was used to zero the machinenand ru
intermittently during analyses to correct for baseline drift. The Naperian absorption coefficgnt (
m1) was calculated using:
agpm O

0
whereAisthe baselinee or r ect ed abs or banLisehe eell lengta(meThe ngt h
specific UMabsorbance at 255 nm (SUVA) and visible absorbance at 420 nnpdSwete

calculated by dividing the Naperian absorption coefficient by the overall DOM concentration. The

&

spectralslope between 275 and 268 was dso calculateé?®

Initial DOM composition was further characterized using molecular $iased groupings
determined by liquidchromatography organic carbon detection A@CD). Detailed methodology
can be found elwvhere®. Briefly, the sample passed through a sizeclusion column (SEC;
Toyopearl HW50S, Tosoh Bioscienceptiseparated DOM based on hydrodynamic radii into five
hydrophilic fractions (from largest to smallest): biopolymers (BP; polysaccharides or proteins),
humic substances fraction (HSF; humic and fulvic acids), building blocks (BB; lower weight humic
substares), low molecular weight neutrals (LMWN; aldehydes, small organic materials), and LMW
acids (LMWA,; saturated monprotic acids).Duplicates run at six concentrations yield a precision
for the LGOCD of less than £0.09 mg C/L for all fractiortzor thisstudy we focussed on BP, HSF,
and LMWN as they provide information on three different sigeupings and have been

determined to be most useful to differentiating different DOM compositid@isgpter 3.

Composition wheel¢CW)were used to visually compare differences in DOM composition
between initial and final sample€hapter 3. Composition Wheels use a polygon to represent
different metrics of DOM composition that best explain the variability in DOM encountered across
a variety of environments. Independent measures were chosen to provide an encompassing
representation ofarious DOM characteristics and include: SUVA (measure cBbsbrbing
capability), spectral slop&4zs295 inversely related to overall molecular weight of LAbsorbing
components), DOC:DON (indication of source and nitrogen content), and:5/@Geasue of water
colour and humic material). Values were normalized as a proportion of the maximum and

minimum value encountered from a larger dataset of various ecoregions across Canada
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4.2.4 Statistical Analyses

The correlation between DOM composition and BDOMas@rements were calculated usititge
non-parametric Pearson coefficient correlation. Linear affebtder degradation rates were
calculated in R2 The ReactivityContinuum (RC) Model, derived from marine environments, has
been applied to model the rate of dagation of DOM in freshwater syste#$8:211.236 Thijs

approach treats DOM as a distributiofi labile and recalcitrant components that change over time,

based on changing4order degradation raté3’. The change in DOM over time was calculated as:

[OJVINo) |
Ovod | o
where 0 i s -inheef more eactivg @mporierftegelates to the quantity of

recalcitrant components, ands age (day39° The initial F-order decay rate constank) can be
calculated as/ 0 -1) @rdl represents the expected value frdme initial gamma distribution of
reactive and recalcitrant DOM compone?t$ These measures not only provide degradation rates,

but also provide information on differences DOM lability.
4.3 Results

4.3.1 DOM Concentration and Composition

A range in DOM concentration and compositievere measured across various hydrologic
environments in different ecoregions. Samples from YK contained the highest DOM concentrations
(16 to 84 mg C/L) hile HZ samples contained the lowest (2.%t8 mg C/LTable4.2). Subsurface

sites contained higher DOM concentrations than surface waters fdoeditionsbut HZ (Figure4.2).
Differences between surface and subsurface water DOM composition were more apparent than
differences in composition across a latitudinal gradient. Initredasures of SUVA ranged from 4.0

to 9.1 L/(mg-m) with lowest SUVA values from YK and DL creeks and highest values from YK and
DL subsurface DOMT@ble4.3). Similar spetral slope values were found for most samples across
sites, ranging between 1.3x4@ 1.7x1& nml. Across all sites, surface waters contained higher
spectral slope values than subsurface DOM with the highest slopes found from DOM in a YK creek
and HZlake (Table4.3). DOC:DON of initial samples were highest at YK (31 to 56) compared to
either DL (21 to 42) or HZ (13 to 28). Subsurface DOM contained the highesDDOIGrom YK

and DL samples (56 and 42, respectively). Measures of.&A@ged from 0.19 to 0.75 L/mg-m,

with lowest values from surface water DOM (HZ lake, DL creek, and YK creek). Similar@®M
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were found in YK and DL subsurface, YK pond, and Delc(®AR 8figure4.3). Use of a suite of
compositional metrics indicatethat subsurface DOM is compositionally different than surface
water DOM due to differences idV-absorbing capabilities and DOC:DON

4.3.2 BDOM and Degradation Rates

The proportion of BDOM after 30 days varied across all sites. Degradation experiments quantified a
total loss in DOM that ranged from 1 to 27% of the initial concentration, with an avdosgeof 11%

(n=9) over 30 days &ble4.2). The majority of DOM loss occurred within 14 day&dure4.2). The

total loss of DOM was higher in samples with high initial DOM concentrations. In particular, YK
samples had higher initial DOM concentrations and a greater DOM loss over 30 days than either DL
or HZ samples. DOM loss i@ontrol treatments ranged from 4 to 14% and resulted in minimum
microbial loss proportions from 1 to 13%aple4.2). The average difference in proportion of

BDOM andminimum microbial loss was 8%. Thus, DOM at all these sites is biolabile. Although the
total DOM loss was greater in samples with added inoculum, the addition of Control treatments

provide an estimate to the minimum microbial contribution.

A range of merobial degradation rates were quantified from different initial DOM compositions.
Different models were used to account for limited data availability (linear model), comparison to
traditional methods (firstorder), and use of newer approaches (RC Modginilar patterns in the
relative magnitude of linear and®4order derived degradation rates were observed among different
samples; however, unlike other models the RC model predicted a higher initial degradation rate
from YK pond than YK subsurfac&able4.4). The highest linear andorder degradation rate was
found from a DL creek (DAR10) and YK subsurface, while the lowest rate was from HZ subsurface
(Table4.4). Degradation rates in all surface waters were comparalfleedicted initial RC Model
degradation rates were highest from DL creek, YK subsurface, and YK pond, andaweclior the
remaining samplesTable4.4). Hence, %-order and linear rates were similam relative magnitude

across different locations and identify DOM samples that are more easily degraded than others.

RC modelling rates were calculated for all but three samples (where the model was unable to
converge). The highest initial rates were determined for YK sas(® to 34 x18d1) and a DL
creek (99 x18d1) and lowest from LH (1 to 3 xf@?) . Similar 0 values from
creek, and DL subsurface samples indicate higher average lifetimes of the more reactive

components (11, 14, 9 d, respediiyeompared to other samples. Use of the RC Model resulted in

49



similar trends in the relative magnitude of degradation rates compared to the other two models, and

provided a method to quantify the relative abundance of labile and recalcitrant DOM component

4.3.3 Microbial Degradation and the Influence of DOM Composition

The DOM composition of most samples changed in response to the loss in DOM concentration
(Figure4.3). Only DL subsurface and DL creek had little compositional change, even after a 5 and
11% total loss in DOM concentratiohgble4.2). SUVA values increased after 30 dafymirobial
degradation for all sites except DL subsurface and LH subsurface, with the largest increases found
in YK subsurface, DL creek, and HZ seep. Measures oi5ii€reased for most samples except in
DOM from DL subsurface, DL creek, and HZ subacef Overall, various metrics of DOM
composition did not respond uniformly when compared across different sanpithschanges

beingunique to eaclsample

Absorbancebased measures of initial DOM composition were not gaqatiori predictors for 3
order degradation rate0-day concentration of BDOM, or proportion of BDONFigure4.4).
Conversely, initialproportions of differentmolecularbased siz®OM groupingswere significantly
correlated to the proportion of BDOM and“brder degradation ratéTable4.5). The majority of
DOM was comprised of high molecular weight components (total of BP and HS proportions: 73 to
80%) and a smaller contribution of LMWN (3 to 1P%ure4d.5). Subsurface samples contained the
highest proportions of HS (71 to 78%), while creeks contained the highest amount of BP and
LMWN. Hence, characterization of DOM based sirebased groupings may provide better
predictive capability to the susceptibility of DOM to microbial degradation than absorbance based

measures.

The magnitude of change in some parameters can be used as a surrogate for predicting the
proportion of BDOM. Little change was observed in95(between-3 to 5% after 30 days) while
large changes were observed in SUVA, DOC:DON, andiSf8@ble4.2; Figure4.6). The change
in SUVA was significantly correlated to the proportion of BDOM over theda§ microbial
experiment (r: 0.92, p<0.0Bigure4.6).
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4.4 Discussion

4.4.1 Experimental Influences on BDOM Determination

Comparison of laboratory biodegradation results can be difficult because measured BDOM values
are influenced by differencan temperatures, inoculum filter sizes, incubation durations, and
nutrient additiong3® However, use of different methodology dng soil DOM biodegradation
experiments resulted in comparable final BDOM values, supporting comparison across different
studies regardless of experimental design Our laboratory experiments were set up to quantify
BDOM amount and degradation rate basatprevious BDOM definitions using the host microbial
consortia and ambient nutrient levels at each site. Although this limits our ability to compare rates
with other studies using different filter sizes or nutrient additions, it quantifies a representative

proportion of BDOM for each of our studied systems.

Even within a site a whole range of factors including nutrient availabilitysitu temperature,
and microbial community, to name a few, cassult in different rates of degradationTransport
and mixing along hydrologic flow paths can change the conditions and thereby increase or decrease
degradation ratesSimilarly, hydrologic residence time caifect the actual amount of degradation
at each site as longer residence times allow for more processing within the environmAanther
important consideration is the time it takes for microbial populations to establish within the
containers. All effors were made to minimize the effect of transit timeept cold and quick setup
of the incubations) but this may hawadfectedthe microbial consortium added to the samples. Thus,
both environmental and experimental design features are important to undedistdren comparing

differences in BDOM and degradation rates.

Quantifying the explicit contribution between biotic and abiotic DOM loss during incubation
experiments is difficult. During the incubation, DOM loss can result from microbial mineralization
into carbon dioxide, formation of biomass, or from altered DOM solubility, sorption to biomass, and
flocculation as particulate organic matterThe inclusion of Controls shows that DOM loss occurs
even without inoculum additionTable4.2). Approximately 95% of bacteria can still pass through a
0. 3 A m Oikeélytcentribusng to BOM degradation within Control samples. Further, one
study was able to culture bacterial communi ties
sizeg*, signifying that Control samples still include some of the native microbial consortia.
Alternatively, abiotic microparticle formation occamwithin filtered sample$* Re-filtration of
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samples before analyses would encompass DOM loss from both biomass growth and abiotic
flocculation, as well as microbiagéspiration. Few studies report changes to dissolved inorganic
carbon (DIC) when assessing microbial degradation of DOM, but those that have observe increased
DIC concentrations over the duration of the experim&ft*243 Select YK samples analyzed for DIC
indicated little change to DIC concentration over the incubatidpgendix Q suggestingsgome

DOM loss may be attributed to biomass growth or flocculation rather than mineralization into
inorganic carbon. Samples with high proportions of minimum microbial contribusishowed
largechanges to DOM compositiofrigure4.3; Table4.2). The lack ofnicluding and reporting
Control results(Table4.1) indicates that caution should be taken whegferring to DOM loss as
BDOM adfiltration to 0.45Am may allow a suffient population of microbes through that continues
DOM degradation at slower ratesdence, the loss of DOM within this study is duelioth biotic

and abiotic processas/er the 30 day incubation.

4.4.2 Comparison of DOM Composition and BDOM Proportion with Other Circumpolar Studies

As discussed i€hapter 3 differences in DOM composition were more apparent between
subsurface and surface water samples than samplessartaitudinal gradient. There is similarity
in the composition of subsurface DOM in this study to terresttikk DOM observed across other
northern system%+244.245 Further, characteristics of surface water DOM, such as higher BPagd S
205 reflect either photodegradation or biotic situ DOM contributiong9130.199 Hence, differences

in DOM composition likely span a gradient of sources and amounts of previous procesEirig
provideda comprehensive dataset telate differences in DOM composition to microbia

degradation rates and BDOM amounts

The proportion of DOM lost from samples in this dataset are well within the range of BDOM
reported across the circumpolar North for similar incubation lengths. DOM from theasuatic
contains greater BDOM proportiorend degradation rates comparedhigh arctic DOM (Table
4.2). Further, samples in this study had the highest DOM loss reported iNtheshen compared to
one other similar experimental setypable4.1). However, BDOMroportion in this study was
lower when compared to studies conducted in Siberia and Alaska (3%¥8sTable4.1). Linear
degradation rates are similar to values found from freshwaters in Russia and Alaska, and fitial 1
order decay rates determined from the RC Model were higher in this study than reported from

either Swedish lakes dCanadian boreal strearff8:23¢ Thus, northern ecoregions sampled in this
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study all contained DOM with some degree of microbiabile components with comparable
degradation rates to areas with different climate and vegetation; however, the sites in this study
contained a lower proportion of BDOM compared to other circumpolar areas

4.4.3 Different DOM Samples Respond Uniquely to Microbial Degradation

Previous studies of surface water DOM in northern regions found biolabile DOM to consist of LMW
and lowaromaticity component¥:108.129 With this definition, both YK creekand HZ lake DOM

have high proportions of biolabile components but neither had the highest degradation rates
(Figure4.4). Strong correlations between the proportionBHOM to both large and LMW

groupings suggest biolability may not be simply defined by different moleesizes of DOM as
suggested by othet¥' Rather, the definition of biolabile DOM components may differ across
various systems depending upon the preferences of the ambient microbial comi#ftiity
Essentiallythe DOM componentghat are microbidly labile may differ across sites.

Certain measures of DOM composition are not gaogiriori predictors of microbial DOM quality.
For instance, unlike in this study, measures of initial spectral slope and elemental ratio have been
shownto correlate to microbial DOM quality in soil, lakes, and riv#£09.239.243n geneal, high
SUVA has been associated with lower BDOM proportféash11514Figure4.7), attributed to the
preferential microbial degradation of neldV or visble light absorbing LMW DORE. However,
same studies find no relation between BDOM and initial SUY¥&47 as vas the case ith this

dataset.

Measures of DOM composition do not always respond to microbial degradation, as seen from DL
subsurface and creek DOM. Similar results were observed during a 3.5 year dark incubation as
fluorescence indices did not change even though Ddddreased by 40%. Further, measures of
SUVA and fluorescence did not change during a boreal lake water DOM incub#tidtence, use
of absorbancédased measures of initial DOM composition are not always effective to predict
microbial DOM lability.

The magnitude of change in SUVA is a better indicator t® finoportion of BDOM than the
initial SUVA value as aa prioriindicator. Changes to DOM composition are unique for different
samples and few composition measures were able to predict the microbial lability of DOM. Thus,
measures of SUVA may be betteiited to determine changes to DOM during microbial
degradation rather than predict its initial microbial quality.
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The unique response of each sample to microbial degradation and range in DOM degradation
rates encountered suggest that sample location isamigrportant for microbial degradation than
initial DOM composition. Differences in climate, microbial consortia, and nutrients may control
degradation rates. Regardlessrtain measuresfdOM composition provide an excellemdicator
to the influenceof microbial degradation upon DOM composition, with some measures that are
more sensitive to microbial degradation than others. In particular, the preferential loss eJvon
and visible light absorbing components are easily captured with increased Sb¥/SAaGyovalues
This is further supported by the significant positive relation between BDOM and theldgn
absorbing BP fractioft (Figure4.6) suggesting that changes to SUVA and SA@ct as indicators of
microbial processing. Hence, measures of DOM composition are useful to track changes to DOM
but the overall proportion of DOM loss and rate of microbial degradation are location dependent

4.4.4 Microbial Degradation and DOM Fate in a Changing Climate

The distribution of sites across a latitudinal gradient provides a simplistic comparison of different
physical controls on DOM composition and labilitfzrom south to north, the landscape generally
becomes colder, drier, and soils contain loweil organic content, all of which are important
factors that regulate biodegradation ratésLow microbial degradation rateis high arctic sites
(Table4.4) indicatethat DOM has either been heavily processed in the terrestrial environment, or
the microbial communig does not process the DOM as extensively as other sites. Conversely, sub
arctic sites contain DOM that is readily lost over 30 days, indicating thiatobial DOM quality
differs widely across the latitudinal gradienDegradation constants need to beantified for

specific locationss1s-order degradation rate constantsuld differ byup to 10x across all samples.
Doing so will help constrain the rate at which carbon may be cycled through the system due to
microbial degradation. Although theroportion of BDOM and degradation rate constants all differ,
every locationcontained some component of BDOM thaduld act as anreergy sourcefor

downstream biogeochemical reactions.

Subsurface processing can alter the form and amount of DOM exporteartounding surface
waters. Changing hydrologic flow pathways due to deepening adtyer thicknesses, increasing
subsurface temperatures, and changes to the timing and amount of precipiati@i“€ould all
affect subsurface residence times and carbon processing. However, permafrost andagetive

leachates in Finland were found b of low quality as only 3% was mineralized after a Wéek
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Scaling of laboratory to field studies is difficult to extrapolate as thawed cores or leachates
represent the imradiate lability of leached DOM and not necessarily what will be transported into
surface water systemd-urther, the variability in subsurface DOM degradation rate constants
among different ecoregions (up to 7x difference) indicates that changes to liseigace residence
time and thawing of permafrost could alter the amount of DOM processed within the terrestrial

landscape.

Nutrient deficiency within oligotrophic systems can hinder DOM degradation. The release of
dissolved inorganic and organic nitrogeasulting from permafrost thaw could accelerate microbial
processing of subsurface DGR16:156 Both inorganic ad organic forms of nitrogen can be utilized
by bacteria for cell growth depending on the availability of other nutrients, such as phosphorus.
DOM can act as an important source of nitrogen as bacteria can grow more efficiently on DOM
with low DOC:DON#:230.248.249|n Greenland arctic lakes, DOM was a readilyailable source of N
for microbial nutrient demand®® Inorganic nitrogen, phosphorus, and DON did not hinder DOM
processing among thermokarst slumps and water tracks in Alidkéhile a metaanalysis of
northern DOM incubation studies found inorganic nutrient addition to have little influence on
BDOM38 DOC:DON decreased in most samples during the experiment suggesting the loss of N
poor components or the production of-Nch dissolved organic productsigure4.3). We did not
find any correlation between initial DOC:DON and either degradation rate or proportion of BDOM
(Table4.5) indicating the microbial community are not utilizing DOM as a source of nitrogen.
Although DOM may supply a source of nitrogen to these systems, the lack of correlation between
initial DOC:DON and proportion of BDOM indicates differences in DOC:Di®Not a sensitive

indicator of DOM labilityat any of our sites

4.5 Conclusion

A series of incubation experiments were conducted to quantify the importance of initial DOM
composition in terms DOM Iassand degradation rate. Differences in the amount and composition
of DOM across hydrologic and geographic sites that included rivers, creeks, pond, and subsurface
waters were greatest between subsurface and surface waters, rather than lacaigms

Although we report the highesBDOM proportionsin the NT,overall BDOMproportion was

generally lower than incubations conducted at other circumpolar areas. Howelkamder and RC

Model microbial degradation rates were relatively similar to other sésdi Differences in microbial
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DOM qualities across three Canadian arctic ecoregions are evident and result in a rarfgerdéd
degradation rate constants (up to 10x among all samples). The highest BDOM proportions, or most
labile DOM, was found in lovarctic subsurface waters and creeksot all metrics respond the

same to microbial degradatiorChanges to DOM composition were not uniform across sites and
resulted in a unique final composition for each sample. -Based goupings of DOM and the
increases ta&UVAand SAGowere found to be strong predictors of BDOMoportion. Hence, the
unique response of each sample, the wide variation in degradation rate constants, and the lack of
relationship between initial DOM composition and BDOM proportjaifi indicate that location may

be more important for determining DOM lability than initial DOM characteristics. This outlines the
importance of conducting microbial incubation experiments to obtain relevant and applicable
BDOM amounts and degradation et for specific environments
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Table 4.1: Summary of microbial degradation experiments for arctic and-autiic environments. Included are site characteristics (area and sample),
definition of biodegradable dissolved organic matter (BDOM), duration of experiment, whether nutrients were added (Notftion temperature (Temp.),
inclusion of a control or Control, and the microbial degradation model used to calculate ratewak egradation rate was calculated from studies that did

not include rates in the dataset (termed Ycalc. herey).
SITE MICROBIAL INCUBATION SETUP BDOM RESULTS
. Initial Degrad.
Area Sample Dg‘li?ﬂct)ig/ln DUI’((ZI)IOH Nutri. Tg)rgg) " Inoculum Control? DOM BI?(S )M Model RDa‘fgr(?fi) Reference
(mg C/L) 0 Used
Russia Yedoma thaw 131 47.2 0.017
Russia Erosion streams Difference in 30 17.5 0.006
Russia Streams Filtered to 20 13.3 Linear 0.005 2
Russia Minor tribs Dogﬂté?fgéz and 28 No 20 0.7um None 9.2 21 (calc. here) 0.008
Russia Major tribs 6.1 12.2 0.004
Russia Kolyma River 5.1 14.6 0.005
Russia Kolyma River- Average 9.6 8.8 0.003
Kolyma River Difference in : .
Russia Minimum BDOC DOC before and 28 No 20 Filtered to None 2.7 0.1 Linear 0.000 108
. 0.7um (calc. here)
Kolyma River after 28 days 13.2 0.007
Russia Maximum BDOC ’ 204 ’
DOC loss after Filteredto  Unfiltered Linear %
Russia Yedoma thaw streams 28 days 28 No 20 0.7um river water 155 41 (calc. here) 0.015
Russia Soil pore waters . . 43 3.9 0.008
: 5-day biological ) .
Russia Streams Filtered to 12 3.2 Linear 0.006 251
Russia Rivers OX)é?f(?grgsgand 5 No 15 0.7um None 4.9 6.2 (calc. here) 0.012
Russia Kolyma mainstem 3.6 4.5 0.009
Kolyma River main 55
Russia stem ’ 6.6 0.09
Percent loss . Exp. Decay
) Pematrost thaw stream over incubation 28 No 20 Filtered to None 152.4 3 226
Russia A time 0.7um 52.2 arameter) 0.12
Permafrost thaw stream 165.8 P
Russia B ’ 61.9 0.19
Soil leachate (Nonacidic Inoculum Blank of 117 0.033
AK, USA tundra) Difference in prepared inoculum 46 Linear '
AK, USA Soil leachate (Acidid) DOC over 14 No 4 from added to 113 34 (calc. here) 0.024 252
incubation unfiltered deionized 117 ' 0.026
AK, USA Soil leachate (Acidi?) leachate water 36 '
DOC loss ; i
AK, USA Permafrost soil leachate entirely due to 8.3 Yes 20 1'2%3;30(: None 18 53.5 (caLlllget?ére) 0.064 93
microbialuptake '
Kuparuk River (May to Difference in Filtered to 10 . 0.004
AK, USA July average) DOC over 30 No 20 GF/F None 11.3 Linear 114
Upper Kuparuk River incubation (0.7um) 5.6 (calc. here) 0.003
AK, USA (May to July average) ) ’ 8.3 '
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AK, USA

AK, USA
AK, USA

AK, USA
AK, USA
AK, USA

AK, USA

AK, USA
AK, USA

AK, USA
AK, USA

AK, USA

AK, USA
AK, USA
AK, USA

AK, USA
AK, USA

AK, USA

AK, USA

AK, USA
AK, USA
AK, USA
AK, USA
AK, USA
AK, USA
AK, USA
AK, USA

NT, Canada
NT, Canada

NT, Canada

Colville River(May to
July average)
Sagavanirktok River
(May to July average)

Bog leachate

Forested Wetland
leachate

Fen leachate

Upland Forest leachate

Bog stream

Forested wetland
stream

Upland forest stream
Main-stem stream
(Peterson Creek)
Main-stem stream
(McGinnis Creek)
Main-stem stream (Fish
Creek)

Feniak streams
Toolik streams
Anaktuvuk streams

Outflow - No thermo
degradation

Outflow - Active
thermo-degradation
Outflow - Moderate
thermo-degradation
Outflow -
Stabilized/limited
thermo-degradation

C2 Stream

C4 Stream

C3 Stream
S-C3a Spring
SC3b Spring
S-C4a Spring
K1 Thermokarst
K2 Thermokarst

Upstream Thaw Slump
Within Thaw Slump
Downstream Thaw
Slump

Difference in
DOC before and
after 30d

Difference in
DOC before and
after 30d

Percent DOC
lossover time

DOC drawdown
after 10 and 40
days

Loss of DOC
after incubation
time

Percent loss
over incubation
time

30

40

40

28

No

No

Yes

Yes

No

No

25

25

20

20

25

20

Common
inoculum
added

Common
inoculum
added

Inoculated

Common
inoculum
added

Glass fibre
filter added
to promote
natural
assemblage
of microbes

Filt. To
0.7um with
1.2uminoc
(Upstream)
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None

None

None

None

None

None

6.5

4.0

27.1
32.1
14.6

175
18.7
55
8.4

1.4

5.0

3.7

13
8.7
27

34

13

2.9

15

1.7

31

11
9.0

12

135

16.1

30.1

19.8

38.1
18.5
9.6

12.8

40.9

Linear
(calc. here)

Linear
(calc. here)

Linear
(calc. here)

Linear
(calc. here)

Linear
(calc. here)

Linear
(calc. here)

0.004

0.002

0.009
0.008

0.014
0.010

0.006
0.004
0.008
0.005

0.010

0.007

0.010
0.005
0.002

0.003

0.010

0.008

0.005

0.004
0.009
0.001
0.004
0.012
0.009
0.002

0.001
0.004

0.003

78

253

115

111

112
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Sweden
Sweden
Sweden
Sweden

Lake

Fen leachate

Active Layer leachate
Permafrost leachate

Cumulative
DOC loss per
unit time step

12

No

35

Lake
Filtered to
0.7um

None

5.82
8.91
11.29
19.78

16.3
56
325
21.7

Linear

0.015
0.055
0.034
0.023

118

59



Table 4.2: Initial and final dissolved organic matter (DOM) concentrations for all samples in-@a$0

microbial incubation experiment. Theiodegradable DOM (BDOM) is calculated as the amount of DOM lost

during the experi ment. Il ncluded ar e -ihobutatedwaterpdnd concent r
calculation of the minimum microbial contribution to the BDOM value (calculatethaspercentage control

loss subtracted from the percentage total loss). No control samples were done at Lake Hazen.

IB'(t')a,\IA I';I(g?\l/ll T(OéaDI(I)‘,(\)ASSS C'::(I)rr]létirlo-l Control Loss Min. Microbial
Hydro. Env. (mgC/lL) (mgC/lL) (mgC/L) (%) (mgC/L) (%) (%)
Yellowknife Subsurface 84.2 69.7 14.4 17.1 78.2 7.1 10.0
Pond 36.0 32.7 3.3 9.2 33.9 5.9 3.3
Creek 15.9 13.9 2.0 12.7 14.7 8.0 4.7
Daring Lake  Subsurface 29.9 28.5 15 4.9 28.9 3.7 13
Creek (DAR 10) 5.1 3.8 14 26.5 4.4 13.9 12.7
Creek (DAR 8) 7.7 6.8 0.8 11.0 6.9 10.3 0.7
Lake Hazen  Subsurface 5.2 5.2 0.0 0.6 - - -
Lake 6.2 5.9 0.3 4.7 - - -
Seep 2.5 2.2 0.3 10.8 - - -

Table 4.3: The proportion of total dissolved organic mattéibOM) loss and corresponding initial and percent
change in DOM composition over the @&y microbial incubation experiment. DOM composition measures
include specific Uvabsorbance at 255 nm (SUVA), spectral slope between 275 and 232y (Hissoled
organic carbon to dissolved organic nitrogen molar ratio (DOC:DON), and specific absorption coefficient at
420 nm (SAG9.

DOM Loss SUVA S75295 DOC:DON SAC420
Hydro. Env. % Initial CQ(?/(:‘)ge Initial C'Ef/gge Initial C'Ef/gge Initial CFE?/Sge
Yellowknife Subsurface 17 7.7 13 1.3E02 -1.6 56 -57 0.46 78
Pond 9.2 7.7 4.5 1.6E02 1.0 44 -26 0.57 3.9
Creek 13 3.9 1.4 2.1E02 4.2 31 -30 0.24 -9.9
Daring Lake  Subsurface 4.9 9.4 -3.1 1.3E02 0.7 42 12 0.75 -5.0
Creek (DAR 10) 27 4.3 20 1.7E02 -1.7 21 -21 0.31 34
Creek (DAR 8) 11 8.0 2.8 1.4E02 1.1 29 -5.4 0.67 -3.6
Lake Hazen Subsurface 0.6 6.7 -5.4 1.5E02 4.6 28 -31 0.59 -23
Lake 4.7 4.3 1.4 2.5E02 -2.2 28 -20 0.19 46
Seep 11 7.2 -1.2 1.6E02 -3.0 13 0.2 0.58 13

Table 4.4: Calculated linear, 1sbrder, and ReactivigContinuum (RC) model rates (k) with standard error

(SE). Linear regression and Spearman rank correlations were used to determine the goodness of fit between
the data and degradation models. RC Model parameters could not be computed for DARS8, Lake Hazen lake,
and Lake Hazen seep.

Linear k 1st-order k Reactivity Continuum Model
Hydro. Env. 103(d) SE(+) R 103dY) SE@x) R 6 ( SE(x) v SE () Fit Initial k 103 (d})
Subsurface 6.7 1.3 0.76 7.3 14 087 111 27.0 0.157 0.237 0.92 14.1
Yellowknife ~ Pond 3.7 0.8 0.58 3.9 08 087 0.8 0.2 0.026 0.002 1.00 33.9
Creek 5.0 1.2 0.67 25 05 086 140 505 0.133 0.313 0.86 9.4
Daring Subsurface 1.8 0.3 0.74 1.9 0.3 087 93 17.1 0.035 0.039 0.91 3.8
Lake Creek (DAR 10) 9.9 2.3 0.34 11.2 25 080 0.7 14 0.072 0.045 0.93 99.0
Creek (DAR 8) 3.4 11 0.44 3.6 1.2 0.68 - - - -
Subsurface 0.3 0.2 0.07 0.3 02 039 15 9.4 0.003 0.007 0.55 2.0
Lake Hazen Lake 1.3 0.3 0.72 1.3 0.4 0.91 - - - -
Seep 3.4 0.8 0.57 3.6 0.8 0.79 - - - -
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Table 4.5: Matrix of Pearson moment correlation coefficients for dissolved organic matter (DOM), molar
dissolved organicarbon to dissolved organic nitrogen ratio (DOC:DON), specific ultraviolet absorbance at

255 nm (SUVA), spectral slope between 275 and 295nm-298Y50roportion of biopolymers (BP),
proportion of humic substances (HS), proportion of lemolecular weightnheutrals (LMWN), biodegradable

dissolved organic matter (BDOM), Reactivitgntinuum model degradation rate (kRC), linear degradation
rate (k(rlinear), and $-order degradation rate (K first order). Highlighted cells represent significant

correlations (p<0.05).

DOM BP HS LMWN BDOM BDOM k- k- k-first
(mgciy DOCDON SUVA S275.295 SACA20  opy (o)  (g) %) (mgC/L) RC linear  order

DOM (mg 1

ciL)

DOC:DON 0.91 1

SUVA 0.40 0.43 1

$275.295 0.42 035 -082 1

SACA20 0.11 018 094  -0.83 1

BP (%) -0.09 016  -077 041 076 1

HS (%) 0.22 025 08l 048 077 -098 1

LMWN (%) 0.11 021 -067 031  -064 074 -077 1

BDOM (%) 0.22 002 -031 012 -036 077 -070 069 1

E/'?_())M (mg 0.96 078 023 037 -004 006 006 011 038 1

k-RC -0.06 014  -037 001 -031 072 -065 061 078 002 1

K - linear 0.27 005 -032 013 -037 078 -070 067 099 041 081 1

k-firstorder  0.27 005  -019 023  -024 067 -057 063 095 041 085  0.96 1
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[ ]Northern Arctic
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[ITaiga Shield
[1Boreal Shield

Figure 4.1: Locations of sampling sites and correspondexpregions in the Northwest Territories, Canada.
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Figure 4.2: Changes to the overall concentration of dissolved organic matter (DOM; top panel) and
proportion (bottom panel) over time for different sites.
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YELLOWKNIFE DARING LAKE LAKE HAZEN
100 Subsurface Subsurface Subsurface
0'.75_ DOC:DON Sors-905 |
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Figure 4.3: Composition wheels for initial (thick line) and final (thin line) dissolved organic matter for
different samples. Shaded red area means a loss in parameter over the experiment, whereagpgesentee
an increase in parameter. Value in the bottom right represents thertler degradation rate constant.
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Figure 4.4: Degradation rate (top row), biodegradable dissolved organic carbon (BDOC; misgleand
proportion of BDOC (bottom row) for different DOM compositional measures: specifi@bBbrbance at 255
nm (SUVA), spectral slope ratio between 275 and 295 nm{&&)5molar ratio of dissolved organic carbon
to dissolved organic nitrogen (DQBON), and specific absorption coefficient at 420nm ($4CSymbols
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65



BDOM (mgC/L)  1st-order k (103d™)

BDOM (%)

Q| (@
94
o ® @
6
;| xB e e Ex x Be
® A Q O A o | AO
O Io I T T T T O T 0I T
15
¢ ¢ ¢ Hydro.
104 @ Creek
H Pond
A Lake
54 X See)
= m 5] P
¢ @ ol le @ PARPS (0] ¥ Subsurface
J ® A A© AO®
044X % K .
i ; I T I T I T 1 Location
254 o @ ,
[T Yellowknife
201 [] Daring Lake
154 ¢ * ¢ [ Lake Hazen
Q @]
10 4 XEI @ @ EIX X D%
54 @ A A ¢| e A
ode ¢ L
T T T T T T T T T
0 10 20 50 60 70 5 75 10

Biopolymers (%)

Humic Substances (%)

Low Molecular Weight (%)

Figure 4.5: Degradation rate (top row), bioggadable dissolved organic carbon (BDOC; middle row), and
proportion of BDOC (bottom row) for different LOCD groups: biopolymers (BP), humic substances (HS),
and low molecular weight neutrals (LMWN). Symbols represent different hydrological environmerite
colour represent geographic location.

BDOM (%)

SUVA Syr5-205 (X1079) DOC:DON SAC .0
[] (] [] ]
20+
<@ <@ L 4
® o ® o
0] X oy X 8 m O o, ¥
o A A ® A ® A
O-O T T T T T T O T 0 T IO T T T T
0 10 20 -25 0.0 25 50 -40 -20 0 -25 0 25 50 7

Changein Parameter (%)

Hydro.

@ Creek

H Pond

A Lake

X Seep

¢ Subsurface

Location

[T Yellowknife
|7 Daring Lake
[T Lake Hazen

Figure 4.6: Percentage of biodegradable dissolved organic matter (BDOM) versus change in different
compositional parameters after 2lay incubation: specifit)V-absorbance at 255 nm (SUVA), spectral slope
ratio between 275 and 295 nm (S2Z85), molar ratio of dissolved organic carbon to dissolved organic
nitrogen (DOC:DON), and specific absorption coefficient at 420nm ¢&AC
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Chapter s
Dissolved Organic Matter Composition is Important for
Photolysis among Surface and Subsurface Freshwaters in the

Canadian Sub-Arctic and Arctic

5.1 Introduction

Dissolved organic matter (DOM) is an important constituent regulating aquatic health and quality

of drinking water resources. For instance, DOM is known to absorb sunlight and reghkxaal
regimes in surface waters, as well as act as an important microbial nutrient $83tcén terms of
carbon cycling, DOM is an important intermediary in the transfer of terrestrial carbon to the
atmosphere aa greenhouse gasThe extent DOM reacts with its surroundings depends ufien
concentration and composition. Various organic carbon sources and processes encountered within
a watershed can influence the mixture of organic molecules that comprise &Mincreasing

surface water DOM concentrations have been observed across theenotiemispheré®92and are

a concern for treatment of future water suppli€s However, there is much less information on

how DOM conposition is changing under a warming climafé Hence, DOM concentration and

composition are both important aspects of DOM that influence water quality.

Northern environments are undergoing vast changes in response to a warming climate that
directly influences ecosystefanction and carbon cycling. Permafrost degradation, increased mean
annual air and subsurface temperatures, changes to lake ice, and changes to the timing and form of
precipitation can alter carbon sources, rates of cycling, residences times, and flowayeat3 151719
In particular, large reserves of carbon are currently immobilized within permaffédt? yet a
warming climate, and the resulting environmental consequences, have the potential to release this
carbon into surrounding surface water systeth&2°.32 This is of particular concern for many
northern communities that rely on surface waters for fish and drinking water supplies as changes
to the amount and form of DONMmpactsecosystem health and drinking watquality. Quantifying
the effects and rates of DOM degradation allow for a better estimatiohow quickly these

changes affect DOM reactivity.
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Exposure to sunlight drivechanges to DOM concentration and compositidPhoto-oxidation of
DOM results in tke production of different, lower molecular weight components or carbon dioxide
(COp)B7:192.254 Ljike any lightabsorbingcomponent, DOM absorbs among three spectral bands:
ultraviolet (UV}A (315400 nm), UMB (288315 nm) and photosynthetic active radiation (PAR;-400
700nm). Rapid attenuation of Uvadiation within the water column is due to both UV and PAR
absorbing compnentg>> Differences inDOM compositiorresult in different amounts otV
attenuation within surface watefs$'and seasonal changes to DOM composition result in changes to
DOM photoreactivity®® For instance, DOM formed from situ processes (autochthonous) are less
susceptible to photolysis than terrestridkrived DOM (allochthonoy&"254 Aromatic components
within DOM are the primary absorber of light in surface waters and have traditionally been thought
to control the susceptibility of DOM to photolytidegradatiod®-25/ However, recent studies have
determined that aromatic components control the rate of light absorption rather than predict the
degree DOM will photeoxidize when exposed to solar irradiati®dr?>® Rates of DOM
photodegradation are calculated using either-tstier decay rate’86-25%r apparent quantum yields
that focus on the photoreactions and products formed per absorbed pfetéh Further, photolytic
degradation rag¢s are dependent upon the total amount of irradiation energy received rather than
the instantaneous intensit§?2 Hence, monitoring DOM composition is important when

guantifying the susceptibility of DOMad photoc-degradation.

The degradation of DOM by sunlight is an important driver of DOM fate in northern surface
waters. Arctic environments are characterized by large numbers of shallow ponds and lakes that
act as biogeochemical hotspd#s-38and provide ideal settings for photolytic DOM transformation.
Chromophoric DO/ (CDOM), defined as the part of DOM responsible for absorbing UV and PAR
wavelengths, is more susceptible to photolytic degradation within northern freshwaters due to low
bacterial respiration rates and the presence of shallow and unshaded surface3&tersor
instance, photochemical oxidation of DOM accounted for 70 to 95% of DOd&gsmg within
arctic freshwatersand was much higher than bacterial respiratith Although important for
northern waters, photolysis is less important than microbial degradatora global scalas a
driver of CQ emissions from laké8’. Photolytic experiments havgenerally focussed on the
mineralization of DOM into CQ@ however, intermediate, photochemicdtansformed productsre

also important as theynay act, depending on the microbial community, as labile substrates for
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microbial mineralizatio®®9%:191 Hence, surface waters in northern systeams important

regulators of cebon cycling and drives of DOM reactivity among these systems.

A number of studies have quantified the importance of photolysis as a driver of DOM quality and
fate within changing arctic systems. Actidayer detachments into surface waters on Melville
Island, Canada, resulted in DOM with enhanced biological and photolytic lalsflityurther,
permafrostleached DOM from Alaska was found to be more susceptible to ptwitation than
DOM leached from the activiayer®”. Conversely, ancient permafrederived DOM in Siberian
streams was not photolabfl¢’. Photdytic changes to DOM can also influence aquatic health.
Enhanced photoproduction within higfibOM thaw ponds on Bylot Island, Canada, increased the
ponds susceptibility to methylmercury photodemethylatd§d Most northern photolytic studies
have focussed on Sibettd1%8 Alask&®87-2) SwedefP!263.264and Quebee® 238 with few studies
focussed on Ca%¥ #uthes thereassatneed fortemporal studies on DOM
transformation to better uderstand the relative importance of different drivers of DOM féate

The importance of photolysis in regulating the fate of northern DOM relies on differsiice
DOM composition. Northern environments have the added complexity of a rapidly warming
environment and an abundance of shallow surface waters. Understanding the rate of
photodegradation would help quantify how quickly DOM changes with photolysis; hawgefew
rates have been publ i s h e duba&digardaictacThe gbjedtieenf muc h o f
this paper was to quantify the rate and change in DOM due to photolysis across different
hydrologic sites and ec or agmgished throngh Greenparts:dly s Nor t h
guantify photolytic degradation rates from different sites, 2) determine how photolytic degradation
influences DOM concentration and composition, and 3) determine whether DOM composition

influences overall DOM degradati rate
5.2 Methods

5.2.1 Experimental Setup

Samples were collected between June and July across three different arctic ecoregions: taiga shield
(Yellowknife, NT), southern arctic (Daring Lake, NT), and northern high arctic (Lake Hazen
Watershed, NUFigure5.1; Table5.1). From each location, bulk surface water was collected from

the surface (<0.25 m) of creekskes, and ponds, while subsurface water was collected from
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previously installedPVVCpiezometers (Yellowknife, YK) or driygoint piezometers (Daring Lake,

DL, and Lake Hazen, HZ) at the deepest extent of the atdiyer (~0.5 m below surface). Samples
were filtered infield to 0.43m (Whatman GD/X 45mm), kept cool &) and dark until the
experiment could be conducted at the University of Waterloo. For logistical reasons, Lake Hazen

experiments were conducted at the field camp.

Filtered water was plackinside of 3 or 5 L Tedlar bags (SKC Inc., USA) using a 1:1 ratio of water
to air to ensure enough oxygen was available for DOM oxidation by photolysis. All bags were
placed in lowlipped white containers in full sunlight and surrounded, but not submekday water
to minimize temperature fluctuations during the
full sunlight while YDarky treatments were cover
DOM over the course of the experiment without digit exposure. Bags were gently agitated each
day to avoid anoxia and maintain a mixed sample. Samples were either taken before and after the
experiment (YK) or every few days (DL and HZ), at which point the known volume of removed
water was replaced wht an equal volume of ambient air as to not create any pressure differences
between air and water. The amount of visible light over the duration of the experiment was
guantified using a PAR sensor (HOBO, Hoskin Scientific) logging PAR measurements &very 1
minutes. Cumulative PAR was calculated by averaging the PAR measurements over the logging
interval, multiplying it by the time step, and adding it to the previous cumulative PAR value.
Although PAR measurements were taken outside the bag, attenuatibtve& and PAR by Tedlar

bags has been shown to be minifal

5.2.2 Laboratory Analyses

All samples were run for concentrations of dissolved organic carbon (DOC) and total dissolved
nitrogen (TN) using a Shimadzu Total Organic Carbon (FO@ombustion Analyzer with TNML
module(precision of £0.3ng C/L; £0.3 mg N/L)Dissolved organic nitrogen (DON) was calculated
as the difference between TN concentration and sum of the inorgaitiogen species (nitrate,
nitrite, and ammonium). Inorganic nitrogen species were measured using a SmartChem 200
Automated Chemistry AnalyzefNO, and NH;* precision of £0.1 mg N/L; NéDprecision of +0.15
mg N/L;Unity Scientific, MA United States).

Absorbance of DOM was measured using a Cary 100A8/Spectrophotometer (Agilent, CA

United States) at 5 nm incremerftem 200 to 800 nm. Deionized water was used to zero the
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machine, and run intermittently during analyses to correct for baseline drift. The Naperian
absorption coefficientd; ntl) was calculated using:
agpm O

0
whereA is the baselinecorrected absorbance at wavelengtlandL is the cell length (m). Specific
absorption coefficients at 255 nm (SUVA), 350 nm @Bénd 420 nm (SAL were calculated by
dividing a« by the overall DOM concentration.

&

Initial DOM compositon was further characterized using liquid chromatography organic carbon
detection (LEGOCD)’>. Briefly, the samp passé through a sizeexclusion column (SEC; Toyopearl
HW-50S, Tosoh Bioscience) amdsseparated based on hydrodynamic radii into five hydrophilic
fractions defined by Huber et al. (20131)Here we compare the proportions high molecular weight
components (HMWthehumi ¢ substances fracti omoleaulard YBui l di ng
weight neutrals (LMWN). The présion for the LCOCD is less than £0.09 mg C/L for all fractions.

Composition WheelgCW)were used to compare differences in DOM composition over the
course of the experimenChapter 3. This methodtreates a polygon frorfour measures that
relate b different DOM characteristicsValues for each parameter were normalized to the
maximum and minimum values encountered fradarger DOM dataset that encompassed various
ecoregions across Canada. Tatectedneasures were DOC:DON (measure of DOM source and
lability ’8), S75205 (molecular siz&€9, SUVA (UVabsorbing componentd, and SAGzo(visible
absorbing components and hums These specific measures provide information on different

aspects of DOM composition, are easily measured, and are commonly used in other studies.

5.2.3 Calculation of Photolabile DOM @ Photolytic Rates

Among northernbased photolytt experiments, the total loss in DOM concentration with

cumulative irradiation has been used to represent the proportion of photolabile DOM and
determine photodegradation rat&8:191.2360ne study defined photolabile DOM to be the difference
between light and dark treatments, but did not calculate rétesHere the proportion of photolabile
DOM is calculated as the amount of DOM lost within the Light treatment subtracted from DOM lost
within the Dark treatment. However, for comparative reasons, ratlewalations are determined

from total DOM loss in Lightreatments only. Firsorder degradation rates are quantified using

DOM concentrations from the Light treatments with more than two time points using:
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00 0
00 0

where DOM representthe concentration of DOM of a sample (mg C/L), D@#ithe initial DOM
concentrationk is the firstorder degradation rate constant {&), and PAR is the cumulative PAR
at that time (E/m). A O-order equation was used for samples with only two tip@nts (initial and
final):

0060 TQDHOYODL D
The concentration of DOM lost after 500 E/mias calculated using the previously calculated linear
or 1t-order degradation rate constantBhis PAR value represented an average amount of solar

radiation that all samples were exposed aaltbwedfor the comparison oDOM lostto different
locations with difierent cumulative PAR exposures.

Statistical correlations between degradation rates and DOM composition measures were
calculated usinga Spearman rankorrelationto better account for outliers and nelimear

relationships. All analyses were conducted if212
5.3 Results

5.3.1 Initial DOM Characteristics

Initial DOM concentrations were highest from subsurface sites at YK and DL and lowest from YK
and DL creeks and aHseep(Table5.2). Overall, YK contained higher DOM concentrations than
either DL or HZ. The range in DOM concentrations encountered were low at HZ (from 2.3 t0 6.1
mg C/L) compared to either DL or YKOOM concentrations at DL and YK were notably higher
among subsurfacsitesthan any of the surface water sit€$able5.2). Differences in DOM
concentration reflecboth alatitudinal gradient, with lower concentrations observed at ti@rn

sites,and between subsurface and surface water DOM.

DOM composition varied among and across all three sampling locatieigsie5.2). YK
subsurface and pond sautes were characterized by high DOC:DON, SUVA, andsgfand low
S75205 Creek and river DOM at YK differed from subsurface DOM by having lower SUVA and
SACpoand higher $75295 Similar compositions between the DL subsurface and creek (DARS)
sampeks were identified by high SUVA and S&gcompared to the other creek sample (DAR10).
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DL samples contained lower DOC:DON than YK. Similar to YK and DL subsurface samples, HZ
subsurface contained higher SA&gand SUVA than HZ lake. HZ lake containegjher S7s29s5than
other HZ DOM while DOC:DON values were similar across HZ samplsep DOM from HZ

closely resembled HZ subsurface except for the higher SUVA in seep DOM. Surface water DOM
composition varied across all three locations, yet subsur2©® composition was similaacross

the threelocations

5.3.2 Photolytic Degradation - DOM Concentration & Composition

Exposure to sunlight resulted in decreases to DOM concentration across mostjfeeb.3).
Different total cumulative PAR amounts ranged between 290 to 103843 result of conducting
experiments in the natural environment rather than a solar simulator. The highest proportion of
total DOM lossacross all sitesvas observed in subsurface sampleggre5.4). The proportion of
total photo-labile DOM ranged from 285% in subsurface samples to negligible losurface
waters(Table5.2). Little difference in concentration between Light and Dark treatments were
observed for YK river and all HZ samples, while DL creek (DAR®dAcentration did not change.
Although DOM decreased in the Dark treatments, for most sites photoigdisght treatments
generally lead to a greater loss of DOM. Further, a subset of samples analysed for dissolved
inorganic carbon (DIC) concentratigrindicated higher DIC in the photolysed sample than either
the original ordark Appendix Q. Hence, changes to DOM concentration and compositian a

related to the influence of photolysis.

Across all sites, subsurface samples contained higf@rder photolytic degradation rates than
surface waters. Although all samples could be compared using linear degradation rates, with
highest rates found fnm subsurface DOMT{@ble5.3), photolysis is best represented usingsa 1
order rate equation Linear rates would ovecalculate DOM loss at higher cudative PARvalues.
Highest F-order DOM degradation rate constantsere observed from DL subsurface (1.7-%10
m?%E) and creek (9.6 x¥n%/E) and lowest from HZ surface waterggble5.3; Figure5.4). Similar
photolytic degradation rates were found between YK and HZ subsurface samples. Comgaring 1
order degradation to initial DOM compogiin identified strong relationships but no statistical
significance with anycompositional metri¢Figure5.5). High 1-order rates were observed from
DOM with high values of SUVA and SAgor low S7s205 Across all sites, subsurface DOM

characteristics resudidin higher -order photolytic degradation rates.
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The amount of cumulative irradiation was normalized to compare the amount of DOM lost
during photodegradation across sites. The proportion of DOM lost after 506 Einged between
3.7 to 19% for most samples, except for DL samples that contained the highest proportions
(subsurface: 58%; DARS: 38%). Higher DOM amounts were losstiteanctic subsurface DOM
after 500 E/m(between 11.5 and 17.7 mg Cllable5.3) while lower concentrations were lost from
a YK river (0.2 mg C/L) and both HZ surface watersdlak5 mg C/L ; seep: 0.3 mg C/L).
Comparison of initial DOM composition with proportion of DOM loss found strong, statistically
significant correlations with &s295(TT -0.618, p=0.05), SUVA 0.664, p<0.05) and SA€{rt 0.645,
p<0.05), but no coetation with DOC:DON Figure5.6). Sizebased chromatography did not result
in significant relationships between proportion loss and either HMW or LMW componentsabut
greater proportion loss as found from samples with highMW DOM (Figure5.7). A similar
result was observed betweef-brder rates and HMW and LMWN proportions, \Witigher rates
associated to DOM with higher HMW proportions. Thus, initial DOM composition can be used to
predict the proportionand rateof DOM lost to photolysis.

Photolysis resulted in similar changes to the overall composition of DOM across all Sk
treatment samples contained compositions more similar to the original composition than the Light
treatment, indicating changes to DOM due to photolytic degradation. Final compositions had lower
DOC:DON, SUVA, and SAf and higher &s29s5than initial compositiongFigure5.8). Similarities
in the final DOM composition were observed among HZ samples, DL creek (DAR10), YK creek, and
YK river. These sanigs had high &s205and low SUVA and SAZs The effect of photolysis was
similar across a variety of DOM compositions from different sites. In some cases, photodegradation

resulted in similar final DOM compositions regardless of initial DOM amount@mnposition.
5.4 Discussion

5.4.1 Similarity in the Response of DOM to Photolytic Degradation

A number of samples with different DOM compositions all responded similarly to photolysis. For
instance, a suite of complementary measures simultaneously shifted towandisjae composition:
increased spectral slope indicating loss of large;algorbing components with a decrease to
DOC:DON ratiosKigure5.8). Similarly, photolytic ncubations of DOM from Southern Ontario

surface water$® boreal fore%”, tundra thaw pond¥? and a Siberian river underlain by
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continuous permafrodf8resulted in a decrease to terrestridérived humics, aromatics, and CDOM
components, and an increase in protdike fluorescence and LMW components. Data from this
study illugrates how photolysis results in predictable changes to DOM compositegardless of
initial composition,that results in a reduction to both the amount and heterogeneity of DOM

within the environment.

Sampling along a latitudinal gradient encompasseéssthat were quite different in terms of
vegetation and terrestrial sources of DOM. However, as discussed earlidraipter 3 DOM
composition is not that differenécross locations (i.e. subsurface looks like subsurfaigeres.2).

In particular, sibsurface sites contained a unique conifiopal signature across albcations

identified by higher compositional metrics than surrounding surface water DOM, and contained the
most photelabile componentsThese environments form humic and aromatic terrestrial
components that are lighsensitive?4136.25¢ontributing to higher concentrations of photiabile

DOM when exposed to light. Although the high photolability of subsurface or terrestrial DOM has
been observeth other northern system$6.209.263ye further show how surface water DOM with
terrestriatlike signaturegresult in higher rates and proportions than other surface waters. For
instance, YK pond, DL creek (DARS8), and HZ seep are similar to their respective subsurface DOM
andwere more photolytically labile than nearby surface water DORy(re5.8). Thus, we are able

to characterize specific compositional metrics that relate to the degree of DOM {iéoiliiy

observed among different environments.

5.4.2 Quality over Quantity: DOM Composition Influences Photolytic Degradation

A number of cumulative factors affect the overall rate of photolytic degradation within surface
water systems.Hydrology (such as mixing, surface water depth, and residence time), irradiation
intensity (clouds and latitude), other suspended or dissolved constituents influencing attenuation
coefficients (such as particulate matter or iroapdthe amount and form of CDOMan allaffect

DOM photodegradatioff-113 Hence, experimentally derived rates of DOM decomposition may
differ than what is actually foundvithin the environment. Although these factors were not in the
scope of this study, our objective was to quantify the rate and interaction between photolysis and
DOM composition, assessing how intrinsic properties regulate or alter photolability aciasisarn

sites.
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Quantifying degradation rate and proportion of phetabile DOM in this study provided data for
an area of the circumpolar north underrepresented in the literature. Photolytic degradation rates
are important to determine as they can be usedbetter predict the response &0OM and refine
carbon flux estimates under various future climate sceraribhe variability among subsurface and
surface water $-order degradation rate constants (4x and 6x, respectiyalyyide a possiblerange
of valuesto beused to model photolytic degradation in these systems. Comparison of our results
with reported values elsewhere are difficult due to differences in experimental desigh as use
of natural sunlight versus solar simulators, or the amountai#l irradiation. Calculation of a
photo-labile yield (the concentration of phottabile DOM divided by the cumulative irradiation)
across studiesdicatelower yieldsfrom samples in this study compared to oth¢iable5.4).

Thus, DOM from these siteontain lower proportions ophoto-labile componentscompared to
other northern sites, but still exhibit some degree of photolability with degradation constants

within a relatively constrained range.

Photolysis can alter the composition of DOM with little influence on the overall DOM
concentration, as was observed in DOM from HZ and a DL c(@akle5.2; Figure5.3). For
instance, DAR10 had little decrease in DOM concentration but its final composition reflected photo
processing through increasegpectral slope and decreased DOC:DON and SUVA vdHigs€5.8).
Similarly, significant losses to Usbsorbing components with no change in fulvic and humic
concentationswere observedluring photolytic degradation of Alaskan stream and lake D&
while changes to CDOM were greater than changesviarall DOM concentration within Canadian
thaw pondd®L Further, photochemicadrocesses were importantin terms ofDOM cycling
within an estuary along the Texas coast due to the lack of absorbing components and greater
importance of biological processes within the systéinSuch changes are thought to result from
photolytic changes tdarger molecules without fully mineralizing these products int®,2%°
Stubbins et al®found photomodification of permafrost DOM to occur with little loss to DOM
concentration, suggesting photinduced cleaving of aromatics into nesoloured, noraromatic
DOM. Changes to DOM composition that occur independently of its overall concentration
highlight the importance of monitoring DOM characteristics that directly influence DOM quality

and reactivityacross the aquatic continuum
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5.4.3 Importance of Photolysis in Relation to Ecosystem Processes

Rates of photolytic degradation can be compared to microbial rates @bapter 4to elucidate the
relative importance of these two drivers of DOM fate. Although th&e constants contain different
units, the proportion of DOM remaining after photolytic or microbial degradation can be compared
after 30 daysTable5.5). Average dily PAR values for YK and DL were assumed to be 39.58)(m
(eight year averagéfom May to Augustat Daring Laké’9 and 28 E/(rfxd) for HZ (oceamear
southreastern Ellesmere Islaf@d). Over the month, photolysis plays a greatete degrading and
altering DOM composition. However, attenuation of UV and PAR within the water column could
alter the amount of processing within coloured or deep surface waters,rféne amount of DOM
available for photolysisThese experimentprovide a way to quantifthe impact of each
degradation pathwageparatelyput in reality there is likely interplay between the twok-or

instance, photolysis producesore labile components that would enhance microbial
degradatiofi>191 Regadless, these rates allow for the comparison of different drivers of DOM fate

across a variety of DOM compositions.

Although location was more important for microbial degradation than initial DOM composition
(Chapter 4, we find DOM composition to be important for photolytic lability. Similar changes in
DOM composition were observed across locations and the proportion of DOM loss was predicted by
initial SUVA or SAGyovalues Figure5.6). Further, not all metrics respond the same way and
specific indicators of processing can be identified based on differences to the change in DOM
composition. Decreases to SUVA and Sagturing photolysis are opposite to microbtaiduced
changes to DOM composition. Furthepy$osonly responded to photolytic degradatiomdicating
that these measuremreuseful indicators of processes. Heeresults highlight the use of certain

DOM composition metrics to discern processing history.

DOM concentrations represent the largest difference among sites and can be important when
considering carbon export. The circumpolar north contributes large @ant® of organic carbon to
the Arctic Ocean relative to all other basff$ Hence, the degree of processing among the
terrestrial landscape will dictate organic carbon fate and reactivity in the ocean. Our results found
similar losses in the amount of DOR4fter 500 E/rj) between hydrologic site across geographic
locations(Table5.3); however, this loss comprised much more of a significant proportion of DL
subsurface DOM than at YK he hgh arcticsubsurfacénad comparablestorder degadation rates
as YK subsurface DOM, yet the low overall loss in DOM concentration (between 0.4 and 1.1 mg C/L)
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may make it a minor influence for downstream systems. In terms of carbon export and cycling,
subarctic and low arctic sites contain highgroportions of photo-labile carbon than the high arctic.

The impact of changing DOM sources or solar UV radiation upon the environment are complex
and can have significant and uncertain effects upon the fate of DOM in northern sy$téfas
Coloured DOM has beerbeerved to preferentially degrade in sunlighit?’# however, this is not
al ways the case and may depend upon whether the
wat er y %4 pagkiwater solour among certain Swedish lakes were found to be consistent
across a sevepear record as CDONemoving processes were too slow to result in measurable
declines in water colour, suggestivelclearmatee r e gi me
regimes were found in lakes where photochemical processing led to significant decreases in DOM
and CDOM?®* The ability to predict how drives of degradation alter DOM composition becomes
increasingly important to quantify as the subsequent impact upon water transparency negatively
affects fish, thermal regimes, and other important ecosystem processes that impact aquatic
healthp556.275

A similar hypothesis proposed l@ory etal’'*f ocussed on Yprocessy rathe
photolytic loss of DOM to reflect either ligHimited systems (high CDOM concentrations or low
light exposure) or substratémited systems (high photolability or low CDOM concentration€ur
resultssupportthis hypothesis as high concentrations and little change to the overall molecular
weight of U\tabsorbing constituents, as defined bys395 suggested YK and DL subsurface DOM
may represent lighdimited systems with high CDOM concentratis Figure5.8). Conversely, YK
creek, river and all HZ samples support substrlteited systems due to large changes to DOM
composition and low initial water colourLinking DOM composition with ecosystem functioning
provides information on how these systems will respond to changing landscape driverence,
characterizing DOM composition can help predict the susceptibility of a watershed to a changing

climate in terms of DOM eslution and water clarity.

5.5 Conclusion

A uniform response in DOM composition to photolysis was observed across all sites and was

comparable to photolytignduced changes to DOM reported in literature elsewhere. In general,

reductions in DOM concentrationue to photolysis resulted in decreases to the molecular weight of

UV-absorbing components, regardless of differences in initial DOM composition and concentration.
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Firstorder photolytic degradation rates ranged from 1.6810%E in DOM from a high arctit¢ake

to 1.7x16 m%E in DOM from the tundra subsurface. Initial DOM composition is an important
determinant for theproportion of DOM loss due to photolysis. Not all metrics respond the same
way, with decreases to SUVA and SAgepresenting sensitivindicators of photolysis. However,
compositional measures could not provide statisticalignificant relationships to $-order

degradation rate constants. These results highlight how DOM with different compositions respond
to photolytic degradation acrss a variety of ecoregionifferences in the magnitude of change
among samplesupportthe occurrence ofight or substrate based systems thdéentify the

dominant drivers of DOM fate within northern surface waters. Quantifying the range in
photodegadation rates with a suite of DOM characterization methods evidences the similarity in
DOM response to photolytic degradation across dif
of specific measuresuch as SUVA 3205 and SAGyq to discern etween different degradation

processes.
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Table 5.1: Site descriptions for each sample used in the photolytic experiment.

Location Site Characteristics Sample Info
Subsurface 1 ~0.89 m.b.g.s; located ~40m away frc
R . . o (P2) Pond
62 27y 14% NT@ga]Shleld Higl2 2. Subsurface 2 ~0.27 m.b.g.s; located ~40m away frc
Boreal, landscape characterized by Precambrai (P5) Pond
bedrock outcrops, glaciolacustrine sediments, ar
Yellowknife  peat plateaux; mean annual precipitation betwee Pond 10300m2; surrounded by peat platea
286360 mm; mean ar_mual temperature betwean . Baker Creek, drains series lakes on
to -6C; trees consist qf Jack.plne and aspen; Cree Taiga Shield
underlain by sporadic discontinuous permafrost _ Yellowknife River, drains chain of
River | . .
akes on Taiga Shield
Subsurface  Esker Lakes Basin
64° 31y 29§yN, 111° 40 ; . ;
Arctic; mean annual precipitation 2.(-1300mm; CDrZ?kal Eer:]rgegrrzgsvgassglcgirgrlwo(\;\; :gtg)re;rluf}gvl;ake
Daring mean annual tgmperatur@ to-12C; fracturgd ( ) through shrub/meadow adjacent area
Lake Precambriargraniteand sfedlmentar)bedr_ockwnh _ o .
small eskers and erratics; above treeline, mesic Raven Basin inflow t@aring Lake,
heath upland to moisshrub lowland, underlain by Creek 2 upland and topography, less organic
continuous permafrost (DAR10) plateaus and more exposure/retentiot
in lakes
~0.25 m.b.g.s; productive meadow,
81° 49y 30yN, 71° 19y Subsurface underlain by mineralrich sediment,
consists ofcalcareousnd dolomitic sandstone with next to ‘Lake'
igneous intrusions within the Grant Land 5 ) )
Lake Hazen Mountains; mean annual precipitation of <150mn | ake 14400m*and 4.5n maximumdepth;
mean annual temperatur@(C; heavily glaciated samples taken near shore
dominated landscape that also contains small, ) . .
productive subcatchments in a thermal agisi Seasonal spring at relatively high
continuous permafrost Seep elevation; flows out fronrock talus

slope
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Table52Changes in dissolved organic matter (DOM)}) concentr

Photoy) and thos®atrhkg!).werCal coatl af(ifchded thdfdiffggemaet ol abi | e
between light and dark treatments. Included are the amount of cumulative photosynthetic active radiation
(PAR) for each sample.

DOM Total Loss Photolabile Curr;uAlaRtlve
Location Sample Initial  Final- Photo Final- Dark Prop.of DOM Prop. of DOM E/m?
Subsurface 1 (P2) 83.6 58.3 75.2 30% 20% 1030
Subsurface 2 (P5) 72.6 59.6 74.9 18% 21% 1030
Yellowknife Pond 36.8 31.2 - 15% - 514
Creek 15.6 12.8 - 18% - 514
River 5.03 4.65 4.81 8% 3% 1030
Daring Subsurface 30.4 18.5 29.1 39% 35% 290
Lake Creek 1 (DARS8) 7.61 5.76 7.82 24% 27% 290
Creek 2 (DAR10) 4.80 4,98 5.02 -4% 1% 290
Subsurface 5.28 4.17 4.39 21% 4% 619
Lake Hazen Lake 6.05 5.44 5.41 10% -1% 619
Seep 2.29 1.93 2.06 16% 6% 619

Table 5.3: Calculated linear andstorder degradation rates with standard error (SE) and model fit results.
The loss in dissolved organic matter (DOM) after 500 #dfrirradiation is based on previously calculated
degradation rates. Linear rates are used to calculate the loss after 58@0Efimose samples withoutstorder

rates.
Linear k 1st-order k Loss after 500 E/m?
mg
Location Sample m?%/E SE(#x) R m?%/E SE() Fit C/L Prop. of DOM
Subsurface 1 (P2 3.0E02 3.0E03 0.95 4.2E04 3.3E05 0.97 15.8 19%
Subsurface 2 (P5 1.3E02 - - - - - 6.31 8.7%
Yellowknife Pond 1.1E02 - - - - - 5.45 15%
Creek 5.5E03 - - - - - 2.73 17%
River 3.7E04 - - - - - 0.18 3.7%
Daring Subsurface 4.3E02 29E03 098 1.7E03 56E05 0.99 17.7 58%
Lake Creek 1 (DAR8)  6.4E03 1.0E04 0.99 9.6E04 6.4E06 0.99 2.89 38%
Creek 2 (DAR10) -4.3E04 4.2E04 0.53 - - - -0.21 -4.4%
Subsurface 2.0E03 15E04 0.94 4.2E04 3.4E05 0.97 1.00 19%
Lake Hazen Lake 9.4E04 3.2E05 099 1.6E04 6.1E06 0.99 0.47 7.8%
Seep 6.1E04 3.8E05 0.97 29E04 19E05 0.98 0.31 13%
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Table 5.4; Percentages of total dissolvetganic matter (DOM) from this study (Yellowknife (YK), Daring Lake (DL), Lake Hazen (HZ)) compared to published
values in other northern environments. Photolabile concentrations were included in brackets (calculated as loss of D@\ibttacted fronthe light

treatment and divided by the initial DOM concentration). Only Mann et al. (2012) calculated photolabile DOM in a similarmaoluded are the methods

of photolytic degradation, total amount of irradiation the sample received, and photolgigilé (the concentration of DOM lost divided by the total amount of
irradiation). Yields were not calculated for Mann et al. (2012) and Vachon et al. (2017) due to insufficient information.

Initial DOM DOM Loss Photolysis Amount of Units Photolabile
Location Hydro (mg C/L) (%) Method Irradiation Yield Reference
Subsurface 1 (P2) 83.6 30 (20) Natural sunlight 1030 E/m? 1.6E02
Subsurface 2 (P5) 72.6 18 (21) Natural sunlight 1030 E/m? 1.5E02
YK Pond 36.8 15 Natural sunlight 514 E/m? -
Creek 15.6 18 Natural sunlight 514 E/m? -
River 5.0 8 (3) Natural sunlight 1030 E/m? 1.5E04
Subsurface 304 39 (35) Natural sunlight 290 E/m? 3.7E02 This Study
DL Creek 1 (DARS) 7.6 24 (27) Natural sunlight 290 E/m? 7.1E03
Creek 2 (DAR10) 4.8 -4 (1) Natural sunlight 290 E/m? 1.4E04
Subsurface 5.3 21 (4) Natural sunlight 619 E/m? 3.5E04
HZ Lake 6.1 10 €1) Natural sunlight 619 E/m? -5.7E05
Seep 2.3 16 (6) Natural sunlight 619 E/m? 2.1E04
Permafrost Thaw Strean 3 -3 Solar Simulator 6 E/n? -1.6E02
Stream (Y3) 24.4 40 Solar Simulator 6 E/m? 1.7E+00
Siberia  Stream (Y4) 21.4 28 Solar Simulator 6 E/m? 1.0E+00 100
Pantileikha River 121 31 Solar Simulator 6 E/n? 6.6E01
Kolyma River Mainstem 4.8 26 Solar Simulator 6 E/m? 2.2E01
Kolyma River Main 8.6 t0 13.9 12.2t029.9* Natural sunlight 14 days - 108
Lac Simoncouche 6.3 12 Solar Simulator 1000 KJ/m# -
Quebec Chicoutimi 8.2 30 Solar Simulator 1500 KJ/é - 238
Abitibi 11.1 21 Solar Simulator 2550 KJ/m? -
Bylot BYL1 8.5 3 Natural sunlight 0.119 E/n? 2.1E+00
Island BYL38 13.1 -4 Natural sunlight 0.119 E/n? -4.4E+00
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Table 5.5: Comparison of photolytic degradation rates with microbial degradation rates calculated in Chapter
4 and the proportion of DOM remaining after 30 days of photolytic or microbial degradation. Average daily
photosynthetic active radiationRAR values forYellowknifeand Daring Lakewere assumed to be 39.5 E{(m

d) (eight year averagom May to Augustat Daring Laké”9 and 28 E/(rAd) for HZ (ocean on soutkastern
Ellesmere Islard?.

Photolysis Microbial PHOTOLYSIS MICROBIAL

Location Sample I(‘r':z(/aé)r 1?rtn2|ger Linear (dY) 1st(d(_)l;der Prop. After 30d Propafter 30d
Subsurface 1
(P2) 30802 4.2B04 6.7E03  7.3E03 0.61 0.80
Subsurface 2

Yellowknife (P5) 1.3E02 - - - 0.79* -
Pond 1.1E02 - 3.7E03 3.9E03 0.65* 0.89
Creek 5.5E03 - 5.0E03 2.5E03 0.59* 0.93
River 3.7E04 - - - 0.91* -
Subsurface 4.3E02 1.7E03 1.8E03 1.9E03 0.13 0.95

Daring Creek 1
Lake (DARS8) 6.4E03 9.6E04 3.4E03 3.6E03 0.32 0.90

Creek 2 -4.3E04
(DAR10) ) - 9.9E03 1.1E02 1.11% 0.72
Subsurface 2.0E03 4.2E04 3.4E04 3.5E04 0.70 0.99

Lake Hazen Lake 9.4E04 1.6E04 1.3E03 1.3E03 0.87 0.96
Seep 6.1E04 2.9E04 3.4E03 3.6E03 0.79 0.90

*Linear photolytic degradation rate used
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Figure 5.2: Initial dissolved organic matter (DOM) Composition Wheel for all samples. Each axis is
normalized for the mgimum and minimum value for each parameter: molar DOC:DON, slope from 275 to
295nm (S275), specific tihsorbance at 255nm (SUVA), and specific absorption coefficient at 420nm
(SAC420). Colours represent different hydrological environments.
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Figure 5.3: The change in dissolved organic matter concentration (mg C/L) over cumulative photosynthetic
active radiation (PAR; E/m2) for each site.
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Figure 5.4: The preortion of dissolved organic matter remaining with increasing cumulative photosynthetic
active radiation (PAR) for each site.
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Figure 5.8: Composition Wheels for each sample representing the initial composition (black), light treatment
(orange) and dark treatment (blue). Dissolved organic matter composition is represeniedliayDOC:DON,
slope from 275 to 295nm (S275), specifiedlbgorbance at 255nm (SUVA), and specific absorption coefficient
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Chapter 6
Quality over Quantity: Characterizing Dissolved Organic Matter
and Formation of Disinfection By-Products at Three Locations

in the Northwest Territories, Canada

6.1 Introduction

Dissolved organic matter (DOM) is a gpitous component across aquatic systems and an

important factor influencing drinking water treatment and quality. For instance, DDRuences
drinking water taste, colour, and odour, and can stimulate microbial growth within water
infrastructure®>. DOM is comprised of thousands of different organic molecules with differing
structural and chemical characteristics that determine its overall reactivity. Differences in organic
source, reslence time, and environmental processing can alter DOM reactivity along the aquatic
continuum?®80.202which can have an effect on drinking water treatment options, cost, and overall
water quality. Although Canadian guidelines do ntate a maximum acceptable concentration for
DOM, provincial governments have set specific concentrations for aesthetic values (between 2 to 5
mg C/L) to maintain water colour, taste, and odel#”/ However, DOM can react with other

substances to form more toxic and problematic compounds.

Organic matter can react with chlorin@,common disinfectant used in water treatment, to form
various carcinogenic disinfection bgroducts (DBPY8272 DBP are commonly found within ver
treatment plants, with new and more toxic DBP being discovered as technology advances and
detection limits improve?®284 Disinfection byproducts encompass thousands of different
compounds, some more carcinogenic thr@hers, making it difficult to measure and regulate every
known compound. Thus, DBP are generally quantified and regulated using concentrations of the

two most common groups: trihalomethanes (THM) and haloacetic acids (HAA).

In terms of water treatmentDOM concentration has previously been used to predict DBP
formation and chlorine additiof?> However, the reactivity between DOM and chlorine depends
upon both the concentration and compasit of DOM. Seasonal changes to DOM composition
result in varying THM concentratior?$é, while differences in DOM composition influence DBP

formation rateg87:288 Quantifying variations in DOM composition found within the environment
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could help identify waters susceptible to forming higher DBP concentrations. Complex models
have incorporated various components of DOM @dbsorbance, fluorescence, and apparent
molecular weight) to identify DOM precursors of THM formatitn Low molecular weight (LMW)
and U\tabsorbing components of DOM can both be important for DBP formatfo§292

Although UV-absorbing methods are popular, they do not account for DBP precursors witituldw
absorbing properties that can also be important predictors of DBP form&tf8ad Hence, DOM
composition and the processes thater DOMplay an important role regulating DBP formation

within water supplies.

Shallow surface waters asecharacteristic feature @ctic environments and act as important
drinking water resources for many northern communities. In particular, communities across the
Northwest Territories (NT), Canada, rely primarily upon surface waters for drinking waterees.
Three of thirty water treatment plants use only chlorination as their primary treatment option,
while the majority of water treatment systems are Class | and Il, and seven communities relying on
Small Systent8% Some communities rely on the use of water trucks to transport chlorinated water
into large storage taks within personal residences. Although residual chlorine within treated
water is required to ensure safe drinking water standards, there is a preference fezhormnated
water in many northern communities, which in itself carries a risk of gastrodtiteal illnesg95.2%

Water treatmentand storage within the NT involves various environmental, economical, and

societal influences that may be exacerbated by a changing climate.

Changes to hydrological processes and carbon cycling can alter DOM concentration and
composition among northersurface waters. Within the NT there is the potential for increasing
active-layer thickness and permafrost thaw to mobilize large stores of previefisigen carbon,
solutes, and nutrients into surrounding surface watéfs Increased surface water DOM
concentrations have been observed across the northern hemisphere and are linked with increased
terrestrial contributiong4297.2%8 Thereis concern regarding changes to the amount and form of
DOM within drinking water sources and its impact upon future water treatabHify?°® especially in
northern communitie$®¥1 Enhanced terrestrial DOM in surface waters could alter the amount of
humics or UVabsorbing components, both thought to result in higher DBP formation. Asouari
drivers of DOM fate can have different influences on DBP formaf®iit is important to better
understand the relationship between DOM and DBP formation, providing better predictive abilities

for northern water security.
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The relationships between DOM composition, disinfection demamd, DBP formation are
important when considering drinking water treatment options. As a warmangtic may rapidly
alter DOM sources and fate, simple characterization techniques that are able to predicBPM
reactivity becomes increasingly importantrfaonitoring changes to DOM within remote
communities. The overall objective of this study was to quantify how DOM composition relates to
DBP formation across various hydrological sites in the NT. This was accomplished with two
specific objectives: 1) adNT water treatment plant records to assess the prevalence and range of
DOM and DBP across NT communities, and 2) determine how differences in DOM compositional
measures relate to concentrations of DBP (both THM and HAA). Further, the impact of DOM fate
and DBP formation was assessed usingdl@9 microbial and 1-2lay photolytic degradation

experiments

6.2 Methods

6.2.1 Public Water Quality Records

Public water quality records for NT water treatment plants were obtained from online records
found from the Governmenof Northwest Territories Water Quality Database

( J:p Samples were collected from various
locations, including water treatnmd plants, water trucks, and local water taps (ischools, hamlet
offices, hotelsAppendix D. Measures compiled were True Colour, DOM concentration, and THM
concentration. As no consistent data were available for the individual THM species concentration
to convert to mgC/L, the summation of THM species areNg/L. Datawere sporadic but spanned
from 1994 to 2015 for 31 water treatment systems. Values eutdidl.5x the interquartile range for
THM and DOM data were removed from the original dataset as major outliers were aubaiven
compiling the data (i.eTHM of 60 mg/L).

6.2.2 Field Collection

Samples were collected between July and Oct@baB to 2016om surface and subsurface waters
across three locations in the NT: Yellowknife (YK), Wekiv@/VK), and Daring Lake (DLJ{gure
6.1; Appendix D. Yellowknife and Wekweéti are situated on taiga shield and are found in
discontinuous ad sporadic continuous permafrost zones, respectively. Daring Lake is situated

above the treeline in the southern arctic ecoregion, underlain by continuous permafrost. Surface
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water samples were collected ~0.25 m from the surface and filtered in the Adldubsurface

samples were collected from the deepest extent of the active layer above the permafrost boundary
using either preinstalled PVC piezometers 0.50 m below surface (YK) or ghavet piezometers
installed 0.25 to 0.50 m below surface (WKl &1.). Piezometers were purged by three pore
volumes prior to sampling and water collected using a peristaltic pump. All samples were filtered
to 0.45\m into prerinsed, acidwashed glass vials and kept cool {€4 and dark until further

analyses.
6.2.3 Laboratory Analyses

6.2.3.1 GEOCHEMISTRY & DOM CHARACTERIZATION

Concentrations of DOM (as dissolved organic carbon) and total nitrogen (TN) were measured using
a Shimadzu Total Organic Carbon (TQ@ECombustion Analyzer with TNML module(precision of
+0.3 mg C/L; £0.8hg N/L) Inorganic nitrogen species (nitrite, nitrate, and ammonium) were
analyzed using a SmartChem 200 Automated Chemistry Analig€ and NH;" precision of +0.1
mg N/L, precision N®@ of £0.15 mg N/Ltnity Scientific, MA United States)Dissolveddrganic
nitrogen was calculated as the difference between TN and the sum of inorganic nitrogen species
and used to calculate molar DOC:DON. DOM absorbance was measured using a Cary\I® UV
Spectrophotometer (Agilent, CA, United States) at 5 nm incrambatween 200 to 800 nm.
Deionized water was used to zero the machine, and run intermittently during analyses to correct
for baseline drift. The Naperian absorption coefficieat frt) was calculated using:
agpm O

0
whereAisthe baseline or r ect ed abs or b a nLisehe eell lengtta(m)e Ipecifiay t h

&

absorbance at 255 nm (SUVA) was calculated by dividing the absorption coefficient at 255 nm by
the overall DOM concentration. The slope{Sge of the logtransformed absorption coefficients

was measured between 275 and 295 nm and is inversely related to molecular’#eiBi@M
composition was also characterized using size exclusion chromatography (Liquid Chromatography
r Organic Carbon Detection, -OCD'd) run in the Department of Civil and Environmental
Engineering, University o¥Waterloo. Briefly, the sampleasdiluted to within 1 to 5 mg C/L and
injected through a sizexclusion column (SEC; Toyopearl HB0S, Tosoh Bioscience) that

separatd DOM based on hydrodynamic radii into five hydrophilic fractions (from largest to
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smallest): biopolymers (BP; polysaccharides or proteins), husoiostances like fraction (HSF;

humic and fulvic acids), building blocks (BB; lower weight humic substances), low molecular weight
neutrals (LMWN; aldehydes, small organic materials), and Ltds LMWA, saturated moneo

protic acids). Composition Wheel€W)were used to compare differences in DOM composition,
which uses four independent measures of compositiohgpter 3. Each scale represented a

measure of composition and normalized based on the maximum and minimum values encountered

from a larger dataset encompassing various ecoregions across Canada.

6.2.3.2 DISINFECTION BY-PRODUCT DETERMINATION

All disinfection by-product analyses were conducted at the Clean Water Laboratory, Civil and
Resource Engineering, at Dalhousie University using Standard Methods for the Examination of
Wastewater Method 5710 and HACH Method 8021. Samples were first diluted to a rangerb&twee
to 10 mg C/L to obtain acceptable levels of chlorine addition and DBP formation. Briefly, sodium
hypochlorite was added to the samples until a chlorine residual£9.4 mg/L at pH 8 remained

after 24 h at 28C. At this point, the maximum amount of BP have been formedConcentrations

of THM and HAA were analysed using a Varian-GB00 Gas Chromatograph equipped with a CP
8400 Autosampler. Total THM concentration (mg C/L) were calculated as the sum of
bromodichloromethane, bromoform, chloroform, aditbromochloromethane concentrations in mg
C/L. Total HAA concentration (HAA; mg C/L) were calculated as the sum of chloroacetic acid,
bromoacetic acid, dichloroacetic acid, trichloroacetic acid, bromochloracetic acid, dibromoacetic
acid, bromodichloroadi acid, chlorodibromoacetic acid, and tribromoacetic acid concentrations in
mg C/L.

6.2.3.3 MICROBIAL & PHOTOLYTIC TREATMENTS

Select samples were subjected to microbial (5 samples) and photolytic (3 samples) treatments.
Microbial treatments were conducted bydidg 120 mL of 0.4bm-filtered sample to a series of
acidrinsed 220 mL glass bottles. An inoculant (same sample but filteredXm)lwas added (10%
by volume) and bottles were gently mixed and left lightly capped to allow for oxygen exchange.
Photolytic treatments were setup by filtering 2.5 L of sample to Qw5 transferrednto 5 L Tedlar
bags (SKC Inc., USAnjected with 2.5 L of aimnd exposed to 12 days of sunlight on the roof at the
University of Waterloo. Samples were thenfikered to 0.45Am and analysed for DOM

characteristics and DBP concentrations at the beginning and end of both treatments.
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6.2.3.4 STATISTICAL CALCULATIONS

Significance of correlation between variabl es

using nonlinearleasts gu ar es ( Y n P% Repptedade hothehk coiretatioR @nd the

p-value between the data and the ndinear least squares model.
6.3 Results

6.3.1 Government of Northwest Territories Water Quality Records

The presence of DBP and DOM were ubiquitous witNiii water treatment systems regardless of
water source or type of water treatmerfifure6.2). Measures of True Colour were, on average,
similar across water sources and communities, while raw samples contained the highest values of
True Colour Figure6.2a; Table6.1). DOM concentration among natural and treated waters ranged
from 0.01 to 22 mg C /L with higheBOM concentrations found from lake sources (7.2 £5.4 mg

C/L; Figure6.2b). Lower DOM concentrations were found from communities using either rivers
(4.3+2.6 mg C/Lpr groundwater (5.23.3 mg C/L) as a water source. The majority of water
sources remained below the Canadian federal maximum acceptable concentration (MAC) for THM
(0.1 mg/LFigure6.2c) and only 56 of 520 records exceeded this limit. Large ranges between
maximum and minimum THM concentrations were observed across all sites, with a range of up to
0.15 mg/L at some communities. No relationship between DBP and TrioeGaas observed
(Appendix D; however, higher DOM concentrations generally had higher True Colour values
(Appendix D. Ratios of THM:DOM varied across communities with no apparent trend with water
source or type of water treatmenEigure6.2d). Hence, treated water within the NT communities
contained low but measurable concentrations of DBP and DOM at the sampling location, which

varies from taps to plants at different communities.

6.3.2 DOM Concentration, Composition, and DBP

Samples from a variety of hydrological environments had a large range in both DOM (2.3 to 87 mg
C/L) and DBP concentrations (5 to 3ig C/L). The amount of chlorine added to maintain a
residual after 24 h varied with DOM concentratidrigure6.3). The lack of linear relationship
between these variables indicates the specific chlorine demand (SCD; chlorine demand per unit of
DOM) varied across samples. DBP yielte, amount of DBP formed normalized to DOM
concentration on a weight carbon basis (mgoBP : ng CGDOM), varied across various hydrologic
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and geographic sites-{gure6.4). The largest range in THM yield was found from subsurface DOM
(2 to 106 x16) while surface water DOM ranged between 5 to 77-%18imilar trends were found

in HAA vyields as subsurface DOM had the largest range (3 to 104) xiitlle surface waterbad

yields between 11 to 91 xtQFigure6.4b). Similar yields between THM and HAA were found for
most samples except for higher HAA yields found from creeks, andddtom DL and WK.

Differences in DBP:DOM indicate that not all DOM produces the same amount of DBP. Further, a
significant relationship was observed between DOM concentration aitH® (=0.57, p<0.05) but
not for GHAA (1=0.46, p>0.05) concentratio®ppendx D). The amount of chlorine added did

not result in the same amount of DBP formed as DBP:Chlorine values varied across hydrologic sites
(Figure64c,d). Although THM and HAA produce similar yields, a large range of values were
observed across hydrological sites. Subsurface and lake DOM contained the largest range in
THM:Chlorine Figure6.4c). Differences in DBP:Chlorine values indicate the amount of chlorine

added is not a good predictor of overall DBP concentration.

Measures of DOMamposition were significantly correlated to the concentration of DBP formed.
SUVA values covered a wide range from 2.4 to 10.3 L/(mg-m)higthSUVA samples forming
high DBP concentrationsHigure6.5a). Spectral slopes ranged from 1.20%t02.48x1¢ nm* and
were highest in a YK river and lakes from WK and Bliglre6.5b). The HSF comprised the
majority of DOM for most samples with highest proportion found from YK and WK sampliggite
6.5¢c). Across all sites, subsurface DOM contained the highest HSF proportion. Measures of
DOC:DON ranged from 23 to 62 and were not correlated with DBP concentrdtigar€6.5d). A
significant positive correlation was found between DBP concentrations and SUVA, while a
significant negative correlation was found fop&2e5 Both THM and HAA had similar trends
across most measures of DOM compositi@oncentrations of HAA were more strongly correlated
with measures of SUVA and&29sthan THM. Although some measures were agtarrelated
(namely S7s20sand SUVAAppendix D, DOM compositional measures provided better predictive

capabilities of DBP formation than DOM concentration.

Composition Wheels provide an efficient tool to integrate various measures and visualize
differences in DOM compositiorF{gure6.6). Highest DOM and DBP concentrations were observed
from WK subsurface and YK pond DOM, characterized by high SUVA and HSF. Alternatively,
Composition Wheels withow SUVA, HSF, and high-&2esresulted in the lowest DBP
concentrations, as seen by YK RivBL, creek DAR1), andWK lake {WVK6). Comparison of
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various DOM samples by similar hydrological environment found similarities in subsurface DOM
compositionacross locations. Lake DOM composition differed between WK and DL as WK lakes
plotted more closely with subsurface samples. WK and DL lakes with similar Composition Wheels
to subsurface samples also contained higher DBP concentrations. Assessing D@bbitimn

using a suite of quasndependent types of measures identified DOM composition that had a higher

propensity to form higher DBP concentrations.

6.3.3 Effects of Microbial & Photolytic Degradation on DBP

Degradation experiments were used to quantify hBBP formation was influenced by changes to
DOM concentration and compositioROM loss in a 3@ay incubation experimentesulted in a 5

to 22% decrease in DOM concentration while photolysis resulted in a 8 to 30% detedds6.2).

All five microbial treatments increased THM:DOM ratios after 30 days. Conversely, THM:DOM
ratios had either no change or a slightly decreased during photol¥sgi(e6.7). Microbial
degradation decreased the amount of chlorine needed per molecule DOM for all samples except the
two subsurface sites. Photolysis decreased the amount of chlorine npedeablecule DOM for

the single river sample but increased the ratio for both subsurface sanfaese6.2). DOM loss in
both experiments was accompanied by a compasal change of DOM. Microbial degradation
resulted in increasing SUVA values and altered DOC:DON, but had little change to other DOM
compositional measuregigure6.8). LGOCD analyses were not completed on two samples and
thus HSF data were not included. Photolysis greatly altered subsurface composition, as seen by
decreased SUVA, proportiaf HSF, and DOC:DON, and increaseg®s However, little
compositiondchange was observed from photolysis of YK River DOM. Subsurface DOM
composition wheels subjected to photolysis appeared similar to the Composition Wheel of YK
River. Microbial and photolysis degradation had different effects upon DOM composition and
DBP:DOM yields.

6.4 Discussion

6.4.1 DBP in the Northwest Territories as Observed from Community Water Records

Low concentrations of DBP in treated water indicate that although these constituents are present in
most systems they pose little concern for human consumptt point of testing. Differences in

handling and methodology, such as storage times, point of sampling, different analytical
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laboratories, and time left to react, can all influence the amount of DBP formed making
comparisons among sites difficult. Foistance, DOM and DBP can differ within a community
depending upon where the sample was taK@&ppendix D. Comparison with other reported
values provide an indicationf how concentrations of DBP and DOM within NT water systems
relate to other water treatment systems. Alaskan water treatment plants had similar DOM
concentrations but higher True Colour and PRoncentrations compared to NT systefits Water
treatment systems in the NT contained the lowest DBP yields across various published laboratory
values and water treatment plants in Scotland and Al&&k#? but were relatively similar to
treatment plants in North Carolin&® The variability and low DBP concentration among NT data
could result from postreatment handling, making it difficult to directly compare results to other
studies. Regardlssmunicipal water quality data indicates DBP and DOM to be variable but

ubiquitous across the NT.

The discrepancy in DBP concentrations between field data and the NT water quality database
likely reflects the analysis of podteated samples among the NWater quality database. Although
field samples contained DBP concentrations significantly above the MAC, they represent untreated
samples directly from the environment and not drinking water from the tap. -fPeatment of
drinking water, such as by ozora chlorine dioxide, is known to lower both DOM and THM
concentrationg®”. NT communities rely on filtration or conventional (coagulation, flocculation,
sedimentation, and filtration) steps to treat wad&t Although concentrations are different,
relationships found between DOM and DBP based on field samples providdoéietet relationships
to identify DOM susceptible to higher DBP formation in similar waters. Further, field samples are
needed to supplement the NT water quality database by providing true chlorine consumption and

DBP formation as there are no data on the amount of chlorine needed totf@mesidual.

Chlorine consumption results from both organic and, to a lesser extent, inorganic constituents
such as ammonia, halides, iron, manganese, and suifthut DBP production can only result from
the interaction with organic matter. For northern communities, chlorine consumption directly
affectscost due to the amount of chlorine requiredpooduce safe drinking water. The range
encountered in SCD and DBP:Chlorine across sites indicate there are factors that control chlorine
consumption but do not produce DBPigure6.3, Figure6.4). The range in DBP:DOMFigure
6.4a,b) illustratethat different mixtures of DOM influence the formation of DBP, as well as the

consumption of chlorine. No relationship was observed between DBP production and DOM
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concentration within Alaskan treatment plard®, yet our results did find a correlation with DBP
concentration on a er-carbon basis, rather than by summation of individual weights of THM
speciegAppendix D. Longterm records of NT water sources illustrate the presence of DBP an
DOM within treated northern water supplies, but these measures may not be effective to properly
predict or monitor changes to chlorine consumption and DBP formation in the north. Thus,
measures of DOM composition, which are not reflected by the ov®x@lM concentration, are

required to accurately forecast changes to future water treatability.

Differences in concentrations of DOM, DBP, and True Colour across NT water treatment plants
suggest not all DOM is the same among water sources. DOM can bpaaoatributor to overall
water colour as True Colour of lake water has been found to be a good predictor eféamgDOM
concentration among boreal lak&4 This attribute reflects differences in the type, or composition,
of DOM. The lack of relationship within the water quality records between DOM concentration
and DBRAppendix D), as well as the lack of linear relationship between DOM and chloffiigufe
6.3), reflect the importance of quantifymdifferences in both the amount and composition of DOM.
Both field and community water quality data show a good relationship between DOM and colour
(Appendix D), indicating the importance of DOM composition. Hence, DOM composition must also
be important for chlorine consumption and DBP formation when considering a variety of water

sources with different amounts and forms of DOM.

6.4.2 DBP and DOM Concentration & Composition

Watershed characteristics can dictate the composition of DOM due to various DOM sources and

processing mechanisni?36.305 Uni gue DOM compositions or Ysignat
the susceptibility of drinking water to DBP formation by identifying components susceptible to

DBP formatiort88 Further, understanding how compositi changes temporally or spatially would

allow for a better prediction to future DBP formation. Certain Composition Wheels of samples

were representative of a terrestriike DOM signature observed across arctic systems: higher

humic and SUVA values ardwer S752953480.81.244.24Figure6.6) These samples also contained

high concentrations of DBP. Conversely, lakes with aquatic or photobleached signatures (lower

DOC:DON, hitp S75205 low SUVA) contained the lowest DBP concentrations. Humics have been

associated with high DBP formatiéh2’8 yet all DOM contains some proportion of humic

substancesHigure6.6) thus a single measure is not sufficient to predddP formation. Our results
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indicate that surface or subsurface DOM defined by lewsfs high HSF, and high SUVA,
characteristic of terrestrialike DOM, are susceptible to forming high DBP concentrations.

Differences in DBP concentrations are influemcby variations in both UV and nedV
absorbing components of DOM. Strong correlations previously observed between DBP
concentration and UMabsorbance componeritd?®vere alscobserved hereRigure6.5). Similarly,
the proportion of HSF were positively correlated to THM concentratiams(47, p=0.07) indicating
HSF or UVabsorbing measuresould provide similar estimates of DBP concentration. Positive and
similar correlation coefficients between DBP concentration and either simple or complex DOM
characterization techniques were observed in DOM among Scottish water treatment33farthis
is also found in this study as more complex methods, such a®CO Figure6.5), also provide
similar information to more simple UNAbsorbing techniques. Further, LAbsorbing techniques
may better predict HAA than THM formatiorRigure6.5). Thus, the use of relatively simple DOM
composition measures are better to use as a simple tool to monitor changes in DOM composition,

ultimately providing an indication of the effect upon DBP formation within NT water stes.

Processing of DOM within the landscape will influence the ability of DOM to consume chlorine
and produce DBP. Microbial and photolytic degradation experiments provided DOM degradation
compositions representative of enhanced processing and its ahbilityrther form DBP. Photolytic
formation of LMW compounds have been reported to increase chlorine demand and DBP
formation on a weight basis of DO¥¥-292 However, in our experiments, although there was a shift
towards LMW U\absorbing components as seen by the increase-itps the DBP:DOM
remained relatively constaniT@ble6.2; Figure6.7). Further, photolytic degradation had different
effects on DBP based on the original DOM compositibab{e6.2). Although a loss in overall DOM
concentrationwas observed, changes to DOM composition resulted in differences in DBP:DOM,
implying photolytic degradation does not necessarily relate to dased DBP formation.

Conversely, microbial degradation resulted in higher THM:DOM values. This is similar to a study
into the biodegradation of plant leachates that resulted in higher B&Ping components

remaining in recalcitrant DOM componeri#$3%7 Hence, the continual evolution of DOM that

result in changes to DBP:DOM along the aquatic continuum has important implications for

drinking water treatability across northern systems.
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6.4.3 Implications for Northern Drinking Water Quality

In terms of treatment options, our results indicate higher DBP concentrations were formed from
HMW and aromatic DOM, which are characteristics of DOM that is easily removed via coagulation
and flocculatiof*. Water treatment plants in the NT are being upgraded to avoid chlednly
systems, introducing more filtration and coagulat®f However, increases to both DOM and
coagulant would generate more washat would need to properly disposeddf Although changes

to DOM concentration and composition can complicate its removal, these results suggest that
surface water sources from similanvironments in the NT may be easily treated by conventional

methods, helping to reduce DBP formation within drinking water sources.

Our results indicate that biodegradation can result in higher DBP formed per carbon molecule in
DOM, which can influencevater quality within both drinking water sources and infrastructure.
Laboratory studies have identified organic matter produced from algal exudates to produce
significant levels of DB Expected increases to mean annual air and subsurface temperatures,
enhanced mobilization of solutes and nutrients from degrading permafrost, and longeffice
periods, could promote the eutrophication stiallow ponds and laké$116.132.155.309. 3 |ead to
increased autochthonous DOM production. Both photolysis and microbial degosadate the
main drivers of DOM fate, with photolysis being important for shallow lakesThe importance of
the balance between these two drivers can have significant effects upon DBP formed from the
resulting DOM, as photolysis resulted in lower production of THM per amount of DOM than
microbial degradatin (Table6.2). Quantifying the role and relative importance of biodegradation
on DOM in northern surface waters will be an important component of northern water sgcimi
terms of DOM and DBP formation.

Storage and transportation of treated water in northern communities can have implications for
DBP within drinking water sources. Long storage times and trucking of chlorinated water may lead
to the degassing of THRAL312 The more carcinogenicAA may have the potential to remain in
solution due to its high polarity and low volatility. Further, storage of drinking water in large
containers within houses and lack of routine cleaning can lead to the growth of biofilms and other
contaminantg®1-313 The growth of biofilmwithin water infrastructure can lead to both the
consumption of DOM and production of microbialtyerived DOM, which can contribute to
chlorine consumption and DBP formation outside of the water treatmemgld The communities
of Rigolet and Nain in Nunatsiavut, Labrador, Canada, consistently found low levels eflfeene
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within drinking water source®¥S hence there is the potential for DOM produced froroftin to

react with the residual chlorine within water supplies and form additional DBP.

Different climate scenarios projected for a warming Arctic can lead to various responses in terms
of DOM fate and export. In particular, DOM concentration and conitimswould be influenced
by changes to hydrologic pathways and residence times within the watet8A&ef 2% &ltimately
affecting the propensity of DOM to form DBP. For instance, higt@rcentrations of terrestrial
derived DOM from permafrost thaw into surface wat&would result in the need fohigher
chlorine additions and higher DBP concentrations in systems with minimaltpratment. Longer
transit times in organierich subsurface environments could enhance microbial degradation of
organic matter and result in DOM with higher DBP yields.tekhatively, longer iceoff periods in
shallow northern ponds and lakes could enhance photolytic degradation of DOM as sunlight in
shallow northern water systems can process the majority of D®MPhotolysis may provide
Ynatural remediationy in terms of DBP tibnar mati on
and break down terrestrial components into lower molecular weight molecules@y87-101.199
These results highlight the importance of the retatship between DOM and both chlorine
consumption and production of DBP when considering projections of future drinking water

supplies and treatment options in the NT.

6.5 Conclusion

Low concentrations of DBP are ubiquitous across various water treatment piatite NT. DOM
composition from three different locations in the NT indicate not all DOM is the same and certain
measures of composition reflect DBP formation better than overall DOM concentration. DBP
concentration was not easily predicted by eitheetamount of DOM or amount of chlorine added.
We find high molecular weight, aromatic, humiike DOM to produce higher DBP concentrations.
Use of Composition Wheels with DBP formation provided a tool to identify aquatic environments
susceptible to formig higher DBP concentrations. Hence, DOM from subsurface environments, or
terrestriatlike DOM in surface waters, are at a higher risk to form high DBP concentrations within
chlorinated water sources without any piteeatment. Although impossible to prextithe response

of northern systems to a warming climate, our results highlight the importance of DOM
composition and use of simple Yabsorbing parameters to monitor relevant changes to DOM

composition. Changes to DOM composition due to biodegradatierofgreat concern as higher
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DOM:DBP yields were found, while photolytic degradation of DOM could help reduce the amount
of chlorine needed to treat water sources. Impacts of DBP, DOM, and future water treatment are
not only approached with technical omgineered solutions, but are also greatly influenced by
cultural and socieeconomic factors of northern communities. The evolution of DOM composition

through out the aquatic continuum presents itself as a dynamic determinant of drinking water

guality in northern systems.
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Table 6.1: Summary of True Colour, concentration of dissolved organic matter (DOM), and total
trihalomethane (THM) concentration compiled from public drinking water quality recdimtscommunities of
the Northwest Territories for both treated and raw waters separated by source water. Parameters include
number of samples (n), maximum, minimum, average, and standard deviation for each parameter per
hydrological environment.

True Colour (TCU) DOM (mg C/L) Total THM (mg/L)

TREATED n Max Min Avg SD n Max Min Avg SD n Max Min  Avg SD
Groundwater 57 20 2 7 4 22 140 05 57 33 44 0.150 0.002 0.030 0.036
Lake 169 457 O 13 38 101 220 02 7.2 54 273 0.159 0.000 0.051 0.042
Reservoir 1 0.040 0.040 0.040 NA
River 74 70 2 16 15 67 11.2 0.0 43 26 142 0.140 0.001 0.039 0.029
RAW
Groundwater 29 35 2 16 10 4 86 50 74 16 8 0.110 0.001 0.020 0.038
Lake 112 111 1 19 23 76 220 16 102 53 28 0.085 0.000 0.032 0.024
Reservoir 5 12 3 7 4 5 76 50 65 10 1 0.005 0.005 0.005 NA
River 123 864 2 14 78 34 189 06 54 43 24 0.075 0.001 0.010 0.020

Table 6.2: Changes to dissolved organic matter (DOM) concentration, trihalomethane (THM) yield

(THM/DOM), THM concentration, and ratio of chlorine demand to DOM from microbial and photolytic

degradationexperiments.

DOM (mg C/L) THM/DOM THM (mg C/L) Chlorine / DOM

Sample Initial Final % Change Initial Final Initial Final % Change Initial Final
MICROBIAL
YK Subsurface  86.7 69.7 -20% 0.00612 0.00739 0.53 0.51 -3% 1.04 0.80
YK Pond 36.8 327 -11% 0.00662 0.00886 0.24 0.29 19% 0.48 0.58
YK Creek 17.8 13.8 -22% 0.00079 0.00447 0.01 0.06 339% 0.41 0.38
DL Subsurface 29.9 285 -5% 0.01059 0.01087 0.32 0.31 -2% 0.64 0.26
DL Creek 7.7 6.8 -11% 0.00306 0.01078 0.02 0.07 213% 0.34 0.50
PHOTOLYSIS
YK Subsurface 8.4 5.8 -30% 0.00369 0.00372 0.031 0.022 -30% 2.17 3.50
YK Subsurfacez 7.0 6.0 -15% 0.00723 0.00596 0.051 0.036 -30% 2.07 2.18
YK River 5.0 4.7 -8% 0.00305 0.00273 0.015 0.013 -17% 2.14 1.37
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Northwest Territories,
CANADA

ECOREGIONS
[[] Northern Arctic
7] Southern Arctic
1] Taiga Shield
[] Boreal Shield
"] Boreal Plains
[] Boreal Cordillera
[[] Taiga Cordillera
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Figure 6.1: Field sampling locations for Yellowknif#yekweéti and Daring Lake in the Northwest
Territories, CanadaHighlighted areas represent the various ecoregions.
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Figure 6.2: Public water quality records for various communities across the Northwest Territories for treated
(solid circles) and raw (open circles) for different water sources (lakes, streams, groundwater, reservoir)
represented by different colours. Sampled parameters include: True Colour (True Colour Units), dissolved
organic matter (DOM; mg C/L) concentration, total trihalomethane concentration (THM), and THM vyield.
Description of water treatment plants are incled and represented by a colour bar on thaxis. The line on

the plot of THM is the Maximum Acceptable Concentration for Canadian drinking waters.
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Chapter 7
Synthesis of Thesis: Conceptual Diagram of Dissolved Organic

Matter Evolution in the Northwest Territories

7.1 Creating a Conceptual Diagram

This thesis illustrates how dsolved organic matter (DOM) from the taiga shield to northern arctic
differs across surface and subsurface systems in terms of DOM composition and response to
microbial and photolytic processing. Integrating the results fr@mapters3, 4, and Sorovidesa

basis to categorize similarities in DOM composition, using Composition Wheels (CW), based on
location and processing characteristics. The objective of this brief synthesis is to combine
information generated across the previous chapters to form a cdnegégiagramdepictingthe
evolution of DOM composition along a flow path in the Northwest Territories (NT). The formation
of this simplistic conceptual diagram of DOM evolution in the NT uses the idea that DOM
composition reflects dominant source and pessing characteristics, similarly to studies that have
found DOM intrinsic properties to dictate DOM persistence in the environrei addition,
processbased changes to DOM composition (Chapters 4 amdub e used tpredict the evolution

of DOM concentration and composition among different hydrological sites.

In this synthesis, the ovatl amounts of DOM are compared across the aquatic continuum to
understand how DOM quantity evolves across the landscape. Then, DOM composition and lability,
based on laboratory experiments, are compared to discern similarities and differences across
different DOM samplesDifferences in DOM concentration and composition will be used to form a
conceptual diagram andomparel to a welldefined flow path in the northern arctic to test the

applicability of the framework to a system with greatly differentrolaite and vegetation.

7.2 Setting the Conceptual Framework - DOM Source & Processing

Flow along the aquatic continuum originates from the subsurface and flows out of the watershed
via creek or river. Differences in the overall amount of DOM are found alongftbiv path. High
organic peat plateaux samples in Yellowknife (YK) had the highest DOM concentrations (up to 273

mg C/L) while Daring Lake (DL) lakes (2.8 mg C/L, n=7) have the lowest average concentration
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(Figure7.1). DOM concentrations are highest from subsurface sites across all ecoregions, and
decline along the aquatic continuurkigure7.1). Subsurface DOM concentrations from continuous
permafrost (Wekweéti(WK) and DL) have lower concentrations than YK, but are higher than
surrounding surface waters at each location. The highest surface water DOM concentragons a
observed in YK ponds (3424 mg C/L, n=2), while the lowest is from a DL creek (2.1 mg C/L). YK
has higher surface water DOM concentrations than either WK and DL. Hence, a wide range of
DOM concentrations are encountered not only across a latitudgnadient in the NT, but also

across a relatively small spatial scale within each ecoregion.

Photolytic and microbial degradation experiments were used to quantify the magnitude of
change across different measures of compositiohapters 4nd5). Althoughinitial DOM
compositionare not strong predictorsf microbial degradation rate, changes to composition can be
used to quantify the effect dfoth microbial and photolyticlegradation. The amount of DOM lost
and changes to composition resulting frorhgiolysis are consistent across different sites with
different DOM; however, microbial degradation is more dependent upoation characteristics
and may differ depending upon host microbial consortia or availabilityairients. For this reason,
the aveage percent change between the final and initial SUVAs85 SAG2q and DOC:DON
across all samples are plotted, alomigh the largest percent increase and decrease obserigdife
7.2), providing a range of DOM change that is expected for DOM in similar environments. In
particular, degradation Composition Wheels show that the loss of norvidible absorbing
components and decrease to DOC:DON would be the maistate changes resulting from
microbial degedation. Conversely, photolysis results in a notable increasetgpd&and a net
decrease in all other composition measures. Changes to DOM composition differ between
photolytic and microbial degradation iways that allow for the identification of DOM that has been
previously altered due to photolysis.

7.2.1 End-members of the DOM Conceptual Diagram

Three distinct enemember groups can be defined based on similarities in DOM compositional
metrics to literature, hgrologic sources, and degradation experiments. First, DOM compositions
were grouped into three sections based on how similar each CW was and whether they contained
characteristics similar to the final degradation DOM CW. This divided the composition into

terrestrial, intermediate, or photolytic group&igure7.3). The mixture of molecules that comprise
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DOM at the point of sampling is dependent upon its source, degree of processing, and hydrologic
mixing. For this reason, a plot that allows variousbinations of sources and characteristics is
used to portray variations in DOM composition. This approach is not able to determine the exact
source or amount of processing required to produce each individual DOM sample; rather, this
dataset provides thérst step to understand whether DOM differs across landscapes and whether
these differences can be used to understand DOM evolution along the aquatic continuum.
Categorization of CW into these three groups was used to help constrain thenemabers found

on the DOM conceptual diagram.

7.2.1.1 TERRESTRIAL END MEMBER

Subsurface siteareimportant sources of organic matter within the N&s they contain much

higher DOM concentrations than downstream surface water systefgther, the unique signature
of subsurfaceCWs are easily identified by the presence of large, humic, aromatic components.
These characteristics have been used to define terrestrial DOM in other environth@its244.245
This signature is not only unigue to the subsurfacgurface water DOM can be highlgfluenced

by surrounding soil properti¢sresulting in identical subsurface and surface water CWs in areas
with strong terrestriataquatic linkages. As subsurface sites generally contain higher DOM
concentrations than surface wexrs Figure?.1), only a small contribution of subsurface DOM would
be required to imprint a terrestrial signature within surface waters. Hence, subsurface
environmens are included as an eadember within the conceptual diagram and represent an

important component dictating DOM composition in the NT.

7.2.1.2 PHOTOLYSIS END MEMBER

Photolytic degradation of DOM imprints a clear signature on various DOM compositions. Changes
to DOM composition during photolysisHgure7.2) are consistent with other studi€®¥. Samples

with a unique photolytic signatug are identified by an abundance of low molecular weight
components (high Ss295, and a low proportion of both aromatic (low SUVA) and humic
components (either as HSF, or SAgas a proxyfFigure7.3). The prominent effect of photolysis

upon DOM composition results in unique and consistent changes to DOM composition regardless

of source.
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7.2.1.3 AUTOCHTHONOUS END MEMBER AND OTHER SAMPLES

Autochthonous DOM is another important source of DOM within the aquatic environment.
Shallow, hydrologically isolated ponds in the subarctic contain an important input of
autochthonous DOM from macrophytes and benthic production that can be internally recycled on
long timescale&®0.130.315.316Aytochthonous DOM is characterized by a low amount ofible
absorbing components, high protein and nitrogen content, and overall low molecular wéjheL’
However, such characteristics of DOM are also representative of photolytidalyaded DOM.

The importance of the autochthonous coititution to northern DOM is addressed in the conceptual
diagram by defining this as an eandember that describes DOM with low DOC:DON and highsS

295

Variations in DOM sources, hydrologic mixing, or DOM degradation processes not accounted for
in this thesis can result in CWs that are difficult to categorize. In particular, river DOM samples
identified by high humic and lowmolecular weight UYcomponents (high Ss295 were found at
both Yellowknife and Daring Lake; however, highySosthat is indicative of extensive photolysis
should also result in a low proportion of humicBigure7.3). These river samples may represent a
mixture of DOM photolysed in upstreatakes, inriver production or mineralization of DOM, or a
contribution of downstream terrestrial sources that may not have been fully processed. The
conceptual diagram proposed here is not all encompassing, but does provide a basis to simplify,

characteize, and eventually predict DOM evolution across hydrologic systems in the NT.

7.2.2 The DOM Conceptual Diagram

The three enemembers represent a framework from which to compare differences in DOM

composition Figure7.4). For instance, photolytic degradation acts universally across all sample

types and will generally conform DOM to be more s
of different DOM sources can also alie©M composition, but the extent of change would depend

upon a number of factors, such as the relative amount of mixing or the compositions being mixed.

DOM composition can dictate different microbial or photolytic regimes within headwatécs

determine whether the system may be light (lacking solar energy to conform DOM) or substrate

(lacking U\absorbing components) limited in terms of photolytic degradatidnThe conceptual

diagram can be used to trace changes to DOM composition in responsehtmging climate.
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The conceptual diagram presented here, and data found in this thesis, support several conceptual
hypotheses recently outlined b@reed et at*'that focusses on theesponse of northern DOM
composition to global change. For instancey#ishypothesize that global change will introduce
higher contributions of allochthonous DOM into lakes, altering water processeknfluendng
internal food webs.The focus on a shift towards greater allochthonous contributions among
northern surface waters suggedtsh e Y Aut ocht honousy end member i
represented with a warming climate. Howevelyr model supports this hypothesis a® find
certain surface water DOM to have similar DOM compositions as the surrounding subsurface,
suggesting DOM amposition can be used to identify areas susceptible to enhanced allochthonous
supply. Further, certain metrics of DOM compositid@iffer in their response talifferent drivers of
DOM fate. Overall, theconceptual modgbresented heraligns closely withprevious hypotheses
outlined by Creed et df'that quantify the effects of certain landscape controls (photolysis and

microbial degradation) on DOMomposition andate.

7.3 DOM Conceptual Diagram as a Predictive Tool

The DOM conceptual diagram provides a framework to trabknges to DOM in response to a
changing climate. The NT is projected to become warmer and @fiavhich can lead to increased
water residence times in surface and subsurface systems and a lack ofrtelresrface water
connectiond!® In turn, mobilization of terrestrial DOM sources into surface waters may rely on
infrequent rainfall events. ldentifying how DONMomposition influences drinking water

treatability and how a warming climate may alter surface water characteristics via changes to
transport pathways may be helpful for water manageResults from this thesifound that

microbial degradation of DOM, asell as high subsurface DOM concentrations, result in increased
DBP formation on a carbon basis, while the opposite was observed from photolytic degradation.
Mapping i ¥KkiyglbOM compositions on the conceptual
known relationships between DOM composition and certain water quality parameters, such as DBP
(Figure7.5). Further, incorporation with DOM loss rates will allow for a detenation to the net

effect of changing DOM composition on drinking water (i.e. DOM may become more terrestrial but
enhanced retention time in reservoirs may reduce the amount and form of DOM entering the water
treatmentfacility). This creates a tool thaian be used to track the potential impact of DOM

evolutionin both concentration and compositiaumder different climate scenarios.
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7.4 Comparison to the High Arctic

The DOM conceptual diagram is based on samples from the NT. Northern arctic samples from the
high arctic (Lake Hazen Watershed, NU) have DOM from very different sources, surrounding
vegetation, and climateln comparison to the NT, the Lake Hazen Watershed is colder, remains
frozen for longer periods of time, receives much less precipitatiod,generally contains sparse
vegetation except for a few productive meaddfvsThe DOM conceptual diagram is used to trace
DOM along a flow path through a representative scditchment near Lake Hazen. Flow begins

from a talus seepinto a wetland, through a series of lakes and ponds, and eventually discharges via
a creek into the larger Lake HazZ&A This flowpath provides a simple and constrained continuum

to evaluate whether the DOM conceptual diagram can be easily adapted to represent diffigient

arctic systems.

DOM concentrations increase along the continuum, beginning around 13@tong C/L at the
seep, and increasing to 8.3 mg C/L in the subsurface and 6.3 mg C/L within a small lake. Glacial
creeks contain the lowest concentrations (0.3 to 0.7 mg Eifjure7.6). DOM compositions differ
at each hydrologic site. Seep DOM is characterized by high HSF, moderate SUVA, and low
DOC:DON and 5295 While subsurface DOM is characterized by high SUVA and low values for all
other parametersKigure7.6). Pond and lake DOM contain high7&95 moderate HSF, and low
DOC:DON and SUVA values. Glacial creeks have a variety of DOM compositions but generally
contain lower measured values for all metrics compared to other siE@st-order microbial and
photolytic degradation rates are much lower compared to, Mith photolysis resulting in higher
DOM loss than microbial degradatiq@hapter 4 Chapter 5. Microbial rates varied by 10x and was
highest from seep DOM, while photolytiates ranged by 1.5x and highest from subsurface DOM.

The lack of specific UV and visible absorbing components in northern arctic surface and
subsurface DOM resulted in a position near the Ys
conceptual diatam. Further, all DOM samples from the Lake Hazen Watershed responded
similarly in terms of DOM metric$o photolysis Chapter 9, characteristic of other cleawater
regime systems. These samples also plot closely to NT DOM with strong photolytic characteristics
(Figure?7.7). Grouping of DOM compositions in the NT DOM conceptd@gram may also be
applicable to other locations. These groupings provide information on processes that drive DOM

composition across these systems.
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The NT DOM conceptual diagram may not accurately incorporate the diversity of high arctic
DOM composition Creek DOM did not contain comparable compositions to any of the end
membersigure7.7). Further, lower proportions of humics in high arctic subsurface DOM result i
a very different subsurface composition than what is found in the NT. Hence, there is some
applicability of the processes that govern DOM, yet compiling DOM compositions between the
high-arctic and NT indicate maodifications would need to be made toctbveceptual diagram to

encompass more arctic sites.

7.5 Conclusion

A conceptual diagram of the evolution in DOM composition is presented for different surface and
subsurface DOM in the NT. Although data represents a select few sites in the NT, this conceptual
diagram offers an initial characterization that cée easily adapted timcorporate DOM from other
ecoregions in the NT. Further, the similarity in DOM composition observed from Yellowknife to
Daring Lake suggests that DOM may not be all that differespeziallyacrosssubsurfacesites
However, some differences in high artic DOM are not encapsulated in the model that fits the low
arctic and taiga shieldBy acknowledging how DOM composition varies across the landscape, and
different sources and procsss may alter this composition, we can better estimate how DOM wiill

respond changes in processes that drive DOM fate across the NT.
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Figure 7.1: Dissolved organic matter concentration (DOM; logarithmiadce ) f or di fferent subsu.
and surface water sites at Daring Lake, Wekweéti, and Yellowknife. Numerous samples collected at the same

site are represented by a single averaged point. Random scatter is incorporated intaxieta clearly show

different data points.
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Figure 7.2 Summary of the relative effect of microbial (green; left) and photolytic (yellow; right)
decomposition upon dissolved organic matter (DOM) composition measures usingadhgical initial (dark

line) and final (dotted line) DOM composition. The arrows represent the average change in each
compositional metric using all samples, while the shaded box represents the greatest increase and decrease
guantified from the experimetal incubations (see Chapte#sand5). The shape of the initial composition is
irrelevant as the percent change from each parameter is plotted. The Composition Wheel is defined by
dissolved organic carbon to organic nitrogen ratio (DOC:DON), slope @mto 295nm (%), spectral

absorption coefficient at 420 nm (SAQ, and specific U\absorbance at 255nm (SUVA). Microbial

degradation represents the change determined over 30 days for all samples, whereas photolytic degradation
represents the losafter 500 E/rfor all samplegcorresponds to 13 and 18 days of continual sunlight in the

low and high arctic, respectively)
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Figure 7.3: Dissolved organic matter (DOM) composition wheels for differbptirological sites from
Yellowknife (YK), Wekweéti (WK), and Daring Lake (DL), Northwest Territories. DOM was categorized as
either having terrestrial, photolytic, or intermediate characteristics based on sampling location and
similarities to observed eftas of degradation experiments on DOM metrics. Composition Wheels were
represented by dissolved organic carbon to organic nitrogen ratio (DOC:DON), slope from 275 to 295nm
(S275), proportion of the humic substances fraction (HSF), and specHabsfbane at 255nm (SUVA).
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Figure 7.4: Conceptual diagram of dissolved organic matter (DOM) in the Northwest Territdrésed on

microbial and photolytic degradation experiments and on the initial DOM presenhédatasetEndmember

(Terrestrial, Photolysis, Autochthonous) represent important source or processing characteristics, while

arrows within the triangle represent how different pr o
Greyed arrows on the sidepresent similar DOM evolution hypothesé3264 The question mark indicates

where data is lacking for a clear autochthonesisurced DOM sample.
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Figure 7.5: Example of using the dissolved organic mattexOM) conceptual diagram to either trace DOM
evolution in the environmentN T samples taken from Figure 718ft) or use to identify DOM compositions
that are easily degradeddts: microbially labile; triangles: photolytically labile) or easily form disinfection
by-product (DBP; regshading: darker means higher propensity to form DBP).
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Figure 7.6: Dissolved organic matter conn@ration (DOM mg C/L; upper panel) and composition wheel
(lower panel) for different hydrologic sites from the Lake Hazen Watershed, Nunavut. Composition wheels
were based on dissolved organic carbon to organic nitrogen ratio (DOC:DON), slope from ZEnto 2
(S275), proportion of the humic substances fraction (HSF), and specHabsiMbance at 255nm (SUVA).
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Figure 7.7: Application of the NT DOM conceptual diagram (hollow shapes) for high arctic DOM &snp
(solid shapes). Composition Wheels on the right side not in the triangle represent DOM from a glaakl
that were not similar to any of the defined esmdembers. Subsurface DOM, although different than all other
subsurface samptesresasi plptaedi byw&s coll ected
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Chapter 8

Summary & Future Research

8.1 Original Scientific Contributions

The overall goal of this PhD thesis is goantify differences in DOM concentration and
composition across three northern ecgiens in Canada and to determine how DOM composition
influences photolytic and microbial degradation rateSummarized below are the major findings

from each chapter.

The Northwest Territories (NT) represents an area of Canaghédly undergoing change in
response t@ warming climaté®11.147 The objective of the first data chapter was to quinthe
geochemical response to a warming climate from systems draining the taiga shield (Yellowknife
and Cameron River) and taiga plains (Marian River) near Yellowknife, NT. Statistical analysis of
long-term climatic parameterfrom the area and hydrologivariables from these rivemsas used to
investigatethe magnitude of change in mean annual air temperature, total precipitation, monthly
and annual discharge, and various geochemical parameter concentrations and Qinegster 2.
Mean monthly air temperatures near Yellowknife significantly increased in winter (January to
April), June, and July, with an annual increase in 3.2 %%Dyr over the 86year timeframe No
significant changes to the annual discharge of the Yellowknife or Cameron rivers occurred,;
however, increased average monthly discharge during the winter months was observed in the
Yellowknife River over the 3§ear dataset. Mean annual solute comizations significantly
increased within the Yellowknife and Cameron rivers over theygar time period, which in the
absence of a change in discharge, indicated a shift towards deeper, potentially rrinbral
subsurface flow pathways. Although conceaions of DOM did not change over time in any of
the rivers, warming mean annual air temperatures in the area are nearing a threshatCofound
to enhance DOM mobility in discontinuous permafrost afaBaseline conditions were easily
defined for the Cameron River due to unchanging monthly and annual discharge, assiWetl the
Marian River, exhibiting strong seasonality in geochemistry but no trend with time. Conversely,
changes to river discharge and water quality in the Yellowknife River suggest a dynamic and
unidirectional trend, likely representative of increasisgbsurface flow pathways. Hence, lang

term records of climate, hydrology, and discharge indicate differences in the response from three
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rivers near Yellowknife, and provide evidence on how these systems may continue to respond to a

warming climate.

A variety of metrics can be used to characterize differences in DOM composition among surface
and subsurface waters. The objective of the second data chapter was to determine which simple
measures of DOM composition best explain the variability in DOM encaedtecross a variety of
Canadian ecoregion&hapter 3. Different DOM compositional measures included ulialet
(UV) and visible absorbance, elemental ratiog] sizeexclusion chromatography. Princip
componens analysis was applied to thBOM dataset and compositional measures with the highest
contributionsto the first and second principalomponent ags were determined to best represent
variations in DOM omposition. These measures included specificdigorbance at 255nm
(SUVA), spectral slope between 275 and 295 nm6§, elemental ratios (DOC:DON), and the
proportion of humicsubstances fraction (HSF). Composition Wheels, a novel tool to visualize
differences in DOM composition, were assembled using these four measures and used to quantify
how different aspects of DOM change along the aquatic continuum. Overall, subsurface DOM,
easily identified by high values of HSF and SUVA and lewy8s wassimilar across all sampling
locationcompared to surface water DOM. More variabilitycompositionwas encountered among
surface water DOM, likely reflecting differences in water residence time, exposure to photolysis, or
in situ production of DOM. Hence, differences in DOM composition can be easily utilized to

compare or trace the evolution of DOM composition across the aquatic continuum.

Processing of DOM can alter the amount, form, and reactivity of DOM exported from a
watershed. Microbial procsig is often the most important driver of DOMansformation and
loss yet fewlossrates are found from sites in the Canadian subaratid high arctic The objective
of the third data chapter was to quantify the range in the proportion of DOM lostmyan
incubation experiment, as well as quantifiark DOMIoss rates from different hydrologic sites in
three ecoregions: the taiga shield (Yellowknife, NT), southern arctic (Daring Lake, NT), and
northern arctic (Lake Hazen, N@hapter 4. Results from a 3@ay microbial incubation
experimentcommonly used to define biodegradable DOM (BDGkbw a total decrease between 1
to 27%rom the original DOM concentrationNorthern arctic DOM contained the lowesiitial
DOM concentrations angroportion of BDOM (1 to 11%), indicatingat DOM is persistent within
these systems. The higheBDOM proportions were observed in DOM in a southern arctic creek

(27%) and taiga 8Hd subsurface (17%). At similar incubation durations, proportions of BDOM
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from this study are higher than other studies conducted in the NT, but overall lower when
compared to other circumpolar areas such as Siberia or Alaska. Highestiér degradaon rate
constants were observed from DOM in the taiga shield subsurface (73d¥)@nd a southern
arctic pond (11.2 x1®0d1), while the remainingen samples had a narrow rangetween 1.4 to 4.0
x10° d1. Changes to DOM composition due tdcerobial degradatiorwere generally unique ta
specificsample. Further, traditional measures of DOM composition, such as spectral absorbance at
255 nm (SUVA) or spectral slope, were not gaqatiori predictors of BDOMproportion or
degradation rate. Howear,the change irSUVAor SAGoowere better suited to quantify changes
to DOM composition during microbial degradati@s they showed the largest changés$ence,
location is more important for determining microbial lability than DOM composition and dases
to SUVA and SAgoprovide sensitive indicators of microbial degradation.

Photolytic degradation is an important driver of DOM fate in salxtic and arctic systems,
particularly in shallow surface waters. The overall objective of the fourth data chapter was to
determinethe influence of DOM composition on photolytic DOM lossdequantify
photodegradation rateGhapter §. The percentage loss in DOM was similar across locations
(between 13 to 19% after 500 E/mhich corresponds to roudyn 13 and 18 days of constant
sunlight in the southern and northern arctic, respectiveven though initial DOM characteristics
were different. However, photolytic yieldtotal amount of DOM lost divided by total irradiation)
suggest DOM from these sgtecontain lower amounts of photolabile DO#an studies conducted
in elsewhere DOM composition is important for photolysis as DOM composition responded in a
predictable manner across all sites: loss of humic;viible light absorbing components, andeth
production of smaller, loamolecular weight DOM components. Photolysis of DOM followedta 1
order rate equationwith highest rates from southern arctic subsurface DOM (17«%®E) and
lowest from northern arctic DOM (1.6 to 4.2 XAG%E) and taigashield subsurface (4.1 x1n%E).
Linear degradation rates, used to compare all photolysed samples and literature values, ranged
between 0.4 to 30 x £0n%E and were loweby one to two orders of magnituddan similar
experiments conducted in SibayiRussiaand Bylot Islangd Canada Further, unlike microbial
degradation, photolytic degradation rates could be predicted using ir#igV/ A SAGi2q and S75295
metrics The importance of characterizing DOM composition to predict DOM lability is
demanstrated by quantifying the contrasting influences of microbial and photolgggradation on

DOM compositional metricsThus, the swarctic and arctic locations sampled in this study are a
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unique region onto itself with lower photolytic and microbial lgiby than other locations (i.e.

eastern Boreal Canada, Alaska, or Siberia).

Dissolved organic matter adversely impacts drinking water quality via the formation of
disinfection byproducts (DBP) during the chlorination of drinking water supplies. The diije of
the fifth data chapter was to quantifthe relationship betweeOM compositiorand DBP
formation across various subsurface and surface water DOM encountered in thEhdipter §.
This objective was completed using two approaches: 1) assessing the occurrence of DOM and DBP
within NT community drinking water supplies as reported, and 2) determining how differences in
DOM composition relate to DBP formatiofRublic water quality records of 33 communities,
obtained from the Government of Northwest Territories Municipal and Community Affairs website,
showed that DOM and DBP were prevalent across the NT. Only 11% of all records (n=520)
contained values above ¢hCanadian Council of Ministers of the Environment (CCME) maximum
acceptable concentration. However, differences in storage times, point of sampling, different
analytical laboratories, and time left to react, can all influence the amount of DBP formeithgnak
comparisons among sites difficult. Chlorination and DBP formation was measured in DOM samples
collected from various surface and subsurface sites from the taiga shield (Yellowknife and
Wekweéti, NT), southern arctic (Daring Lake, NT) ecoregions.eRiffces in the disinfection
demand (DD; amount of chlorine added to obtain a chlorine residual) versus DOM concentration, as
well as DBP:DOM, across samples indicated that DOM concentration alone was not a good
predictor of DBP formation or DD. In both gace and subsurface environments, high DBP
concentrations were formed from DOM with a terrestrigte signature. Further, simple UV
absorbance measures provided useful information to predict DBP formation. Degradation
experiments show that photolysisedreased the formation of DBP per carbon atom, yet microbial
degradation increased the amount of DBP formed per DOM carbon atom. Hence, DOM
concentration and composition were both important when considering drinking water treatability,
especially in the N where permafrost degradation, changing precipitation regimes, and warming
temperatures may result in higher loadings of terrestrial DOM into surface waters used as drinking

water resources.

A conceptual model to the evolution of DOM in the NT was crediaded on da and
interpretations from the previous chapters. A three em@émber model (Terrestrial, Photolytic, and

Autochthonous) was determined based on similarities in DOM composition among sites, similarities
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to DOM characteristics observed in lisgure, and results from the previous incubation experiments
that identified gecific indicators ofmicrobial or photolyticprocesseesn DOM composition. The
conceptual modetan be used to identifijow different drivers influence DOM composition

Further, procesgg of DOM results irsimilar metricsregardless of initial compositionHowever,

the conceptual model does not encapsulate some of the DOM compositions observed in the high
arctic. This conceptual model provides a tool to link changes in DONhgosition with effects

upon DBP formation or ecosystem processes.

8.2 Future DOM Research in Sub-Arctic and Arctic Environments

The dataset presented in this thesis finds DOM composition can differ across relatively small spatial
scales. Although this thess was able to capture the heterogeneityD®M composition, the data

does not represent an instrumented flow path. Further, effective use of these degradation rates
requires an accurate estimate of the time DOM may spend within a body of water or subsurfa
Quantifying hydrologic flow paths, contributing areas, and both surface and subsurface water
residence times would help constrain potential rates of degradationdkposure to sunlight,
degradation in subsurface, time spent within a watershed) iamatove estimates of DOM

processing within these systems. Although the presence of permafrost can complicate hydrologic
modelling and transport in the subsurface, there is a need to constrain and understand the quantity

and timing of flowsthat transportDOM between terrestrial and aquatic systems.

Source characteristics of DOM need to be better quantified to trace DOM evolution within these
systems. To enhance our understanding of DOM among different environments, more information
is needed on the chacterization of autochthonous DOM sources in NT surface waters and the
impact ofin situ DOM on local carbon cyclingData from this thesis can strongly identify
terrestrial sources of DOM or the influence of photolydi®wever research is lacking in¢h
connection between DOM composition and its impact on ecosystem functiétingutochthonous
DOM comprisé a biologicallyavailable form of carbon within the Mackenzie Déftébut more
data are needed to better constrain characteristics and rates of internal DOM production from
different subarctic and arctic areas. Recent work in the Yukon River Basin, Alagitalightedthe
importance of internally deved carbon fixed from atmospheric carbon dioxide, rather than from
terrestrial sources such as soils or degrading permaftésbeterminingthe presence, composition,

and fate of permafrostierived carbon would be beneficial belp identify andpredict thespecific
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response of permafrosnobilized DOMon the carbon cycle under various climate change

scenarios. Research from Siberia and Rdalsave found ancient permafrost to be easily degraded

and rapidly assimilated into biomass rather than mineralized into carbon diéxf8é% The use of

both stable and radioactive carbon isotopes offers a useful tool that would aid in constraining
different terrestrial and aguatic DOM sours@nd processing, as well as identifying the presence of
permafrost carbon. Quantifying the importanceiofsitu and permafrosderived DOM using a

suite of isotopic and geochemical measures would help delineate and constrain various sources that

influence DOM reactivity.

Changes to the diversity and functioning of terrestrial and aquatic microbial communities can
influencethe fate of northern carbon. Incubation experiments rely on the microbial consortia
during time of sampling, without any characteation or identification of key communities that
may influence degradation rates. Recent work has shown how permafrost degradation results in
rapid shifts to microbial community assemblages that directly impact the biogeochemical
functioning of thaw pondsas well as rates of carbon and nitrogen cycling within these
systemg?27:328825 The basic use ofthetertii nocul umy gr eat | ymigobialer al i zes
information that can be better utilized to constrain future predictioafcarbon lability and cycling.
Quantifying the influence of the microbial community upon DOM cycling is an important avenue
to continue research as differences in communityessblages and functioning will alter DOM fate

with a warming climate.

Further research is needed to enhance our understanding of how differences in DOM
composition impact drinking water parameters, such as the association between DOM aed trac
metal mobility or toxicity. One avenue is explored in this thesis (production of DBP); however,
there are a number of DONelated water quality concerns that can be addressed. For instance, use
of Proton Binding Inde%¥ could identify how differences in DOM composition affect the ability of
DOM to interact with metals. Further, differences in the amount and sourdéeeshwater organic
matter have been found to influence mercury methylation rates and photodemethylation within the
water column and laker pond sediment8326328 The DOM database collected from this thesis
could be used to further thenderstanding of theelationship between DOM lability, DOM
composition, metal complexation, and mercury methylation rates, providing informative

relationships in terms of aquatic hehland drinking water quality.
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Chapter 21 Supplementary Figures

Appendix A

Summary of Concentration and Flux Chemistry

Table A: Annual (bold) and monthly (regular) cation and anion concentrations for the entire time period for the Yellowknife (YKplZ&B), Cameron

(CAM; 1988 to 2012), and Marian (MAR; 2000 to 2012) rivers in the Northwest Territories, Cavadae values are given withddlt andar d

number of samplesj. Alkalinity is measured as the total concentration of CaCO

devation

CATIONS ANIONS

RIVER K*(mg/L) Na* (mg/L) Ca?*(mg/L) Mg2* (mg/L) CI- (mg/L) SOiZ (mg/L) Alkalinity ~(mg/L)
Avg ¢ n Avg C n Avg C n Avg C n Avg C n Avg C n Avg ¢ n

YK 0.96 0.14 255 1.74 0.43 253 531 1.31 257 192 043 255 1.76 0.25 255 345 0.99 249 186 29 243
Jan 099 015 21 174 036 21 485 099 22 175 040 22 174 015 20 3.18 048 21 184 29 21
Feb 1.01 0.14 18 185 038 18 561 224 19 191 052 19 179 031 19 398 192 19 19.2 3.0 17
Mar 0.99 0.12 22 180 040 23 497 114 23 190 056 23 182 028 23 335 058 22 188 29 19
Apr 103 0.13 20 187 046 19 558 135 20 211 042 19 183 032 17 390 105 20 186 29 20
May 096 0.16 25 172 038 25 506 1.13 25 188 050 25 176 021 26 361 101 25 183 3.0 23
Jun 094 0.12 26 1.73 038 26 531 107 26 194 032 26 1.76 020 27 325 080 24 186 26 23
Jul 094 0.13 22 169 046 22 561 1.20 22 203 041 22 171 021 23 353 128 22 192 26 21
Aug 091 0.12 23 170 041 22 537 133 23 195 042 22 175 037 22 317 065 21 185 33 24
Sep 092 015 24 163 048 23 561 162 24 197 045 24 171 022 24 344 085 23 181 34 22
Oct 091 014 20 1.73 041 20 515 099 20 186 041 20 168 026 20 347 104 19 187 26 20
Nov 095 0.18 16 1.75 059 16 537 127 15 185 034 15 178 024 16 3.27 037 15 186 3.0 15
Dec 1.00 0.15 18 1.76 046 18 535 1.11 18 187 037 18 1.79 025 18 330 0.65 18 188 2.7 18
CAM 1.14 0.16 229 2.20 0.36 230 8.50 1.74 232 248 047 231 2.33 048 224 424 121 227 28.0 4.2 231
Jan 121 0.14 20 230 027 20 858 133 21 252 037 21 223 050 19 458 107 21 298 34 21
Feb 1.29 0.16 14 252 032 14 972 212 15 272 066 15 260 048 15 472 107 13 325 28 15
Mar 129 0.16 15 264 028 15 9.72 160 15 283 052 15 291 068 15 445 0.89 15 328 2.7 15
Apr 128 0.12 23 251 033 23 941 171 23 282 053 23 252 057 21 462 127 23 309 34 23
May 1.15 0.16 19 215 033 20 8.15 1.72 20 248 040 19 246 029 18 393 110 20 266 4.0 20
Jun 1.06 0.10 21 196 030 21 7.63 153 21 228 037 21 225 039 21 383 062 20 253 32 20
Jul 1.07 0.11 22 207 032 22 819 145 22 237 041 22 222 040 21 431 123 22 255 32 22
Aug 1.05 0.09 26 198 020 26 757 144 26 224 037 26 223 030 25 391 099 25 257 33 26
Sep 1.08 0.10 20 206 024 20 852 186 20 248 039 20 212 036 20 428 198 20 263 32 20
Oct 1.02 0.15 22 2.04 030 22 8.04 144 22 234 033 22 201 035 22 439 166 21 261 29 22
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Table A2: Annual (bold) and monthly (regular) nutrient and field parameters for the entire time period for the Yellowknife (YK; 12882 Cameron
(CAM; 1988 to 2012), and Marian (MAR; 2000 to 2012) rivers iNdhbwest Territories, Canada. Average values are givenwithttandar d devati on
number of samplesy.

OTHER Nutrients
RIVER Tot. Diss. Solids pH Spec. Cond. NH3 NO3+NO2 TP DOC
(mg/L) (uS/cm) (mg N/L) (mg N/L) (mglL) (mglL)
Avg C n Avwg n  Avg ¢ n Avg C n Avg C n Avg q n Avg ¢ n
YK 326 124 258 7.37 261 532 6.6 264 0.013 0.015 213 0.042 0.041 238 0.015 0.028 261 5.06 0.72 245

Jan 348 165 23 722 23 515 55 23 0.014 0.010 19 0.055 0.025 22 0.010 0.006 22 492 056 20
Feb 285 92 20 724 20 533 75 20 0.010 0.014 15 0.054 0.020 17 0.023 0.057 20 499 0.72 17
Mar 284 126 23 7.17 23 527 55 23 0019 0.026 20 0.060 0.027 20 0.013 0.019 23 496 043 22
Apr 346 78 17 732 18 552 68 20 0.012 0015 16 0.058 0.039 19 0.010 0.005 18 4.87 0.80 19
May 333 128 26 739 26 521 56 27 0.009 0.006 22 0.038 0.037 26 0.011 0.008 27 521 074 27
Jun 365 140 26 743 27 530 45 27 0011 0.011 21 0.030 0.050 24 0.011 0.009 27 5.00 059 25
Jul 337 129 23 751 23 543 6.1 23 0.013 0.014 19 0.041 0.067 19 0.012 0.007 23 531 053 23
Aug 346 93 23 753 23 528 6.7 24 0010 0.008 18 0.027 0.053 22 0.010 0.004 23 516 0.61 20
Sep 330 164 24 746 24 516 79 24 0009 0.004 20 0.029 0.045 21 0.027 0.056 24 543 127 22
Oct 292 85 20 741 20 548 89 20 0.012 0.018 16 0.030 0.032 17 0.019 0.036 20 5.01 0.73 19
Nov 284 110 15 740 16 540 86 15 0.017 0020 13 0.039 0.025 15 0.012 0.017 16 4.65 0.37 15
Dec 337 93 18 730 18 545 6.2 18 0.016 0.022 14 0.053 0.017 16 0.023 0.036 18 5.00 0.68 16
CAM 489 132 188 7.48 230 743 9.6 231 0.011 0.009 189 0.032 0.030 165 0.014 0.015 193 6.95 0.72 181
Jan 509 7.7 16 746 20 784 75 21 0.029 0010 17 0.033 0.023 15 0.011 0.006 15 6.85 054 15
Feb 526 90 14 737 15 832 76 14 0.013 0.007 13 0.060 0.031 13 0.013 0.011 14 6.99 041 12
Mar 506 16.1 14 744 14 875 6.0 15 0.009 0.004 14 0.067 0.040 12 0.015 0.017 14 6.77 052 13
Apr 576 124 17 732 23 835 65 23 0.007 0003 18 0.056 0.028 16 0.010 0.004 18 6.82 0.62 18
May 509 92 16 738 20 711 97 20 0.008 0.006 16 0.027 0.021 13 0.014 0.015 17 7.08 0.88 16
Jun 488 65 18 755 21 678 58 21 0008 0.005 17 0.016 0.018 14 0.009 0.003 18 7.18 0.79 16
Jul 475 146 17 760 22 684 63 22 0.008 0.006 17 0.018 0.015 13 0.011 0.006 18 7.27 0.80 18
Aug 477 127 19 759 26 688 7.0 26 0.008 0.004 20 0.014 0.011 16 0.013 0.006 21 7.28 0.90 19
Sep 430 141 15 759 20 705 6.7 20 0.009 0.006 16 0.016 0.020 14 0.019 0.021 16 6.91 0.67 17
Oct 436 154 20 748 22 694 66 22 0009 0.008 20 0.025 0.032 18 0.013 0.014 18 6.69 0.64 14
Nov 388 170 11 751 14 720 9.0 14 0.009 0.003 10 0.027 0.022 11 0.025 0.039 12 6.59 0.61 12
Dec 545 141 11 744 13 800 65 13 0.019 0.005 11 0.026 0.020 10 0.020 0.020 12 6.72 0.77 11
MAR 105.0 343 165 7.75 167 159 516 168 0.015 0.012 162 0.061 0.058 149 0.037 0.030 160 6.85 1.11 141
Jan 1149 294 13 760 13 182 318 13 0.014 0.005 13 0.084 0.043 12 0.015 0.005 13 6.98 058 11
Feb 958 182 12 759 12 170 280 12 0.012 0.013 12 0.101 0.039 11 0.014 0.012 11 6.78 055 11
Mar 106 163 14 764 14 181 218 15 0.012 0.007 14 0.092 0.052 12 0.016 0.014 14 686 0.86 12
Apr 109 179 14 770 14 178 159 14 0.010 0.008 14 0.085 0.055 14 0.030 0.046 13 6.18 0.56 12
May 786 412 16 7.82 16 132 51.3 16 0.012 0.009 16 0.038 0.050 15 0.021 0.009 16 6.68 1.36 14
Jun 860 260 15 770 15 106 355 15 0.015 0.011 15 0.050 0.075 12 0.048 0.019 15 6.50 1.17 13
Jul 101 477 15 782 15 135 555 15 0.021 0.020 14 0.060 0.091 12 0.045 0.022 14 6.79 0.92 13
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Detection Limits

Table A3: Detection limits for all geochemical analyses on the Yellowknife, Cameron, and Marian rivers.
Some parameters did not include samples that were below the detection limit (BDL). Mdkigetion limits
represent the range of limits encountered over the entire geochemical record.

Parameter Detection Limit

K* (mg/L) No samples BDL

Na*" (mg/L) No samples BDL

Ca* (mg/L) No samples BDL

Mg?* (mg/L) No samples BDL

CI (mg/L) No samples BDL

SQO? (mgl/L) <3

Alkalinity (total as CaC@mg/L) No samples BDL

NHsz (mg N/L) <0.005, <0.01
NOz+NGs (mg N/L) <0.005, <0.010, <0.008
DOC (mg/L) No samples BDL

TP (mg/L) <0.006, <0.004, <0.01, <0.003

Climate Analysis

Z-scores were calculated faverage annual temperatures and for total annual precipitation around
Yellowknife, NT (Fig Al). Average values were calculated using values from 1951 to 1980, as done
by Serreze et al. (2000). Increasing trends are observed for both average annual eiatera@nd

total annual precipitation, indicating changes to climate over time.
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Figure Al: Calculated zscore values for average annual temperature (A) and total annual precipitation (B)
for the city of Yellowknife, NT. Included are linear regressiores.

Yellowknife & Cameron River Discharge
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Figure A2: Daily measurements of discharge for the Cameron (top) and Yellowknife (bottom) rivers with
time. Seasonality is easily seen by high flow during the spring and low flow during winter months.
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Figure A3: Average monthly discharge normalized to watershed area for the Yellowknife and Cameron Rivers.
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Discharge-Concentration Relationships

Cations

A range of cation concentrations were found at various dischargasarements (Figure A4). No

clear pattern or trend exists between concentration and discharge. A positive relationship between
Na" concentration and discharge was observed in the Yellowknife river while a negative
relationship with discharge was observadthe Cameron River. The Cameron River contains

higher cation concentrations during lower discharge in the winter season than the Yellowknife
River (Figure A4).

Anions

Chloride and sulphate concentrations were not well correlated with discharge in eitteer t
Yellowknife or Cameron rivers (Figure A5). However, a positive relationship between alkalinity and
discharge is found in the Yellowknife River. An inverse relationship between alkalinity and
discharge is found in the Cameron River. Lowest concentratadradkalinity were observed during
high flow in spring and summer months. Within the Yellowknife River, alkalinity appeared to be
divided into a higher and lower group of values. Seasonality did not help predict anion
concentrations and discharge in theNlowknife River. Higher concentrations with lower flow

during winter seasons are found in the Cameron River for both chloride and alkalinity, but not

sulphate.

Nutrients

For both rivers, concentrations of inorganic nitrogen species {htl NQ+NO;) deceased with
increased flow (Figure A6), while DOC concentrations increase with higher flows. There was no
relationship between TP concentration and overall discharge for either river. For both rivers, lower
flows in winter had the higher concentrations afitrients, whereas highest flows in spring and

summer had the lowest concentrations (Figure A6).

Other Parameters

No clear relationship between measurements of discharge with either TDS, pH, or specific
conductivity were found in the Yellowknife River (Rige A7), while no relationship between
discharge and either TDS or pH was found in the Cameron River. However, an inverse relationship

between discharge and specific conductivity was observed in the Cameron River. Further, low flows
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during the winter had igh values of TDS, pH and specific conductivity, whereas high flows during
the spring and summer contained lower values (Figure A7), suggesting a dilution response to spring

snowmelt.
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Figure A4: Concentration of cations versus discharge (logarithmidec#or the Yellowknife (A) and

Cameron (B) rivers for winter (purple circles), spring (green triangles), summer (pink squares), and fall
(orange triangles).
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Figure A5: Concentration of anions versus discharge (logarithmic scale) for the Yellowknifarf@d)Cameron
(B) rivers for winter (purple circles), spring (green triangles), summer (pink squares), and fall (orange
triangles).
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