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ABSTRACT

The Arctic Ocean is experiencing large and snfahges throughout the region caused
by climate-induced change. Furthermore, increasésiman activity and population have been
observed throughout the Arctic, leading to an iaseein wastewater production within coastal
Arctic communities. Wastewater contains high cotreions of nitrogen compounds that are
released during summer into coastal seas, viaalgiurification systems such as lagoons and
wetlands, where it can stimulate marine algal patidn. My thesis research investigated the
effect of this anthropogenic nitrogen input on mp/ankton near an Arctic coastal community in
the Canadian Arctic Archipelago, namely Cambridgg,BNunavut. During discharge, a
phytoplankton bloom was triggered by the preserid¢egh nitrogen compounds in the effluent,
which influenced both taxonomic composition anddoiction of the phytoplankton community.
Before wastewater discharge, flagellate species @deminant in the phytoplankton community,
characteristic of the original oligotrophic condits for the region. However, after discharge
commenced, diatom rapidly became the dominantaéiae bloom. The increase in diatoms
was also believed to influence bloom progressiothasliatoms were dense enough to sink
below a persistent pycnocline and use accumulat&gents available at depth in the system. A
comparison of observations before and after wasgtevdscharge versus those during shows that
the average primary production increased by abddtmg C n? d* during discharge. This
increase over a 4-week period equated to 68% alf open water primary production from 9
July to 10 October, 2018. Although the local systeas not deemed eutrophic, a persistent
pycnocline and bounding shallow sills for the lolbay create a unique situation that acts to trap
wastewater nitrogen compounds at depth. Such emystn lead to increasing stores of nutrients
over time if not regularly ventilated. Thereforgpsg recommendations are made for future

monitoring and research.
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CHAPTER ONE: INTRODUCTION

1.1 Introduction

Concerns of the public all around the world asdediavith ongoing global warming are
rising. Of particular concern is the Arctic, whéeenperatures are rising at more than twice the
global rate (AMAP 2017). The Arctic Ocean is striyngffected by anthropogenic stressors,
including indirect impacts associated with climatduced change and direct impacts through
local human activities (Hader and Gao, 2015). Inegal, the Arctic Ocean has a lower annual
primary production than that of more temperateargidue to nitrogen depletion as well as light
limitation associated with polar darkness, snow sedlice cover, and strong surface
stratification (Harrison and Platt, 1986arrison and Cota, 1991). Climate-induced change is
causing sea ice to start melting earlier, to atgreaxtent, and to commence freezing later
(Stroeve et al., 2014). The major impacts of thignge are increases in open-water periods,
ocean temperature, and light transmission intavder column, which has triggered an overall
increase in net primary production as determineddigllite observations (Bélanggral., 2013;
Arrigo and Van Dijken, 2015).

Additionally, the declining ice-covered periodtire Arctic, caused by the ongoing
global warming, has made the area more accessibteudrism, transportation, and natural
resource extraction, which have led to an incré@ageiman population in the Arctic territories
(Crépin et al., 2017), especially Canada’s northermitory. Accordingly, it is expected that an
increasing population will influence the productiemd discharge of wastewater from coastal
Arctic communities and into the adjacent maringesys(Chouinard et al., 2014). Resultant
anthropogenic nutrients and eutrophication effeatsstimulate phytoplankton and their

production in coastal zoneBalkowski, 1994; Yang et al., 2008).



Studies on changes in the physical, chemical anlddgcal conditions of the Arctic
Ocean and the construction of forecasting systeaus heen actively conducted. Many related
studies (e.gB¢élanger et al., 2013; Stroeve et al., 2014rrigo and Van Dijken, 2015) have
primarily focused on the increase in net primamyduction caused by the increase of light
availability in the water column due to the deceeakthe amount of sea ice. However, the fact
that the nutrients affect phytoplankton growth agas light, should not be overlooked
(Harrison and Cota, 1991). To determine the trefrchanges in the Arctic Ocean and net
primary production caused by ongoing global warmaiganges in nutrient concentrations, ratios
and dynamics should be carefully analyzed whilgokegin mind light availability in the Arctic
Ocean. It can be inferred that net primary produrcin coastal Arctic oceans is affected by an
increased presence of wastewater effluent causéttigases in the industrial presence and an
increase in the human population in the regionp@ficular concern is the potential for
anthropogenic eutrophication and the potentiahbomful algal blooms, which can produce
toxins that can have deleterious effects on locasgstems with implications on human health
(Scholin et al., 2000). However, due to a lackw#ikble information about the impact of
anthropogenic stressors on Arctic regions, theamigrgent need to better understand the
influence of wastewater outflow on nutrient enrigdmnnear coastal Arctic communities and
their impact on local primary production. Althougtany studies have effectively examined the
impact of wastewater effluent on estuaries in tenaijgeregions (e.g., Pan and Rao, 192inag et
al., 2008), no distinctive findings related to veasater effluent in Arctic coastal regions yet have
been published.

Much of the Canadian Arctic is considered oligotmapwhere primary production has

the strong potential to be enhanced by nutrienitiaticto surface waters, and particularly



nitrogen (Ardyna et al., 201Tremblay et al., 2015). With the current development trends in the
Arctic and associated climate-induced changes imn@&cosystems, the influx of anthropogenic
nitrogen compounds into the Arctic coastal regionld have a critical impact on the ecosystem
through enhancement of phytoplankton productian,(eutrophication). In this thesis, | examine
the impact of wastewater effluent on phytoplanképacies composition and local primary
production through a comparison of seasonal vaastigopogenic variability in phytoplankton
biomass, community composition and production imB@adge Bay. In the next section, |

outline my specific thesis objectives.
1.2 Thesis Objectives

The overarching goal of my thesis research is $essthe impact of wastewater outflow
on local phytoplankton community composition anddarction in the coastal Arctic regions
through a case study in Cambridge Bay, NunavutaG@anCambridge Bay is located within a
shallow and relatively fresh waterway of the weastdorthwest Passage called the Kitikmeot
Sea. A secondary goal to place observations inégianal context is to examine interannual
variability of key physical and environmental véilies in the Kitikmeot Sea. More specifically,
my research objectives are to:

1. Quantify the interannual and spatial variabilityt@mperature, salinity, and nutrient

concentrations in the Kitikmeot Sea.

2. Describe the processes driving seasonal progressgtratification, nutrient

concentration and phytoplankton biomass in CamberiBlgy and

3. Assess the impact of wastewater associated witlhentienrichment on

phytoplankton biomass, community composition aratipction.



1.3 Thesis Structure

My thesis is put together as a sandwich-style $hegth a single main research chapter to
be submitted as a manuscript for peer-review imtrnational journal. This manuscript
encompasses results for all objectives. My thdsapters include 1: Introduction, 2:

Background, 3: Manuscript, and 4: Conclusion anddrRenendations. In Chapter 1 of this

thesis, the high-level importance of the thesisaesh is provided as well as the thesis objectives
and the structure. In Chapter 2, background inféionaon the coastal marine ecosystem and
wastewater treatment systems used in Arctic regedsscribed. Particular emphasis of this
description is placed on the lagoon-wetland treatrsgstem and environmental characteristics
in Cambridge Bay, Nunavut, Canada, the locatiomypthesis research. Chapter 3 presents a

manuscript with the following citation,

Back, D.Y., Ha, S., Else, B., Hanson, M., JonesS8in, K., Tatarek, A., Wiktor, J.M., Cicek, N.,
Alam, S., and Mundy, C.JIn preparation). The impact of wastewater effluent on
phytoplankton in the Arctic coastal zone: A caselgtin the Kitimeot Sea of the

Canadian Arctic. To be submittedEmvironment International

The manuscript encapsulates a 6-year spatial datete Kitikmeot Sea from 2013 to
2018, while providing a detailed biological ocearagy case study of the 2018 phytoplankton
production period within Cambridge Bay. | note tham the primary author of the manuscript
and led all aspects of the manuscript and assdcraszarch, with the assistance of my co-
authors and particularly, my thesis advisor, Dd. ®undy. Finally, the thesis is concluded in
Chapter 4 and accompanied by suggestions for futsearch in Cambridge Bay and other

coastal Arctic communities.
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CHAPTER TWO: BACKGROUND

2.1 Limiting and Influencing Factors on Phytoplank@rowth

Limiting and influencing factors of phytoplanktorogvth in the Arctic Ocean include
light and nutrient availability, temperature andirsty, respectively (Harrison and Cota, 1991
Gosselin et al.1997; Carmack et al., 2000lli et al., 2007). Light limitation arguably haset
greatest control on phytoplankton production inAhetic Ocean Harrison and Platt, 1986;
Sommer and Lengfellner 200Bewandows et al., 2010). This statement is supported by the
overall increase in phytoplankton production acngh the increasing ice-free season
influenced by the warming Arctic climate (Rysgaeatal., 1999Bélanger et al., 2013rrigo
and Van Dijken, 2015). Outside of the polar darkrasriod, light limitation influences
photosynthesis during the ice-covered period amtkpth after the ice breaks up because of the
formation of a deep chlorophyll maximum (DCM; Figure 2.1; Leu et al., 2015). Prevalence of a
DCM throughout the Canadian Arctic has shown timgtgplankton tend to locate at depths just
above the 1% level of photosynthetically activeiatdn (PAR), balanced by nutrient limitation
in surface waters during summer (Martin et al.,®0During summer, nitrogen is the main
limiting nutrient in surface waters of the Arctic€an Codispoti et al., 2013; Tremblay et al.,
2019; however, the relative concentration of dissolved inorganic silica to nitrogen can influence
taxonomic composition of the phytoplankton commyfiEigge and Aksnes, 1992). Temperature
influences phytoplankton growth in terms of its atetlic rate (Arrigo et al., 2010
Lewandowska et al., 2010). Although lower temperdigenerally cause lower growth rate in
most organisms, many Arctic species of phytoplamkiave adapted to the decreased
temperature range of the Arctic Oce&laifrison and Cota 1991; Lewandowska et al., 2010) For
instance, the temperature of maximum growth foapolicroalgae is between 4°C and 14°C

7



(Kottmeier and Sullivan, 1988; Arrigo et al., 2010). Lastly, due to ice freezel amelt cycles as
well as extensive riverine input into the Arctic&an, phytoplankton can experience some
osmotic changes throughout an annual cycle (Boeill., 2009). Furthermore, the significant
freshwater input from riverine and ice melt soureagls to strong stratification during summers,

which significantly affects nutrient dynamics (Cack and Wassmann, 2006).
2.2 Light Availability

The amount of lightmore specifically photosynthetically active radiation (PAR; 400-700
nm), in upper ocean has a great influence on tiggoplankton population and photosynthetic
rates (Sverdrup, 1953). Beer 's law can be usedplain light transmission to depth in the water
column:

I, = Iye %az [2.1]
Wherel; is the irradiance (umol ¥s?) transmitted to depth(m), lo is the incident irradiance
just under the surface, aid is the downwelling attenuation coefficient-finin particularKg
explains light transmission to depth as an expoakté¢cay, and thus, PAR is exponentially
more available towards the surface of the oceae.€liphotic zone can be described at the depth
of 1% and even 0.2% (Falkowski, 1994), the prior observed to matchdbpth of the DCM in
Canadian Arctic waters (Martin et al., 2010). Mogeently, an isolume corresponding to the
depth at which daily integrated PAR is 0.415 mdi ait, has been used to describe the depth
extent of phytoplankton production (Oziel et aD]1& Matthes et al., 2020). The isolume depth
tends to match the euphotic depth in late sprirtgsammer, but often decouples during fall in
the Arctic as polar darkness sets in. Thereforeejdblume is believed a more accurate
description of the euphotic depth during late ifalthe Arctic. Compared to temperate regions,

the Arctic ecosystem has less light availabilityedo the presence of snow-covered sea ice well



into spring. Phytoplankton blooms tend to commence under the sea ice during advanced melt
stages when ample PAR transmits to depth under the sea ice (Mundy et al., 2014; Oziel et al.,
2019). During summer, 24 daylight leads to ample light availability for production; however,
surface nutrient depletion causes the bloom to be a balance of nutrient and light limitation as it

settles to light limiting depths as a DCM (Martin et al., 2010).
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Figure 2.1 The process of ice and phytoplankton blooms during winter-summer transition
divided by three major phases. The change in the first and second phase shows that there are
increases in light availability, while nutrients in late winter are replete. The third phase occurs as
air temperature increases, the sea ice starts melting, and a phytoplankton bloom commences
under the ice. Rapidly surface nutrients are depleted by the bloom resulting in a DCM near the

timing of ice break-up. From Leu et al. (2015). Copyright (2020) Elsevier.



Climate-induced changes are increasing lightlalaity for phytoplankton across the
Arctic Ocean, through decreases in ice thickneseafice and the period of ice cover (Stroeve et
al., 2014), as well as increases in the transpgrehmelting sea ice (Horvat et al., 2017). The
latter is due to an increase in melt pond fractiotine Arctic associated with younger and flatter
ice (Kwok and Rothrock, 2009; Nicolaus et al., 20R8sel and Kaleschke, 2012), creating a
more favourable environment for phytoplankton blsamder the ice cover. In fact, large
phytoplankton blooms underneath the sea ice hame tleserved in the Arctic Ocean (Fortier et

al., 2002; Mundy et al.2009; Arrigo et al., 2012; Mundy et al., 2014; Oziel et al., 2019).
2.3 Nutrient Distribution and Dynamics

In the ocean, nutrient ratios vary from regiondgion (Geider and LaRoche, 2002), but
tend to follow the Redfield stoichiometry on avezaRedfield (1958) discovered that the
proportion of dissolved nutrients in the deep seguite similar to that of nutrient composition of
phytoplankton due to the role of remineralizatidploytoplankton exported vertically (Arrigo,
2005). The Redfield ratio, updated to include Sid@atoms, is C:N:Si:P = 106:16:15:1 for
natural phytoplankton assemblages (Brzezinski, 1985

According to their nutrient status, oceans canibieled into eutrophic and oligotrophic
waters. Ratios of available nutrients play an intquatrrole in determining the nutrient status in
the waters (Geider and La Roche, 2002). Throughagpitgnkton culture experiments in the
laboratory, Geider and La Roche (2002) were abt#assify oligotrophic waters with nitrogen-
limitation when the N: P ratio was less than 5eed, many regions of the Canadian Arctic are
considered oligotrophic and nitrogen-limited, sashthe eastern Beaufort Sea and central
archipelago (Ardyna et al., 2011). However, muckhefCanadian Arctic, and rest of the Arctic

Ocean, have molar ratios of N:P ranging from 116dFigure 2.2, Tremblay et al., 2015).
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Figure 2.2. Horizontal distributions of nutrients along potahsurface density in the Arctic

Ocean. From Tremblay et al. (2015). Copyright (9(8evier.

In contrast to phosphorus-limited freshwater systenitrogen concentrations and
dynamics in the Arctic Ocean are closely relategrimary production, since most Arctic Ocean
regions have limited amounts of nitrogen in thdaste layer but are relatively phosphorus-
replete Figure 2.2; Codispoti et al., 2013; Tremblay et al., 2015). Such nitrogen depletion in the
surface layer is closely associated with strongti§ittation affected by low salinity caused by the
input of riverine and sea ice meltingigure 2.3; Rudels et al., 1991; Codispoti etl., 2013;
Tremblay et al., 2015), while higher concentratioh8lOs are present at depths below the
euphotic zone/nitraclin€herr et al., 2003; Tremblay et al., 2015). Phytoplankton communities
rapidly consume the winter-replete surface nutsehiring blooms in spring, ultimately forming
the DCM, which, as mentioned above, balances tipgnements for light from above and

nutrients from below (Carmack et al., 2004artin et al., 2010).
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Figure2.3. An example annual time series of (a) NEncentrations with depth and (b) surface
NOs concentration (red), salinity (green), and tempeea(blue) in the southeast Beaufort Sea
from 2007 to 2008. From Tremblay et al. (2015). @aght (2020) Elsevier.

Inorganic nitrogen undergoes a series of physigdltaologically-mediated
transformations in oceanic and aquatic ecosystenmortant precesses include nitrification,
assimilation and remineralizati@Rouilland et al., 2007; Granger et al., 2011; Tremblay et al.,
2015). The mechanisms of the nitrogen cycle inditetic Ocean are as follows: (1) Nitrification

is a process in which ammonium (Mhis oxidized to nitrite (N@) and nitrate (N®@), which
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are produced by archaea and nitrifying bacteriar(ifiay et al 2015; Fan et al., 2015). This
process mainly occurs in the upper halocline aeduffper mixed layer in the Arctic (Tremblay
et al., 2015). (2) Algae and many microorganisnssnaigate NH", NO,", and NQ" into organic
matter (OM) (Arrigo, 2005), which directly affeat#rogen availability and thus the proportion
of regenerated primary production in the Arcticgffiblay et al., 2015). (3) All organisms and
ultimately microbes contribute to the process dfireeralization, i.e., the breakdown and
conversion of OM back into inorganic nutrients (Bgeois et al., 2017). Indeed,
remineralization in the Arctic is directly relatemnutrient availability after the dark winter
period (Codispoti et al., 2013).

2.4 Stratification and Mixing

Carmack and Wassmann (2006) defined different acbased on whether temperature
or salinity gradients had a greater influence oteweolumn stratificationKigure 2.4). In
general, oceans from temperate to tropical climatesiefined as -oceans, which are driven by
temperature stratification, often with inverse si&§i gradients (i.e., greater salinity towards the
surface) due to evaporation. However, as tempesiulgcrease, salinity changes have a greater
influence on density changes in the water colunteréfore, sub-Arctic and Arctic oceans tend
to be salinity stratified, di-oceans, often with inverse temperature gradiems {ncrease in
temperature with depth) due mainly to warmer yétesatlantic water found at depth in the
Arctic Ocean Figure 2.4; Carmack and Wassmann, 2006). Breharacteristic of the Arctic
Ocean is further strengthened by ice melt andinedreshwater supply (Carmack and
Wassmann, 2006). The resultant strong stratifioatigpedes mixing, which can limit primary
production due to a finite nutrient supply in theface mixed layerHigure 2.3; Codispoti et al.,

2013; Carmack et al., 2016). During fall, strong winds and storms frequentlgwrcin the Arctic,
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which can act to deepen and mix in new nutriertts time surface mixed layer. This process can
lead to the phenomenon of fall blooms (Tremblaglet2002; Michel et al., 2006). Due to later
freeze-up, fall blooms appear to be increasingaguency in the Arctic Ocean (Ardyna et al.,
2014). Furthermore, some parts of the Arctic Odeare fast ocean currents and high tides,
which can augment mixing and supply primary prodsi@ath nutrients (Cota et al., 1996;
Dalman et al., 2019). During winter, ice formatemd associated dense brine rejection can act to
additionally mix surface waters, deepening ancbmes cases, breaking down surface
stratification. This mixing also acts to increassvmutrient supply to the surface ocean and
combined with the dominant remineralization proaassurring during the dark polar winter,

and surface nutrients become repl&tigyre 2.3; Tremblay et al., 2015). In this case, replete
refers to a variable quantity dependent on loc#ilient inventories. This end of winter/early
spring period is often when nitrate is at its gggatoncentration, completing the annual nutrient-

production cycle.
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Figure 2.4. Physical oceanography related to buoyancy, stratitin, and vertical mixing.
Defining a andp oceans; B, buoyancy flux; P, precipitation; R,-affh NPIW, North Pacific
Intermediate Water; PW, Pacific origin water; SWlgp surface water; AW, Atlantic Water;
DW, Deep Arctic Water; LSW, Labrador Sea Water; NADNorth Atlantic Deep Water. From

Carmack and Wassmann (2006). Copyright (2020) kdsev
2.5 Phytoplankton Biomass and Community Composition

Phytoplankton community composition is closely redbto primary production as well as
the marine food web in the regiobefvandowska et al., 2010; Edwards et al., 2016). Therefore,
it is very important to assess the phytoplanktamizss and their community composition in
order to understand the marine ecosystem. Phytkiolarspecies composition is directly and
indirectly influenced by limiting factors, i.e.ght and nutrients, as well as influencing factors,
i.e., temperature and salinityepane et al., 2005; Yang et al., 2005; Lewandowska et al., 2010;
Edwards et al., 2016). Dominant phytoplankton ocbenmunity tend to be adapted to periodic
environmental changes, but their species compasitm still be affected by the osmotic stress

due to abrupt changes in salinity (Cota and Sri@8,1; Park et al., 2001) as well as by the
15



influx of anthropogenic nutrients (Yang et al., 3D0

Phytoplankton community composition has been exachising many different
techniques. Microscope-based observation of phgtdybn community composition can be
highly quantitative, but require significant anagysme and knowledge for accurate taxonomy,
and is limited to algal cell sizes detectable bgilable microscope optics (often 1-5 um in
diameter; Roy et al., 2006). More recently, genomic analjxsis been able to show never before
realized detail in taxonomic diversity, but is Ited with respect to a lack of quantitative cell
abundance estimates (Vaulot et al., 2007). Anatiethod uses pigment composition through
high- performance liquid chromatography (HPLC) ss@. Although often expensive, this
technique is relatively rapid and can be used ¢wigde information on algal functional group
relative abundance for even the smallest phytoptamtaxa §eoane et al., 2005; Roy et al.,

2006).

Total Chlorophylla, which includes the sum of Chlorophgl(Chla), divinyl-Chl a, Chl
aisomer and epimer, and chlorophyllid¢Babin et al., 2003; Bricaud et al., 2004), can be used
to standardize and compare the contribution of sy pigments used by algae to identify
contribution of different phytoplankton taxa or @tional groups (Jeffrey et al., 2005). However,
there are different phytoplankton species that pcedhe same accessory pigments, and even the
same phytoplankton species can differ in the nedgptroduction of each pigment from region to
region(Mackey et al., 1996; Zapata et al., 200; Jeffrey et al., 2005). Due to these limitations, it
is often good to combine methods to determine gilgitdkton taxonomic composition. In fact,
the number of studies that use both techniquessingde study is increasing (Llewellyn et al.,
2005).

Dominant species of phytoplankton and their meakquantities are frequently used as
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indicators of water conditions because they arsigea and easily changed by biotic and abiotic
factors (Ardyneaet al., 2011; Parmar et al., 2016). For example, eutrophic \satethe Baffin

Bay, Lancaster Sound and the central Amundsentéundf to be dominated by more diatom
species, whereas, oligotrophic waters in the eag&eaufort Sea, the peripheral Amundsen Gulf,
and the central region of the Canadian Arctic Apelago tend to be dominated more by
flagellate species (Ardyna et al., 2011). Phytokian size was also influenced by the nutrient-
status of waters in the Canadian Arctic Archipelagioere small picophytoplankton (0.2-2 um)
tended to dominate the most oligotrophic watersatole the western Canadian Arctic, while
nano- (2-20 um) and microphytoplankton (>20 pumyleshto dominate the more eutrophic
regions towards the east (Trembley et al., 2008tdin species are generally bigger than
flagellate species, often fitting within the michypoplankton size range. In general, larger taxa
have a greater biomass and thus require a graatteent supply to grow (Miller and Wheeler,
2012), which leads to the aforementioned obsematiased on the nutrient status of the region.

If the nutrient status is changed by anthropogemat, phytoplankton composition can change.
2.6 Primary Production

Through photosynthesis, phytoplankton absorb Ngttt their pigments and harness the
energy via their photosystems and membrane-medgéetion transport chain to produce
energy for metabolism, reproduction and respirate@well as becoming a food source for
consumers (Chassot et al., 20%aliela, 2015). Through photosystems, adenosinkadiphate
(ADP) converts to adenosine triphosphate (ATP) wtherrequirements of light availability are
met and oxygen is produced (Lalli and Parson, 198liela, 2015). Through the Calvin-Benson
cycle in the dark, produced ATP converts to ADPaose this cycle makes use of phosphate and

CQO: is removed (Valiela, 2015). Furthermore, the gtoatd productivity of phytoplankton,
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which makes up most of the primary production inine@ecosystems, depends on
phytoplankton biomass and its photosynthetic Ba&owski, 1981; Chassot et al., 2010). In

fact, phytoplankton biomass is difficult to measdnectly, which has led researchers to use
chlorophyll as a proxy (Falkowski, 198{aliela, 2015). That is, the Chlpigment is used in
almost all photosynthetic organisif®eoane et al., 2005). Chis also often used to standardize
carbon production measurements. For example, t@wedixation capacity of phytoplankton
can be expressed as primary production per ur@@hbdé, which is called the assimilation
number Falkowski, 1981; Valiela, 2015). The assimilation number is useddtimate the

activity of phytoplankton (Milligan et al., 2015)hat is, phytoplankton are growing quickly
when the assimilation number is high.

In general, the Arctic Ocean has relatively low &lsbncentration and biological
diversity compared to lower latitude oceans (AM2809 Barton et al., 2010). Primary
production in the Arctic Ocean is mainly producgdobytoplankton and ice algae, and it is
controlled by the Arctic's unique physical envira@mhand conditions (Harrison and Cota,
1991). Nutrients are supplied to primary produgkrsugh not only limited advection and
convection of new nutrients (e.g., nitrate) to shieface layer in the Arctic Ocean via inflows
from the Pacific or Atlantic water masses but alsough regeneration of nutrients (Rudels et
al., 1991; Granger et al., 2011; Codispoti et al., 2013; Tremblay et al., 2015). For instance, in
Figure 2.3b, the increase in N concentration from November to February is donaddty
nutrient cycle such as remineralization in wintenereas the rapid increase between February
and April is more a mechanism of convection un@erise, moving nutrients from deeper depths
to surface watersge section 2)3Thus, phytoplankton spring blooms in the Ar€icean are

light-limited to start as surface nutrients aratigkly replete (Leu et al., 2015). After blooms
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commence, nutrient-depletion rapidly occurs in @ceflayers, leading to nutrient limitation,
causing phytoplankton biomass and production toedese during summer (Harrison and Cota,
1991 Carmack et al., 2016). Due to the limitation of N@ concentrations in the surface layer,
DCMs form closely related to nitracline, but abdkie depth of 1% PAR (Martin et al., 2010).
Climate-induced change is indirectly and direcffgeting the Arctic marine system.
Changes, such as longer open water periods andades in sea ice thickness, are leading to an
overall increase in net primary production in thretic Ocean (Stroeve and Notz, 20 Hrvat
et al., 2017). To exemplify, an increase in ligahnsmission into the water column due to
increase in the open-water periods has led to@ease in phytoplankton production by more
than 14% per decade across most areas of the Aycdan since 1998 (Bélanger ef 20.13;
Arrigo and Van Dijken, 2015). Additionally, the i@ased open water season, yet increased
freshwater input associated with increased riveaimeé melting sea ice can have both
advantageous effects, such as increased atmosptesa-coupling, increased riverine nutrient
supply, and increased production in the surfacerlagCarmackt al., 2004; Olli et al., 2007),
and disadvantageous effects, such as greatefisatadin, deepening nitracline, and greater
nutrient limitation (Bergeron and Tremblay, 2014 et al., 2009), on phytoplankton
communities and ecosystem. These competing effeetslosely connected to the distribution of
nutrients into the water column. To be more specédktended open-water periods and mixing
tend to improve net primary production at the stefantil surface nutrient depletion eventually
occurs (Olli et al., 2007). On the other hand,ghbanced surface stratification hinders the
movement of nutrients from deeper areas to thesarfCarmack et al., 2016). Thus, earlier
nutrient depletion in the surface layer can ocawe tb climate-induced changes (Carmack et al.,

2004; Arrigo et al., 2014).
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2.7 Wastewater Treatment System in the Arctic

In many Arctic regions, wastewater treatment systane operating via natural wetlands
with retention lagoons (Yates et al., 2012). Thestems are based on the capacities of
microbial degradation and wetland's purificatiomd @hey are affected by the local climate. The
lower atmospheric and ground temperatures in tisdslow down the rate of microbial
treatment processes, requiring longer residencestioh wastewater in the lagoons and the
wetland than in temperate regions (Yates et al220houinard et al., 2014). The result is that
some wastewater is often released directly intaebeiving waters (Gunnarsdoéttir et al., 2013).

Arctic community wastewater collection systemsa@verated either through bucket
toilets or flush toilets depending on the usagesraind area$-(gure 2.5; Gunnarsdoéttir et al.,
2013). The main difference between bucket and ftageéts is that the flush toilets dilute
wastewater using water, so this method is chailiaetéby lower concentrations than one that

involves using a bucket (Gunnarsdottir et al., 2013
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Present common sanitation
solutions in the Arctic

{ Bucket toilets ] [ Flush toilets J
Individual Collective House storage Sewer pipes
hauling collection with vehicle haul

[ Truck haul ] { ATV haul ] [Gravity] [Vacuum} {Pressure}

Figure 2.5. Various collection methods of wastewater from houses and camps in the Arctic.

Defining ATV; All-Terrain Vehicle. FromGunnarsdéttir et al. (2013). Copyright (2020) Elsevier.

Wastewaters are almost entirely produced by human activities, and these wastewaters
contain high concentrations of nitrogen compounds (Yates et al., 2012; Gunnarsdottir et al.,
2013; Chaves-Barquero et al., 2016). Therefore, as human activities increase in the Arctic region,
more wastewater and related nitrogen compounds as well as some contaminants will enter the
sea, affecting local chemical and biological systems in the ocean (Gunnarsdéttir et al., 2013;
Chouinard et al., 2014; Chaves-Barquero et al., 2016). Such wastewater can affect the Arctic
food web in a variety of ways, such as increased nutrient levels that can cause a shift in
community composition and production rates, and enhance bio-accumulation and magnification
of increased contaminant supply through the marine food web and acute toxicity of organisms

(AMAP, 2009; Gunnarsdaéttir et al., 2013).
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2.8 Hydrography and Wastewater System in Cambridge Bay

Approximately 1750 people live in Cambridge BayeTdommunity ranks as th& énost
populated community of 25 within Nunavut in the @dian Arctic (Government of Nunavut).
The community household wastewater system useshstosage with vehicle haul in the
categories of flush toilet$-{gure 2.5), with a wastewater treatment system that opexades
natural wetlands with retention lagoons. Accordim@ recent case study of the wastewater
treatment system of Cambridge Bay, almost no totedgen concentration changes were
registered during wastewater discharge in 2014 \€h8arquero et al., 2016). However, total
nitrogen concentration decreased from 13.3 mdgvetland) to 0.4 mg t, diluted by ocean
salinities as it reached receiving waters of Cadg®iBay (Chaves-Barquero et al., 2016).
0.4 mg L of total nitrogen concentration, which is convdrte approximately 3@mol L7, is
very high compared to dissolved nutrient conceiatnatfound in Dease Strait and also compared

to almost all regions of the Arctic Ocean.
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Figure 2.6. A bathymetric map of Cambridge Bay, showing locations of 20 m and 11 m sills
towards the bay’s exit point to the Kitikmeot Sea. The star depicts a 70-80 m deep centre of the
bay. Modified from Gade et al. (19740opyright (2020) Elsevier.

Cambridge Bay has two very shallow sills, an outer sill of 11 m and an inner sill of 20 m,
with a deep centre (Figure 2.6; Gade et al., 1974). This fjordal-like bathymetry can limit
exchange of deepwater with the surrounding Kitikmeot Sea. This limitation in exchange is
accentuated by summer runoff and ice melt that strongly stratify surface waters within
Cambridge Bay (Gade et al., 1974). In turn, the bay’s bathymetry and stratification will limit the
exchange of inorganic nutrients via both convection (vertical) and advection (horizontal)

(Carmack et al., 2016). However, some particulate organic matters (POM) is dense enough to
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sink to below the stratified surface lay&ppley and Peterson, 1979; Dorota et al., 2005; Olli et
al., 2007). With the unique bathymetry of Cambri@gg, such a mechanism could act to trap
wastewater-associated nitrogen compounds at ddafitmihe bay. As a result, the
concentrations of nutrients below the surfaceifitation of Cambridge Bay can likely reflect
the increased supply from the anthropogenic sounct® bay, limiting their mixing into the
surrounding Kitikmeot Sea by environmental and Yaubtric characteristics. Therefore, it can

be hypothesized that many of the anthropogeniogein additions will be trapped.
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CHAPTER THREE: On theimpact of wastewater effluent on phytoplankton
in the Arctic coastal zone: A case study in the Kitikmeot Sea of the Canadian
Arctic

Back, D.Y., Ha, S., Else, B., Hanson, M., JonesS8in, K., Tatarek, A., Wiktor, J.M., Cicek, N.,

Alam, S., and Mundy, C.JIn preparation). To be submittedEmvironment International

Abstract

With a declining ice cover, the Arctic is also lgpexposed to an increasing industrial presence
as it becomes more accessible for tourism, tratesjan, and natural resource extraction. As a
result, Canada’s northern territory of Nunavutiperiencing rapid population growth relative to
the rest of Canada. It can be expected that amaserg population will influence the amount of
wastewater production in coastal Arctic communijttaat already face difficulties in wastewater
system efficiencies due to the cold and dark clembetere we present a case study on the impact
of effluent from a wastewater lagoon-wetland systantocal primary production near a coastal
Arctic community over spring to fall 2018. Resudt® also placed within an interannual and
regional context for the surrounding Kitikmeot Sleaated in the southwestern Canadian Arctic
Archipelago. The Kitikmeot Sea is a shallow, redaly fresh sea, determined to be one of the
most nutrient-deplete regions of the entire Ar@urean with NG+NO2" concentrations below

the surface mixed layer rarely exceedingn2ol L™ and a N:Si:P ratio of 1.1:7:1. The fjordal-
type bathymetry of Cambridge Bay, Nunavut, andetkistence of a persistent at 29 m below the
bay’s exit sill led to a slightly elevated N:Si:P27:10.7:1 through trapping of wastewater-
sourced N at depth via sinking and remineralizatiblocal primary production. Total

production in Cambridge Bay over the 3-month opatewperiod was 10.5 g Chwith 68% of
this production occurring during the 1-month diggesof wastewater into the system. Local

primary production responded rapidly to the highsN@O>, NH4s" and particulate organic N
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(PON) concentrations provided in the wastewatduefit, accounting for up to 31% of the
primary production above background rates. Remgipneduction was associated with the deep
nutrient pool in the bay, which was only access®datds the end of the discharge period as the
diatom-dominated deep chlorophyll maximum settlelbl the pycnocline. Although the

system is concluded to not yet be eutrophic, causigaised at the rapid response of the marine
system to the wastewater release with a strongwemmdation to develop a future monitoring

and research program in the bay.
3.1Introduction

The Arctic marine ecosystem is being heavily inficed by anthropogenic stressors,
including indirect impacts associated with climelb@nge and direct through local human
activities. Primarily, climate change is causing 8 to melt earlier and to a greater extent
(Stroeve et al., 2014). Major impacts of this cleage increases in open-water periods and light
transmission into the water column, which has &rgd a >14% per decade increase in Arctic
Ocean primary production since 1998, accordiné¢aatellite record (Bélanger et al., 2013;

Arrigo and Van Dijken, 2015).

With climate change influencing a declining ice epand earlier melt, the Arctic is also
being exposed to an increasing industrial presaadebecomes more accessible for tourism,
transportation, and natural resource extractiogg@ret al., 2017). In part an outfall of this
change, Canada’s northern territory, Nunavut, éngpa rapid population growth relative to the
rest of the country (Southcott, 2014). As the humapulation is directly associated with the
guantity and discharge of wastewater productiocogstal Arctic communities, this rapid growth
is leading to an increase in wastewater efflueihéoaquatic environment (Chouinard et al.,

2014; Gunnarsdottir et al., 2013). Compared to more temperate regions,dhghtenvironment
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of the Arctic influences lower effectiveness of veagater treatment. In particular, polar darkness
and prolonged freezing temperatures cause treatmectianisms such as sorption by soil and
photodegradation to be slower and less efficient (Chouinard et al., 2014; Chaves-Barquero et al.,
2016). The subsequent effluent can be relativadi im total nitrogen compounds, among other
essential nutrients, that are released to the osbare they can augment primary production in
the local environment. Of particular concern is plogential for harmful algal blooms, which can
produce toxins that can have deleterious effectscal ecosystems with implications on human
health (Scholin et al., 2000). Due to a lack ofilade information about the impact of
anthropogenic stressors on Arctic regions, theamigrgent need to better understand the
influence of wastewater outflow on nutrient enrigdmnnear coastal Arctic communities and
their impact on local primary production.

Chaves-Barquero et al. (2016) recently investigdtecchemical composition of
wastewater released from the Cambridge Bay, Nunaxagtewater lagoon treatment system.
Total nitrogen (TN) concentration was only redufresn 13.5 to 13.3 mg £ within the
wastewater system, which was diluted tordgtL* after being released into the local marine
environment. The TN concentration of @y L'* can be converted to ~30 umot,lwhich is
abnormally high relative to surface waters near Qége Bay that have reported early spring
concentrations of 1-8mol L nitrate plus nitrite (N@+NO,) and ~1umol L' ammonium
(NH4") (Campbell et al. 2016; Dalman et al. 2019; Kim et al. Submittedl In fact, the local
system, referred to as the Kitikmeot Sea, appeaos strongly nitrogen-limited, as evidenced
from low production estimates (Campbell et al. 2017; Kim et al. Submittegi, high lipid: protein
allocation and low-ratios (average of 0.41) for both ice algae angggiiankton (Kim et al.

Submittedl It is noted that the high TN concentration af thastewater effluent reported in
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Chaves-Barquero et al. (2016) can potentially biaénform of phytoplankton and
microorganisms growing in the wastewater treatnsgatem (Delgadillo-Mirquez et al., 2016).
Unfortunately, dissolved inorganic nitrogen comgosi was not measured in the Chaves-
Barquero et al. (2016) study and therefore, questitemain on the actual impact this high
nitrogen content water will have on the local sgste

It is hypothesized that wastewater release int@yiséem will cause an increase in
primary production within Cambridge Bay versus aéof the bay in Dease Strait. This
hypothesis is made regardless of direct input ofganic nitrogen compounds such assNO
+NO2 and NH", or indirect input via freshwater organic matteattwill release a portion of the
nitrogen to the inorganic pool via osmotic stresdl, death and lysis, sloppy feeding by
zooplankton, and remineralization (Bronk and Stergb2008). The overall aim of this paper is
to investigate the impact, if any, of wastewatélueht on primary production through a case
study in Cambridge Bay, Nunavut. More specificaltg study seeks to: i) quantify the
interannual and spatial variability of summertimerganic nutrient concentrations across the
Kitikmeot Sea; ii) characterize seasonal phytoplankton community composition and production
from spring through fall as a function of light and nutrient access; and iii) assess the impact of
wastewater effluent on local primary productionihe bay. Evidence from the study highlights
an important localized effect of the wastewateluefiit on primary production, warranting closer

monitoring of the oceanic system as population renmbontinue to rise.
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3.2 Materials and Methods

3.2.1 Field Sites

Distributed sampling of hydrographic conditions andrient concentrations across the
Kitikmeot Sea, Nunavut, Canada, occurred aboar@ i@ 2esearch vessel, tRéV Martin
Bergmannfrom 2013 to 2018Sampling was carried out shortly after ice-breakiruthe region
every year. Stations were targeted for samplingggog Cambridge Bay (CB), West (WD) and
East (ED) Dease Strait, and Queen Maud G ( Figure 3.1). However, only in 2013 and
2018 were all sites visited in a single year dua wariety of logistics-related issues. Station
sampling included hydrographic profiles followedwsgter sampling at the surface, 5-10 m,
middle of the pycnocline (~20-40 m across the Ki@anSea), chlorophyll maximum, and 1-5 m
above the bottom.

In 2018, a dedicated time series dataset was tedlext station CB (Bottom depth of 73
m) in the centre of Cambridge Bdyigure 3.1b). Hydrography, nutrient concentrations and
phytoplankton biomass were measured through aiholee sea ice cover 1-2 times a month
from February to June. After sea ice melted ouhefbay in July, weekly sampling commenced
via a 6-m boat through to the end of Septemberiniguhis period, additional measurements
were carried out, including phytoplankton taxonorwenposition andh situ production
estimates. Water sampling depths for the time-sestigion were 2, 10, 20, 30, 40, and 65-72 m
(i.e., bottom sample). Additional to station CBtfaae water samples along the wastewater
system were collected on six occasions, spannifaydand during wastewater discharge into
the bay for the examination of particulate organatter (POM) and inorganic nutrient
concentrations. Sampling occurred at the main lagthe wetland along the discharge route, and

at an outfall location just offshor€igure 3.1b). Additional data including nutrient
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concentrations and release flow velocity of the wastewater system was provided by the

municipal government.
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Figure 3.1. Map of study sites in: (a) the Kitikmeot Sea, including West Dease Strait (WD), East
Dease Strait (ED), and Queen Maud Gulf (QM), and (b) Cambridge Bay (CB), including
wastewater pathway (solid-line illustrates the flow of wastewater) sites, Lagoon, Wetland and
Outfall. The Outfall was 5 m downstream (to the right) and 1 m offshore from the Wetland
stream mouth.

3.2.2 Hydrography

Distributed profiles of conductivity, temperature, and depth (CTD), photosynthetically
active radiation (PAR, 400-700 nm), and in vivo chlorophyll a concentration were collected using
a 19 Plus CTD with a flat spectral PAR sensor (Sea-Bird) and ECO-AFL/FL fluorometer (WET
Labs) mounted to a 55 ECO water sampler (Sea-Bird) while onboard the R/V Martin Bergmann.
Profiles for the CB time-series used a Concerto CTD (RBR Ltd., Canada) with Cyclops

fluorometer (Turner) and a spherical 193 PAR sensor (LI-COR). To estimate daily PAR in
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support of then situprimary production incubations, the spherical 18&RRensor was attached
to the incubation rope at a 2-m water depth andddgover each 24-hr incubation period.
3.2.3 Nutrients

Nutrient concentrations were measured using theparate nutrient analyzers due to
differences in detection ranges and nutrient aralyall seawater samples were collected using
Niskin water samplers. Prior to subsampling forieats, a syringe, filter holder and 15-mL
conical tubes (all acid-washed) were rinsed 3 timigls sample. Subsamples were then filtered
through pre-combusted (450°C for 5 hours) 25-mmtbha GF/F filters into the tubes and
stored in the dark at -2Q°until sample analysis. Phosphate PXPNOs;+NO, and silicic acid
(Si(OH)) concentrations in the ocean were measured ussegm@ented flow analyzer (Seal
AutoAnalyzer 3). For determining nutrient concetitias along the wastewater system, surface
water samples were collected with an acid-washédrgrie sample-rinsed bucket. Subsamples
were immediately collected following the abovemenéd protocol, including storage in the
dark at -20€ until analysis. Wastewater system samples wereegsed using flow injection
analysis (FIA) for N@+NOy as nitrogen (N@N), NO,-N and NH*-N and Hach
spectrophotometer (DR 2800, USA) was used for’P83 phosphorus (P). All analyzers
determine nutrient concentrations through the aodéogpressed by the reaction of each nutrient
with specific reagents (Giné et &P80; Hansen and Koroleff, 1999Hach Company, 2007).
Additionally, some data of NEN and NQ'-N, which were analyzed at Taiga Environmental
Laboratory (www.enr.gov.nt.ca) using lon Chromagqdyy, in the wastewater system were
provided directly from the municipal government meeing the Cambridge Bay wastewater
system. It is important to note that nutrients @nications are commonly reported in umal L

for oceanography and mg'lfor wastewater systems. Therefore, nutrient camatans from
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the wastewater system are indicated in both units.
3.2.4 Phytoplankton Biomass

Chlorophylla (Chla) concentration was used as a proxy of phytoplankiomass
(Falkowski, 1981). Chh concentrations were measured by a fluorometem@rubesigns
Trilogy Laboratory Fluorometer) and via high-perfance liquid chromatography (HPLC). To
determine Chéa concentration in the ocean, 500-mL and 750-mL auoipdes for fluorometer and
a HPLC analyses, respectively, were filtered throa@5-mm Whatman GF/F filter. In the
wastewater system, between 50- and 500-mL subsamglee filtered according to different
high particulate concentrations. These filtered@amwere kept at -8Q°until sample analyses.
To determine Chh concentration using the fluorometer, @Was extracted from each filter in
10 mL of 90% acetone in the dark aC48ver 20 to 24 h, measured once and then again afte
acidification with 5% HCI (Parsons et al., 1984RIHC samples were run at the Isotope Ecology
and Environmental Science Laboratory in Hanyangvehsity. Each filter was chopped into
small pieces and placed in a conical tube with 1an100% acetone and 100 pL of internal
standard (DHI Water & Environment; canthaxanthin) and then stored in the dark at 4°C for 20 to
24 h. Extracted samples were sonicated for 60 santtifuged at 3500 gravity for 5 minutes to
incorporate the remaining pigments in each filtgo ithe acetone (Garrido and Roy, 2015). Each
sample was filtered through a 0.45-um polytetrasibethylene syringe filter to remove
impurities and then into a HPLC analyzer vial. Hmalyzer injected 50 pL from each vial into a
Waters Symmetry £column for peak separation (Zapata et al., 20BBytoplankton pigments
were measured using a UV/VIS absorbance detectbclaorophyll-related compounds were
redetected using a fluorescence detector (Alou-Ebal, 2013). Pigment absorption peaks

provided in Jeffrey et al. (2005) were referenaeaientify pigments in the chromatograms. For
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HPLC-Chla determination, phaeopigments and total &bbncentration including Clal,
divinyl-Chl a, Chla isomer and epimer, and chlorophylliasvere summe@Babin et al., 2003;
Bricaud et al., 2004).

3.2.5 Phytoplankton Taxonomy

Water samples for taxonomic determination usingitted microscopy were collected at
30 m (near pycnocline depth) and bottom depthsadiosm CB on every sampling day, and at the
outfall before and during wastewater discharge.iéattally, phytoplankton were collected at
station CB via an entire water column vertical jtan net (20-um mesh, 30-cm diameter
mouth) tow accomplished during and after wastewdisamharge. A 200-mL sub-sample from
water samples and filtered seawater (FSW)-dilu@@®L sample taken from the net was
preserved with 0.4 mL of Lugol’s iodine solutiomgl Lugol concentration of 0.8%).
Subsamples of 50 mL were placed in Utermohl sediatiem chambers (Utermdhl 1958) with
cells settling over a 24-h period. Cell enumeratoourred under low and high magnification
(100 to 600 times) through an inverted microscdfi&dn, Ti-S) with a minimal cell diameter
enumeration limit of 2-5 um. Phytoplankton wereniiliied to the lowest taxa possible based on
Tomas (1997).

3.2.6 Primary Production and Particulate Organic MatiRs )

In situ primary production incubations were performed tigtoout the study using stable
carbon isotope'fC) as a tracer for carbon uptake (Hama et al., 1988ubation water depths
included 2, 10, 20, 30, and 40 m. Immediately eftanple collection and shaded from the sun,
three 1000-mL subsamples were spiked with 2.4 mg®from a labelled sodium bicarbonate
salt (Sigma-Aldrich) for each water depth (Milléf and Dunton, 2007). Two incubation bottles

were positioned along a weighted tether to harigeatvater depth they were sampled from for
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~24 h. The other incubation bottle was prompthefiid through pre-combusted GF/F filters
without incubation in order to make'3C Time zero (T0) sample. After the incubation time,
bottles were retrieved and filtered through pre-basted GF/F filters. All filtered samples were
stored at -8QC until analysis down south. A continuous-flow igpéaratio mass spectrometer
(22-20 Stable Isotope Ratio Mass Spectrometer Buttopa EA-GSL, SERCON) was used to
measuré3carbon atom (At.) and théC:*?C ratio of particles. Filter processing includeglidg
filters overnight at 6QC, then storage for an additional 24 h in a descsdturated with HCI
fumes to remove inorganic carbon, and then drygajrafor another 24 h (JGOFS 19, 1996).
Completely dried filter samples were wrapped im@sped tin capsules. For each analysis cycle,
four different weights of the standards (Vienna Pee Belemnite) and empty tin capsules as
blanks were analyzed with samples to calibratecamdirm instrument stabilization. Particulate
organic carbon (POC) and nitrogen (PON) concewinativere calculated using the calibration
regression between 4 and 6 points (R>0.99). THewolg equation (1) from Hama et al. (1983)

was used to calculate photosynthetic rates:

— E . (Ais_Ans)
- t (Aic_Ans)’ (1)

where P is the photosynthetic rate (mgt); C is POC concentration of the incubated sample
(ug C LYy; tis the time (h); Ais is atomic weight percent 6fC in the incubated sample; Aic iS
atomic weight percent 8fC in the total inorganic carbon; Ans is atomic weight percent &fC in
the natural environment, which is the TO samplecdloulate values ofi4 dissolved inorganic
carbon (DIC) concentrations in Cambridge Bay wdraimed from Duke (2019). Incubation
depths $ee section 2)Idid not usually match the deep chlorophyll maxm{iDCM) depth. To
incorporate the DCM into the integrated productstimate, a second-order polynomial

regression was fit to the assimilation numberréi® of photosynthetic rate to calibrat@edvivo
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Chla concentration (Valiela, 1995), versus PAR trantanite at the sampling depths.
Regressions were accomplished for each day withhRRays >0.97. This daily incubation
relationship was applied to the respective daydilerof PAR transmittance and calibratied
vivo Chl a fluorescence to estimate primary production preftleat incorporated the DCM and

then integrated over 40 m (lowest incubation degthgse estimates are expressed as:

P__ 2
TP aPAR“ + bPAR + ¢, (2)

PE, = (aPAR? + bPAR + ¢), X Chla,, (3)

PP = [ "[PE], dz, (4)

where PE is estimated photosynthetic rate (mg ht) at depth z (m) using formula (2) from a
polynomial regression; and PP is daily integrated primary production (mg C?ud?).
3.2.7 Statistical Analysis

Least-squares polynomial and linear regressions agplied to some data for analysis
steps, as explained above. To test the impact sfemeter, a one-way analysis of variance
(ANOVA) was used to compare primary production nuees during the discharge versus the
one measured before and after discharge and tHewéa all pairwise multiple comparison

procedures (Dunn’s Method). All statistical tesergvperformed in SigmaPlot 12.5.
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3.3 Results

3.3.1 Nutrients and Environmental Conditions in the Kati&ot Sea

Distributed sampling took place between 21 July @Adgust shortly after the local sea-
ice break-up date. During this period, below 30eptt, averaged temperature ranged between
-1.5 and -0.5 °C and salinity was observed to dsaevestward from Queen Maud Gulf through
Dease Strait. However, the highest salinities erdgion were observed within Cambridge Bay
(Table 3.1).
Table 3.1. Averaged salinity and temperature below 30 m depilistributed stations CB, WD,
ED, and QM in the Kitikmeot Sea during early summi?2013 to 2018.

Salinity Temperiture °C)

Yeal CB WD ED QM CB WD ED QM
2013 295 287 28.7 29.2 -1.5 -1.3 -1.0 -1.4

2014 29.4 29.2 -1.1 -1.5
2015 28,5 28.7 -1.1 -1.1

2016 296 288 29.2 294 -1.4 -1.2 -1.3 -1.5
2017 29.5 28.7 -0.9 -0.5

2018 | 294 284 284 287 -0.6 -1.2 -1.0 -1.3

NOz+NO;z, Si(OH), and PG* concentrations below a 20-30-m surface pycnocline
between 2013 and 2018 ranged from 0 to 4.37, .14 77, and 0.36 to 1.34 umolL
respectively. N@+NOz concentrations above the pycnocline averaged 0.28#1mol L
across the Kitikmeot Sea. Outside of the bay, ayetdNQ+NO2" concentrations below the
pycnocline were 0.85+0.79 in WD, 1.03+0.46 in EBg®.93+0.77 umol tin QM (Figure
3.2a). In contrast, within CB, N&*+NO. concentration below the pycnocline averaged
2.67+1.30. In particular, NOFNO; concentrations increased to 4.37 umdbetween 2013 and
2015 and then decreased to 1.07 umtinL2016 and gradually increased to 3.57 pmbkigain
in 2018. This aspect of increase and decreaseddnd® similar to temperature change and to

be opposite to salinity changgablel; Figure 3.2a). During the 6-year period, NONO>™
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Si(OH)s (N:Si) and NO3+NOz: POs* (N:P) molar ratios averaged 1.24+0.68 and 0.17+0.10
outside of the bay, respectively (Figure 3.2b, ¢). In contrast, N:Si and N:P ratios at CB averaged
2.75+1.20 and 0.27+0.12, respectively, equating to 1.6 and 2.2 times greater than those outside
the bay, respectively. It is significant to note that in 2016, NO3;+NO>" concentrations, N:Si and

N:P ratios at CB compared closely to those outside the bay.
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Figure 3.2. Interannual time series of (a) NO3;+NO2" concentration, (b) NO3;+NOz: Si(OH)4
(mol:mol; N:Si) and (c) NO3+NO,: POs* (mol:mol; N:P) below the pycnocline in the Kitikmeot
Sea from 2013 to 2018.
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3.3.2 Nutrients and Biotic Parameters at the Wastewatdniay

Between 23 July and 24 August, a total of 40,464386.7 h of active discharge at
120 v hl) of wastewater effluent was released. On 16 Jefgre the period of wastewater
discharge, N@N, NHs*-N and PQ*P concentrations at the outfall were 0.46, 15.kXDGB6
umol L%, respectively Table 3.2). During the period of the discharge, wastewalftwent
nutrient concentrations ranged from 8.35 (N@, 159.10 (NH*-N) and 24.05 pmol £ (PO
P) on 28 July to 51.08 (N&N), 5.99 (NH*-N) and 4.21 umol £ (PQ*P) on 23 August.
Concentrations of PON and POC in the wetland ramgégdeen 4.03 and 4.10 mg N bnd
24.14 and 27.55 mg CY, respectively. Chh concentration at the outfall increased from 4.67 p
L before discharge to an average of 40.05 + 17.58}during the discharge perio@igble

3.2).
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Table 3.2. Nitrogen and phosphorous compound, POM anda@bihcentrations in the wastewater

pathwaybefore and during the discharge. LA, lagoon; WET, wetland; OUT, outfall; SAT, Saturday
(nodischarge); EVE, evening (weak flow of wastewater effluent).

Date | Area| Nitrogen and Phosphorous pmol L*(mg L) | POM mg 1 ug L*
NOx-N NOs-N  NO;-N  NHs*-N  PQ&-P PON POC Chh
o | 75 LA 7.58
2} (0.47
S WET 1.61
(0.10
ouT 5.81
(0.36
7/16 LA 1.89 2.03 571.00 42.54
(0.09! (0.09  (10.30  (4.04
WET 0.14 0.03 9.37 6.55 0.11 0.97
(0.01 (0.000  (0.17  (0.62
ouT 0.46 0.45 15.19 0.86 0.04 0.36 4.01
(0.02. (0.02  (0.27  (0.08
o 7128 LA 28.21 31.95 708.48 41.44
S | (sAT) (1.30! (1.47 (12,78  (3.94
a WET 8.35 8.52 159.10 24.05 4.03 24.14
(0.38 (0.39. (287  (2.28
ouT 1.03 0.78 18.29 0.51 0.18 1.19 27.65
(0.05 (0.04  (0.33  (0.05
7/30 | LA
WET 11.13
(0.69
ouT 10.81
(0.67
8/23 | LA 57.82
(DAY) (2.66,
WET 51.73
(2.38
ouT 48.47
(2.23
8/23 LA
(EVE)
WET 51.08 18.82 5.99 4.21 4.10 27.55
(2.35 (0.87  (0.11  (0.40
ouT 2.52 2.46 13.30 1.84 52.44
(0.12. (011 (024  (0.18

" data from these dates were provided by the murigipeernment

At the outfall and before wastewater discharge ®ddly, fucoxanthin accounted for
67% of the total accessory pigmerfEsgre 3.3a). This percentage compared closely with an
observed 64% of unidentified nanoflagellates (31b) in the enumerated phytoplankton
taxonomic composition from the same sampi@\re 3.4a). After discharge commenced, the

relative contributions of lutein and Chlorophlgl(Chl b) to total accessory pigments increased to
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41 and 49% on 28 July and 53 and 30% on 23 August, respectively. Similarly, there was a shift in
taxonomic composition to a dominance of Chlorophyceae (71%; mainly including
Ankistrodesmus setigerus, Dictyosphaerium sp. and Scenedesmus acuminatus) and

Chrysophyceae taxa (20%; especially Dinobryon balticum) on 28 July.

Accessory Pigments
Outfall = CB
(a) 100 — —— (b) = -_— ..
i3 - _
80
S -
.
: O
T 40
: O
£ 20
0
07/16 28  08/23 07/13 19 26 08/10 10 20 27 09/04 10 17 25
Fucoxanthin . Chl b
B Lutein Peridinin B Diadinoxanthin - Prasinoxanthin
Alloxanthin Chl ¢, B violaxanthin Neoxanthin

Figure 3.3. Bar charts showing the relative contribution (%) of accessory pigments (a) at the
outfall and (b) near DCM depths (the sampling depth: 30 or 40 m) and at 2 m depth on 10 August
in CB.
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Figure 3.4. Bar charts showing the percentage of phytoplankton taxonomic composition (a) at
the outfall, (b) near DCM depths (the sampling depth: 30 or 40 m) in CB, and (c) the taxonomic
composition for whole depth in CB before, during and after the discharge depth.

3.3.3 Time series of Cambridge Bay (CB) in 2018
3.3.3.1Hydrography

Evident in the Brunt-Vaisala frequency and controlled by a halocline, a persistent
pycnocline at a salinity of 29 and a temperature of -0.5°C was observed at CB between 20 and
30 m throughout the study (Figure 3.5; black dashed line). Above the pycnocline, salinities
decreased over the first half of the study with ice melt and finally break-up on 9 July 2018 (as
seen by NASA Worldview), forcing a seasonal surface halocline that only mixed down to the
depth of the persistent pycnocline towards the end of the study in late September. Surface
temperature was near freezing at -1.56°C above the pycnocline while sea ice covered the bay,
then rapidly increased to >5°C by ice break-up. Below the pycnocline, salinity and temperature

were relatively stable, averaging 29.4 and -0.7, respectively (Figure 3.5). The euphotic zone,
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determined by the depth of 1% PAR transmittance, reached below 60 m following ice break-up

and then shoaled to range between 30 and 50 m by late July (Figure 3.5; white dashed line).

Open waterl lWastewater dischargel l Strong wind l

601" .- -
70L© MP@10+s?)

16 7 294 18 3 131926 3710 20 27 4 10 17 25
February April  May June July August September

Figure 3.5. Time-series of (a) salinity, (b) temperature and (c) Brunt-Vaisala frequency from
February to September at the Cambridge Bay site (CB); the black dashed line represents the
depth of the persistent pycnocline (halocline) at a salinity of 29 and a white dashed line
represents the depth of 1% PAR transmittance.

3.3.3.2Nutrients and Phytoplankton Biomass

Over the study, NO3;+NO>", Si(OH)4 and PO4*" concentrations averaged 3.86 + 2.13,
13.63 + 6.83 and 1.06 = 0.32 umol L' below the persistent pycnocline, respectively (Figure
3.6a-c). In contrast, surface NO3+NO,", Si(OH)s and PO4> concentrations were much lower
throughout the study, averaging 0.37 + 0.31, 4.02 = 1.79 and 0.56 £ 0.12 umol L', respectively.

NO5+NO;" above the pycnocline decreased to <0.5 pmol L™ by 13 July and remained depleted
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thereafter. Surface Si(OHand PG* concentrations also decreased during this inpesiod.
Interestingly, Si(OH) concentrations further decreased between 19 addI26which was not
observed in N@+NO> concentrations. However, both BIENO,” and Si(OH) decreased
below the pycnocline by 20 August. It is signifitam note that P¢S concentrations decoupled
from trends of the other inorganic nutrients, tegdio increase on average during the second
half of the study. Surface Chlconcentrations started to increase immediately utideice
during late April to early May, deepening in itg€iaase as ice break-up occurred on 9 July and
slightly increasing until 19 July resulting in atinct DCM igure 3.6d). During this period,
areal Chla concentrations increased from 2.39 to 27.69 mgaC@hf. Following the
commencement of wastewater discharge on 23 Julya €bncentration rapidly increased while
the DCM depth increased to below the pycnocling within the euphotic zone. Areal Cal
concentration during the period of wastewater disgh averaged 58.54 + 28.10 mg Ghh2.
Maximum Chla concentrations at the DCM averaged 11.13 + 5.8Thig L™ during the
period, peaking at 15 pg ChlL™* at 25 m on 10 August. After wastewater discharged

on 23 August, Cha concentration stayed at a relatively high levell @Y August (42.55 mg Chl

am?) and then rapidly decreased to 19.57 mgaii? on 4 September.
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Figure 3.6. Time-series of (a) NOs+NOx", (b) Si(OH)4, (c) PO4+* and (d) Chl a concentration;
big vertical dots on the graphs are the sampling depths, and vertical dashed lines on (d) represent

CTD cast data calibrated to water sample Chl a; black and while bold-dashed lines on each graph
are the depths of the persistent pycnocline (halocline) and 1% PAR, respectively.

Before wastewater discharge commenced, PON and POC concentrations ranged from
4.22t0 16.79 pg N L' and from 35.12 to 118.05 pg C L', respectively (Figure 3.7a,b). During
this period, POC:PON and POC:Chl a ratios averaged 7.58 = 1.05 and 113.95 + 46.87,
respectively (Figure 3.7¢,d). During the period of wastewater discharge, PON and POC

concentrations averaged 13.90 = 3.27 ug N L' and 114.22 £ 27.99 ug C L', respectively, while
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the POC:PON ratio above the persistent pycnocheeaged 9.01 £+ 1.74. Similarly, POC:Chl
ratio above the pycnocline increased from an awetdg0.97 + 41.28 to 887.70 + 998.28 during
wastewater discharge. Both POC:PON and POCaCatios peaked at the surface on 3 August,
reaching 13.6 and 4030, respectively. During tiseltirge period near the pycnocline at 30 m,
POC:PON and POC:Chlratios averaged 7.12 and 49.3, respectively. Afterend of
wastewater discharge, peak PON and POC concemisateepened to occur below the
pycnocline and slowly decreased throughout the matieimn towards the end of the study.
Ratios of POC:PON and POC.:Ghhlso tended to decrease during September, buinecha

relatively higher in surface waters.
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Figure 3.7. Time-series of (a) PON and (b) POC concentrations and the ratios of (¢) POC:PON
and of (d) POC:Chl a at CB from July to September 2018.

3.3.3.3Phytoplankton Pigment and Taxonomic Composition

Before wastewater discharge commenced, Chl b and fucoxanthin near the DCM
contributed an averaged 64 and 36% to all accessory pigments, respectively, with nanoflagellates
making up the dominant taxa followed by dinoflagellates (Figured 3.3b, 3.4b). The water
column-integrated vertical phytoplankton net tow collected during the same period on 20 July,

revealed a strong presence of diatoms, with dinoflagellates, diatoms and nanoflagellates
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accounting for 45, 44, and 9% of the total phytogtan composition, respectiveliFigure
3.4c). After wastewater discharge commenced, the contabuif fucoxanthin and diatoms
(dominated by centric diatom&itheya septentrionali§ halassiosirasp., andChaetocerospp.)
increased to >60% near the DCM and then greatlyedsed following termination of
wastewater discharge. In contrast, 6kind nanoflagellate contributions were observed to
increase during this later period. It is signifitkmnote the appearance of a strong lutein
contribution to accessory pigments at 2 m at CR@August. Chlorophycedicenedesmus
acuminatusand Chrysophycede®inobryon balticumalso emerged at CB station, albeit at <1%
contribution to the community composition, at 3@m10 August and within the vertical net tow
on 11 Augustkigure 4c).
3.3.3.4Primary Production

After sea ice completely melted and before thd sfavastewater discharge, integrated
daily primary production was low, averaging 40.99.87 mg C it d* (Figure 3.8b). After
discharge commenced, integrated daily primary pctdn increased by an order of magnitude,
peaking on 3 August at 454.47 mg € ah*, with production focused at the DCM. Following
this peak, yet still during the discharge periagnary production decreased to approximately
100 mg C nif d* (Figure 3.8b). Then, after discharge was stopped, integratéy plamary
production decreased to 33.19 mg € dt on 4 September. However, coincident with strong
winds, a slight increase in production was obseatdtie surface on 10 and 17 September with

an integrated daily rate of 63.41 + 4.99 mg €dn.
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Figure 3.8 Time-series of (a) estimated production rates at CB from July to September 2018
(3 August data from R/V Bergmann voyage where water samples were taken within euphotic
depths), and (b) 40-m integrated primary production (red dots) and Chl a concentrations (green

squares).

As aresult of an ANOVA and comparison test (Dunn’s Method), primary productions during the

period of wastewater water discharge were significantly different (p-value = 0.006) from those

from the periods before and after the discharge.
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3.4 Discussion

3.4.1 Hydrography and Nutrients in the Kitikmeot Sea

The Kitikmeot Sea is defined as nitrogen-depldtengly limiting primary production in
the region Campbell et al. 2016; Dalman et al. 2019; Kim et al. Submittedl Slight decreases in
salinity (Table 3.1) from Queen Maud Gulf (QM) toward Dease Strait (& WD) provide
evidence that saltier waters mainly enter the refiom the east, slightly mixed as they transit
across the narrow and shallow Victoria Strait @ ¢last of QM. These saltier waters likely
originate from the Canadian Beaufort Sea and &sselr extent the Canada Basin, both classified
as oligotrophic nitrogedeplete surface waters (Li et al. 1999; Ardyna et al. 2011), following the
coastal boundary current (coast to right of flowediion) around Victoria Island. However, high
riverine input to the Kitikmeot Sea and the assecidow salinities set up a local peak in steric
height in this southwestern portion of the Northinrgssage, slowing circulation through the
region (McLaughlin et al., 2004). The low nitrogeput and stagnant circulation set up some of
the most nitrogen-deplete waters of the Arctic @c&ased on Redfield stoichiometry
associated with the phytoplankton assemblage atinesrof 16N:15Si:1P are broadly used as the
standard for the nutrient ratio for all oceans @inski, 1985). Averaged nutrient ratios in the
Kitikmeot Sea (not including CB) for this study wet.1N:7Si:1PKigure 3.2b, c), implying
severe nitrogen-limitation for the sea becauseé\tireratio is much less than the Redfield ratio of
16N:15Si:1P (Brzezinski, 1985). In particulargtéss than 5, which signifies nitrogen-
limitation of the physiological range of N:P in ghplankton (Geider and La Roche, 2002). The
relatively higher concentrations of Si(QHuggest a potential for the prevalence of diatom
production (Yool and Tyrrell, 2003) in spring whierganic nitrogen compounds are at their

greatest annually due to winter mixing and remilieaion processes (Tremblay et al., 2015).
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The hydrography of CB and its nutrient budget amewhat different from the rest of
the Kitikmeot Sea. A fjordal-type bathymetry withadlow sills at 20 m encompassing the inner
bay and 11 m sill at the outer edge of the bay,aarelatively deep basin of >70 m provides
potential for trapping dense water formed duringriee formationigure 3.1; Gade et al.,
1974). Indeed, the persistent pycnocline and saliiders of CBigure 3.5), as well as N@
+NO2” concentrations greater on average than thoseasd8traitKigure 3.2a), characterize
the bay as a semi-enclosed system. Furthermorgyéla¢er than average N:Si and N:P ratios
within the bay suggest an additional N-source &lthy. However, interannual fluctuations in
NOsz+NO2 concentrations and N:Si and N:P ratios in the énch equated to those outside of
the bay in 2016Kigure 3.2), suggest periodic ventilation of the bay withezrial waters from
Dease Strait. The colder and more saline watersreég below the pycnocline in 2016 (as well
as 2013), suggest a link of ventilation to sedacmation and associated brine rejectidal(e
3.1).

3.4.2 Nitrogen Dynamics and Biological Activities in thidastewater Treatment System

Results clearly demonstrate an input of high-ngrogompounds into the bay from the
local wastewater system. However, the type of ggrocompound varied during discharge.
Remineralization of organic matter, algal uptakd growth, and nitrification of Nk to NOsy”
(Daims et al., 200@elgadillo-Mirquez et al., 2016) were active pra&esin the wastewater
system, evidenced by increases in &HOC and PON concentrations, decreases of igitiall
high NH:*-N and PQ*P concentrations and increases insNiD concentrations during the
discharge periodlable 3.2).

Prior to the start of discharge on 16 July, unidieat nanoflagellates were dominant at

the outfall Figure 3.4). The high fucoxanthin composition and presenceabxanthin, yet
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lack of diatoms at the site suggests that the hageifate was likely a chrysophyte (i.e., golden-
brown flagellate). The taxa could be a potentiaimant community of the ice melt, known to
support a relatively abundant composition of freatesbrackish chrysophytes such as
Dinobryonspp. (Bursa] 963; Gradinger, 1996 Mundy et al., 2011), or, more simply, a native
taxa of the estuary. During discharge on 28 Jutgih-rich chlorophytes dominated the outfall
algal community. The appearance of this commursgpeiated with the rapid increase in @hl
concentration at the outfall suggests an origimftbe wastewater system, which was the likely
community drawing down a portion of the NN and PQ*P during the discharge period.
3.4.3 Wastewater Effluent and its Impact on Phytoplankooduction

Based on average values and the total amount déwater effluent, we estimate 6500
mol of NHs"-N, 2100 mol of N@&N, 170 kg N of PON and 1100 kg C of POC were rsdela
from the wastewater system into receiving waterthefbay in 2018. Regardless of the N-
compound source, wastewater release had a sigrtifio@act on primary production in the bay.
Similar production estimates between 13 and 19 goipbined with the depletion of surface
NOs+NO, to <0.5 umol t*and increase in the POC:PON and POC @Dtatios above the
pycnocline suggests onset of N-limitation at CB jusor to the commencement of wastewater
discharge. Then on 26 July, right after wastewditrharge started, primary production
increased at the surface. Interestingly, the sarfaoduction increase was short-lived, with an
observed peak in production centred at the pycnedly 3 AugustKigure 3.8b). This
downward shift in production was associated wita@d increase in POC:PON and POC:&hl
ratios above the DCM and particularly at the swgfddis relative increase in carbon content of
the POM suggests a shift towards a more heterat@ommunity with a likely increase in

microbial activity at the surface (Lee et al., 2004; Buchan et al., 2014). The strong lutein
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contribution to accessory pigments observed onudguat at CB in the surface 2 m sample also
provides strong evidence that at least a portiadh®@fvastewater chlorophyte-dominated
community and associated effluent drifted out ®¢bntre of the bay. Here, they contributed to
the increase in POC, but interestingly did notta@ccordingly increase PON or Ghl
concentrations at the surface.

It was at the DCM where production was greatesihduvastewater discharge, Ghl
concentrations peaked at 15§ L™ on 10 August, and POC:PON and POC:&ld:g) ratios
decreased to 7.12 and 49.3, respectively. Thesnai®ns suggest the wastewater effluent
impact on primary production was concentrated treaDCM in the bay. Indeed, the freshwater
chlorophytesScenedesmus acuminagpecies that dominated the wastewater effluent and
outfall site during wastewater discharge appeatdohaconcentrations near the DCM on 10
August. It is possible that the wastewater chloyp@ltommunity could have rapidly settled out
of the water column near the outfall. Due to tHatreely shallow slope of 10 to 40 m near the
outfall and the persistent pycnocline at 29Fg(re 3.3), these settled algae and associated
effluent particulate matter could have a residdime along the pycnocline. It is possible that
cell death and lysis of the settling freshwater pamity near the pycnocline and resultant
release of labile organic matter—influenced by ostrsiress, sloppy feeding by zooplankton,
and viral infection (Bronk and Steinberg, 2008)—dowapidly provide accessible N-compounds
to the phytoplankton community. Such a mechanismhedp explain the restriction of peak
primary production at the pycnocline during the teaster discharge.

Summing up the impact of wastewater effluent, wagared the amount of measured primary
production to the total estimated nitrogen inpuat thie wastewater system. During wastewater

discharge between 23 July to 24 August, a totah@ry production of 7.19 g C fwas
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estimated at CB. This value was 68% of the totatipction at 10.5 g C ¥estimated for the
entire study from 9 July to 10 October. Averagimgduction before and after wastewater
discharge and applying it to the wastewater digghaeriod, we estimated. 1.75 g C.rithis

rate was assumed to represent baseline primarygtiod for the system between 23 July and
24 August, dependent on the available nitrogeheénsurface mixed layer. We subtracted this
value from 7.19 g C rito estimate the wastewater-associated impactesytstem to be

5.44 g C nit. We further compared this value to the nitrogguirestimated from the wastewater
effluent. The total contribution from all wastewaké sources converted to C-production using
the average POC:PON ratio of 7.12 at 30 m duriegdiecharge period equates to 2,680 kg C.
To define the areal extent for this C-productioe, wged the 20- and 30-m isobaths that
connected the outfall and CB sites, justified by timajority of production observed at the DCM
below 20 m. The estimate ranged from 1.30 to 1.Z1ng?, which equates to 24-31% of the
overall wastewater production impact (i.e., 5.48 gi?). Clearly, the wastewater N input did not
fully explain the additional production during tivastewater period. It is noted that toward the
end of the discharge period, the DCM and produgbesk dropped below the persistent
pycnocline, which provided the additional N-soure@xplain the rest of the observed
production. Applying our knowledge that the sysisreemi-enclosed, with little exchange of
waters outside of the bay due to the 11-m sillesttmated total new production associated with
the NQ+NO, drawdown at CB. That is, the N®NO. concentration profile (0-50 m)
measured on 16 February was subtracted from thasumed on 25 September. The difference
was then integrated from 0-50 m and converted podduction using the PON: POC ratio at

30 m (7.12) to estimate a total NENO;-based production of 7.54 g CniTherefore, 72% of

total measured production in the bay (10.5 g€ was explained by NOFNO; drawdown
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over the season. Including the production estirfrate the wastewater-nitrogen addition. This
leaves, 12~16% of production missing from the budgkich was likely supplied from other N-
sources such as NH which was not measured in the oceanic environnmethiis study. Indeed,
Kim et al. (n RevieW observed ~1 umoltof NHs* in surface waters during spring under the
ice cover, approximately one-third that of ROINO;™ concentrations measured in study from a
nearby location in Dease Strait of the KitikmeoaSe
3.4.4 Phytoplankton Succession and its Role in Vertiogddgt of Nitrogen

Changes in phytoplankton taxonomic composition kefduring and after wastewater
discharge were observed in the bay. Prior to wastEvdischarge, the DCM phytoplankton
community was dominated by small unidentified néagellates (3-10 pm)gure 3.4b). With
the supply of wastewater effluent N-compounds d&edoresence of relatively high Si(QH)
concentrations, the resultant bloom was dominayedidtoms, further reducing surface Si(QH)
concentrations during wastewater discharge. Thealepal frustule and large size of diatoms
can greatly increase their potential to sink (Legendre, 1990; Ragueneau et al., 2000), which helps
explain the increased drawdown of RNO,™ below the persistent pycnocline up to the
euphotic depth after the diatom-dominated commupeiyan to bloom. As noted in the last
section, the additional N-source below the pycmacin the bay can explain a large portion of
primary production not accounted for by wastewatttuent directly. It is suggested that the
diatom bloom was required to access this additiblaburce. Furthermore, it is through this
migration of the bloom to below the pycnocline tNatompounds from the wastewater effluent
can be transported to depth and eventually builduhey remineralize to inorganic nitrogen
compounds through activities of microorganisms tiwer (Garber, 1984; Buchan et al., 2014).

This vertical export helps explain the additionasdurce suggested for CB derived from the
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observed elevated N:Si and N:P ratios in the biafive to the surrounding Kitikmeot Sea. After
wastewater discharge was stopped, the diatom piqruideclined, replaced by smaller flagellate
cells, more characteristic of a nutridithited post bloom state (Officer and Ryther, 1980;

Michael and Glibert, 2000).

Long after wastewater discharge had stopped arfidcgunutrients were depleted in mid-
September, surface production rates slightly irsedacoupled with an increase in areal &hl
concentrations. This small fall bloom was actualffgnction surface mixing due to strong winds
(wind gusts exceeding 50 kmtlduring the perioghttp://climate.weather.go.ca). To our
knowledge, this observation represents one ofiteeiri situ documentations of a wind-induced
fall bloom in the Arctic. With a later freeze-updatihus longer exposure of surface waters into
fall, as well as overall increased windiness ofAhgtic, fall phytoplankton blooms have been

observed via satellite throughout the Arctic Ocgamlyna et al., 2014).
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3.5 Conclusion

The Kitikmeot Sea is among the most N-deplete systethe Arctic Ocean. Our findings
demonstrate an important local influence of wastemaffluent on primary production in
Cambridge Bay. The fjordal-type bathymetry and igézat pycnocline below the exit sill of the
bay act to trap much of the wastewater N at degathsing the marine environment to be unique
from that outside of the bay. Evidence from N:P Bin8i inorganic nutrient ratios suggest that
the bay can be ventilated; however the cause and timing of this ventilation is speculative at best.
N-addition to the system is still relatively miras the system cannot be considered eutrophic
with a maximum production of only 10.5 g C?raver the open water period with daylight. For
example, other regions in the Arctic Ocean havented phytoplankton production ranging from
annual estimate of 56 g Chy ! near Resolute Bay, Canada (Welch et al. 199221 ¢ C n?
accumulation over a single bloom in the Chukchi @e&go et al. 2012). Furthermore, harmful
algal species typically associated with wastewaiiuenced blooms, such &uedo-nitzschia
spp.(Pan and Rao, 1997), were not detected at CB gitine wastewater discharge. These
results suggest that the present impact of waseewleégcharge into Cambridge Bay is not
critical, but does pose a concern to the regiornh\ttie growing population of Canada’s Arctic, a
monitoring program, and additional research, ¢éoghelp answer some of the questions raised
here, is strongly recommended to improve futureagament decisions regarding regulation and

operation of wastewater systems in Arctic regions.
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CHAPTER FOUR: CONCLUSIONSAND RECOMMENDATIONS

4.1 Summary

Chapter one introduces the thesis topic, expl&iasihderlying importance of the
research, states three research objectives, andlkssthe structure of this dissertation,
including contents of the four chapters. Chapter provides pertinent background information
related to the thesis, including descriptions afegal processes and concepts including
application of this information to understanding tturrent state and changes in the Arctic
region. Effort is placed to describe limiting amfluencing factors for phytoplankton growth,
with an emphasis on light availability and nutridghamics and their environmental controls.
Additionally, information on phytoplankton specismposition and primary production to
explain the interaction among the environmentaidia; phytoplankton species composition and
primary production is provided. Lastly, a closeamwnation of wastewater treatment systems
and logistical challenges faced in the Arctic eoninent is discussed. This examination focuses
on the thesis case study site of Cambridge BayaMuin Canada within the Kitikmeot Sea.

Chapter three includes a manuscript prepared famgsion to an international journal
that examines the effects of wastewater efflueriboal primary production in Cambridge Bay
as a case study for the Canadian coastal Arctie.résearch compares environmental
characteristics of the bay to the adjacent Kitikirfeea and describes changes in phytoplankton
species composition as well as increases in phgdgpdn biomass and associated primary
production before, during, and after wastewatectdigge into the bay. The fjordal-type
bathymetry of Cambridge Bay was found to be a samlesed system with a persistent
pycnocline centred at 29 m, below the bay’s eX# sit 20 and 11 m. The pycnocline and
bathymetry led to trapping of organic matter attdep the system, which resulted in an elevated
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nitrogen inventory in the bay relative to the surrding Kitikmeot Sea. Interannual variability in
nutrient concentrations and ratios suggest thepleapdically ventilates its deep waters,
although the process driving this occurrence reguurther investigation. Within Cambridge
Bay and prior to discharge, phytoplankton producti@s steady and low, and it appeared to use
up the surface nitrate inventory by mid-July, supgub by nutrient limitation onset signals of

high POC:PON and POC:Calratios and a dominant nanoflagellate communityghWhe onset

of wastewater release in late July, phytoplankt@upction rapidly increased with large diatoms
dominating the community composition. It was estedahat wastewater effluent released

6500 molof NH4™-N, 2100 mol of N@-N, and 0.2 kg N of PON into the marine system miyri
discharge in 2018. This nitrogen addition accourdedip to 31% of production above the bay’s
background levels (i.e., averaged rate before #rdwmastewater release). The additional
nitrogen stored at depth in the bay was able téta@xphe additional production, which is
believed to derive from the concentration of organatter originating from the wastewater
system, but trapped at depth. Although the syssecomcluded to not yet be eutrophic, caution is
raised at the rapid response of the marine sysidiretwastewater release with a strong

recommendation for establishment of a future momigpand research program for the bay.
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4.2 Conclusions and Recommendations

Ongoing global warming directly and indirectly stitates marine ecosystems across the
Arctic Ocean through physical changes such asaseein melting sea ice and the open-water
periods. A warming climate is also increasing asadgshe Arctic to industry, which is, in part,
influencing a rapidly growing population. In tuthge rising population will lead to a rise in the
inflow of the anthropogenic nitrogen compounds itht® Arctic coastal areas. Indeed, part of the
problem is logistical in nature, where wetland laigeovastewater treatment systems that are
relatively efficient in temperate zones have liditdficiencies due to low temperatures and
polar darkness. Although there was no evidencaiwbphication in the system, due to the
gradually increasing population of the region assbaiated wastewater effluent, there is a need
to consider improvements to the wastewater treatsystem. First, installation of secondary
treatment should be considered. In particular, s@&ry treatment using seaweed or plants is
environmentally friendly and efficient in removingtrients. Some Arctic communities are
attempting to develop secondary treatment in anldiid the primary one (Ragush et al., 2015).
Second, increasing the retention time of wastewaitin the wastewater treatment system is
one way of improving the treatment process. Inipaldr, increasing retention time in lagoons
can lead to more extensive microbial activity. I@r,increasing the size of the wetland, the
absorption efficiency for the high nitrogen compdsiitontained in the wastewater by the
wetland bottom and surrounding soil increases.ly,asis possible to think of ways to increase
the period of wastewater discharge and to redueddiv rate of discharge with increases in the
open water period. If the amount of wastewater itifedws per second decreases, the more
active ocean dilution can be achieved in the réegiwater, ultimately resulting in less

phytoplankton stimulation.
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Through my case study in Cambridge Bay, | found there are impacts of the
wastewater effluent on phytoplankton biomass, ggeoomposition and local primary
production. These findings highlight a need foufetresearch and monitoring of the region and
other similar Canadian coastal Arctic regions. Beldist some ideas of what can be done:

First, one of the most important findings was tig@artant role of the persistent halocline
and bathymetry that acted to trap nitrogen at dapthe bay and ultimately accounted for a
large part of the bloom above background produatades. However, interannual evidence
suggested this nitrogen inventory could periodjcaéntilate. The process behind this ventilation
requires additional investigation. It is suggegtedhstall small oceanographic moorings with
current meters and CTDs on either side of the h#lyimthe 20 m sill region to monitor
advection rates and salinities of waters comingnd leaving the bay. An additional mooring can
be placed in the centre of the bay to monitor tepdwvater salinities of the bay. It would also be
fruitful to add biologically-relevant sensors, slahPAR sensorf) vivio Chla fluorometers,
and dissolved oxygen sensors, to these mooringotode background information on primary
production. Linked to the existing Cambridge Bagammographic observatory run by Oceans
Network Canada, as well as a new deep water moaritige bay, these data will be invaluable
to investigate ventilation of waters in the bay.

Second, during the period of wastewater dischdmgg, concentrations of nutrients were
not efficiently removed, and almost all of them weeleased into the bay. The influx of
anthropogenic nutrients can cause eutrophicatiomeSprevious studies focused on legacy
nutrients, especially that of phosphorus, becan@@pogenic phosphorus accumulates over
long periods of time in receiving waters of freskevaystemsgCarpenter, 2008; Sharpley et al.,

2013). The result of legacy nutrients can be olebas mixing occurs in the system resulting in
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intense surface blooms without the input of wastem@aerl, 2014Paerl, et al., 2018). These
types of systems can be compared quite closelyat@ersistent pycnocline and shallow exit sills
of Cambridge Bay and thus the nitrogen accumulairdepth could cause a legacy nutrient
condition if ventilation does not occur for longesriods of time. An additional concern is
eutrophication of the system overtime, where langesses of settling organic matter and
associated remineralization processes at deptleadro oxygen depletion (Herbert, 1999; Voss

et al., 2013). Therefore, additional research eded to investigate potential roles of legacy
nutrients and changes in oxygen levels in the Bagtly, collecting sediment core samples at the
outfall and CB station, and then analyzing nutgdntsediments to make a time-series database
to trace the amount of nutrients which accumul#teh the wastewater influx over the years.
After establishing the time-series database basdbecore samples, the research for additional
nutrient input and for oxygen concentration needse conducted each year to investigate
whether the seawater is changing in ocean condiiioorder to establish a monitoring program.
This study, when conducted concurrently with thst fstudy recommended above, will help us
better understand the ocean conditions affectdulipyan activities as well as climate-induced
change in the region.

Third, similar research to that accomplished is thesis should be periodically repeated
year by year in order to establish a monitoringgpam related to the interaction between
regional primary production and the amount of ahmeestewater effluent. Such a monitoring
program could also be conducted alongside envirotehassessment focusing on wastewater
contaminants such as pharmaceuticals, antibicgistance genes, and microplastics.
Furthermore, even though phytoplankton species asPlsuedo-nitzschia sppvhich can cause

harmful algal blooms (Pan and Rao, 1997), wereoheerved in 2018, their occurrence is a
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possibility as they are a cold-water species ane lbaen reported elsewhere in the Arctic
(AMAP 2017). Establishing a monitoring system witflable observations of changes and trends
in the system, which will undoubtedly help locatd#on-makers manage the wastewater
treatment system better.

Last, more case studies like this thesis resedrohld be conducted across the coastal
Arctic. Not all coastal communities are compardbl€ambridge Bay. In fact, the semi-enclosed
fiordal-type bay is likely uniqgue among Canadiaastal communities. However, many other
communities are located in protected embaymentsaunld be influenced by local wastewater
effluent. Furthermore, population size, wastewagatment and collection systems in each
community can differ greatly in their type and usa@y broader understanding on the impact of
wastewater effluent on the coastal Arctic marinesgstem will help improve our understanding

for informed decisions to improve wastewater treattsystems and strategies.
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APPENDI X A: ABBREVIATIONS
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Total nitroge!

ADP
ATP
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ANOVA
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Chla
Chlb
CTD
DCM
FSW
HPLC
NOs
NOy
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POC
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