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“Taught man that which he knew not”
(The Glorious Quran; Al-Alaq, 96:5)



General Abstract

Gold mining in northern Canada, while profitable, has left a legacy of arsenic (As)
contamination, especially in lakes. Arcellinida, lacustrine benthic protozoans, have great
As-biomonitoring potential that has yet to be exploited by lake restoration initiatives. This
research aims to further develop Arcellinida as a robust tool for monitoring As

contamination and remediation efficacy in impacted lakes.

In Chapter 2 a novel Arcellinida sample processing protocol, using chemical
deflocculation, was developed to determine optimal approaches for reducing residual
organic matter in lake sediments with minimal Arcellinida test degradation. The results
revealed that treatment with 5% potassium hydroxide led to the highest reduction in

observed organic content and rate of test damage.

In Chapter 3 results of a study where Arcellinida were examined from 22 near-
surface sediment samples (top 1 cm) collected from similar environments in two eastern
Canadian lakes was carried out to evaluate faunal assemblages homogeneity in these
targeted environments, and to assess the sensitivity of Arcellinida assemblages to inter-
annual environmental variability. The results of this study confirmed the faunal
homogeneity of assemblages in limnologically similar environments and demonstrated the
sensitivity of Arcellinida assemblages to environmental changes at inter-annual time

scales.

In Chapter 4 an inter-lake survey of 91 lakes in the Yellowknife area, Northwest

Territories (NT), Canada, was conducted to quantify the response of arcellinidan to gold



mining-derived As contamination and to statistically determine As-tolerance limits of
different Arcellinida species. The results demonstrate the applicability of using Arcellinida
to delineate the spatial extent of As contamination and the reliability of using As tolerance-

limits-based Arcellinida groups to infer As contamination levels in lake sediments.

In Chapter 5 the arcellinidan response to intra-lake changes in As contamination,
derived from two former gold mines, was investigated in 40 near-surface sediment samples
from two lakes in the low Arctic, central NT (Tundra Mine) and in a boreal setting, southern
NT (Giant Mine). It was demonstrated that Arcellinida assemblages responded differently
to the impact of As, likely due to different As mineralization in each lake, which was in
turn a by-product of employing different ore-processing techniques at the former gold

mines.
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chemical deflocculation on organic content reduction and
lacustrine Arcellinida (testate amoebae) analysis. Chapter 2
describes a novel Arcellinida sample preparation protocol based on
chemical deflocculation for the reduction of organic matter in lake sediment
samples. This chapter was published in Microbial Ecology (DOI
10.1007/800248-019-01429-0), with an author list of Nawaf A. Nasser,
Braden R.B. Gregory, Riley E. Steele, R. Timothy Patterson, Jennifer M.
Galloway. Near-surface sediment samples were collected by NAN. The
experimental design for the study was conceived by NAN, BRBG, and RES.
Sample processing was carried out by NAN, BRBG, and RES.
Micropaleontological analysis, statistical analysis, and results
interpretation was completed by NAN. The manuscript was written by NAN
under the supervision of RTP and JMG with feedback from BRBG and RES.
Drafting of supporting figures, tables, and supplementary materials was

completed by NAN.
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2. Chapter 3: Inter-Annual Arcellinida (testate lobose amoebae)
Assemblage Dynamics within Lacustrine Environments. Chapter
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Figure 2. 1: A) Map of Canada showing the study location in the Northwest
Territories, Canada (dark blue) as a yellow circle. B) A map showing sampling sites
(green and yellow circles) within 30 km radius around the City of Yellowknife.

Lakes sampled in this study (n = 3) are represented as yellow circles. ................ 31

Figure 2. 2: Schematic view of sample preparation methods used in this study. A)
Standard Arcellinida sample preparation protocol. A sediment sample (often three
cm3) is sieved through coarse (297 um; 30 seconds) and fine (38 um; two minutes)
sieves and split prior to arcellinidan analysis. B) First chemical methods testing
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Difflugia urceolata “elongata”, DU = Difflugia urens, DE = Difflugia elegans, LV

= Lagenodifflugia vas, LS = Lesquereusia spiralis, PC = Pontigulasia compressa.

Figure 3. 5: Detrended correspondence analysis (DCA) showing the results for
the two Arcellinida assemblages and two sub-assemblages in multidimensional

SPACE. weeeuueeeuteeuteettesteesteeeteeeateseate e bte e bt e e bt e et e e et e e ateeat e e bt e e b e e et e e ut e e enteeaneessaenns 92

Figure 3. 6: (A) Redundancy Analysis (RDA) species-environment-sample tri-
plot for the 22 surface-sediment samples that yielded statistically significant
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Chapter 1

Introduction

1.1 Research background and motivation

The research presented in this Ph.D. dissertation is a crucial component of a
multidisciplinary and collaborative project that has been jointly funded by Polar
Knowledge Canada (POLAR) and the Geological Survey of Canada (GSC) to develop
geoscience tools for assessing environmental risk associated with metal mining in northern
Canada. The long-term objectives of this project are: 1) to produce novel cumulative effects
models for land-use change; 2) to develop reliable tools that support environmental risk
assessment of metal mining; 3) to enhance the quality and performance of Canada’s
environmental regulatory process; and, 4) to generate relevant Traditional Ecological
Knowledge (TEK), experiences acquired by indigenous and local peoples over hundreds
of years of direct human contact with the environment (Berkes, 1993; Inglis, 1993) and
Inuit Qaujimajatuqangit (IQ) knowledge products that can benefit northern communities.
The second and third objectives, in specific, provide the impetus for my Ph.D. research,
which is focused on further developing Arcellinida, also known as testate lobose amoebae
(Mitchell et al., 2008), as a robust tool for monitoring legacy arsenic (As) contamination
derived from the operations of historic gold mines in the central Northwest Territories
(NT), Canada.

It is undeniable that the mining industry in northern Canada has been a vital driver

of the nation’s economic development (production value since 1974 = $65 billion; NRCan,
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2019). Gold mining, in particular, contributed substantially to the establishment of the City
of Yellowknife as the capital of the NT with several major gold mining operations, notably
Giant Mine (1948-2004), Con/Negus Mine (1938-2003), and Discovery Mine (1950—
1969), that collectively produced 382.7 tonnes of gold and generated $5.51 billion (in 2002
$) in revenue since 1983 (Bullen and Robb, 2005). The operations of these mines, however,
left behind a massive legacy of As contamination in surrounding environments that poses
significant risk to the environment and human health. In response to this environmental
liability, several mine remediation efforts have been initiated across the central NT (e.g.,
the Giant, Discovery, and Tundra mines remediation projects; Silke, 2009) and were
supplemented by the introduction of the Mine Site Reclamation Policy for the NT in 2002,
which stipulates that operators of new and existing mines must not only present a
comprehensive closure and reclamation plan, but also restore conditions at any sites or
environments impacted by the mining activities and monitor the progress of remedial
efforts at these sites post mine-closure (INAC, 2002).

Of the many As contamination-impacted environments and ecosystems in the NT,
the contamination of lake sediments and waters by As has received special attention due to
the value of lakes as: 1) an essential source of drinking water; 2) a habitat that sustains a
plethora of aquatic fauna and flora; 3) a driver of socio-economic growth (e.g., they serve
as transportation and trade routes, and/or popular recreational sites); and; 4) integral sites
for domestic use, irrigation, grazing, and fishing for the Yellowknives Dene First Nation
and other Indigenous communities (Tides Canada, 2015). Concerns over the deleterious
impact of As contamination on lacustrine ecological conditions is attributed mainly to the

high toxicity of this metalloid and the redox-sensitivity of As, which allows it to cycle



between the sediments and overlaying water post-depositionally in response to seasonal
variations in abiotic (e.g., changes in pH and dissolved oxygen) and biotic lacustrine
parameters (e.g., microbial activities; Toevs et al., 2006; Du Laing et al., 2009). Due to the
cyclic behaviour of As, lake sediments can either act as a repository for As, typically under
oxic conditions, or a source that can release As from sediment to porewaters and
subsequently to overlying surface waters under reducing conditions (e.g., Palmer et al.,
2019). Therefore, accurate monitoring of environmental conditions in As contaminated and
uncontaminated lakes is critical to ensure the rehabilitation of the former and safeguard the
integrity of ecological conditions in the latter.

The impact of mine-derived As contamination on lakes has spurred several lake
restoration and environmental monitoring programs in the NT (e.g., SENES, 2011; Reid,
2012; AANDC, 2014; AECOM, 2015; Tides Canada, 2015). Monitoring the progress of
remediation in impacted lakes is typically achieved by collecting and analyzing water and
sediment samples for element concentrations (e.g., Reid, 2012; AANDC, 2014). Lake
sediments represent one of the most significant archives for past environmental changes
(Last and Smol, 2001). This is because lake sediments contain chemical, sedimentological,
and biological proxies that can be used to track changes in lake environmental conditions.
Of these proxies, biological proxies can provide a time-averaged multi-seasonal signal of
environmental conditions and therefore have the potential to be a reliable tool for
monitoring the efficacy of remediation. Further, biological proxies can provide information
on the direct ecological impacts of contamination and are not post-depositionally re-
mobilized (assuming a lack of bioturbation) as is the case for redox sensitive elements such

as As.



1.1.1 Arcellinida (testate lobose amoebae)

Benthic shelled microorganisms, in particular, have been shown to record the impact of
land-use on the ecological health of lakes overtime (e.g., Gavel et al., 2018; Nasser et al.,
2019). However, fossils of certain benthic microorganisms may not preserve well after
burial under specific environmental conditions (e.g., molluscs shells and ostracod valves
tend to dissolve under acidic conditions; Overrein et al., 1980; Raddum, 1980, Rooke,
1983; Servos et al., 1984; Ruiz et al., 2013). Conversely, the fossil remains of Arcellinida
are characterized by an elevated preservation potential under a wide range of lacustrine
environmental condition, and are therefore very reliable as bioindicators of environmental
change (Medioli and Scott, 1988; Kumar and Patterson, 2000). Arcellinida are a group of
microscopic (size = 15-200 pm) benthic protozoans that are abundant in Quaternary
deposits of fresh (e.g., lakes, rivers and peatlands) and brackish aquatic habitats (Medioli
and Scott, 1988; Patterson et al., 1985; Charman, 2000). The geographical range of
Arcellinida is wide, extending from the tropics to the Arctic region (Collins et al., 1990;
Beyens et al., 1995; Dalby et al., 2000; Escobar et al., 2008). The amoeboid cell is enclosed
within a single-chambered test (i.e., shell) that is either secreted by the organism
(autogenous tests) or constructed by binding particles and detritus from the environment
(xenogenous tests; Medioli and Scott, 1988; Patterson and Kumar, 2002). While
arcellinidan tests are most common in Holocene deposits, intact tests have been also found
in deposits dating for the Cretaceous and the Neoproterozoic (Porter and Knoll, 2000; van

Hangstum et al., 2007).

Arcellinida species were identified and described as far back as the early 19"

century (Schrank, 1802; Lamarck, 1816). The majority of early Arcellinida studies



primarily focused on exploring the taxonomic aspect of the group (i.e., description of new
genera and/or species; e.g., Lamarck, 1816; Ehrenberg, 1838; Perty, 1849; Wallich, 1864;
Leidy, 1877; Hampel, 1898; Penard, 1902; Cash and Hopkinson, 1905; Deflandre, 1961;
Loeblich and Tappan, 1964; Ogden and Hadley, 1980). Taxonomic-based studies
dominated the Arcellinida literature for almost 180 years (1802—1980), with the ecology,
distribution, and applications of lacustrine Arcellinida receiving limited attention
(Lindberg, 1899; Tolonen, 1986; Lagerheim, 1902). However, interest in Arcellinida and
their ecological potential experienced a revival that began in Europe in the 1970s and

1980s, with studies by Schonborn (1973, 1984) and Ruzicka (1982) successfully

demonstrating the potential of using the group for reconstructing paleoenvironmental
conditions in lakes. The studies have also showcased the sensitivity of Arcellinida species
to the impact of erosion and sediment influx (Ruzicka, 1982) and variations in the trophic

status of lakes (Schonborn, 1984). The findings of these studies paved the way for

subsequent investigations of the ecological potential of Arcellinida in Europe (e.g. Ellison,
1995; Asioli et al., 1996) and resulted an even greater resurgence of Arcellinida research
in North America (e.g., Scott and Medioli, 1983; Patterson et al., 1985; Honig and Scott,

1987; Medioli and Scott, 1988).

Several ecological studies on the group are of particular note. In Canada, Scott and
Medioli (1983) detected a notable change in the temporal distribution of Arcellinida
assemblages, in sedimentary cores from the three basins in Lake Erie, and interpreted their
observations as a response to possible land-use changes around the lake in 1850 AD (e.g.
human settlement). The authors also recognized a linked between the abundance of

Cucurbitella tricuspis and eutrophication and correlated the increase in the numbers of



Difflugia bidens to periods of increased sedimentary input. A few years later, Patterson et
al. (1985) identified a clear arcellinidan response to environmental changes from marine to
freshwater conditions in sedimentary cores from five lakes in New Brunswick and Nova
Scotia. The authors also reported elevated numbers of Centropyxis aculeata in sedimentary
horizons marking the environmental transition and corroborated the findings of Scott and
Medioli (1938) by linking the abundance of C. tricuspis and D. bidens to eutrophication
and elevated minerogenic content, respectively. In addition, the authors refined knowledge
pertinent to the ecology of C. fricuspis by linking its abundance with eutrophication as well
as the abundance of floating algae (Spyrogyra). Honig and Scott (1987) further confirmed
the sensitivity of Arcellinida assemblages to changes in sea level and corroborated the
results of Patterson et al. (1985), by showing a clear faunal response to the environmental

transition from marine to freshwater conditions in small lakes in coastal New Brunswick.

Following these key studies, Arcellinida research output saw a significant increase
in the number of studies investigating the distribution, diversity, and ecology of Arcellinida
in lakes from North America (e.g., Collins et al., 1990; Escobar et al., 2008; Neville et al.,
2010; Segala et al., 2017), Europe (e.g., Lokko et al., 2014; Sakauskiene et al., 2014; Varol
et al., 2015), Asia (Chung and Choi, 1989, 1995; Dalby et al., 2000; Yang et al., 2005,
2009; Ju et al., 2014; Yu and Tahirova, 2018), and South America (e.g., Escobar et al.,
2005; Alves et al., 2010; Cauffau et al., 2015) — to date, there have been no Arcellinida
studies from African lakes (Schwind et al., 2013). This line of research further evolved to
include studies aiming to assess the use of Arcellinida as bioindicators of land-use impact.
For example, several studies have illustrated the effects of anthropogenically-derived

changes in pH on the distribution of Arcellinida (Asioli et al., 1996; Kumar and Patterson,



2000; Escobar et al., 2008; Neville et al., 2010; Patterson et al., 2013; Qin et al., 2013),
while other researchers have confirmed the sensitivity of Arcellinida to the impact of
eutrophication (Reinhardt et al, 2005; Yang et al., 2005; Roe et al., 2010; Patterson et al.,
2012; Gavel et al., 2018). A facet of Arcellinida research that has been recently attracting
a lot of attention, and is the primary motivation for my Ph.D. research, is the assessment
of the response of Arcellinida assemblages to contamination derived from mineral resource

development (i.e. mining).

In the late 1990s, studies from Italy (Asioli et al., 1996) and Canada (Patterson et
al, 1996; Reinhardt et al., 1998) demonstrated the sensitivity of Arcellinida populations to
the impact of mine-induced contamination. The same studies also recognized a notable
faunal transition from stressed to healthy Arcellinida assemblages concurrent with reduced
levels of contamination. In subsequent years, quantification of the spatio-temporal
relationship between Arcellinida assemblages and mine-derived contaminants became
possible thanks to advancements in the field of statistics (e.g., Kauppila et al., 2006;
Kihlman and Kauppila, 2009, 2010, 2012; Patterson et al., 2013). Recently, Nasser et al
(2016) quantified, for the first time, the relationship between legacy arsenic contamination
derived from the operations of Giant Mine and Arcellinida assemblages in 61 near-surface
sediment samples from 59 lakes in the Yellowknife area, Northwest Territories, Canada.
While the results of that study provided new insight into the sensitivity of Arcellinida to
As contamination, there is still much room for refining the use of Arcellinida as a tool for

monitoring As contamination and the progress of remediation in impacted lake.



1.2 Research objectives and originality

The primary aim of this project was to further develop Arcellinida as a robust tool for

monitoring the impact of As contamination and progress of remediation in lakes. To that

end, this Ph.D. research was designed to address multiple goals:

1.

To develop an Arcellinida sample processing protocol to enhance the efficiency of
arcellinidan analysis by reducing organic content in lake sediment samples
(Chapter 2; Nasser et al., 2019);

To determine whether duplicate sampling for Arcellinida analysis is necessary
from similar lacustrine environments (Chapter 3; Nasser et al., 2019);

To discern whether Arcellinida assemblages are sensitive enough to detect short-
term environmental changes (i.e. inter-annual; Chapter 3; Nasser et al., 2019);

To quantify the response of Arcellinida to mine-induced arsenic contamination at
a regional scale (i.e. inter-lake survey) and determine arsenic tolerance-limits of
different arcellinidan species (Chapter 4; Nasser et al., In Review); and,

To quantify the response of Arcellinida to mine-induced arsenic contamination at
a local scale (i.e. intra-lake survey) and assess the consistency of Arcellinida
response to legacy arsenic contamination derived from two different gold mines

(Chapter 5; Nasser et al., submitted)

These goals are addressed in four peer-reviewed articles that represent four chapters

in this integrated Ph.D. dissertation (Chapters 1-4). The first research article (Chapter 1;

Nasser et al., 2019) addresses the first research goal by assessing the impact of three

chemical treatment methods; soda ash (Na,CO3-H>0), potassium hydroxide (KOH), and

sodium hexametaphosphate ((NaPOs)s), on organic content reduction and arcellinidan test
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preservation in 126 subsample aliquots derived from three near-surface sediment samples
from three lakes near the City of Yellowknife, Northwest Territories, Canada to: 1)
determine the optimal chemical treatment method and chemical concentration for reducing
organic content in arcellinidan sediment samples; 2) assess the level of arcellinidan test
damage resulting from the use of each treatment method; and, 3) examine the effect of
chemical treatment and residual organic content on Arcellinida analysis and arcellinidan
assemblages faunal composition. This research represents the first assessment of the use of
chemical treatment as a valid method for enhancing the quality and efficiency Arcellinida
analysis through reducing the organic content in lake samples, which is critical for
enhancing the use of Arcellinida as a monitoring tool.

The second article (Chapter 3; Nasser et al., 2019) addresses the second and third
research goals by examining Arcellinida specimens from 22 near-surface sediment samples
collected from similar limnological environments in eastern Canadian lakes Lac du Castor
Blanc (SW Quebec) and Oromocto Lake (SW New Brunswick), to: 1) evaluate the
consistency of the faunal structure of Arcellinida assemblages found within the targeted
homogenous environments; and, 2) assess the dynamics of arcellinidan assemblages in
response to inter-annual limnological changes in samples collected from Oromocto Lake
in 2010 and 2012 CE. This research is integral for developing Arcellinida as a monitoring
tool as it confirmed whether collecting a single sample from similar lacustrine
environments is enough to represent the Arcellinida populations, and showcased the

sensitivity of Arcellinida to subtle short-term environmental changes.

The third article (Chapter 4; Nasser et al.; In review) addresses the fourth research

goal by analyzing 93 near-surface sediment samples form 90 lakes within a radius of ~ 30



km around the former Giant Mine near the City of Yellowknife, NT, to determine the
tolerance limits of different arcellinidan species and strains to varying As concentrations
in order to identify As-indicator taxa or assemblages, and discerning whether quantifying
Arcellinida assemblage dynamics in response to variations in As concentrations as a
function of distance from Giant Mine can be used to delineate the extent of As aerial fallout
zone of impact. This study represents the largest inter-lake spatial quantification of
Arcellinida response to As concentration variability and the first attempt to determine the

tolerance limit of Arcellinida taxa to variations in As concentration in lake systems.

The fourth article (Chapter 5; Nasser et al., Submitted) addresses the fifth research
goal by examining Arcellinida tests in 40 near-surface sediment samples from two lakes
impacted by arsenic (As) contamination associated with legacy gold mining in the central
NT, Canada, to: 1) quantify the intra-lake relationship between Arcellinida and As; and, 2)
evaluate whether the impact of As contamination derived from two former gold mines,
Giant Mine (1938-2004) and Tundra Mine (1964-1968 and 1983-1986), on the

Arcellinida distribution in both lakes are comparable or different.

Results from this integrated Ph.D. research will contribute significantly towards
enhancing the quality and efficiency of Arcellinida analysis and provide quantitative
evidence for the sensitivity of Arcellinida to As concentrations in impacted lakes. Such
results further develop Arcellinida as a robust tool that can be used by mine developers and
lacustrine restoration and monitoring programs to efficiently track changes in the level of
As contamination, the ecological health of impacted lakes, and the efficacy of remedial and

lake rehabilitation efforts.
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2.1 Abstract

Arcellinida (testate lobose amoebae) are widely used as bio-indicators of lacustrine
environmental change. Too much obscuring organic material in a gridded wet petri
dish preparation makes it difficult to observe all specimens present, and slows
quantification as the organic material has to be carefully worked through with a
dissection probe. Chemical deflocculation using soda ash (Na=COs;-H-0),
potassium hydroxide (KOH), or sodium hexametaphosphate ((NaPOs)s) has
previously been shown to disaggregate and reduce organic content in lake
sediments, but to date, no attempt has been made to comparatively evaluate the
efficiency of these deflocculants in disaggregating organic content and their impact
on Arcellinida analysis in lacustrine sediments. Here we assess the effectiveness of
soda ash, potassium hydroxide, and sodium hexametaphosphate treatments on
removing organic content and the impact of those digestions on Arcellinida
preservation in 126 sample aliquots subdivided from three sediment samples (YK-
20, YK-25, and YK-57) collected from three lakes near Yellowknife, Northwest
Territories, Canada. Following treatment, cluster analysis and Bray-Curtis
Dissimilarity Matrix (BCDM) were utilized to determine whether treatments
resulted in dissolution driven changes in Arcellinida assemblage composition.
Observed Arcellinida tests in aliquots increased drastically after treatment of
organic-rich samples (47.5—-452.7% in organic rich aliquots and by 14.8% in
aliquots with less organic matter). The BCDM results revealed that treatment with
5% KOH resulted in the highest reduction in observed organic content without

significantly affecting Arcellinida assemblage structure, while soda ash and sodium
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hexametaphosphate treatments resulted in marginal organic matter reduction and

caused severe damage to the arcellinidan tests.

Keywords: Arcellinida, lake sediments, organic content, chemical treatment,

sample preparation methods, arcellinidan analysis

2.2 Introduction

Arcellinida (testate lobose amoebae) are a cosmopolitan group of benthic shelled
microorganisms (15—200 pum) that are important bio-indicators of environmental
change in fresh and brackish water aquatic systems (Charman, 2001; Patterson
and Kumar, 2002). The group are characterized by tests (i.e. shells) that are either
secreted by the organism or constructed by binding particles from the surrounding
environment (e.g. sediment particles and/or diatoms frustules), with the latter
type being of greater use in limnological and paleolimnological studies (Patterson
and Kumar, 2002). Arcellinida analysis of samples derived from lake sediments
generally involves identifying and quantifying tests in wet preparations in a petri
dish under a dissecting microscope. Prior to analysis it is desirable to remove as
much organic and minerogenic material as possible as this extraneous matter
obscures specimens. In the early 1980s, Arcellinida researchers adapted the
approach used in analysis of foraminifera in organic rich salt marsh samples (e.g.
Scott and Medioli, 1983; Patterson et al, 1985; Medioli and Scott, 1988) to
lacustrine environments. That sample preparation protocol involves gently
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washing sediment samples through coarse (500—1000 um) and fine (44—63 pum)
sieves to remove organic and minerogenic particles that are larger and smaller than
arcellinidan tests. Scott and Hermlin (1993) complemented sieving with using an
improved version of the Elmgren (1973) wet splitter, which allowed for dividing
sieved samples into smaller and more manageable aliquots.

While sieving and splitting still form the standard arcellinidan sample
preparation protocol, variations in the mesh-size used for coarse (1000—100 um)
and fine sieving (63—15 um), and types of wet splitter (six- vs. eight chambers) have
been employed over the past 30 years (Table 2.1). A potential byproduct of these
variations in preparation protocols is the introduction of various types of
uncertainties during and after sample preparation that can negatively impact the
quality of quantitative Arcellinida data. A few recent studies have investigated the
potential statistical impact of preparation protocol variation focusing on the loss
of arcellinidan tests during sample preparation (Payne et al., 2009; Avel and
Pensa, 2013), the impact of using different filters on the density and species
richness (Wall et al., 2010), and the effects of refrigerated sample storage on
assemblage composition (Mazei et al., 2015). A potential source of uncertainty that
has been overlooked is the impact of residual organic content on the quality of
quantitative arcellinidan analysis.

Significant amounts of residual organic debris often survive the standard
preparation processes and may mask or trap arcellinidan tests, which
consequently impedes their analysis. Sample agitation, using either a stirring rod
or laboratory benchtop wrist shaker, or repeating the process of sieving and

splitting have been suggested as means to further loosen the organic colloidal
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Table 2. 1: Sample preparation techniques employed in 44 Arcellinida studies between 1983 and 2018.

Author (s) Year Coarse Sieving Fine Sieving S;)I:gtﬁ:ﬁ r(slciglt,t Chemical
(w (w Treatment
1993)
Scott and Medioli 1983 500 63 No
Patterson et al 1985 500 63 No
Ellison and Ogden 1987 100 44 No 6% Calgon
Medioli and Scott 1988 500 63 No
Collins et al 1990 Not mentioned 63 No
Asioli et al 1996 Not mentioned 45 No
Patterson et al 1996 1000 63 Yes
Bubridge et al. 1998 Not mentioned 44 No Soda ash
Reinhardt et al 1998 1000 55 Yes
E&;?nznd Shroeder- 1999  Not mentioned 63 No
Dalby et al 2000 1000 43 Yes
Dallimore et al 2000 Not mentioned 44 ﬁsn(l%leggg
Kumar and Patterson 2000 1000 55 Yes
Patterson and Kumar 2000 1000 55 Yes
Dalby et al 2002 1000 43 Yes Soda ash
Patterson and Kumar 2002a 1000 40-55 Yes
Patterson and Kumar 2002b 454 43 Yes
Dallimore 2004 Not mentioned 44 Yes
Boudreau et al. 2005 500 44 Yes
Escobar et al 2005 Not mentioned 63 No
Reinhardt et al 2005 150 45 Yes
Kaupilla et al 2006 1000 56 ﬁ;é%lggg
Roe and Patterson 2006 250 37 Yes
Escobar et al 2008 707 53 Yes
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Table 2. 1: Continued

Splitting (Scott

Author (s) Year Coarse Sieving Fine Sieving and Hermlin, Chemical
(w (w Treatment
1993)
Kihlman and Kauppila 2009 1000 56 Yes
Lorencova 2009 1000 36 Yes
i%?;f;g;rg and 2009 250 45 Yes
Kihlman and Kauppila 2010 500 56 Yes
Roe et al 2010  Not mentioned 37 Yes (not specified)
Neville et al 2010 500 45, 63 No
Wall et al 2010 250 25, 47, 63 No
Farooqui et al 2012 105 20 No 5% KOH
Kihlman and Kauppila 2012 500 56 Yes
McCarthy et al 2012  Not mentioned 63 No 10% Calgon (HMP)
Patterson et al 2012 250 37 Yes
Warchorn et al 2012  Not mentioned 43 No
Neville et al 2013 250 37 Yes
Patterson et al 2013  Not mentioned 37 Yes
Qin et al 2013 300 35 No
Sonnenburg et al 2013 1000 250 ;e:n(l%egg
Patterson et al 2015 297 37 Yes
Nasser et al 2016 297 37 Yes
Qinetal 2016 500 35 No
Segala et al 2016  Not mentioned Not No
mentioned
Steel et al 2018 297 37 Yes
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content (e.g. Patterson et al., 1985; Medioli and Scott, 1988). However, these
methods do not substantially reduce the total amount of organic content and may
increase the potential of Arcellinida test loss during sample processing (e.g.
process of decanting, sieving, and splitting; Collins et al., 1990). In order to better
assess the impact of the organic content on arcellinidan analysis, the development
of a more robust sample preparation technique that can maximize the reduction of
the organic content is required.

Numerous studies on lacustrine (e.g. chironomids; Peter et al., 2001,
Brooks, 2000) and marine bio-indicators (e.g. foraminifera; Barker et al., 2003;
Feldmeijer et al., 2013) have utilized chemical deflocculation to disaggregate
organic and minerogenic colloidal content prior to sample preparation. Chemical
sample preparation methods often involve soaking sediments in a known volume
and concentration of a selected chemical deflocculant for a specific duration prior
to sieving and splitting the sample. To the best of our knowledge, only a limited
number of lacustrine arcellinidan studies employed chemical deflocculants
including sodium hexametaphosphate ((NaPOs)s), sodium carbonate
monohydrate (soda ash; Na.COs;.H=0), or potassium hydroxide (KOH), to
disaggregate and reduce amorphous organic content in lake sediment samples
(e.g., Ellison and Ogden, 1985; Hendon and Charman, 1997; Burbidge and
Schroder-Adams, 1998; Charman et al., 2010; Farooqui et al., 2012; McCarthy et
al.,, 2012). The lack of enthusiasm amongst Arcellinida researchers to employ
chemical deflocculation is attributed to a perception that the harsh nature of these
methods may cause severe damage to Arcellinidan tests (Patterson and Kumar,

2002). Hendon and Charman (1997) have compared the effects of using several

28



sample preparation methods, including KOH treatment, on peatland testate
amoebae density, species richness, and test retention. While their study revealed
that KOH treatment produced superior results in terms reduction of organic
content and retention of arcellinidan tests, it also showed that treatment damaged
a significant number of tests in the process thus impacting the statistical quality of
the resultant quantitative arcellinidan analysis. The use of soda ash and sodium
hexametaphosphate have also been reported to reduce organic content in lake
sediments while causing little to no damage to arcellinidan tests (Ellison and
Ogden, 1985; Burbidge and Schroder-Adams, 1998; McCarthy et al., 2012).
However, no attempt has previously been made to compare the efficacy of organic
content reduction using these various chemical deflocculants and to assess their
impact on arcellinidan test preservation and associated assemblage structure in
lake sediment samples.

In this study, we assess the impact of three chemical deflocculant treatment
methods; soda ash (Na.COs3-H-0), potassium hydroxide (KOH), and sodium
hexametaphosphate ((NaPOs3)s), on organic content reduction and arcellinidan
test preservation in 126 subsample aliquots derived from three sediment-water
interface samples (YK-20, YK-25, and YK-57) from three lakes near the City of
Yellowknife, Northwest Territories, Canada. The study aims to: 1) determine the
optimal deflocculant method and deflocculant chemical concentration for
reducing organic content in arcellinidan bearing lake sediment preparations; 2)
assess the level of arcellinidan dissolution caused by the various chemical
treatment methods; and, 3) assess the impact of chemical treatment and residual

organic content on arcellinidan analysis and faunal composition.
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2.3 Study area

The samples, used in this study were collected from three lakes located within a
radius of ~30 km around the City of Yellowknife, Northwest Territories, Canada
(Figure 2.1). The elevation of the study area ranges from 157 m above mean sea
level (AMSL) close to Great Slave Lake to 350—400 m AMSL to the north of
Thistlethwaite Lake (Kerr and Wilson, 2000). The Yellowknife River, the main
drainage system in the study area, flows southward into Yellowknife Bay of the
Great Slave Lake. The study area is characterized by a subarctic, continental
climate where summers are short, dry, and cool with a mean annual temperature
of —-4.3° C and a relatively low mean annual precipitation of 170.7 mm
(Environmental Canada, 2019).

Rocks underlying the investigated lakes belong to the Yellowknife
Supergroup of the southern Slave structural province of the Canadian Shield.
These include Archean metavolcanic and metasedimentary rocks intruded by
younger granitoids and diabase dykes. Surficial sediments in the Yellowknife area
are dominated by fine clastic lacustrine sediments deposited in Glacial Lake
McConnell and a relatively thick (<2 m) and discontinuous layer of glacigenic
sediments (Kerr and Wilson, 2000). Holocene-aged peat is also common in the
study region and can be greater than 1 m thick in bogs and wetlands (Kerr and

Wilson, 2000).
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Figure 2. 1: A) Map of Canada showing the study location in the Northwest Territories, Canada (dark blue) as a
yellow circle. B) A map showing sampling sites (green and yellow circles) within 30 km radius around the City of

Yellowknife. Lakes sampled in this study (n = 3) are represented as yellow circles.
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2.4 Methodology

2.4.1 Sample selection

The 126 aliquots analyzed here were subsampled from three samples (YK20, YK25,
and YK57) collected in June 2014 using an Ekman grab (Figure 2.1). More than
100 lakes from this area are being investigated as part of an inter-lake spatial
assessment of the impact of legacy gold mine-induced arsenic contamination on
the arcellinidan distribution within a radius of 30 km around the City of
Yellowknife (Nasser et al., 2016, 2019). The three lakes selected for this study were
chosen to include samples with both high and low total organic carbon (TOC) from
that large data set based on observed organic concentration using Rock-Eval®
Analysis 6, as well as visual inspection of the density of amorphous organic matter
under a dissecting microscope. The highest organic content density and TOC
(26.38%) was observed in YK20. Surprisingly, YK57 is also characterized by high
observed organic content density even though the sample’s TOC is the lowest a
(7.03%). In contrast, a low organic matter density was observed in YK25 despite

the relatively higher TOC of the sample (26.08%) (Table 2.2).

2.4.2 Arcellinida Taxonomy

The arcellinidan species and strains were identified using several well-illustrated
papers that employed the strain taxonomic concept (e.g., Kumar and Dalby, 1998;
Reinhardt et al., 1998; Roe et al 2010; Patterson et al., 2012 Patterson et al.,
2013;Macumber et al., 2014; Neville et al., 2014; Patterson et al., 2015; Nasser et
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Table 2. 2: Total organic matter (TOC) and Particle size analysis results for

YK20, YK25, and YK57.

sl T Rock Eval Particle Size Analysis
TOC (%) Sand (%) Silt (%) Clay (%)
YK20 26.38 5.87 76.82 17.31
YK25 26.08 13.61 71.19 15.2
YK57 7-03 10.13 77-43 12.44

al., 2016). As lacustrine arcellinidan species can display a significant amount of
environmentally controlled morphological variability (e.g., Medioli and Scott,
1983; Medioli et al. 1987), the accepted practice has been to designate informal
infrasubspecific “strain” names for these ecophenotypes (Patterson and Kumar,
2002; Asioli et al., 1996). Infrasubspecific level designations have no status under
the International Zoological Code of Nomenclature (art. 45.5; 4th edition, 1999).
However, they have been extensively used in the literature for delineating
environmentally significant populations within lacustrine environments
(Reinhardt et al. 1998; Patterson and Kumar, 2000; Patterson and Kumar, 2002;

Roe and Patterson, 2006; Escobar et al 2008; Kihlman and Kaupila, 2009).

2.4.3 Chemical treatment methods

To determine the most efficient combination of treatment method, chemical
concentration, and treatment exposure time for reducing the organic content in
arcellinidan samples, the experimental component of the study was divided into

three testing stages. Figure 2 provides an overview of the standard arcellinidan
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sample preparation method (Figure 2.2A) and the steps followed during the three
chemical testing stages (Figure 2.2B, C, D). Nine subsamples (three cms3 each) were
collected from the YK20, YK25, and YK57 lake sediment grab samples (three
subsamples per YK sample) to carry out the first testing stage. Each of the nine
subsamples was divided into six aliquots using a wet splitter, resulting in a total of
54 aliquots (Scott and Hermlin, 1993). The aliquots were then centrifuged at 4000
rpm for four minutes and excess water was carefully decanted to mitigate diluting
the chemical concentrations that were to be added to each sub-sample. A single
aliquot from each sample served as a control sub-sample and was prepared
following the standard arcellinidan sample preparation protocol described above
(Figure 2.2A), while the remaining aliquots were treated using 20 ml of five
different concentrations of soda ash, KOH, and sodium hexametaphosphate for
three hours (Figure 2.2B). After three hours, all treated aliquots were gently sieved
using 297 um (30 seconds) and 37 um sieves (2 minutes). The aliquots were then
placed in a gridded Petri dish and the proportion of residual organic content was
visually inspected under an Olympus SZH dissecting binocular microscope.
Photomicrographs of random grids for treated and control aliquots were taken to
determine the difference between the amount of organic content reduced by the
chemical treatment methods and the standard sample preparation protocol
(Figures 2.3, 2.4, 2.5). The chemical concentration of each chemical deflocculant
responsible for reducing the highest proportion of organic content was selected for

further testing.
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Figure 2. 2: Schematic view of sample preparation methods used in this study. A) Standard Arcellinida sample preparation
protocol. A sediment sample (often three cm3) is sieved through coarse (297 um; 30 seconds) and fine (38 um; two minutes)
sieves and split prior to arcellinidan analysis. B) First chemical methods testing stage, in which the impact of chemical
treatment on organic content reduction was assessed. Three sediment subsamples (three cm3 each), from each YK sample,
were split into six aliquots (n = 54). Five aliquots were treated with different concentrations of a chemical deflocculant for
three hours before sieving. A single aliquot was processed following the standard sample preparation protocol (control
subsample). C) Second chemical methods testing stage, in which optimal treatment duration was determined and impact
on Arcellinida tests was assessed. Three sediment subsamples (one cm3 each), from each YK sample, were split into six
aliquots (n = 54). Aliquots were treated with one selected concentration of each chemical deflocculant for different treatment
durations prior to sieving. D) Third chemical methods testing stage. Three sediment subsamples (one cm3 subsample per
YK sample) were split into six aliquots (n = 18). Three aliquots were treated with the optimal chemical method and
concentration for three hours, and three were processed following the standard sample preparation protocol. Treated and

control sub-samples were sieved prior to arcellinidan analysis.
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During the second stage of the experiment three 1 cm3 subsamples from each YK
sample was split into six aliquots (total number of aliquots = 54) and treated with
the selected chemical concentrations for different time intervals prior to sieving
(i.e. 2 minutes, 10 minutes, 30 minutes, 1 hour, 2 hours, and 3 hours; Figure 2.2C).
This stage was essential for determining the optimal duration for the treatment
and assessing the impact of the chemical treatment on the integrity of arcellinidan
tests. The chemical method causing the least damage to Arcellinida tests was
selected for further testing in stage 3.

The final testing stage involved splitting an additional three 1 cm3 from each
YK sample into six aliquots (total number of aliquots = 18), treating three aliquots
with the selected chemical, and preparing the remaining three aliquots following
the standard sample preparation protocol (Figure 2.2A, D). Arcellinida in all
aliquots were identified and quantified in totality to determine whether treating
the subsample with the selected chemical treatment method will allow for
identifying more arcellinidan tests, which would otherwise be concealed or trapped
within the organic cover. Results from this stage were important for assessing the
impact of residual organic content on the arcellinidan test retention as well as the
impact of the selected chemical treatment on arcellinidan tests and population

composition.
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YK20
Naz2C0:.H:=0

Figure 2. 3: Photomicrographs showing the level of organic content reduction in
chemically treated, with different concentrations of soda ash, KOH, and Calgon,

and control YK20 sub-samples.
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Figure 2. 4: Photomicrographs showing the level of organic content reduction in

chemically treated, with different concentrations of soda ash, KOH, and Calgon,

and control YK25 sub-samples.
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YK57
Na:COs.H:0

Figure 2. 5: Photomicrographs showing the level of organic content reduction in
chemically treated, with different concentrations of soda ash, KOH, and Calgon,

and control YK57 sub-samples.
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2.4.4 Statistical Methods

Arcellinidan data generated in the third testing stage (Table 2.3) was analyzed
using RStudio statistical software (version 0.98.1028; R core team, 2014). Q-mode
cluster analysis was performed on the Arcellinida fractional abundance data using
the Ward Minimum Variance clustering method (Ward, 1963) to identify any
variations in the composition of faunal assemblages resulting from the chemical
treatments. The statistical significance of each identified assemblage was
determined using the PVClust package (Figure 2.6). The Bray-Curtis Dissimilarity
Matrix (BCDM; Bray and Curtis, 1957) of the Arcellinida count data was generated
to assess the level of similarity between the samples comprising each assemblage
(Supplementary Table 2.1), and thus detect any subtle changes in faunal
composition after chemical treatment. Standard error (Sxi) was calculated for each

taxon in the treated and control sub-sample using the following equation:

_ F1(1 - F1)
Sxi = 1.96 |[———=

Ni

where F1 is the fractional abundance of species and Ni is the total number of
counts. Determining the standard error was important for assessing whether a
reduction in organic content via chemical deflocculation is associated with lower
standard errors of arcellinidan total counts of dominant, common, and minor taxa

(Patterson and Fishbein, 1989; Supplementary Table 2.2).
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Table 2. 3: Raw Arcellinida counts for the control and 5% KOH treated

subsamples of YK20, YK25, and YK57.

Sample YK=20
Preparation Method Control Treated
Sub-sample 1 2 3 4 5 6
Arcella vulgaris Ehrenberg, 1830 0 0] 1 2 0 0
Centropyxis aculeata (Ehrenberge, 1832) "aculeata" 33 60 55 | 8 o5 87
Centropyxis aculeata (Ehrenberge, 1832) "discoides" | 29 34 33 | 49 66 97
Centropyxis constricta (Ehrenberg, 1843)

"aerophila” 23 22 33 | 46 52 46
Centropyxis constricta (Ehrenberg, 1843)

"constricta” 15 2 12 26 12 17
Centropyxis constricta (Ehrenberg, 1843) "spinosa" 0 0] 0] 0 0 0
Cucurbitella tricuspis (Carter, 1856) 5 5 3 13 6 2
Conicocassis pontigulasiformis (Beyens, Chardez

and De Bock, 1986) Nasser and Patterson, 2015 16 20 22 | 35 41 45
Difflugia globulosa (Dujardin, 1837) Penard 1902 23 19 19 15 24 18
Difflugia amphora Leidy, 1874 0 0 0 0 0 0
Difflugia glans Penard, 1902 "glans" 10 9 17 16 13 7
Difflugia glans Penard, 1902 "distenda" 8 15 19 17 14
Difflugia spe. 0 0] 2 0 0 0
Difflugia lenceolata Penard, 1890 0 0] 0] 0 0 0
Difflugia linearis (Penard, 1890) Gauthier & Lievre,

1958 2 o} o} 0 0 0
Difflugia oblonga Ehrenberg, 1832 "oblonga" 32 33 31 23 29 38
Difflugia oblonga Ehrenberg, 1832 "spinosa" 0 1 0] 1 3 0
Difflugia oblonga Ehrenberg, 1832 "tenuis" 6 9 5 2 9 4
Difflugia protaeiformis Lamarck, 1816 0 0] 2 2 0 0
Difflugia acuminata Ehrenberg, 1838 3 1 1 1 3 4
Difflugia claviformis (Penard, 1899) 0 0 0 0 0 0
Difflugia urceolata Carter, 1864 "urceolata” 0 o) o) 4 12 5
Difflugia urceolata Carter, 1864 "elongata” 0 1 0] 0 2 4
Difflugia urens Patterson et al., 1985 0] o) o) 9 6 16
Difflugia curvicaulis Penard, 1899 0 1 0] 0 0 0
Difflugia elegans Penard, 1890 107 95 101 | 133 121 116
Difflugia bicornis Penard, 1890 0 0 0 1 1 1
Lagenodifflugia vas (Leidy, 1874) 10 8 5 6 8 11
Lesquereusia spiralis (Ehrenberg, 1840) 4 8 5 3 3 3
Pontigulasia compressa (Carter, 1864) 1 2 3 3 3 3
Total 327 345 369 | 495 512 538
Median 347 512
Shannon Diversity Index (SDI) 228 2.3 234|235 2.35 2.34
Number of Species 17 19 19 22 21 20
Total Number of Species 21 23
Percentage of Increase (total tests count) NA 47.55%
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Table 2. 3: Continued.

Sample YK25

Preparation Method Control Treated
Sub-sample 1 2 3 4 5 6
Arcella vulgaris Ehrenberg, 1830 0 2 0 1 2 0
Centropyxis aculeata (Ehrenberge, 1832)

"aculeata" 20 19 15 24 14 21
Centropyxis aculeata (Ehrenberge, 1832)

"discoides" 2 0 1 3 1 6
Centropyxis constricta (Ehrenberg, 1843)

"aerophila” 1 1 4 3 1 3
Centropyxis constricta (Ehrenberg, 1843)

"constricta” 11 4 9 4 4 3
Centropyxis constricta (Ehrenberg, 1843)

"spinosa" 0] 0 0 1 0 0]
Cucurbitella tricuspis (Carter, 1856) 2 5 3 0 5 1
Conicocassis pontigulasiformis (Beyens,

Chardez and De Bock, 1986) Nasser and

Patterson, 2015 o 0 0 0 1 0
Difflugia globulosa (Dujardin, 1837) Penard

1902 3 1 0 0 2 1
Difflugia amphora Leidy, 1874 0] 0 0 0 0 0]
Difflugia glans Penard, 1902 "glans" 0 0 1 0 1 3
Difflugia glans Penard, 1902 "distenda" 0 1 0 0 0 0
Difflugia spe. 0 0 0 0 0 0
Difflugia lenceolata Penard, 1890 0] 0 0 0 0 0]
Difflugia linearis (Penard, 1890) Gauthier &

Liévre, 1958 0 0] 0] 0] 0] 0
Difflugia oblonga Ehrenberg, 1832 "oblonga" 0 1 1 0 1 0
Difflugia oblonga Ehrenberg, 1832 "spinosa" 0] 0 0 0 0 0]
Difflugia oblonga Ehrenberg, 1832 "tenuis" 1 0 1 1 1 1
Difflugia protaeiformis Lamarck, 1816 7 12 8 3 9 2
Difflugia acuminata Ehrenberg, 1838 0] 0 0 0 1 0]
Difflugia claviformis (Penard, 1899) 0 0 0 0 1 2
Difflugia urceolata Carter, 1864 "urceolata" 0] 0 0 1 0 0]
Difflugia urceolata Carter, 1864 "elongata” 0] 0 0 0 0 0]
Difflugia urens Patterson et al., 1985 o) 0] 0] 0] 4 o)
Difflugia curvicaulis Penard, 1899 0] 0 0 0 0 0]
Difflugia elegans Penard, 1890 29 25 31 45 37 40
Difflugia bicornis Penard, 1890 0 0 0 0 0 0]
Lagenodifflugia vas (Leidy, 1874) 1 1 0 0 0 1
Lesquereusia spiralis (Ehrenberg, 1840) 0] 0 0 0 0 0]
Pontigulasia compressa (Carter, 1864) 0 0 0 1 0 0
Total 77 72 74 87 85 84
Median 74 85
Shannon Diversity Index (SDI) 1.60 175 1.7 | 1.44 1.94 1.63
Number of Species 10 11 10 11 16 12
Total Number of Species 14 20
Percentage of Increase (total tests count) NA 14.86%
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Table 2. 3: Continued.

Sample YK57

Preparation Method Control Treated
Sub-sample 1 2 3 4 5 6
Arcella vulgaris Ehrenberg, 1830 2 2 1 20 15 19
Centropyxis aculeata (Ehrenberge, 1832)

"aculeata" 72 81 98 459 559 534
Centropyxis aculeata (Ehrenberge, 1832)

"discoides" 4 9 4 128 109 141
Centropyxis constricta (Ehrenberg, 1843)

"aerophila” 1 3 1 43 17 13
Centropyxis constricta (Ehrenberg, 1843)

"constricta” 5 6 12 62 10 12
Centropyxis constricta (Ehrenberg, 1843)

"spinosa" 0 0 0 1 2 2
Cucurbitella tricuspis (Carter, 1856) 16 20 15 19 15 21
Conicocassis pontigulasiformis (Beyens,

Chardez and De Bock, 1986) Nasser and

Patterson, 2015 o} 0 o 0o 0 o
Difflugia globulosa (Dujardin, 1837) Penard

1902 0 8 5 111 119 137
Difflugia amphora Leidy, 1874 0] 0 1 0] 0 0]
Difflugia glans Penard, 1902 "glans" 1 1 1 4 4 2
Difflugia glans Penard, 1902 "distenda" 0 1 0 0 3 0
Difflugia spe. 0] 0 1 0] 0 1
Difflugia lenceolata Penard, 1890 5 4 9 4 2 1
Difflugia linearis (Penard, 1890) Gauthier &

Lievre, 1958 o) 0] o) o) 0] o)
Difflugia oblonga Ehrenberg, 1832 "oblonga" 5 8 2 1 1 5
Difflugia oblonga Ehrenberg, 1832 "spinosa" 0] 0 1 0] 0 0]
Difflugia oblonga Ehrenberg, 1832 "tenuis" 0] 0 0] 0] 1 0]
Difflugia protaeiformis Lamarck, 1816 13 5 8 5 11 11
Difflugia acuminata Ehrenberg, 1838 0] 6 4 1 0 2
Difflugia claviformis (Penard, 1899) 0 0 0 0 0 0
Difflugia urceolata Carter, 1864 "urceolata” o) 0 o) 3 7 4
Difflugia urceolata Carter, 1864 "elongata” 0] 0 1 6 3 3
Difflugia urens Patterson et al., 1985 o) 2 1 2 3 3
Difflugia curvicaulis Penard, 1899 1 0 0] 0] 0 0]
Difflugia elegans Penard, 1890 9 8 9 43 27 23
Difflugia bicornis Penard, 1890 0] 0 0] 0] 0 0]
Lagenodifflugia vas (Leidy, 1874) 0 0 0 0 0 0
Lesquereusia spiralis (Ehrenberg, 1840) 0] 0 0] 0] 0 0]
Pontigulasia compressa (Carter, 1864) 0 1 0 0 0 0
Total 134 165 174 912 908 034
Median 165 912
Shannon Diversity Index (SDI) 1.64 1.091 1.73 | 1.67 1.39 1.45
Number of Species 12 16 18 17 18 18
Total Number of Species 21 18
Percentage of Increase (total tests count) NA 452.70%
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Figure 2. 6: Q-mode cluster analysis dendrogram showing three identified Arcellinida assemblages: 1) Moderate Diversity
Assemblage (MDA); 2) Centropyxis aculeata Assemblage (CPA); and, 3) Difflugia elegans Assemblage (DEA). Six faunal
sub-assemblages are also indicated with the colored rectangles. The statistical significance of each assemblage and sub-

assemblage was indicated by the results of PVClust (red numbers; p-value < 0.05).

45



2.5 Results

2.5.1 Chemical methods testing

2.5.1.1 Stage 1 — Determining optimal concentrations

Of the three chemicals used in the experiment, treatment with KOH showed the
greatest reduction in organic content in comparison to the control sub-samples (n
= 3). Higher concentrations of KOH provided greater reduction in visible organic
content, with 45% concentration providing the greatest reduction, and 2% still
producing a notable decrease in visible organic content. Because the 5%, 10%, and
15% KOH concentrations provided a similar reduction in visible organic debris as

45% KOH exposures, a 5% KOH concentration was selected for further testing.

Treatment of aliquots using different concentrations of soda ash (1%, 2%,
5%, 10%, and 16.6%; n = 15) showed negligible reduction in visible organic debris
except for a meager reduction observed in sub-samples treated with 1% soda ash
(Figures 2.3, Figure 2.4, and Figure 2.5). Therefore, the 1% soda ash concentration
was selected for the next testing stage.

A minor reduction of visible organic content occurred after treatment with
sodium hexametaphosphate in comparison to standard sieving treatments (n = 15;
Figures 2.3, 2.4, 2.5) The 5% sodium hexametaphosphate concentration was
selected for the second testing stage as it reduced slightly higher proportions of
organic content compared to the rest of the sodium hexametaphosphate

concentrations (2%, 10%, 15%, and 50%).
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2.5.1.2 Stage 2 — Determining optimal exposure times

Treatment of organic-rich samples with KOH provided a significant reduction in
organic content for all exposure times (2 minutes, 10 minutes, 30 minutes, 1 hour,
2 hours, and 3 hours; Figure 2.2C). Samples treated for longer durations (1 hour,
2 hours, and 3 hours) exhibited greater reduction in visible organic content, with
the three-hour treatment exhibiting the highest reductions in organic content.
Exposure to the chemical for >24 hours did not further reduce organic matter
substantially. The removal of organic content when sodium hexametaphosphate
and soda ash were used did not differ substantially over time and remained similar
in both the treated and control sub-samples when visually inspected under a
dissecting microscope.

In terms of damage/dissolution to arcellinidan tests, treatment with
sodium hexametaphosphate caused severe damage to Arcellinida tests, most of
which were agglutinated, with signs of damage (e.g. test breakage) manifesting
after only two hours of low concentrations treatment (2% and 5%) and after 45
minutes when higher concentrations were used (10—50%). Samples treated with
soda ash exhibited no discernable signs of damage after 24 hours of treatment in
lower concentrations (1—2%) and after 3 hours in higher concentrations (5—
16.6%). However, a peculiar side-effect of the treatment was that tests,
particularly those of pyriform and globular morphologies, became more elastic
the longer the treatment lasted. These tests eventually became easier to break.
This change in test robustness was only detected when the test condition was

carefully examined using a microscope probe. Severe arcellinidan test damage
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caused by KOH treatment was observed after 1 day for the 2% concentration and
after 3 hours for the 5% concentration. However, the tests were damaged after 1
hour when higher concentrations are used (10—45%). Damage caused by lower
concentrations did not impede the identification of Arcellinida tests. Therefore,
treatment with 5% KOH for three hours was selected as the most efficient
chemical treatment method for reducing organic content and was further tested

in the third stage.

2.5.1.3 Stage 3 — Comparison of treated and untreated sample

counts

The control subsamples of YK20 have a median total arcellinidan count of 347
(range = 327—369) and a total identified species of 21 (Table 2.3; Figureo 2.7). It
was possible in the treated subsamples to increase the total counted arcellinidan
tests to a median of 512 tests and a range of 495—538 (Table 2.3; Figure 2.7). The
total arcellinidan test counts in the treated and control splits of sample YK25 only
differed slightly with a median of 74 and 85, and a range of 72—77, and 84-87,
respectively. However, the number of identified species differed notably, with 14
identified in the control splits, and 20 in the treated splits (Table 2.3; Figure 2.7).
Subsamples of YK57 showed a significant (p-value < 0.0001; n = 6) disparity in the
total tests counted for control and treated subsamples. Control aliquots yielded a
median total test count of 165 (range = 134—174), while treated aliquots yielded a
significantly higher median of 908 (range = 908-912) (Table 2.3; Figure 2.7).

Surprisingly, the number of species identified in the treated splits (n = 19) was
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slightly less than that identified in the control splits (n = 21). This small decline in
species richness in the treated aliquots is likely attributes low abundance of the
missing taxa, even in the control aliquots, rather than damage caused by the
chemical treatment because damaged remains of the missing species was not

observed in the treated aliquots.

2.5.2 Identified Arcellinida assemblages

Interpretation of the Q-mode cluster analysis, supplemented with PVClust results,
led to the identification of three distinct arcellinidan assemblages that
corresponded well with the three analyzed surface sediment samples: 1) Moderate
Diversity Assemblage (MD; statistical significance = 99%; p-value < 0.05); 2)
Difflugia elegans Assemblage (DE; statistical significance = 97%; p-value < 0.05);
and, 3) Centropyxis aculeata Assemblage (CA; statistical significance = 94%; p-
value < 0.05) (Figure 2.6). Based on the PVClust and Bray-Curtis results, each
assemblage was further divided into two sub-assemblages: 1) Moderate Diversity
Control sub-assemblage (MDC; statistical significance = 90%; p-value < 0.05); 2)
Moderate Diversity Treated sub-assemblage (MST; statistical significance = 89%;
p-value < 0.05) ; 3) Difflugia elegans Control sub-assemblage (DEC; statistical
significance = 80%; p-value < 0.05); 4) Difflugia elegans Treated sub-assemblage
(DET; statistical significance = 82%; p-value < 0.05); 5) Centropyxis aculeata
Control sub-assemblage (CAC; statistical significance = 98%; p-value < 0.05); and,
6) Centropyxis aculeata Treated sub-assemblage (CAT; statistical significance =

100%; p-value < 0.05) (Figure 2.6). A single outlier (YK25—Treated 3) is observed
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Figure 2. 7: A histogram plot showing the total number of Arcellinida tests (x-axis) retained in all 5% KOH treated and
control sub-samples (y-axis). The different colours reflect the identified assemblages and sub-assemblages. MDA —

Moderate Diversity Assemblage; CAA — Centropyxis aculeata Assemblage; DEA — Difflugia elegans Assemblage.
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plotting with the samples of the DEC sub-assemblage, when it should be plotting

with DET.

2.5.2.1 Moderate diversity assemblage (MD)

The MD assemblage was found only in the YK20 aliquots (n = 6) (Figure 6). The
faunal composition of the assemblage is co-dominated by Difflugia elegans
Penard, 1890 (median proportion = 27.1%) and Centropyxis aculeata (Ehrenberg,
1832) strain “aculeata” (median proportion = 16.8%) (Table 3). Other taxa like C.
aculeata (Ehrenberg, 1832) strain “discoides” (median proportion = 9.9%; n = 6),
C. constricta (Ehrenberg, 1843) strain “aerophila” (median proportion = 8.7%; n
= 6), D. oblonga Ehrenberg, 1832 strain “oblonga” (median proportion = 7.7%; n
= 6), Conicocassis pontigulasiformis (Beyens, Chardez and De Bock, 1986) Nasser
and Patterson, 2015 (median proportion = 6.5%; n = 6), and D. globulosa
(Dujardin, 1837) Penard 1902 (median proportion = 4.6%; n = 6) are commonly
present in all aliquots (Table 2.3). The sediment composition of MD samples is
dominated by the silt fraction (76.82%; Table 2). Faunal diversity of MD is
moderate with the calculated Shannon Diversity Index (SDI) values falling in the

range of 2.28-2.35 (Magurran, 1988) (Table 2.1).

The MDC and MDT sub-assemblages share a relatively similar faunal
structure, with D. elegans being the dominant taxa (median proportion = 27.5%
and 23.6% in MDC and MDT, respectively). However, the sub-assemblages
differed in the proportions of D. oblonga “oblonga: (MDC median proportions =

9.6%; MDT median proportions = 7.7%) and C. constricta “aerophila” (MDC
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median proportions = 7%; MDT median proportions = 9.6%). Additionally, the
total number of species identified increased slightly in MDT (n = 23) compared to
MDC (n = 21) (Table 2.3). A single species, Difflugia curvicaulis Penard, 1899, was
only present in MDC, while D. urceolata Carter, 1864 stain “urceolata”, D. urens
Patterson et al., 1985, and D. bicornis Penard, 1890 were only present in MDT.
Total arcellinidan counts in treated samples were associated with lower median
standard error values with a percentage of reduction ranging between 0.54—
50.10% (n = 3) (Supplementary Table 2.2). Only one taxon (D. acuminata)

exhibited a notable increase in median standard error (median Sxi increase % =

16.5; n = 3).

Results of the BCDM showed that the faunal structure of the MD
assemblage differed notably from that of the DE (median dissimilarity coefficient
= 0.43) and CA assemblages (median dissimilarity coefficient = 0.59). The results
also showed that while the dissimilarity coefficients for the two MD sub-
assemblages is notably low (median = 0.144; n = 36), MDT subsamples were
characterized by a slightly higher median (0.12) when compared to samples of

MDC (median dissimilarity coefficient = 0.09).

2.5.2.2 Difflugia elegans assemblage (DE)

The DE assemblage was found exclusively in YK25 subsamples (Figure 2.6).
Similar to the MD assemblage, both D. elegans (median proportion = 42.7%; n =
6), and C. aculeata “aculeata” (median proportion = 25.5%; n = 6) dominated the

arcellinidan population in the DE assemblage. Notable numbers of D.
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protaeiformis Lamarck, 1816 strain “protaeiformis” (median proportion = 7%; n =
6) and C. constricta “constricta” (median proportion = 5.1%; n = 6) are also present
in most DE samples. Samples of DE were collected from a silt-dominated substrate
(71.19%; Table 2.2). The SDI range calculated for the assemblage (1.44—1.94) was
reflective of relatively poor faunal diversity (Magurran, 1988).

The faunal composition of the DEC and DET sub-assemblages was relatively
similar, except for small but notable differences in the abundance of the
dominating taxa, with DEC samples having higher numbers of C. aculeata
“aculeata” (median proportion = 25.5%; n = 3) compared to DET (median
proportion = 22%; n = 3), and DET samples having slightly higher proportions of
D. elegans (median proportion = 47.6%; n = 3) in comparison to DEC (median
proportion = 39.8%; n = 3). The number of species Identified notably increased
from 14 in the DEC samples to 20 in the DET samples. Additionally, D. glans
Penard 1902 strain “distenda” were only present in the control samples, while C.
pontigulasiformis, D. acuminata Ehrenberg, 1838, D. urceolata “urceolata”, D.
urens, and Pontigulasia compressa (Carter, 1864) were only present in the treated
aliquots. Similar to the MDA, counted arcellinidan taxa were associated with
relatively low median standard error values (median reduction % range = 2.24—
48.3%; n = 3) (Supplementary Table 2.2). Two taxa, C. constricta “aerophila”
(median Sxi increase % = 41.8; n = 3) and C. aculeata “discoides” (median Sxi
increase % = 45.7; n = 3) exhibited a notable increase in median standard error.

The BCDM results showed that samples of the DE assemblage differed from
that of MD (median dissimilarity coefficient = 0.43) and CA assemblages (median

dissimilarity coefficient = 0.55). The median dissimilarity coefficient for the DEC
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and DET (0.21) was low, indicating a high level of similarity between the faunal

assemblage seen in the DE sub-assemblages.

2.5.2.3 Centropyxis aculeata assemblage (CA)

The CA assemblage was found in YK57 subsamples. Unlike the previous two
assemblages, the faunal composition of the CA assemblage was dominated by C.
aculeata “aculeata” (median proportion = 57%; n = 6). Species like C. aculeata
strain “discoides” (median proportion = 14%; n = 6) and D. globulosa (median
proportion = 13.1%; n = 6) are also present in elevated numbers. Similar to MD
and DE, sample of CA samples were collected from a silty substrate (77.43%; Table
2.2). The SDI values for the assemblages are between 1.39—1.91 and are reflective
of relatively poor faunal diversity of the assemblage (Magurran, 1988).
Centropyxis aculeata “aculeata” dominated the faunal structure of the CAC
(median proportion = 57.3%; n = 3) and CAT (median proportion = 53.7%; n = 3).
However, higher numbers of Cucurbitella tricuspis (Carter, 1856) (median
proportion = 11.9%; n = 3) and D. elegans (median proportion = 5.2%; n = 3)
characterized samples of CAC, while C. aculeata “discoides” (median proportion =
14%; n = 3) and D. globulosa (median proportion = 13.1%; n = 3) were more
abundant in the CAT samples. A small decline in the number of identified species
was observed in the CAT samples (n = 18) compared to the CAC samples (n = 21).
Four arcellinidan taxa, namely D. amphora Penard 1902, Difflugia sp., D. oblonga
Ehrenberg 1838 strain “spinosa”, and D. curvicaulis are only present in the CAC

samples, while D. oblonga “oblong’ was only present in the CAT samples. Total
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counts of Arcellinida taxa were associated with notably reduced median standard
error values in the treated aliquots (median reduction % range = 0.379—93.2%; n
= 3) (Supplementary Table 2.2).

Similar to the previous assemblages, the BCDM results revealed that the
faunal structure of CAC differed notably from that of MD (median dissimilarity
coefficient = 0.59) and DE (median dissimilarity coefficient = 0.55). While the
dissimilarity coefficients for the CAC and CAT sub-assemblages is notably low
(median = 0.21; n = 36), CAT sub-samples are characterized by notably lower
median dissimilarity coefficient (0.06) when compared to the CAC sub-samples

(median = 0.29).

2.6 Discussion

2.6.1 Reduction of organic content using chemical

treatment

Previous lake arcellinidan and peatland testate amoebae studies have reported a
reduction in the organic content in samples treated with soda ash (Burbidge and
Schroder-Adams, 1998), sodium hexametaphosphate (Ellison and Ogden, 1985;
McCarthy et al., 2012), or KOH (Hendon and Charman, 1997; Charman et al.,
2010; Farooqui et al., 2012). Our results show that the three tested chemical
treatment methods removed varying proportions of organic content depending on
the type of chemical used, its concentration and the duration of treatment.
Organic-content removal was highest in subsamples treated with KOH, varying to
inconsequentially small amounts in sodium hexametaphosphate and soda ash-
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treated subsamples (Figure 2.3; Figure 2.4; Figure 2.5). The substantial reduction
of organic content in the KOH-treated subsamples is consistent with the findings
of other testate amoebae and Arcellinida studies (Hendon and Charman, 1997;
Charman et al., 2010; Farooqui et al. 2012). Our results also reveal an increase in
organic content reduction with increase in KOH concentration. In contrast, the
meager reduction of organic content in soda ash- and sodium hexametaphosphate-
treated sub-samples is surprising, especially since multiple studies have reported
notable reductions in organic content in sample treated with sodium
hexametaphosphate (e.g. Ellison and Ogden, 1985; McCarthy et al., 2012) and soda
ash (e.g. Burbidge and Schroder-Adams, 1998). The sodium hexametaphosphate-
and soda ash-treatments are less effective than KOH in deflocculating the organic

colloidal particles, and in turn reducing the organic content in lake sediments.

2.6.2 Damage to Arcellinida tests

While various chemical treatment methods have typically been used in the
preparation of palynological and microfaunal samples, such methods have been
infrequently used in peatland testate amoebae and, to an even lesser extent, lake
arcellinidan studies due to the potential for destruction of tests. Our results show
that all three tested chemical treatment protocols resulted in damage to
arcellinidan tests, but the degree of damage depended on the type of chemical, the
concentration used and the duration of exposure to the treatment. Test damage
caused by the treatment methods was not exclusive to a certain tests type (i.e.

secreted vs. agglutinated), taxon, or a set of species and strains of Arcellinida.
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The rapid severe damage to tests caused by sodium hexametaphosphate
treatment was surprising, since previous studies that have employed different
concentrations of sodium hexametaphosphate (6%—10%; Ellison and Ogden,
1985; McCarthy et al., 2012) reported insignificant, or no damage to arcellinidan
tests even after treating samples for long periods of time (e.g. 12 hours; Ellison and
Ogden, 1985). More surprising, and concerning, is the nature of damage induced
by the soda ash treatment method. The peculiar side-effect of the treatment
described above —more elastic tests resulting from longer chemical exposure—
may only be detected through examining test robustness with a microscope probe.
This form of test damage has not previously been reported (e.g. 30-minute
treatment; Burbidge and Schroder-Adams, 1998) or even after several weeks of
continuous soda ash treatment (Dalby, 2002).

Treatment using KOH led to varying degrees of test damage. Hendon and
Charman (1997) found that treating peatland samples with 10% KOH led to the
identification of more Arcellinida tests but caused enough damage to hinder
statistical analysis of arcellinidans in some samples. Conversely, Charman et al.
(2010) reported notably enhanced arcellinidan analysis and significantly lower test
damage when samples were treated with 5% KOH instead. Our results
corroborated the findings of Charman et al. (2010) and showed that test damage
caused by the 2% and 5% KOH concentrations was not severe enough to hamper
test identification and enumeration. However, Farooqui et al. (2012) reported
notable test damage in samples treated with 5% KOH, even though the arcellinidan
population in treated samples was found to be relatively abundant and diverse. The

samples were initially treated in 5% KOH and later aceytolyzed with acetic acid. In
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their study to test different testate amoebae sample preparation methods, Hendon
and Charman (1997) found that acetylation was the most damaging of all evaluated
methods including treatment using KOH. This suggests that test loss reported by
Farooqui et al. (2012) may be attributed to the adverse effects of acetylation rather

than treatment with KOH.

2.6.3 Arcellinidan test retention and faunal composition

Testing of the selected chemical treatments on the three samples demonstrates
that chemical treatment is beneficial in samples with high organic content.
Comparing treated and untreated sample aliquots demonstrated that treatment
liberated a significant proportion of tests from organic colloidal content. These
tests would otherwise be undetected when the samples were prepared with the
standard methods.

The results of the third testing stage revealed that 5% KOH treatment
enhanced arcellinidan test identification and enumeration by reducing significant
amounts of organic debris without causing severe damage to arcellinidan tests.
This improvement in analysis quality was reflected in a notable increase in the total
arcellinidan tests identified in the treated subsamples, with an elevated increase in
YK20 subsamples (median increase percentage = 47.5%) and a more drastic
increase in YK57 subsamples (median increase percentage = 452.7%; Figure 2.7,
Table 2.3). Similar findings have been reported in studies that observed notable
reductions of organic content and elevated number of tests identified in KOH-

treated samples (e.g. Hendon and Charman, 1997; Farooqui et al., 2012; Charman

58



et al., 2010). The disparity between the total test counts in control and KOH-
treated subsamples confirmed that a considerable number of tests may be trapped
or concealed by residual organic content when the standard sample preparation
method is employed. Interestingly, the total number of tests identified in the
treated subsamples of YK25 increased slightly (median increase percentage =
14.8%; Figure 2.7, Table 2.3). This small increase in test retention is expected and
is attributed to the thin coverage of organic detritus in the YK25 subsamples
(Figure 2.3; Figure 2.4; Figure 2.5). These results suggest that chemical treatment
may only be necessary for samples characterized by dense organic content (e.g.
YK20 and YK57).

The three identified assemblages represented the three analyzed samples
and were characterized by a relatively consistent faunal structure (Figure 2.6,
Table 2.3, Supplementary Table 2.1). Similarly, sub-assemblages identified in this
study shared a relatively consistent arcellinidan composition, differing only in the
concentrations of the dominant arcellinidan taxa, and uncommon taxa (<5%
relative abundance). These results are consistent with the findings of Charman et
al. (2010) who observed relatively consistent faunal structure for the arcellinidan
population identified in 5% KOH-treated samples. This consistency in the faunal
compositions of the identified assemblages and sub-assemblages suggests that the
chemical treatment is not differentially impacting the faunal structure of
arcellinidan assemblage in general, or certain arcellinidan taxa in particular.
Additionally, the notable reduction in the median standard error (Sxi) for most

total arcellinidan taxa counts in the treated samples suggest an enhanced efficiency
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of the arcellinidan analysis (Supplementary Table 2.2).

2.7 Conclusions

We assessed the impact of three chemical deflocculation methods (soda ash
(Na2CO3-H20), potassium hydroxide (KOH), or sodium hexametaphosphate
((NaPOs3)s) on organic content reduction and destruction of arcellinidan tests in
three lacustrine sediment samples. Of the three tested chemical methods,
treatment with 5% KOH was the most effective in reducing considerable
proportions of organic content, which led to the identification and enumeration of
much higher numbers of arcellinidan tests.

However, improvement of the total number of arcellinidan tests retained
was more subtle in samples characterized by reduced organic concentrations to
start with, indicating that chemical treatment is generally only necessary in
samples where both TOC is elevated (e.g., TOC > 20%) and the observed organic
content density is high when visually assessed under a dissecting microscope. The
5% KOH treatment caused acceptable levels of damage that was neither exclusive
to certain arcellinidan taxa nor severe enough to hamper arcellinidan analysis. The
arcellinidan assemblages and sub-assemblages identified in 5% KOH-treated and
control sub-samples were characterized by relatively consistent faunal
compositions, indicating that chemical treatment is not severely impacting the

faunal composition of the identified assemblages. However, the aggressive nature
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of KOH treatment, even at lower concentrations, must be taken into consideration

when samples characterized by fragile or damaged tests are analysed.
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3.1 Abstract

Arcellinida (testate lobose amoebae) were examined from 22 surface-sediment
samples collected from homogenous environments in eastern Canadian lakes (Lac
du Castor Blanc, SW Quebec; Oromocto Lake, SW New Brunswick) to: 1) evaluate
the faunal consistency of assemblages within the targeted environments; and, 2)
assess the Arcellinida assemblage response evident in samples collected from
Oromocto Lake in 2010 CE (n = 10) and 2012 CE (n = 6) to inter-annual changes
in environmental conditions. Cluster analysis and detrended correspondence
analysis (DCA), redundancy analysis (RDA), and Bray-Curtis Dissimilarity Matrix
(BCDM) were used to identify the dominant arcellinidan assemblages, determine
physicochemical controls over the Arcellinida distribution, and assess the
assemblages’ faunal homogeneity, respectively. Cluster analysis, DCA, and BCDM
results revealed two distinct and relatively homogenous arcellinidan assemblages:
1) Lac du Castor Blanc Assemblage; and 2) Oromocto Lake Assemblage, which
could further be subdivided into Oromocto Lake 2010 (OL10), and 2012 (OL12)
sub-assemblages. RDA results showed that 65.6% of the variance in the
arcellinidan distribution could be attributed to four significant parameters; sand
size fraction (32.1%), calcium (29.2%), manganese (2.7%), and organic content
(1.5%). The OL10 and OL12 sub-assemblages aligned well with the respective
sample collection dates of 2010 CE and 2012 CE, with proportions of the healthy-
lake-indicating Diffluggiid taxa being higher in OL12, likely due to a concurrent
slight increase in substrate organic content in the 2012 CE sediments. Our results

confirm the faunal homogeneity of assemblages in limnologically similar
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environments, and demonstrate the rapid response of Arcellinida assemblages to

changes in lake conditions at inter-annual time scales.

Keywords: Lakes, homogenous environments, Arcellinida, assemblage

dynamics, inter-annual change, multivariate statistics

3.1 Introduction

Arcellinida, also known as testate lobose amoebae (Mitchell et al., 2008), or as
thecamoebians (Patterson and Kumar, 2002), are a group of shelled benthic
protozoans that inhabit most terrestrial freshwater aquatic environments (Medioli
and Scott, 1988; Patterson and Kumar 2002). The geographical distribution of
Arcellinida is wide, extending from the tropics (Dalby et al., 2000; Farooqui and
Gaur, 2006) to the Arctic region (Collins et al., 1990; Beyens and Chardez, 1995).
Within this extensive geographical range the group is primarily found in
freshwater lakes, rivers, ponds, and wetlands (Patterson and Kumar, 2002; Neville
et al., 2010; Schwind et al., 2016) and, to a lesser extent, brackish water habitats
(Patterson et al., 1985; Charman et al., 2000). Arcellinida are distinguished by a
test (shell) ranging in size from 5 to 500 um and are either autogenous (i.e. secreted
by the organism) or xenogenous (i.e. constructed by the process of agglutinating
materials like sand grains and diatom frustules), with the latter being of greater
use in limnological and paleolimnological studies (Patterson and Kumar, 2002).

While Arcellinida are most abundant in Holocene terrestrial aquatic deposits, their
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fossil record extends throughout the Phanerozoic (6Foissner and Schiller, 2001;
van Hengstum et al., 2007) and into the Late Neoproterozoic (Porter and Knoll,

2000)

The number of studies investigating the reliability of Arcellinida as proxy
for variability in lacustrine environmental conditions has been steadily growing for
the past few decades (e.g., Patterson et al. 1985, Asioli et al., 1996; Reinhardt et al.,
1998; Neville et al., 2010; Patterson et al., 2013; Steel et al., 2017; Gavel et al.,
2018). This increased interest in Arcellinida is attributed to: 1) their abundance in
lacustrine substrates (500-3000 tests/ml; Patterson and Kumar, 2002); 2) their
fast reproduction rates (few days to a week); 3) the durability of their tests, which
enhances their preservation potential; 4) the relative ease of taxonomic
identification compared to other lacustrine microfaunal groups (e.g. diatoms);
and, 5) their sensitivity to a wide range of environmental parameters. These
attributes make Arcellinida an ideal tool for monitoring environmental change,
human-made or otherwise, in lakes. Recent arcellinidan studies have focused on
quantifying the relationship between Arcellinida community (i.e. assemblages)
dynamics and variations in many physicochemical parameters, like lake acidity
(Kumar and Patterson, 2000), pH variability (Patterson et al., 2013), nutrient
loading (Patterson et al., 2012), water quality (Roe et al., 2010), land-use changes
(Patterson et al., 2002), road salt contamination (Roe & Patterson, 2014) and
metal mining contamination (e.g., Asioli et al., 1996; Kihlman and Kauppila, 2009;
Nasser et al., 2016). Most of these studies focused on assessing the response of the

group to contemporary (i.e. spatial) or the long-term temporal impact of
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environmental variability. While the body of literature on lacustrine Arcellinida
continues to grow, a gap remains in our understanding of the relationships
between the dynamics of Arcellinida assemblages and short-term environmental
trends in lakes.

The structure of microfaunal communities is in a state of constant change,
mainly due to the influences of variations in biotic and abiotic factors in the
environment (Brown et al., 2001). Environmental variability can occur over short-
(seasonal and annual) to longer-time scales (subdecadal to thousands of years).
Identifying the response of a microfaunal community (e.g. Arcellinida) to short-
time scale changes is particularly imperative for accurately determining: 1)
environmental preferences of certain taxa; 2) species and assemblage
distributional patterns in different lake ecosystems; and, 3) primary drivers of
variability in community structure (Levin, 1992; Thrust et al., 1997). While the
sensitivity of testate amoebae assemblages to annual environmental changes has
been frequently assessed in mediums like soil (Smith, 1973; Cofiteaux, 1976;
Laminger et al., 1980; Lousier, 1984), peatlands (Mazei and Tsyganov, 2007),
rivers (Schwind et al., 2016) and ponds (Roe & Patterson, 2006; Neville et al.,
2010), similar assessments in lacustrine environments are currently limited
(Laminger, 1971; Schonborn, 1992; Foissner, 1994; Kumar and Patterson, 2000;
Farooqui et al., 2010; Dividova and Vasilev, 2013).

In this experiment, Arcellinida were examined from 22 surface sediment
samples collected from comparable limnological environments (e.g. similar
substrates and water depth) in eastern Canadian lakes Lac du Castor Blanc (SW

Quebec) and Oromocto Lake (SW New Brunswick), to: 1) evaluate the consistency
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of the faunal compositions of Arcellinida assemblages found within the targeted
homogenous environments; and, 2) assess the dynamics of arcellinidan
assemblages in response to inter-annual limnological changes in samples collected
from Oromocto Lake in 2010 CE (n = 10) and 2012 CE (n = 6). Results from this
study provide new insight into the sensitivity of Arcellinida to short-term
environmental changes, which is critical for confirming the reliability of utilizing
the group as a tool for monitoring subtle trends of lacustrine environmental

change.

3.2 Study Area

3.2.1 Lac du Castor Blanc

Lac du Castor Blanc (46.145726°, -76.037677°) is located in SW Quebec,
approximately 90 km north of Ottawa in the Outaouais region (Figure 3.1B). The
region is geologically part of the Grenville Super group characterised by Archean
or Early Proterozoic metamorphic rocks hosting stratified zinc and iron deposits
(Brown 1982; Gauthier and Brown, 1986). The study area receives an average of
939.9 mm precipitation annually and is characterized by an annual temperature of
4.7°C (Environment Canada, 2018). Areas of tall, high-density coniferous trees
fringe the perimeter of the lake, with lower-density patches deciduous trees
occurring further away from the lake shore.

Lac du Castor Blanc is relatively small in size (Area = 152.2 ha) and has an

elongated and relatively meandering morphology stretching for 3.7 km in the
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Figure 3. 1: Map of the study areas. A) map of Canada showing the sampled lakes (yellow circles) in Quebec (light
blue highlight) and New Brunswick (Light red highlight). B) A map showing the sampled sites (yellow circles) in
Gracefield Camp Cove (red square), Lac du Castor Blanc, Quebec, Canada. C) A map showing the sampled sites

(yellow circles) in Wightman Cove (red square), Oromocto Lake, New Brunswick, Canada.
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north-south direction (Figure 3.1B). The lake is situated 174 m above sea level, with
ariver from Lac a Webb draining into its northern basin. Bathymetric information
for the lake is currently limited and is exclusive to the central western basin,
informally referred to as Gracefield Camp Cove below, which is characterizing by
a water depth ranging from 1.5 m to a maximum depth of 10.5 m (Supplementary
Table 3.1). Human development of the area began in 1840 CE when Irish settlers
formed a settlement called Gracefield south of the lake (Commission de
toponymie, Quebec, 2015). A mica mine opened in 1896 CE and was in operation
until the 1908 CE (Sabina, 1970). The lake has many cottages along the southern
shoreline, as well as the large Gracefield Christian Camp and Retreat Centre,

adjacent to Gracefield Camp Cove.

3.2.2 Oromocto Lake

Oromocto Lake (45.642225° -66.997384°) occurs in SW New Brunswick, in
Tweedside, a rural region within the greater Harvey area (Figure 3.1C). The lake is
situated in the Saint John River Valley/Highland Foothills (Pronk and Allard,
2003). This region has been significantly modified by glacial and melt-water
processes and is characterized by moderate relief and sand and gravel deposits
forming eskers, kames and outwash deltas (Pronk & Allard, 2003). Oromocto Lake
is at an elevation of 20.7 m above mean sea level. The only sizeable lake inlet is
Dead Brook, a small stream that drains into Wightman Cove at the north end of
the lake. The average precipitation for the study area is 1077 mm/year, and an

average annual temperature is 5.6°C (Environment Canada, 2018). The vegetation
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cover around the lake consists of coniferous, broadleaf and mixed wood trees
(Hanson, 2013).

Oromocto Lake is elongated and widens gradually toward the southern end
(Figure 3.1C). The northeastern section of the lake forms an arm that protrudes
and tapers eastward. There are two main basins in the open water area, a small
northern sub-basin (water depth = 8.9 m), and a bigger and deeper (13.5 m)
southern basin (Hanson, 2014). Samples collected for this study were from
Wightman Cove, which is flat-bottomed and covered by 2-5 m of soft sediment
(Steel et al. 2018). There are a large number of cottages and year-round homes

found within Wightman Cove and elsewhere along the western margin of the lake.

3.3 Materials and Methods

3.3.1 Sampling Design and Field Work

Sixteen surface-sediment samples were collected from stations in Wightman Cove,
Oromocto Lake over two field seasons in 2010 CE (n=10) and 2012 CE (n=6) to
determine if arcellinidan assemblages varied in response to subtle inter-annual
changes in environmental conditions (Figure 3.1C). Substrates characterized by
relatively uniform environmental conditions (e.g. similar water depth and
sedimentary composition) were sampled as they are often represented by
arcellinidan assemblages with a relatively consistent faunal structure (Steele et al.
2018). This was a critical component of this experiment as relative homogeneity
within both limnological conditions and the associated arcellinidan assemblage

structure is required to ensure that any identified changes in Arcellinida
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assemblage dynamics can be attributed to short-term environmental variability
rather than differences in the sampled environment (e.g. littoral vs. open water
environments). Following the same site selection criteria used for Oromocto Lake,
six surface-sediment samples were collected from the limnologically similar
Gracefield Camp Cove of Lac du Castor Blanc, Quebec in 2010 CE as an outgroup
against which to assess the homogeneity and consistency of arcellinidan
assemblages found in Oromocto Lake.

Sample sites were selected using a Lowrance Elit-4x fish finder (depth
uncertainty = + 0.6 m) equipped with a bottom hardness indicator, which allowed
for identification of muddy substrates where higher proportions of Arcellinida
often dwell (Patterson and Kumar, 2002). The geographical locations of sampled
sites in both lakes were determined using a Garmin GPSMPA 76Cx GPS unit
(Supplementary Table 3.1). Water column environmental parameters data (e.g.,
dissolved oxygen [DO], pH, conductivity, and water temperature) were recorded
in each lake basin, in the deepest sites, at 1m intervals using a YSI Multi-parameter
instrument equipped with quatro cables (Supplementary Table 3.1). Both lakes
were accessible by road and samples were collected from a small boat using a
standard Ekman grab sampler. The top 0.5 cm of sediment from each grab, where

living arcellinidan populations are often found, was retained for analysis.

3.3.2 Laboratory Analyses

Geochemical, sedimentological and micropaleontological analyses were carried
out on sub-samples. The geochemical composition of the material was determined

using inductively coupled mass spectrometry (ICP-MS: 1F/AQ250
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package) following aqua regia digestion at Bureau Veritas, Vancouver
(Supplementary Table 3.1). Aqua regia digestion was chosen to only capture the
concentration of heavy metals and metalloids that can potentially be bioavailable
(Nasser et al., 2016; Santoro et al., 2017).

Loss-on-ignition (LOI) analysis was carried out following Heiri et al. (2001)
on sub-samples to estimate the percentage of organic, carbonate, and minerogenic
content in the sediment (Supplementary Table 3.1). Wet sediment subsamples (1
cc) were placed in weighed ceramic crucibles, which were subsequently placed in
an oven over night (70 C°) to dry. A programmable Fisher Scientific Muffle furnace
was then used for the sequential burning of the dried sub-samples at 500°C and
950°Cin order to calculate the percentage of organic matter and carbonate content
in each sample, respectively. Data generated by LOI can provide valuable
information on sediment sources, surface processes such as erosion and lake
productivity (Huang et al., 2004).

Subsamples were prepared for particle size analysis (PSA) by digesting sub-
samples in a heated bath (70 C°) with 10% HCl and 30% H-0- to remove carbonate
and organic content, respectively (Murray 2002, van Hengstum et al., 2007).
Following digestion, sedimentary grain size in each sub-sample was analyzed using
a Beckman Coulter LS13 320 laser diffraction analyzer fitted with a universal liquid
medium (ULM) sample chamber over a measurement range between 0.4 and
2000lm. Samples were loaded into the instrument until an obscuration level of
10+3% was attained. GRADISTAT (Version 8) (Blott and Pye, 2001) was used to
compile the results (Supplementary Table 3.1). Garnet15 (mean diameter 15 um: +
2 um), an accuracy standard supplied by Beckman Coulter, was run once per

77



month. An in-house mud sample (Cushendun Mud) was run at the start of every
session as a precision control.

Arcellinida analysis was carried out on all sub-samples. Five cm3 of wet
sediments were sieved through 297um and 37um to remove coarse and fine
organic and mineral debris and retain arcellinidan tests. The samples were then
split into six aliquots using a wet splitter (Scott and Hermelin, 1993) and examined
wet in a gridded Petri Dish. Arcellinida species and strains in each sub-sample were
identified and enumerated using an Olympus SZH dissecting binocular
microscope at magnifications ranging between 20-50x until counts of a statistically
significant number (at least 250 where possible) were obtained following Patterson
and Fishbein (1989) (Supplementary Table 3.2). Arcellinida were identified using
photomicrographs from the existing literature that utilize the ‘strain’
intrasubspecific taxonomic concept (Reinhardt et al. 1998; Roe et al., 2010;
Patterson et al., 2012; Patterson et al., 2013; Nasser et al., 2016; Steele et al., 2018;
Gavel et al., 2018) (Supplementary Table 3.2). Scanning electron microscope
(SEM) images of common Arcellinida species and strains were obtained using a
Tescan Vega-II XMU VP SEM at Carleton University. All plates were digitally

produced using Adobe Photoshop™ (CC6) (Figure 3.2, Figure 3.3).

3.3.3 Statistical Analyses

The probable error (pe) was calculated for each sample using the following

formula:

pe = 1.96 <\/ix_l>
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Figure 3. 2: Arcellinida from Lac du Castor Blanc and Oromocto Lake. 1 Arcella
vulgaris Ehrenberg 1830. 2—3 Centropyxis aculeata (Ehrenberg 1832) stain
“aculeata”. 4—5 Centropyxis aculeata (Ehrenberg 1832) stain “discoides”. 6—7
Centropyxis constricta (Ehrenberg 1843) stain “aerophila”. 8—10 Centropyxis
constricta (Ehrenberg 1843) stain “constricta”. 11 Centropyxis constricta
(Ehrenberg 1843) stain “spinosa”. 12 Cucurbitella tricuspis (Carter 1856). 13—15
Mediolus corona (Wallich 1986). 16—17 Pontigulasia compressa (Carter 1864). 18-

19 Lagenodifflugia vas (Leidy 1874). 20 Lesquereusia spiralis (Ehrenberg 1840).
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Figure 3. 3: Arcellinida from Lac du Castor Blanc and Oromocto Lake.1
Heleopera sphagni (Leidy 1874). 2 Difflugia elegans Penard 1890. 3 Difflugia

3

bicornis Penard 1890. 4 Difflugia urceolata Carter 1864 strain “urceolata”. 5
Difflugia urens Patterson, MacKinnon, Scott, and Medioli 1985. 6 Difflugia glans
Penard 1902 strain “glans”. 7 Difflugia glans Penard 1902 strain “distenda”. 8
Difflugia glans Penard 1902 strain “magna”. 9-10 Difflugia oblonga Ehrenberg
1832 strain “oblonga”. 11—12 Difflugia oblonga Ehrenberg 1832 strain “spinosa”.
13-14 Difflugia oblonga Ehrenberg 1832 strain “tenuis”. 15 Difflugia oblonga
Ehrenberg 1832 strain “lanceolata”. 17 Difflugia protaeiformis Lamarck 1816
strain “acuminata”. 18 Difflugia protaeiformis Lamarck 1816 strain “claviformis”.

19 Difflugia protaeiformis Lamarck 1816 strain “curvicaulis”. 20 Difflugia

protaeiformis Lamarck 1816 strain “sculpellum”.
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where s is the standard deviation of the population count and X; is the number of
counts (i.e. Arcellinida tests) at the station being investigated. A sample was
deemed statistically insignificant if the probable error exceeded the total count for
a sample (Patterson and Fishbein, 1989).

Standard error (Sxi) was calculated for each sample using the following
equation:

F1(1 - F1)

Sxi = 1.96
Xi Nl

where F1 is the fractional abundance of species and Ni is the total number of
counts. Species were considered to be present in insignificant numbers if the
standard error exceeded the total counts for that species in all the samples
(Fishbein and Patterson 1993). Species with abundances higher than the standard
error but are common only in a few samples were also removed as their inclusion
would complicate the interpretation of ensuing statistical and multivariate
analyses.

The Shannon Diversity Index (SDI; Shannon, 1948) was calculated in
RStudio (version 0.98.1028) (R Core Team, 2014) to assess arcellinidan diversity
as a measure of ecological health in both lakes. Samples were considered healthy
if the SDI was between 2.5 and 3.5, in transition if SDI was between 1.5 and 2.5,
and stressed if SDI was below 1.5 (Magurran, 1988; Patterson and Kumar, 2002).
The ratio between centropyxid and difflugid species was calculated after the
approach of Neville et al. (2010) and was used in tandem with SDI as a measure of

the relative ecological health of the sampled lakes.
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3.3.3.1 Data screening and preparation

To avoid any issues with running the multivariate statistical analysis, data sets
used in this study (Arcellinida relative abundance, lake parameters, LOI, particle
size and ICP-MS) went through a screening process, which removed any variables
with >25% of data values being: 1) insignificant and, or missing data values; and,
2) above or below instrumental detection limits. Any remaining values below the
detection limit were converted to half the minimum detection limit, while any
value above detection limit was converted to maximum detection limit (Reinmann
et al., 2008). The screening process resulted in the removal of ten measured
parameters, all of which are from the ICP-MS dataset (omitted elements: boron
[B], tungsten [W], Te [tellerium], Ge [germanium], Hf [Hafnium], Ta [tantalum],
In [indium], Re [rhenium], Pd [palladium], and Pt [platinum])

A logarithmic transformation was performed on the dataset due to most of
the parameters exhibiting a strong non-normal distribution (p-value <0.005; n =
39/55 variables). A Hellinger transformation was used on the arcellinidan
relative abundance data set as it is the recommended method of transformation
when performing cluster analysis and ordination, especially linear methods like

redundancy analysis, on species abundance data (Rao, 1995).

3.3.3.2 Variables reduction

A Principle Component Analysis (PCA; Pearson, 1901; Hotelling, 1933) plot was
employed to evaluate redundancies in data to further reduce the number of

parameters to be included in constrained ordination.
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3.3.3.3 Cluster analysis

Q-mode and R-mode cluster analysis was carried out on the 33 arcellinidan species
and strains in 22 samples determined to have statistically significant counts and
not missing any values in the environmental data set. Q-mode cluster analysis was
used to group samples according to similarities in their faunal structure using
Ward’s Minimum variance method (Ward, 1963; Fishbein & Patterson, 1993),
which is recorded as squared-Euclidean distances. R-mode cluster analysis was
used to determine which species and strains (n=33) are most closely associated
with each other and to determine the faunal composition of the identified
Arcellinida assemblages. The statistical significance of the identified clusters was
calculated using the PVClust package in RStudio statistical software (version
0.98.1028) (R Core Team, 2014). A two-way cluster analysis heatmap was

generated using the cim function of the mixOmics package in RStudio.

3.3.3.4 Detrended Correspondence Analysis (DCA)

Detrended Correspondence Analysis (DCA; Hill, 1979) was used to determine the
axil length, necessary for selecting the proper constrained ordination method (e.g.
redundancy analysis vs. canonical correspondence analysis), and to compare
similarities between identified Arcellinida assemblages in a multidimensional
space. The results of DCA revealed that the gradient length of the species data is
<2, which indicate that redundancy analysis is the appropriate ordination analysis

for this data set.
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3.3.3.5 Redundancy analysis (RDA)

Redundancy analysis (RDA; van den Wollenberg, 1997) was used on the 22
samples and 33 statistically significant species and strains to assess and quantify
the relationship between Arcellinida assemblages and the reduced measured
variables. Redundancy analysis provided insight for interpreting the cluster
analysis and the DCA results as it determines possible drivers of the variance in the
arcellinidan distribution. Moreover, partial RDA coupled with variance partition
provided an additional qualification of the proportion of the variance in the
Arcellinida data set that can be attributed to the measured parameters. Variables
with a p-value <0.05 were deemed to significantly contribute to the variance in the

Arcellinida assemblages.

3.3.3.6 Bray-Curtis Dissimilarity Matrix (BCDM)

Bray-Curtis Dissimilarity Matrix (BCDM; Bray and Curtis 1957) was performed on
both the arcellinidan relative abundance and physicochemical parameters data
sets to assess the faunal homogeneity of the identified assemblages by determining
the level of dissimilarity between samples representing each assemblage.
Additionally, BCDM was also used to confirm whether environmental conditions
and arcellinidan assemblages differed between 2010 and 2012 in Oromocto Lake

(Supplementary Table 3.3).
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3.4 Results

3.4.1 Lake Parameters

Samples obtained from Gracefield Camp Cove in Lac du Castor Blanc are mostly
from relatively shallow water depth (1.5-3.5 m; Supplementary Table 3.1). The lake
has a median surface water pH and conductivity of 8.8 and 165um/S, respectively
(Supplementary Table 3.1). Water temperature measurements recorded in deeper
water (10.5 m) indicate that thermal stratification develops during the summer
months with a thermocline at 8.5 m water depth (Supplementary Table 3.4).
However, the stratification must only be fully developed for a short time each year
as the lake bottom waters were well oxygenated (DO levels = 12.07 um/l;
Supplementary Table 3.4).

Asin the case of Gracefield Camp Cove, Lac du Castor Blanc, the bathymetry
within Wightman Cove in Oromocto Lake is relatively shallow (2-5 m), with the
exception of sample 016, which was collected from a water depth of 7 m
(Supplementary Table 3.1). The surface of the lake is characterized by notably
lower pH (7.44) and conductivity (21.1um/S) compared to levels recorded at Lac
du Castor Blanc (Supplementary Table 3.1). The prevailing W-SW wind direction
and large fetch across Oromocto Lake results in the lake being unstratified with
respect to dissolved oxygen (surface= 2.4 pm/l, bottom=2.2 um/l) and water

temperature (surface= 25°C, bottom= 24°C; Supplementary Table 3.4).

3.4.2 Textural and organic matter characteristics

Textural and organic matter characteristics of study samples are listed in

87



Supplementary Table 3.1. Samples from Lac du Castor Blanc are characterized by
relatively low levels of organic matter (median = 2.7%; n = 6), carbonates (median
= 1.6%; n = 6) and minerogenic content (median = 3%; n = 6). The proportions of
organic matter present at Oromocto Lake were similarly low (median = 2.4%; n =
16) and were further characterized by lower carbonate (median = 0.3%; n = 16)
and higher minerogenic content (median = 19.2%; n=16) compared to Lac du
Castor Blanc. Sediments from the sampled coves in both lakes are dominated by
silt (Lac du Castor Blanc median = 79.2%, n = 6; and, Oromocto Lake median =
59.1%; n=16) with Oromocto Lake sediments having notably more sand (median

sand% = 32.9%, n = 16; Lac du Castor Blanc median sand= 13.2%; n=6).

3.4.3 Identified Arcellinida Assemblages and Primary

Controls

Thirty-four arcellinidan species and strains were identified in twenty-two samples.
All samples were found to have statistically significant arcellinidan counts and
none were removed from statistical analysis. Out of 34 identified species and
strains, 33 occurred in statistically significant numbers with only one taxon,
Heleopera sphagni (Leidy 1874), yielding statistically insignificant number of
tests.

Interpretation of the two-way cluster analysis “heatmap” revealed two
distinct assemblages: 1) Lac du Castor Blanc Assemblage (LLCA) (statistical
significance = 99% [> 2 8] ; n = 6); 2) Oromocto Lake Assemblage (OLA) (statistical

significance = 94% [> 2 8] ; n = 16), which was further divided into the Oromocto
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Lake 2010 Sub-Assemblage (OL10; statistical significance = 92% [> 2 8§]; n = 10),
and Oromocto Lake 2012 Sub-assemblage (OL12; statistical significance = 90% [>
2 §]; n = 6) as shown in Figure 4. The two-way cluster analysis heatmap, however,
revealed five outliers that were exclusive to OLA (04, O5, 06, O7, and O11) (Figure
4). Samples O4, O6 and O7 were collected during the 2010 field season but
clustered separately from the remaining 2010 sample at a high level of statistical
confidence (91% [> 2 8]). The faunal composition of the three samples, however,
were highly similar to that of the samples definitively comprising OL10, differing
only in the proportions of minor arcellinidan taxa (relative abundance < 1.2%).
Therefore, the three samples were considered to be part of the OL10 sub-
assemblage in this study. Sample O5 grouped with the samples collected during
the 2012 samples, even though it was collected in 2010, while sample O11 that
grouped most closely to the OL10 samples despite being collected in 2012 (Figure
3.4). The presence of some overlap between the sub-assemblages would be
expected given the temporal and spatial nature of the study.

Results of the DCA revealed arcellinidan assemblages similar to those
identified using Q- and R-mode cluster analysis (Figure 3.5). The DCA bi-plot also
revealed a notable overlap between the samples of OL10 and OL12, particularly
with samples 02, O3, and O5 plotting closely to the OL12 sub-assemblage (Figure
5). Redundancy Analysis results were consistent with both cluster analysis and
DCA in that the same assemblages and sub-assemblages were observed in the RDA
tri-plot (Figure 3.6A). Redundancy analysis showed that axis 1 explained most of
the variance in the Arcellinida assemblages (60%; p<0.001). Along with PCA, RDA

facilitated the reduction of the number of parameters to be included, by identifying
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Figure 3. 4: Combined Q-mode and R-mode cluster heatmap for the 22 samples
and 33 statistically significant species and strains. Two faunal assemblages, and
two sub-assemblages, are indicated. The colored squares (gradient of red) reflect
the relative abundances of the Arcellinida species and strains. The statistical
significance of the identified assemblages, as determined by using PVClust
values, is displayed next to the assemblages (red number). AV = Arcella vulgaris;
CAA = Centropyxis aculeata “aculeata”, CAD = Centropyxis aculeata
“discoides”, CCA = Centropyxis constricta “aerophila”, CCC = Centropyxis
constricta “constricta”, CCS = Centropyxis constricta “spinosa”’, CT=
Cucurbitella tricuspis, CK = Cyclopyxis kahli, DB = Difflugia bidens, MC =
Mediolus corona, DGG = Difflugia glans “glans”, DGM = Difflugia glans
“magna”, DGD = Difflugia glans “distenda” , DOB = Difflugia oblonga
“bryophila”, DOL = Difflugia oblonga “lanceolata”, DOL = Difflugia oblonga
“linearis”, DOO = Difflugia oblonga “oblonga”, DOS = Difflugia oblonga
“spinosa”, DOT = Difflugia oblonga “tenuis”, DP = Difflugia protaeiformis, DA =
Difflugia acuminata, DCL = Difflugia claviformis; DCUR = Difflugia
curvicaulis; DSC = Difflugia scalpellum; DAI = Difflugia acuminate “immanata;
DAB = Difflugia acuminate “bicornis”, DUU = Difflugia urceolata “urceolata”,
DUE = Difflugia urceolata “elongata”, DU = Difflugia urens, DE = Difflugia
elegans, LV = Lagenodifflugia vas, LS = Lesquereusia spiralis, PC =

Pontigulasia compressa.
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Figure 3. 6: (A) Redundancy Analysis (RDA) species-environment-sample tri-plot for the 22 surface-sediment
samples that yielded statistically significant proportions of 33 Arcellinida taxa. The tri-plot also shows the
assemblages and sub-assemblages and their relationship with the measured variables. (B) Partial Redundancy
Analysis (pRDA) with variance partitioning test showing the percentage variance in the Arcellinida data set that is
explained by the measured variables. AV = Arcella vulgaris; CAA = Centropyxis aculeata “aculeata”, CAD =
Centropyxis aculeata “discoides”, CCA = Centropyxis constricta “aerophila”, CCC = Centropyxis constricta
“constricta”, CCS = Centropyxis constricta “spinosa”’, CT= Cucurbitella tricuspis, CK = Cyclopyxis kahli, DB =
Difflugia bidens, MC = Mediolus corona, DGG = Difflugia glans “glans”, DGM = Difflugia glans “magna”, DGD =
Difflugia glans “distenda” , DOB = Difflugia oblonga “bryophila”, DOL = Difflugia oblonga “lanceolata”, DOL =
Difflugia oblonga “linearis”, DOO = Difflugia oblonga “oblonga”, DOS = Difflugia oblonga “spinosa”, DOT =
Difflugia oblonga “tenuis”, DP = Difflugia protaeiformis, DA = Difflugia acuminata, DCL = Difflugia claviformis;
DCUR = Difflugia curvicaulis; DSC = Difflugia scalpellum; DAI = Difflugia acuminate “immanata; DAB = Difflugia
acuminate “bicornis”, DUU = Difflugia urceolata “urceolata”, DUE = Difflugia urceolata “elongata”, DU = Difflugia

urens, DE = Difflugia elegans, LV = Lagenodifflugia vas, LS = Lesquereusia spiralis, PC = Pontigulasia compressa.
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four measured variables that collectively explain a major proportion of the
variance in the identified assemblages (65.6%; Figure 3.6B). Of the four variables,
sand particle size (32.1%) and calcium (Ca) (29.2%) explained the majority of the
total variance (61.3%; p-value=0.001). In comparison, manganese (Mn) (2.7%)
and organic content (1.5%) are less significant (p-value >0.001), explaining a

notably lower portion of the total variance (4.3%) (Figure 3.6B).

3.4.4 Description of Identified Arcellinida Assemblages

3.4.4.1 Lac du Castor Blanc Assemblage ‘LCA’ (n=6)

The faunal structure of the Lac du Castor Blanc Assemblage (LCA) was dominated
by Centropyxis constricta (Ehrenberg 1843) strain "aerophila" (median relative
abundance = 44.8%), C. constricta (Ehrenberg 1843) strain "constricta" (median
relative abundance = 19.7%), and C. constricta (Ehrenberg 1843) strain "spinosa"
(median relative abundance = 10.2%; Supplementary Table 3.5). Other
centropyxids like C. aculeata (Ehrenberg 1832) strain “aculeata” (median relative
abundance = 2.4%) and C. aculeata (Ehrenberg 1832) strain “discoides” (median
relative abundance = 2.3%) were also present but in low proportions. The
dominance of centropyxid species and strains was illustrated by low D/C ratios
characterizing the samples of LCA (0.044-0.15; Supplementary Table 3.5). The
assemblage was also characterized by notable number of Cucurbitella tricuspis

(Carter 1856) (median relative abundance = 11.2%).

The measured SDI for samples comprising LCA (SDI range = 1.3-2) was

reflective of low to moderate diversity and stressed to transitional environmental
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conditions (Supplementary Table 3.5). Samples comprising the LCA were collected
close to shore in relatively shallow water depth (1.5-3.5m; Figure 3.1B). These
samples were retrieved from silt-dominated (median silt% = 79.2%) substrates
characterized by relatively low organic contents ranging between 2.2-2.9%
(Supplementary Table 3.5).

Q-mode cluster analysis and DCA results indicated that LCA was highly
distinguishable from the Oromocto Lake assemblage (Figures 3.4, 3.5). The results
of RDA tri-plot show that LCA correlates positively with Ca, and negatively with

the sand particle fraction and Mn (Figure 3.6A).

3.4.4.2 Oromocto Lake Assemblage ‘OLA’ (n=16)

Unlike the LCA, the Arcellinidan composition of the Oromocto Lake assemblage
(OLA) was dominated by Difflugia oblonga Ehrenberg 1832 strain “oblonga”
(median relative abundance = 15.9%), and D. oblonga Ehrenberg 1832 strain
“tenuis” (median relative abundance = 11.2%; Supplementary Table 3.5). Of the
centropxiid species and strains, only C. constricta (Ehrenberg 1843) strain
"aerophila" (median relative abundance = 10.3%) was present in high proportions.
Other common species included D. elegans (median relative abundance = 7%),
Lesquereusia spiralis (median relative abundance = 6.8%), C. tricuspis (Carter
1856) (median relative abundance = 6.5%), D. glans Penard 1902 strain “glans”
(median relative abundance = 5.5%; Supplementary Table 3.5). The assemblage
was highly diverse (SDI= 2.47-2.81) and had a high proportion of difflugids (D/C

ratio= 1.5-3.2; Supplementary Table 3.5). Samples of the OLA were collected from
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substrates that were silt-dominated (median silt% = 59%) but contained higher
proportions of sand (median sand% = 32.9%). Compared to Lac du Castor Blanc,
Oromocto Lake sediments have slightly higher levels of organic content (1.9-
3.99%; Supplementary Table 3.5).

The DCA bi-plot showed samples comprising the OLA clustering distinctly
from the LCA samples. While the OLA samples were grouped closely, their
grouping was not as tight as that of the LCA samples (Figure 3.5). The RDA tri-plot
showed that samples of OLA correlated positively with the sand size fraction, Mn,

and organic content, and negatively with Ca (Figure 3.6A).

3.4.4.3 Oromocto Lake 2010 Sub-Assemblage ‘OL10’ (n=8)

The faunal composition of the Oromocto Lake 2010 sub-assemblage (OL10) was
dominated by Difflugia oblonga strain “oblonga” (median relative abundance =
15.6%) and D. oblonga Ehrenberg 1832 strain “tenuis” (median relative abundance
= 10%; Supplementary Table 3.5). Other common species included C. tricuspis
(median relative abundance = 6.4%), D. glans strain “glans” (median relative
abundance = 4.5%), and D. oblonga Ehrenberg 1832 strain “linearis” (median
relative abundance = 3.8%). Centropyxid taxa were present but in low proportions
as only C. constricta strain "aerophila" (median relative abundance = 13.2%) were
present in notable numbers (Supplementary Table 3.2). This assemblage was
diverse (SDI= 2.47-2.81) and had a high proportion of difflugids (D/C ratio= 1.5-
3.2). Samples of this assemblage were collected from silt-dominated substrates
(median silt% = 59%) except for sample O2 that was collected from silty substrates

with notably high percentage of sand (median sand% = 59.1%). Oromocto Lake
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sediments have slightly higher levels of organic content (1.9-2.8%) and Mn
(median Mn concentration = 1522 ppm) relative to the Lac du Castor Blanc

material. (Supplementary Figure 3.5).

While samples comprising OL10 were seen grouping closely on the DCA
plot, samples O2, O3, and O5 appeared to overlap with the Oromocto Lake 2012
sub-assemblage (Figure 3.5). Redundancy Analysis results revealed a positive
association between OL10 samples and Mn, Sand particle size, and a negative one

with Ca (Figure 3.6).

3.4.4.4 Oromocto Lake 2012 Sub-Assemblage ‘OL12’ (n=8)

Similar to what was observed in sub-assemblage OL10, the faunal composition of
the Oromocto Lake 2012 sub-assemblage (OL12) was diverse with SDI
measurements indicative of relatively healthy environmental conditions (SDI
range = 2.53-2.81) and D/C ratios reflective of the dominance of difflugiid taxa
(D/C ratio = 1.4-5.1). The samples of this sub-assemblage were dominated D.
oblonga Ehrenberg 1832 strain “oblonga” (median relative abundance = 17%), and
D. oblonga strain “tenuis” (median relative abundance = 17%). Species like C.
tricuspis (median relative abundance = 8.8%), and D. glans strain “glans” (median
relative abundance = 7.6%) were also common members of the sub-assemblage.
Members of the genus Centropyxis were present in sub-assemblage OL12 in low
numbers. Samples comprising this sub-assemblage were acquired in the 2012 field
season and were collected from water depths ranging from 2 m to 7 m. Compared

to sub-assemblage 010, samples comprising sub-assamblage OL12 were
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characterized by a small, yet notable, increase in organic content (2.2-3.9%) and
slightly lower Mn concentrations (median Mn concentration = 1177.5 ppm;
(Supplementary Table 3.5).

The results of DCA were in agreement with the two-way cluster analysis heat
map and showed samples of sub-assemblage OL12 loading tightly in
multidimensional space (Figures 3.4, 3.5). Similar to what was observed with sub-
assemblage OL10, the RDA plot showed that sub-assemblage OL12 correlating
positively with organics and sand particle size, and negatively with the Ca (Figure

6).

3.5 Discussion

3.5.1 Arcellinida assemblage homogeneity

Cluster analysis revealed two distinct arcellinidan assemblages, with one
assemblage found in Lac du Castor Blanc (LCA) and the other in Oromocto Lake
(OLA). The significant difference in the faunal composition and diversity of both
assemblages reflected the different limnological conditions in both lakes. The LCA
reflects stressed to transitional environmental conditions in Lac du Castor Blanc,
while the OLA is indicative of healthier conditions. More specifically, the low
diversity LCA (SDI range = 1.3-2) is dominated by opportunistic centropyxid
species and strains (median D/C = 0.08) (Medioli and Scott, 1983; Patterson et al.,
1996; Reinhardt et al., 1998). Conversely, the diverse OLA (SDI range = 2.4-2.8) is

characterized by abundant difflugiid taxa and C. tricuspis (median D/C = 2.4),
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which are known to thrive in organic rich substrates and healthy environmental
conditions (Collins et al., 1990).

While the arcellinidan structure of both assemblages differed significantly,
the faunal composition of samples characterizing each assemblage were relatively
homogenous. Cluster analysis and PVClust results provide support for this
assessment and with samples comprising each assemblage grouping closely with a
high degree of statistical significance (LCA = 99% [>2 6]; OLA = 94% [>23])
(Figure 3.4). As expected, DCA and RAD plots revealed a notable separation
between the LCA and OLA, as well as a close association of centropyxiids with the
LCA and difflugiids with the OLA (Figure 3.5, 3.6A). The Bray-Curtis dissimilarity
matrix provided further confirmation of the distinction between both assemblages
and uniformity of their faunal composition (Supplementary Table 3.3). Samples
comprising each assemblage had low dissimilarity (<0.3) values, in terms of the
measured parameters and arcellinidan assemblage composition, and higher
dissimilarity values when the LCA and OLA were compared (>0.3)
(Supplementary Table 3.3). These results supported the findings of Steele et al.
(2018) who confirmed the uniformity of arcellinidan assemblages in closely spaced

samples collected from relatively homogenous limnological environments.

3.5.2 Controls on Arcellinida assemblage composition

While the RDA analysis revealed four significant measured parameters that

collectively explained 65.6% of the variance recognized in the arcellinidan
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distribution, a considerable portion of the variance was explained by two variables:
sand size fraction (32.1%) and Ca (29.2%; Figure 3.6B). This result is expected as
values for these parameters exhibited the highest variance amongst all the
measured variables in both lakes (Supplementary Table 3.1). The sedimentary
composition of lacustrine substrates has been shown to influence the faunal
distribution of Arcellinida, with healthy and abundant assemblages often dwell in
silt- to mud-dominated substrates, while stress assemblages characterize sand-
dominated substrates, where populations of bacteria and other prey in these
generally higher energy environments is reduced (Dalby et al., 2000; Roe and
Patterson, 2006; Steele et al.,, 2018). A major difference in the sedimentary
composition between the basins examined was that sediment samples from
Oromocto Lake had higher levels of sand (median sand% = 32.9%; n = 16)
compared to the Lac du Castor Blanc samples (median sand% = 13.2%; n = 6;
Supplementary Table 3.5). However, the sedimentary composition of the OLA was
still dominated by the silt size fraction (median silt% = 59.1%; n = 16), which may
account for the high faunal diversity in the OLA samples.

Calcium concentrations were particularly high in Lac du Castor Blanc
(median Ca = 212150 ppm; n = 6) and comparatively lower in Oromocto Lake
(media Ca = 2250 ppm; n = 16; Supplementary Table 3.5). The RDA plot reveals a
strong association between the LCA, stress-indicating arcellinidan taxa
(centropyxiids) and Ca along the first RDA axis (Figure 3.6A). High dissolved Ca
concentrations in water can elevate pH levels, which may explain why the pH level
of Lac du Castor Blanc (median pH = 8.88) is significantly higher than that of

Oromocto Lake (median pH = 7.35). The variability of pH in lakes has been shown
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to impact the distribution of Arcellinida (Kumar and Patterson, 2000; Patterson
and Kumar, 2000; Escobar, 2008; Patterson et al., 2013). Therefore, the elevated
pH in Lac du Castor Blanc may have contributed, along with other confounding
variables, to stressing the more sensitive and specialized arcellinidan taxa (e.g.
difflugiid species and C. tricuspis), thus providing a possible explanation for the
relatively low D/C ratios characterizing the LCA.

Compared to sand particle size and Ca, the remaining contributing variables
(Mn, and organic content) explain a significantly lower proportion of the total
variance in the arcellinidan distribution. This reduced apparent contribution is
attributed to the low variance in Mn concentrations and organic content across the
dataset (Supplementary Table 3.1). Both variables, especially Mn, exhibited a
relatively stronger influence on the distribution of Arcellinida in Oromocto Lake
compared to Lac du Castor Blanc. Manganese is a redox-sensitive element that is
common within the earth’s crust and highly soluble in surface and ground waters
(Delfino et al., 1968). The study area in Wightman Cove of Oromocto Lake is
adjacent to an anticline along the western margin composed of fossiliferous
Carboniferous sandstones and conglomerates. These rocks host Mn nodules
(Robb, 1866), which dissolve and are carried by groundwater outflow through the
many springs found along the western shore and within the lake. The Mn
concentrations are higher toward the western side of the cove, suggesting that
these springs are the most likely source of this assemblage control. While Mn is an
essential micronutrient for lake biota (NAS, 1977; CWQG, 1987it can be toxic when
present in high concentrations (Fales and Ohki, 1982; Davies and Brinkman,

1997). As Canadian Interim Sediment Quality Guidelines (ISQG) are yet to be
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established for Mn, it cannot be used to assess whether levels of Mn in Oromocto
Lake are high enough to have any adverse effects on the arcellinidan community.
However, the high diversity of OLA (SDI = 2.4-2.8) reflects healthy environmental
conditions, indicating that although Mn seems to influence the arcellinidan

community in the lake, its impact is most likely not deleterious.

3.5.3 Arcellinida assemblage dynamics in response to inter-

annual environmental variability

In addition to the identification of two primary arcellinidan assemblages, one each
in Oromocto Lake and Lac du Castor Blanc, the recognition of two distinct sub-
assemblages in Oromocto Lake (OLi1o and OLi12 sub-assemblages collected
through two sampling seasons in 2010 CE and 2012 CE respectively) warrants
special attention. The difference between sub-assemblages was driven by changes
in the relative abundance of D. oblonga “oblonga”, and D. oblonga “tenuis” which
underwent a small, yet notable, increase in relative abundance in sub-assemblage
OL12 (median relative abundance = 17% and 17.1%, respectively; n = 6) compared
to sub-assemblage O10 (median relative abundance = 15.6% and 10%, respectively;
n = 10; Supplementary Table 3.5). There was also a concurrent decline in the
proportion of centropyxiid species and strains in sub-assemblage OLi2.
Ecosystems with higher proportions of difflugiid species and strains have
previously been correlated with organic-rich substrates and relatively healthy
environmental conditions (Collins et al., 1990). The increase in the proportions of

difflugids here is similarly attributed to a small but significant increase in the levels
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of organic content in Wightman Cove between 2010 CE (median organic content
= 2.4%; range = 1.9-2.8%) and 2012 CE (median organic content = 2.8%; range =
2.2-3.9%). These results are in agreement with the findings of Steele et al (2018),
who reported a similar association between the increase of both organic content of
sediments from Wightman Cove, which by 2016 CE had increased significantly to
a median organic content of 15.3%, and the abundance of difflugiids taxa,
particularly D. oblonga “oblonga” (median relative abundance = 22.8%; range =
19-26%). The results presented here provide clear evidence of the sensitivity and
responsiveness of Arcellinida assemblages to inter-annual changes in
environmental conditions, and elucidates the potential of using the group as a

reliable tool for monitoring subtle temporal limnological variability in lakes.

3.6. Conclusions

In this experiment Arcellinida species and strains from 22 surface-sediment
samples from similar limnological environments in the Gracefield Camp Cove, Lac
du Castor Blanc and Wightman Cove, Oromocto Lake were used to: 1) evaluate the
similarity of Arcellinida assemblages found in similar limnological environments;
and 2) assess inter-annual arcellinidan assemblage dynamics that developed in
response to subtle temporal changes in environmental conditions that in turn
developed in the same area of Wightman cove between 2010 CE (n=10) and 2012

CE (n=6).

Statistical (cluster analysis and BCDM) and ordination analyses (DCA and

RDA) were used to characterize the arcellinidan assemblages identified in each
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lake, and to quantify the response of individual taxa and assemblages to variations
in sedimentary geochemistry, organic content, and relative abundance of mud, silt
and sand. The Q- and R-mode Cluster analysis and DCA revealed that despite
broad limnological similarities, the two lakes hosted distinct arcellinidan
assemblages, the LCA and OLA, characterized by a relatively homogenous faunal
structure in each. RDA analysis revealed that assemblage composition was most
significantly controlled by four physicochemical parameters, which explained
65.6% of the total variance: sand size fraction; Ca; Mn; and organic content. The
PVClust analysis supported by BCDM support the interpretation of distinct sub-
assemblages OL10 and OL12 developed in the years 2010 CE and 2012 CE within
the same region of Wightman Cove, Oromocto Lake. The OL12 sub-assemblage
was characterized by higher proportions of the healthy-lake-indicating diffluggiid
taxa. We hypothesize that a slight increase in lake productivity as indicated by an
increase in organic content of sediments between 2010 CE and 2012 CE
contributed to the arcellinidan assemblage change.

Results of this study demonstrate that there is a general homogeneity of
assemblages found in lakes or contained sub-basins that are characterized by
similar limnological conditions, which is of importance when designing sampling
strategies of intra- and inter-lake research projects. The observation that subtle
inter-annual changes in arcellinidan assemblage in Wightman Cove was
recognizable provide confirmation that Arcellinida can be successfully deployed as
a tool for monitoring limnological change at short-term time scales in lacustrine

research.
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4.1 Abstract Graphic
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4.2 Highlights

e Arcellinidan response to legacy Arsenic contamination in Canadian

subarctic lake sediments (n = 93) was investigated.

e Arsenic tolerance and optima limits were determined for 25 arcellinidan

taxa.

o A shift toward healthier arcellinidan assemblages in lakes >10 km from the

former Giant Mine was identified.

e Three arsenic-tolerance-based faunal assemblages were used to infer As

concentrations in a test dataset.

e Arcellinida can be used to monitor As contamination and change in the

ecological health of impacted lakes.
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4.3 Abstract

Legacy As contamination from gold mining in subarctic Canada poses an emerging
threat to lake biota. With climatic warming expected to increase As bioavailability
in lake waters, developing tools for monitoring As variability becomes essential.
Arcellinidan (testate lobose amoebae) are established lacustrine bioindicators that
are sensitive to changes in environmental conditions and lacustrine ecological
health. In this study, Arsenic (As)-tolerance of Arcellinida (testate lobose
amoebae) in lake sediments (n = 93) in subarctic Northwest Territories, Canada
was investigated. Arcellinida assemblage dynamics were used to delineate the
geospatial extent of legacy As contamination related to the former Giant Mine
(Yellowknife). The species composition of five Arcellinida assemblages correlates
strongly with ten variables (variance explained = 40.4%), with As (9.4%) and S1-
carbon (labile organic matter; 8.9%) being the most important (p-value = 0.001, n
= 84). Stressed assemblages characterized proximal lakes <10 km from the former
mine site, consistent with a recently identified, geochemically-based zone of high
As-impact. We propose that As influences the spatial distribution of nutrient-
sensitive arcellinidans through suppression of preferred microbial food sources.
Three As sensitive arcellinidan groups were identified: Moderate Tolerance Group
(As=0-350 ppm); High Tolerance Group (As=350-760 ppm); and, Extreme
Tolerance Group (As>750 ppm). The predictive capability of the Moderate and
Extreme tolerance groups is particularly strong, correlating with As concentrations
in 66.6% (n = 20/30) of a test dataset, thus demonstrating the potential of the

group for biomonitoring As contamination in impact lakes. We conclude that
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Arcellinida assemblages can be used to infer As concentrations in impacted lakes,
and can provide insight into the impact of As contamination on the ecological
health of lakes, a metric not captured using instrumental analyses. Lakes with As-
stressed arcellinidan faunas and high As concentrations may then be targeted for
further As speciation analysis to provide additional information for risk

assessment.

Key words: Arsenic contamination, subarctic, Gold mining, Lake sediments,

Arcellinida, Tolerance and optima analyses

4.4 Introduction

Arsenic (As) is a ubiquitous metal(loid), averaging 5 mg/kg in the Earth’s crust
(USDHHS, 2007). Though As is valuable in various industrial applications (Wang
and Mulligan, 2006), it is also a globally recognized element of environmental
concern, which has been linked to several ecological and human health hazards
(Caussy and Priest, 2008). Due to the mineralization of gold with As-rich sulfides
gold mining mineral processing activities are a primary anthropogenic source of
As in lake sediments and waters in mining districts worldwide (e.g., Borba et al.,
2003; Oyarzun et al., 2004; Palmer et al., 2015; Galloway et al., 2017). Arsenic
contamination of lakes is of particular concern due to the substantial recreational
and ecological aquatic ecosystem services provided by these resources and its
potentially high toxicity to life. Lake sediments can serve as a repository for As

that can be liberated to the overlying water column under certain environmental
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conditions (e.g. seasonably variable anaerobic and redox states; Martin and
Pedersen, 2002; Palmer et al., 2019).

The latent risk of gold mining-associated As contamination in lakes has
been the impetus behind numerous studies focused on characterizing As in lake
sediments and waters (Azcue et al., 1994; Bright et al., 1996; Andrade et al., 2010;
Palmer et al., 2015; Galloway et al., 2015, 2017). Several instrumental techniques,
like Instrumental Neutron Activation Analysis (e.g. Salzsauler et al., 2005),
Inductively Coupled Plasma (ICP) - Atomic Emission Spectrometry (e.g., Ryu et
al., 2002), and ICP - Mass Spectrometry (e.g., Galloway et al., 2017), are routinely
used as means to quantify the spatio-temporal variability of total As concentrations
in sediments of impacted lakes. However, results generated by such methods do
not shed light on the ecological response of lacustrine ecosystems to As
contamination. Additionally, several studies have highlighted limitations
associated with utilizing elemental concentration profiles of redox-sensitive
elements such as As, due to the potential of post-depositional remobilization
(Couture et al., 2008; Andrade et al., 2010; Schuhe et al., 2017). The long-term
stability of As in lake systems is dependent on its interaction with Fe, Mn, and Al
(oxy)hydroxides, organic matter (OM), and sulfides, which in turn are mediated by
factors like seasonal ice cover, pH, redox condition, and biotic functions (e.g.
microbial activity) (Toevs et al., 2006; Du Ling et al., 2009). Variability of these
limnological drivers can remobilize sedimentary As, and due to associated seasonal
changes in redox conditions, can result in cycling between the highly toxic
inorganic species (e.g. As*3 and As*5) and compounds of As (e.g. arsenic trioxide

(As203), arsenite (AsO37), and arsenate (AsO3~); Martin and Pedersen, 2002;
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Palmer et al., 2019). Climate change has also been shown to have a profound
impact on the stability of physical, chemical and biological properties of lake
systems (Rosenzweig et al., 2007). Predicted climate warming and associated
changes in redox conditions may lead to the release of As from sediments into
overlying surface waters in impacted lakes. There is a need to better understand
the long-term spatio-temporal variability of As in lake ecosystems to better predict
future geochemical trajectories and the potential impact on biota.

Benthic microfaunal communities can be sensitive to environmental change
in lakes. The fossilized remains of such communities can be used to document the
impact of contamination on lacustrine ecosystems through time (e.g., Dixit et al.,
1989; Cattaneo et al., 2004). Arcellinida (i.e. testate lobose amoebae) are
established freshwater benthic bioindicators, providing insights into both
sediment character and the general ecological health of lakes (Patterson and
Kumar, 2002). This cosmopolitan group of shelled protists is found within a wide
geographical range that extends from the tropics to the Arctic region (Beyens and
Chardz, 1995; Dalby et al., 2000) living in fresh and brackish aquatic systems
(Patterson and Kumar, 2002; Charman et al., 2000). The importance of
Arcellinida as bioindicators is mainly attributed to their: 1) reproduction (one to 11
days) that enables rapid community response to ecological change (Medioli and
Scott, 1983); 2) high preservation potential owing to their decay-resistant tests
(shells); and, 3) sensitivity to a wide range of environmental parameters (e.g.,
Kumar and Patterson, 2000; Neville et al., 2011; Patterson et al., 2013; Roe et al.,
2010; Prentice et al., 2017). Such attributes offer a high degree of resolution and

accuracy of environmental interpretation, which is imperative for monitoring the

125



ecological health of lakes impacted by anthropogenic contamination (Neville et al.,
2011; Patterson et al.,, 2013). Several recent studies have applied statistical
techniques to evaluate the response of Arcellinida to mine-induced contamination
(e.g., Kumar and Patterson, 2000; Kihlman and Kauppila, 2012), but only a few
have considered the impact of As contamination on assemblage composition
(Patterson et al., Reinhardt et al., 1998; Nasser et al., 2016). In 2016, As was
identified as a significant control on arcellinidan distribution in lakes differentially
impacted by As contamination associated with legacy gold mining operations and
mineral processing at the Giant Mine site (1948-1999) in the Yellowknife area,
Northwest Territories, Canada (Nasser et al., 2016; Figure 4.1). The findings of this
proof-of-concept study provided new insight into the sensitivity of Arcellinida to
As contamination and identified the potential of using the group as a tool for
monitoring changes in As concentrations and ecological health in impacted lakes.

This study aims to further develop Arcellinida as a tool for biomonitoring
variability in As concentrations and lacustrine ecological health by determining the
tolerance limits of different arcellinidan taxa to varying As concentrations to
identify As-indicator taxa or assemblages. A secondary objective is to assess
whether quantifying arcellinidan assemblage dynamics in response to changes in
As concentrations as a function of distance from Giant Mine can be used to
delineate the extent of As aerial fallout zone of impact. Recent studies on the
regional distribution of As in lake waters (Palmer et al., 2015) and sediments
(Galloway et al., 2012, 2015) in the Yellowknife area has provided valuable
information pertaining to the geospatial extent of the As contamination zone of

impact. Palmer et al. (2015) delineated the limit of the zone
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Figure 4. 1: Map of sampling sites showing the locations of the 93 near-surface sediment samples examined in the
study (colored circles). The color-coding of the circles reflects the spatial distribution of As in the Yellowknife area,
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of significant aerial As fallout to be ~17 km away from the historic roaster stack at
Giant Mine, based on an assessment of the As concentration in 98 lake surface
water samples. In an investigation of As levels in near-surface sediment samples
(upper 1 cm; n = 105) Galloway et al. (2017) identified a similar zone of influence
as well as a zone of immediate influence with a radius of 11 km around Giant Mine.
To achieve these objectives, the spatial distribution of Arcellinida in 93 sediment-
water interface samples from 90 lakes within a radius of ~30 km around the Giant
Mine site was examined. This study represents the largest inter-lake spatial
quantification of Arcellinida response to As concentration variability and the first
attempt to determine the tolerance limit of Arcellinida taxa to variations in As
concentration in lake systems. The dataset used in this study is a subset of the data
used by Galloway et al. (2017; n = 105) and is thus directly comparable to that

research.

4.5 Study Area

The study was carried out in lakes within a radius of ~30 km around the Giant
Mine, a former gold mine located ~5 km northeast of the city of Yellowknife (Figure
1). Detailed information pertaining to the history of gold mining in the Yellowknife
area is provided in Appendix C (7.3.1). The study area is characterized by a gradual
change in elevation, from 157 m above mean sea level (MASL) close to Great Slave
Lake to 350-400 m above MSAL to the north of Thistlethwaite Lake (Kerr and
Wilson, 2000). The primary drainage in the river catchment is via the Yellowknife

River, which flows southward into Yellowknife Bay, Great Slave Lake. Yellowknife
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has a subarctic, continental climate characterized by short, dry, cool summers with
a mean annual temperature of —4.3° C and a low mean annual precipitation of
170.7 mm (Environmental Canada, 2019). The wind direction is variable
throughout the year, but blows primarily from the east and south (Pinard et al.,

2007).

Lakes investigated in this study are underlain by rocks assigned to the
Yellowknife Supergroup of the southern Slave structural province of the Canadian
Shield. These include Archean metavolcanic and metasedimentary rocks intruded
by younger granitoids and diabase dykes (Yamashita et al., 1999; Cousens et al.,
2000). The most prevalent surficial sediments in the study region are fine clastic
lacustrine sediments from Glacial Lake McConnell and glacigenic sediments that
form a thick (<2 m) discontinuous veneer (Kerr and Wilson, 2000). Accumulations
of Holocene-aged peat also occur in the study region and can be greater than 1 m

thick in bogs and wetlands (Kerr and Wilson, 2000).

4.6 Materials and Methods

4.6.1 Field methods

A total of 93 surface sediment samples were collected from 9o lakes around the
sites of Giant and Con Mines in 2012 (sample ID: B12; n = 61) and 2014 (sample
ID: Y14; n = 32; Figure 4.1). Lakes located within a radius of 30 km from the mines
were targeted to ensure coverage of areas beyond the Airborne As fallout zones of

impact (~17km) and immediate impact (~11 km) proposed by Palmer et al. (2015)
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and Galloway et al. (2017). Lakes were accessed via a pontoon-equipped Bell Long
Ranger helicopter. Surface sediment samples were collected using an Ekman Grab
and the upper 1 cm of sediment from each grab, where Arcellinida populations are
often abundant, was retained using an inert plastic laboratory spoon for
arcellinidan, sedimentological and geochemical analyses. The location of each
sampling station was recorded by Global Positioning System (GPS) (Galloway et
al., 2015, 2017). The water sampling depth at each station was determined using a
HONDEX Honda portable handheld depth sounder (model: PS-7; Galloway et al.,
2015, 2017). Where possible, muddy substrates from the middle of each lake were
selected for sampling as arcellinidan populations are typically reduced on nutrient-
poor silt to sand substrates (Patterson and Kumar, 2002). Water property data
(pH, water temperature, dissolved oxygen and conductivity) were collected from
each sample site using a YSI Professional Plus handheld multi-parameter unit with

quatro-cable (Galloway et al., 2015, 2017).

4.6.2 Laboratory methods

Samples used in this study were subsampled and analyzed for element and organic
geochemical, sedimentological, and micropaleontological analysis. Elemental
concentrations of the sediment subsamples were analyzed using ICP-MS following
aqua regia digestion (ICP-MS 1F/AQ250 package) at Bureau Veritas, Vancouver
(Supplementary Table 4.1). Aqua regia digestion was used instead of complete
digestion as the former provides the total concentration of metal(loids) that could

potentially become bioavailable, while the latter can volatilize As (Parsons et al.,
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2012). Analytical precision was assessed using three Pulp duplicates. Calculated
Relative Percent Difference (RPD) is less than 5% for As (RPD range = 1.47%-
4.31%). Analytical accuracy was assessed using three standard reference materials:
1) STD DS9 (n = 9); 2) STD D10 (n = 2); and, 3) STD OREAS45EA (n = 11). Mean
As concentrations measured in STD DS9 is 27.4 ppm + 1.42 (n = 9) compared to
an expected aqua regia concentration of 25.5 ppm (mean RPD = 7.806% =+ 3.95).
Mean As concentrations measured in STD DS10 is 45.6 ppm + 0.1 (n=2)
compared to an expected aqua regia concentration of 46.2 ppm (mean RPD =
1.307% + 0.3101). Mean measured As concentration for STD OREAS45EA is
9.7 ppm + 1.16 (n = 11) compared to an expected aqua regia As concentration of
10.3 ppm (mean RPD = 11.1% £ .7.27). Analyzing eleven laboratory methods
blanks resulted in detecting As in only two blanks (detected As concentrations =
0.2 ppm and 0.1 ppm).

Particle size analysis (PSA) was performed on the sediment subsamples to
recognize sedimentological patterns across the study area that may influence the
distribution of Arcellinida and element concentrations. Subsamples were prepared
for PSA by digesting subsamples in a heated bath (70 C°) with 10% HCl and 30%
H-0. to remove carbonate and organic content, respectively (Murray 2002; van
Hengstum et al., 2007). Following digestion, sedimentary grain size in each
subsample was analyzed using a Beckman Coulter LS13 320 laser diffraction
analyzer fitted with a universal liquid medium (ULM) sample chamber over a
measurement range between 0.4 and 2000lm. Samples were loaded into the
instrument until an obscuration level of 10+3% was attained. GRADISTAT

(Version 8; Blott and Pye, 2001) was used to compile the results (Supplementary
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Table 4.1). Garnet15 (mean diameter 15 um: + 2 um), an accuracy standard
supplied by Beckman Coulter, was run once per month. An in-house mud sample
(Cushendun Mud; mean diameter = 20.5 um: + 0.76 um) was run at the start of
every session as a precision control.

Sediment subsamples were also analyzed for organic matter content using
the Rock-Eval® 6 instrument at the Geological Survey of Canada, Calgary. Rock-
Eval® 6 Analysis uses heat to break down large organic matter molecules to
smaller and chemically more identifiable molecules (Lafargue et al., 1998).
Quantitative measurements of total organic carbon (TOC) and other organic
geochemical variables, including S1 carbon, S2 carbon, and S3 carbon were
produced (Supplementary Table 4.1). Si-carbon represents the quantity of free
hydrocarbons in sediments (mg hydrocarbons/g) that are devolatilized during
pyrolysis at 300 °C. In sediment-water interface sample, S1 mainly consists of
readily degradable geolipids and pigments predominantly derived from
autochthonous organic matter such as algal-derived lipids (Carrie et al., 2012). S2-
carbon represents the quantity of large molecules, kerogen-derived hydrocarbons
released through thermal cracking of the organic matter, in sediment samples (mg
hydrocarbons/g) near 650 °C. The S2 compounds in sediment generally
correspond to highly aliphatic biomacromolecule structures of algal cell walls
(Meyers and Teranes, 2001. S3 represents the amount of carbon dioxide released
during pyrolysis of kerogen, while in sediment samples it represents lignins,
terrigenous plant materials, humic and fulvic acids (Carrie et al., 2012). The
quantity of all organic matter released during pyrolysis and oxidation heating

accounts for TOC (wt.%) in sediment samples. Analyses of standard reference
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material (IFP 160000, Institut Francais du Pétrole and internal
9107 shale standard, Geological Survey of Canada, Calgary; Ardakani et al., 2016)
show accuracy and precision to be greater than 5% relative standard deviation.
Sediment subsamples (3 cm3) were used for micropaleontological analysis.
Subsamples were first wet sieved through a 297 um and a 37 um meshes to remove
any coarse debris (e.g. grass and sticks) and separate Arcellinida from the clay
fraction, respectively. A wet splitter (Scott and Hermlin, 1993) was used to
subdivide each subsample into six aliquots for quantitative analysis. Aliquots were
identified and enumerated wet for the contained Arcellinida tests on a gridded
petri dish using an Olympus SZH dissecting binocular microscope (7.5-64X
magnification) until, whenever possible, a statistically significant number of
specimens were quantified (Supplementary Table 4.1; Patterson and Fishbein,
1989). Identification of Arcellinida primarily followed the illustrations and
descriptions found in various key papers where specimens are well illustrated (e.g.
Reinhardt et al., 1998; Roe et al., 2010; Patterson et al., 2013). Scanning electron
microscope images of common species and strains were obtained using a Tescan
Vega-II XMU VP scanning electron microscope (SEM) in the Carleton University
Nano Imaging Facility. All SEM plates were digitally produced using Adobe

Photoshop™ CC 2018 (Figure 4.2; Figure 4.3).

4.6.3 Data screening, variables reduction

The data were screened to remove samples or variables characterized by >25%

missing values and values below or above the method detection limit (MDL;
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Reimann et al., 2008). Samples with geochemical results below MDL were
converted to /2 MDL. For values above the upper MDL upper detection limit is
used (applicable only to sample BC19; Reimann et al., 2008). These criteria
resulted in the removal of five samples from the analyses (B44, B56, B59, Y56,
Y59).

Because the inclusion of all measured variables in ordination analyses (e.g.
redundancy analysis) creates clutter that can mask meaningful patterns generated
by these methods, we used the Spearman's Rank correlation and Variance Inflation
Factor (VIF) to reduce the number of variables used in the analyses. Spearman's
Rank correlation served to remove highly correlated variables (rs > 0.7)
(Supplementary Table 4.2), while VIF was employed to ensure the removal of
highly collinear variables (VIF >10) (Supplementary Table 4.3). Although TOC
had collinear features with a number of variables (e.g. As and S1-carbon) it was
retained for statistical analyses as this variable is known to influence the
distribution of several key arcellinidan taxa as well as sediment chemistry

(Patterson and Kumar, 2002).

4.6.4 Statistical analyses

Thirty arcellinidan species and strains were identified in this study. Statistical
analysis carried out on the Arcellinida dataset is described in Nasser et al (2016).
Based on calculated Probable Error (pe) and Standard error (Sxi), six samples
(B1o, B20, B48, Bs5, B59, and Y69) characterized by statistically insignificant

populations and five statistically insignificant species (four species and one strain)
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were excluded from subsequent multivariate data analyses (Supplementary Table
4.1).

RStudio statistical software (version 0.98.1028; R Core Team, 2014) was
used to carry out several statistical and multivariate analyses on measured
parameters and species data. Q-and R- mode cluster analysis, using Ward’s
Minimum variance method and Euclidean distance (Ward, 1963) was used to
group samples containing similar Arcellinida and to determine which species were
most closely associated with each other. Non-metric multidimensional scaling
(NMDS; Kruskal, 1964) was used to further investigate the results of cluster
analysis by assessing the similarity between identified assemblages in
multidimensional space. Redundancy analysis (RDA; van den Wollenberg, 1977)
of the post-screening data sets (84 samples and 25 species and strains) was used
to evaluate the relationship between arcellinidan assemblages and measured
environmental variables. A series of partial RDAs (pRDA), coupled with variance
partitioning tests, were carried out to identify the significance of the RDA axes
(Supplementary Table 4.4) and measured variables (Supplementary Table 4.5).
Variables with a p< 0.05 were considered to be significant contributors to variance
in the arcellinidan assemblage. Analysis of Arcellinida tolerance and optima to As
spatial variability was carried out using Weighted Average Tolerance and Optima
(WATO; Ter Braak and Barendregt, 1986) methods performed through the
package ‘analogue’ in RStudio. The method produced ecological optima values and
tolerance limits (upper and lower limits) for each identified taxon, which is
necessary for the identification of indicator-species and/or assemblages

(Supplementary Table 4.6a).
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4.7 Results and Discussion

4.7.1 Spatial Distribution of As

Sedimentary As concentrations are higher than the levels proposed by the interim
sediment quality guidelines (ISQG; 5.9 ppm; CCME, 2002) and probable effect
level guidelines (PEL; 17 ppm; CCME, 2002) in 94% (n= 84) of the samples (n=89;
Supplementary Table 4.1). This is particularly evident in lakes to the west (median
As =290.4 ppm; range = 30.2-4778.2 ppm n=27) and north (median As = 147 ppm;
range = 16.1-10000 ppm n=24) of Giant Mine. Median As levels in lakes to the
east (As = 36.3 ppm; range = 9.7-553.9 ppm n=19) and south (median As = 31.3
ppm; range = 6.3-317.8 ppm n= 13) of the mine site are comparatively lower, yet
remain above the ISQG and PEL guidelines.

A negative Spearman’s Rank coefficient between sedimentary As
concentration and the distance from the roaster site (rs = -0.5) indicates decreasing
As concentrations in distal lakes (Supplementary Table 4.2). This spatial pattern
reflects the influence of the prevailing southeasterly winds (Pinard et al., 2007),
which transported As-bearing stack emissions from the Giant and Con mines
toward the northwest (Palmer et al., 2015; Galloway et al., 2017). The influence of
prevailing wind direction may also explain the persistence of elevated levels of As
in distal lakes to the north (B2; distance = 17 km, As=905.2 ppm) and west of the

historic mining operations (Y15; distance = 21.5 km; As
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Figure 4. 2: Scanning electron microscope of selected arcellininid tests from the
study lakes. For more specimen information see SA 7. 1 Arcella vulgaris Ehrenberg
1830. 2-3 Centropyxis aculeata (Ehrenberg 1832) stain “aculeata”. 4-5
Centropyxis aculeata (Ehrenberg 1832) stain “discoides”. 6-7 Centropyxis
constricta (Ehrenberg 1843) stain “aerophila”. 8-10 Centropyxis constricta
(Ehrenberg 1843) stain “constricta”. 11 Centropyxis constricta (Ehrenberg 1843)
stain “spinosa”. 12-17 Conicocassis pontigulasiformis (Beyens, Chardez and De

Bock 1986) Nasser and Patterson 2015. 18-21 Cucurbitella tricuspis (Carter 1856).
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Figure 4. 3: Scanning electron microscope of selected Arcellinidan tests from the
study lakes. 1 Mediolus corona (Wallich 1864) specimen from sample BC 51. 2
Heleopera sphagni (Leidy 1874) specimen from sample BC 9. 3 Lesquereusia
spiralis (Ehrenberg 1840) specimen from sample BC52. 4 Pontigulasia compressa
(Carter 1864) specimen from sample BC 30. 5 Lagenodifflugia vas (Leidy 1874)
specimen from sample BC 9. 6 Difflugia bidens Penard 1902 from sample BC 6. 7-
8 Difflugia elegans Penard 1890. 9 Difflugia urens Patterson, MacKinnon, Scott,
and Medioli 1985 specimen from sample BC 27. 10 Difflugia glans Penard 1902
strain “glans” specimen from sample BC 52. 11 Difflugia glans Penard 1902 strain
“distenda”. 12-13 Difflugia oblonga Ehrenberg 1832 strain “oblonga”. 14 Difflugia
oblonga Ehrenberg 1832. 15 Difflugia oblonga Ehrenberg 1832 strain “tenuis”. 16
Difflugia protaeiformis Lamarck 1816 strain “protaeiformis”. 17 Difflugia
protaeiformis Lamarck 1816 strain “acuminata”. 18 Difflugia protaeiformis
Lamarck 1816 strain “claviformis”. 19 Difflugia curvicaulis Penard 1899. 20

Difflugia scalpellum Penard 1899.
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= 689.9). Although geogenic As is elevated in the Yellowknife area (background
concentration = 150 ppm; Risklogic, 2002), its contribution of As to these lakes is
expected to be minimal with recent studies confirming the persistence of As>Os in
lake sediments downwind of Giant Mine (Galloway et al., 2017; Schuh et al., 2017;

Van den Berghe et al., 2017).

4.7.2 Arcellinida Assemblages

The results of Q-mode cluster analysis (Figure 4.4), and NMDS (Figure 4.5) reveal
five distinct arcellinidan assemblages: 1) “High As Contamination Assemblage
(HAC)”; 2) “As contamination Assemblage (AC)”; 2) “Centropyxis aculeata
Assemblage (CA)”; 3) “Transitional Assemblage (T)”; and 4) “Healthy Assemblage
(H)”. Results of the R-mode cluster analysis suggests that only seven out of the 25
identified arcellinidan taxa (Difflugia elegans Penard, 1890, Centropyxis
constricta (Ehrenberg, 1843) “constricta”, Centropyxis constricta (Ehrenberg,
1843) “aerophila”, Centropyxis aculeata (Ehrenberg, 1843) “aculeata”,
Cucurbitella tricuspis (Carter, 1856), Difflugia oblonga Ehrenberg, 1832
“oblonga” and Difflugia glans Penard, 1890 “glans”) contribute significantly to
defining the derived faunal assemblages (Figures 4.4, 4.5; Supplementary Table
4.1). The dominance of these taxa coupled with the unique faunal structure of each
assemblage reflects ecological conditions characteristic of stressed (e.g. HAC, AC,
and CA; SDI values 1.3-2.2), transitional (e.g. T; SDI values 1.6-2.5) and relatively
healthy lacustrine systems (e.g. H; SDI values 1.7-2.4). The variability in

environmental conditions reflected by the assemblages developed mostly in
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Figure 4. 5: None-Metric Multidimensional Scaling (NMDS) bi-plot. AV —
Arcella vulgaris, CAA — Centropyxis aculeata “aculeata”, CAD — Centropyxis
aculeata “discoides”, CCA — Centropyxis constricta “aerophila”, CCC -
Centropyxis constricta “constricta”, CCS — Centropyxis constricta “spinosa”, CP —
Conicocassis pontigulasiformis, CT — Cucurbitella tricuspis, MC — Mediolus
corona, DB — Difflugia bidens, DOO — Difflugia oblonga “oblonga”, DOS —
Difflugia oblonga “spinosa”, DOT — Difflugia oblonga “tenuis”, DGG — Difflugia
glans “glans”, DGD — Difflugia glans “distenda”, DU — Difflugia urens, DE —
Difflugia elegans, DPP — Difflugia protaeiformis “protaeiformis”, DPAC —
Difflugia protaeiformis “acuminata”, DPCl - Difflugia protaeiformis
“claviformis”, DCUR — Difflugia protaeiformis “curvicaulis”, DPSC — Difflugia
protaeiformis “scalpellum”, LS — Lesquereusia spiralis, LV — Lagenodifflugia vas,

PC — Pontigulasia compress.
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response to ten significant environmental parameters (As, S1 carbon, sulfur [S],
sodium [Na], calcium [Ca], distance to Giant Mine, phosphorous [P], barium [Ba],
mercury [Hg], and total organic content [TOC])identified by using partial RDA
analysis that explain ~40% of the variance in the arcellinidan distribution (Figure
4.6). Arsenic (9.4%) and Si-carbon (8.9%) exert the most influence over the
composition of the identified assemblages and collectively explain 18.3% of the
total variance. A detailed description of the location, taxonomic composition, and

primary environmental controls for each assemblage is provided in Appendix C

(7.3.2).

4.7.3 Controls over the Distribution of Arcellinida

The RDA and pRDA results in Figure 4.6 show that As is the dominant control on
the distribution of Arcellinida. Stress-tolerant taxa such as D. elegans, and C.
constricta strains ‘aerophila’ and ‘constricta’ dominate in HAC and AC
assemblages (SDI range = 1.4-2.2). This is a response to the elevated sediment As
levels (median As = 290.4 ppm; range = 21.1-10000 ppm; n = 31), which in turn is
attributed to the downwind location (93.5% of lakes located to the west or north;
n = 28) and close proximity to the historic Giant Mine roaster stack as a point
source of As contamination (median distance to Giant Mine roaster stack = 9.85
km; n = 31). Levels of As were notably lower in samples associated with the CA
assemblage (median As = 258.1 ppm; range = =33.4-921.1 ppm; n = 14), even
though such lakes were relatively close to the mine (median distance to Giant Mine

roaster stack = 6.6 km; n = 14). Most (57%; n=8) of the lakes hosting this
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Figure 4. 6: Redundancy Analysis (RDA) species-environment-sample tri-plots
for the 84 sediment-water-interface samples that yielded statistically significant
arcellinidan populations and had no missing values. The five identified Arcellinida
assemblages are: 1) the high As contamination assemblage (red square); 2) As
contamination assemblage (light blue diamond); 3) Centropyxis aculeata
assemblage (purple pentagon); 4) transitional assemblage (blue triangle); and 5)

healthy assemblage (green circle).
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assemblage were located upwind of the roaster, while the remaining lakes (43%;
n=6) are situated downwind from the mine site (Figure 4.1). The reduction in As
levels is associated with a moderately diverse assemblage (SDI = 1.3-2.5; median
SDI = 2) that is characterized by the emergence of C. aculeata “aculeata“ as a
dominant member, a notably lower number of stress-indicating taxa, and a slight
elevation in the number of healthy-lake species and strains (e.g. C. tricuspis, D.
oblonga “oblonga” and D. glans “glans”). With greater distance from the Giant
Mine site, the stress-indicating HAC and AC assemblages were less common and
the lakes became dominated by a transitional assemblage (T; SDI = 1.6-2.5;
median SDI = 2.1) that is comprised of lower proportions of stress-indicating
species and higher numbers of healthy-lake indicating Arcellinida taxa. This result
was expected since the transitional assemblage was observed most commonly in
relatively distal lakes (median distance to Giant Mine roaster stack = 12.6 km; n =
14) and characterized by moderate to low As levels (median As = 76.5 ppm; range
= 16.1-740.7 ppm; n = 14). The healthiest arcellinidan assemblage (H; SDI = 1.7-
2.4; median SDI = 2.1) was found in lakes >10 km from the mine site (median
distance = 19.6 km; n = 25) in lakes characterized by the lowest As concentrations
(median As = 30.3 ppm; range = 6.3-905.2 ppm; n = 25). The observed faunal
shift from stressed to healthy assemblages suggest well defined zones of impact
(radius of ~ 20 km around Giant Mine) and immediate impact (radius of ~ 10 km
around Giant Mine), which are consistent with the geospatial extent of the zones
delineated by Palmer et al., (2015) and Galloway et al., (2017) (17 km and 11 km,

respectively).
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As with As, RDA and pRDA results indicate that the labile fraction of total
organic matter (Si-carbon) is significant control over the distribution of
Arcellinida taxa in area lakes (Figure 4.6). The RDA tri-plot shows that S1-carbon
and As are closely correlated, which is corroborated by a significant positive
Spearman’s Rank correlation between the two variables (rs = 0.5; Figure 6,
Supplementary Table 4.2). It is notable that the arcellinidan response to the spatial
variability of S1-carbon was similar to that observed with the As concentrations.
The highest average levels of Si-carbon in HAC (median Si-carbon = 50.4 HC/g
rock; range = 33.9-66.5 HC/g rock; n = 15) and AC assemblages (median S1-carbon
= 53.2 HC/g rock; range = 34.8-59.8 HC/g rock; n = 16) are associated with
elevated levels of As and the dominance of stress-indicating taxa. The lowest
median Si-carbon values are associated with low As levels and healthy lake taxa
(HA; median Si-carbon = 18.9 HC/g rock; range = 0.4-36.4 HC/g rock; n = 25).
Previous studies have similarly reported high organic matter content in metal-
contaminated soils (Valsecchi et al., 1995; Kelly and Tate, 1998) and lakes (Gough
et al., 2008; Gough et al., 2010). The relationship between organic matter and As
may reflect: 1) organic matter mediatiation of redox transformation of As5+ to As3+
and subsequently release or sorbed As into sediment pore water and the overlying
water column (Van den Berghe et al., 2017); 2) competition with As over for
sorption sites (Redman et al., 2002); or 3) enhancement of As sequestration by
providing an organic substrate with a large surface area for metal(loid)-organic
matter complexation (Grafe et al., 2001). Galloway et al. (2017) reported a
significant association between As, S1-carbon and S in Yellowknife area lakes. The

relationship was interpreted to reflect Si-carbon as an organic substrate suitable
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for microbial growth, which in turn mediated the authigenic precipitation of As
derived from roaster emission to As sulfides. The similar arcellinidan response to
both variables in this study suggests that both influence faunal ecology.

While phosphorus (P) explains a small portion of the variance in Arcellinida
distribution (1.8%), spatial variability of P in the study area seems to follow a
relatively modest trend of increasing concentrations in distal lakes (median P =
1060 ppm; median distance = 16.7 km; n = 39) compared to lakes closer to the
Giant Mine (median P = 880 ppm; median distance = 8.1 km; n = 45). As expected,
the RDA tri-plot shows that P is positively associated with distance from the Giant
Mine, and negatively with As and S1-carbon (Figure 4.6). While organic matter is
a limiting factor for bacterial growth, an increasing number of studies have
documented the importance of several elements, particularly P, in controlling
bacterial growth efficiency and attainable biomass within a wide range of aquatic
systems (Toolan et al., 1991; Elser et al., 1995; Gurung and Urabe, 1999). In
addition, the availability of P has been shown to influence As toxicity to primary
producers in freshwater systems (Levy et al., 2005; Wang et al., 2013). Arsenate
(AsO37) and phosphate (PO3~) are chemically analogous. This similarity allows
arsenate to substitute for phosphate, when the availability of the latter is low, and
pass into the cell via phosphate transporters and inhibit phosphorylation, which
consequently impacts several protein functions and cellular growth (Meharg and
Macnair, 1991). Therefore, the slightly reduced proportions of P in lakes closer to
Giant Mine may play a role in intensifying As toxicity to microbial and arcellinidan

communities and as a result influence their distribution.

149



4.7.4 Interaction between Arcellinida, As and S1

Healthy and active microbial communities thrive within organic substrates,
especially the labile fraction (i.e. S1-carbon; Sanei et al., 2005). The development
of such communities may provide an adequate source of nourishment for
Arcellinida, which feed on bacteria, algae and fungi (Nikolaev et al., 2005).
However, As is known to be toxic to most bacteria, except As-tolerant strains, as it
can inhibit basic cellular functions linked to energy metabolism, basal respiration
and enzyme activities (Baath, 1989; Walker et al., 2000). The effects of As toxicity
have also been shown to be associated with a significant reduction in the microbial
biomass in soil (Maliszewska et al., 1985; Hiroki, 1993; Simon, 2000), and, to a
lesser extent, in lacustrine environments (Gough et al., 2008; Gough et al., 2010).
Such a reduction in microbial biomass may induce sufficient environmental stress
to impact nutrition-sensitive arcellinidan taxa (e.g. C. tricuspis and D. oblonga
“oblonga”) as competition for dwindling food resources intensifies. An
experimental study by Burnskill et al (1980) suggests that As may inhibit the
activity of organic matter-reducing bacteria during the winter, while exerting no
influence on bacterial productivity in the summer. A recent study by Palmer et al.
(2019) in the Yellowknife area has reported elevated levels of As5+ in surface waters
during the summer when oxic conditions are dominant, and higher concentrations
of As3* during the winter when ice cover results in reducing conditions. Such
seasonal inhibition may lead to a reduction in microbial biomass and a concurrent
buildup of organic matter during the winter, which may decompose during the

summer upon the recovery of microbial activities. A similar positive correlation
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between higher proportions of organic matter, represented by TOC, and elevated
concentrations of heavy metal contamination have been reported by several
studies (Kelly and Tate, 1998; Valsecchi et al., 1995; Gough et al., 2008). TOC is
relatively high in our study (median = 25.6%), which may explain the association
of stress-tolerant taxa with high levels of As, S1-carbon, and TOC, and less tolerant
species with relatively lower As, S1-carbon, and TOC levels in our study. Based on
our results we propose a mechanism whereby As has an indirect influence over the
spatial distribution of Arcellinida in the study area through suppression of growth
of their food resource (i.e. microbial communities).

The introduction of a contaminant into an aquatic system may directly or
indirectly impact biota. Direct influences can increase mortality rates through
toxicity and reduce populations, while indirect effects may either decrease (e.g., by
limiting sources of nourishment) or increase (e.g., by lowering competition over
food sources) the population. Unfortunately, studies designed specifically to assess
the direct and indirect influence of As on Arcellinida are lacking. The results of this
study provide information that explains indirect impacts of As on arcellinidan
trophic function but this does not preclude a direct impact of As toxicity on

Arcellinida in the Yellowknife area.

4.7.5 Tolerance of Arcellinida Taxa to As

In environmentally stressed lakes, the biotic components often display a range of
tolerances in response to the introduction of contaminants into the system (Negro

and de Hoyos, 2005). For instance, contamination is often associated with a
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massive reduction in the biomass of intolerant species, while resilient taxa may
show little indication of ecological stress, and may in fact expand to fill the
ecological void. Such variation in tolerance was captured by the WATO analysis
performed on the 25 Arcellinida taxa, which exhibited a wide tolerance to changes
in As concentration (Figure 4.7, Supplementary Table 4.6). The optima values and
upper tolerance limits exhibited a modest increasing trend accompanied by a
taxonomic gradient from steno-metalloid (As) species (e.g. healthy lake taxa) to
highly eury-metalloid (As) Arcellinida (e.g. stressed lake taxa). This association is
in agreement with the findings of studies linking the abundance of healthy-lake
and stressed-lake arcellinidan taxa to low or high levels of As, respectively
(Patterson et al., 1996; Reinhardt et al., 1998; Nasser et al., 2016). However, the
identification of robust As indicator species depends on quantitative
characterization of species with both well-defined ecological optima and narrow
tolerance ranges (Negro and de Hoyos, 2005). While the results of the analysis
define the optima and upper tolerance As values for each identified taxa, none were
identified with a lower As tolerance level higher than o ppm. This result is expected
as all identified Arcellinida taxa are considered to be common members of any
assemblages inhabiting substrates characterized by low to no As.

While it was not possible to identify any individual high concentration
steno-metalloid (As) indicator species in our study, the results of the WATO
method reveal three groupings of taxa that reflect certain As concentration ranges:
(1) “moderate tolerance group” (MTG; As range = 0-350 ppm); (2) “high tolerance
group” (HTG; As range = 360-760 ppm); and (3) “extreme tolerance group” (ETG;

As range = >750 ppm; Figure 4.7). The MTG includes 12 arcellinidan species and
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strains with a relatively low to moderate As optima (99.3-225 ppm) and upper
tolerance As range of 156.7-355.5 ppm. The species composition of the MTG is
primarily represented by Difflugia (n= 8) species and C. tricuspis, which are
known to be abundant in relatively healthy lakes (Patterson et al., 1996; Neville et
al., 2010). Therefore, members of this group are likely to be characteristic of
assemblages from lakes were As levels do not exceed 360 ppm.

Species comprising the ETG are characterized by well-known stress-
tolerant taxa (e.g. centropyxid species and stains and D. elegans), elevated optima
range (507-1433.6 ppm) and upper tolerance range (1382.5-2613.5 ppm).
Centropyxid species and strains are known for their opportunistic nature and
ability to withstand a variety of severely stressed environmental conditions
(Medioli and Scott, 1983). In addition, D. elegans was previously reported (as D.
protaeiformis “amphoralis”) as being abundant in substrates with high As
concentration (300-2100 ppm; Reinhardt et al., 1998). Therefore, arcellinidan
assemblages dominated by these species are likely to be present under a wide range
of As levels, but expected to dominate when levels of As are extremely elevated
(>750 ppm). The HTH (360-760 ppm), spanning As concentrations between the
MTG and ETG, is composed of six species (A. vulgaris, L. vas and D. urens) and
strains (D. glans “distenda”, D. oblonga “tenuis” and C. aculeata “aculeata”).
These taxa include representatives of both the Difflugia-dominated MTG and
Centropyxid-dominated ETG. This explains why there is an overlap of As tolerance
between the HTH [As optima (241-387.3 ppm] and upper tolerance limits [540.7-

765.7 ppm]) and both the MTG and ETG. Since the HTH is found both in lakes
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where As levels are below 360 ppm and those with As concentrations between 360-

760 ppm, it is a generally less useful As indicator than the MTG and ETG.

4.7.6 Paleoenvironmental Assessment Tool

The reliability of using the identified Arcellinida As tolerance groups to infer
temporal changes in As levels in impacted lakes was assessed on a test dataset
comprising arcellinidan assemblages and As concentrations (measured by ICP-
MS) from 30 subsamples from a freeze core collected from Frame Lake, Northwest
Territories, Canada (Gavel et al., 2018). We hypothesized that As ranges inferred
by the relative abundance of taxa in the three tolerance groups derived from the
inter-lake data set would represent measured total As concentrations from each
core subsample in which As was independently measured using ICP-MS. Frame
Lake sediments represented ideal test material as the well documented system was
initially impacted by As contamination, then nutrient loading, and overprinted by
redox-influenced remobilization of As upwards the stratigraphic column (Gavel et
al., 2018). Our results show that the measured As levels in 66.6% of the samples
(n= 20) where remobilization of As fell within the As range suggested by the
bioindicator groupings (Figure 4.8; Supplementary Table 4.6b). The identification
of an MTG assemblage (0-350 ppm As) in 16 samples was in line with measured
As concentrations of 121.5-278 ppm. In addition, four samples characterized by
very high levels of As (913.2-1473.5 ppm) were dominated by the ETG members.
The two model mismatches (FL21, FL22), which were dominated by high

proportions of As-tolerant taxa (i.e. HTG and ETG members), although their
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Figure 4. 8: The correlation between Arcellinida As tolerance group and As
concentrations of 30 freeze core samples from Frame Lake. The strength of the
correlation is represented by three colored symbols, with the green square
representing a strong correlation, the orange triangle representing a mismatch
(weak correlation) due to the influence of As remobilization, and the red circle
representing a mismatch due to the influence of other confounding variables

(modified after Gavel et al., 2018).
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measured As concentrations were below 350 ppm, which may be indicative of post-
depositional remobilization of As out of these horizons (Supplementary Table
4.6b). Unidentified confounding environmental stressors may have also
contributed to the observed fauna in these samples. The mismatches between the
arcellinidan fauna and As concentrations in the other eight samples were a result
of variable redox conditions, which resulted in As remobilization (Gavel et al.,
2018). This result highlights the utility of these bioindicators as a tool to
reconstruct As concentrations in sedimentary records, since the non-mobile
arcellinidan assemblages provide a faithful paleoenvironmental record of As
contamination at the time of deposition, regardless of any post-depositional

remobilization of As.

4.8 Conclusion

Arcellinidan taxa (n = 25) in 84 sediment-water interface samples from the
Yellowknife area responded to a decline in As concentrations further from the
Giant Mine site by shifting from stressed assemblages near the mine to healthier
assemblages in distant lakes (>10 km), thus corroborating the geographic extent
of the airborne As contamination zone of immediate impact delineated by Palmer
et al. (2015) and Galloway et al. (2017). These results establish the utility of
arcellinidan bioindicators as an independent proxy for monitoring changes in As
concentrations and the ecological health in lakes impact by mine-induced As
contamination. The results also show that arcellinidan groups (n = 2), based on

As-tolerance limits, can be used to successfully infer As concentrations in 20 out
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of 30 freeze core samples impacted by mine-induced As regardless of As post-
depositional remobilization. Faunal changes may provide insight into the nature
of prevailing As species, with highly stressed assemblages likely thriving when the
more toxic tri-valent As3* is dominant, while less-stressed assemblages likely
associated with relatively less toxic penta-valent As5* and more inert organic
forms. Such insight is a significant as accurate geochemical determination of
concentrations of particular As species is a metric not captured during typical
industry standard ICP-MS analysis. However, more research investigating direct
and indirect effects of As contamination on Arcellinida and identify different As
uptake mechanisms and pathways is required to validate the use of group as a tool
for inferring the dominant As species in lakes sediments. Nevertheless, Arcellinida
show great potential as a robust reconnaissance tool for identifying impacted lakes
where As concentrations may be elevated prior to conducting As speciation
geochemical analysis. The findings generated in this study have broad application
to other As-impacted lacustrine systems and will provide valuable information to
policy makers, environmental planners, mine developers, as well as potentially

facilitating rehabilitation efforts in lakes impacted by As contamination.
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5.1 Abstract

Arcellinida (testate lobose amoebae) were examined from 40 near-surface
sediment samples (top 0.5 cm) from two lakes impacted by arsenic (As)
contamination associated with legacy gold mining in subarctic Canada, to: 1)
quantify the response of Arcellinida to intra-lake variability of As and other
physicochemical controls; and, 2) evaluate whether the impact of As
contamination derived from two former gold mines, Giant Mine (1938—2004) and
Tundra Mine (1964-1968 and 1983—-1986), on the Arcellinida distribution in both
lakes is comparable or different. Cluster analysis and nonmetric multidimensional
scaling (NMDS) were used to identify distinct Arcellinida assemblages in both
lakes, while redundancy analysis (RDA) was employed to quantify the relationship
between the identified assemblages, As, and other parameters. Interpretation of
the cluster analysis and NMDS results revealed four distinct arcellinidan
assemblages in Frame Lake (assemblages 1—4) and two in Hambone Lake
(assemblages 5 and 6): 1) Extreme As Contamination (EAC) Assemblage; 2) High
calcium (HC) Assemblage; 3) Moderate As Contamination (MAC) assemblages; 4)
High Nutrients (HN) Assemblage; 5) High Diversity (HD) Assemblage; and, 6)
Centropyxis aculeata (CA) Assemblage. RDA analysis shows that the faunal
structure of the Frame Lake assemblages was controlled by five variables that
explained 43.2% of the total faunal variance, with As (15.8%), Olsen phosphorous
(Olsen P; 10.5%), and Ca (9.5%) being the most statistically significant (p-value <
0.004). Stress-indicating arcellinidan taxa were associated with elevated As

concentrations (e.g. EAC and MAC; As concentrations range = 145.1-1336.6
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mg.kg!; n = 11), while stress-sensitive taxa thrived in relatively healthier
assemblages found in substrates with lower As concentrations and higher
concentrations of nutrients, such as Olsen P and Ca (e.g. HC and HM; As
concentrations range = 151.1-492.3 mg.kg!; n = 14). In contrast, the impact of As
on the arcellinidan distribution was not statistically significant in Hambone Lake
(7.6%; p-value = 0.152), where instead sedimentary variables such as the
proportion of silt (24.4%; p-value = 0.005) and loss-on-ignition-determined
minerogenic content (18.5%; p-value = 0.021) explained a higher proportion of the
total faunal variance (58.4%). However, a notable decrease in arcellinidan species
richness and abundance and increase in the proportions of stress-tolerant fauna
near Hambone Lake’s outlet (e.g. CA samples) is consistent with a spatial gradient
of higher sedimentary As concentration near the outlet, and suggests a lasting,
albeit weak, As influence on Arcellinida distribution in the lake. We attribute the
disparity in the magnitude of As control, and the variance in arcellinidan response
to As, to the dominance of a specific As mineral host in each lake, which is in turn
a by-product of employing different ore-processing techniques at the former Giant
(roasting) and Tundra mines (free-milling). The results of this study provide the
quantitative evidence for the sensitivity of Arcellinida to intra-lake variations in As
concentrations and demonstrate the reliability of using this group as a tool for
monitoring the level of As contamination and the progress of remediation, and for

discriminating the types of dominant As mineral forms in lake sediments.

Keywords: Arcellinida, lake sediments, arsenic, gold mining, intra-lake

sampling, multivariate analysis
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5.2 Introduction

The mineral mining sector in northern Canada has been a substantial driver of the
nation’s economic growth, with a production value of $65 billion since 1974
(NRCan, 2019). While highly profitable, many northern mines operated before the
concept of sustainable development was introduced in 1987 (WCED, 1987). As a
result, several mining operations introduced considerable levels of contaminants,
mostly heavy metals, to surrounding environments and this poses a risk to
environmental and human health (INAC, 2009; Silk, 2009). Gold mining, in
particular, is a primary anthropogenic source of arsenic (As) contamination in the
Northwest Territories (NT; e.g. Palmer et al., 2015, 2019; Galloway et al., 2012,
2015, 2017; Nasser et al., 2016; Miller et al., 2019). Orogenic greenstone belts in
the NT (e.g. Yellowknife and Courageous Lake Greenstone Belts) host large gold
deposits that are closely associated with As-bearing sulfides (e.g. arsenopyrite).
Ore-processing at several gold mines across the NT, especially Giant Mine in the
Yellowknife area (1938—-2004; Figure 5.1A), left an enormous legacy of As
contamination on and off these mine sites (e.g. INAC, 2009; Galloway et al., 2017,
Miller et al., 2019). Environmental concerns related to legacy of As contamination
spurred a number of remedial programs at several gold mine sites — e.g., Giant
Mine, Discovery Mine (1949—1969), Hidden Lake Mine (1959—1969), and Tundra
Mine (1964-1968 and 1983-1986; INAC, 2009; Silk, 2009) —to restore these sites
and any impacted areas to a viable condition.

In 2002, the Crown Indigenous Relations and Northern Affairs Canada

(CIRNAC) issued the Mine Site Reclamation Policy (MSRP) for the NT to enhance
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Figure 5. 1: Map of the study area and sampled lakes. (A) a map showing the
study area in the central Northwest Territories, Canada and the locations of the
historic Giant (black and yellow icon) and Tundra mines (red and yellow icon). (B)
a map showing Frame Lake and the location of the 25 sampling stations. (C) a map
showing Hambone Lake and the location of the 15 sampling stations. The colour-

coded and graduated circles reflect the As concentration at each sampling station.
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the environmental sustainability of mineral resources development (INAC, 2002).
The policy stipulates that developers/owners of new and existing mines Projects
must: 1) always have a closure and reclamation plan; 2) rehabilitate any areas
impacted by mining activities; and, 3) monitor the progress of remedial efforts at
rehabilitated sites post mine closure (INAC, 2002). While the impact of legacy As
contamination has adversely affected a wide range of environments in the NT,
contamination of lacustrine sediments and surface waters by As is of particular
concern due to the socio-economic and ecological significance of lakes. Such
concerns are mostly attributed to the redox-sensitive nature of As, which allows
this metalloid to vertically migrate within the sedimentary column and post-
depositionally cycle between sediments and overlying waters (Toevs et al., 2006;
Du Ling et al., 2009). As a result of this mobility, lake sediments can either
sequester As, typically under oxic conditions, or release As from sediment to
porewaters, and subsequently to overlying surface waters under reducing
conditions (e.g., Palmer et al., 2019). In some high latitude lakes that experience
frequent seasonal variability, including development of anoxia in winter under ice,
this As cycling may be perpetual (Palmer et al.,, 2019). Monitoring programs
focusing on lakes impacted by As contamination in the NT are often based on the
collection and processing of lake sediment and water samples (e.g. SENES, 2011;
Reid, 2012; AANDC, 2014; AECOM, 2015). An aspect that is usually overlooked by
such programs is the biotic response to As contamination, especially that of benthic
microfaunal communities (e.g. Nasser et al., 2016; Thienpont et al., 2016; Gavel et

al., 2018; Sivarajah et al., 2019).
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Microbial benthic communities that preserve well in the sedimentary record
have been shown to archive the impact of contamination on lacustrine ecosystems
through time (e.g., Dixit et al., 1989; Cattaneo et al., 2004; Gavel et al., 2018), and
therefore have the potential to be a reliable tool for monitoring the efficacy of
remediation. Arcellinida, or testate lobose amoebae (Mitchell et al., 2008), are
established bioindicators of change in lacustrine environmental conditions
(Charman 2001; Patterson and Kumar, 2002). These benthic protozoans are
abundant in the Quaternary deposits of fresh and brackish aquatic environments
and are characterized by a broad geographical distribution that extends from the
tropics to the Arctic (Medioli and Scott, 1988; Collins et al., 1990; Dalby et al.,
2000; Charman 2001; Patterson, 2014; Patterson et al., 2015). Arcellinida taxa are
characterized by tests (i.e. shells; size range = 15—200 um) that are either
comprised of proteinaceous materials (autogenous tests) or assembled by
agglutinating extraneous particles from the environment (xenogenous tests;
Patterson and Kumar, 2002), with xenogenous tests being of more value in
lacustrine studies owing to their high preservation potential.

The past 20 years have seen a growing interest in exploring the potential
Arcellinida as bioindicators of anthropogenic contamination (e.g. Asioli et al.,
1996; Kumar and Patterson, 2000; Neville et al.,, 2011; 2014; Kihlman and
Kauppila, 2012). Studies by Patterson et al. (1996) and Reinhardt et al. (1998) were
the first to confirm the sensitivity of Arcellinida to mine-derived As contamination
at an intra-lake spatial scale in lakes from Ontario, Canada. Nasser et al. (2016)
provided evidence of a strong quantitative relationship between Arcellinida

assemblages and changes in sedimentary As concentrations in a regional spatial
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survey of near-surface sediments of 59 lakes in the Yellowknife area, NT. Recently,
Gavel et al. (2018) demonstrated the sensitivity of Arcellinida assemblages to
temporal increase in As concentrations, coeval with the onset of historic gold
mining, in a freeze core from Frame Lake in the City of Yellowknife, NT. The
sensitivity of Arcellinida to the spatio-temporal change in As levels coupled with
their rapid reproduction and abundance in lake sediments makes the groups
particularly useful for environmental monitoring and assessment of the progress
of remedial efforts.

As lakes are generally characterized by heterogenous substrates and
multiple sub-environments (Last and Smol, 2001), development of an appropriate
sampling strategy is essential to ensure accurate environmental monitoring of the
progress of remedial efforts in impacted lakes using Arcellinida population
dynamics. A temporal sampling approach (e.g. Gavel et al., 2018), while beneficial
for long-term environmental monitoring, is often limited by the number of
sedimentary cores collected, and are often collected from the Zmnax of a basin. In
contrast, intra-lake sampling often targets multiple sites within a lake to maximize
spatial coverage and to ensure the identification of faunal gradients that develop
in response to local scale variability in As concentrations. An intra-lake sampling
strategy is of course most suitable for monitoring the progress of remedial efforts
within an impacted lake. However, the only two intra-lake investigations of
arcellinidan response to As contamination (i.e., Patterson et al., 1996; Reinhardt
et al., 1998), while successful in confirming the sensitivity of Arcellinida to As,
involved a project design that only produced semi-quantitative results. Therefore,

a quantitative assessment of the intra-lake response of Arcellinida distribution to
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sedimentary As concentration in near-surface sediment is required to further
develop the group as a reliable tool for monitoring As contamination in lakes.

In this study, we examine Arcellinida species and strains in 40 surface-
sediment samples from two lakes in the central NT with the aim of quantifying
their response to intra-lake variability of As concentrations and other controls. The
studied lakes are Frame Lake (62.454°N, -114.390°E; n = 25; Figure 1B), located
within the City of Yellowknife, and Hambone Lake (64.046741 N, -111.156795 W,
n = 15) located ~240 km northeast of the Yellowknife area (Figure 5.1C). These
lakes are known to have elevated levels of As that are derived at least in part from
the respective operations of the former Giant (Frame Lake) and Tundra gold mines
(Hambone Lake), and are currently the target of ongoing remedial and
environmental monitoring efforts (e.g. Frame Lake rehabilitation project, led by
Tides Canada; Tundra Mine remediation project, led by CIRNAC). The ecological
health of Frame Lake, once a prominent recreational site in the City of Yellowknife,
deteriorated markedly in only a decade from the late 1960s onward due to
encroaching urbanization, aerial fallout of As from roaster stack emissions of Giant
Mine, and suspected illegal dumping of sediments (Gavel et al. 2018; Menard et al.
2019). Elevated As levels in Hambone Lake are derived from the operations of the
nearby Tundra Mine, and are the result of weathering of mine tailings and seepage
from tailings containment ponds near the lakes western shore (Reid 2012; Miller
et al., in 2019). As the former Giant and Tundra gold mines have been shown to
have introduced different As mineral forms to surrounding lakes (Galloway et al.,

2017; Schuh et al., 2017; Miller et al., 2019), a secondary objective of this study is
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to assess whether the impact of As derived from these mines on Arcellinida

distribution is similar, or different.

5.3 Regional Setting

5.3.1 Frame Lake

Frame Lake (62.454°N, -114.390°E) is a subarctic lake that is located near the
downtown area of the City of Yellowknife (Figure 5.1B). The lake is underlain by
rocks of the Yellowknife Supergroup of the southern Slave structural province of
the Canadian Shield in the central NT, Canada (Cousens, 2000). Bedrock
lithologies consists of Archean meta-volcanic and meta-sedimentary rocks
intruded by younger granitoids (Siddorn et al., 2007). Surficial sediments in the
study area are primarily comprised of a thin (< 2 m thick) discontinuous layer of
till and Glacial Lake McConnell sediments (Kerr and Wilson, 2000). The till
consists of a stony and loosely compacted matrix-supported diamicton (Smith,
1994; Kerr and Wilson, 2000) while the Lake McConnell sediments are comprised
of poorly to moderately sorted coarse to fine sand, silt, and clay that can be up to
20 m thick in some topographic lows. Elevations in the study area rise gradually
from 157 m above mean sea level at Great Slave Lake to 350—400 m above mean
sea level north of Thistlethwaite Lake (Stubley, 1997). The low-relief terrain
surrounding the Yellowknife area consists of rocky outcrops associated with glacial
and glaciolacustrine sediments in topographic lows (Stubley, 1997). The study area
has a continental subarctic climate with relatively cool and dry summers and

winters that are cold and even dryer. Mean annual temperature is -4.3°C with a
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mean annual precipitation of 288.6 mm (Environment Canada, 2019). Prevailing
wind blows from the east for most of the year except for the months of June, July,
and August, when it blows out of the south (SENES Consultants Limited; 2005;
Environmental Canada, 2019).

Frame Lake has a relatively small surface area (88.4 ha) with a maximum
length and width of 1.75 km and ~ 1 km, respectively (Healey, 1973; Dirszowsky
and Wilson, 2016). The lake has a maximum depth of 4.5m in the southern basin
and 5.5m in the northern basin (Menard et al., 2019). In terms of morphology,
Frame Lake is of an elongate shape (southwest-northeast trend) that widens
toward the northeastern end of the lake (Figure 3.1B). Vegetation in the area
around the lake includes conifers, paper birch and shrubs (Kerr and Wilson,
2000). Water derived from sheet wash or small ephemeral channels attributed to
rainfall events and snowmelt are currently the primary source of inflow to Frame
Lake (Dirszowsky and Wilson, 2016; Gavel et al., 2018). The lake’s outflow is
currently controlled by the opening and closing of a sluice gate in a causeway,
located on the lake’s eastern shore, which remains close most of the year (Gavel et
al., 2018).

Before the 1970s, Frame Lake was an attractive recreational destination for
residents and tourists alike (e.g. swimming at the McNiven bathing beach, and
canoeing). The lake also used to serve as a fishing spot for the Yellowknives Dene,
with both whitefish and pike being found (Tides Canada, 2015). However,
historical mining activities in the area, especially that of Con (1938—-1999) and
Giant mines, coupled with the continuous urbanization of the City of Yellowknife,

led to a severe decline in the ecological health of the lake (Dirszowsky and Wilson,
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2013, 2016; Gavel et al., 2018; Menard et al., 2019). The lake is currently targeted
for remedial and monitoring efforts (e.g. Frame Lake rehabilitation project; Tides
Canada, 2015) to restore lake conditions to a state that is compatible with

environmental guidelines and human activities.

5.3.2 Hambone Lake

Hambone Lake (64.046741 N, -111.156795 W) is located within the former Tundra
Mine property in the Courageous Lake region, approximately 240 km northeast of
the City of Yellowknife (Figure 3.1C). The region is of low relief and is characterized
by a gently rolling tundra that underlain by bedrock belonging to the Yellowknife
Supergroup in the central portion of the Slave structural Province (Dillion-Leitch,
1981; Hatfield Consulting, 1982; Gibson and Reid, 2014). The volcanic lithologies
of the Courageous Lake Greenstone Belt are unconformably on top of thin,
discontinuous sequences of volcanic, clastic, and banded iron formations of the
Central Slave Cover Group and the diorite and tonalite gneiss of the Central Slave
Basement Complex, and are bordered by the Courageous Lake Batholith to the
west and turbidite metasedimentary rocks to the east (Moore, 1951; Bleeker et al.,
1999). Hambone Lake is situated within the Lockhart River drainage basin
(catchment area ~ 26,600 km2), which drains southward into Great Slave Lake
(Topographical Survey of Canada, 1925). The climate of the study region is cold
and dry with an average annual temperature of -12 to -9°C (SENES Consultants,

2006).
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Hambone Lake is relatively small with a surface area of only 10.7 ha (711.4
m long and 292.5 m wide). The name of the lake is derived from its unique
morphology that resembles a hambone with a wider southwestern section that
tapers towards the northeast (Figure 3.1C). The lake is relatively shallow with an
average depth of 1.5 m (maximum depth is ~ 2 m; Gibson and Reid, 2014; Miller
et al., 2019). Hambone Lake is well mixed in the open water season due to its
shallow nature and the elevated frequency of high winds in the study area (Gibson
and Reid, 2014). A drainage pathway from the Tundra Mine site, discharged from
a mined tailings containment pond called Lower Pond passes directly through
Hambone Lake and subsequently flows downstream through the lake’s outlet to
Powder Mag Lake, Sandy Lake, and ultimately discharging into Courageous Lake
(Reid, 2012; Gibson and Reid, 2014).

Maintenance and care of the Tundra Mine site has been the responsibility
of the Contaminants and Remediation Directorate of CIRNAC since 1999. The
former mine site went through various remediation activities that started in 2007
and ended recently in 2018 (e.g. INAC, 2005; SENES Consultants, 2006, 2011;
Lorax Environmental, 2007; AANDC, 2014; AECOM, 2015, 2018). Currently, the
mine site is part of long-term monitoring program, which began following the
completion of all remedial efforts in 2018 (AECOM, 2018). Recently, Miller et al.
(2019) has shown that levels of As in surface-sediment samples (top 0.5 cm)
collected from Hambone Lake in 2016 remain well above the Canadian sediment
quality guidelines for the protection of aquatic life (As concentration range = 195—
622 mg.kg;. Interim Sediment Quality Level (ISQL) = 5.9 mg.kg!; Probable Effect

Level (PEL) = 17 mg.kg!; CCME, 2002).
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5.4 Materials & Methods

5.4.1 Sampling design and field methods

Forty near-surface sediment samples were collected from Frame Lake (n = 25) and
Hambone Lake (n = 15) during the summer field seasons of 2014 and 2016,
respectively. Lakes were accessed by a boat and surface-sediment samples were
collected using an Ekman Grab sampler. The upper 0.5 cm of sediment from each
Ekman Grab was retained for Arcellinida, sedimentological and geochemical
analysis using an inert plastic laboratory spoon. The coordinates for each sampled
site within the lakes were recorded using a geographic positioning system (GPS;
Supplementary Table 5.1). Water depth was determined for each sampling station
using a HONDEX Honda portable handheld depth sounder (model: PS-7). Muddy
substrates were preferentially selected for sampling, as nutrient poor silt to sand
substrates are generally characterized by allochthonous arcellinidan populations

(Patterson and Kumar, 2002).

5.4.2 Laboratory methods

5.4.1.1 Particle Size Analysis

Particle size analysis (PSA) was performed on the sediment sub-samples to identify
textural influence on the intra-lake distribution of Arcellinida and element
concentrations at each station. Following the sample preparation protocols of
Murray (2002) and van Hangstum et al. (2007), PSA sub-samples were first

digested in a heated bath (70 C°) with 10% HCl and 30% H-0O- to remove carbonate
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and organic content, respectively. Digested sub-samples were then analyzed for
their sedimentary grain size using a Beckman Coulter LS13 320 laser diffraction
analyzer fitted with a universal liquid medium (ULM) sample chamber over a
measurement range between 0.4 and 200o0um. Sub-samples were loaded into the
instrument until an obscuration level of 10+3% was attained. GRADISTAT
(Version 8; Blott and Pye, 2001) was used to compile the results (Supplementary
Table 5.1). Garneti5 (mean diameter 15 um: + 2 um), an accuracy standard
supplied by Beckman Coulter, was run once per month, while an in-house mud
sample (Cushendun Mud; mean diameter = 20.5 um: + 0.76 um) was run at the
start of every session as a precision control. Generated mean values for the
analyzed Garnet15 (16.2 pm) and Cushendun (21.1 um) fell within the standard

deviation ranges for optimal instrument performance.

5.4.1.2 Geochemical analysis

Elemental concentrations of the sediment sub-samples were analyzed using ICP-
MS using the aqua regia digestion protocol (ICP-MS 1F/AQ250 package) at
Bureau Veritas, Vancouver (Supplementary Table 5.1). Aqua regia digestion was
employed instead of a 4-acid digestion protocol, as the former provides the total
concentration of metal(loids) that could potentially become bioavailable, while the
latter method can potentially volatilize non-bioavailable As (Parsons et al., 2012),
which would generate results inappropriate for comparison with Arcellinida data.
Analytical precision was assessed using duplicate samples. Calculated Relative

Percent Difference (RPD) was less than 5% for As (RPD range = 0.196%—1.379%,
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n=3). Analytical accuracy was assessed using standard reference materials: 1) STD
DS10 (n=3); 2) STD D11 (n =6); and, 3) STD OREAS45EA (n = 9). Mean As
concentration measured in STD DS10 was 44.8 mg.kg! + 1.63 (n = 3) compared to
an expected concentration of 46.2 mg.kg* (mean RPD = 3.69% + 2.704). Mean As
concentration measured in STD DS11 was 41.9 mg.kg! + 4.38 (n = 6) compared to
an expected concentration of 42.8 mg.kg! (mean RPD = 5.62% + 3.908). Mean
measured As concentration for STD OREAS45EA was 10.85 mg.kg! + 0.751
(n = 9) compared to an expected As concentration of 10.3 mg.kg* (mean RPD =
7.23% + 4.0065). Laboratory methods blanks (n=11) resulted in As detection in

two blanks (detected As concentrations = 0.2 mg.kg* and 0.5 mg.kg™).

5.4.1.3 Olsen phosphorus (OP) extraction

Sediment-based phosphorus was measured to determine the trophic status of the
lakes. Phosphorus was examined using the Olsen phosphorus extraction method
(Olsen P; Olsen et al., 1954) as it provides a reliable measure of phosphorus that is
bio-available for aquatic plants and macro- and micro-algal communities (Zhou et

al. 2001).

5.4.1.4 Loss-on-ignition

Loss on Ignition (LOI) analysis was carried out on the 38 sub-samples (insufficient
materials for samples FL1 and FL7) to determine the percentage of moisture,
organic carbon, carbonate, and minerogenic content (Heiri et al., 2001). Moisture

content was determined by comparing measurements before and after samples
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were placed in an oven at 100°C for 24 hours. A Thermo Scientific Thermolyne
Benchtop Muffle Furnace (model: F48025-60-80) was then programmed for
sequential burning at 550°C and 900°C to determine percentages of organic
carbon and carbonate, respectively (Supplementary Table 5.1). Analytical precision
was assessed using five duplicate samples. Calculated RPD for moisture, organic carbon,
carbonate, and minerogenic content was less than 7.5% (n=38). Carbonate content
was excluded from ensuing statistical analysis due to the high calculated RPD

(RPD range = 9.4-106.3%).

5.4.1.5 Micropaleontological analysis

Three cms3 of material was sub-sampled from each sample for micropaleontological
analysis. These sub-samples were wet sieved through a 297 pm mesh to remove
any coarse debris and then through a 37 um mesh to separate Arcellinida from the
fine particles fraction (Patterson and Kumar, 2002). Sieved sub-samples were
then subdivided into six aliquots for quantitative analysis using a wet-splitter (after
Scott and Hermelin, 1993). Aliquots were analyzed wet for Arcellinida on a gridded
petri dish using an Olympus SZH dissecting binocular microscope (7.5-64X
magnification) until a statistically significant number of specimens were
quantified (minimum of 150 tests; Patterson and Fishbein, 1989; Supplementary
Table 5.1). All sub-samples had statistically significant numbers of Arcellinida tests
and were thus included in subsequent statistical analyses.

Identification of Arcellinida primarily followed the illustrations and

descriptions found in various key papers where specimens are well illustrated (e.g.
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Reinhardt et al., 1998; Roe et al., 2010; Patterson et al., 2013; Steele et al., 2018)
as well as the extensive online databased found in the Microworld database
(Siemensma, 2019). Because lacustrine arcellinidan species can display
considerable environmentally controlled infraspecific morphological variability
(e.g., Medioli and Scott, 1983), the accepted practice has been to designate
informal infrasubspecific “strain” names for these ecophenotypes (Asioli et al.,
1996; Reinhardt et al., 1998; Patterson and Kumar, 2002). While infrasubspecific
level designations have no status under the International Zoological Code of
Nomenclature (art. 45.5; 4th edition, 1999; ICZN, 1999), they have been
extensively used in the literature for defining environmentally significant
populations within lacustrine environments (e.g. Reinhardt et al. 1998; Patterson
and Kumar, 2000; Patterson and Kumar, 2002; Roe et al., 2010; Steele et al.,
2018). Scanning electron microscope images of common species and strains were
obtained using a Tescan Vega-II XMU VP scanning electron microscope (SEM) in
the Carleton University Nano Imaging Facility. All SEM plated were digitally

produced using Adobe Photoshop™ CC 2018 (Figure 5.2; Figure 5.3).

5.4.3 Statistical analysis

Twenty-five Arcellinida species and strains were identified in 40 near-surface
sediment sub-samples (Supplementary Table 5.1). The Probable Error (pe) was

calculated for each sub-sample:

pe = 1.96 (%)
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Figure 5. 2: Scanning electron microscope plate of Arcellinida specimens from
Frame Lake and Hambone Lake. 1—2 Centropyxis aculeata (Ehrenberg 1832) stain
“aculeata”. 3—4 Centropyxis aculeata (Ehrenberg 1832) stain “discoides”. 5-6
Centropyxis constricta (Ehrenberg 1843) stain “aerophila”. 7—8 Centropyxis
constricta (Ehrenberg 1843) stain “constricta”. 9—10 Cucurbitella tricuspis (Carter
1856). 11—12 Conicocassis pontigulasiformis (Beyens, Chardez, and De Bock,
1986) Nasser and Patterson, 2015. 13 Hyalosphenia papilio Leidy, 1874. 14
Heleopera sphagni (Leidy 1874). 15—16 Lagenodifflugia vas (Leidy 1874). 17—-18
Lesquereusia spiralis (Ehrenberg 1840). 19—20 Pontigulasia compressa (Carter

1864).
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Figure 5. 3: Scanning electron microscope plate of Arcellinida specimens from
Frame Lake and Hambone Lake. 1—2 Phryganella nidulus Penard 1902. 3—4
Difflugia glans Penard 1902 strain “glans”. 5—6 Difflugia glans Penard 1902 strain
“distenda”. 7—8 Difflugia globulosa (Dujardin, 1837) Penard, 1902. 9 Difflugia
urceolata Carter 1864 strain “urceolata”. 10—11 Difflugia oblonga Ehrenberg 1832
strain “oblonga”. 12—13 Difflugia oblonga Ehrenberg 1832 strain “tenuis”. 14
Difflugia oblonga Ehrenberg, 1832 strain “lanceolata”. 15—-16 Difflugia elegans
Penard 1890. 17-18 Difflugia protaeiformis Lamarck 1816 strain “acuminata”. 19
Difflugia protaeiformis Lamarck 1816 strain “claviformis”. 20 Difflugia

curvicaulis Penard 1899.
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where S is the standard deviation of the population count and Xi is the fractional
abundance (Patterson and Fishbein, 1989). A sample count was deemed
statistically insignificant if the probable error exceeded the total count for a
sample. All samples contained statistically significant populations.

Standard error (Sxi) was calculated for each sample using the following

equation:

F1(1 - F1)
Ni

Sxi = 1.96
where F1 is the fractional abundance of species and Ni is the total number of
counts. Species were considered to be present in insignificant number if the
standard error exceeded the total counts for that species in all sub-samples
(Patterson and Fishbein, 1989). All species and strains were found to be present in
statistically significant numbers.

The Shannon Diversity Index (SDI; Shannon, 1948) was calculated using
the vegan package in RStudio statistical software (version 0.98.1028; R Core
Team, 2014) to assess arcellinidan diversity as a measure of ecological health in
both lakes. Samples were considered healthy if the SDI was between 2.5 and 3.5,
in transition if SDI was between 1.5 and 2.5, and stressed if SDI was below 1.5
(Magurran, 1988; Patterson and Kumar, 2002). The ratio between difflugid and
centropyxid species (D/C; Neville et al., 2011) was used in tandem with SDI as a
measure of the relative ecological health of the sampled lakes (Supplementary

Table 5.1).
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5.4.3.1 Data screening, variables selection, and multivariate

statistics

Any variables in the arcellinidan relative abundance, LOI, PSA, and ICP-MS data
sets having issues associated with more than 25% of their values (i.e. missing
values, below detection or above detection) were removed (Riemann et al., 2008).
This screening procedure resulted in the removal of six variables from the ICP-MS
data set (Te, Ge, Ta, In, Pd, and Pt). A Principle Component Analysis (PCA;
Pearson, 1901; Hotelling, 1933) plot was employed to evaluate redundancies in
data and further reduce the number of parameters to be included in constrained
ordination.

Q-mode and R-mode cluster analysis was carried out on the 25 arcellinidan
species and strains in 40 the screened samples. Q-mode cluster analysis was
employed to group samples according to similarities in their faunal composition
using Ward’s Minimum variance method (Ward, 1963; Fishbein & Patterson,
1993). R-mode cluster analysis was employed to determine which species and
strains (n = 25) coexist with each other as well as the dominant taxa responsible
for shaping the faunal structure of the identified assemblages. The statistical
significance of the identified clusters was calculated using the PVClust package in
RStudio. A two-way cluster analysis heatmap was generated using the heatmap.2
function of the gplots package in RStudio (Figure 4). Nonmetric Multidimensional
Scaling (NMDS; Kruskal, 1964) was used to further investigate the results of
cluster analysis by assessing the similarity between identified assemblages in

multidimensional space (Figure 5).
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Figure 5. 4: Arcellinida assemblages based on A two-way heatmap cluster
analysis. The two-way heat map dendrogram shows the relative abundance of the
25 identified Arcellinida species and strains (R-mode; horizontal dendrogram) in
the sample of the identified assemblages (Q-mode; vertical dendrogram). The
coloured numbers on the Q-mode dendrogram represents the results of PVClust
analysis that shows the statistical significance of the identified assemblages (red
numbers). . CCA, Centropyxis aculeata “aculeata”.CCD, Centropyxis aculeata
“discoides”. CCA, Centropyxis constricta “aerophila”. CCC, Centropyxis constricta

“constricta”. CT, Cucurbitella tricuspis. CP, Conicocassis pontigulasiformis. HP,
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Hyalosphenia papilio. HS, Heleopera sphagni. LV Lagenodifflugia vas. LS
Lesquereusia spiralis. PC Pontigulasia compressa. PhN, Phryganella nidulus.
DGG, Difflugia glans “glans”. DGD, Difflugia glans “distenda”. Dglob Difflugia
globulosa. DUU, Difflugia urceolata “urceolata”. DOO, Difflugia oblonga
“oblonga”. DOT, Difflugia oblonga “tenuis”. DOLan, Difflugia oblonga
“lanceolata”. DE, Difflugia elegans. Dbi, Difflugia bicornis. DA, Difflugia
protaeiformis “acuminata”. DCl, Difflugia protaeiformis “claviformis”. DCur,

Difflugia curvicaulis.
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Figure 5. 5: Nonmetric Multidimensional Scaling (NMDS) bi-plot. The coloured
symbols represent the samples of the identified assemblages in Frame Lake and
Hambone Lake. CCA, Centropyxis aculeata “aculeata”.CCD, Centropyxis aculeata
“discoides”. CCA, Centropyxis constricta “aerophila”. CCC, Centropyxis constricta
“constricta”. CT, Cucurbitella tricuspis. CP, Conicocassis pontigulasiformis. HP,
Hyalosphenia papilio. HS, Heleopera sphagni. LV Lagenodifflugia vas. LS
Lesquereusia spiralis. PC Pontigulasia compressa. PhN, Phryganella nidulus.
DGG, Difflugia glans “glans”. DGD, Difflugia glans “distenda”. Dglob Difflugia
globulosa. DUU, Difflugia urceolata “urceolata”. DOO, Difflugia oblonga
“oblonga”. DOT, Difflugia oblonga “tenuis”. DOLan, Difflugia oblonga
“lanceolata”. DE, Difflugia elegans. Dbi, Difflugia bicornis. DA, Difflugia
protaeiformis “acuminata”. DCl, Difflugia protaeiformis “claviformis”. DCur,

Difflugia curvicaulis.
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Redundancy analysis (RDA; van den Wollenberg, 1977) was used to
evaluate the relationship between the identified arcellinidan assemblages and the
measured parameters in both lakes (Figure 5.6). A series of partial RDAs (pRDA),
coupled with variance partitioning tests, were also carried out to identify the
significance of the variance in the arcellinidan distribution that is attributed to the
analyzed measured variables. Variables with a p<0.05 were considered to be
significant contributors to variance in the arcellinidan assemblage. Data sets from
Frame Lake (25 samples and 21 species and strains) and Hambone Lake (15
samples and 25 species and strains) were analyzed separately for RDA and pRDA
due to the apparent hydroecological differences between both lakes, which may

result in masking the impact of different primary controls in each lake.

5.5 Results

5.5.1 Intra-Lake distribution of As

Sedimentary As concentrations in Frame Lake and Hambone Lake (median As
concentration = 283.9 mg.kg; range = 66.9—1336.6 mg.kg!; n = 40) are above the
Canadian sediment quality guidelines for the protection of aquatic life (ISQL = 5.9
mg.kg?; PEL = 17 mg.kg?; CCME, 2002). Arsenic levels are also notably higher
than the Yellowknife area’s background concentration (20—30 ppm; Galloway et
al., 2015) in all samples. Median As concentrations in Frame Lake (270.8 mg.kg;
n = 25) and Hambone Lake (293.1 mg.kg!; n = 15) are relatively similar, but As
concentrations are more variable in Frame Lake (As range = 145.1-1336.6 mg.kg-

1) compared to Hambone Lake (As range = 66.6—488.3 mg.kg1).

203



0.4

0.2

0.0

RDA2

-0.2

-0.4

DGG

Legend
¢ EAC Assemblage

CAD

F24
@ F18

Silt%

@ MAC Assemblage CSTCa
A HA Assemblage ©E3
B HC Assemblage | Frame Lake
T T T
-0.5 0.0 0.5
RDA1
Variables |Variance %|p-value
15.8 0.001
10.5 0.004
9.5 0.003
sit%e | 45 | 0168
2.9 0.476
Var. Exaplined 43.2 NA
56.8 NA

204

RDA2

0.0

04

02

-0.2

-0.4

LS

H10
@

O HD Assemblage
@ CA Assemblage

PC

Minerogenics%

CAD
H1
o Ba
con Dbi
H5
® CcccD
H2
CAA
@ Silt%
_| Legend

-0.5

Hambone Lake

0.0 0.5
RDA1

Variables Variance % | p-value
24.4 0.005
7.6 0.152
18.5 0.021
7.8 0.135

Var. Explained 58.4 NA
41.6 NA




Figure 5. 6: Redundancy analysis (RDA) tri-plots and variance partitioning results. The coloured symbols represent the
samples of the identified assemblages in Frame Lake and Hambone Lake. The dark blue lines represent the variables
selected in both lakes. CCA, Centropyxis aculeata “aculeata”.CCD, Centropyxis aculeata “discoides”. CCA, Centropyxis
constricta “aerophila”. CCC, Centropyxis constricta “constricta”. CT, Cucurbitella tricuspis. CP, Conicocassis
pontigulasiformis. HP, Hyalosphenia papilio. HS, Heleopera sphagni. LV Lagenodifflugia vas. LS Lesquereusia spiralis.
PC Pontigulasia compressa. PhN, Phryganella nidulus. DGG, Difflugia glans “glans”. DGD, Difflugia glans “distenda”.
Dglob Difflugia globulosa. DUU, Difflugia urceolata “urceolata”. DOO, Difflugia oblonga “oblonga”. DOT, Difflugia
oblonga “tenuis”. DOLan, Difflugia oblonga “lanceolata”. DE, Difflugia elegans. Dbi, Difflugia bicornis. DA, Difflugia

protaeiformis “acuminata”. DCIl, Difflugia protaeiformis “claviformis”. DCur, Difflugia curvicaulis.
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The highest As concentrations in Frame Lake were recorded in sites within
and close to the northern basin (median As concentration = 674.4 mg.kg; range
=177.5—1336.6 mg.kg*; n = 5 [F17 to F20]). The rest of the lake exhibited a patchy
As distribution with no clear spatial trend (Figure 5.1B). In Hambone Lake, the
highest As concentrations were recorded in sites closer to the lake’s outlet at the
lake’s northeastern margin (median As concentration = 386.6 mg.kgt; n = 4 [Hi,
H2, H3, and H4]; Figure 5.1C). In comparison, As levels in the rest of the lake were
slightly lower than those recorded in the vicinity of the outlet, but remain well

above the CCEM guidelines (median As concentration = 247.2 mg.kg; n = 11).

5.5.2 Description of identified Arcellinida assemblages

Interpretation of the Q-mode cluster analysis and PVClust results led to the
identification of six distinct arcellinidan assemblages, four in Frame Lake
(assemblages 1—4) and two in Hambone Lake (assemblages 5 and 6): 1) extreme
As contamination assemblage (EAC; approximately unbiased probability value
[AU p-value] = 97%; n = 3); 2) moderate As contamination assemblage (MAC; AU
p-value = 94%; n = 8); 3) high calcium assemblage (HC; AU p-value = 80%; n =
8); 4) high nutrients assemblage (HN; AU p-value = 92%; n = 6); 5) high diversity
assemblage (HD; AU p-value = 86%; n = 9); and 6) Centropyxis aculeata
assemblage (CAA; AU p-value = 86%; n = 6; Figure 4). The R-mode cluster
dendrogram revealed that the faunal composition of the identified assemblages is
mostly impacted by five taxa: 1) Centropyxis aculeata (Ehrenberg, 1832) strain

“aculeata”; 2) Difflugia elegans Penard, 1890; 3) Centropyxis aculeata
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(Ehrenberg, 1832) strain “discoides”; 4) Difflugia globulosa (Dujardin, 1837)
Penard, 1902; and, 5) Difflugia glans Penard, 1902 strain “glans” (Figure 4). Other
species of a lesser, yet notable, influence includes C. constricta (Ehrenberg 1843)
strain “aerophile”, C. constricta (Ehrenberg 1943) strain “constricta”, Difflugia
oblonga Ehrenberg, 1932 strain “oblonga” and Cucurbitella tricuspis (Carter,

1856) (Figure 4).

5.5.2.1 Extreme As Contamination Assemblage (EAC)

The extreme As contamination assemblage (EAC; n = 3) was identified in three
samples from the northern basin of Frame Lake (Figure 5.1B). The three samples
were collected from relatively deep (median water depth = 5.5 m; range: 3.5-6.4
m), organic-rich (median TOC% = 53.4%; range: 52.1-59.1%) and silt-dominated
substrates (median Silt% = 79%; range: 78—83%). Arsenic concentrations in the
EAC samples were the highest in Frame Lake (median As = 695.1 mg.kg; range:
234.9—1336.6 mg.kg?) and are considerably higher than the proposed CCEM
sediment quality guidelines.

The faunal density in EAC samples was also the highest in the lake (median
= 600 tests per cms3; range = 110—760 tests per cm3) but the species richness was
relatively low (median = 13 species; range: 11—14 species). The relatively low to
moderate diversity of the assemblage was reflected by the measured SDI values
(range = 1.6—1.9) and is indicative of stressed to transitional environmental
conditions (Magurran, 1988). The faunal assemblage structure of EAC was

dominated by C. aculeata “discodes” (median relative abundance % = 33.9%;
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range = 25.6—34.7%) and C. aculeata “aculeata” (median relative abundance % =

32.1%; range = 29.3—35.5%). Elevated numbers of D. elegans (median relative

abundance % = 11.5%; range = 11.3—13%) and C. constricta “constricta” (median
relative abundance % = 10.3%; range = 7.1%—21.3%) were also present in most
samples. Healthy-environmental conditions indicators like D. oblonga “oblonga”
(median relative abundance % = 0.26%; range = 0—0.6%), D. globulosa (median
relative abundance % =1.82%; range = 1.3—2.3%); C. tricuspis (median relative
abundance % = 0%; range = 0—-0.6%), and D. glans “glans” (median relative
abundance % = 0.67%; range = 0.26—1.82%) were present in low numbers.
Cluster analysis and NMDS showed that EAC samples clustered closely
together (Figure 5.4; Figure 5.5). The RDA tri-plot indicated that the EAC samples

associating positively with As and, to a lesser extent, silt particle size fraction and

negatively with Olsen P and sand particle size fraction (Figure 5.6).

5.5.2.2 High Calcium Assemblage (HC)

Samples hosting the High Calcium Assemblage (HC; n = 8) are recognized in the
southern section of Frame Lake except for samples F14 and F17, which are from
the northern end (Figure 5.1B). Samples of the assemblage were collected from
relatively shallow to moderately deep substrates (median water depth = 2 m;
range: 1.1—3.2 m) that are dominated by the silt particle size fraction (median Silt%
= 79%; range: 15—82%) and are characterized by relatively high organic content
(median TOC% = 36%; range: 20—52.8%). Arsenic concentrations in HC samples

are still high (median = 302.1 mg.kg!; range = 151.1-492.3 mg.kg™) but are notably
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lower than the levels characterizing the EAC samples. Nevertheless, such levels are
well above the ISQL and PEL proposed concentrations.

Samples of HC are characterized by notably lower faunal density compared
to the EAC samples (median = 287 tests per cms3; range = 123—976 tests per cms3).
An exception is sample F4, which is characterized by the highest faunal diversity
in Frame Lake (976 tests per cms3). Species richness of HC is the highest in Frame
Lake with a median of 17 species (range: 13—20 species). The measured SDI values
for the samples of the assemblage (1.8—2.3) is reflective of environmental
conditions transitioning toward more hospitable conditions (Magurran, 1988).
Similar to EAC, the faunal structure of the assemblage is dominated by C. aculeata
“aculeata”, albeit present in lower numbers (median relative abundance % =
25.9%; range = 12—39.9%). The notable increase in the numbers of D. elegans in
HC (median relative abundance % = 23.5%; range = 11—28.5%) resulted in the taxa
co-dominating the assemblage along with C. aculeata “aculeata”. The numbers of
C. aculeata “discodes” (median relative abundance % = 8.3%; range = 1.6—11.1%)
and C. constricta “aerophile” (median relative abundance % = 4.19%; range = 2.8-
6%) declined in the samples of HC. In contrast, the proportions of D. oblonga
“oblonga” (median relative abundance % = 2%; range = 0—25.1%), D. globulosa
(median relative abundance % =4.4%; range = 2.1-12.3%), D. glans “glans”
(median relative abundance % = 2.7%; range = 0.7-8.7%), and especially C.
tricuspis (median relative abundance % = 4.4%; range = 0.6-43%) increased
notably in HC.

Cluster analysis and NMDS show a close association between the samples

of the HC, with only F3 and F14 plotting more distinctly from the assemblage on
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the NMDS bi-plot (Figure 5.4; Figure 5.5). The results of RDA reveal a strong
positive association between the HC samples and Ca and a negative association

with the particle size analysis parameters, sand and silt fractions (Figure 5.6).

5.5.2.3 Moderate As Contamination Assemblage (MAC)

The Moderate As Contamination Assemblage (MAC; n = 8) was found to inhabit
substrates in the northern section of Frame Lake, with two outliers from the
southern section of the lake (samples F2 and F11; Figure 5.1B). The MAC samples
were collected from relatively shallow substrates (median water depth = 1.05 m;
range: 0.7—-1.5 m) that are organic-rich (median TOC% = 55.7%; range: 42.3—
59.4%) and are silt-dominated (median Silt% = 77%; range: 72—81%). Arsenic
concentrations in MAC samples (median = 240.8 mg.kg; range = 145.1-295.3
mg.kg1) are slightly lower than the levels characterizing the HC samples but
remain far above the acceptable levels of the CCEM guidelines.

The faunal density of samples hosting the MAC is comparatively higher than
that of the HC (median = 364 tests per cms3; range = 81—367 tests per cm3). Species
richness of MAC is low and is relatively similar to that of EAC (median = 13 species;
range: 12-16 species). The measured SDI values for the samples of the assemblage
(1.7-2.1) are indicative of transitional environmental conditions (Magurran, 1988).
Unlike the previous two assemblages, the faunal structure of MAC is dominated by
D. elegans (median relative abundance % = 36.1%; range = 22.9—40.1%). Elevated
numbers of C. aculeata “aculeata” (median relative abundance % = 17.9%; range =

12.5—20.6%) are high but experienced further decline compared to the numbers in
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EAC and HC. The numbers of other centropyxiid taxa like C. aculeata “discodes”
(median relative abundance % = 14.6%; range = 6.5-34.6%), C. constricta
“aerophile” (median relative abundance % = 8.8%; range = 5.3—14.2%), and C.
constricta “constricta” (median relative abundance % = 7%; range = 1.6—14.3%)
are higher than those seen in the HC samples. Stress-sensitive taxa like D. oblonga
“oblonga” (median relative abundance % = 0.6%; range = 0—2.9%), D. globulosa
(median relative abundance % =2.7%; range = 0—-3.6%), D. glans “glans” (median
relative abundance % = 2.6%; range: 1.3—2.9%), and C. tricuspis (median relative
abundance % = 0%; range = 0—1.1%) were present but in low numbers.

The cluster analysis dendrogram and NMDS bi-plot shows the MAC
samples grouping together (Figure 5.4; Figure 5.5). In addition, the NMDS bi-plot
shows a notable overlap between MAC and HC samples (Figure 5.5). RDA plot
shows a positive association between the MAC and Olsen P, sand particle size

fraction, and silt particle size fraction and a negative association with Ca (Figure

5.6).

5.5.2.4 High Nutrients Assemblage (HN)

Samples composing the High Nutrients Assemblage (HN; n = 6) are mostly found
on substrates in the southwestern section of the lake except for samples F2 and
F11, which are from the northern section of the lake (Figure 5.1B). Samples were
collected from relatively shallow water substrates (median water depth = 1.1 m;
range: 01—4.6 m) that are characterized by high organic content (median TOC% =
43.5%; range: 16.8—61.3%) and silty sediments (median Silt% = 78%; range: 70—

86%). While the As concentrations characterizing the HN samples are higher than
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the CCEM guidelines, they are the lowest in Frame Lake with a median of 216.4

mg.kg! (range = 168.8—346 mg.kg1).

The faunal abundance in samples hosting the HN was the second highest in
Frame Lake (median = 488 tests per cm3; range = 380-634 tests per cm3). The
species richness of the assemblage was moderate with a median of 15 species and
a range between 12 and 17 species. The measured SDI values for the HN samples
(1.5—2) are reflective of stressed to transitional environmental conditions
(Magurran, 1988). However, sample F5 was the only sample with a relatively low
SDI value in HN (1.5). Therefore, the assemblage is more indicative of transitional
conditions when Fj5 is excluded (1.8—2). The dominance of D. elegans continued
in this assemblage (median relative abundance % = 37%; range = 12.9-57.3%). The
assemblage was also characterized by lower numbers of C. aculeata “aculeata”
(median relative abundance % = 10.4%; range = 7.6—17%), C. aculeata “discoides”
(median relative abundance % = 8%; range = 2.2—10.4%), C. constricta “aerophile”
(median relative abundance % = 4.4%; range = 3.1-8.8%), and C. constricta
constricta (median relative abundance % = 2.2%; range = 0.7—6.3%). While some
stress-sensitive taxa like D. oblonga “oblonga” (median relative abundance % =
1.3%; range = 0.3—4.7%) and C. tricuspis (median relative abundance % = 0.56%;
range = 0—1.1%) showed a minor increase in abundance, the numbers of other
healthy-conditions indicators like D. globulosa (median relative abundance %
=10.7%; range = 3.1-18.6%), D.glans “glans” (median relative abundance % =

14.5%; range: 4.2—41.6%) increased drastically in the samples of HN.
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Results of the cluster analysis and NMDS revealed a close association
between the HN samples (Figure 5.4; Figure 5.5). The RDA tri-plot showed a
positive association between the HN and Olsen P and a negative association with

As (Figure 6A).

5.5.2.5 High Diversity Assemblage (HD)

The High Diversity Assemblage (HD; n = 9) was identified in nine samples located
in and around the western basin of Hambone Lake (Figure 5.1C). These samples
were collected from relatively shallow (median water depth = 1.5 m; range: 0.9—
1.9 m), organic-rich (median TOC% = 26.6%; range: 12.7—31.9%) substrates that
are silt-dominated (median Silt% = 87.5%; range: 85.7—-89.9%). Arsenic
concentrations in HD samples are higher than the CCEM guidelines (median =
203.1 mg.kg?; range = 91.7—488.3 mg.kg1).

The assemblage was characterized by the highest faunal density (median =
1386 tests per cm3; range = 956—2632 tests per cm3) and species richness (median
= 20 species; range: 20—26 species) in both lakes. The measured SDI values for the
samples of the assemblage (2.1-2.3) are reflective of environments transitioning
to more hospitable conditions (Magurran, 1988). The faunal structure of the
assemblage was dominated by D.glans “glans” (median relative abundance % =
24.9%; range: 22.2—27.5%). The assemblage was also characterized by elevated
numbers of C. aculeata “discoides” (median relative abundance % = 16.5%; range
= 0—21.8%), D. globulosa (median relative abundance % =15.1%; range = 11.4—

21.6%), D. oblonga “oblonga” (median relative abundance % = 12.9%; range = 9.9—
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17.6%), and Potigulasia compressa Dujardinm 1837 (median relative abundance
% = 7.7%; range = 5.8—12.8%). Other species like D. glans Penard, 1902 strain
“distenda” (median relative abundance % = 3.7%; range = 1.7-6.2%), C. aculeata
“aculeata” (median relative abundance % = 2.3%; range = 0.9—3.2%), Conicocassis
pontigulasiformis (Beyens, Chardez, and De Bock, 1986) Nasser and Patterson,
2015 (median relative abundance % = 2.5%; range = 1.4—4.6%), and C. constricta
“aerophila” (median relative abundance % = 1.7%; range = 0.4—3.4%) are present
in low proportions.

Cluster analysis and NMDS results show the samples of HD clustering
closely and distinctly from the assemblages identified in Frame Lake (Figure 4;
Figure 5). The results of RDA revealed a positive association between the HD
samples and loss-on-ignition-determined minerogenic content and the silt particle

size fraction and a negative association with barium (Ba; Figure 5.6).

5.5.2.6 Centropyxis aculeata Assemblage (CA)

Samples hosting the Centropyxis aculeata Assemblage (CA; n = 6) were found in
the southward part of the western basin (H10) and in the eastern arm of Hambone
Lake (H1, H2, H3, H5, H7; Figure 5.1B). Samples were collected from relatively
shallow (median water depth = 1 m; range: 0.9—1.7 m), organic-rich (median
TOC% = 37.7%; range: 11.3—52.1%), and silt-dominated substrates (median Silt%
= 85.2%; range: 83—87.5%). Arsenic concentrations of the CA samples (median =
277.5 mg.kg; range = 66.9—422.8 mg.kg?) were slightly lower than those of HD,

but were still considerably above the safe levels outlined in the CCEM guidelines.
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The faunal density of the assemblage was lower than that of HD (median =
583 tests per cm3; range = 458-2936 tests per cms3) except for two samples with
exceptionally high faunal density (H7 = 2936 tests per cm3and H10 = 1150 test per
cm3). The species richness of the CA was notably lower than that of HD with a
median of 16 species and a range between 12 to 17 species. The measured SDI
values for the samples of the assemblage (1.7—2.1) are reflective of transitional
environmental conditions (Magurran, 1988). Unlike the HD, the faunal structure
of the CA assemblage was dominated by C. aculeata “discoides” (median relative
abundance % = 32.7%; range = 29.3—55.5%). Elevated numbers of D. globulosa
(median relative abundance % = 12.4%; range = 7.4—-15.4%) and D. oblonga
“oblonga” (median relative abundance % = 10.5%; range = 1.6—11.9%) were present
but were slightly lower than the numbers characterizing the HD samples. Other
species like D. glans “glans” (median relative abundance % = 8.9%; range = 4.7—
9.8%), C. pontigulasiformis (median relative abundance % = 7.3%; range = 4.3—
9.3%), and C. aculeata “aculeata” (median relative abundance % = 5.7%; range =
0.7—-19.4%) were present in notable numbers. Species and strains like C. constricta
“aerophile” (median relative abundance % = 3.7%; range = 1—3.2%), P. compressa
(median relative abundance % = 4.5%; range = 1.6—22.8%) were present in low
numbers, with the exception of notably high numbers of P. compressa in samples
H7 and Hio.

The results of the cluster analysis and NMDS show that the samples
characterizing the CA cluster closely (Figure 5.4; Figure 5.5). The results of RDA

revealed a positive association between the CA samples and Ba and a negative
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association with the LOI-determined minerogenic content and silt particle size

fraction (Figure 5.6).

5.6 Discussion

5.6.1 Controls over the Intra-lake Arcellinida distribution

Results of the cluster analysis led to identification of distinct arcellinidan
assemblages in Frame Lake (n = 4) and Hambone Lake (n = 2). The unique faunal
structure of these assemblages coupled with the lack of overlap between samples
from each lake in the statistical results is reflective of varying intralake
hydroecological conditions. The RDA and variance partitioning results support
this assessment by showing different sets of variables driving the arcellinidan
distribution within both Frame Lake and Hambone Lake (Figure 5.6). While As is
indeed identified as a common driver of faunal distribution in both lakes, the
statistical results suggest that As may be the dominant overarching driver of
assemblage structure in Frame Lake, while having a more subtle impact on the
arcellinidan populations in Hambone Lake (Figure 5.6). Nonetheless, our results
confirm the impact of As on the intra-lake arcellinidan distribution in both lakes,
albeit at different magnitudes, that will be discussed below in the context of the

identified assemblages.
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5.6.1.1 Frame Lake

Of the controls on arcellinidan distribution identified in Frame Lake, Ca (9.5%; p-
value < 0.004), Olsen P (10.5%; p-value < 0.005), and especially As (15.8%; p-
value < 0.003) contributed the most toward explaining the variance in the
arcellinidan distribution. The observation that As is the most significant control in
Frame Lake is not surprising given the results of previous studies that have
identified the impact of As contamination on the lake’s ecology and sediment
quality (Drizawsky and Wilson, 2013, 2016; Gavel et al., 2018; Menard et al., 2019).
The SDI values for the identified assemblages (SDI range = 1.5-2.3; n = 25) are
typical of transitional lacustrine environments (Magurran, 1988; Patterson and
Kumar, 2002). However, the faunal diversity of some assemblages reflects a
transition either toward stressed (e.g. EAC; SDI range = 1.6—1.7) or relatively more
hospitable conditions (e.g. HC; SDI range = 1.8—2.3). Samples with elevated As
concentrations were associated with lower faunal diversity and higher proportions
of stress-tolerant Arcellinida taxa. Such trends are particularly well illustrated in
samples of EAC from the north basin, where As concentrations are the highest in
Frame Lake (As concentrations range = 674.4—1336.6 mg.kg). The faunal
structure of the low diversity EAC is dominated by Centropyxis species and strains
(D/C range = 0.18—0.24), which is expected given the ability of the opportunistic
centropyxids to withstand varying level of environmental stress including that
caused by As contamination (Patterson et al., 1996; Reinhardt et al., 1998; Nasser
et al., 2016; Gavel et al., 2018). Similar trends are observed in the samples of HC

and MAC. However, a notable reduction in As concentrations in these samples (As
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concentrations range = 145.1—492.3 mg.kg1; n = 16), compared to levels observed
in the EAC samples, led to a major decline in the number of stress-tolerant taxa
and a concurrent increase in faunal diversity and number of more sensitive fauna
(e.g. difflugiids; D/C range = 0.4—1.6). The increase in the abundance of healthy
conditions-indicating species and strains is most evident in the samples of HN
(D/C range = 1.7—3.4) and is partly associated with the notable reduction in As
concentration at these stations, which are the lowest across the lake (median As
concentration = 216.4 mg.kg).

While the development of the arcellinidan assemblages in Frame Lake
reflect the impact of As contamination, the faunal response to As contamination in
assemblages from the southern part of the lake appears to be obscured by the
influence of variables pertaining to nutrient loading (i.e. Olsen P, Ca; total faunal
variance explained, 10.5% and 9.5%, respectively). This assessment is confirmed
by the RDA results that show HC and HN correlating strongly with Ca and Olsen
P, and weakly with As. Such results suggest that the faunal structure of these
assemblages was likely shaped via the combined influence of these three
environmental controls rather than As alone. Concentrations of Olsen P are
generally low in Frame Lake (median Olsen P concentrations = of 44 mg.kg*; n =
25) and are highest in samples from the southern part of the lake (median Olsen P
range = 49.5—60 mg.kg!; n = 14; Supplementary Table 5.1). Elevated levels of
Olsen P in and around the southern basin may be attributed to inputs from nearby
residential and private facilities as well as municipal storm water drainage outflow
(Gavel et al., 2018; Menard et al., 2019). Olsen P is a good indicator of bioavailable

phosphorus in soils and lakes, with higher concentrations indicating nutrient rich,
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productive, and eutrophic conditions (Zhou et al., 2001). A few studies have
demonstrated the significance of Olsen P on the distribution of Arcellinida and the
association of higher number of healthy conditions-indicators (e.g. difflugiids and
C. tricuspis) with elevated Olsen P concentrations (Roe et al., 2010; Patterson et
al., 2012). Interestingly, the highest Olsen P levels in our study were associated
with a drastic increase in the numbers of D. elegans in HC and HN (Supplementary
Table 5.1). Elevated proportions of D. elegans has previously been linked to
substrates contaminated by As in the Yellowknife area (Nasser et al., 2016) and
elsewhere (Reinhardt et al., 1998; identified as Difflugia protaeiformis strain
“amphoralis”). However, the increase in the proportions of D. elegans in this study
was associated with a trend of declining As concentrations (Supplementary Table
5.1). Patterson and Kumar (2000) have also linked the abundance of D. elegans
(also identified as D. protaeiformis “amphoralis”) with the availability of their
preferred food source, pennate diatoms. The abundance and distribution of
diatoms has been shown to be impacted by the availability of phosphorus, which is
a limiting nutrient that controls the productivity of plants as well as macro-and
micro-algal communities in freshwater systems (e.g. Bostrom et al., 1988;
Anneville et al., 2005; Berthon et al., 2014; Brembu et al., 2017). While diatoms
were not identified and quantified in this study, the notable increase in D. elegans
numbers may reflect a similar increase in the proportions of pennate diatoms,
which is in turn possibly attributed to the relatively higher bioavailability of P (i.e.
higher Olsen P) concentrations in the southern part of Frame Lake.

As observed with the Olsen P concentrations, the highest measured Ca

values are exclusive to the southern part of Frame Lake, specifically in the samples
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hosting HC (Supplementary Table 5.1). The RDA plot reveals a close association
between HC samples, Ca, and C. tricuspis along the second RDA axis (Figure 5.6).
This association is expected as samples of HC are characterized by the highest
concentrations of Ca along with the highest numbers of C. tricuspis. The
abundance of C. tricuspis has been linked with organic rich substrates and
eutrophic conditions (Collins et al., 1990; Patterson et al., 2013). Several studies
have suggested a link between elevated Ca concentrations and enhanced lake
productivity (Otsuki and Wetzel, 1974; Kelts and Ksii, 1978; Behbehani et al.,
1986). Therefore, the increase in C. tricuspis coupled and with a general increase
in the faunal diversity and numbers of healthy lake-indicating taxa in HC may be

indicative of enhanced lake productivity in the southern part of the lake.

5.6.1.2 Hambone Lake

The silt particle size fraction (variance explained = 24.4%; p-value = 0.005) and
minerogenic content (variance explained = 18.5%; p-value = 0.021) were identified
as the most significant drivers of arcellinidan distribution in Hambone Lake
(Figure 5.6). Arcellinida populations and their distribution have been shown to be
sensitive to changes in the sedimentary composition of lacustrine substrates, with
silt- to mud-dominated substrates often hosting faunally diverse and dense
arcellinidan assemblages, while sand-dominated substrates are characterized by
allochthonous and stress-indicating assemblages (Roe and Patterson, 2006; Steele
et al., 2018). The sedimentary composition of the Hambone Lake assemblages

differed in that CA samples have slightly higher sand concentrations and notably
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lower minerogenic content (median sand% = 7.3%; median minerogenic% = 61%;
n = 6) compared to the HD samples (median sand% = 3.1%; median minerogenic%
=72.4%; n = 9; Supplementary Table 5.1). These differences are supported by the
RDA plot that reveal a close correlation between the samples of HD, silt particle
size fraction, and minerogenic content, and a negative association between these
variables and CA samples along the first RDA axis (Figure 5.6). While such results
may provide an explanation for the relatively higher faunal diversity in the HD
samples, it is difficult to fully attribute the relative decline in Arcellinida diversity
and species richness and density in CA samples to the meager increase in the sand
particle size fraction, or loss of minerogenic content, especially when the
sedimentary composition of samples hosting both assemblages are silt-dominated
(HD median silt% = 87.5%; n = 9; CA median silt% = 85.2%; n = 6).

The RDA results show As plotting along the second RDA axis, indicating a
lower influence of As over the distribution of Arcellinida population in Hambone
Lake (Figure 6). These results are surprising given the well documented impact of
As contamination on the lake’s sediment and water quality (e.g. INAC, 2005;
SENES Consultants, 2006; Lorax Environmental, 2007; Reid, 2012; Gibson and
Reid, 2014; Miller et al., 2019). However, the measured As concentrations were
higher in sites close to the lake’s outlet in the northeastern end (median As
concentration = 386.6 mg.kg; n = 4 [H1, H2, H3, and H4]; Figure 5.1C). Miller et
al. (2019) have identified even higher As concentrations in two sites near the outlet
and away from the treated tailings effluents discharge location on the western end
(HAM-1 As concentration = 622 mg.kg'; HAM-2 As concentration = 576 mg.kg1).

The authors study has also identified authigenic sulfides as the primary As solid
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phase in the lake, and interpreted its predominance as a sign of a continuous
downstream post-deposition mobilization of As. Interestingly, the identified
arcellinidan assemblages exhibited a subtle, yet notable, response to this
downstream migration of As. Samples of CA near the lake’s outlet were associated
with notably higher abundances of stress-indicating Arcellinida taxa, lower
numbers of stress-sensitive taxa (D/C range = 0.2—1.1), lower faunal diversity (SDI
range = 1.6—2.1), and lower species richness (median species richness = 16 species;
range = 12—17 species) and species density (median species density = 583 tests per
cm3) compared to samples of HD (Supplementary Table 5.1). These results suggest
that As, while identified as a weak control in Hambone, may still be impacting the

intra-lake Arcellinida distribution in the lake.

5.6.2 Consistency of the arcellinidan response to As

contamination

A secondary objective of this study was to determine whether exposure to As
derived from the Giant and Tundra mines, but in different minerogenic form,
would trigger a similar or different arcellinidan response in Frame Lake and
Hambone Lake. The limited, yet growing, body of research on the effects of As
contamination on the spatio-temporal distribution of Arcellinida has consistently
recognized a significant faunal shift from healthy to stressed assemblages in
response to increasing As concentrations (Patterson et al., 1996; Reinhardt et al.,
1998; Nasser et al., 2016; Gavel et al.,, 2018). While the same faunal shift in

response to As was observed in both the Frame Lake and Hambone Lake
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assemblages, it was pronounced in the former and more subtle in the latter. This
disparity in the faunal response to As is in line with the RDA and variance
partitioning results, which indicate a strong As control over the intra-lake
distribution of Arcellinida in Frame Lake and a much weaker influence in
Hambone Lake (Figure 5.6). With the exception of a few very high As
measurements in Frame Lake’s northern basin, As concentration in both Lakes
were similar (Frame Lake median As = 270.8 mg.kg; n = 25; Hambone Lake
median As = 293.1 mg.kg!; n = 15). Such similarity, therefor, eliminates variance
in As concentration as a possible explanation to this difference in the influence of
As control over the arcellinidan distribution in each lake. A likely explanation,
given the history of Giant and Tundra mines, is that Arcellinida species and strains
in each lake may be responding to As that is derived from a different mineral

source.

The mining practices at the former Giant and Tundra mines introduced
different forms of As mineralization to area lakes and other environments in their
surrounding (Galloway et al., 2017; Schuh et al., 2017; Miller et al., 2019). The use
of roasting at the Giant Mine site to liberate gold from the hosting arsenopyrite led
to the release of massive amounts of As-O3; to the atmosphere (20,000 tonnes
before 1963; Wyre, 2009), which eventually accumulated in the sediments of many
lakes around the mine. Gold at the Tundra Mine was associated with As-bearing
sulfides, mainly arsenopyrite from hydrothermal mineralization, and was
predominantly separated using the free-milling process (Ransom and Robb, 1986).

Disposal and weathering of mine tailings, seepage from nearby tailings
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containment ponds, and discharge of treated tailings effluent have been identified
as the primary pathways of As into lakes around the Tundra Mine site (Reid et al.,
2012; Miller et al., 2019). Compared to naturally occurring As sulphides (e.g.
arsenopyrite), roaster-derived As-O3 is more soluble, bioavailable, and
bioaccessible (Plumlee and Mason, 2011). The dissolution of sediment bound
As>03 often results in the release of toxic species of As (As3+ and As5+) into
sediment porewater. When porewater conditions are reductive, these As species
will then diffuse toward the overlaying surface water and as a result of hydrologic
redox conditions in the lake bottom sediments often increase in concentrations
near the sediment-water interface, thus elevating the risk of As exposure for
arcellinidan communities living there.

While we were unable to confirm whether As-Os; is the dominant As host in
Frame Lake, due to the complicated protocols required to identify As species in
lake sediments (e.g., Galloway et al., 2017), it is reasonable to assume that the
elevated As concentrations in the lake are of an anthropogenic origin and are
particularly derived from the diagenesis of As20Os. This assessment is supported by
the results of studies in the Yellowknife area, NT that have demonstrated the
persistence of As»Os in lake sediments (Galloway et al., 2017; Schuh et al., 2018).
Additionally, Van Der Berge et al. (2017) have recently identified soluble As>0;
particles to be the primary source of As in sediment porewater in three lakes near
the City of Yellowknife. Therefore, the pronounced response of the Frame Lake
assemblages, along with statistical significance of As control, may be attributed to
prolonged arcellinidan exposure to As contamination due to the continuous supply

of As from dissolving solid phase As-Os. In contrast, the weaker Arcellinidan
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response to As and the insignificant As control in Hambone Lake is likely more
reflective of the dominance of a different As mineral form in the lake sediments.
Interestingly, Miller et al. (2019) have identified authigenic As-bearing sulphides
as the primary host of As in near-surface sediments of Hambone Lake. The low
solubility of As sulphides, compared to As.Os, renders them less bioavailable and
bioaccessible (Plumlee and Mormon, 2011). This reduced As bioavailability may
have resulted in a less frequent release of As into porewaters, which in turn
triggered the notably weak faunal response in Hambone Lake.

Research focusing on characterizing the nature and type of the dominant As
species and mineral forms in impacted lakes in the central NT is ongoing. However,
the progress of this line of research is currently slowed down by the elevated cost
of sample analysis and complicated nature of speciation protocols. Because of
these limitations, As speciation analysis is only conduced once preliminary
geochemical analysis (e.g., ICP-MS) is conducted to evaluate the level of As
contamination and the possibility of post-depositional mobility of As. The results
of this study provide new insight into the value of using Arcellinida not only for
monitoring As contamination but also the potential of using the group as
reconnaissance tool to further guide As speciation efforts by identifying impacted
lakes where As is likely to be mobile and bioavailable due to the nature of the source

As mineralization.
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5.7 Conclusions

This research quantified the intra-lake relationship between Arcellinida fauna and
variability of As derived from two former gold mines, and other lake environmental
variables through analysis of 40 sediment-water interface samples from Frame
Lake (n = 25) in the Yellowknife area, and Hambone Lake in the Courageous Lake
region (n = 15).

Cluster analysis, supported by PVClust, and NMDS were used to identify
distinct Arcellinida species assemblages in each lake, while RDA was employed to
quantify the relationship between the identified groups and geochemical,
sedimentary, and organic controls. Interpretation of cluster analysis and NMDS
results led to the identification of distinct arcellinidan assemblages in Frame Lake
(n = 4) and Hambone Lake (n = 2) that reflect hydroecological conditions unique
to each lake. Results of the RDA revealed a total of seven variables that controlled
the arcellinidan distribution in Frame Lake (As, Olsen P, Ca, and Silt and Sand
particle size fractions; total variance explained = 43.2%) and Hambone Lake (Silt
particle size fraction, LOI-determined minerogenic content, Ba, and As; total
variance explained = 58.4%). Arsenic was found to be the most statistically
significant control in Frame Lake (total variance explained = 15.8%; p-value =
0.001). Stress-indicating assemblages (e.g. EAC and MAC; ) were associated with
elevated As levels, while stress-sensitive Arcellinida species and strains thrived in
healthier assemblages (e.g. HC and HM; SDI range = 1.8—2.3) that were linked to
low As concentrations and a higher influence of nutrient loading controls like

Olsen P (10.5%; p-value = 0.004) and Ca (9.5%; p-value = 0.003). In contrast, the
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impact of As on Arcellinida distribution was less statistically significant in
Hambone Lake (7.6%; p-value = 0.152), with variables such as silt particle size
fraction (24.4%; p-value = 0.005) and minerogenic content (18.5%; p-value =
0.021) explaining a more significant portion of the total faunal variance. However,
a major increase in the proportion of stress-indicting Arcellinida taxa near the
lake’s outlet, away from the treated tailings effluents discharge location at the
western shore, is consistent with recently recognized spatial patterns attributed to
the post-depositional mobility of As near the sediment-water interface.

Our results also reveal that the disparity in the significance of relative As
influence on the arcellinidan ecology in each lake may have developed due to the
variance in the dominant As mineralization in Frame Lake (As203) and Hambone
Lake (As-sulphides), which is in turn related to the documented difference in ore-
processing practices at the former Giant (roasting) and Tundra mines (free-
milling). Results from this study provide the quantitative evidence for the
sensitivity of Arcellinida to varying levels of As contamination derived from
different As mineral forms and showcases the potential of using this group as a
reliable tool for monitoring As contamination, lacustrine ecological health, and the
progress of remedial efforts in impacted lakes. These results are also significant as
they showcase the potential of using Arcellinida as a reconnaissance tool to
discriminate the dominant As mineral forms, which in turn will further guide and

refine the selection of impacted lakes for As speciation analysis.
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Chapter 6

Conclusions

This integrated Ph.D. dissertation has been based on four research projects,
represented as articles that are published (Chapter 2 and Chapter 3) or submitted
for peer-review (Chapter 4 and Chapter 5). This thesis was designed to further
develop Arcellinida as a robust tool for monitoring changes in As contamination,
lacustrine ecological health, and the progress in remediation in lake impacted by
gold mining-derived As contamination in the central NT, Canada. Results from this
dissertation, therefore, directly support the long-term objectives of a
multidisciplinary and collaborative POLAR- and GSC-funded project that aimed to
develop robust geoscience tools for assessing environmental risk associated with

metal mining in northern Canada.

6.1 A novel Arcellinida sample processing
protocol

The first stage in developing Arcellinida as a reliable biomonitoring tool for As
involved designing and testing a novel sample processing protocol for reducing the
organic content in lake sediment samples, and therefore enhance the quality and
efficiency of Arcellinida analysis (Nasser et al., 2019; Chapter 2). The impact of

using three chemical deflocculation methods (soda ash, KOH, and sodium
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hexametaphosphate) on: 1) organic content reduction; 2) arcellinidan test
integrity; and, 3) test retention and Arcellinida analysis quality in 126 aliquots
from three near-surface lacustrine sediment samples was assessed. The results of

this study reveal that:

1. Treatment with 5% KOH reduced the highest proportion of organic
content, while causing acceptable level of damage to Arcellinida tests that
did not hinder micropaleontological analysis;

2. The treatment led to the identification and enumeration of higher numbers
of arcellinidan tests (47.5—452.7% increase in tests retention in organic-
rich aliquots and 14.8% in aliquots with less organic content); and,

3. The faunal structure of the Arcellinidan assemblages identified in 5% KOH-
treated and control sub-samples were relatively consistent, indicating that
the faunal structure of these assemblages was not impacted by the chemical
treatment.

These results suggest that 5% KOH treatment of Arcellinida sediment samples is
an effective method for enhancing the efficiency of Arcellinida analysis and the quality of
the generated data by reducing residual organic matter that is often found in lake sediment
samples. Improving the quality of data generated from Arcellinida analysis is particularly
significant in order to ensure that the reliability and consistency of using the group as a

biomonitoring tool.
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6.2 Arcellinida assemblages homogeneity and

inter-annual dynamic

Assessing Arcellinida assemblages faunal homogeneity in similar lacustrine
environments and their response to short-term environmental changes (i.e., inter-
annual) was another avenue of research that was investigated to further develop
the group as a reliable monitoring tool in general, and bioindicators of As in
specific (Nasser et al., 2019; Chapter 3). This approach is used to evaluate how
representative analyzing one, or few, near-surface sediments are in a lake for
Arcellinida. Commonly only a single sample is collected and analyzed per lake.
Arcellinida species and strains were examined in 22 surface-sediment samples
from similar limnological environments in selected single basin in Lac du Castor
Blanc (Quebec) and Oromocto Lake (New Brunswick). The findings of the study
are listed below:

1. The faunal composition of Arcellinida assemblages found in lacustrine sites
of similar limnological conditions was homogenous. This finding suggests
that duplicate sampling from similar lake environments may not be
necessary to identify Arcellinida assemblage representative of the targeted
lake environments, which is in turn significant when designing sampling
strategies of intra- and inter-lake for environmental monitoring programs;

2. Cluster analysis (supported with PVClust analysis) and BCDM results led
to the identification of two distinct sub-assemblages in Oromocto Lake

(OL10 and OL12) that corresponds to the year the sample were collected
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(2010 CE and 2012 CE) within the same region of Wightman Cove,
Oromocto Lake; and,

3. The OL12 sub-assemblage was characterized by higher proportions of the
healthy-lake-indicating diffluggiid taxa compared to the OL10 sub-
assemblage sample, likely due to a subtle increase in lake organic content
in 2012 CE.

The observed faunal homogeneity of Arcellinida assemblages coupled with
their sensitivity to subtle inter-annual changes in lake environmental conditions
in Wightman Cove, therefore, provides confirmation that Arcellinida can be
successfully used as a tool for monitoring limnological change at short-term time

scales.

6.3 Quantifying the relationship between

Arcellinida and As

6.3.1 Inter-lake spatial survey

To quantify the relationship between Arcellinida and As, Arcellinida specimens
were examined in 93 near-surface samples from 9o lakes located within a radius
of ~ 30 km around the former Giant Mine and the City of Yellowknife, NT, Canada.
The primary objectives of this project were to determine whether Arcellinida
assemblages can be used to delineate the spatial extent of As contamination in the
Yellowknife area, and determine the As tolerance limits of the identified

Arcellinida species and strains. The study reveals the following;:
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1. Redundancy analysis shows that 40.4% of the variance in the identified
Arcellinida assemblages is explained by ten variables, with As being the
most statistically significant (variance explained = 9.4%; p-value = 0.001);

2. Theidentified Arcellinidan assemblages (n = 5) exhibited a clear faunal shift
from stressed assemblages in lakes near the mine (< 10 km) to healthier
assemblages in lakes located > 10 km from the mine site, which is consistent
with the spatial extent of the airborne As contamination zone of immediate
impact delineated by previous regional assessments of the spatial
distribution of As in lake1 water (Palmer et al., 2015) and sediment samples
(Galloway et al., 2017); and,

3. Three arcellinidan groups based on As tolerance limits were statistically
identified. Two of the three groups were successfully used to infer As
concentrations in 20 out of 30 (66.6%) freeze core samples impacted by

mine-induced As regardless of As post-depositional remobilization

The results of this study establish the utility of arcellinidan as bioindicators for
monitoring changes in As concentrations and the ecological health in lakes impact

by mine-induced As contamination.

6.3.2 Intra-lake spatial survey

This research quantified, for the first time, the intra-lake relationship between
Arcellinida fauna and variability of As derived from two former gold mines through

analysis of 40 near-surface sediment samples from Frame Lake (n = 25) in the
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Yellowknife area, and Hambone Lake in the Courageous Lake region in the central

NT (n = 15). The findings of the study are listed below:

1.

Based on the redundancy analysis (RDA) and variance portioning analysis,
seven variables controlled the arcellinidan distribution in Frame Lake (As,
Olsen P, Ca, and silt and sand particle size fractions; total variance
explained = 43.2%) and Hambone Lake (silt particle size fraction, LOI-
determined minerogenic content, Ba, and As; total variance explained =
58.4%);

Arsenic was found to be the most statistically significant control over the
distribution of Arcellinida in Frame Lake (variance explained = 15.8%; p-
value = 0.001), while being statistically insignificant in Hambone Lake
(7.6%; p-value = 0.152);

In Frame Lake, stress-indicating assemblages were associated with elevated
As levels, while healthier assemblages were linked to low As concentrations
and a higher influence of nutrient loading controls like Olsen P (10.5%; p-
value = 0.004) and Ca (9.5%; p-value = 0.003);

In Hambone Lake, a major increase in the proportion of stress-indicting
Arcellinida taxa near the lake’s outlet is consistent with recently recognized
spatial patterns attributed to the post-depositional mobility of As near the
sediment-water interface. This result suggests that As, while statistically
insignificant as a control, is still impacting the Arcellinida populations in
Hambone Lake, albeit at a lower magnitude compared to its influence in

Frame Lake;

252



5. The disparity in the significance of As influence on the arcellinidan ecology
in each lake may be attributed to the influence of different As mineral forms
in Frame Lake (As-03) and Hambone Lake (As-sulphides), which is in turn
related to the difference in ore-processing practices at the former Giant
(roasting) and Tundra mines (free-milling);

Results from this study provide the quantitative evidence for the sensitivity of
Arcellinida to varying levels of As contamination derived from different As mineral
forms and showcases the potential of using this group as a reliable tool for
monitoring As contamination, lacustrine ecological health, and the progress of
remedial efforts in impacted lakes. The discrimination of varying As mineral forms
through assessing Arcellinida assemblages dynamics is particularly significant for
environmental monitoring initiative as it can assist with identifying lakes were As
is possibly more bioavailable due to the nature of the dominant source As
mineralization. Such lakes can then be targeted for more sophisticated

geochemical analysis (i.e. As speciation).

6.4 Potential Areas of Future Work

The objectives of this Ph.D. research, listed in Chapter 1, were successfully
achieved. However, there remains several questions and research directions that
can be investigated to further refining the use of Arcellinida as a geoscience tool
for monitoring mine-derived As contamination. General recommendations for

potential areas of future research work are discussed below:
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% Peatland testate amoebae studies that used chemical treatment to reduce
the organic content of samples often resorted to heating chemically treated
samples on a hot plate to accelerate the deflocculation process (e.g.,
Ellison and Ogden, 1978). It is recommended to investigate the impact of
heating 5% KOH-treated samples on the duration of treatment, reduction
of organic matter, damage to arcellinidan tests, and test retention and
compare these findings with the results generated from treating sample
without heating. Heating chemically treated Arcellinida sediment samples
have the potential of further improving the efficiency of the chemical
treatment protocol, by substantially reducing treatment duration, given

that Arcellinida tests are intact post heating.

X/

% Treatment of lake sediment samples with 5% KOH proved to be effective
in reducing more organic matter when the total organic content of samples
is greater than 20%. However, the value of total organic matter below
which chemical treatment is not necessary can be further refined by
testing the effects of 5% KOH treatment on sample with a wider gradient
of total organic content. Determining such organic content “cutoff” value
will refine the decision of whether using traditional or chemical sample
preparation methods is more appropriate for reducing the organic content

of Arcellinida sediment samples.

X3

% Wall et al. (2010) demonstrated that filter mesh size affects Arcellinida
abundance, species richness, and assemblage structure. It is recommended
that the impact of combining 5% KOH treatment with various sieve mesh

sizes, and sieving durations, on the reduction of organic matter and
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retention of Arcellinidan tests is assessed and quantified. Determining the
optimal combination of chemical treatment and sieving may lead to
further refining the sample processing protocol and potentially reducing
the processing time.

The results of this dissertation confirm the homogeneity of Arcellinida
assemblages in sediment samples from similar lake environments.
However, lake sediments are often heterogenous in composition (Last and
Smol, 2001). It is recommended that the assessment of the homogeneity of
Arcellinida assemblages is extended to include multiple lake environments
and trophic states in order to determine if such environments are
represented by a specific Arcellinida taxon or dominated by distinct
Arcellinida assemblages. Identifying such further enhance the reliability of
using Arcellinida for monitoring environmental change in lakes.
Arcellinida assemblages from similar lacustrine environments proved to
be responsive to inter-annual changes in environmental conditions. Future
work to further confirm the reliability of using the group as a tool for
monitoring tool must involve coupling analysis of Arcellinida assemblage
response to inter-annual and seasonal lake variations in order to identify
any subtle patterns in Arcellinida assemblage dynamics. Such study design
can be carried out by employing a seasonal intra-lake sampling approach
that targets certain sites within selected lakes. Such assessments of
seasonal changes in the arcellinidan assemblage structure may provide a
mean to assess subtle transitions in Arcellinida abundance, species

richness, and faunal composition in response to subtle changes in multiple
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X/
°

parameters (e.g., sedimentological, geochemical, organic, and lake
parameters).

The findings of this dissertation confirm a significant response of
lacustrine Arcellinida to mine-induced Arsenic contamination. However,
impacted lakes and mines investigated in the dissertation are exclusively
located in higher latitudes. Several studies (e.g., Dalby et al., 2000; Roe
and Patterson, 2006) have shown that Arcellinida assemblage composition
and dynamics in lower latitudes differed than that in higher latitudes
lakes. It is, therefore, essential to also quantify the intra- and inter-lake
relationship between Arcellinida and gold-mine derived As contamination
in multiple low-latitude impacted regions to assess the reproducibility of
the results of this thesis and further refine the As tolerance limits of
Arcellinida taxa.

Supplement the spatial investigations of As impact on Arcellinida with
high-resolution down-core assessments to quantify the temporal response
of Arcellinida to As. A recent study by Gavel et al (2018) demonstrated the
sensitivity of Arcellinida to temporal variations in As concentrations. The
study, while proving new insight to the impact of As on Arcellinida
assemblages’ dynamics, was only semi-quantitative in nature and was
conducted at a coarse temporal resolution (1 cm). High-resolution down-
core assessment can be achieved through combining the use of freeze
coring, to collect undisturbed and continuous sedimentary records, and a
custom-build sledge microtome to achieve high-resolution sub-sampling

(temporal resolution of 1 mm). Assessing the response of Arcellinida
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down-core variation in As levels at a higher resolution is imperative for
confirming the sensitivity of Arcellinida to subtle variations in As levels
especially those pertaining to post-depositional mobility of As.

Results of this dissertations suggest the possibility of a direct and/or
indirect impact of As contamination on the abundance, diversity, and
spices richness of Arcellinida in the investigated lakes. However, studies
investigating such effects of As on Arcellinida are currently lacking. More
research investigating direct and indirect effects of As contamination on
Arcellinida with particular emphasis on identifying different As uptake
mechanisms and pathways is required to validate the use of group as a tool
for inferring the dominant As species in lakes sediments. This line of
research can be carried out in the form of a culturing experiment, where
Arcellinida species and strains are cultured and living specimens are
exposed to varying concentrations of As and other environmental controls.
Observation of the response of living Arcellinida assemblages to variations
of As concentrations can be then compared to those made on dead
Arcellinida assemblage (i.e., results from this dissertation and Arcellinida
literature) to confirm whether the identified assemblages are similar or
different in their faunal composition.

The findings of Projects 3 and 4 in this dissertation provides evidence that
the structure of Arcellinida assemblages may be impacted by the type of
food sources available to Arcellinida communities in the sediments of As
contamination-impacted lakes. For example, centropyxids are seen to

thrive in substrates where microbial organisms are abundant (Project 3),
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while some difflugiids thrived in the presence of higher numbers of
pennate diatoms (e.g., D. elegans; Project 4). It is, therefore,
recommended to quantify the relationship between Arcellinida assemblage
composition and the type of available food source to confirm whether
Arcellinida assemblages in lakes near former and current gold mines are
responding to variations in As contamination level, changes in the type of
preferred food sources, or both. Assessment of the response of living
Arcellinida species and strains in a culture experiment to exposures to
varying levels of As contamination and different types of nutrients is an

approach that may also address this research question.
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