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Abstract

Investigating freshwater bacterial community composition and function in

hundreds of Canadian Lakes

Vera Onana, PhD
Concordia University, 2024

Freshwater bacterial communities play important roles in global biogeochemical cycling
and aquatic food webs, yet bacterial diversity, community composition, and community
metabolism in freshwater ecosystems remain less explored compared to terrestrial and marine
ecosystems. In this thesis work, I investigated bacterial communities in hundreds of lakes located
across Canada, a country that contains millions of lakes. Utilizing 16S rRNA and metagenomic
techniques, this research explores diversity patterns, community composition and functional
capabilities of lake bacterial communities and links variation in these three components to human-
mediated alterations, specifically watershed land use types within lake watersheds. In the first
research chapter, I performed an investigation of communities in 403 lakes from seven ecozones.
I identified distinct bacterial diversity patterns between western (Semi-Arid Plateaux, Prairies, and
Boreal Plains ecozones) and eastern (Boreal Shield, Mixedwood Plains, Atlantic Maritimes, and
Atlantic Highlands ecozones) Canada. The identified pattern was primarily influenced by lake
physicochemistry including productivity, ion concentration, and lake depth. Bacterial community
structure was influenced particularly by lake pH and trophic state. In the next research chapter, I
expanded the study to 621 lakes across 12 ecozones and explored variation in diversity and
community composition patterns in relation to water quality and land use. Total phosphorus (TP)
was identified as a key variable shaping community composition, with notable shifts occurring at
110 pg/L TP. Variation in bacterial communities within the Prairies ecozone were driven by
agriculture while urbanisation played a role in structuring community composition within the
Pacific Maritimes ecozone. In the final research chapter, I investigated bacterial functional
capabilities using gene-centric metagenomics. Physicochemical parameters emerged as top
predictors of variation in functional gene composition, with xenobiotics biodegradation and
metabolism notably influenced. Overall, the research presented in this thesis demonstrates that

bacterial diversity, community composition, and community function exhibit variations across



continental and regional scales that can be attributed to within-lake conditions and watershed land

use types.
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Chapter 1: Introduction

1.1 Freshwater microbial diversity

Microorganisms, constituting an incredible 60% of Earth’s total biomass, represent a massive
reservoir of living diversity on Earth (Whitman et al., 1998; Wooley et al., 2010). Despite their
ubiquity, the microbial world remains vastly unexplored, with an estimated 5 x 10** prokaryotic cells
globally, out of which a mere 0.01% have been identified (Jurasinski & Koch, 2011). Microbial
diversity encompasses the variety of microorganisms at the genetic, species, and ecosystem levels.
It encapsulates the ecological complexity in which microbial organisms occur and the ecological
processes they contribute to. Thus, microbial diversity comprises aspects of richness, evenness,
composition, and function (Achtman & Wagner, 2008). Lakes, specifically, emerge as hotspots
teeming with microbial life, housing an extraordinary vastness of bacteria (Newton et al., 2011;
Strayer & Dudgeon, 2010) In freshwater ecosystems, microbial communities exhibit dense
assemblages, showcasing a diverse range of prokaryotic organisms with varied morphology,

physiology, and ecological preferences (Cotner & Biddanda, 2002).

Bacteria in particular, are abundant in freshwater habitats, establishing extensive populations
in both pelagic and benthic regions of lakes and rivers. These microorganisms actively participate
in crucial biogeochemical cycles, influencing various aspects of ecosystem dynamics. Their roles
encompass nutrient cycling dynamics (Arora-Williams et al., 2018; Butman et al., 2016),
decomposition of organic matter, and nutrient release, which are pivotal for sustaining ecosystem
health (Gayer et al., 2021; Stadler et al., 2020; S. Wang et al., 2019). Additionally, they play a central
role in carbon cycling and greenhouse gas dynamics (Bastviken et al., 2011; DelSontro et al., 2018;
Li et al., 2024; Reis et al., 2022). Furthermore, these microorganisms contribute significantly to
supporting primary production (Straskrabova et al., 2005) and influence food web dynamics

(Berman, 1990; Ives et al., 2019; Newton et al., 2011)

Freshwater bacteria play a crucial role as primary sources of food and nutrients for other
organisms within aquatic ecosystem from protists to animals, thereby forming the base of the aquatic
food chain (Burns & Galbraith, 2007). Moreover, aquatic bacteria contribute to maintaining water
quality through processes like denitrification and contaminant degradation (Castellano-Hinojosa et
al., 2017; Wu et al., 2019), thereby enhancing the purification of freshwater resources. The intricate
biological interactions of these microorganisms also contribute to ecosystem resilience (Peter et al.,

2011; Shade et al., 2012), highlighting their indispensable role in the intricate balance of both biotic
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and abiotic systems within lakes. The diversity of microbial life in aquatic ecosystems is closely
linked to various physical and chemical factors, each exerting its influence in complex and often
opposing ways. These factors significantly shape the composition and metabolic functions of
bacterial communities. The field of bacterial ecology delves into this intricate interplay,
encompassing studies at various levels — from individual organisms to entire ecosystems, and
employing diverse tools in molecular biology such as amplicon gene sequencing and shotgun

metagenomics.

Understanding how these abiotic factors sculpt bacterial communities in aquatic
environments holds profound implications for assessing ecosystem health. Microbes demonstrate
remarkable adaptability, swiftly responding to environmental fluctuations with discernible
physiological and metabolic adjustments (Nguyen et al., 2021; Sadeghi et al., 2021). Yet, despite
significant progress in microbiological research, the precise balance between stochastic and
deterministic processes in shaping microbial communities, and their connections to local and
broader environmental parameters, like physicochemical conditions and land use, remain elusive.
While studies have hinted at the influence of ecological factors such as water chemistry (Lindstrom
et al., 2005; Meth¢ & Zehr, 1999; Zwart et al., 2002) water temperature (Pearce, 2008), organic
matter availability (Crump et al., 2003), pH, and water retention time (Lindstrom et al., 2005, 2006)
on aquatic bacterial community composition in lakes, the impact of environmental changes and
anthropogenic activities (e.g. watershed human land use) on bacterial diversity, community

composition and function remain poorly understood.

1.2 Global significance of lakes

Freshwater lakes have significant impacts on global carbon and nitrogen cycling. Lakes are
active sites for the transport, transformation, and storage of considerable amounts of carbon received
from their surrounding terrestrial environment (Toming et al., 2020). In addition, they act as collectors
of terrestrial carbon, with dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC)
being the predominant carbon inputs, whose variability is generally influenced by lake location and
hydrology (Toming et al., 2020). For instance, half of the carbon received by freshwater ecosystems
from the terrestrial landscape is emitted as carbon dioxide (0.2 Pg C/year) or buried in sediments (0.8
Pg C/year) (Lindstrom et al., 2005; Methé & Zehr, 1999; Zwart et al., 2002). Collectively, nearly half
as much organic carbon (OC) as in the world's oceans is buried in lakes globally (42 vs. ~100 Tg C

yr !). Though small lakes (<500 km?) may account for 60-70% of this total OC burial, large
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freshwater lakes still sequester an estimated 6—13% as much OC annually as the world oceans (Alin

& Johnson, 2007).

Similarly, nitrogen cycling in aquatic ecosystems follows a complex series of transformations
that involves a variety of nitrogen (N) forms and oxidation states. It is estimated that 20% of global
denitrification occurs in freshwater, roughly equivalent to the amount of denitrification taking place
in soils (22%) (Seitzinger et al., 2006). Both the oxidized and reduced inorganic N species (NO2™,
NOs™ and NH3) and organic N fractions (DON and PON) are commonly found in freshwater and are
introduced into water bodies either directly, via point sources (wastewater influx, sewage effluent), or
indirectly by non-point sources (agricultural runoffs, road salt). Such nutrient loads are often delivered
to lakes from catchment areas depending on the hydrological processes, particularly from intensively

farmed agricultural watersheds (Robertson et al., 2019).

From time immemorial, humanity has depended on freshwater ecosystems for several survival
necessities including food, energy, water supply, transportation, as well as recreational and cultural
needs (Sterner et al., 2020). Lakes have provided small communities as well as massive cities with
vital ecosystem services such as hydroelectric power generation, and often serve as a source of water
for domestic purposes such as drinking, cooking, or cleaning. Some of the most intriguing
investigations on the ecosystem services provided by lakes have been carried out within the
Laurentian Great Lakes (Steinman et al., 2017), some of which are located in Canada. In North
America, large lakes have been found to be significant in the development of some of the biggest and

most advanced industrial regional economies on the planet (Sterner et al., 2020).

In addition to the key roles played in biogeochemical cycling, ample amount of research has
demonstrated the sensitivity of lakes to climate (Adrian et al., 2009; Butcher et al., 2015; Crossman
et al., 2016; Woolway et al., 2022) and emphasized the fact that lake properties (physical, chemical
and biological) respond in a rapid manner to climate-mediated changes (Adrian et al., 2009). This
suggests that lakes are “sentinels” of climate change because they are sensitive to environmental
changes and can depict changes in the surrounding landscape due to alterations of lake properties

(Carpenter et al., 2007; Pham et al., 2008; Williamson et al., 2009).



1.2.1 The Canadian lake landscape and ecozones

Canada is the country with the most lakes in the world, containing more than 2 million lakes
of all sizes (Minns et al., 2008). Canada hosts about 20% of the world’s freshwater stock and 90% of
its municipal drinking water comes from lakes (Huot et al., 2019). These lakes are scattered across
the longitudinal and latitudinal spread of the country, nestled within unique ecological and
environmental conditions. Canada’s territory is divided into 18 terrestrial ecozones, based on
landforms, soils, water features, vegetation and climatic conditions (Figure 1.1 CCEA, 2016; Wiken,
1986). These ecozones depict unique geologic, climate, terrestrial and environmental
conditions across provinces. Spread across Alberta, Saskatchewan and Manitoba are the Prairies and
Boreal Plains ecozones. Both ecozones are characterised by intensive crop and agricultural
farmland. Lakes within the Prairies are generally shallow and nutrient-rich, with low N:P ratios
and toxic cyanobacteria blooms (Nanayakkara, 2018; Quinlan et al., 2002; Taranu et al., 2010).
These lakes possess a high concentration of ions and generally range from eutrophic to
hypereutrophic. For instance, Lake Winnipeg receives high nutrient loads and algal blooms occur

annually in the lake (Schindler et al., 2012).

In the Boreal Shield ecozone, forestry is prevalent and acidification within lakes in this
ecozone could be related to TP and calcium declines in lakes (Jeziorski et al., 2008; Pinder et al.,
2014; Yan et al., 2008). Generally, regions in Eastern Canada are highly affected by urbanization,
including parts of the Boreal Shield, Mixedwood Plains and Atlantic Maritime ecozones. For instance,
the Mixedwood Plains ecozones, spanning the provinces of Ontario and Quebec is recognised as the
industrial and urbanisation heartland of the country. Lakes within this ecozone are known to be deeper,
range from oligotrophic to intermediate trophic levels and are less nutrient-rich when compared to
the Prairies (Figure 1.2). A description of predominant land cover and land use (LCLU) in Canada’s

various ecozones is highlighted in Table 1.
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Table 1 Human Activities within Canada’s Terrestrial Ecozones based on Wiken (1986), Brown et

Lomolino (1998) and (Gibbs et al., 2009).

Agriculture Urbanisation Forestry Pasture
Taiga Cordillera X
Boreal Cordillera X
Montane Cordillera X X
Pacific Maritime X
Taiga Plains X
Semi-Arid Plateaux X X
Boreal Plains X X X
Prairies X X
Mixedwood Plains X X
Boreal Shield X
Atlantic Highlands X X X
Atlantic Maritimes X X

1.3. Major anthropogenic pressures on lake ecosystems

Changes in lake ecosystems could be natural or mediated by anthropogenic activities. Almost
two decades ago, Dudgeon et al., (2006) identified overexploitation, water pollution, flow
modification, destruction or degradation of habitat and invasion by exotic species as five leading
causes of population declines and range reductions of freshwater organisms worldwide. However, the
current geological era has seen more destruction bringing about multiple new, intensified, and varied
threats that impact freshwater systems. Reid et al. (2019) identified a dozen emerging threats to
freshwater biodiversity that could be categorized as naturally occurring or induced by human

activities. Also, over the last two decades, a considerable growth in interest in potential multiple
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stressor problems has been observed (Craig et al., 2017; Ormerod et al., 2010; Vérosmarty et al.,
2010). First is the increasing allocation of freshwater resources for human use in addition with
escalating impacts from human activities (Strayer & Dudgeon, 2010). Second is that human effects
on fresh waters often occur in combination, either because different activities coincide (e.g.
urbanisation with industry, agriculture with water extraction, or biomass exploitation with invasive
species release) or because they affect freshwater ecosystems through multiple pathways. Lastly,

climate change is expected to have widespread direct and indirect effects on fresh waters.

In this thesis, we investigated the impact of such anthropogenic pressures on lake ecosystems,
focusing on bacterial diversity, community composition, and function. Our focus has primarily
revolved around understanding the repercussions of watershed land use types, with particular
emphasis on agriculture and urbanization. These investigations were conducted in regions where these
land use types are prevalent, spanning the longitudinal and latitudinal scale of the Canadian lake
landscape. This is because we have identified an expansive ecoregional versus continental scale
gap in studying watershed human impact influence on bacterial diversity, community composition,
and function across the nation. These gaps may be attributable to challenges such as the fact that most
aquatic research focuses on macro-organisms such as zooplankton and fish, the financial cost of
conducting a continental-scale study in a country with a massive landmass and millions of lakes, the
prevalence of localised freshwater studies that primarily focus on one ecoregion and the paucity of
water column bacterial studies. Consequently, bridging these existing knowledge gaps requires
carrying out a novel ecoregional versus continental scale analysis of human influence on bacterial

diversity, community composition, and function across Canadian lakes.
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1.4 Associating changing environmental conditions in lakes to bacterial diversity, composition,

and function

Changes in environmental conditions influence lakes in diverse ways (Figure 1.3). Since lake
ecosystems are made up of physical, chemical, and biological properties, the prevailing lake
conditions are an interplay of these properties. Lakes may be shallow or deep, of different
ages, nutrient-rich or nutrient poor, depending on the unique environmental forcings in play.
Changes in physical conditions within lakes could affect temperature, pH,
concentrations of nutrients, ions, chlorophyll-a, turbidity, specific conductance, dissolved
oxygen, dissolved organic and inorganic carbon. However, lakes do not exist in isolation, but
are interconnected with the surrounding terrestrial ecosystem. Therefore, watershed soil
variables like soil pH, location of lakes, and climatic influences also influence prevalent lake
conditions. Since bacterial communities in lakes respond to within lake environmental changes,
they are often used as a biological indicator of ecological changes in the lake environment.

Previous studies have showed that environmental 8



variables, such as organic matter and nutrient concentration (Comte & del Giorgio, 2010;
Lindstrom et al., 2010; Ylla et al., 2013) are significant factors influencing the bacterial diversity,

community structure and function in lakes.

1.4.1 Physicochemistry

Lakes, even within the same geographical region, exhibit considerable variation in their
physicochemical properties, both spatially and temporally, influenced by factors such as their origin,
age, and trophic state (Clement et al., 2015). These distinctive attributes profoundly influence
microbial communities and the biogeochemical processes they govern, as microbial compositions
are intricately intertwined with local environmental conditions. There is a growing body of evidence
suggesting a connection between changing environmental conditions in lakes and bacterial
communities within lakes (Schindler et al., 2012). For example, in the freshwater lakes surrounding
Beaver Island, Michigan, situated within the Laurentian Great Lakes region, a sampling campaign
was conducted to explore the correlation between microbial communities and local physicochemical
parameters in surface water and bottom water habitats (specifically, the epilimnion and hypolimnion
during stratification). These selected lakes were characterized by distinct and divergent
physicochemical attributes (Clement et al., 2015), making them ideal candidates for the
investigation. The investigation revealed significant relationships between environmental factors
and microbial community composition, highlighting correlations between community structure and
various parameters such as dissolved oxygen, dissolved organic carbon, and temperature (Hengy et
al.,2017). Despite the proximity of lakes to Beaver Island, the exhibition of diverse physicochemical
characteristics suggests that environmental factors may exert stronger constraints on microbial
communities than geographic distance. These findings by Hengy et al. (2017) thus aligns with
previous existing theories that emphasize the predominant influence of environmental conditions on
microbial community structure within lakes, with geographic proximity playing a secondary role
(Van der Gucht et al., 2007; Yannarell & Triplett, 2005).

Similarly, physicochemical factors such as temperature, light availability, and total oxidized
nitrogen were found to correlate with variations in microbial community composition within the
Laurentian Great Lakes (Paver et al., 2020). This trend was also observed in Lake Erie, where
previous studies had revealed the impact of phosphorus loading on biotic carbon flow within the
ecosystem (DeBruyn et al., 2004; Jankowiak et al., 2019). Also, microbial metabolic activities

related to carbon, nitrogen, and sulfur cycles in 51 Qinghai-Tibet Plateau lakes were linked to
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variations in microbial community composition. These variations were found to be correlated with
environmental factors, particularly elevation and salinity (Zhao et al., 2023). Similar observations
were recently made in Canadian lakes, where lake trophic state emerged as a prominent driver of
both taxonomic and functional diversity among metagenome-assembled genome (MAG)

assemblages (Garner et al., 2023).

1.4.2 Lake Morphology

Lakes come in various shapes and sizes, with differences in area and depth. This diversity in
lake morphology is often indicative of factors such as the lake's age, origin, chemical composition,
and the organisms inhabiting it. The shape and volume of a lake play crucial roles in its physical and
biological dynamics (Wetzel., 2001; Copetti et al., 2020). For instance, the lake’s shape is influenced
by the surrounding landscape and significantly impacts the underwater environment. Lakes with
numerous small inlets and bays, for instance, tend to warm up rapidly and are less affected by wind
compared to larger, more open bodies of water (Karamigolbaghi et al., 2019; Pilla et al., 2020). In
lakes, a phenomenon known as stratification, or lake zonation, is the formation of distinct depth
layers that play a vital role in shaping the entire aquatic ecosystem, including microbial
communities. Studies have underscored a notable correlation between the depth profile and
microbial community structure in lakes, revealing distinct bacterial communities within various
layers of the aquatic environment. These layers include the epilimnion, characterized as a well-
mixed layer functioning as a bioreactor for primary production; the metalimnion, situated between
the epilimnion and hypolimnion layers; and the hypolimnion, serving as a sink for biomass
accumulation and remineralization (Clement et al., 2015). Therefore, deep lakes and shallow lakes
support different microbial communities as deep lakes have well stratified water sections (De Wever

et al., 2005).

Such physical conditions within a lake often govern the depth-dependent distribution of
bacteria in the lakes. While pioneering work on the depth-dependent community structure of
bacterioplankton was performed in oceans (De Wever et al., 2005; Fuhrman et al., 1992; Giovannoni
et al., 1990), some studies have also been carried out on the depth distribution of microorganisms in
freshwater lakes (Keshri et al., 2018; Salcher et al., 2010). In a deep meromictic lake in high Arctic

Canada, bacterial and archaeal community composition was determined by Comeau et al., (2012)
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using high-throughput 16S rRNA gene amplicon techniques. The researchers reported that both
prokaryote communities were stratified by depth. In addition, when taxa were matched to known
taxon-specific biogeochemical functions, a close correspondence was found between the depth of
functional specialists and chemical gradients. They concluded that a pronounced vertical structure
in taxonomic and potential functional composition existed within the lake. Similarly, in the
Laurentian lakes, Paver et al., 2020 demonstrated bacterial communities were distinct across depth
profiles across seasons. Bacterial diversity patterns in hypereutrophic shallow lakes versus
mesotrophic deep lakes of Turkey were also reported to be distinct by Ozbayram et al., (2021)

wherein higher bacterial diversity and abundance was observed in shallow lake Manyas.

1.4.3 Geographic conditions

Geography can significantly influence the structure of ecological parameters and a
geographical perspective is often valuable in understanding lake ecosystems. For instance, a study
on epilimnetic bacterial community composition in Wisconsin lakes by Yannarell & Triplett, (2005)
suggested that differences attributed to lake productivity may also be related to regional differences
between northern (oligotrophic) and southern (eutrophic) Wisconsin lakes. This highlights the
potential confounding effects of geographic details in study designs. Limnologists argue that a lake's
position in the landscape can impact various aspects of its ecology. Additionally, research indicates
that a wide range of biological and environmental variables tend to correlate with a lake's landscape
position (Quinlan et al., 2003; Riera et al., 2000). Typically, there is an increase in bacterial
community dissimilarity (or a decrease in similarity) with increasing geographic distance, a
phenomenon known as the distance-decay relationship (Nekola & White, 1999). This relationship
may be attributed to variations in environmental factors, including temperature, which tend to be

correlated with geographic distance.

In 2020, Kraemer et al. employed advanced spatial modeling techniques, specifically Moran’s
eigenvector maps (MEMs), to analyze the geographic patterns of over 200 eastern Canadian lakes
spanning four ecozones — Mixedwood Plains, Atlantic Highlands, Atlantic Maritime, and Boreal
Shield. Unlike traditional distance-decay relationships, MEMs allow for the modeling of complex
spatial effects, capturing both similarities among nearby lakes and spatial decay over varying scales.

Through this investigation, Kraemer et al. (2020) were able to disentangle the effects of geography
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from environmental factors in eastern Canadian lakes and demonstrated that while geographic
variation, did not significantly impact bacterial diversity metrics such as the Shannon—Weaver
index (which takes into account the diverse number of species and their relative abundance),
it was associated with Chaol richness (total number of species) in lakes across the region. In
the same vein, Obieze et al. (2022) demonstrated that species distribution within Osisko Lake,
in the center of Rouyn-Noranda in Quebec, Lake Winnipeg in Manitoba, and McClelland Lake

in Alberta were marginally influenced by geographic distances across the Canadian land mass.

1.5 Influence of watershed land use types on bacteria

1.5.1 Influence of agriculture within lake watershed on bacteria

Chemicals originating from agricultural landscapes, including fertilizers and pesticides,
represent prevalent sources of disturbance for freshwater ecosystems (Vordsmarty et al., 2010),
often resulting in eutrophication (Keatley et al.,, 2011; Taranu & Gregory-Eaves, 2008) and
biodiversity decline (Stehle & Schulz, 2015). Agricultural runoffs introduce limiting nutrients,
herbicides, and insecticides to water bodies, which potentially interact to influence aquatic microbial
taxa because some taxa may be less tolerant to agricultural contamination than others (Allen et al.,
2021; Bani et al., 2022; Stehle & Schulz, 2015). Studies in aquatic ecosystems have shown that land
use and other human activities in varying thresholds can influence the microbial content of these
systems (Chen et al., 2018; Kraemer et al., 2020). Lakes are recipients of external materials from
their encompassing watershed areas, which may be of point or non-point sources, thus shaping
bacterial community composition (Nifio-Garcia et al., 2016). While contaminants introduced from
within watersheds can influence patterns of bacterial diversity, they may also alter interaction within
bacterial community and their metabolic capacities (Kiersztyn et al., 2019). This is because bacterial
communities contribute substantially to ecological functioning of lakes (such as nutrient cycling).
In a study conducted in German lakes, Marmen et al. (2020) found that land use within the drainage
basin of 21 interconnected lakes could partially predict nitrite and nitrate concentrations in the water.
These nutrient concentrations, along with temperature, chlorophyll-a, and total phosphorus, showed

some correlation (both positive and negative) with bacterial community structure.
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1.5.2 Influence of urbanization within lake watershed on bacteria

Global urbanization has rapidly increased throughout the last six decades, and by 2050, it is
estimated that two-thirds of the world population will live in urban settlements (Ritchie et al., 2018).
Urbanization severely impacts Earth’s ecology in diverse ways. Effects of urbanisation range from
alteration of natural habitats (Marzluff, 2001) and of species composition, to disruption of
hydrological systems (Arnold Jr. & Gibbons, 1996; Booth & Jackson, 1997), as well as distortion of
energy flow and modification of lake biogeochemistry (Grimm et al., 2000). Surface water quality is
most commonly impacted by urbanization activities. These effects include biodiversity reduction and
alteration due to the significant loading of pollutants from point and non-point sources as well as

impervious surfaces (Glinska-Lewczuk et al., 2016).

In aquatic ecosystems, urbanization alters ecosystem functioning through the movement,
magnitude, and content of surface water runoff (Alberti et al., 2007; Allan, 2004; Hale et al., 2015).
Changes in microbial diversity and composition in aquatic ecosystems have been linked to
urbanization (Belt et al., 2007; S.-Y. Wang et al., 2011). In freshwater tidal wetlands near Washington
DC and Buenos Aires, for instance, alteration in prokaryotic community composition along urban
gradient was recorded (Gonzalez Mateu et al., 2019). Scientific investigations have uncovered
impacts of urbanization on microbial community diversity in other aquatic ecosystems such as streams

and rivers (Hosen et al., 2017; Medeiros et al., 2016; L. Wang et al., 2018; Yu et al., 2020).

In lakes, the relationship between urban development and biodiversity patterns has only been
minimally explored. Despite the recognized effects of nutrient loading on aquatic systems, the
influence of urbanization on the bacterial community composition of these systems is not fully
understood (Newton & McLellan, 2015) but some work has been done in Canada. Kraemer et al.
(2020) in a regional study using a subset of dataset used in this thesis showed that urbanization
explained variation in bacterial community composition within the Boreal Shield and Atlantic
Maritime ecozones, two of the four ecozones that make up the Eastern Canada lakes. Similarly, Garner
et al., (2023) revealed the influence of urbanisation on MAG assemblages at the continental scale,

encompassing 12 Canadian ecozones.
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1.6 Assessing microbial diversity in the environment

The identification and characterization of bacterial populations in freshwater lakes provide
valuable insights into the ecological niches inhabited by bacteria across diverse freshwater
ecosystems. There are multi-faceted methods for assessing and characterising microbial
community diversity, composition, and metabolic capacities in aquatic ecosystems. The traditional
method of studying the physiology of microbial cells was to isolate and cultivate pure cultures
from a community to identify and characterise a specific organism (Bussmann et al., 2001).
Traditional methods for bacterial identification typically involve phenotypic characterization of
the target organism through techniques such as Gram staining, culture-based methods, and
biochemical assays, as well as the utilization of various carbon, nitrogen, and phosphorus sources
(Shafi et al., 2017). Microbiologists commonly employ a range of selective, non-selective, and
differential media for the enrichment, isolation and identification of bacterial strains (Dyall-Smith
& Oren, 2006) but the assessment of bacterial diversity using cultivation-dependent methods has
been reported to generate erroneous information owing to the existence of many unculturable
bacterial species (Pearce et al., 2003). While certain clades of aquatic microbes may now have
cultured representatives (A. C. Martiny, 2019), several more remain uncultivated making this
method capture far less diversity and richness than exists in the environment (Vaz-Moreira et al.,
2011). Hence, methods of analysing aquatic microbial diversity have shifted from cultivation-

dependent approaches to molecular gene-based cultivation-independent approaches.

1.6.1 16S rRNA gene amplicon technique

Challenges associated with cultivation-dependent strategies were solved using nucleic acid-
based sequencing of universal phylogenetic markers like the small-subunit ribosomal RNA
(rRNA) genes from microbial communities. This method was based on work pioneered by Carl
Woese and others who constructed the universal tree of life in 1987 (Woese 1987; Woese & Fox,
1977). The 16S rRNA gene plays a pivotal role in the study of bacterial evolution and ecology due
to its ubiquity across all cellular life, high sequence conservation, and a domain structure with
variable regions. These properties have led to two significant revolutions and have transformed
our understanding of evolution, shifting from a five Kingdom to a three Domain paradigm. It
provides an objective phylogenetic framework for classifying cellular life, enabling a more
accurate depiction of evolutionary relationships (Woese 1987). Through the cloning and

sequencing of 16S rRNA genes directly from the environment using conserved broad-specificity
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PCR primers, a vast extent of microbial diversity that far surpasses what was previously known
from culture-based studies has been revealed, highlighting the importance of non-culturable

microorganisms in ecosystems (Pace, 1997).

Ever since, rRNA gene sequence analysis has empowered microbial ecologists to discern
phylogenetic identity and relative abundance of microbial community, advancing a remarkable
comprehension of the intricacies within the aquatic microbial realm. For instance, in 18 freshwater
lakes located in North America, Newton et al., (2007) investigated the prevalence and abundance
of members of the ac/ lineage of Actinobacteria and demonstrated that both phylogeographic
patterns in the landscape and environmental filtering by lake pH contributed to the ac/ community

structure. Such findings were made possible by 16S rRNA gene technique.

Intriguingly, most 16S rRNA surveys have been performed in marine and soil habitats. A
phenomenal example in the Sargasso Sea is the phylogenetic analysis of sequences from marine
environments that revealed habitat-specific phylogenetic clusters. The most prominent are the SAR
clusters, monophyletic lineages of solely marine 16S rRNA sequences (Giovannoni et al., 1990;
Mullins et al., 1995) but some freshwater-specific clusters of the SAR11 have been recovered
in lakes from North America and Europe using 16S rRNA methods (Zwart et al., 1998). In
comparative studies investigating cosmopolitan phylogenetic clusters of freshwater bacteria,
Glockner et al. (2000) recovered a total of 190 full and partial 16S rRNA sequences from three
different lakes — Lake Gossenkollesee, Austria; Lake Fuchskuhle, Germany; and Lake Baikal,
Russia. The authors’ combination of phylogenetic analysis and Fluorescent in Situ Hybridization
was used to reveal 16 globally distributed sequence clusters, confirming a broad distribution,
abundance, and high biomass of members of the class Actinobacteria in freshwater ecosystems.
More recently, 16S rRNA gene analysis methods have been used, for example, to assess seasonal
dynamics of lotic bacterial communities in a Norwegian rural creek named Grytelandsbekken
(Paruch et al., 2020), to elucidate spatio-temporal dynamics of bacterial communities in the great
lakes (Shahraki et al., 2021) and to reveal the influence of land use on lake bacterial communities

in eastern Canadian lakes (Kraemer et al., 2020).
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While the 16S rRNA gene technique boasts numerous strengths, recent scientific
advancements have brought to light some limitations. These include potential inaccuracies in
representing microbial communities due to biases introduced during molecular community
analysis. Various methodological factors, such as sample handling, DNA extraction, and PCR can
introduce biases (Case et al., 2007; Egert & Friedrich, 2003; Polz & Cavanaugh, 1998).
Additionally, the existence of multiple heterogeneous copies of the 16S rRNA gene within a
genome can further contribute to inaccuracies (Crosby & Criddle, 2003). Moreover, 16S rRNA-
based techniques have other known challenges, including short read lengths, sequencing errors,
variations arising from the selection of different gene regions, and challenges in assessing
operational taxonomic units (OTUs) (Poretsky et al., 2014). Therefore, using a single marker gene
to assess diversity is challenging due to the prevalence of horizontal gene transfer and the difficulty
in defining bacterial species (Konstantinidis et al., 2006), as well as the limited resolution of the
16S rRNA gene among closely related species. Indeed, while small subunit rRNA genes serve as
valuable phylogenetic markers, they do not provide insights into the metabolic capabilities of

microbial communities, rendering them unsuitable for functional studies.

1.6.2 Metagenomics

The term metagenomics was first defined by Handelsman in 1998 as estimating the total
genetic material of any microbial communities, providing microbial and genetic diversity, and
metabolic processes in a confined environment (Handelsman et al., 1998). In contrast to amplicon
sequencing and its limitations, whole-genome shotgun metagenomics provides a comprehensive
view of microbial communities, surpassing taxonomic composition and bypassing primer biases
introduced during PCR amplification. This approach allows for the sequencing of genomes within
an environmental sample, enabling the exploration of who is present in a community (taxonomic
structure), what they are doing (functional structure), and how these microorganisms interact to
maintain ecological balance. This capability marks a significant advancement over amplicon-based

methods (Oulas et al., 2015; Quince et al., 2017).

Recently, low-cost next-generation sequencing (NGS) technologies and advanced
bioinformatics techniques for developing metagenomic libraries have become important tools in
metagenomics (Slatko et al., 2018). Due to such advances, the lack of need for the construction of

clone library has enabled massive parallelization of NGS techniques and has brough about greater
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yield of DNA sequence data, providing remarkable insight into the genetic potentials of microbial
communities (Sunagawa et al., 2015). This has enhanced the elucidation of metabolic properties
of microbial communities, enabling the identification of novel pathways with significant

functionalities and applications.

Function-driven metagenomics using the presence of protein coding genes in aquatic
samples can help to not only identify what microbial groups are changing within lakes, but also to
determine if variations in taxa translate into changes in prevalent protein coding genes that infer
microbial functional capabilities with respect to changes in lake environmental conditions. This
can help analyse the impact of environmental alterations and water quality on microbial diversity
and functions. Therefore, metagenomics is important in conducting systematic analysis of changes
occurring in diverse microbial communities within lakes. Metagenomic studies in aquatic
ecosystems have revealed profound findings, such as stronger influence of human activities on
antibiotic resistant genes (ARGs) and metals resistant genes (MRGs) within coastal areas than
those in deep ocean and Antarctic seawater (Y. Yang et al., 2019), and exacerbation of ARGs by
veterinary and human antibiotics use in Canadian lakes (Kraemer et al., 2022). Several other novel
insights of metagenomics in aquatic microbial ecology have been described in a review by Grossart

et al. (2020).

While metagenomics offers valuable insights, it is not without challenges. Generally,
reference databases used for classifying microorganisms are limited, leading to unresolved
sequence reads. Also, metagenomics only provides information on the potential functional
properties of microbial communities based on gene presence, without indicating gene expression
levels. To address these limitations, and identify which metabolic genes are actively expressed in
a given environment, post-genomic analyses such as metatranscriptomics may be necessary

(Aguiar-Pulido et al., 2016).

1.7 Thesis objectives, research questions, and expected contributions to knowledge

Until 2017, there was no standardized nationwide water quality assessment across Canada.
Scientists from provincial and federal governments as well as universities across Canada had
identified this gap. This led to the formation of an academic-government coalition aimed at filling in
the information gap to effectively understand freshwater resources in Canada and thus provide

evidence-based insights to their management and protection. The NSERC Canadian Lake Pulse
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Network was developed in July 2016 and brought together a wide array of experts to investigate the
response of lakes to anthropogenic stressors, and to assess how these responses can in turn be used as
predictors of ecosystem health. Since LakePulse defines “health status” as the departure (“sickness”)
of a lake from its natural (“healthy”) state, altering its ability to provide the ecosystem services (Huot
etal., 2019), an ecosystem transmogrified by human activities is often times unhealthy. Unfortunately,
the reality of this century is that freshwater resources are under mounting pressure from accelerated
lake eutrophication in agricultural regions due to increased contamination from diverse sources and
cyanobacterial blooms. Land use has reportedly caused shifts in landscape properties, affecting how
natural lakes function. However, the extent of these changes across Canada is unclear and establishing
the link between human activities, lake bacterial diversity, community composition, and function is

one of LakePulse’s most pressing environmental questions.

The LakePulse field campaign ran over three years (2017 to 2019) and led to the sampling of
664 lakes across 12 Canadian ecozones wherein over 100 variables (describing biological, chemical,
optics and lake characteristics) were collected and analysed per lake. This sampling effort provided a
massive resource for interdisciplinary lake studies including aquatic microbial ecology. This thesis
contributes to the second research theme of the LakePulse network which asks the question “How are
microscopic species affected by lake changes? How can they be used as indicators of lake health?”
By deploying tools in aquatic microbial ecology, specifically metagenomics, this thesis gleans into
the epilimnion of over 600 Canadian lakes to decipher the responses of lake bacterial communities to
alterations in environmental conditions induced by human activities at the continental scale and

regionally.
This thesis is based on the following broad research questions:

1. What are the impacts of watershed environmental conditions on bacterial diversity and

community composition in lakes across Canada?

2. How do drivers of bacterial community composition, specifically water quality and land

use, vary at the continental scale and within different regions of Canada?

3. How is bacterial community function (i.e. metabolic capacities) impacted by watershed

environmental conditions and human land use?

In this thesis [ am investigating the following hypotheses:
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1. At the continental scale, local environmental and limnological conditions within lakes
(e.g. trophic state, nutrient concentrations) will bring about alterations (decline or
increase) in bacterial diversity and a shift in taxonomic composition within lakes and

across the continental scale.

2. Environmental drivers of bacterial diversity and community composition vary in
different regions based on environmental heterogeneity. Microbial groups will respond

differently to trophic state and land use types across different Canadian ecozones.

3. Metabolic capabilities of lake bacteria will be influenced by physicochemical properties

within lakes and prevalent human land use type with the surrounding lake watershed.

This thesis is presented in three research chapters that explore each of the overarching research
questions in detail. This thesis is expected to have resolved changes in bacterial diversity,
community composition and functional capabilities consequent on changing environmental
conditions and prevalent land use types in 621 Canadian lakes and for the first time and itemize
specific bacterial clades as positive or negative indicators of environmental changes. In addition, it
is expected to have resolved what metabolic pathways of lake bacteria are most susceptible to either

physicochemical conditions or watershed land use type across the continental scale.
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Chapter 2: A large-scale assessment of bacterial diversity and community structure across

environmental gradients in Canadian lakes

2.1 Abstract

Freshwater bacteria are a critical component of lake ecosystems and play essential roles in
nutrient cycling that supports aquatic food webs. However, bacterial biodiversity patterns and the
factors that shape these patterns are not well described, especially at large landscape scales. In this
chapter, we investigated bacterial diversity and distributions across Canadian lakes at the continental
scale. We generated a 16S rRNA amplicon dataset encompassing 403 lakes situated across a large
and environmentally heterogenous area of the Canadian landscape encompassing 7 distinct ecozones.
We identified a broad scale pattern in diversity, where lakes located in the more northwestern
ecozones exhibited higher richness than those in the southeastern ecozones. These change in diversity
were linked to lake productivity, ion composition, and lake depth. Cyanobacteria, Bacteroidetes, and
Firmicutes were enriched in nutrient-rich lakes, while Verrucomicrobia were enriched in nutrient-
poor lakes. Variation in bacterial community structure was most strongly related to lake
physicochemistry, particularly lake pH and trophic state. Moreover, nutrient rich lakes in the Prairies
and Boreal Plains often exhibited the most taxonomically distinct communities. Overall, this chapter
is the first to show the major drivers of bacterial diversity and community structure across Canadian
lakes and will serve as a future resource in understanding human impacts on the bacterial component

of lake ecosystems.

2.2 Introduction

Lakes cover less than 2% of Earth’s surface area (Verpoorter et al., 2014; Messager et al.,
2016) yet play integral roles in global biogeochemical cycles (Tranvik et al., 2018), and provide
valuable ecosystem services (Sterner et al., 2020). Freshwater bacteria are a diverse component of
lake ecosystems and are involved in essential ecological processes such as primary productivity,
organic matter degradation, and nutrient cycling (Cotner & Biddanda, 2002; Linz et al., 2018); as
such, understanding the diversity and environmental drivers of lake bacterial communities is
important and an active area of research. Studies have demonstrated the relationship between
environmental heterogeneity and spatial variation in microbial diversity patterns (J. B. H. Martiny et
al., 2006; Ramette & Tiedje, 2007); for instance, Yannarell & Triplett, (2004) documented the

influence of both distance and environmental factors on bacterial community composition across a
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broad spatial scale (500 km) in northern and southern Wisconsin lakes. In addition to natural
environmental gradients determined by geographical factors such as geology, topography, land cover
and use, and climate, the effects of environmental stressors (chemical pollutants and excess nutrients)
on bacterial communities have been demonstrated by regional water monitoring across Europe (Sacca
et al., 2019; Sperlea et al., 2021); for example, bacterial diversity was shown to increase along a
trophic gradient in which eutrophic lakes were observed to harbour higher diversity than meso-
eutrophic lakes (Kiersztyn et al., 2019). Furthermore, a previous investigation of Eastern Canadian
lakes revealed that local environmental conditions and geographical location altered bacterial

diversity, community composition and interactions among bacterial taxa (Kraemer et al., 2020).

In this chapter, I present a continental scale study of lake bacterial communities across Canada
with the aim of describing how environmental conditions shape bacterial community diversity and
community structure at large spatial scale. The NSERC Canadian Lake Pulse Network (herein referred
to as LakePulse) provides an opportunity to investigate lake bacterial communities at such continental
scale. As part of LakePulse, hundreds of lakes differing in limnological conditions and watershed
characteristics were sampled with the objective of assessing lake health through a multidisciplinary
lens that includes studies in biogeochemistry, lake pathogens, pesticide pollution in lakes, as well as
remote sensing (Huot et al., 2019). To date, LakePulse has contributed a number of insights into lake
microbial ecology, including insights into the biogeography of bacteria in eastern Canada (Kraemer
et al., 2020), protist diversity and metabolic patterns across trophic and land use gradients (Garner et
al., 2022), and distributions of potential pathogenic bacteria, fungi and protists (Oliva et al., 2022,
2023).

The specific objective of this study is to investigate bacterial community diversity in surface
waters of 403 freshwater lakes located across Canadian ecozones using 16S rRNA amplicon analysis.
Ecozones are defined by geologic, landform, soil, vegetation, climatic, water and human factors
present in an ecologically distinctive area, while characterising that area as a discrete system (CCEA
2016). These ecozones therefore, represent large ecological units of interacting biotic and abiotic
factors. Here, we report on the variation in bacterial diversity across ecozones and the environmental
drivers of bacterial community composition. Our study maps bacterial biogeography via a
standardized assessment of diversity and composition across the country hosting the greatest

abundance of lakes globally (Minns et al., 2008).
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2.3 Results

2.3.1 Environmental context of lakes

Bacterial diversity was surveyed in the surface waters of 403 Canadian lakes (43 — 57 °N, 53

— 120 °W) located across 7 ecozones (Figure 2.1). Lakes ranged in surface area (0.007 — 99.66 km?)

and watershed area (0.2 — 37460 km?). The lakes represented a broad gradient in trophic state (total
phosphorus (TP) 3.3 — 2483.74 ng/L) and pH (pH 5.5 — 10.2) (Figure 2.1). Lakes varied in maximum

depths (0.9 — 85 m). Lake and watershed characteristics are included as an extended set of

environmental parameters summarized by ecozone in Supplementary Figure S2.1. Lakes in western

Canada (Semi-Arid Plateaux, Prairies, and Boreal Plains ecoregions) notably exhibited the highest

mean alkalinity, nutrient, and ion concentrations, and were generally shallower and more productive

than lakes in eastern Canada (Mixedwood Plains, Boreal Shield, Atlantic Maritimes, and Atlantic

Highlands ecozones) (Supplementary Table S2.1).
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Figure 2.1 Distribution of lakes across ecozones and trophic gradients. 403 lakes sampled across 7 Canadian

ecozones, capturing a wide longitudinal and latitudinal expanse of the country. The points represent all

sampled lakes within an ecozone and are color coded by trophic gradient spanning from high nutrient to

oligotrophic lakes derived. This gradient was derived from lake phosphorus concentration — hypereutrophic

(>100ug/L; n=

65), eutrophic (35 to 100ug/L; n=

71), mesoeutrophic (20 to 35ug/L; n= 68),

mesotrophic (10 to 20ug/L; n= 147), oligotrophic (4 to 10ug/L; n= 49) and ultraoligotrophic (TP
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concentration, <4 ug/L; n = 3). Light grey regions represent unsampled regions while colored backgrounds

indicate sampled ecozones.

2.3.2 Bacterial diversity

Bacterial diversity was assessed by 16S rRNA analysis and 42,926 amplicon sequence variants
(ASVs) were identified. An ASV accumulation curve showed that the sampling of new ASVs
increased steeply in the first ~200 randomly ordered lakes, indicating that a large-scale sequencing
effort was required to exhaustively capture the bacterial diversity targeted by the PCR primer pair
(Supplementary Figure S2.2.1a). We analyzed ASV incidence to assess the contribution of
individual ASVs to total landscape diversity. A large fraction of ASVs were restricted to one or a few
lakes (Supplementary Figure S2.2.1b). Others were distributed widely, such as ASVs assigned to
Proteobacteria and Actinobacteria which were ubiquitous, yet highly variable in relative abundance
across the 403 lakes. We assessed continental scale patterns in bacterial diversity (Shannon diversity
index (Supplementary Figure S2.2.2), richness (Chaol richness index) (Supplementary Figure
S2.2.3), and evenness (Pielou’s index) (Supplementary Figure S2.2.4). Shannon diversity and
Pielou’s evenness showed similar patterns being elevated in the eastern ecozones (Boreal Shield,
Mixedwood Plains, Atlantic Highland, Atlantic Maritimes) compared to western ecozones (Semi-Arid
Plateaux, Prairies, Boreal Plains) (ANOVA; p = 2.2¢™%) (Figure 2.2a and 2c¢), while richness was
elevated in western lakes (ANOVA; p = 1.88¢ %) (Figure 2.2b), with the exception of bacterial

richness measured in lakes located in the Semi-Arid Plateaux.
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Figure 2.2 Boxplots of bacterial diversity within lakes across ecozones ordered from western to eastern
Canada. (4) Rarefied Shannon diversity index calculated for each bacterial assemblage across ecozones.
(B). Rarefied Chaol diversity index calculated for each bacterial assemblage across ecozones. (C) Pielou’s
evenness diversity index calculated for each bacterial assemblage across ecozones. Boxplots represents
Minimum, QI (Ist quartile), Median, Q3 (3rd quartile), and Maximum. The whiskers represent the
minimum value (lower) and the maximum value (upper) in the data. The bottom edge of the "box" is Q1

and the top edge is O3.

2.3.3 Environmental predictors of bacterial diversity

We investigated the environmental variables associated with diversity patterns across lakes
using a random forest (RF) modelling approach. Models explained a similar degree of variation for
Shannon, Chaol, and Pielou’s diversity indices (55-64 % variation explained, out of bag error rate of
17-19%) (Table 2.1). The strengths of environmental variables within models differed in their
contribution to the three different diversity metrics. To explore variable importance, we categorized
variables as either strong (=>5% variation explained) or intermediate (2-5%) predictors of diversity.
In support of the observation of diversity differences between western and eastern ecozones, longitude
was an intermediate to strong predictor of all diversity metrics (3.2-5.1% variation explained). Partial
dependency plots (PDP) showed an increase in richness and decrease in evenness at 80°W (Figure

2.3a). Latitude was a strong predictor of Chaol richness (8.9%), and an intermediate predictor of
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variation in Pielou’s evenness (4.7%) (Figure 2.3b). We observed a large shift in Chaol at 50°N, with

higher richness in the north, corresponding to the lakes within the Prairies and Boreal Plains.

Upon observing the difference in diversity among lakes in western and eastern ecozones, we
then explored which environmental variables were most important in explaining the difference. A
major difference between western and eastern lakes is their inorganic ion concentration and
productivity level. lon-rich and highly productive lakes are common in the western ecozones, and ion-
poor and lower productivity lakes are common in the eastern ecozones (Supplementary Figure S2.1).
Total phosphorus did not explain significant variation in diversity, however chlorophyll-a did (Table
2.1), and there was a maximum in Shannon diversity at high to intermediate trophic state (eutrophic
to mesoeutrophic lakes) (Figure 2.3¢). In addition, potassium and sulfate concentration were strong
predictors of diversity (11.7% and 6.4%) and evenness (17.4% and 6.6%), but not richness (0.7% for
both variables). PDPs showed a decline of all diversity metrics with increasing potassium and sulfate
concentrations in lakes starting at low levels of potassium (1-10 mg/L) and sulfate (100-500 mg/L)
(Figures 2.3d-e).

The RF analysis identified several additional variables strongly related to diversity patterns.
Maximum lake depth was a strong predictor, particularly for Chaol richness (21.8%) (Table 2.1).
Richness was highest in shallow lakes and declined steeply at a lake depth of 20 m (Figure 2.3f). In
addition, surface water temperature was a strong predictor of variation in bacterial richness (7.8%).
PDPs showed that bacterial richness was lower at temperatures greater than 20°C (Figure 2.3g).
Dissolved organic carbon (DOC) concentrations was a strong predictor of Chaol Richness (6.5%).
Chaol was positively associated with DOC concentration and a pronounced increase in diversity

occurred over the DOC concentration range of 1-10 mg/L (Figure 2.3h).
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Table 2.1 Summary of random forest result on bacterial diversity indices. The most influential

variables are highlighted as well as the overall RF model fit and out of bag error.

Shannon Chaol Pielou’s
Predictor diversity Richness evenness
Rsquared_fitted 0.63 0.63 0.55
Rsquared OOB 0.19 0.26 0.17
Weather
Ice_disappearance julianday 0.76 6.99 1.90
Precipitation_total 7d 0.81 0.31 0.28
Solar radiation net 7d 0.72 1.59 0.00
Temperature mean_7d 0.25 0.30 0.43
Windspeed mean_ 7d 0.32 1.50 0.29
Geographic Variables
Altitude 1.12 2.31 0.88
Latitude 1.71 8.98 4.65
Longitude 3.24 5.08 3.69
Lake/Physical morphometry
Area 1.18 0.14 1.26
Circularity 0.38 0.00 0.48
Discharge 0.51 0.07 0.25
Lakewatershed area ratio 0.82 0.69 0.35
Lake depth 6.42 21.75 1.64
Residence time 0.50 0.22 0.80
Slope 100m 1.79 6.79 0.20
Volume 0.31 0.27 0.23

Watershed area 0.73 0.20 0.33



Shannon Chaol Pielou’s

Predictor diversity Richness evenness

Physicochemical properties

Calcium 3.68 0.46 5.75
Chlorophyll-a 3.69 0.51 2.79
Chloride 1.58 0.20 2.30
Colour 1.37 1.26 1.21
DIC 3.30 0.56 5.37
DOC 0.91 6.46 0.88
Magnesium 4.27 0.64 5.58
pH epilimnion 3.03 0.66 5.02
Potassium 11.65 0.73 17.43
Surface temperature 0.51 7.80 0.02
Sodium 2.82 0.15 3.28
TN 0.89 2.47 0.82
TP 0.95 2.18 1.01
Sulfate 6.38 0.67 6.57

Watershed surface soil

properties

cec mean 0 5 0.19 0.32 0.23
cfvo mean 0 5 2.85 1.01 1.02
clay mean 0 5 0.99 0.11 2.19
nitrogen_mean 0 5 3.12 0.54 2.62
ocd mean 0 5 1.54 1.88 0.06
phh20 mean 0 5 0.63 2.78 1.01
sand mean 0 5 6.71 1.48 4.55
silt mean 0 5 4.31 6.61 1.46
soc mean 0 5 2.00 0.10 2.02

bdod mean 0.5 0.44 0.64 0.55
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Figure 2.3 Effect of geographic and environmental variables on bacterial diversity, richness, and evenness
at the continental scale. Each horizontal panel depicts the relationship between the three diversity indices
(response variables) and a specific geographic or environmental variable. Partial dependence plots (PDP),
based on results from random forest analysis, reveal the mean marginal influence of explanatory variables
on bacterial diversity indices. Each alphabetically labelled horizontal panel represents the effect of one
geographic or environmental variable on response variables. A-B) are PDPs showing the direction of
relationship between Shannon diversity, richness, and Pielou’s evenness Index and geography (longitude
and latitude). C) shows bacterial diversity relationships with chlorophyll-a concentrations. D-E) show the
direction of the relationships between bacterial diversity indices and ionic concentrations of potassium and
sulfate. F-G) show the direction of relationship between bacterial diversity lake depth and surface water

temperature and H) shows relationships with DOC concentrations.
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2.3.4 Bacterial community composition

An overview of bacterial community composition in lakes according to trophic state is
presented in Figure 2.4. Actinobacteriota, Proteobacteria and Bacteroidota dominated bacterial
communities. At the phylum level, observable patterns of taxonomic composition along the trophic
gradient included an increase in abundance of Cyanobacteria and a similar increase of the
Bacteroidota phylum. Firmicutes were most abundant in hypereutrophic lakes (Figure 2.4).
Conversely, Actinobacteriota, Verrucomicrobiota and Proteobacteria phyla were most abundant in

oligotrophic to ultraoligotrophic lakes.
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Figure 2.4 Taxonomic composition of lakes across trophic gradient. Trophic state are as follows:
ultraoligotrophic (TP concentration, <4 ug/L), oligotrophic (4 to 10 ug/L), mesotrophic (10 to 20 ug/L),
mesoeutrophic (20 to 35 ug/L), eutrophic (35 to 100 ug/L), and hypereutrophic (>100 ug/L).
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We explored the variation in bacterial community structure across lakes using non-metric
multi-dimensional scaling (NMDS) analysis (Figure 2.5a). The NMDS ordination showed a
distribution of lakes along axis 1 that was related to lake geographic location and trophic state.
Bacterial community distribution in lakes along NMDS axes 1 were correlated with latitude (r; =
0.44) and longitude (r; = -0.66). Distributions of bacterial communities in lakes along NMDS axes
1 were correlated with trophic gradient represented by total phosphorus (TP) concentration (r; =

0.46), and to a lesser extent to Chl-a concentrations (7; = 0.27) (Figure 2.5b).
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Figure 2.5 Taxonomic composition and distribution of bacteria across 403 Canadian lakes. (A). NMDS
ordination of the taxonomic variation among bacterial communities across 403 lakes (stress = 0.14). (B).
Correlations between sample position along the first two ordination axes and either total phosphorus or

chlorophyll —a.

In the NMDS ordination, we observed a dispersion of hypereutrophic and eutrophic lakes,
suggesting that community composition varies across these high nutrient state lakes. To examine
the taxonomic distinctiveness of individual communities, we quantified local contribution to -
diversity (LCBD) (Supplementary Figure S2.3). Ninety-two lakes in our dataset had significantly
distinct taxonomic composition. Such unique communities were found in the Prairies (27 lakes),

Atlantic Maritimes (20 lakes), Boreal Shield (15 lakes) and Boreal Plains (13 lakes), with a few
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others scattered across other ecozones (Supplementary Figure S2.3). The variation in species
composition among lakes was decomposed into replacement and richness. The result showed that
taxonomic dissimilarities between communities were primarily generated through ASV
replacement (70.1% of total variance) but also, to a lesser extent, differences in ASV richness
(29.9%). Positive correlations were detected between LCBD and a few physicochemical variables,
including lake colour (» = 0.38), potassium (» = 0.35), TN (» = 0.32), DOC (» = 0.30), TP (r =
0.29), sodium (r = 0.25), magnesium (» = 0.24), DIC (» = 0.23) and chlorophyll-a (» = 0.20).
Furthermore, LCBD values showed positive correlations with watershed land use type, agriculture

(r = 0.25) but were negatively correlated with lake morphometry, lake depth (» =-0.29).

2.3.5 Environmental predictors of bacterial community composition

To elucidate the drivers of community composition, we investigated the importance of lake
physicochemistry, watershed soil properties, morphometry, geography, and climate conditions
using generalized dissimilarity models (GDMs). The GDM inferred from lake physicochemistry
explained the largest amount of taxonomic turnover in lake bacterial communities (D?/xon = 48%)
(Figure 2.6a). Lake pH was the most important variable in the physicochemical GDM, and
continuous taxonomic turnover was observed along the full pH gradient of lakes (pH 5.54-10.17)
(Table 2.2; Figure 2.6b); Chlorophyll-a, lake colour, DIC, and potassium concentrations were
additional significant predictors (Table 2.2; Figure 2.6 c-f); total nitrogen and temperature were
also significant, but weaker predictors of community turnover (Table 2.2; Figure 2.6 g-h). In
addition, GDMs pointed to an influence of lake morphometric characteristics on bacterial
communities. Lake morphometry and physical features, comprising maximum depth, and water
residence time, also had relatively strong effects on turnover (D?uon = 12.7%) (Figure 2.6 i-j).
Geographic distance and longitude were important in the geography model. Turnover in bacterial

community composition was observed along 80°W (Figure 2.6 k-1).
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Table 2.2 Percent deviance explained by generalized dissimilarity models (GDMs) fitting the
responses of bacterial communities to different categories of environmental gradients. NS, model

was not statistically significant (P> 0.05).

Deviance

Response explained  Explanatory

variable (%) variable Predictors

Taxonomy 48 Physicochemistry pH (1.51), Colour (0.94), K+ (0.93), Chl a
(0.93), DIC (0.90), TN (0.37), Surface temp
(0.35)

Taxonomy 12.7 Morphometry Max depth (0.68), Residence time (0.45)

Taxonomy 7.6 Geography Longitude (0.46), Geographic distance (0.30)

Taxonomy NS Climate N/A

Taxonomy NS Soil N/A
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Figure 2.6 Bacterial community turn over across geography and environmental conditions. Generalized
dissimilarity models (GDMs) show taxonomic turnover across environmental gradients. A) Summary of
percent deviance explained by models shows that taxonomic composition is most responsive to lake
physicochemistry. B-H) Taxonomic turnover across physicochemical gradients. I-J) Taxonomic turnover

across lake morphometry and K-L) Taxonomic turnover across geography.
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2.4 Discussion

Our continental-scale survey of bacterial diversity presented here encapsulated a broad
heterogeneity of freshwater lakes distributed across the most lake-rich region of Earth (Messager
et al.,, 2016). We elucidated the predictors of bacterial diversity and community composition
patterns across a collection of strategically selected 403 lakes (Huot et al., 2019). Overall, we
detected a spatial structure of bacterial diversity (richness and evenness) related primarily by
geography and lake physicochemistry. Changes in community composition were also largely
related to lake physicochemistry. However, the large amount of variation left unresolved in our

dataset may require further investigations.

2.4.1 A latitudinal gradient in bacterial diversity

One of the most commonly observed large scale spatial patterns in ecology is a latitudinal
diversity gradient, with more species occurring towards the equator (B. Liu et al., 2022).
Although higher diversity at lower latitude is common in macroorganisms, studies in
microorganisms often report an opposite relationship. For example, global studies of marine and
soil bacterial diversity have shown positive relationships between diversity and latitude wherein
marine diversity peaked in temperate latitudes (Ladau et al., 2013) and soil diversity was higher
in temperate forest soils than in tropical or subtropical soils (Fu et al., 2023; Tian et al., 2018).
Interestingly, contrasting reports have also been made in the global oceans wherein a decline in
ocean prokaryotic diversity towards the poles, driven by declining temperature, was observed
(Ibarbalz et al., 2019). Compared to oceans and soils, knowledge about bacterial latitudinal

diversity patterns in lakes remains fragmentary.

Although our study focused on bacterial diversity patterns across a relatively narrow
latitudinal gradient (40-60°N), we observed a positive relationship between diversity and latitude,
with a pronounced increase in bacterial richness at approximately 50°N. Lakes above 50°N were
colder and shallower western lakes (Prairies and Boreal Plains), suggesting temperature and lake
depth are variables contributing to the observed latitudinal pattern. Indeed, we found a moderate
negative correlation between latitude and temperature (» =-0.35) and a weaker negative correlation

with depth (-0.11) revealing a relationship in which bacterial richness declined with increasing
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surface water temperature and maximum depth. In aquatic ecosystems, temperature is known to
influence the rate of chemical and biological reactions (Sun et al., 2022). In our lakes, bacterial
richness was highest between 15-18°C surface water temperature with a decline in richness at
approximately 20°C that continued steadily at higher temperatures. Similarly, bacterial richness
declined with increasing maximum depth, but remained stable beyond depths of 20 m. The high
bacterial richness in western lakes may also result from physical mixing in polymictic lakes, with
approximately 76% of lakes in Prairies and 53% of lakes in the Boreal Plains having no thermal
stratification, in comparison with eastern lakes in which mixed lakes were less than 50% in each
ecozone. Polymixis is present in some western prairies and plains lakes owing to their shallow
depths and this mixing could enhance the resuspension of bacteria from the sediments and littoral
zones into the water column. Also, shallow lakes may have shorter resident times, thereby also
allowing for the infiltration of soil bacteria (Adams et al., 2010). On investigating 15 shallow
lakes with different trophic states in Hubei Province (China), Wang et al., 2022 demonstrated that
Chaol index in shallow, slightly eutrophic lakes were generally elevated (Y. Wang et al., 2022).

2.4.2 A productivity gradient in bacterial diversity

In addition to latitude, productivity-diversity relationships have received considerable
research attention in ecology (Smith, 2007). However, understanding the relative roles of
ecological processes, such as environmental filtering, versus competitive exclusion that could
bring about observable changes in bacterial diversity along productivity gradients remains
elusive. The Lakepulse dataset captured lake productivity along a gradient from ultraoligotrophic
to hypereutrophic. This allowed us to investigate diversity patterns across the full spectrum of
lake productivity. For this purpose, we used chlorophyll-a concentrations as a productivity proxy.
We observed a hump-shaped relationship, wherein diversity showed a clear maximum at
intermediate productivity levels. Bacterial diversity (i.e., Shannon diversity and species
evenness) peaked between 10 to 45 pg/L of chlorophyll-a concentrations and decreased at
concentrations greater than 50 pg/L. Bacterial richness was weakly predicted by chlorophyll-a
concentrations but declined along the gradient. While we sampled a wide range of chlorophyll-
a gradient from 1 to 300 pg/L, it is noteworthy that diversity changes were only observed at the
lower ends of productivity and no change in diversity was observed at the higher end

productivity. Jankowski and colleagues reported a positive linear relationship between bacterial
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richness and productivity in oligotrophic to eutrophic lakes where epilimnetic chlorophyll-
a concentrations ranged from 0.23 to 10.2 pg/L (Jankowski et al., 2014). However, this study,
like some others (Korhonen et al., 2011) was a regional study within the Puget Sound region of
western Washington (USA) and southern British Columbia with a narrower range of productivity

compared to that captured in our study.

In addition to diversity relationships with productivity, we detected a pattern of increasing
bacterial richness as levels of DOC increased. Over the past two decades, rising DOC levels in
freshwater ecosystems related to climate change has been reported across Europe and North
America (Evans et al., 2006). Bacterial diversity is linked with DOC degradation not just in lakes
(Lambert & Perga, 2019) but other bacterial habitats such as the ocean (Chen et al., 2020) and
soil (J. Wang et al., 2021). Increasing bacterial richness in lakes could be a biological mechanism
useful for reducing nutrient concentrations in DOC-laden freshwaters owing to greater variation

in species foraging physiology (Saleem et al., 2016).

2.4.3 Phylum-level variation in bacterial communities

Our results regarding bacterial community composition at a continental scale was generally
consistent with previous reports of bacterial phyla found in other North American lakes (Kraemer
et al., 2020; Linz et al., 2017; Morrison et al., 2017; Mou et al., 2013; Paver et al., 2020; Sadeghi
et al., 2021; Shahraki et al., 2021). Our lakes were replete with major freshwater lake taxa,
including Actinobacteriota and Proteobacteria (Liu et al., 2021; Mateus-Barros et al., 2021;
Newton et al., 2011). We observed a composition shift from communities enriched in
Actinobacteriota (a group of organisms sensitive to nutrient overloading) and Proteobacteria
(adapted to some level of nutrient overloading) to those enriched by Cyanobacteria (phototrophic
nuisance implicated in algal blooms and capable of producing toxins), Bacteroidota (proficient in
the degradation of complex biopolymers and dissolved organic matter) (Newton et al., 2011) and
Firmicutes (possess diverse metabolic capacities) (Martiny et al., 2006) over the trophic gradient.
Obieze and colleagues (Obieze et al., 2022) reported the high abundance of Bacteriodota,
Cyanobacteria and others in Lake Winnipeg which is characterized by high concentrations of

nitrogen and phosphorus.
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The observed shifts in relative bacterial phylum abundances indicated that nutrient loadings
increased within lakes located in the western ecozones of the Prairies, Boreal Plains and Semi-
Arid Plateaux may be attributed to runoffs from agricultural practices within the surrounding
watershed surface soils. The relationship between agriculture and soil bacterial community
composition has been reported with distinct bacterial compositions in agricultural and non-
agricultural soils, even in proximity (Lauber et al., 2013). This may point to the uniqueness of soil
composition in agricultural soil due to the use of fertilizers, most of which can run off into lake
water columns, thereby introducing specific bacterial groups where watershed land use includes
agriculture. The Prairies ecozone, commonly referred to as the “food basket” of the nation is an
agricultural landscape where more than 85% of croplands and pasture in Canada is located (Rchaid
et al., 2022). Therefore, such run-off mechanisms may be influencing the taxonomic distinctness

of bacterial communities.

Unexpectedly, given that they are not typically components of freshwater pelagic
communities, Firmicutes were abundant in hyper-eutrophic agricultural lakes. Abundant
Firmicutes have been detected in soils in long-term agricultural field experiments in Belgium (Liu
et al., 2022). This discovery of Firmicutes in high abundance in high-nutrient agricultural lakes in
our study can be attributed to the diverse metabolic capacity of this group and because species
within this group are known to be motile, tolerant to extreme environmental conditions,
metabolically diverse, and possess specialized carbohydrate decomposition machinery that makes

them highly competitive in nutrient-rich environments (Newton et al., 2011).

At the other end of the gradient, ultra-oligotrophic to oligotrophic lakes in our study were
enriched with Verrucomicrobiota, a metabolically diverse group that has been reported to be active
during winter in ice-covered lakes (Tran et al., 2018). The shift in bacterial community
composition along trophic gradients that was observed may be better explained by focused
investigations into the processes that influence their assembly patterns. Therefore, specific
mechanisms for the observed bacterial community composition shifts requires further

investigation.
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2.4.4 Taxonomic distinctness across lakes

Intriguingly, we found that bacterial communities in eutrophic to hypereutrophic lakes
located within agricultural watershed were the most taxonomically distinct (i.e., significant LCBD
values, n=92) across Canada. Of these high LCBD lakes, 29 lakes (31.5% of lakes with significant
LCBD values) had high Firmicute abundance, ranging from 943 (a Semi-Arid Plateaux Lake) to
41,620 (a Prairie Lake) ASVs. These lakes with high Firmicute abundances were all located within
the western ecozones of the Prairies, Boreal Plains and Semi-Arid Plateaux. This supports our
previous observations of distinct bacterial communities being associated with nutrient-rich lakes.
We detected that shifts in bacterial community composition in our lakes were predominantly a
result of ASV turnover along environmental gradients, with less compositional shifts attributable
to a greater number of bacterial ASVs in some lakes relative to others. For instance, the abundance
of Firmicutes as previously reported in these western lakes displays the observed ASV turnover
within lakes. This explains why some groups of ASVs became dominant along the trophic

gradient, phasing out other groups that are less tolerant to prevailing lake conditions.

2.4.5 Lake pH and other physicochemical conditions drive bacterial community structure

It is generally known that bacterial community structure in lakes is primarily driven by
environmental gradients (Aguilar & Sommaruga, 2020). In this study, we found that the influence
of local environmental factors (i.e., physicochemistry) outweighed the effects of geographic and
lake morphometric/physical features across the continental scale. Water chemistry (but also lake
morphometric characteristics) were similarly reported to be significant drivers of bacterial
community composition in a comparative analysis of bacterioplankton assemblages from six sites
located along coastal regions of Lakes Michigan, Huron, and Erie (Olapade, 2018). In a study of
eighteen southern Canada lakes confined to a single region, comparing the influences of spatial
position and water chemistry on a range of lake communities within various trophic levels — from
bacteria to fish, only local environmental physicochemical predictors explained bacterial
community composition, while higher trophic groups were influenced by spatial predictors
(Beisner et al. 2006). In this study, we found an inter-regional distinction in the taxonomic
distributions of bacterial communities associated to nutrient concentrations within lakes. Clearly,
our high throughput method revealed that lakes were aggregated based on their trophic states
(i.e.,
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a clear clustering of bacterial communities within the Prairies and Boreal Shield ecozones

characterized by eutrophic to hypereutrophic lakes as opposed to lakes in eastern ecozones).

The strongest drivers of bacterial community structure in our study lakes were pH,
chlorophyll-a, lake colour, DIC, TN, potassium, and surface water temperature. Our results
suggest that lake pH drives turnover in bacterial community composition. Studies on bacterial
communities in shallow lakes have mainly focused on sediments at the bottom of the water column
(Pinnell & Turner, 2020; Z. Yang et al., 2021). While similar observations have been made in lake
sediments such as a link between the microbial community structure of Lake Hazen and pH, in the
Canadian Nunavat region (Ruuskanen et al., 2018), relationships between pH and water column
bacterial composition turnover have rarely been reported. Uncovering this trend in Canadian lakes
may be attributed to the wide pH range sampled across the continental scale. This may have made
the uncovering of such links possible in the water column. Ruiz-Gonzales and colleagues (2015)
similarly demonstrated that aquatic bacterial community composition was linked to
physicochemical drivers, primarily pH, water temperature and water residence time, in 296 boreal

rivers and lakes across five regions in northern Quebec (Canada).

Furthermore, we discovered that chlorophyll-a concentrations and lake colour explained a
similar amount of turnover on lake bacterial community structure. Research has demonstrated that
lake nutrients like TP and TN, water colour and chlorophyll-a concentrations exhibit a nested
relationship, described as the nutrient-water color paradigm (Webster et al., 2008). This framework
has been used to characterize lake trophic conditions by relating lake primary productivity to both
nutrients and water colour associated with coloured DOC (Niirnberg & Shaw, 1998). This
paradigm has shown that TP, a limiting nutrient, and water colour, a strong light attenuator,
influence lake chlorophyll-a concentrations (Fergus et al., 2016). However, it is noteworthy that
these relationships could be highly variable depending on specific lake and catchment
geomorphology (Fergus et al., 2016). In mesotrophic Lake Diefenbaker located in the Canadian
Prairies, turnover in phytoplankton biomass was associated with chlorophyll-a concentrations and
lake turbidity; although no relationship with bacterioplankton was investigated (Abirhire et al.,
2015, 2023) as we have done in this study, thereby contributing new knowledge of Canadian lake

bacterioplankton communities.
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2.5 Conclusion

This study reports on the first pan-Canadian examination of lake bacterial diversity and
community structure spanning continental-wide environmental and geographical gradients. We
revealed a latitudinal temperature gradient along the continental scale correlated with lake
maximum depth. This pattern in bacterial richness was attributed to a broad range of environmental
gradients in lakes across the landscape. Water chemistry had the greatest impact on lake bacterial
communities. Our large-scale survey provides new information on prevailing shifts in bacterial
diversity and community composition resulting from long environmental gradients. Our dataset
represents an important new microbial diversity resource from hundreds of lakes in Canada. To
expand these investigations, the next chapter will incorporate land use types across Canada into a
larger dataset consisting of over 600 lakes with the goal of identifying the more specific role of

land use type and water quality in shaping lake bacterial diversity and community composition.

2.6 Caveats

Our analysis explored the influence of geographic and environmental factors on bacterial
diversity and community composition. This limited our ability to investigate land use, biotic
interactions, and their influence on diversity and community composition. Future work is aimed
at examining bacterial co-occurrence patterns, resolving bacterial indicators of lake health as well
as investigating the functional potential of lake communities. As an integral component of lake
communities, bacteria are a valuable tool for detecting the impacts of anthropogenic stressors,
including climate change, on biodiversity and ecosystem services. Their rapid proliferation and
high metabolic rates (Sagova-Mareckova et al., 2021) make them responsive to environmental
shifts such as changes in the physical and chemical characteristics of freshwaters, including the
introduction of pollutants (Pernthaler, 2017). Therefore, more frequent sampling would need to be
done to better resolve bacteria community responses to environmental gradients and change at the

continental scale.
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2.7 Methods

2.7.1 Lake selection and sampling

Surface water was collected from 664 lakes over a three-year period (2017-2019) by the
Natural Sciences and Engineering Research Council of Canada (NSERC) Canadian Lake Pulse
Network field campaigns (Huot et al., 2019). To minimize seasonal variability, sampling was done
in each set of lakes (approximately one third of the lakes were sampled per year) at the period of
peak thermal stratification (July to early September in each year) across 12 terrestrial ecozones —
regions characterised by landform, geology, and vegetation (Wiken et al., 1996). Lakes were
selected based on a random sampling design that was stratified across sizes (0.1-1km, 1-10km, 10-
100km) and watershed human impact index (0-1 HII) to reflect both natural and human-induced
alterations of lake systems. Furthermore, only lakes within 1km from a road, having at least 1m
maximum depth were considered. Experimentally acidified and nutrient-enriched lakes in the
Experimental Lakes Area were not included in our analyses. Saline lakes, identified as having
conductivity > 8,000 puS/cm or total major ions >4,000 mg/L, were likewise removed. For our

study of bacterial communities, a total of 403 lakes were analysed.

All sampling equipment were acid-washed and triple rinsed with lake water before use.
Sampling in each lake was done at the site of maximum depth located by depth sounding with the
aid of available bathymetric maps. Water for assessing bacterial communities was collected from
the euphotic zone (estimated as twice the Secchi disk depth) over a depth of up to 2 m below the
surface using an integrated tube sampler. Carboys were stored in ice-pack-chilled coolers until
water could be filtered on the lake-shore later in the day. Water was prefiltered through 100 um
synthetic nylon mesh and vacuum-filtered on 47 mm-diameter 0.22 um Durapore membranes
through a glass funnel apparatus at a maximum pressure of 8 inHg. Filtration concluded either at
500 mL or upon clogging of the filter. Filters were stored in sterile cryovials at -80 °C. Details for
environmental sampling and field protocols can be found in the NSERC Canadian Lake Pulse
Network field manual 2017 - 2018 - 2019 surveys prepared by Varin and colleagues (NSERC
Canadian Lake Pulse Network, 2021).
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2.7.2 DNA extraction, amplification and sequencing of the bacterial 16S rRNA gene

Bacterial diversity was assessed through the sequencing of 16S rRNA gene fragments
amplified from DNA collected in 0.22 — 100 pm surface water samples., DNA was extracted from
filters with PowerWater kits (Mobio Technologies Inc., Vancouver, Canada) using the
manufacturer protocol including the optional Step 7 described in the manufacturer’s detailed
protocol (i.e., addition of 1 puL ribonuclease A followed by incubation at 37 °C for 30 min). This
was eluted into 50 pl of buffer.

A ~300 bp fragment of the 16S rRNA gene V4 region was amplified with the primer set
515F (5’-GTGCCAGCMGCCGCGGTAA-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-
3”) (Caporaso et al., 2011) under the following conditions: 5 pl Phusion High Fidelity Buffer, 0.5
pul dNTPs (10 mM), 1.8 pl of each primer (5 uM), 0.25 pl Phusion polymerase, 13.65 pul ddH,O
and 2 pl of DNA. PCR conditions were 30 seconds of 98°C, followed by 22 cycles of 98°C for 20
seconds, 54°C for 35 seconds, 72°C for 30 seconds, and a final elongation at 72°C for one minute.
All pre-PCR DNA dilutions and liquid transfers were performed under positive pressure in a UV
cabinet. PCR products were loaded into 1.5% agarose gel and electrophoresed at 80 V for 60 min.

Samples were sequenced on an Illumina MiSeq machine as three separate sequencing runs.

Additional details of PCR step 2 and purification are as follows: Products from four
reactions per sample were pooled and cleaned with the Zymo research DNA purification kit (Zymo
Research, Irvine, USA) according to the standard protocol and eluted into a volume of 30 pl.
Subsequently, barcodes and Illumina adaptors were added in a second PCR reaction (5 pl High
fidelity Phusion buffer, 0.5 pl dNTPs (10 mM), 1.8 pl primer each of PE-PCR-III-F (5 uM) and
PE-PCR-III-XXX (5 uM), 0.25 pl Phusion polymerase, 11.65 pl ddH>O and 4 pl cleaned PCR
product).

PCR conditions were 30 seconds of 98°C, seven cycles of 30 seconds of 98°C, 30 seconds
of 83°C and 30 seconds of 72°C, followed by cooling to 10°C. After the second PCR, the products
were purified using the AMPure kit (Beckman Coulter Diagnostics, Montreal, Canada), following
the standard protocol (except for using 0.8X AMPure XP beads instead of 1.8X). DNA

concentrations were measured using a nanodrop and reactions pooled in volumes containing equal

55



quantities of DNA. Pooled samples were diluted to 10 nM and sequenced using an Illumina MiSeq
machine (three runs total). Each sequencing plate contained two negative controls (ddH>O) and

one DNA sample of a mock community for sequencing quality control.

2.7.3 Processing of sequence data

Primer sequences were removed in Cutadapt v. 3.1 (Martin, 2011). Trimmed reads were
processed into ASVs in R through DADA2 v. 1.16 (Callahan et al., 2016). The DADA2 pipeline
consisted of trimming low-quality end positions, inferring denoised ASVs based on learned
sequencing error rates, merging paired forward and reverse reads, eliminating chimaeras, and
assigning taxonomy. Samples were pooled for ASV inference using otherwise default parameters.
Taxonomy was assigned in TaxAss which classified 16S rRNA gene sequences using both the
curated freshwater FreshTrain v. 2020/06/15 (specific for freshwater bacteria) and SILVA v. 138
reference databases (Rohwer et al., 2018). ASVs were aligned in SINA v. 1.7.2 (Pruesse et al.,
2012) against the SILVA 138.1 SSU Ref NR 99 rRNA gene database (released August 27, 2020)
(Quast et al., 2013). Positions outside a defined range were trimmed off, and ASVs with fragment
lengths under 250 bp or over 260 bp were removed in R. Samples representing negative controls
(sequencing blanks) and mock communities were removed. To create a dataset of bacterial
assemblages, ASVs not assigned at the kingdom rank and ASVs assigned to archaea, eukaryotes,
and chloroplasts were removed. Finally, samples containing fewer than 10000 sequences were
removed; saline, northern lakes (belonging to the Pacific Maritimes, Taiga Plains, Boreal, Taiga
and Montane Cordillera) and experimental lakes were also excluded from this analysis, resulting

in a final dataset of 403 freshwater lake ASV assemblages.

2.7.4 Rarefaction and accumulation curves

Rarefaction analysis on the total data set was done by measuring ASV richness in
assemblages randomly subsampled at each 1,000-sequence step. Taxon accumulation was
estimated in a random ordering of lakes using 100 permutations in the R package vegan (Oksanen

etal., 2019).
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2.7.5 Processing of spatial and environmental data

Meteorological conditions recorded over seven days leading up to sampling were accessed
from European ReAnalysis (ERAS5)-Land hourly reanalysis (Mufioz Sabater, 2019). Data on
watershed slope and lake volume, discharge, and hydraulic residence time were accessed from
HydroLAKES v. 1.0 (Messager et al., 2016). Watershed surface soil properties were accessed from
SoilGrids resolved at 250 m (Hengl et al., 2017) and land cover information was compiled as

described in (Huot et al., 2019).

Specific to GDM analysis, environmental data were categorized into broad groups of
variables for environmental filtering analyses. Latitude and longitude were categorized as
geography variables. Ice disappearance day and meteorological variables (air temperature,
precipitations, wind speed and solar radiation) were categorized as weather variables. Lake
surface area, circularity, watershed slope within 100 m of the shoreline, volume,
maximum depth, discharge, residence time, watershed area and the ratio of lake to watershed
area were categorised as lake physical and morphometric variables. Surface soil properties
(mean bulk density, cation exchange capacity, total nitrogen, pH, organic carbon, coarse
fragments, clay, sand, and silt) were categorized as watershed variables. Major ion (calcium,
magnesium, potassium, sodium, chloride, and sulfate), nutrient (total phosphorus, total
nitrogen, soluble reactive phosphorus, DIC, and DOC), and concentrations, pH, lake colour
and surface water temperature were categorized as physicochemical variables. Missing water
chemistry and lake physical variable data were replaced with ecozone median values. Maps were
constructed in R with the NAD 83 coordinate reference system and using the coordinates of
Canada from the package maps and ecozone shape files sourced from the Canada Council of

Ecological Areas (Wiken et al., 1996).

2.7.6 Estimation of bacterial diversity

ASV composition was randomly subsampled (i.e., “rarefied”) to an equal sampling depth
of 12,138 sequences specifically for the estimation of a-diversity indices. ASV richness
(represented by the Chaol richness index), Pielou’s evenness and Shannon diversity indices were

computed in the R package microbiome (Lahti & Shetty et al., 2017).
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2.7.7 Random (RF) analyses and determination of relationship using partial dependence
plots

RF analysis was used to analyze the influence of preselected groups of variables on
bacterial diversity and richness represented by three main response variables (Shannon diversity,
Richness, and Phylogenetic diversity). RF is advantageous in comparison to traditional regression
techniques because it is considerably less vulnerable to overfitting when processing a large number

of predictor variables as is the case in our study (Matsuki et al., 2016; Ryo & Rillig, 2017).

Here, we used a RF technique based on conditional inference regression trees (Strobl et al.,
2009) developed by Ryo and Rillig (2017). A measure of importance was calculated for each
predictor variable by cross-validating each tree with data not used when the tree was constructed,
referred to as the out-of-bag (OOB) data (Breiman 2001). We conducted separate RF analyses for
each of the three main response variables. In each analysis, 5000 regression trees were used to
obtain a stable prediction using the party package in R (Horton et al., 2019; Ryo & Rillig, 2017;
Strobl et al., 2007; Zeileis et al., 2008). To visualize our results, we created partial dependency
plots (PDPs) of the relationships between each of response variable against scoring predictor
variable from the RF using the R pdp package (Greenwell, 2017). PDPs do not display the data
directly but are projections based on the model inferred by the RF. As such, the range of the
variation displayed on the y-axis is the proportion of the range explained by the variable in question
(according to the RF) i.e. PDPs for the more important predictors will often cover a wider range
of the response scale compared to the less important predictors (Carlisle et al., 2009; Leach et al.,

2018).

2.7.8 Factors relating to bacterial community composition

Ecological community analyses were conducted using the vegan package version 2.5-3
(Oksanen et al., 2019). To visualize dissimilarities in community composition across lakes, we
generated a nonmetric multidimensional scaling (nMDS) plot with a two-dimensional solution
based on Bray—Curtis dissimilarity of Hellinger-transformed community data (metaMDS function

in vegan) for taxonomic variations (n = 403, stress = 0.140).
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LCBD analyses were performed on bacterial composition using 999 permutations on
Hellinger-transformed community data in the R package adespatial as well as B-diversity
decomposition into replacement and richness components. Pairwise dissimilarities between

assemblages were calculated as taxonomic turnover using Bray-Curtis dissimilarities.

Nonlinear relationships between B-diversity and untransformed environmental gradients
were modeled in GDMs in the R package gdm. GDMs work by fitting compositional turnover to
environmental gradients with flexible, monotonic I-splines (Ferrier et al., 2007; Rosauer et al.,
2014). Site-pairs for computing pairwise dissimilarities between sites were weighted
proportionally to the total number of sequences associated with each sample. Variable selection
for GDMs was performed using backward elimination with 100 permutations per step. GDMs

were computed for taxonomic turnover across each environmental category.

2.7.9 Statistical analyses

Data wrangling and statistical analysis were performed in R v. 4.0.4 (R_Core Team, 2018).

2.8 Data availability

Sequence data have been deposited in the European Nucleotide Archive under study accession

PRJEB47327 (www.ebi.ac.uk).
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2.10 Supplementary Figures and Tables

A c E
20 60 30
2 ; e »
L5 i
3 i I a0 2
1 s
2 H 20 10
] H
i, i ” a
o ]
' I
[ : - ] [ ] of B -HanSiSiE-Sn
1% 20 24 100 200 300 100 200 300 20 a0 60 [ 7 [ ) 10
Surface water temperatute (°C) Chiorophyll -a (ug/L) DIC (mgiL) DOC (mgiL) pH
F 30 H 80 J H
s0 b H
40 H
E 40 60 '
20 H
3 2. sf [0
f 30 o
£ 20 i
510 10 '
z 2 1
10 10 4
"
[ i in = - - 0 [ o o "
[] 100 200 300 400 1 2 3 1000 2000 50 100 150 [] 100 200 300
Colour (P1) Total Nitrogen {mg/L) Total phosporus (ug/L) Calcium (mg/L) Chioride (mg/L)
K T Mg, -
| .
Faadl B 60 - Ecozone
Ll K Semi-Arid Plateaux
3 : ® Boreal Plains
g4 1 a0 © Prairies
2 : Mixed wood Plains
£ H Boreal Shield
o B 20 - - Atlantic Highlands
i [ Atlantic Maritime
of ! [ [ o
[] 200 200 600 25 50 500 1000 1500 2000 1600 2000
Magnesium (mg/L) Potassium (mg/L) Sodium (mg/L) Sulfate (mg/L)

Supplementary Figure S2.1 Ranges for physicochemistry and morphometric variables across ecozones

(n =403). Red dotted line represents the mean value of a variable across lakes.
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Supplementary Table S2.1 Mean pH, nutrient, and ion concentration across ecozones, highlighted

ecozone has highest mean values across abiotic variables

Ions (mg/L) Nutrients (mg/L; ug/L) pH
Cl SO4* | Ca?** | K* | Mg?" | Na** | TN | TP DOC | DIC | Chla

Semi-Arid
Plateaux 15111093 |27.1| 82| 358| 46.8|05| 423 | 123|465 | 7.7|8.6
Boreal Plains 21.66 | 75.13 | 35,5159 | 40.6| 423 | 12| 144 | 244|513 | 150 8.7
Prairies* 40.3 | 487.0 | 46.9 | 32.3 | 114.2 | 251.1 | 1.3 | 263.5 | 26.6 | 92.5 | 15.7 | 8.9
Boreal Shield 15.4 88| 145 1.0 37| 10.1102| 259 75|100| 25|7.6
Mixedwood
Plains 23.7 841328 | 13| 113| 141104 | 289 | 75|28.7| 12.8|8.5
Atlantic
Highland 8.7 421154 | 1.0 4.2 45102] 260 82|11.7| 94|75
Atlantic
Maritime 22.1 54| 78| 0.7 1.5 154102 223 63| 46| 3771
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Supplementary Figures S2.2.1a and $2.2.1b Accumulation curve and incidence plot of ASVs across lakes.

(A) Accumulation curve of ASVs in a random ordering of lakes. Vertical bars are standard deviations. (B)

Incidence of ASVs across lakes.
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Supplementary Figure S2.2.2 Bacterial diversity across lakes based on rarefied Shannon diversity index.
Dark grey regions represent unsampled and lakes within Northern ecozones excluded from this study,

while colored backgrounds indicate sampled ecozones.
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Supplementary Figure S2.2.3 Bacterial richness across lakes based on rarefied Chaol richness index.
Dark grey regions represent unsampled and lakes within Northern ecozones excluded from this study,

while colored backgrounds indicate sampled ecozones.
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Supplementary Figure S2.2.4 Bacterial evenness across lakes based on rarefied Pielou’s evenness index.

Dark grey regions represent unsampled and lakes within Northern pristine ecozones excluded from this

study, while colored backgrounds indicate sampled ecozones.
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Supplementary Figure S2.3 Local contribution of bacterial assemblages to beta diversity (LCBD) across

lakes. Dark grey regions represent unsampled and lakes within Northern ecozones excluded from this study,

while colored backgrounds indicate sampled ecozones.
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Chapter 3: Water quality and land use shape bacterial communities across 621 Canadian

lakes

3.1 Abstract

Human activities such as agriculture and urban development are linked to water quality
degradation. Degradation can occur through an influx of excess nutrients (i.e. eutrophication), as well
as the influx of synthetic contaminants and pathogens. Bacterial communities are closely linked to
water quality via nutrient cycling, degradation of contaminants, and as potential pathogens of animals
and humans. Canada represents a large and heterogenous landscape of freshwater lakes, where
variation in climate, geography, and geology interact with land cover alteration to influence water
quality differently across regions. In this study, we investigated the influence of water quality and
land use variables on bacterial communities across 12 ecozones that represent large regional
difference of the Canadian landscape. At the pan-Canadian scale, total phosphorous (TP) was the most
significant water quality variable influencing community structure, and the most pronounced shift was
observed at 110 ug/L TP, corresponding to the transition from eutrophic to hypereutrophic conditions.
At the regional scale, despite significant regional differences in environmental conditions, water
quality significantly explained bacterial community structure in all ecozones. At the pan-Canadian
scale, agriculture and, to a lesser extent, urbanization were significant land use variables influencing
community structure. In ecozones characterized by extensive agriculture, this land cover variable was
consistently significant in explaining community structure. Likewise, in extensively urbanized
ecozones, urbanization was consistently significant in explaining community structure. Agriculture
was associated with an increase in bacterial diversity, and we observed more taxa increase than
decrease along the pan-Canadian and regional agricultural gradients. In contrast, bacterial diversity
did not change significantly in relation to urbanization, and we observed a similar number of
increasing and decreasing taxa along urbanization gradients. Overall, these results demonstrate that
bacterial community diversity and community composition are influenced by water quality and

shaped by agriculture and urban development in different ways.
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3.2 Introduction

Human population growth is leading to an increase in agricultural and urban development
(Vitousek et al., 1997). For example, Canada has witnessed a 34% growth in the urbanized areas of
major cities over the past two decades (Bouchard and Shiab, 2022). This allocation of land to human
endeavors is transforming terrestrial and aquatic ecosystems (Ahmed et al., 2022; Vitousek et al.,
1997). Freshwater ecosystems are particularly susceptible to human influence primarily due to the
process of cultural eutrophication (Smith, 2003). Eutrophication has increased the frequency of
harmful algal blooms, posing threats to water security and the provision of ecosystem services (Ho et
al., 2019). Water quality parameters such as phosphorus, nitrogen, organic carbon, chlorophyll-a
concentrations, and light intensity (Yannarell & Triplett, 2005; Zeglin, 2015) may vary differently
within regions compared to across regions. These variations are related to the input of nutrients and
other materials from the surrounding terrestrial watershed (Chen et al., 2018), within regions governed
by climatic and geological factors, thus affecting ecoregion definition at continental scales.
Consequently, different land use types (such as agriculture and urbanization) may influence the

quantity of watershed inputs into lakes (Solomon et al., 2015) in diverse and regionally specific ways.

Addressing the relationship between lake water quality and bacterial diversity is essential as
lake bacteria play pivotal roles in ecological processes such as nutrient transformation and the
decomposition of organic matter thereby contributing to biogeochemical cycles (Cotner & Biddanda,
2002; Linz et al., 2018). While there have been efforts to identify the environmental factors
influencing freshwater bacterial communities (Bock et al., 2020; Langenheder & Lindstrom, 2019;
Liu et al., 2020; Newton et al., 2011; Williamson et al., 2009), it is critical to acknowledge the multi-
scale nature of these factors—whether within specific regions such as ecozones or across regions at a
larger continental scale. Existing studies have explored changes in bacterial community structure in
response to diverse environmental and watershed land use conditions in different regions. For
example, Kraemer et al., (2020) investigated influences within eastern ecozone regions of Canada;
other studies have investigated regions within Northern and Southern Ontario as well as the
Laurentians (MacLeod et al., 2017; Paver et al., 2020; Sadeghi et al., 2021; Shahraki et al., 2021). In
contrast, Garner et al. (2023) investigated microbial community composition at much larger (i.e.
continental) scale in Canada, but did not investigate how communities varied in different regions.
These studies have addressed either the regional or the continental scale influences of environmental

conditions exacerbated by land use on bacterial diversity and community composition. However,
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depending on spatial scale and regional differences, observations do not always result in the same
environmental drivers of bacterial community shifts. A comprehensive comparison of changes within

the different regional ecozones and across the country remains to be performed.

Recently, a coordinated study of over 600 Canadian lakes found that agricultural and urban
land use are primary factors explaining variation in water quality among a diversity of land use and
cover categories (Schacht et al., 2023). In this chapter, I build on this study by addressing the influence
of water quality and land use on bacterial community diversity and composition in these same lakes.
Specifically, I examined lake bacterial community composition and its potential environmental
drivers across the country and within the different regional ecozones. This is the first such regional
comparison, drawing data from hundreds of lakes (with varying limnological conditions and
watershed characteristics) sampled by the LakePulse Network in a collective effort aimed at assessing
lake health across Canada (Huot et al., 2019). We investigated bacterial diversity and community
composition in surface waters across 621 freshwater lakes situated in 12 Canadian ecozone using 16S
rRNA amplicon analyses. We hypothesize that such varying patterns in water quality will elicit
responses from lake bacterial communities, and that the LakePulse lakes thus also provide a unique
opportunity to identify specific bacterial taxa exhibiting increases or decreases along gradients of

water quality and land use.

3.3 Results

3.3.1 Variation in lake water quality and watershed land use

The study encompassed 621 lakes from 12 ecozones (Figure 3.1a). To summarize the
variation in lake water quality, we conducted a Principal Component Analysis (PCA) on the water
quality data. Principal Component axis 1 (PC1) explained 50.4% of the variance. Total phosphorus
(TP), total nitrogen (TN), chlorophyll a (Chl-a), and dissolved organic carbon (DOC) had large
positive loadings on PC1 and were associated with higher proportions of agriculture and pasture
(Figure 3.1b). Specific conductance, ions (Na* and K*), and dissolved inorganic carbon (DIC) also
loaded strongly on PC1 and were associated with agriculture and urban development. Lakes in the
Prairies and Boreal Plains ecozones (positive PC1 loadings) tended to differ from lakes in the
Mixedwood Plains and the Atlantic and Pacific Maritimes (negative PC1 loadings) (Figure 3.1¢). The
difference was supported by a one-way ANOVA with post hoc Tukey Test (p <2e-16).
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Figure 3.1 Distribution and environmental conditions of lakes at the continental scale. A) Map showing the
distribution of the 621 lakes across 12 Canadian ecozones (43 — 57 °N, 53 — 120 °W). Lakes are coloured
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according to trophic status. B) Principal component analysis of lake water quality variables from the
LakePulse dataset (N = 621). The PCA highlights the distribution of land use types plotted passively (coloured
in blue, dashed lines) over site scores, colour-coded by lake trophic status and shaped according to ecozone.

C) Boxplot of site scores from PC axis 1 grouped and colour-coded by lake trophic status, where the width of
the boxes reflects sample size ranging from 25 to 88 lakes per ecozone. Letter superscripts denote significantly

different groups determined via a post-hoc Tukey’s test.

3.3.2 Bacterial community diversity

Bacterial diversity was assessed using the V4 region of the 16S rRNA gene. After rarefaction
we identified a total of 26,196 amplicon sequence variant (ASVs). Taxonomic classification of ASVs
using the FreshTrain taxonomy identified 1,063 clade/genera level taxonomic units. The clades
encompassed 27% of the ASVs, and 76% of the sequences, and therefore represent the most common
and abundant taxa found in freshwaters. Chao-1 estimates of clade diversity varied across ecozones
(Figure 3.2a). Higher richness was associated with the Prairies and Boreal Plains and lower richness
was associated with the Mixedwood Plains. The significance of these differences was supported by a
one-way ANOVA (p <2e-16) and Tukey Test. Random Forest analysis showed that water quality and
land use explained 58% of the variation in bacterial diversity (OOB 29%). Water quality variables,
specifically potassium (K*) (26%) and TP (18%) were the most important factors affecting Chao-1

richness, with a lesser importance of land use variables (Supplementary Figure S3.1).

To summarize the variation of bacterial community composition, we conducted PCoA (Figure
3.2b). The first axis (PCoAl) explained 15.9% of the variance and tended to separate bacterial
communities in Prairies and Boreal Plains lakes (positive PCoA1 loading) from those in lakes in the

Mixedwood Plains and the Atlantic and Pacific Maritimes ).
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Figure 3.2 Bacterial diversity and community composition across lakes. A) Boxplot of bacterial richness

colour-coded by ecozones. Letter superscripts denote significantly different ecozones determined via a post-

hoc Tukey’s test. B) Principal component analysis (PCOA) highlighting the Bray-Curtis dissimilarity of

bacterial community composition. Lakes are coloured according to trophic status and shaped according to

ecozones.
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3.3.3 Water quality influence on bacterial community structure across ecozones

We assessed the importance of water quality for bacterial community structure using distance-
based Redundancy Analysis (dbRDA) (Figure 3.3a). The water quality model was significant (p <
0.001) and explained 18 % of the variation. The dbRDA ordination revealed similar gradients as the
PCoA. Nutrients (TP and TN), Chl-a, and ions (Na" and K*) had strong loadings on RDA axis 1,
which separated lakes in the Prairies and Boreal Plains (positive loadings) ecozones from those in the
Mixedwood Plains and the Atlantic and Pacific Maritimes (negative loadings). The significance of
this difference between ecozones was supported by a one-way ANOVA and Tukey Test (p < 2e-16)
(Figure 3.3b).

We used indicator species analysis (ISA) to characterize the distribution of bacterial taxa
across lakes of different trophic state (based on TP) from ultraoligotrophic to hypereutrophic. ISA
identified 184 taxa that were associated with each trophic state (Figure 3.3¢). Almost all indicator
taxa were associated with extreme trophic states, either hypereutrophic (106 taxa) or ultraoligotrophic

(26 taxa). Indicator taxa represented a broad phylogenetic diversity.

The high number of indicator taxa for hypereutrophic conditions suggested a rapid change in
the bacterial community at high nutrient concentrations. We used Threshold Indicator Taxa Analysis
(TITAN) to better pinpoint the threshold of TP concentration where the abrupt change occurred and
to identify the taxa associated with the change. We identified 228 increasers (positive (z+) indicators)
and 67 decreasers (negative (z-) indicator) along the TP gradient (Figure 3.3d). Most positive
indicator taxa increased sharply between 10 ug/L and 100 ug/L [TP], resulting in a distinct filtered
sum (z+) peak at ~110 ug/L TP, corresponding to the TP difference between eutrophic and
hypereutrophic lakes (Figure 3.3e). The negative indicator taxa declined at varying [TP], resulting in
relatively flat sum (z-) peak at 100 ug/L TP.
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Figure 3.3 Water quality variables shaping community composition and bacterial indicators of changes. A)
Distance based redundancy analysis (db-RDA) highlighting the bacterial community composition in lakes,
constrained by water quality variables. Lakes are colour-coded by trophic status and shaped according to
ecozone. B) Boxplot of site scores from db-RDA axis 1 grouped and colour-coded by lake trophic status, where
the width of the boxes reflects sample size ranging from 25 to 88 lakes per ecozone. Letter superscripts denote
significantly different ecozones determined via a post-hoc Tukey’s test. C) Bar plot of bacterial indicator
species associated with lake trophic status from hypereutrophic to ultraoligotrophic from indicator species
analysis. D). Barplot showing the sum of increasing and decreasing bacterial taxa along a phosphorus gradient
in lakes based on threshold indicator taxa analysis (TITAN). E) TITAN graph illustrating the magnitude of
change for bacterial taxa in response to total phosphorus concentrations in lakes. The x-axis is the range of
boxcox transformed (top) and actual values (bottom) for total phosphorus concentration in lakes. The y-axis
is the sum of the z-scores of all bacterial species identified as pure and reliable indicators of either the z- group

(decreasers; blue color) or the z+ group (increasers; red color).

3.3.4 Land use influence on bacterial community structure across ecozones

We assessed the role of land use in explaining bacterial community structure using dbRDA
and the fraction of agriculture, pasture, urban development, and forestry in lake watersheds as
explanatory variables. The land use model was significant (p <0.001), included all land use variables,
and explained 6 % of the variance. In the dbRDA ordination plot, the agriculture vector was
orthogonal to the urban development and pasture vectors, showing different influences of these land
use types on bacterial community composition (Figure 3.4a). Axis 1 separated agriculturally rich
lakes of the Prairies and Boreal Plains (positive axis 1 loading) from lakes of other ecozones while

axis 2 correlated with highly urbanized lakes located in the Mixedwood Plains (Figure 3.4b).

We used TITAN to determine at which point along the agriculture and urban development
gradients the largest changes occurred, and to identify the taxa associated with the change. We
identified 164 increasing taxa and 69 decreasing taxa along the agricultural gradient (Figure 3.4c).
Decreasers shifted in abundance across a wide range of agriculture, resulting in a broad peak in the
sum (z-) centered near 20-40% agriculture (Figure 3.4d). For urban development, we identified 60
increasing taxa and 52 decreasing taxa (Figure 3.4¢). We observed a strong filtered sum (z+) peak at

very low urban development 10% (Figure 3.4e).
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The most agriculturally influenced watersheds tended to be associated with nutrient rich lakes.
Urban development was less associated with nutrient rich lakes. We therefore mapped the taxa that
were responsive to TP and agriculture/urbanization gradients using Venn diagrams (Figure 3.4fg).
The Venn diagrams illustrate the common and distinct taxa for TP and agriculture/urbanization across
ecozones. Many taxa overlapped between TP concentration and agriculture (111 increasers), while no
overlap was observed between TP and urbanization. The greatest number of uniquely increasing taxa
(71 increasers) were found along the TP gradient with fewer unique taxa associated solely with
agriculture and urbanization (Figure 3.4f). Similarly, decreasers (negative bacterial indicators)
overlapped strongly between TP concentration and agriculture (26 decreasers) but an intersection of
(8 decreasers) was found between TP concentration and agriculture. Unique negative indicators for

urbanization were highest (20 decreasers) (Figure 3.4g).
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by land use variables. Lakes are colour-coded by trophic status and shaped according to ecozone. B) Boxplot
of site scores from land use model db-RDA axis 1 grouped and colour-coded by lake trophic status, where the
width of the boxes reflects sample size ranging from 25 to 88 lakes per ecozone. Letter superscripts denote
significantly different ecozones determined via a post-hoc Tukey’s test. C) Barplot showing the sum of
increasing and decreasing bacterial taxa along an agriculture and urbanization gradient in lakes based on
threshold indicator taxa analysis (TITAN). D) TITAN graph highlights the magnitude of change for bacterial
taxa in response to the proportion of agriculture within the watershed. The x-axis is the range for percentage
agriculture within the watershed. The y-axis is the sum of the z-scores of all bacterial species identified as
pure and reliable indicators of either the z- group (decreasers, blue color) or the z+ group (increasers; red
color). Peaks indicate agriculture proportions at which there is lots of compositional change; plateaus
indicate agriculture proportions in which there is little change in composition. E) TITAN graph highlights the
magnitude of change for bacterial taxa in response to the proportion of urbanization within the watershed. The
x-axis is the range for percentage urbanization within the watershed. The y-axis is the sum of the z-scores of
all bacterial species identified as pure and reliable indicators of either the z- group (decreasers; blue color)
or the z+ group (increasers, red color). Peaks indicate urbanization proportions at which there is lots of
compositional change; plateaus indicate urbanization proportions in which there is little change in
composition. F) Venn diagram representing the relationships observed among increasing bacterial taxa along
water quality (total phosphorus concentrations) and land use (agriculture and urbanization) gradients at the
different sets. Diagram is composed of circles that overlap, with each circle representing a set and the
overlapping regions representing the intersections between sets. The purpose of this was to visually illustrate
the commonalities and differences between water quality and land use bacterial indicators. G) Venn diagram
representing the relationships observed among decreasing bacterial taxa along water quality (total phosphorus
concentrations) and land use (agriculture and urbanization) gradients at the different sets. Diagram is
composed of circles that overlap, with each circle representing a set and the overlapping regions representing
the intersections between sets. The purpose of this was to visually illustrate the commonalities and differences

between water quality and land use indicators.

3.3.5 Water quality influence on bacterial community structure within ecozones

Focusing our dbRDA analyses on the sets of lakes within each ecozone, we investigated how
water quality influenced bacterial community structure in different regions. Water quality models
were significant (p < 0.01) for all ecozones and explained between 14 and 28 % of the variation in

community structure (Table 3, Supplementary Figure S3.2).
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Lakes in the Prairies ecozone ranged from mesotrophic to hypereutrophic, while lakes in the
Boreal Plains ecozone range from oligotrophic to hypereutrophic (Supplementary Figure S3.2). In
both ecozones, TP and DOC had strong loadings on dbRDA axis 1, demonstrating the importance of
nutrient and organic carbon in structuring bacterial communities in these regions. Furthermore, while
lakes in the Montane Cordillera and Atlantic Highlands range from hypereutrophic to oligotrophic,
they were predominantly of intermediate trophic states, containing fewer high nutrient lakes.

Interestingly however, in both ecozones, TP and Secchi depth had strong loadings on dbRDA axis 1.

Having demonstrated the influence of nutrients on bacterial communities with dbRDAs, we
sought to uncover specific TP thresholds at which changes may be occurring in each ecozone. We
performed TITAN analysis in ecozones where dbRDA results showed that TP was among the
strongest explanatory variables structuring bacterial communities (Prairies, Boreal Plains, (Montane
Cordillera, and Atlantic Highlands). Regional TITAN analyses of the TP gradient for the Prairies and
Boreal Plains ecozones produced a similar result as at the continental scale: For Prairies, a filtered
sum (z+) peak at 167.4 ug/L TP (Figure 3.5a). For Boreal Plains, a filtered sum (z+) peak at 111.37
ug/L TP (Figure 3.5b). A notable difference between ecozones was observed for the filtered sum (z-
) values: a strong filtered sum (z-) peak at 51.9 ug/L TP for the Boreal Plains, that was less pronounced
for the Prairies. Also, across the larger trophic gradient of the Boreal Plains, there were a larger

number of negative (z-) indicators than for the Prairies.

At the lower range of TP, regional TITAN analyses within the Montane Cordillera ecozone
yielded different results compared to the continental scale and agriculture-rich ecozones. The filtered
sum (z+) reached its peak at lower TP concentrations, ranging from 12 to 20 ug/L (Figure 3.5c¢).
However, regional TITAN analyses in the Atlantic Highlands ecozone showed different responses to
those observed at the continental scale and in the other examined ecozones with no filtered sum (z+)

peak, but rather a broad and gradual change across TP concentrations (Figure 3.5d).

We constructed Venn diagrams to identify overlapping and unique indicator bacterial taxa for
TP concentrations across the continental scale and for the four TP-influenced ecozones (Prairies,
Boreal Plains, Montane Cordillera, and Atlantic Highlands) to uncover patterns driven by differences
between the regions. We detected large number of increasing taxa distinct at the continental scale (145

increasers). An intersect between the Prairies and the continental scale showed 22 increasers most
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responsive to high TP concentrations. We found an overlap of 16 increasers between the Atlantic
Highland and the continental scale which were responsive to lower TP concentrations. Across
ecozones, we found little regional specific taxa (i.e. increasers unique to regions) (Figure 3.5e).
Similarly, we discovered 38 distinct negative indicators that persisted with alteration in total
phosphorus concentrations at the continental scale but fewer regional specific decreasers across

ecozones (Figure 3.5f).

Table 3 Summary of db-RDA modelling on bacterial community composition, percent variation

explained by models and most influential variables are highlighted.

Ecozone % Significant | ANOVA | pvalue | % Significant ANOVA | pvalue
variation | Variables in | adjusted variation | Variablesin | adjusted
explained | order from | R?value explained | order from R? value
by water | forward from by land forward from
quality selection forward use selection step | forward
model step selection model selection

step
Boreal 20.4 TP 0.073969 | 0.002 4.6 Agriculture n/a n/a
Plains
Secchi 0.106369 | 0.002
DIC 0.127383 | 0.008
Na 0.151018 | 0.004

Temperature | 0.173527 | 0.008

DO 0.192173 | 0.008
DOC 0.204981 | 0.042
Prairies 13.9 Na 0.062215 | 0.002 33 Agriculture n/a n/a
TP 0.091243 | 0.006
Chl-a 0.109962 | 0.022
DIC 0.124631 | 0.042
DOC 0.139911 | 0.034
Mixed 15.2 Secchi 0.075327 | 0.002 3.9 Agriculture n/a n/a
Wood
Plains TP 0.100493 | 0.002
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Ecozone % Significant | ANOVA | pvalue | % Significant ANOVA | pvalue
variation | Variables in | adjusted variation | Variablesin | adjusted
explained | order from | R?value explained | order from R? value
by water | forward from by land forward from
quality selection forward use selection step | forward
model step selection model selection

step
TN 0.123358 | 0.002
Chl-a 0.139921 | 0.014
Na 0.152163 | 0.032
Pacific 23.5 Secchi 0.13518 0.002 9.9 Urbanization | 0.069993 | 0.002
Maritimes
SCond 0.18519 0.002 Pasture 0.099480 | 0.010
Temperature | 0.23509 0.002
Atlantic 21.5 DIC 0.10638 0.002 6.3 Urbanization | 0.037065 | 0.002
Maritime
Secchi 0.14535 0.002 Forestry 0.062562 | 0.008
Na 0.17133 0.002
Chl-a 0.19265 0.012
DOC 0.21532 0.004
Boreal 18.5 DIC 0.088137 | 0.002 5.8 Urbanization | 0.022793 | 0.002
Shield
Secchi 0.132129 | 0.002 Pasture 0.044813 | 0.016
Temperature | 0.148241 | 0.006 Forestry 0.057702 | 0.010
Na 0.163597 | 0.004
Chl-a 0.176754 | 0.016
DOC 0.185456 | 0.034

Boreal and | 22.5 Secchi 0.18371 0.002 NS n/a n/a n/a

Taiga

Cordillera Na 0.22485 | 0.012

Montane 21.5 TP 0.090439 | 0.002 4.2 Urbanization

Cordillera

SCond 0.128592 | 0.002
DOC 0.158087 | 0.004
Secchi 0.171226 | 0.032
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Ecozone % Significant | ANOVA | pvalue | % Significant ANOVA | pvalue
variation | Variables in | adjusted variation | Variablesin | adjusted
explained | order from | R?value explained | order from R? value
by water | forward from by land forward from
quality selection forward use selection step | forward
model step selection model selection

step

DO 0.185310 | 0.018

DIC 0.200422 | 0.024

Temperature | 0.215173 | 0.012
Taiga Plains | 28.3 DOC 0.11293 0.004 NS

TP 0.25944 0.002
Semi-Arid 22.5 TN 0.099763 | 0.002 12.6 Pasture 0.06708 0.014
Plateaux

DIC 0.141188 | 0.006 Forestry 0.12644 0.010

Temperature | 0.169657 | 0.014

Secchi 0.200885 | 0.012

Chl-a 0.225410 | 0.034
Atlantic 21.6 Secchi 0.10293 0.002 8.9 Agriculture 0.046905 | 0.002
Highlands

DIC 0.14570 0.002 Urbanization | 0.089290 | 0.002

TP 0.17297 0.004

Chl-a 0.19857 0.010

Na 0.21623 0.014
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(total phosphorus concentrations) and overlaps in increasing and decreasing bacterial taxa across regions. A-
D) TITAN graphs highlighting the magnitude of change for bacterial taxa in response to total phosphorus
concentrations in the Prairies, Boreal Plains, Montane Cordillera, and Atlantic Highland lakes respectively.
The x-axis is the range of boxcox transformed (top) and actual values (bottom) for total phosphorus
concentration in lakes within the four ecozones. The y-axis is the sum of the z-scores of all bacterial species
identified as pure and reliable indicators of either the z- group (decreasers, blue color) or the z+ group
(increasers; red color). Peaks indicate total phosphorus concentration at which there are lots of compositional
change within the four ecozones, plateaus indicate total phosphorus ranges in which there is little change in
composition. E-F) Venn diagram representing the relationships observed among increasing and decreasing
bacterial taxa respectively along water quality (total phosphorus concentrations) gradients at the continental
scale and regionally across the Prairies, Boreal Plains, Montane Cordillera and Atlantic Highlands. Diagrams
are composed of circles that overlap, with each circle representing a set and the overlapping regions
representing the intersections between sets. The purpose of this was to visually illustrate the commonalities

and differences between increasing and decreasing bacterial taxa at the continental scale and across ecozones.

3.3.6 Land use influence on bacterial community structure within ecozones

We assessed the importance of land use variables on bacterial community structure in different
regions by focusing our dbRDA analyses on lakes within each ecozone. Land use models were
significant (p < 0.01) for all ecozones except the Boreal and Taiga Cordillera and Taiga Plains and
explained between 3 and 13 % of variation in bacterial communities (Table 3, Supplementary Figure
S3.3). In the land use models, agriculture exhibited a substantial loading on dbRDA1, underscoring
its significance in shaping bacterial communities within the Prairies, Boreal Plains, and Mixedwood
Plains ecozones. Notably, agriculture stood out as the sole significant explanatory variable in these
regions. In the Pacific Maritimes and Montane Cordillera, urbanization was instead the strongest

significant variable explaining underlying structure in bacterial communities.

For land use, regional TITAN analyses of agriculture and urbanization gradients were
restricted to ecozones where previous db-RDA analysis showed that either agriculture or
urbanization had the greatest explanatory power for structuring bacterial communities. Regional
TITAN analyses of agriculture was therefore performed for the Prairies (Figure 3.6a), Boreal
Plains (Figure 3.6b) and Mixedwood Plains (Figure 3.6¢) while analyses of urbanization were

performed for the Pacific Maritimes (Figure 3.6d) and Montane Cordillera (Figure 3.6e).
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Regional TITAN analyses of the agriculture gradient for the Prairies, Boreal Plains and
Mixedwood plains ecozones produced the following results: gradual change along the agriculture
gradient was identified in all agriculturally rich ecozones except the Boreal Plains where a peak
occurred at low levels (10%) of agriculture. Venn diagrams illustrating commonalities and uniqueness
between increasing (Figure 3.6f) and decreasing (Figure 3.6g) bacterial taxa within these three
agriculture-rich ecozones revealed large number of increasing taxa distinct at the continental scale
(132 increasers). An intersect between the Boreal Plains and the continental scale showed 14
increasers most responsive to increased agriculture proportions. Across ecozones, we found little
regional specific taxa (i.e. increasers unique to regions). A similar trend was observed with decreasers.
46 distinct decreasing taxa were found, 10 decreasers were observed at the intersect of the Boreal

Plains and the Continental scale.

Regional TITAN analyses of urbanization in the Pacific Maritimes and Montane Cordillera
showed no peak and only a gradual change along the urbanization gradient for bacterial taxa. Venn
diagrams illustrating commonalities and uniqueness between increasing (Figure 3.6h) and decreasing
(Figure 3.6i) bacterial taxa within highly urbanized ecozones of the Pacific Maritimes and Montane
Cordillera revealed high numbers of unique increasing (41) and decreasing (34) taxa at the continental

scale but lower numbers of region-specific increasers and decreasers.
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magnitude of change for bacterial taxa in response to proportions of agriculture within the watershed of lakes
in the Prairies, Boreal Plains and Mixedwood Plains ecozones respectively. The x-axis is the range for
percentage agriculture within the watershed for each ecozone. The y-axis is the sum of the z-scores of all
bacterial species identified as pure and reliable indicators of either the z- group (decreasers; blue color) or
the z+ group (increasers, red color). Peaks indicate agriculture proportions at which there is a lot of
compositional change, plateaus indicate agriculture proportions in which there is little change in composition.
D-E) TITAN graphs highlighting the magnitude of change for bacterial taxa in response to proportions of
urbanization within the watershed of lakes in the Pacific Maritimes and Montane Cordillera ecozones
respectively. The x-axis is the range for percentage urbanization within the watershed for each ecozone. The
y-axis is the sum of the z-scores of all bacterial species identified as pure and reliable indicators of either the
z- group (decreasers; blue color) or the z+ group (increasers; red color). Peaks indicate urbanization
proportions at which there is a lot of compositional change; plateaus indicate urbanization proportions in
which there is little change in composition. F-1) Venn diagrams representing the relationships observed among
increasing and decreasing bacterial taxa respectively along land use gradients (agriculture and urbanization)
at the continental scale and regionally across the Prairies, Boreal Plains, Mixedwood Plains, Pacific
Maritimes and Montane Cordillera. Diagrams are composed of circles that overlap, with each circle
representing a set and the overlapping regions representing the intersections between sets. The purpose of this
was to visually illustrate the commonalities and differences between increasing and decreasing bacterial taxa

at the continental scale and across ecozones.

3.4 Discussion

Although lakes occupy less than 2% of the earth’s land surface (Messager et al., 2016;
Verpoorter et al., 2014), their significance is paramount in global nutrient and carbon cycles (Tranvik
et al., 2018). Canadian lakes, providing crucial ecosystem services, are confronting threats from
anthropogenic pressures that disrupt surface water quality (Brauman et al., 2007; Dugan et al., 2017;
Keeler et al., 2012). These challenges involve local changes in land use, heightened inputs of nutrients
and pollutants from the watershed, and regional climate changes that can significantly disturb a lake's
hydrological regime, thermal structure, and internal processes. Consequently, these alterations impact
the chemical and biological properties — bacterial communities within lakes (Carpenter et al., 2007,
2011; Jeppesen et al., 2015; A. J. Reid et al., 2019). In this chapter, I analyzed 621 lakes across 12
ecozones, and observed substantial variations in environmental conditions across Canada’s diverse
ecozones. This work reinforces previous observations that lakes in the Prairies and Boreal Plains

ecozones are most distinct from those in other ecozones in their water quality properties, especially
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nutrient concentrations, and notably, they are situated within agricultural lands. Considering the
intricate link between the quality and chemical properties of freshwater ecosystems, as well as of their
communities, it is believed that these factors are closely connected to the distinctive features of the
surrounding watershed. This chapter examines how such environmental distinctiveness influences

variability in bacterial communities within regions, and across regions at the continental scale.

The relationship between water quality, as determined by nutrient concentrations, and the
abundance of specific members of the microbial community has been identified (Davis et al., 2015;
Hengy et al., 2017; Paver et al., 2020; Wang et al., 2022). An examination of prevailing environmental
conditions revealed significant variation in water quality parameters across the continental scale in
this study. Lakes within the Prairies and Boreal Plains ecozones exhibited elevated nutrient
concentrations mostly in the eutrophic or hypereutrophic categories, in contrast to other ecozones that
demonstrated intermediate (mesotrophic and mesoeutrophic) and low (oligotrophic and

ultraoligotrophic) trophic states.

Bacterial diversity analysis in this chapter unveiled regional differences, with higher richness
in the nutrient-rich lakes of the Prairies and the Boreal Plains. Indicator species analysis highlighted
a greater number of indicators associated with hypereutrophic and eutrophic lakes. Additionally, a
connection between water quality and land use was evident from the substantial number of shared
bacterial indicator taxa between communities changing along gradients of TP and agricultural land
use. Moreover, investigations identified the primary drivers of bacterial communities across the
continent as either agriculture, or urbanization. Restricting the analyses to within regional ecozones
revealed agriculture as the sole driver of community composition in nutrient-rich ecozones of the
Prairies, Boreal Plains, and Mixedwood Plains. In contrast, urbanization was more prominent as a

driver of bacterial community composition in the Montane Cordillera and Pacific Maritimes ecozones.
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3.4.1 Environmental heterogeneity explains regional variation in patterns of bacterial diversity

Hotspots for high TP concentration and extensive agriculture, identified within the Prairies
and Boreal Plains exhibited higher-than-average concentrations of TP, TN, major ions, dissolved
carbon, chlorophyll-a concentrations, and trophic status (inferred from TP concentrations). These
differences likely played a significant role in overall variation in the continental-scale dataset but
importantly, these variations were primarily regionally driven. Studies of Canadian Prairies lakes have
shown that high nutrient concentrations are associated with terrestrial land use, specifically agriculture
(Dupont et al., 2023). In this dataset, the substantial differences in water quality observed in the
Prairies and Boreal Plains ecozones are likely a result of a higher local prevalence of agriculture
(median proportion of agriculture = 38.3 and 22.5% in the Prairies and Boreal Plains respectively)
and variations in baseline nutrient conditions. Specifically, the median total phosphorus (TP) levels
indicate significant distinctions: Prairies TP median = 338.0 pug/L, Boreal Plains TP median = 144.0
pg/L, compared to the national TP median of 18.2 ng/L (Taranu & Gregory-Eaves, 2008). Research
suggests that the regional disparity in how lakes respond to land use within the surrounding terrestrial
watershed may be influenced by various contributing factors. The region in focus possesses a flat
catchment topography, with naturally nutrient-rich geology (Griffiths et al., 2021; Taranu & Gregory-
Eaves, 2008).

Regarding urbanizing land uses, this study revealed that lakes in the Pacific Maritimes
displayed lower nutrient concentrations despite highest local urbanization among all ecozones
(18.2%). Supporting a population of two and a half million people, this ecozone experiences ongoing
rapid population growth. Particularly noteworthy is the median total phosphorus (TP) level, showing
a significant decrease compared to the earlier findings in the Prairies, with a TP median of 18.6 ng/L.
Interestingly, this mirrors baseline nutrient conditions. Clearly, our analysis of lake environmental
conditions across the nation highlights substantial variations on a continental scale, predominantly
influenced by regional conditions, and impacted by terrestrial land use factors like agriculture and
urbanization. Such extensive regional environmental variations are likely eliciting diverse responses

from lake bacterial communities as would be revealed in this chapter.
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3.4.2 Trophic status drives bacterial diversity and community composition at the continental
scale

Continental scale studies revealed a widespread influence of water quality — specifically (TP,
TN, chlorophyll-a concentrations, DIC, DOC and cations) as well as watershed land use type on
bacterial diversity and community composition. We identified an intricate relationship wherein these
water quality parameters were nested within human land use impacted lands. Variation in bacterial
richness was equally strongly predicted by TP concentrations (mean random forest analysis prediction
18%). While the direction (increase or decrease) of variation in Chao-1 richness estimates across lakes
was not further predicted in this chapter, one study reported a decline in bacterial richness associated
with higher nutrient concentrations in eutrophic lakes (Ji et al., 2018). In contrast, my study pinpointed
patterns deviating from this, as bacterial richness was notably highest within certain regions along the
continental scale, and comparatively lower in others depicting ecozone specific differences. Similar
trends have been documented in other studies. In a comparison of six lakes in Canada and India,
Obieze et al., (2022) found that Lake Winnipeg, a eutrophic lake, exhibited increased microbial
richness. Also, on examining determinants of bacterioplankton richness in Swedish lakes, researchers
concluded a positive relationship between bacterioplankton richness and nutrient availability. They
noted a significant increase in richness with rising nutrient levels, indicating a dependency between
richness and productivity (Logue et al., 2012). In other Canadian lakes, increased bacterial richness
was reported in tandem with lake trophic state and vertical heterogeneity in nutrients (Jankowski et
al., 2014). This spatial resource variation could prompt habitat-specific responses of bacteria to
elevated nutrient concentrations, indicative of lake productivity. Generally, the observed increased
bacterial richness with higher nutrient concentrations aligns with our findings, potentially attributable

to the presence of fast-growing copiotrophic bacteria thriving in nutrient-rich lakes.

A high number of bacterial indicators (106 taxa) were associated with hypereutrophic
conditions but surprisingly, no taxa was associated with mesotrophic conditions. Among the
hypereutrophic indicators, the most abundant clades belonged to the Proteobacteria (adapted to some
level of nutrient overloading), Bacteroidota (proficient in the degradation of complex biopolymers
and dissolved organic matter) (Newton et al., 2011), Firmicutes (possessing diverse metabolic
capacities) (Martiny et al.,, 2006), and Desulfobacterota (sulfate-reducing bacteria) groups.
Furthermore, five clades belonged to the Actinobacteriota group, known to be sensitive to high

nutrient loadings but intriguingly, only three distinct species of Cyanobacteria were recognized as
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indicators of hypereutrophic conditions — Microcystis, Dolichospermum and Nodularia. Apart from
Nodularia, the remaining species were recently observed to have significant abundances in Canadian
lakes. Microcystis concentrations exhibited variability by ecozone, but majority of all detections
(67%) concentrated in the Prairies and Boreal Plains. This distribution also correlated with the trophic
state, frequently occurring in lakes characterized as eutrophic or hypereutrophic, as detailed in the

study by MacKeigan et al., 2023.

A lesser number of bacterial taxa were found under ultraoligotrophic conditions (26 taxa),
primarily consisting of organisms from Proteobacteria (11 clades) and the second most abundant
group was Actinobacteria (6 clades), and Bacteriodiota (4 clades). Other groups such as
Verrucomicrobia, Spirochaetota, Cyanobacteria, Firmicutes, and Planctomycetota were each
represented by one taxon. Importantly, Actinobacteriota are typically members of oligotrophic lakes,
and we have evidence that supports this here as Actinobacteriota taxa were associated with

ultraoligotrophic conditions.

3.4.3 Continental-scale patterns indicate a connection between lake trophic status and the

extent of agricultural land use in the watershed

We identified bacterial taxa demonstrating a threshold response to changes in the proportion
of agriculture and urbanization within the watershed. This helped identify change points in bacterial
community composition along land use gradients. A broad peak was observed for agriculture
gradients, but the peak was narrower with urbanization. Intriguingly, more bacterial taxa increased
than decreased along the agriculture gradient, mirroring observations made along the phosphorus
concentration gradient. In contrast, bacterial taxa associated with urbanization first exhibited a peak

at very low levels of urbanization after which a steady increase or decrease was observed.

Upon examining specific taxa exhibiting increases or decreases along TP concentration,
agriculture, and urbanization at the continental scale, we noted a substantial overlap of increasing taxa
between TP and agriculture. However, no shared increasers were identified between TP and
urbanization. The shared increasers were prominently represented by organisms within Proteobacteria
(43 clades; 11 Alphaproteobacteria, 32 Gammaproteobacteria), Bacteroidota (16 clades), Firmicutes

(14 clades), Desulfobacterota (7 clades), and Cyanobacteria (5 clades). This observed pattern concurs
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with findings from our ISA and implies a potential connection to non-point source agricultural runoff
from the surrounding watershed (Numberger et al., 2022; Obieze et al., 2022; Oliva et al., 2023). This
finding further underscores the correlation between phosphorus concentration in lakes and agricultural
land use.

The observed patterns in bacterial diversity and community composition at the continental
scale are notably influenced by regional forcings within the Prairies and the Boreal Plains ecozones.
However, it is essential to consider that these distinctive patterns within these ecozones may be
introducing a bias in the continental-scale analysis. Exploring these patterns at regional scales holds
the potential to unveil additional nuanced insights. The concentration of phosphorus in lakes is often
linked to agricultural runoffs (K. Reid & Schneider, 2019) and is implicated as the dominant source
in some of the most heavily impacted waters (Bunting et al., 2016). Land use associated with

agriculture could be favouring higher immigration of soil species into lakes from runoff.

3.4.4 Agriculture and urbanization as region-specific drivers of community structure

Analysis within ecozone regions resolved that patterns of bacterial diversity and composition
identified at the continental scale were driven by regional variation in the dataset. We identified four
ecozones that are hotspots for elevated TP concentrations in lakes (Prairies, Boreal Plains, Atlantic
Highlands and Montane Cordillera); two out of these ecozones were similarly hotspots for agricultural
land use (Prairies, Boreal Plains and Mixedwood Plains). On the other hand, we identified
predominantly urbanized ecozones as the Pacific Maritimes and Montane Cordillera (a high TP
hotspot). Our investigations showed a variation in regional drivers of community composition based
on prevalent land use type within the watershed as well as TP concentrations, similar to trends
observed by Garner et al., 2023. In agricultural regions, increasing bacterial taxa were evident at the
intersection of the continental scale with the Prairies and the Boreal Plains. Predominantly, the Boreal
Plains exhibited overlaps characterized by organisms associated with elevated nutrient concentrations.
This observation aligns with previous taxonomic profiling of anthropogenically impacted lakes

(Fournier et al., 2021; Kraemer et al., 2020; Yang et al., 2020).

In urbanized environments however, shared taxa were confined to the Pacific Maritimes. An
Actinobacteria taxon, indicative of oligotrophic conditions (Newton et al., 2011), was exclusive to
this intersection and absent in all other scenarios. This distinction underscores the fact that bacterial

taxa responding to high trophic states exhibit similarities with those in agricultural lands but may
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diverge completely in urbanized contexts. In earlier studies conducted on urbanized Malaysian lakes,
researchers found that urban land use significantly influenced the physicochemical properties and
microbial dynamics of the water systems. These investigations revealed the coexistence of transient
microbial communities alongside cosmopolitan communities (Ting et al., 2021). Similarly, in
Northeast Germany, water samples were observed to harbor highly habitat-specific bacterial

communities, with several genera exhibiting distinct urban signatures (Numberger et al., 2022).

3.5 Conclusion

Lakes offer valuable ecosystem services (Sterner et al., 2020), including provisioning (e.g.,
fisheries and hydroelectric power generation), regulating (e.g., local climate regulation), supporting
(such as primary production, nutrient cycling, and ecosystem resilience), and cultural services
(Aylward, 2005). Canada stands as the most lake-rich country globally, boasting over 900,000 lakes
that intricately shape its landscape (Minns et al., 2008). Notably, over 90% of Canadians rely on lakes
and rivers for their drinking water needs (Huot et al., 2019). This underscores the importance of our
study in a region renowned for having the highest concentration of lakes on a global scale. This chapter
highlights the intricate interconnections in water quality, land use, and bacterial communities within
Canadian lakes. The multifaceted findings stress the necessity of acknowledging regional variations
and discerning the unique influences exerted by agriculture and urbanization on bacterial diversity
and composition. However, the study also advocates for more extensive regional analyses to delve
deeper into localized patterns and influences in Canadian lake ecosystems. Moreover, it emphasizes
the potential benefits of delving beyond taxonomic profiling to investigate the functional capabilities
of diverse bacterial groups in response to changes in water quality and land use, enriching our

understanding of these complex ecological dynamics.
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3.6 Methods

3.6.1 Lake selection and sampling

As an integral part of the NSERC Canadian Lake Pulse Network (Huot et al., 2019), our
research focused on 621 lakes, each sampled once across three consecutive summers (2017 - 2019).
This endeavor adhered to a meticulous and standardized protocol outlined by the (NSERC Canadian
Lake Pulse Network, 2021). The lakes, chosen deliberately, spanned twelve ecozones—distinct
regions defined by unique climate, geology, and vegetation parameters (CCEA, 2016). The selection
process employed a stratified random block design, strategically considering three different lake sizes
(0.1-1 km2, 1-10 km2, 10-100 km?2), and factoring in three watershed human impact categories (low,
medium, high) as stratification groups (Huot et al., 2019). A prerequisite for inclusion was that the
lakes possess a minimum depth of 1 m and be conveniently located within 1 km of road access. To
mitigate the impact of seasonal variations, our sampling efforts were concentrated between the end of
June and the commencement of September, aligning with the period of maximal thermal lake

stratification.

Integrated surface water samples, spanning the euphotic zone up to 2 meters below the surface,
were collected using an integrated tube sampler at the site of maximum lake depth. The euphotic zone,
determined as twice the Secchi disk depth, guided the sampling approach. For full details of the field
protocol, see the NSERC Canadian Lake Pulse Network Field Manual (2021). Collected samples
were promptly stored in chilled coolers and, on the same day, filtered onshore. Pre-filtration through
100 um nylon mesh preceded vacuum filtration through 0.22 pm Durapore membranes in glass
funnels, maintaining a maximum pressure of 8 in Hg. Filtration concluded either at 500 mL or upon
clogging of the filter. Strict cleanliness protocols were adhered to, including acid-washing, and rinsing
all sampling equipment with lake water before use. Post-filtration, filters were stored in sterile

cryovials at -80 °C for preservation.

3.6.2 DNA extraction, amplification and sequencing of the bacterial 16S rRNA gene

Bacterial diversity was assessed through the sequencing of 16S rRNA gene fragments, which
were amplified from DNA obtained in 0.22 — 100 pm surface water samples. DNA extraction from
filters utilized PowerWater kits (Mobio Technologies Inc., Vancouver, Canada), adhering to the

manufacturer's protocol, including an optional Step 7 involving the addition of 1 pL ribonuclease A
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followed by incubation at 37 °C for 30 minutes, and elution into 50 pl of buffer. For the amplification
of a ~300 bp fragment of the 16S rRNA gene V4 region, the primer set 515F (5°-
GTGCCAGCMGCCGCGGTAA-3’) and 806R (5’GGACTACHVGGGTWTCTAAT-3") was
employed under specific conditions. The PCR protocol comprised 5 pl Phusion High Fidelity Buffer,
0.5 pl ANTPs (10 mM), 1.8 pl of each primer (5 uM), 0.25 ul Phusion polymerase, 13.65 ul ddH20,
and 2 pl of DNA. The PCR conditions involved an initial denaturation at 98°C for 30 seconds,
followed by 22 cycles of 98°C for 20 seconds, 54°C for 35 seconds, 72°C for 30 seconds, and a final
elongation at 72°C for one minute. All pre-PCR DNA dilutions and liquid transfers were conducted
under positive pressure in a UV cabinet. Subsequently, PCR products were electrophoresed in a 1.5%
agarose gel at 80 V for 60 minutes, and samples were sequenced on an [llumina MiSeq machine across

three separate sequencing runs.

Further details of PCR step 2 and purification involve pooling products from four reactions
per sample, cleaning with the Zymo Research DNA purification kit (Zymo Research, Irvine, USA),
and eluting into a volume of 30 pl. Barcodes and Illumina adaptors were then added in a second PCR
reaction under specified conditions. Post-second PCR, the products underwent purification using the
AMPure kit (Beckman Coulter Diagnostics, Montreal, Canada), with DNA concentrations measured
using a nanodrop. Pooled samples, diluted to 10 nM, were sequenced using an Illumina MiSeq
machine across three total runs. Each sequencing plate incorporated two negative controls (ddH20)

and one DNA sample of a mock community for sequencing quality control.

3.6.3 Processing of sequence data

Primer sequences were removed in Cutadapt v. 3.1 (Martin, 2011). Trimmed reads were
processed into ASVs in R through DADA2 v. 1.16 (Callahan et al., 2016). The DADA?2 pipeline
consisted of trimming low-quality end positions, inferring denoised ASVs based on learned
sequencing error rates, merging paired forward and reverse reads, eliminating chimaeras, and
assigning taxonomy. Samples were pooled for ASV inference using otherwise default parameters.
Taxonomy was assigned in TaxAss which classified 16S rRNA gene sequences using both the curated
freshwater FreshTrain v. 2020/06/15 (specific for freshwater bacteria) and SILVA v. 138 reference
databases (Rohwer et al., 2018). ASVs were aligned in SINA v. 1.7.2 (Pruesse et al., 2012) against
the SILVA 138.1 SSU Ref NR 99 rRNA gene database (released August 27, 2020) (Quast et al.,

2013). Positions outside a defined range were trimmed off, and ASVs with fragment lengths under
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250 bp or over 260 bp were removed in R. Samples representing negative controls (sequencing blanks)
and mock communities were removed. To create a dataset of bacterial assemblages, ASVs not
assigned at the kingdom rank and ASVs assigned to archaea, eukaryotes, and chloroplasts were
removed. Finally, samples containing fewer than 10000 sequences were removed, saline and
experimental lakes were also excluded from this analysis, resulting in a final dataset of 621 freshwater

lake ASV assemblages.

3.6.4 Estimation of bacterial diversity

ASV composition was randomly subsampled (i.e., “rarefied”) to an equal sampling depth of
10,321 sequences specifically for the estimation of a-diversity indices. 899 clades were inferred from
ASVs. Bacterial richness (represented by the Chaol richness index) computed in the R package vegan
(Oksanen et al. 2020).

3.6.5 Processing of water quality and land use data

Water quality variables included Secchi depth, dissolved oxygen, specific conductance (SC),
potassium, sodium, sulphate, total P, total N, chlorophyll a, DOC, and DIC. Lake trophic state was
categorized by TP concentrations according to the Canadian Water Quality guidelines:
ultraoligotrophic (<4 pg/L), oligotrophic (4 — 10 pg/L), mesotrophic (10 — 20 pg/L), mesoeutrophic
(20 — 35 pg/L), eutrophic (35 — 100 pg/L), and hypereutrophic (>100 pg/L) (CCME, 2004).

Land use information pertaining to each lake's watershed was collated from diverse sources,
including the Annual Space-Based Crop Inventory for Canada 2016 (GOC 2017) and the Land Use
2010 database (GOC 2015a). These data underwent analyses employing geomatic software, as
outlined in Huot et al. 2019. The watershed for each lake was delineated at a 30 m? pixel size, utilizing

flow directions calculated with the Canadian Digital Elevation Model (GOC 2015b).

Land use types such as agriculture, pasture, urban, and forestry were extracted for each pixel
from various public databases. An aggregate watershed human impact metric was then derived based
on this land use data, with further details available in Huot et al. 2019. In instances where water quality
and lake physical variable data were absent, they were substituted with ecozone median values.

Mapping procedures were conducted in R, utilizing the NAD 83 coordinate reference system. The
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coordinates of Canada were derived from the package maps (Becker, 2018), and ecozone shape files

were sourced from the Canada Council of Ecological Areas (Wiken, 1996).

3.6.6 Statistical analyses

Data wrangling and statistical analyses were executed in R version 4.2.1 (R Core Team, 2022).
Variables not conforming to the normality assumption, determined via the Shapiro-Wilks test (p >
0.05), underwent a Box Cox transformation. The R package geoR (Ribeiro et al., 2020) was employed
for computing Box Cox transformations, following the methodology outlined in Schacht et al., 2023.
Importantly, for the threshold indicator taxa analysis (TITAN), raw land use values were utilized

without undergoing transformations.

3.6.7 Environmental ordination analysis

Environmental principal component analysis (PCA) was conducted using the rda function of
the R package vegan (Oksanen et al., 2020). All water quality response variables underwent
transformation and standardization (scaled to zero mean and unit variance) before performing the
PCA. Land use variables were passively fitted onto the PCA to depict their association with water
quality parameters. Given that most of the variation was explained by PC axis 1, an analysis of
variance (ANOVA) approach was applied to quantify the observed variability in axis scores across

ecozones, with post-hoc Tukey's tests used to identify significant differences in ecozones.

3.6.8 Random Forest (RF) analyses

RF analysis was employed to assess the impact of variables on bacterial richness. RF presents
advantages over traditional regression techniques, particularly in mitigating the risk of overfitting
when dealing with a large number of predictor variables, as is the case in our study (Matsuki et al.,
2016; Ryo & Rillig, 2017). In this context, we utilized an RF technique based on conditional inference
regression trees (Strobl et al., 2009), as developed by Ryo and Rillig (2017). Importance measures
were computed for each predictor variable through cross-validation, utilizing data not employed in
the tree construction, known as the out-of-bag (OOB) data (Breiman, 2001). The analysis involved
the utilization of 5000 regression trees to ensure a robust prediction, implemented using the party

package in R (Horton et al., 2019; Ryo & Rillig, 2017; Strobl et al., 2007; Zeileis et al., 2008).
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3.6.9 Analysis relating to bacterial community composition

Principal Coordinates Analysis (PCoA) was employed to investigate and visualize
dissimilarities in bacterial community data. A dissimilarity matrix was calculated using Bray-Curtis
distance, and each item was assigned a location in a low-dimensional space using the R vegan
package. Distance-based redundancy analysis (dlbRDA) allows constrained ordinations on community

data using non-Euclidean distance measures.

Two categories of db-RDA models were established: a water quality model encompassing
surface water temperature, chlorophyll-a concentrations, specific conductance, dissolved oxygen,
dissolved inorganic carbon, total nitrogen, total phosphorus, secchi depth, and potassium; and a land
use model comprising proportions of agriculture, urbanization, pasture, and forestry in the watershed.
A synthetic distance matrix was computed from bacterial community data using the vegdist function
in R, employing Bray-Curtis as the distance method to capture dissimilarity in community
composition. Subsequently, a forward selection distance-based redundancy analysis was performed
to evaluate how water quality and land use influence community composition. The capscale function
of the R vegan package (Oksanen et al., 2020) was utilized for this analysis. Explanatory variables

were sequentially added to the models to assess their explanatory power within the response matrix.

3.6.10 Indicator Species analysis (ISA)

Indicator Value Species Analysis (IndVal) was conducted using multipatt (IndVal.g function)
(Dufréne & Legendre, 1997) implemented in the package indicspecies (ver. 1.7.14) (Caceres &
Legendre, 2009; De Caceres et al., 2010) to assess bacterial taxa associations with trophic states.
Indicator species were identified based on the product of their relative abundance and their occurrence
in different sites within a sector. Values approaching 1 indicate the strongest predictive value for

trophic states.

3.6.11 Threshold Indicator Taxa Analysis (TITAN)

For the TITAN analysis, we selected taxa with more than three occurrences, to meet TITAN's
minimum taxon frequency criterion. The analysis involved 100 repetitions and 100 bootstraps, with
purity and reliability thresholds set at 0.95. Results were visualized by plotting cumulative threshold

frequencies for taxa displaying either an increase or decrease in abundance along the gradients of total
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phosphorus concentration, agriculture, and urbanization. Total phosphorus concentration values were
boxcox transformed but raw land use values were used. The TITAN2 package in R, developed by
Baker et al. (2019), facilitated these analytical procedures. TITAN (Baker & King, 2010) is a valuable
tool for detecting non-linear responses of bacterial taxa to environmental gradients, such as water
quality and land use. It identifies abrupt changes in taxa distribution along specific points of the
gradient. TITAN utilizes indicator species analysis (IndVal) (Dufréne and Legendre, 1997) to
combine abundance and occurrence data, providing insights into associations between taxa and

environmental conditions.

The process involves standardizing observed IndVals as z-scores, indicating negative (z-) and
positive (z+) distribution changes in response to environmental gradient variations. By summing z-
scores for each species, TITAN detects change points in assemblage composition. The methodology
employs bootstrap resampling to estimate confidence limits for various parameters and taxon-specific

change points.

Two key diagnostic indices, purity and reliability, are provided for each taxon. Purity assesses
the consistency in response direction, while reliability evaluates the frequency of strong response
magnitude. TITAN's thorough approach, incorporating resampling techniques and diagnostic indices,
enhances its effectiveness in revealing intricate relationships between bacterial taxa and

environmental gradients.

3.6.12 Venn Diagrams

Venn diagrams were generated to illustrate the overlap of indicators identified through the
TITAN analysis. Positive indicators (increasers) and negative indicators (decreasers) were employed
separately to construct Venn diagrams, forming sets based on water quality and land use variables at
the continental scale. Additionally, sets were created to compare environmental variables regionally.
The ggVennDiagram package (ver. 1.2.3) in R, developed by Gao et al. (2021), was utilized for

computation and visualization of intersections (Gao et al., 2021).
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3.7 Data availability

Sequence data have been deposited in the European Nucleotide Archive under study accession

PRJEB47327 (www.ebi.ac.uk).
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3.9 Supplementary Figures

Variable Importance (%)

Supplementary Figure S3.1 Random Forest analysis showing the top predictors of bacterial richness.
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Chapter 4: Functional profiling of Canadian lake microbiomes reveals an association between

agriculture and bacterial metabolism of xenobiotics

4.1 Abstract

Microbes are a significant biological component of freshwater ecosystems that respond
rapidly to human-induced environmental changes. Their population dynamics and genomic traits
may therefore be useful for assessing the impact of environmental stressors in lake ecosystems. In
this study, we conducted a metagenomic survey of microbial communities in 357 lakes sampled
across Canada that capture a wide range of environmental conditions. Our gene-centric analyses
along a wide trophic gradient from ultraoligotrophic to hypereutrophic lakes revealed a unimodal
relationship between bacterial richness and lake trophic status wherein highest bacterial richness was
at intermediate trophic states (mesoeutrophic to mesotrophic lakes). Remarkably, we uncovered an
unexpected abundance of Firmicutes, typically associated with soils, in high nutrient lakes indicating
anthropogenic disturbances. Spatial variation in taxonomic and functional composition was
primarily driven by lake physicochemistry, with pH, total nitrogen concentration, and chlorophyll-a
being significant predictors. Lake metagenomes were enriched with genes coding for xenobiotics
biodegradation and metabolism, particularly in lakes with high nutrient concentrations, highlighting
the potential for these environments to influence pollutant breakdown. Agriculture emerged as the
dominant driver of xenobiotics biodegradation and metabolism in lakes. These findings underscore
the interconnectedness of lake ecosystems with their surrounding landscapes and have important

implications for understanding the functioning of freshwater ecosystems across Canada.

4.2 Introduction

Covering the northern expanse of North America, Canada is a vast and lake-rich nation,
holding around 20% of the world's freshwater (Huot et al., 2019). With over one million lakes
distributed across its diverse landscapes, these water bodies are dispersed among various ecozones,
which represent distinct climatic and ecological regions based on prevailing abiotic and biotic factors
(CCEA 2016). Each ecozone contributes to the wide-ranging physicochemical heterogeneity observed
in lakes across the country. For instance, lakes in the Prairies ecozone (spanning Alberta,
Saskatchewan, and Manitoba), are generally shallower and nutrient-rich, reflecting the productive

agricultural nature of the lands. Agricultural activities exert significant impacts on water quality by
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introducing nutrients, salts, pesticides, organic matter, sediments, pathogens, heavy metals, and other
emerging contaminants into surface water bodies through processes such as runoff, erosion, or
leaching (Rey-Romero et al., 2022; Zia et al., 2013). Phosphorus (P) runoff from agricultural land has
been reported in Canadian provinces of Saskatchewan and Manitoba (J. Liu et al., 2021) as well as
organic carbon and nutrient loads (Y. Liu et al., 2023). In Alberta, watershed surveys comprising
mainly agricultural lands revealed pesticide occurrence in aquatic agroecosystems reflecting runoffs

from agricultural land use and effluent pollutions from urban land use (Sheedy et al., 2019).

Xenobiotics is a term that refers to chemical compounds that do not occur naturally.
Xenobiotics include pesticides and other contaminants such as azodyes, phenolics, polycyclic
aromatic hydrocarbons (PAHs), halogenated compounds, personal care products (PCPs),
pharmaceutical active compounds (PhACs), nitroaromatic compounds, triazines, and chlorinated
compounds. Many of these adversely affect aquatic ecosystems due to their slow degradation
(Stefanac et al., 2021). Xenobiotic in aquatic ecosystems have been linked to agricultural and urban

development runoffs into lakes (Rieger et al., 2002; Garner et al., 2023).

Since lakes are characterized by high microbial diversity (Dudgeon et al., 2006; Garcia-
Moreno et al., 2014; Strayer & Dudgeon, 2010) that carry out biodegradation activities (Cotner &
Biddanda, 2002), it follows that lakes may harbour organisms capable of biologically degrading
xenobiotics. Due to their genetic diversity and functionality, bacterial communities exhibit remarkable
metabolic potential with genes and metabolic pathways implicated in the process of biodegradation
(Mishra et al., 2021); for instance, various genes participating in the aerobic degradation pathway of
atrazine, a commonly researched pesticide, have been pinpointed in the Pseudomonas sp. strain ADP.
Subsequently, these genes were employed as biomarkers, given their high conservation across
different bacterial genera, for detecting atrazine-degrading capabilities (Aldas-Vargas et al., 2022; de
Souza et al., 1998).

Such research conducted to identify genes responsible for lake bacteria’s capability to
metabolize certain xenobiotics have been tremendously facilitated by the advancement of
metagenomics, a culture-independent genomic approach, which has revolutionized our understanding
of microbial communities. Shotgun metagenomics involves sequencing genomic DNA isolated from

an environmental sample. This approach differs from 16S rRNA amplicon sequencing and provides
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more information on community diversity. For example, metagenomics allows for the identification
and profiling of bacteria, fungi, viruses, and various other microorganisms. Furthermore, it enables
the identification and profiling of microbial metabolic genes present in the environment, revealing

valuable insights into the functional potential of the microbiome (Quince et al., 2017).

Over the past decade, metagenomics has led to significant expansion in our understand of
microbial diversity across habitats. These insights include a 44% expansion of known phylogenetic
diversity among bacteria and archaea in oceans, human and animal hosts, engineered environments,
as well as natural and agricultural soils (Nayfach et al., 2021). Metagenomic approaches have also
deepened our understanding of archaeal taxonomy, exemplified by the discovery of the Asgard
superphylum, which includes the Lokiarchaeota (Spang et al., 2015). Moreover, these metagenomic
techniques have found applications in various fields, ranging from agriculture, pollution control, and

energy to broader aspects of biology, including medicine (Zhang et al., 2021).

Furthermore, metagenomic assessments can offer significant information on the relationships
between microbial communities and environmental conditions. For instance, metagenomics has been
used to provide a broad view on microbial diversity in productive urban lakes in Sweden (Rodriguez-
Gijon et al., 2023). Likewise, metagenomic based ecosystem monitoring has facilitated assessment of
freshwater ecosystem biodiversity and water quality in some Canadian rivers and lakes (Edge et al.,
2020). Metagenomics has also been used to implement biotechnological strategies in the environment
for heavy metal in soils (Feng et al., 2018; Xing et al., 2020). High resolution genome-resolved
metagenomics studies have also been beneficial in linking microbial function to taxonomy and paved
the way for new discoveries in microbial ecology (Grossart et al., 2020). Overall, these research
avenues have contributed significantly to understanding the relationships between microbial dynamics

and biogeochemical cycles.

Metagenomics can be used to investigate diversity beyond microbial communities. In a
regional investigation of Canadian lakes, metagenomics has been used to describe zooplankton
diversity in eastern Canada. In this study, comparative analysis between zooplankton morphological
identification and metagenomic identification showed a significant correlation of zooplankton
abundances (Monchamp et al., 2022). Comparative metagenomic methods have been used to probe

protists diversity in contemporary and pre-industrial sediments from eastern Canada lakes (Garner et
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al., 2020) lakes but only a handful of investigations have been done on prokaryotic diversity in

Canadian surface waters across the continental scale.

The objective of the research presented in this chapter is to 1) provide an inventory of
prokaryotic taxonomic composition from metagenomes across the continental scale, and 2) to
elucidate the functional composition of lake bacteria across the continental scale and 3) to identify the
impact of watershed environmental conditions and human land use on both bacterial taxonomic and
functional composition. Using annotated metagenomic assemblies we resolved which microbial
metabolisms are most impacted by both lake limnological conditions and human activities within the
watershed. We also identify potential metabolic capabilities of lake bacteria using protein coding
genes and investigated the susceptibility of these metabolisms to environmental and human land use

disturbances.

4.3 Results

4.3.1 The LakePulse metagenome resource

We generated metagenomic data for 357 lakes across 12 Canadian ecozones sampled at the
peak of summer stratification between 2017 to 2019 via the first pan Canadian lake health assessment
scheme called the NSERC Canadian Lake Pulse Network (referred to as LakePulse) as previously
described by (Huot et al., 2019; Kraemer et al., 2020). To produce this metagenome resource, we
carried out whole genome shotgun sequencing on community DNA from 366 lakes representing the
longitudinal and latitudinal scale of Canada. Nine hypersaline lakes were excluded from this dataset
leaving a total of 357 lakes for our metagenomic resource (Figure 4.1). Lakes depicted a vast
environmental heterogeneity as demonstrated by their variation in physicochemical conditions,
productivity levels, morphometry, climatic conditions, human land use and soil properties within the
watershed. Across the continental gradient (43 — 68 °N, 53 — 141 °W), we detected a wide trophic
gradient from ultraoligotrophic to hypereutrophic across our lakes (Figure 4.1). Regional comparison
of lakes revealed some spatial differentiation in lake characteristics: Prairies ecozone lakes of western
Canada were shallow, nutrient-rich and highly productive compared to lakes in eastern Canada within
the Mixedwood Plains ecozone where watersheds had the most extensive built development and

human population density.
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Figure 4.1 Distribution of lakes sampled across Canada. Background colour indicates ecozone and the points
indicate trophic state of sampled lakes based on total phosphorus concentration. Ultraoligotrophic (<4 ug/L),
Oligotrophic (4 — 10 ug/L), Mesotrophic (10 — 20 ug/L), Mesoeutrophic (20 — 35 ug/L), Eutrophic (35 — 100
ug/L), and Hypereutrophic (>100 ug/L).

4.3.2 Taxonomic overview of lake metagenomes

We assessed the abundance of operational taxonomic units (OTUs) directly from unassembled
metagenomic data using single copy ribosomal proteins (rpL2). A total of 30,771 OTUs were
identified, out of which 88% were bacterial and the rest were either archaeal or eukaryotic OTUs or
were unclassified. To elucidate taxonomic diversity and composition of lake metagenomes, we
grouped lakes according to trophic states and computed the relative abundance of annotated OTUs in
lakes. Estimated bacterial richness was assessed using Chaol index and greater bacterial richness was
observed within the Prairies and the Boreal Plains ecozones of western Canada (Figure 4.2a) with a

peak at intermediate (mesoeutrophic to mesotrophic) trophic levels (Figure 4.2b).
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Figure 4.2 Estimated bacterial richness across sampled ecozones and trophic states. A) Distribution of lakes
sampled across Canada. The background colour indicates ecozone and the points indicate estimated bacterial
richness in lakes. B) Estimated bacterial richness in lakes showing peaks of richness at intermediate levels of

productivity.

For bacterial taxonomic composition, we found that the most abundant OTUs belonged to the phyla
Actinobacteria (42%), Proteobacteria (30%), Bacteriodetes (10%), Verrucomicrobia (7%) and
Cyanobacteria (4%). We also observed an unexpected abundance of Firmicutes in eutrophic to
hypereutrophic lakes within the Prairies and Boreal Plains (Figure 4.3). To explore the variation in
the taxonomic distribution of lake bacterial communities, we conducted a Principal Component
Analysis (PCA) on the bacterial taxonomic composition data. Principal Component axis 1 (PCI1)
captured 6.81% of the variance in bacterial taxonomic composition while displaying a spatial variation
that revealed a dispersion of high nutrient lakes located in the Prairies and Boreal Plains from others

(Figure 4.4).
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Figure 4.3 Taxonomic composition of lake metagenomes grouped by trophic state.
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Figure 4.4 Principal component analysis (PCA) showing the taxonomic

communities across ordination space.
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4.3.3 Functional overview of lake metagenomes

Functional composition of lake metagenomes was performed using the KEGG database, a
popular reference database that assigns proteins to orthologs group, termed KEGG orthologs (KOs)
(Kanehisa et al., 2022) that are organized in to metabolic pathway maps. We identified 4,538 KOs
across metagenomes that were assigned to carbohydrate metabolism (847 KOs), energy metabolism
(549 KOs), lipid metabolism (371 KOs), nucleotide metabolism (224 KOs), amino acid metabolism
(514 Kos), glycan biosynthesis (272 KOs), terpenoids and polyketide metabolism (396), xenobiotics
biodegradation (272 KOs), biosynthesis of secondary metabolites (129 KOs), cofactor and vitamins
metabolism (387 KOs) and other metabolic pathways (membrane transport and motility). We
investigated the functional distribution of lake bacterial communities via a Principal Component
Analysis (PCA) using the relative abundance of KOs across lakes. Functional composition was
observed to vary more than taxonomic composition as Principal Component axis 1 (PC1) captured
19.6% of the variance in bacterial functional composition, more than double the variance captured in
the taxonomic composition PCA. Interestingly, variance was driven by high nutrient lakes located in

the Prairies and the Boreal Plains (Figure 4.5).
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Figure 4.5 Principal component analysis (PCA) showing the functional distribution of lake bacterial

communities across ordination space.
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4.3.4 Drivers of variation in lake taxonomic and functional composition

We assessed the environmental drivers of both taxonomic and functional composition of lake
bacterial communities using distance-based redundancy analysis (dbRDA), a constrained ordination
method that identifies variables with the most explanatory power. Here, we compared six models, that
incorporated variables that reflected either lake geography, physicochemistry, watershed land use,
morphometry, soil properties or climate. All models were significant (p value = 0.001) for both
taxonomic and functional composition. We observed that the physicochemistry model explained the
greatest amount of variation for both taxonomic composition (10%) and functional composition (9%)
(Figure 4.6a). Within the physiochemistry model, the most important predictors of taxonomic
composition were pH, total nitrogen (TN), and potassium concentration in lakes (Figure 4.6b). For
functional composition, pH, DIC, TN and chlorophyll-a concentrations were the most important
predictors (Figure 4.6¢). Our land use model explained a lesser, but still significant amount of
variation for both taxonomic composition (3.5%) (Figure 4.6d) and functional composition (2.3%)
(Figure 4.6e) and agriculture was the single most important variable explaining this observed

variation in both models.
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Figure 4.6 Influence of geography, physicochemistry and land use on bacterial taxonomic composition and

Sfunction. A) Summary of db-RDA analysis on six categories of environmental and land use models depicting

their influence on taxonomic and functional composition. B) db-RDA showing the influence of water chemistry

variables on bacterial taxonomic composition. C) db-RDA showing the influence of water chemistry variables

on bacterial functional composition. D) db-RDA showing the influence of land use types on bacterial taxonomic

composition. E) db-RDA showing the influence of land use types on bacterial functional composition.
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Next, we investigated how well our models explained variation within specific metabolic
categories across lakes by separating KOs into those assigned to either carbohydrate metabolism,
energy metabolism, lipid metabolism, nucleotide metabolism, amino acid metabolism, glycan
biosynthesis, terpenoids and polyketide metabolism or xenobiotics biodegradation and metabolism.
Our dbRDA analysis using six broad models of environmental variables to access drivers of functional
composition showed that lake physicochemistry explained the greatest variation in functional
composition across all metabolism categories. Moreover, xenobiotics biodegradation and metabolism
was the most influenced by environmental conditions with 15% of variation explained by lake
physicochemistry (Table 4). On assessing the specific variables within the physicochemistry model,
it was detected that lake pH, TN, and calcium concentration were the strongest predictors of variation
in xenobiotics biodegradation and metabolism (Figure 4.7a). In addition, while our land use model
explained relatively less amount of variation in xenobiotics biodegradation and metabolism (5.1%)
(Figure 4.7b) (Table 4), we detected that agricultural land use and pasture within the watershed were
the strongest predictors of variation in xenobiotics biodegradation and metabolism within the land use

model. Interesting, this was linked to high nutrient lakes within the Prairies and the Boreal Shield.

Table 4 Summary of percentage variation explained by db-RDA models on bacterial metabolic

category.
Metabolism % variation explained by different db-RDA model categories ({bRDA)
Physicochemistry Land | Morphometry Soil Geography | Climate
use properties

Carbohydrate 8.2 1.5 2.9 5.0 1.1 2.2
metabolism

Energy 10.3 1.7 3.9 4.9 0.9 2.3
metabolism

Lipid 7.6 1.6 3.0 5.0 2.5 2.2
metabolism

Nucleotide 11.1 3.6 3.1 6.4 2.1 2.9
metabolism
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Metabolism % variation explained by different db-RDA model categories (IbRDA)
Physicochemistry Land | Morphometry Soil Geography | Climate
use properties
Aminoacid 8.9 2.4 3.7 5.6 2.1 32
metabolism
Glycan 6.3 2.0 33 4.5 0.9 2.9
biosynthesis
Terpenoids and | 9.7 1.6 3.2 59 2.0 2.9
polyketide
Xenobiotics 15.2 5.1 5.8 10.7 2.5 3.3
biodegradation
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Figure 4.7 Influence of physicochemical and land use variables on xenobiotics biodegradation and

metabolism. A) db-RDA showing the influence of water chemistry parameters on xenobiotics biodegradation,

most influential variables in pH, TN among others. B) db-RDA showing the influence of land use types on

xenobiotic biodegradation reveals agriculture and pasture as influential predictors of changes in metabolism

across lakes.
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4.3.5 Elucidating metabolic features of metagenomes

We analyzed the KO profiles from the lake metagenomic dataset using non-negative matrix
factorization (NMF) analysis to reduce the matrix dimensionality. An advantage of this method is that
it is capable of directly linking the overall structure of an abundance matrix to the individual elements
(KO number) driving a perceived structure. This kind of analysis unlike constrained ordinations, is
useful in decomposing signals in a large biological dataset, in this case, a protein coding gene matrix,
into the individual elements that are summed up to make the signal (i.e. metabolic genes specifically
associated with lake environmental conditions and trophic status). In reducing the dimensionality of
the data, the objective of NMF on the KO matrix is to find a small number of metagenomes that depict
the underlying structure in the dataset. In our analyses, NMF decomposed our KO abundances into
two matrices. Matrix 1 represented a reduced number of elements that describe the overall similarities
of the metagenomes based on KO number composition, while matrix 2 represented the weighted
contribution of individual KO numbers on each of the elements in matrix 1. It also revealed a rank of
the factorization, which represents the number of latent factors in the decomposition (in our case, a
rank of 6). This NMF rank revealed that six sub-metagenomes (SMGs) optimally described the
biogeography of lake microbial metabolism (Supplementary Figure S4a-b) as they represented the
individual specific environmental conditions attributable to the metabolic structure in the dataset.
SMG 1 was closely associated with lakes with high trophic states, SMG 3 was associated with lakes
that have high concentrations of DOC, DIC and chlorophyll-a; SMG 5 was similarly associated with
high DOC, DIC, chlorophyll-a and lake trophic state. However, SMGs 2, 4 and 6 showed a broad

relationship with geographic and other environmental conditions. (Figure 4.8).
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Based on the partitioning of lake microbial metabolism into SMGs, we sought to determine
which KOs and associated pathways differentiated the six SMGs. We calculated a KO index that
quantified the specificity of a KO for each of the six SMGs. This index ranges from -1 (a KO is not
found in a SMG and equally represented in all the other SMGs), to 0 (a KO is equally represented
across all SMGs), to 1 (a KO is represented in only one SMG). In addition, using the KO index allowed

us to calculate a median index per KO pathway and KO modules for each of the six SMGs.

The distribution of KO indices was plotted for each of the six SMGs with the KEGG pathways
with the top 50 median indices for each SMG; we detected that KEGG pathways with highest indices
in the water column for SMG-1 were assigned to xenobiotics biodegradation and metabolism,
specifically nitrotoluene degradation (KO00633) and atrazine degradation (KO00791) (Figure 4.9.1)

which were associated with hypereutrophic lakes located in Alberta, Saskatchewan and Manitoba.
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Figure 4.9.1 Fifty highest ranking median indices for KEGG pathways for SMG-1. Red dots indicate some
highest-ranking pathways.
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In SMG-2, we noticed an enrichment for amino acid metabolism (KO00472/3) and furfural
degradation (KO00365). These KEGG pathways had the highest indices and lakes associated with

these pathways were broadly found across ecozones, especially in the Boreal Shield within lakes of

low to intermediate trophic states (oligotrophic, mesotrophic and mesoeutrophic lakes) (Figure

4.9.2a). The KEGG pathways with the highest indices in SMG-3 were associated with drug
biosynthesis (Acarbose and Validamycin, KO00525) as well as photosynthesis (KO00195). We

identified a single hypereutrophic lake in the Montane Cordillera ecozone contributing the most to

SMG-3 and could be the reason for the detection of photosynthetic signal within the SMG (Figure

4.9.2b).
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Figure 4.9.2 A) Fifty highest ranking median indices for KEGG pathways for SMG-2. B) Fifty highest

ranking median indices for KEGG pathways for SMG-3. Red dots indicate highest-ranking pathways.
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Interestingly, KEGG pathways with the highest indices in SMG-5 were involved in
photosynthesis. Lakes associated with this photosynthesis signal were found across more ecozones
including the Prairies, Semi-Arid Plateaux, Boreal Plains and others. These suites of lakes
contributing to SMG-5 were mostly hypereutrophic or eutrophic (Figure 4.9.3a). SMG-6 was
enriched for xenobiotics biodegradation and metabolism, including furfural degradation (KO00365);
fluorobenzoate degradation (KO00364); bisphenol degradation (KO00363); atrazine degradation
(KO00791) and aminobenzoate degradation (KOO00627) (Figure 4.9.3b) but associated with

mesoeutrophic to mesotrophic lakes located within Quebec, British Columbia, Nova Scotia and New

Brunswick.
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Figure 4.9.3 A) Fifty highest ranking median indices for KEGG pathways for SMG-5. B) Fifty highest
ranking median indices for KEGG pathways for SMG-6. Red dots indicate some highest ranking pathways.
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Finally, to associate the metabolic pathways enriched in SMGs to specific watershed land use
conditions, we investigated land use types associated with metabolisms across SMGs using a random
forest (RF) modelling approach. Overall models explained a range of variation for SMGs (40-77 %
variation explained) (Supplementary Table S4). The strengths of land use types within models
differed in their contribution to the SMGs. To explore land use type importance, we categorized
variables as either strong (=>5% variation explained), intermediate (2-5%) or low (<2%) predictors

of metabolism.

Our RF analyses revealed that all SMGs were relatively influenced by different land use types.
We observed that all SMGs except 3 and 6 were predicted by a similar land use type — agriculture. In
SMG-1, agriculture strongly predicted 5.8% of variation; 3.9% in SMG 2; 4.5% in SMG-4 (at
intermediate levels); and the lowest amount of variation in SMG-5 (1.5%). In SMG-3, pasture
predicted 4.6% of variation in metabolism, while for SMG-6, both natural landscapes and agriculture
(potentially orthogonal) was detected, predicting 2.4 and 1.8% of variation in enriched metabolism

respectively. (Supplementary Table S4).

4.4 Discussion

In this chapter, we expand beyond asking “which taxa are in these lakes” to elucidating
functional capabilities, that is “what could these bacterial groups do”. The LakePulse metagenome
resource represents an exploration of bacterial diversity, taxonomic composition, and functional
composition across a wide range of Canadian lakes. This chapter's breadth, covering 357 lakes across
12 ecozones, provides comprehensive insight into the spatial variation in bacterial communities in
relation to environmental gradients and watershed land use influences. Overall, we detected that the
influence of lake physicochemical properties on both taxonomic and functional composition of lake
bacteria surpasses other environmental conditions but land use, specifically agriculture, influences
both taxonomic and functional similarly. A major highlight of this chapter was the enrichment of
metagenomes with genes coding for xenobiotics metabolism and the susceptibility of this bacterial
metabolism to both environmental and land use influences, wherein physicochemical parameters (like
lake pH, total nitrogen concentration) as well as land use types (like agriculture and pasture) strongly

influenced the capability of lake bacteria to degrade xenobiotics in lakes.
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4.4.1 Bacterial richness showed unimodal patterns with peaks at intermediate trophic state

This chapter revealed that bacterial richness varied across ecozones but more specifically,
greater richness was observed in the Prairies and Boreal Plains ecozones; across nutrient gradients,
bacterial richness peaked at intermediate trophic states (mesoeutrophic to mesotrophic). One central
goal of aquatic microbial ecology is to understand the mechanisms that generate and maintain
biodiversity in aquatic ecosystems. Previous research has established a link between freshwater
bacterioplankton richness and nutrient availability wherein freshwater bacterioplankton richness in
fourteen nutrient-poor lakes was positively influenced by nutrient availability (Logue et al.,
2012). This finding, as well as ours, remains consistent with others that demonstrate the role of
nutrient availability as a major driver of species richness; a pattern that may be universally valid for
both micro- and macro-organisms, not only in lakes but also in soils (Das Gupta & Pinno, 2020;
Garrido-Sanz et al., 2023; Long et al., 2018). The peak in bacterial richness observed at intermediate
trophic states in our study aligns with the species-energy theory (SET), which suggests that population
sizes of resident species increase with nutrient availability, thereby reducing the risk of extinction of

rare species (Cardinale et al., 2009; Wright, 1983).

Similar positive relationships between nutrient availability and phytoplankton species richness
have been demonstrated in Norwegian lakes (Cardinale et al., 2009) and relationships with bacterio-,
phyto-, and zooplankton species richness in Finnish lakes (Korhonen et al., 2011), as well as in a
meta-analysis of freshwater studies (Lewandowska et al., 2016). In Canadian lakes located in the
Province of Quebec, unimodal relationships between zooplankton species richness and TP have been
previously established (Barnett & Beisner, 2007). It is noteworthy though, that the relationship with
nutrient availability may vary depending on the trophic state of aquatic ecosystems, ranging from a
positive linear relation in ultraoligotrophic systems to a negative linear relation in eutrophic systems
(Korhonen et al., 2011). This variability may explain the unimodal pattern in bacterial richness
observed in our lakes (like findings with zooplankton species richness in Canadian lakes reported by
Barnett and Beisner), where richness was highest at intermediate trophic levels (mesoeutrophic to
mesotrophic) but relatively tapered at lower (ultraoligotrophic to oligotrophic) and higher
(hypereutrophic to eutrophic) trophic states. These patterns in describing species richness in relation
with nutrient availability align with local-scale ecological models which predict that productivity—
diversity relationship should be hump-shaped (i.e. initially increase with slight increases in

productivity, but then decline to low levels when productivity is highest) (Chase & Leibold, 2002).
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The unimodal pattern in bacterial richness observed in this chapter could also be attributed to
the higher throughput method which differed from what was used in previous chapters. Specifically,
in the preceding chapter where amplicon sequencing technique was employed, peaks in bacterial
richness at intermediate trophic states were not observed but bacterial richness was highest in lakes
with higher nutrient concentrations within the Prairies and Boreal Plains ecozone. This could be due
to the presence of multiple copies of the amplicon (16S rRNA) gene in copiotrophs, which is one of
the challenges of the amplicon gene method (Crosby & Criddle, 2003). Furthermore, research has
demonstrated that larger scale often shows a very different pattern from those performed at local scale
wherein species diversity often monotonically increases with increasing productivity due to system

heterogeneity or the use of different methodology (Chase & Leibold, 2002).

4.4.2 An unexpected abundance of Firmicutes in high-nutrient lakes

The dominance of phyla such as Actinobacteria, Proteobacteria, and Bacteroidetes found in
this chapter aligns with previous findings on the taxonomic composition in the water column of
Canadian freshwater environments (Kraemer et al., 2020; Paver et al., 2020; Sadeghi et al., 2021;
Shahraki et al., 2021). However, the unexpected abundance of Firmicutes in eutrophic to
hypereutrophic lakes within the Prairies and Boreal Plains is notable. Firmicutes have been found in
diverse environments including the air (Gusareva et al., 2019; Lang-Yona et al., 2022), human gut
(Hou et al., 2022; King et al., 2019; Rinninella et al., 2019) , oceans (Orcutt et al., 2011; Lang-Yona
et al., 2022) but are most usually abundant in soils (Kuramae et al., 2012; W. Li et al., 2020; Mhete
et al., 2020; Sheibani et al., 2013), and rarely reported in freshwater lakes (Shahraki et al., 2021). They
are often associated with high nutrient environments and can indicate potential anthropogenic impact,
such as agricultural runoff (Hashmi et al., 2020). Researchers have demonstrated that these group of
organisms, generally known as copiotrophs (Song et al., 2016), may possess diverse metabolic
capabilities including high-nutrient organic matter degradation, and have been implicated as bacterial
keystone biomarkers in agricultural soils (Wongkiew et al., 2022). The remarkable discovery of
Firmicutes in nutrient-rich lakes of the Prairies and Boreal Plains could be attributed to the fact that
bacterial composition in these lakes may have shifted from oligotrophic taxa to high nutrient-tolerant
taxa. A metagenomic exploration of bacterial communities in mesotrophic Washademoak Lake
(median TP of 17 ug/L™") in Atlantic Canada revealed findings similar to our continental study, with
bacterial communities dominated by Proteobacteria, Actinobacteria and Cyanobacteria but with other

lineages including Firmicutes at a relative abundance of about 19 % (Valadez-Cano et al., 2022). It is
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noteworthy that while Washademoak Lake may be classified as mesotrophic, it has experienced
cyanobacterial blooms, and when assessed for the presence of potential cyanotoxin, well-known
bloom-forming genera (Microcystis, Nostoc, and Dolichospermum) were prevalent in Washademoak.
Also, assembly and binning strategies recovered the genome of Microcystis aeruginosa WS75, a
toxin-producing cyanobacterium from Washademoak Lake. Based on this, and the fact that
environmental conditions in Atlantic Canada differ from those in the Prairies (the latter generally
having much higher phosphorus concentrations), the presence of Firmicutes in our lakes may be thus

comparable with findings in Washademoak Lake.

4.4.3 Spatial variation in taxonomic and functional composition is driven by lake
physicochemistry

Research has demonstrated the importance of lake physicochemistry in driving both bacterial
community composition and function in hypereutrophic lakes (Diaz-Torres et al., 2022). Both our
taxonomic and functional PCA analysis highlighted spatial dispersion of high nutrient lakes in the
Prairies and Boreal Plains, suggesting that these regions may have distinct bacterial communities
compared to others. The overall variation in functional composition was higher than taxonomic
composition (PC1 taxonomy, 6.81%; PC1 function, 19.6% variation captured), which may suggest
that environmental conditions influence the functional capacity of bacterial communities more
strongly than their taxonomic makeup. However, the PCAs could only tell us about the underlying
structure in both datasets which may be skewed by the influence of lakes in the Prairies and Boreal
Plains ecozones. Upon further investigation of this trend using constrained ordinations (db-RDA) with
a forward selection step, we found that when we disentangled environmental conditions into six broad
categories (namely physicochemistry, lake morphometry, land use, geography, climate and watershed
soil properties), both taxonomic composition and function exhibited some similarity with the
overlying structure unveiled by our PCA analysis. However, they differed from model to model. In
half (3 out of 6) of the models investigated, environmental conditions influenced the functional
capacity of bacterial communities more strongly than their taxonomic composition. In particular, lake
morphometry, weather, and geography explained more variation in functional composition than
taxonomy. For the other half of the db-RDAs, more variation in taxonomic composition was explained
by environment (physicochemistry, watershed soil properties and land use) than for function. Overall,
our db-RDA analysis indicated that physicochemistry was the primary driver of variation in both

taxonomic composition and function. In particular, pH, TN, chlorophyll-a and potassium
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concentration were significant predictors, emphasizing the importance of water chemistry in shaping
bacterial communities and their metabolic potential. In terms of watershed land use, agriculture was
the most important predictor of both taxonomic composition and function. Interestingly, more broad-
scale geographical factors were related to function, while more local lake factors affected taxonomic
composition. This is what might be expected given that function transcends taxonomy and provides a
“common currency’” with which to evaluate community structure across regions where different taxa

are present owing to biogeography (McGill et al., 2006).

4.4.4 Enrichment of xenobiotics biodegradation and metabolism revealed in sub-metagenomes

Metagenomic studies have shown functional differences in communities across land use
(Garner et al., 2023), eutrophication or pollution gradients. The enrichment of xenobiotics degradation
and metabolism pathways in specific sub-metagenomes, particularly in lakes with high nutrient levels,
highlights the potential for these environments to influence the breakdown of pollutants. This may
have implications for water quality and ecosystem health, particularly in areas with significant
agricultural activity. Xenobiotics are synthetic chemicals from anthropogenic sources that do not or
rarely exist as natural products (Rieger et al., 2002). In a previous study using metagenome assembled
genomes (MAGs) across Canadian lakes, an exploration of specific metabolic categories revealed that
xenobiotics metabolism was most strongly explained by land use and its turnover within xenobiotic

metabolism was mostly impacted by human population density and agriculture (Garner et al., 2023).

Similarly, in hypereutrophic lakes located in Europe, metagenomics was used to investigate
the microbial communities and their functional potential in surface sediments collected from three
lakes of differing trophic states (mesotrophic, eutrophic and supertrophic). The researchers reported
that xenobiotic pathways, such as those involving polycyclic aromatic hydrocarbons, were highest in
the lakes with the greatest agricultural land use in their catchment (Biessy et al., 2022). In our study,
we also found that agriculture was the dominant driver of xenobiotic metabolism in lakes. Though
Biessy and colleagues’ investigation was based on surface sediment of freshwater lakes and not the
water column, interactions between bed sediment and the water column in shallow lakes may have
been demonstrated to influence the availability and transport of nutrients (Julian II et al., 2023). Our
random forest analysis provided insight into how specific land use variables predict the metabolic

variation in bacterial communities; for instance, agriculture was a significant predictor for SMGs
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enriched with xenobiotic metabolism. This finding underscores the interconnectedness of lake

ecosystems with their surrounding landscapes.

4.5 Conclusion

The LakePulse metagenome resource provides a comprehensive view of the bacterial
communities in Canadian lakes, highlighting the complex interplay between environmental factors,
land use, and bacterial diversity, community composition and function. Our findings underscore the
critical importance of understanding how watershed land use practices and environmental conditions
influence the functioning of freshwater ecosystems. Specifically, the identification of links between
bacterial metabolic pathways, such as xenobiotics biodegradation, with lake physicochemistry and
agricultural activities within the watershed suggests a pervasive impact of land use on the functional

diversity of lake bacterial communities.

However, it's important to note that our study did not include metatranscriptomic
investigations, which would have provided insights into the active expression of genes associated with
xenobiotics biodegradation or other metabolisms within our lakes. Therefore, while we can speculate
on the potential of lake bacteria to carry out these metabolic processes, we cannot conclude on whether
these genes are actively expressed in the studied ecosystems. Addressing this gap in knowledge would
be crucial for gaining a more comprehensive understanding of freshwater ecosystems across Canada
and promoting their long-term sustainability. Therefore, future research endeavors could focus on
investigating gene expression within these lake environments, allowing for a more direct assessment

of how bacterial communities respond to changing environmental conditions and land use influence.
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4.6 Methods

4.6.1 Lake selection and sampling

Over 600 lakes were samples within three summers from 2017 to 2019 by the Natural Sciences
and Engineering Research Council (NSERC) Canadian Lake Pulse Network (Huot et al., 2019). Lakes
were randomly selected across three lake area categories (small 0.1-1, medium 1- 10, and large 10-
100 km?) and varying human impact categories (low, moderate, and high characterised by land use
types and coverage of the watershed) across 12 ecozones of Canada in order to adequately capture the

wide environmental heterogeneity in lake and watershed conditions at the continental scale.

Water for assessing bacterial communities was collected from the euphotic zone (estimated as
twice the Secchi disk depth) over a depth of up to 2 m below the surface using an integrated tube
sampler. Carboys were stored in ice-pack-chilled coolers until water could be filtered on the lakeshore.
Water was prefiltered through 100 um synthetic nylon mesh and vacuum-filtered on 47 mm-diameter
0.22 pm Durapore membranes through a glass funnel apparatus at a maximum pressure of 8 inHg.
Filtration concluded either at 500 mL or upon clogging of the filter. Filters were stored in sterile
cryovials at -80 °C. Details for environmental sampling and field protocols can be found in the
NSERC Canadian Lake Pulse Network field manual 2017 - 2018 - 2019 surveys prepared by Varin
and colleagues (NSERC Canadian Lake Pulse Network, 2021). 366 lakes were selected for
metagenomic data generation. Nine Saline lakes, identified as having conductivity > 8,000 uS/cm or
total major ions >4,000 mg/L, were removed leaving a total of 357 lakes for taxonomic analysis. Nine
lakes with the lowest numbers of protein coding genes and a montane cordillera lake (11-538) without

functional annotations were further excluded for functional analysis leaving a total of 347.

4.6.2 Environmental data

Six categories of environmental explanatory variables were selected for analysis: (1)
geography, (2) lake morphometry, (3) physicochemical parameters, (4) watershed surface soil
properties, (5) land use, and (6) climate. Geography variables included latitude, longitude, and
altitude. Lake morphometry parameters included lake area, circularity, volume, maximum depth,
discharge, water residence time, watershed area, lake-to-watershed area ratio, and watershed slope
within 100 m of the shoreline (data on volume, discharge, residence time, and slope were accessed

from HydroLakes v. 1.0) (Messager et al., 2016). Physicochemical parameters included surface water
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temperature, pH, colour, and concentrations of Chl-a, DIC, DOC, TN, TP, calcium, chloride,
magnesium, potassium, sodium, and sulfate. Watershed soil properties estimated for the top 0 — 5 cm
soil depth interval were accessed from SoilGrids250m (Hengl et al., 2017) and included bulk density
of the fine earth fraction, cation exchange capacity, volumetric fraction of coarse fragments,
proportions of clay, sand, and silt particles in the fine earth fraction, total nitrogen, pH, soil organic
carbon content in the fine earth fraction, and organic carbon density. Land use variables were
calculated as fractions of watershed area not covered by water and included crop agriculture, pasture,
forestry, built development, human population density, livestock density, and poultry density. Climate
variables measured over the seven days prior to lake sampling were accessed from ERAS5-Land hourly
reanalysis (Mufloz-Sabater et al., 2021) and included mean air temperature, total precipitations, mean
net solar radiation, mean wind speed, and ice disappearance day for the year of sampling. Lake trophic
state was categorized by TP concentrations according to the Canadian Water Quality guidelines:
ultraoligotrophic (<4 pg/L), oligotrophic (4 — 10 pg/L), mesotrophic (10 — 20 pg/L), mesoeutrophic
(20 — 35 pg/L), eutrophic (35 — 100 pg/L), and hypereutrophic (>100 pg/L) (Canadian Council of
Ministers of the Environment, 2004).

4.6.3 DNA extraction, metagenome sequencing, assembly, and annotation

DNA was extracted from filters using the DNeasy PowerWater kit (QIAGEN) according to
the manufacturer’s instructions supplemented by the optional addition of 1 pL ribonuclease A and 30
min incubation at 37 °C. DNA was submitted to Genome Quebec for library preparation using the
NEBNext Ultra II DNA Library Prep Kit (New England Biolabs) and 150 bp paired-end shotgun
sequencing on an Illumina NovaSeq 6000 platform. Adapter-clipping and quality-trimming of raw
reads were performed in Trimmomatic v. 0.38 using default settings (Bolger et al., 2014). Single
metagenome assemblies were created for 100 individual samples, collected in 2017, using MEGAHIT
v.1.2.7 (D. Li et al., 2016) with kmer lengths 27, 37, 47, 57, 67, 77, 87 and a minimum count of two
while single assemblies for the other 266 samples collected in years 2018, 2019 were created using
metaSPAdes v.3.13.0 with kmers 21, 33, 55, 77, 99, 127 and the assembler_only option (Nurk et al.,
2017). Fasta files, representing contigs/scaffolds for each metagenome along with coverage files were
deposited at the DOE Joint Genome Institute Integrated Microbial Genomes (JGI/IMG) annotation
site for functional annotation. Gene prediction and annotation was performed using the DOE Joint
Genome Institute Integrated Microbial Genomes Annotation Pipeline v.4.16.6 (Huntemann et al.,

2016) and v.5.0.20/23 (Chen et al., 2019) respectively.
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4.6.4 Computation of gene abundance matrix

Metagenomics data files containing genes IDs, gene annotations, gene depth of coverage and
other gene information were retrieved from the DOE Joint Genome Institute Integrated Microbial
Genomes (JGI/IMG, https://img.jgi.doe.gov) repository. The abundance of a KEGG ortholog number
(KO, gene family) in a metagenome was calculated by summing the depth of coverage of all genes
annotated with that KO. KO abundance matrices therefore represent the metagenomic profiles across

the samples.

4.6.5 Taxonomic annotation and estimation of bacterial richness

Taxonomic annotation was performed using SingleM, a tool used to find the abundances of
discrete operational taxonomic units (OTUs) directly from shotgun metagenome data, without heavy
reliance on reference sequence databases (Woodcroft et al., 2024). Raw metagenome reads, not
quality trimmed reads were used. SingleM concentrated on 14 single copy marker genes (rpL2, rpL3,
rpL5, rpL6, rpL11, rpL.14b_L.23e, rpL16_L10E, rpS2, rpS5, rpS7, rpS10, rpS12_S23, rpS15P_S13e,
pS19) to provide fine-grained differentiation of species that is independent of the copy-number
variation issues that hamper 16S analyses. The ribosomal protein L2 rplB was used for taxonomic
profiling. Annotated bacterial sequences were rarefied to an equal depth of 600 sequences. Bacterial

richness (Chaol index) was estimated using the vegan package in R (Oksanen et al., 2020).

4.6.6 Unconstrained and constrained ordinations

Principal component analysis (PCA) was conducted using the rda function of the R package
vegan (Oksanen et al., 2020). Distance-based redundancy analysis (dbRDA) allows constrained
ordinations on community data using non-Euclidean distance measures. Six categories of db-RDA
models were established as detailed in environmental data section. A synthetic distance matrix was
computed from both bacterial community and function matrices using the vegdist function in R,
employing Bray-Curtis as the distance method to capture dissimilarity in community composition and
function. Subsequently, a forward selection distance-based redundancy analysis was performed to
evaluate how environmental conditions and land use influence community composition and function
across the dataset. The capscale function of the R vegan package (Oksanen et al., 2020) was utilized

for this analysis.
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4.6.7 Non-Negative matrix factorization (NMF)

NMF was performed with the nmf function from the NMF package in R (Gaujoux & Seoighe,
2010). NMF decomposes the abundance matrix into two matrices: a coefficient matrix that describes
the overall structure of the abundance matrix with a limited number of descriptors (herein referred to
as sub-metagenomes, their number being the rank), and a basis matrix that provides the weights of
each original descriptors (KO number) on the new descriptors (sub-metagenomes). The advantage of
NMF is that it directly links the overall structure of the abundance matrix to the individual elements
(KO number) driving this structure. NMF analysis was first performed with rank values ranging from
3 to 7, 100 runs, and various algorithms (“nsnmf”, “Brunet”, “KL”). We obtained the optimal results
for the nsNMF algorithm, random seed of the factorized matrices, and an optimal rank value of 6.

Final analysis was performed with 200 runs, a rank of 6, random seed and nsNMF algorithm.

4.6.8 Random Forest Analysis

RF analysis was employed to assess the impact of variables on six sub-metagenomes identified
by NMF analysis. RF presents advantages over traditional regression techniques, particularly in
mitigating the risk of overfitting when dealing with a large number of predictor variables, as is the
case in our study (Matsuki et al., 2016; Ryo & Rillig, 2017). In this context, we utilized an RF
technique based on conditional inference regression trees (Strobl et al., 2009), as developed by Ryo
and Rillig (2017). Importance measures were computed for each predictor variable through cross-
validation, utilizing data not employed in the tree construction, known as the out-of-bag (OOB) data
(Breiman, 2001). The analysis involved the utilization of 5000 regression trees to ensure a robust
prediction, implemented using the party package in R (Horton et al., 2019; Ryo & Rillig, 2017; Strobl
et al., 2007; Zeileis et al., 2008)

4.7 Data avaliability

Raw metagenome reads were archived in the European Nucleotide Archive under study accession
PRJEB29238  (https://www.ebi.ac.uk/ena/browser/view/PRJEB29238).  Single = Metagenome
assemblies were deposited and annotated at the Joint Genome Institute Genomes OnLine Database

under study accession Gs0136026.
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4.9 Supplementary Figures and Tables
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Supplementary Figure S4a Evolution of various metrics used to quantify the optimal rank to be used for the

non-negative matrix factorization analysis. Cophenetic correlation represents the correlation between the

sample distances from the consensus matrix and the cophenetic distance between these samples when they are

clustered. The dispersion is defined as 1-rss/"i,j(Vi,j)2 (Vi,j are the entries of the KO abundance matrix). Evar

estimates the fraction of variance of the KO abundance matrix explained by the NMF results. Residuals is the

sum of residuals between the original KO abundance matrix and the matrix estimated using the NMF. The rss

is the residual sum of squares between the original KO abundance matrix and its estimate using the NMF

algorithm. Sparseness is equal to 1 if all the elements of a vector are null but for 1. Oppositely, the sparseness

is equal to 0 is all the element of a vector are equals. The sparseness of the basis and coefficient matrices are

calculated as the mean sparseness of its element vectors.
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Supplementary Table S4 Summary of random forest result on six submetagenomes. The most influential
predictors are highlighted as well as the overall RF model fit and out of bag error. Strong (=>5%),

intermediate (2-5%) or low (<2%) predictors of bacterial metabolism.

Predictor SMG-1 SMG-2 SMG-3 SMG-4 SMG-5 SMG-6
R? fitted 0.77 0.65 0.40 0.66 0.52 0.64
R? O0OB 0.63 0.30 8.07E-05 0.12 0.16 0.35
Agriculture 5.82 3.89 0.59 4.46 1.53 1.80
Built development 0.30 0.47 1.03 1.05 0.07 0.61
Forestry 0.02 0.60 0.00 0.21 0.21 0.34
Natural landscapes 2.06 1.57 0.00 1.85 0.36 2.36
Pasture 0.09 1.10 4.58 2.24 0.88 1.16
Livestock density 0.92 0.28 0.11 0.61 0.42 0.43
Population density 0.06 0.82 0.17 1.03 0.34 0.14
Poultry density 0.45 0.04 0.26 0.01 0.01 0.16
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Chapter 5: Conclusions and future direction

5.1 Bacterial communities, a bedrock of aquatic ecosystems

Bacterial communities are crucial to the functioning of aquatic ecosystems. They are found
everywhere, capable of thriving in a wide range of environments, even the most extreme ones—such
as beneath ice (Tran et al., 2018), in hydrothermal vents (Zeng et al., 2021), hot springs (Massello et
al., 2020), and acid mines (Méndez-Garcia et al., 2015). These communities exhibit vast metabolic
and physiological versatility which makes them vital drivers of several biogeochemical processes on
Earth (Falkowski et al., 2008). Remarkably, the total amount of prokaryotic carbon is estimated to be
60—100% of the total carbon in plants (Prosser et al., 2007). In aquatic ecosystems, including lakes,
the average cellular carbon content is estimated to be between 5-20 fg of C per cell (Whitman et al.,
1998). Understanding the ecology of aquatic bacteria represents one of the most significant
intellectual challenges in contemporary ecology. Gaining this understanding is essential for
addressing many of the critical challenges facing humanity today, such as the management of natural

ecosystems and the mitigation of environmental degradation to maintain a sustainable environment.

5.2 Lake physicochemistry as a driver of bacterial diversity and community composition

This thesis, in its first research chapter, studied bacterial diversity and community composition
across a wide environmental and spatial gradient spanning seven Canadian ecozones and 403
freshwater lakes. Along the wide trophic gradient investigated, we were able to detect the presence of
not only cosmopolitan lake bacteria, but groups associated with high nutrient conditions. We
identified a broad scale pattern in diversity, where lakes located in the more northwestern ecozones
exhibited higher richness than those in the southeastern ecozones. These change in diversity were
linked to lake productivity, ion composition, and lake depth. Cyanobacteria, Bacteroidetes, and
Firmicutes were enriched in nutrient-rich lakes, while Verrucomicrobia were enriched in nutrient-
poor lakes. We also found that bacterial community composition varied across the seven ecozones
and that the variation in the observed community structure was most strongly related to lake physico-
chemistry, particularly lake pH and trophic state. Moreover, nutrient rich lakes in the Prairies and

Boreal Plains often exhibited the most taxonomically distinct communities.
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Our findings in this chapter included linking distinct bacterial groups to lake physicochemical
conditions and varying nutrient concentration level. This suggested that different taxonomic groups

played varying ecological roles in response to environmental and spatial gradients.

5.3 Land use impacts bacterial community composition differently at varying spatial scales

These findings led us to expand our investigation to include five more ecozones and 218
additional freshwater lakes. We then focused on investigating the influence of water quality and land
use variables on bacterial communities across 12 ecozones that represent wide regional variation of
the Canadian landscape. Thus, in addition to investigating a pan Canadian scale response of bacterial
communities to water quality and specific watershed land use types, we were also able to investigate
regional responses specific to regions where certain land use types were prevalent. We took this
approach because while in-lake conditions like pH, trophic status, productivity, ion concentration and
depth are important in influencing bacterial diversity and community composition (like shown in the
first research chapter of this thesis), such in-lakes conditions are typically a depiction of the lake’s
surrounding terrestrial watershed. This makes lake ecosystems excellent sentinels and integrators of
environmental change at scales ranging from regional to continental (Williamson et al., 2008) which

we went on to capture in this thesis.

On incorporating spatial scale (continental and regional) as well as land use variations in our
investigations, we were able to detect that total phosphorous (TP) was the most significant water
quality variable exerting a strong influence on bacterial community structure at the continental scale.
In fact, we found a profound shift that correlated with the transition from eutrophic to hypereutrophic
conditions. At the regional scale, and despite the presence of significant regional differences in
environmental conditions, water quality strongly influenced bacterial community structure in all
ecozones. Intriguingly, for land use, at the pan Canadian scale, we found that agriculture and, to a
lesser extent, urbanization were significant land use types influencing community structure. However,
at the regional scale, we encountered a clear dichotomy wherein in ecozones where agriculture was
prevalent, agriculture was consistently significant in explaining community structure. Likewise, in
extensively urbanized ecozones, urbanization was consistently significant in explaining community

structure.
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Our spatial scale variation was integral in revealing the influence of surrounding terrestrial
land use type on bacterial community structure. We then used metagenomics to analyse functional
diversity in the lakes. Bacterial communities are metabolically versatile, perpetuating a wide range of
complex biogeochemical cycles. Could we pinpoint potential metabolic activities occurring in these

lakes across the continental scale?

5.4 Lake bacterial communities display propensity for diverse metabolisms, including

xenobiotics biodegradation across Canada

Findings from the previous chapters led us to explore both taxonomic and functional diversity
in a subset of 357 lakes via metagenomic approaches. In the final research chapter of this thesis, we
employed metagenomic sequencing techniques to unravel taxonomic composition and functional
diversity in lakes while investigating the influence of environmental conditions and land use on both
biological indices. Our metagenomic analyses along a wide trophic gradient from ultraoligotrophic to
hypereutrophic lakes revealed a unimodal relationship between bacterial richness and lake trophic
status wherein richness peaked at intermediate trophic states (mesoeutrophic to mesotrophic lakes),
consistent with established scientific reports on microbial diversity-productivity relationships (Smith,
2007). Overall, we detected that the influence of lake physicochemical properties on both taxonomic
and functional composition of lake bacteria surpasses other environmental conditions. However, land

use, specifically agriculture, influenced both taxonomic composition and function similarly.

While a number of protein coding genes associated with different kinds of metabolic processes
(including carbohydrate and energy metabolisms) were found in the lake metagenomes, metagenomes
were particularly enriched with genes coding for xenobiotics biodegradation and metabolism. This
metabolic pathway was particularly related to both environmental and land use drivers, wherein
physicochemical parameters like lake pH, total nitrogen concentration strongly influenced the
capability of lake bacteria to degrade xenobiotics in lakes as well as land use types like agriculture

and pasture.
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5.5 Future Directions

As environmental changes continue to accelerate, there is an urgent need for studies that take
a comprehensive approach to understanding freshwater ecosystems. This is particularly important for
ensuring freshwater sustainability in a lake-rich country like Canada. This thesis resolved bacterial
diversity patterns, community composition, and function across both continental and regional scales.
We were able to link changes in these biological components to variations in lake environmental
conditions and the influences exerted by watershed land use in the surrounding terrestrial ecosystems.
We identified the potential of lake bacteria to carry out a crucial metabolism that could facilitate
bioremediation in polluted aquatic ecosystems, a mechanism tremendously advantageous in

mitigating the negative effects of agricultural activities exacerbated by increasing human populations.

However, this thesis did not determine if these environmentally important genes are actively
expressed, which is a limitation of metagenomic analysis. Future metatranscriptomic work, capable
of revealing gene expression would be a valuable continuation of this study. By focusing on what
genes are expressed by the entire microbial community, metatranscriptomics can shed light on the
active functional profile of a microbial community (Aguiar-Pulido et al., 2016). Metatranscriptomics
represents a deeper layer of analysis, complementary to metagenomics. It complements metagenomics
by revealing which genes from the metagenome are actively transcribed and to what extent. This
allows for the study of gene expression in complex microbiomes at specific times and under defined
environmental conditions. In the Arctic Ocean, researchers employed both metagenomics and
metatranscriptomics to evaluate the prevalence and diversity of metabolic pathways and bacterial taxa
involved in the degradation of aromatic compounds. The study found that these pathways were not
only widespread but also actively expressed (Grevesse et al., 2022). Conducting similar analyses

would yield significant insights into the ecological roles of freshwater lake bacteria across Canada.
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