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Thesis Abstract

The McMurdo Dry Valleys of Antarctica are an abiotically driven ecosystem
characterized by having a very simple trophic structure dominated by microbial communities,
whose diversity is shaped by extreme abiotic gradients, particularly extreme aridity and
oligotrophy. Regional isolation and dispersal limitations have concurrently led to the
emergence of heterogeneous microbial communities with highly localized dominant taxa
across the region. These taxa were selected based on specialized genetic and physiological
adaptations accumulated during long-term isolation, which conferred an advantage to endure
the physical and chemical stress. Models predict that over the coming decades, climate change
will trigger hydrological changes in the system with potential consequences for its microbial
communities and, subsequently, ecosystem-level processes. The capacity of the Antarctic
microbiome to absorb change while maintaining its structural and/or functional attributes will
determine the extent to which predicted environmental changes will threaten the system's

stability.

This research starts by developing and validating a space-for-time sampling approach
using variations in geochemical factors that follow alterations in water availability as time
progresses and to which biological communities respond. This approach was replicated across
the six major lakes in the Wright and Taylor valleys, and builds on previous examples of
environmental gradients, which used arbitrary distance-based metrics as sampling design,
incorporating significant yet uncharacterized in sifu geochemical variability. The approach
developed here enabled the acquisition of a comprehensive dataset that predicts, with
confidence, that future hydrological changes will significantly alter the composition and
diversity of microbial communities historically adapted to arid and oligotrophic conditions.
The latter will result in significant changes in the metabolic activity of pathways associated
with carbon, nitrogen, phosphorous and sulphur cycles, with an increase in functional diversity
and activity as the system becomes wetter. This work further provides first time evidence that
carbon fixation via atmospheric chemosynthesis is the primary active pathway for carbon
acquisition under extreme aridity in polar deserts, being replaced by photosynthetic carbon

fixation with prolonged exposure to wetness.
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To complement predictions made in sifu using a space-for-time approach, this research
incorporated temporal observations using manipulative experiments, performed in a Polar
Desert Environmental Chamber (PDEC), to test the sensitivity and resilience of microbial
communities to short-term wetting disturbances. It demonstrated that co-existing microbial
taxa respond asynchronously during wetting and drying periods, which indicates dry soil
communities comprise co-existing taxa with preferences for different environmental
conditions. It also experimentally showed, for the first time, the capacity of microbial
communities from this region to recover from short-term wetting events associated with the
ability of dry-adapted taxa, mostly affiliated with Actinobacteriota and Acidobacteria phyla, to

persist during the wetting period.

Through the incorporation of large-scale spatial transects in conjunction with
manipulative experiments, this research delivered a fundamental evidence-based anticipation
of the compositional and functional aspects that are likely to change in the McMurdo Dry
Valleys ecosystem in response to alterations in water dynamics as well as on the microbial

attributes that enhance the ecosystem's functional resilience to climate change.



Chapter I

Table of Contents
Acknowledgements ii
Thesis Abstract iv
Table of Contents 1
List of Figures and Tables 4
CHAPTER1 7
Introduction and Literature Review 7
I .1 INErOAUCTION ...ttt ettt sttt et et e bt esaeesaneesneeeas 7
1.2 Defining resilience in €cological SYSIEMS ......ccoueirriieiiiieiniiieniieeeteerite et 9
1.3 Antarctic ice-free regions: the McMurdo Dry Valleys a model system to study
TESIIIEIICE ...ttt ettt ettt et e sat e st e st e et e e e e aee 10
1.4 Signs of change in Antarctic iCE-free reZIONS ........cocueevuieriiiiieriieiierie e 12
1.5 Microbial communities as sentinels of change in the McMurdo Dry Valleys .............. 13
1.6 Functional attributes of the McMurdo Dry Valleys terrestrial microbiome.................. 15
1.7 Framework to study resilience in the MDVS ........ccociiiiiiiiiiiniiecceceeen 17
1.8 Research Chapters and GOalS ........cc.eeeviiiiiiiiiiiieiieeeeceeecete et 22
RETEIEIICES .. ettt ettt e 26
CHAPTER 11 43
Geochemically defined space-for-time transects successfully capture microbial
dynamics along lacustrine chronosequences in a polar desert. 43
2.1 = ADSETACT. .. ..eiteeiieeteeete ettt et st et e sbe e st aee 44
2.2 — INEFOAUCTION ...cntiiiieiieeiteee ettt ettt et st s e st e e eneeeee 45
2.3 - Material and MethodsS .........c.coviiiiiiiiiiiiiieeceee e 47
24 = RESULILS ettt ettt et et e st eee 51
2.5 - DISCUSSION ..c..utiiiiiiieeiieetteete ettt ettt ettt et et ettt e bt e st e e bt e saneesbeesaneesseeeaneenee 63



Chapter I

Data AVALIADIIILY ..cooouviiiiieiiie ettt ettt ettt et esaee e 68
ACKNOWIEAZMENLS .....eeiniiiiiiiieiiiie ettt ettt e st e e st e e sbee e sabeeesaseeenns 68
RETEIEIICES ...ttt ettt et 69
CHAPTER III 83

Bringing Antarctica to the lab: A polar desert environmental chamber to study the

response of Antarctic microbial communities to climate change 83
31 = ADSTIACT . c..eeiteeiteeite ettt ettt st st nneenane s 84
3.2 - INEFOAUCTION ..eneiiiiiiiieiieenit ettt ettt sttt sbe e e e e eneenmeesanees 85
3.3 = METROAS ..ot e et es 87
B4 = RESULES ettt sttt ettt e es 92
3.5 - DISCUSSION ...ttt ettt ettt ettt et s e et e st e e bt e st e beesat e e bt e senesaneesmeeeaneenaee 102
3.6 - Conclusion and SiZNIfICANCE .........eervuviiriiiiiiieiiiieeriee ettt 106
Data AVaAIIADIIILY ...oouviiiiiieiiie ettt et s s 107
ACKNOWIEAZMENLS .....eeiniiieiiiieiiiee ettt ettt et e st e st e e st eesabeeesaree s 107
RETEIEIICES ...ttt et st es 108

CHAPTER IV 122

Role of dominant taxa driving functionality under climate change in the terrestrial

ecosystems of the McMurdo Dry Valley 122
4.1 = ADSITACT . ....eeiiiieiieeieeete ettt e st ettt e sttt e es 123
4.2 - INIFOAUCTION ...ttt ettt ettt et s e sse e sare e b e e neesaeesanees 124
4.3 - Material and Methods ........c.c.ooviiiiiiiiiiieeece e 126
4. = RESUILS oottt ettt ettt et e es 132
4.5 - DISCUSSION ...cuuieiiieiieriieeite et et ettt et et e st e e bt e sateesaeesare e bee e bt enseesareenneeesneenneesanees 146
4.6 - CONCIUSIONS ...eeniiieiiiiiieiieeeit ettt ettt ettt e st et n e sbe e sare e ae e e bt e smeenarees 151
4.7 - Methodological CONSIAETAIONS ........eeerurieeriiieiiiieeiiee ettt et e e 152
RETEIEICES ...ttt et st es 153



CHAPTER V

Chapter I

171

Summary, Conclusions and Future Work

5.1. — Proposed framework and aims..........cccceevvveeieenienneennene
5.2 — Thesis SUMMATY ......eevvuieeriiiieniieeiieerieee e eireeeieeesiee e
5.3 — FUtUre WOTK ....coviiiiiiiiiiiiiiieeieceieeee e

RETEIENCES ..ottt e et

Appendix A

171

200

Supplementary Material for Chapter II..........cccccoocveriiinienneennn.

Appendix B

........................................ 200

211

Supplementary Material for Chapter IIT ............ccccoiienennenne

Appendix C

........................................ 211

235

Supplementary Material for Chapter IV ........ccccccoceriiiniennnennn

Appendix D

........................................ 235

290

Co-authorship FOrms ........cccccooviiiiniiiiiniiiiiieeieceeeeeeeieee



Chapter I

List of Figures and Tables

Chapter I — Introduction and Literature Review

Figure 1 - Schematic representation of two concepts of resilience.....................ooeenenn. 10

Figure 2 - Photo of the Wright Valley and Onyx River in the McMurdo Dry Valleys,
Victoria Land, Antarctica (Maria Monteiro, 2016).......covvviiiiiiiiiii it 12

Figure 3 — Proposed framework to study resilience in the McMurdo Dry Valleys............. 25

Chapter II — Geochemically defined space-for-time transects successfully
capture microbial dynamics along lacustrine chronosequences in a polar

desert.
Figure 1 - Sampling locations in Wright Valley and Taylor Valley.......................oooue 52
Figure 2 - Geochemical parameters across the space-for-time transects.......................... 55

Figure 3 - Relationship between phylogenetic diversity (PD), moisture content (%) and
electrical conductivity @S) measured across the

Figure 4 - Principal coordinate analysis (PCoA) of microbial community compositional data
based on a weighted UniFrac distance matriX...........ooueviiiiiiiiiiiiiiiiin e 58

Figure 5 - Principal coordinate analysis (PCoA) of microbial community data based on a
weighted UniFrac distance matrix for each lake along each transect....................c..oee. 59

Figure 6 - NTI values for each single community sampled along space-for-time transects at
each lake. .. ..o 60

Figure 7 - Heatmap and rank abundance plot of the top twenty bacterial OTUs classified by
Random FOrest analysiS. . ......coouiiiiiiiiii i 62

Table 1 - Soil samples collected across all space-for-time transects and associated geochemical

Table 2 - PERMANOVA test using soil moisture content (%), pH, and electrical conductivity
on microbial communities along the moisture tranSects...........cvevieiiiriiiiiineiiinennnnn. 61



Chapter I

Chapter III - Bringing Antarctica to the lab: application of environmental
chambers to study biological response from Antarctic communities to
climate change

Figure 1 - Polar Desert Environmental Chamber (PDEC) designed to emulate temperature,
relative humidity, light, and permafrost observed in the McMurdo Dry Valleys................. 89

Figure 2 - Principal coordinate analysis (PCoA) plot of weighted UniFrac distance........... 94

Figure 3 - Weighted UniFrac distance values representative of each pairwise comparison

calculated between a wetting or wetting/re-drying sample versus the control.................... 95

Figure 4 - Temporal dynamics of the eight most dominant phyla during the Control, Wetting,

and Wetting/re-drying treatmentS. ... ....veuueenteett ittt a e et e e e e aeeaeeeaeans 96

Figure S - Relative abundance of the top five most abundant bacterial families from the four
most abundant phyla in the community at different time points during the control, wetting, and
wetting/re-drying

1872180 0151 018 97

Figure 6 - Heatmaps indicating the number of significant amplicon sequence variants (ASVs)

identified by DeSeq?2 analysis, for each time point.............c..coooiiiiiiiiiiiiiiiiiiiien.. 100

Figure 7 - NTI values for every community sampled from each treatment and control over the

time course Of the @XPeTIMENt. .........oouiiiiii i e 101

Chapter IV - Role of dominant taxa driving functionality under climate

change in the terrestrial ecosystems of the McMurdo Dry Valley

Figure 1 - Functional capacity and transcription of core metabolic pathways identified at the

community level across a geochemically defined wetness gradient.............................. 135

Figure 2 - Normalised transcript abundance of Rubisco and NiFe hydrogenases genes found

along the Wetness Gradients ........ooueiruieitiii et 136

Figure 3 - Functional capacity and activity of stress-related pathways at the community level

across a geochemically defined wetness gradient................oooiiiiiiiiiiiiiiiiiiiii e, 137



Chapter |

Figure 4 - Top 4% most active MAGs found in each sample..................cooiiiiiin... 139

Figure 5 - Normalized abundance of transcripts of key genes associated with energy

conservation pathways expressed by the top 4% most active MAG............c.c.cceviiiininn 141

Figure 6 - Normalized abundance of transcripts of key genes associated with metabolic

pathways expressed by the top 4% most active MAG..........c..coiiiiiiiiiiiiiiiiiiinen. 143

Figure 7 - Normalized abundance of transcripts of marker genes for reductive pathways of the

nitrogen cycle expressed by the top 4% most active MAG............covviiiiiiiiiiiiinienn.. 144

Figure 8 - Normalized abundance of transcripts of key genes for the phosphorous transport

system expressed by the top 4% most active



Chapter I

CHAPTER 1

Introduction and Literature Review

1 .1 Introduction

The impacts of disturbance on ecosystems are of considerable interest among
ecologists. Yet, one of the most significant conundrums in ecology remains unanswered: the
relationship between biodiversity, function, and ecosystem stability. Ecosystems are structured
according to the interplay of different ecological factors, which include biotic interactions,
environmental selection, and stochastic events, acting at different temporal and spatial scales.
For the vast majority of the terrestrial ecosystems around the globe (e.g., tropical and temperate
forests, grasslands, agricultural fields, among others), these ecological factors are constantly
affecting complex relationships established between historical and contemporary
environmental conditions and microbial communities, viruses, and a wide diversity of
eukaryotic life. Nonetheless, such trophic complexity makes it challenging to de-couple and
therefore understand the role of microbial communities in conferring biological stability to an
ecosystem. Constituting about 15% of the global biomass (Bar-On et al. 2018) and being
considered the life support system of the biosphere, bridging above and below-ground
ecosystem interactions (Stevnbak et al. 2012; Cavicchioli et al. 2019), the resilience of
microbial communities to environmental change is a crucial part of a complex process that
determines the stability of an ecosystem to disturbances. It is therefore essential to assess the
properties and mechanisms that drive the response of the ecosystem’s microbiome to
environmental disturbances and how it may impact its functioning and resilience to

environmental change.

Ecosystems with low trophic complexity represent, arguably, the best scenarios to study
microbial resilience to environmental change. The Antarctic continent, in particular, is a cold
and remote place, where some regions haven’t gone through significant environmental changes
over the last centuries (Convey 2010). The geographic isolation combined with strong

gradients of environmental variability and hostile conditions determined how life has evolved
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and adapted to a wide range of niches, resulting in the diversity of organisms, functional traits,
and strategies currently observed in the system (Cary et al. 2010; Thibault et al. 2012; Lebre et
al. 2017, 2021; Ortiz et al. 2021). Terrestrial Antarctic ecosystems, particularly, are an
attractive model system since the great majority if its area is depauperate of vertebrates and
plants, being instead dominated by very simple (mostly microbial) and well-adapted organisms

that can persist and establish under extreme polar environmental conditions.

The Antarctic continent is considered one of the most sensitive regions to climate
change (Convey 2010) with its predictable consequences being a subject of intense scientific
scrutiny for the last few decades (Shaw et al. 2014; Hughes et al. 2015b, c¢; Wauchope et al.
2019). The high number of endemic species observed even at regional scales and the
specialized genetic and physiological adaptations accumulated during long term isolation put
them at increased risk from potential invasive species as a result of increased connectivity
between different Antarctic bioregions (Lee et al. 2017b). However, current knowledge on how
Antarctic terrestrial systems function and whether changes in environmental factors that
regulate biological diversity will affect the current functional stability of the system is still
scarce. Until recently, the concept of resilience has been rarely assessed in Antarctic regions,
and the structural and functional changes in microbial communities have rarely been accounted
for as part of Environmental Impact Assessments required by the Protocol on Environmental
Protection to the Antarctic Treaty (Hughes et al. 2015b). Yet, the simplicity and intact nature
of Antarctic terrestrial ecosystems, make these ideal to develop hypotheses and a framework
to study the ecological functioning in this region, which will help to better predict the effects

of climate change and human activities in Antarctica.

This literature review is divided into six sections. It starts with an overview of the
multiple concepts of resilience followed by an explanation of why the McMurdo Dry Valleys
are a model system to study resilience. It then describes recent signs of change observed in the
McMurdo Dry Valleys and the sensitivity of microbial communities to those contemporary
environmental changes. It also summarises the current understanding of the functional
attributes of the McMurdo Dry Valleys terrestrial microbiome, giving a perspective of the role
of metagenomic and metatranscriptomic studies in advancing our insights regarding the
functionality of the terrestrial microbiome. It then concludes by presenting the proposed
approach with the primary goals and discusses the properties of microbial communities that

confer stability and resilience to an ecosystem, as well as the ecological methods used to
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measure resilience such as the use of space-for-time approaches in conjunction with

manipulative experiments.

1.2 Defining resilience in ecological systems

The concept of resilience has multiple definitions with no current agreement
(Gunderson 2000). Yet, in ecological studies, resilience is viewed as an insurance against the
loss of valued functions in the system when a disturbance occurs (Thrush et al. 2009). As such,
defining this concept is essential to understand and predict the system's response to undesirable
changes (Downes et al. 2013). In natural sciences, the definition of resilience often reflects one
of two concepts: "engineering resilience" or "ecological resilience" (Holling 1973; Pimm
1984), depending on whether the system is assumed to have one global stable state or multiple

stable states (Figure 1).

Engineering resilience takes one unique stable state so that when the system is
disturbed, resilience represents its ability to recover from the disturbance and return to its pre-
disturbance condition (Pimm 1984). A study performed by Shade et al. (2012) is an example
of using this concept where ARISA fingerprints showed that bacterial communities sampled
from a lake epilimnion and hypolimnion changed after those layers were mixed, but were able
to recover to a pre-disturbance state as abiotic conditions such s temperature and oxygen were
restored (Shade et al. 2012). Another example was the recovery of one individual’s gut

microbiome after prolonged travel and change in diets (David et al. 2014).

Ecological resilience, developed by Holling, assumes that ecosystems go through
multiple stable states driven by environmental changes, biological colonization, or stochastic
events (Holling 1973). According to Holling's concept, resilience is defined as the magnitude
of disturbance that an ecosystem can absorb before it shifts into a new stable state (Holling
1973; Gunderson 2000). For example, during a rainfall manipulation experiment the
composition of microbial communities supplemented by natural rain showed minimal and
short-loved shifts compared to the ambient controls, despite profound treatment-related

changes in the overlying grassland (Cruz-Martinez et al. 2009).

Despite the proposals of unifying engineering and ecological concepts of resilience
(Song et al. 2015), there is no current one-size-fits-all definition of resilience. Therefore the

concept should be defined and optimized considering the research question, ecosystem’s
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dynamics, type of disturbance, and the time frame dedicated to the study (Botton et al. 2006;
Shade et al. 2012; Song et al. 2015).

a) Engineering resilience b) Ecological resilience

Stable State New stable state
Threshold

Stable state

Figure 1 - Schematic representation of (a) engineering resilience and (b) ecological resilience (adapted from
Sterk et al. 2017). Engineering resilience (a) assumes that systems have one stable state, therefore it is defined
as the system’s ability to recover to its pre-disturbance state. Ecological resilience (b) assumes that ecosystems
go through different stable states and it is defined as the amount of disturbance that an ecosystem can withstand

before shifting into a new stable state.

1.3 Antarctic ice-free regions: the McMurdo Dry Valleys a model system to study

resilience

Antarctic ice-free regions are a portrait of nature at its most simple state. The pristine
and distinct landscape comprises mountain ranges, ice-covered lakes, streams, ponds, glaciers,
and heterogeneous soils (Figure 2) (Cary et al. 2010). These regions are highly regarded areas
for ecological conservation and protection within the Antarctic continent (Shaw et al. 2014),
since they harbor almost the entirety of the continent's biodiversity (Convey 2010; Lee et al.
2017b). Ice-free regions comprise about 0.3% of the Antarctic continent and cover coastal areas
and small regions scattered within the continent. The largest site is the McMurdo Dry Valleys

(MDVs5s) in Victoria Land (Terauds et al. 2012).

10
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The McMurdo Dry Valleys are a polar desert with a mean annual temperature of -15 to
-30 °C, with daily temperature fluctuations greater than 20°C (Cary et al. 2010). The soils are
highly arid, oligotrophic, and salty partly due to low precipitation (3-50 mm mainly in the form
of snow) and strong katabatic winds that trigger evaporation and sublimation of the falling
snow (Cary et al. 2010). The majority of water in the system is generated from the melt of
glacier surfaces, being subsequently fed into the system through ephemeral streams leading to
ice-covered lakes (Fountain et al. 1999). Underneath the surface soil lies a vast layer of
permafrost, mainly in the ice-cemented or dried frozen forms (Bockheim et al. 2007). The
active layer depth is correlated with the climate, ranging from < 20 cm to 70 cm depending on
the elevation and proximity to the coast (Campbell and Claridge 2006; Fountain et al. 2014).
The sublimation of moisture from ice-cemented permafrost contributes to ice loss from the
soils to the atmosphere (Fountain et al. 2014). The rate of this physical process depends on the
air temperature, relative humidity, wind speed, sediment moisture, solar radiation, and particle
surface area (Law and Van Dijk 1994), and it can lead to significant topographic and

hydrological changes in the terrestrial systems (Fountain et al. 2014).

The landscape of the MDVs resembles an ecosystem at the first stages of colonization,
displaying a very simple trophic structure where vascular plants or vertebrates are absent
(Figure 2). The low liquid water availability (typically < 2% mass water content) and
geographical isolation hamper the colonization, establishment, and persistence of complex
organisms (Convey and Smith 2005), only allowing for endemic, mostly microbial and
microinvertebrate species to persist as a result of years of adaptation to extreme weather
conditions. In this abiotically driven system, the capacity for adaptation to local environmental
conditions plays a more significant role than biotic interactions between species (Lee et al.
2019). As aresult, we can expect that early warning signs of change will be primarily given by
alterations in endemic species' composition and functioning as a response to changes in

environmental conditions that they respond to.

11
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Figure 2-Wright Valley and Onyx River pictured in the McMurdo Dry Valleys, Victoria Land, Antarctica (Maria
Monteiro, 2016).

1.4 Signs of change in Antarctic ice-free regions

The Antarctic continent has undergone colossal climatic and ecological changes, which
aligns with Holling's concept of system stability over geological temporal scales. Biotic and
organic geochemical climate proxies suggest that approximately 55 to 48 million years ago,
parts of the Antarctic continent were a forest due to the lower temperature gradients between
the poles and the equator and higher CO, levels in the atmosphere (Pross et al. 2012).
Nonetheless, for at least last 15 million years, Antarctica has been a "white continent”. Despite
the apparent visual stability, the continent is changing prompted by climate change (Fountain

et al. 2014, 2016; Levy et al. 2018).

According to the Intergovernmental Panel on Climate Change, ice loss from
Antarctica's ice sheet has tripled over the past decade (IPCC, 2021). The continued ice melting
and glacier retreat due to warming trends could lead to an expansion of Antarctic ice-free areas
by up to 25% by the end of this century. Such events will increase the connectivity between
different Antarctic regions, which poses a significant threat to native populations that have
been isolated for extended periods and could be outcompeted by new colonizers (Hughes et al.

2015a; Lee et al. 2017a; Siegert et al. 2019).

12



Chapter I

In the Antarctic Peninsula, the increase in temperature and moisture led to a significant
increase in biological activity and biomass prompted by the growth of moss, an increase in
fungal diversity, and the establishment of non-native plant species (Chown et al. 2012;
Newsham et al. 2016; Amesbury et al. 2017). This occurrence has been referenced as the
"greening effect" (Amesbury et al. 2017), and it is expected to increase if warming trends

continue at 0.56°C per decade as in the past 50 years (Turner et al. 2005).

In the McMurdo Dry Valleys, local climate changes impact the system's hydrology,
which is tightly connected to its ecology (Fountain et al. 2014; Gooseff et al. 2017; Lyons et
al. 2021). Extreme warm events have been triggering the melting of glacier surfaces and glacier
runoff (Bergstrom et al. 2021), the increase in the stream water flux, the melt of buried ice
(Lyons et al. 2021), and the expansion of closed-basin lakes across the region (Castendyk et al.
2016; Levy et al. 2018). The consequent expansion of wet zones and increased meltwater
supply will significantly impact the landscape and stability of terrestrial biota, which has been
highly adapted to historical aridity (Gooseff et al. 2017; Bergstrom et al. 2021). For instance,
nutrients and minerals previously deposited in the dried soil and ice will be leached by
increased water flows, altering conductivity and pH gradients (Barrett et al. 2009). The increase
in water availability and the consequent geochemical changes in the soils will likely impact the
structural and functional status quo of the system with the possible loss of endemic dry-adapted
organisms (Van Horn et al. 2014; Niederberger et al. 2015; Hughes et al. 2015a; Buelow et al.
2016; Niederberger et al. 2019; Monteiro et al. 2022). The capacity of the Antarctic
microbiome to absorb change while maintaining its structural and/or functional attributes will
determine the extent to which predicted environmental changes will threaten the system's

stability.

1.5 Microbial communities as sentinels of change in the McMurdo Dry Valleys

Antarctic soils were considered inhospitable for a long time (Flint and Stout 1960).
However, with the implementation of culture-independent studies by Norman Pace (Pace et al.
1986), it was quickly understood that the Antarctic terrestrial ecosystems harbor a great
microbial diversity, well established and adapted to face the extreme polar conditions

(Niederberger et al. 2008; Casanueva et al. 2010).

The most abundant phyla present in the soils belong to Actinobacteria, Cyanobacteria,

13
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Bacteroidetes, Acidobacteria, and Proteobacteria (Cary et al. 2010). Nevertheless, many
organisms routinely sequenced still have an unknown taxonomical classification (Lambrechts
et al. 2019). The distribution and composition of microbial communities diverge at both fine
and large scales (Aislabie et al. 2006; Niederberger et al. 2008; Cowan et al. 2011a; Lee et al.
2012; Sokol et al. 2013; Chong et al. 2015) due to contemporary and historical abiotic gradients
present in the soils. Water availability is regarded as the primary driver of community diversity
in the MDVs polar deserts (Niederberger et al. 2015; Bottos et al. 2020; Monteiro et al. 2022),
and it is also positively linked to increased photosynthetic primary productivity (McKnight et
al. 2007; Wood et al. 2008). Moreover, changes in conductivity, pH, and UV radiation have
also been found to affect the distribution and diversity of the terrestrial microbiome (Aislabie
et al. 2008, 2012; Chong et al. 2012; Lee et al. 2012; Stomeo et al. 2012; Sokol et al. 2013;
Van Horn et al. 2014; Bottos et al. 2020). Despite the MDVs being mostly abiotically driven
(Bottos et al. 2020), Cyanobacteria diversity has been linked with increased fungal and
multicellular diversity (Lee et al. 2019), which emphasizes the role of these primary producers
in the structure of these ecosystems. Wind and water dynamics influence the diversity of
Cyanobacteria across the landscape (Sokol et al. 2013) and the presence of water on their
activity (McKnight et al. 2007). Wind dispersal also has a significant role in microbial
dispersion, particularly in those adapted to long-range dispersal, such as spore-forming bacteria
like Firmicutes (Bottos et al. 2014). Still, most of the Antarctic “airborne” community seems
to be poorly correlated with the local community (Archer et al. 2019). Therefore, although the
dispersal mechanism may have a significant role in the dispersion of specific microbial taxa,

geochemistry still plays an essential role in establishing most microbial taxa.

A few studies have demonstrated how sensitive and fast responding the MDYV terrestrial
microbiome is to environmental disturbances (McKnight et al. 2007; Tiao et al. 2012; Buelow
et al. 2016; Niederberger et al. 2019). McKnight et al. (2007) observed an increase in primary
productivity one week after a former dried cyanobacterial mat was re-hydrated. The
transplantation of a mummified seal carcass in the MDYV revealed the capacity of the Antarctic
soil microbiome to respond quickly (i.e., within a few years) to alterations in relative humidity
with consequences to local diversity (Tiao et al. 2012). More recently, in situ wetting
experiments showed fast compositional and structural changes in the dry-adapted soil
microbiome when water was added to the soils, with the increase in taxa affiliated to

Bacteroidota, Acidobacteria and Cyanobacteria (Buelow et al. 2016; Niederberger et al. 2019).
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The above examples demonstrate the capability of Antarctic terrestrial microbial
communities to respond quickly to alterations in the environment, which to some extent
demonstrate a possibility for them to be used as biological sentinels for change in the system
(Shade et al. 2012). Additionally, some studies also reported a decrease in diversity after the
disturbance (Tiao et al. 2012; Buelow et al. 2016), which can have consequences to the
functioning of the ecosystem unless a level of functional redundancy is present within the
community. Otherwise, changes in community composition may modify important ecosystem
processes, such as the compositional shifts observed within nitrifying communities, during a
drought experiment, which lead to increases in nitrification N,O emission rates at the end of
the drought period (Séneca et al. 2020). It is then important to understand how changes in

community composition may affect the system’s functioning and stability.

1.6 Functional attributes of the McMurdo Dry Valleys terrestrial microbiome

Most MDYV studies have primarily focused on the structural attributes of microbial
communities. One main reason has been methodological difficulties in extracting DNA and
RNA from low-biomass soils. Nonetheless, the development of DNA/RNA extraction and
sequencing kits for low biomass samples, with the advances in metagenomic and
metatranscriptomic techniques, have started to reveal the functional attributes of polar desert

microbial communities (Zaikova et al. 2019; Zoumplis et al. 2023).

Amplicon sequencing targeting functional or phylogenetic genes in combination with
measurements of biological processes (e.g. N-fixation rates), and experimental assays,
provided a glimpse into the role, distribution and diversity of distinct microbial functional
groups in the soils. For instance, the analysis of nifH gene abundance demonstrated that
heterotrophic diazotrophs make a significant contribution to N, fixation in the MDYV soils
(Niederberger et al. 2012; Coyne et al. 2020). While autotrophic Cyanobacteria appear to be
the first colonizers in wet environments, over time, with increased stability and biomass,
heterotrophic diazotrophs will play a significant role in expanding the functional capacity of
sourcing nitrogen into the system, possibly contributing to functional redundancy of the
community (Coyne et al. 2020). Another functional screening across different Antarctic
habitats found the presence of genes and taxa involved in denitrification and nitrification

pathways (Chan et al. 2013), with the latter being primarily driven by either Bacteria or
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Archaea depending on the environmental conditions (Magalhaes et al. 2014; Monteiro et al.

2020).

With metagenome sequencing, a non-targeted sequencing approach of the community’s
DNA, we are now able to move forward from a targeted approach of specific functional groups
to a more comprehensive functional profile of a given community. For instance, a comparative
metagenomic study revealed that genes involved in stress response pathways, such as osmotic
shock tolerance, radiation stress, and nutrient depletion, were found to be relatively abundant
in MDV samples (Fierer et al. 2012; Ortiz et al. 2020). In contrast, genes involved with
antibiotic resistance were poorly represented (Fierer et al. 2012). This result indicates that in
an extreme abiotically driven system, microbial competition is less important than acquiring
adaptations that allow long-term survival (Fierer et al. 2012; Chan et al. 2013). Metagenomic
studies and activity assays have also demonstrated that diverse bacteria inhabiting polar desert
soils can maintain their energy needs by scavenging trace gases (H,, CO,, and CO) from the
atmosphere and fixing carbon through the Calvin-Benson-Bassham cycle (Ji et al. 2017a; Ortiz
et al. 2021; Ray et al. 2022). It is understood that hydrogen-oxidizing and CO-oxidizing
pathways support primary production in the oligotrophic dry soils, where photosynthetic
producers are not abundant or present, and therefore helping to sustain the heterotrophic

members of the community (Ortiz et al. 2021).

Despite the progress achieved by metagenomic studies, a few hurdles still need to be
addressed. First, the vast majority of Antarctic microorganisms are thought to be inactive,
dormant, or able to alternate between different metabolic pathways (Lambrechts et al. 2019).
As such, just because a particular pathway is present in the dataset doesn't necessarily mean it
is active. That leads to the possibility that the DNA from non-viable cells can still be extracted,
sequenced, and annotated (Carini et al. 2016). The use of metatranscriptomics can partially
alleviate this hurdle by explicitly targeting the viable and active part of the community. In other
words, it provides a snapshot of the gene expression pattern of a community under the influence

of a specific environmental condition in a given particular sample and given time point.

Nonetheless, the interpretation of metatranscriptomics needs to be contextualized since
the signals expressed by the community might reflect an immediate response to a daily
environmental variation or even to the sampling procedure and not necessarily the functional
state of the sample under a particular disturbance. Therefore it would be necessary to de-couple

what might be an immediate response of the community towards a transient change from the
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actual functions of the community under a specific particular state of change. The combination
of metagenomic and metatranscriptomic datasets would likely deliver the best results as it can
reveal the functional potential of a community layered with functional activity linked to
specific taxa (Aguiar-Pulido et al. 2016). For instance, a "multi-omics" study performed with
Antarctic paleomats showed that these may contain viable and non-dormant bacteria with
diverse metabolic functions, mainly related to stress response and DNA repair, which can be

understood as a sign of resilience (Zaikova et al. 2019a).

Yet, several drawbacks to metagenomic and metatranscriptomic studies still need to be
accounted for before extrapolating information or drawing conclusions. For instance, we
cannot assume that nucleic acids are extracted equally from each cell, and complete coverage
of all genes from a community is not yet achievable (Hart et al. 2015). Genes are still being
misannotated, databases are incomplete, and we are still limited by the genes and functions we

know based on cultivated microorganisms (Prosser et al. 2015).

1.7 Framework to study resilience in the MDVs

1.7.1 Measuring resilience in a slow-changing ecosystem

Long-term monitoring studies are critical to monitor different processes in the natural
environment and generate broad spatial and temporal scale datasets that help further science
and environmental policy (Kratz et al. 2003a; Rustad 2008a). Moreover, monitoring studies
are essential for discovering unusual or extreme events and detecting an altered response
pattern over time, helping formulate questions and providing a context for developing better
experimental designs. Nonetheless, conducting these studies in Antarctica demands
considerable logistic and funding efforts and significant institutional and collaborative
commitments to be sustained (Convey and Peck 2019). Moreover, permit restrictions and the
long-lasting impacts of human presence in the soils (O’Neill et al. 2015) impose significant
limitations on the performance of experimental field manipulations in parts of the continent.
For the those reasons, it is necessary to find complementary strategies to long-term studies to
help anticipate the consequences of predicted environmental change in the functioning of polar

desert ecosystems.
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1.7.2 Space-for-Time approaches

Space-for-time approaches use existing environmental gradients representative of past
or future environments as time progresses. It is based on the assumption that spatial and
temporal variation is equivalent (Pickett 1989). This approach has been primarily used to study
ecological succession patterns across several environments (e.g. plant succession) and soil
development dynamics (Johnson and Miyanishi 1979; Walker et al. 2010a; Blois et al. 2013).
More recently, it also has been adopted in microbial ecology studies (Yang et al. 2014; Yan et
al. 2017; Colby et al. 2020). Nonetheless, ecosystems can be shaped by many processes
independent of time or environmental change. Factors such as daily environmental variation or
stochastic events which can affect microbial communities may reduce the reliability of space-
for-time approaches (Blois et al. 2013). Moreover, the covariance of several independent
environmental factors, which cannot be controlled for during spatial analyses or might not even
be accounted for, may vary more across space than through time. Therefore, space-for-time
approaches underperform when the trajectory of change is variable, when the rate of change is
too quick or when the records of environmental change in the system have been poorly recorded

(Johnson and Miyanishi 1979; Wogan and Wang 2018)

In polar regions, space-for-time approaches have been previously applied to study the
effect of soil exposure during glacial retreat, and the relationship between the stage of
development of the soil with the structure of microbial communities (Aislabie et al. 2012;
Mateos-Rivera et al. 2018). These previous examples implied the use of transects, mostly using
a distance-based metric as sampling design, which incorporates significant yet uncharacterised
in situ geochemical variability. Without knowledge of the ecological niche characteristics or
empirical measurements of key deterministic drivers of community distribution along the
gradient, reflective of the temporal change of interest, this approach can mislead the
interpretation of the results. Alternatively, this same approach could focus on smaller-scale
variations of specific environmental factors that communities respond to, also representative
of predicted changes in the system (Cummings et al. 2018). As mentioned before, changes in
the local climate have triggered hydrologic responses across the MDVs, which have the
potential to alter geochemical gradients in the soils with impacts on biological communities
(Barrett et al. 2009). Wetness gradients, for instance, can be used to validate the space-for-time
sampling approach to assess the impacts of climate-related hydrological changes on the

terrestrial microbiome in the MDVs. Characterizing the structural and functional elements of
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microbial communities along those gradients and identifying the level of functional
redundancy within dry to wet-like communities can help predict the resilience of MDV

ecosystems to future increases in water availability.

1.7.3 Manipulative experiments

Experimental manipulations are a standard approach to studying ecological and causal
relationships. It requires a description of the experimental settings before the disturbance and
a time set for when the disturbance occurs. Therefore, experimental manipulations are often
described as "before-after-control-impact" (Shade et al. 2012a; De Palma et al. 2018) and can
be designed to test the effect of a single or multiple factors and their interactions during “pulse”

or “press” disturbances, assuming that each factor is independent (Shade et al. 2012a).

When coupled with process rate measurements, time-series experiments provide
significant insight into the response of biological communities to a range of stressors, therefore
becoming ideal to test the broad nature of resilience of Antarctic communities and offering
unlimited opportunities for hypothesis testing. The majority of manipulative experiments
conducted in Antarctic soils were performed in situ with the most significant studies involving
warming and wetting simulations (Tiao et al. 2012; Ball and Virginia 2014; Buelow et al. 2016;
Niederberger et al. 2019). Nonetheless, the performance of field manipulative experiments
faces several challenges. Firstly, it is limited by permit restrictions ,and requires substantial
logistic and personal efforts. For instance, the duration of the experiment can be restricted by
tight time frames allocated to field access and it often requires the presence of researches on-
site throughout the experiment (Niederberger et al. 2019). These can significantly limit any
continuous monitoring of biological response to the disturbance that is being tested. Otherwise,
if the experiments need to be run over long periods of time, they will most likely need to be
left unattended in remote locations year-round without control for unpredictable events
(McKnight et al. 2007; Tiao et al. 2012), which increases the risk of results being
misinterpreted. Secondly, comparative to long-term monitoring programs, or space-for-time
approaches, the spatial extent of the manipulation is often limited. Therefore, generalized
assumptions should be made with caution since results may not be representative of patterns

and processes occurring at larger spatial scales (De Palma et al. 2018). Lastly, methodological
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limitations or the lack of proper simulation of the predicted disturbance has introduced

inconsistent results, decreasing the reliability of past studies (Convey and Smith 2005).

Perhaps the best practice is to use multiple methods of observation (e.g. long-term
observations, space-for-time approaches and manipulative experiments) (Figure 3), while
taking advantage of their differences. In other words, inferences made by one method should
be validated from data using other methods. The latter will contribute to comparable and more
detailed observations, and increase confidence and reliability in the results interpretation,

broadening the scope of the information that will become available.

1.7 .4 Microbial attributes that confer resilience to environmental disturbances

As mentioned at the start of this review, despite the multiple definitions of resilience,
several taxonomic and functional attributes of microbial communities can still be used as
proxies for increased resilience to environmental disturbance (Allison and Martiny 2008;

Shade et al. 2012a; Philippot et al. 2021).

Historically, biodiversity has been strongly associated with increased resilience and
stability of an ecosystem (Oliver et al. 2015a, b). This consensus, first developed by macro-
ecological studies, is known as the insurance hypothesis. It stems from the principle that the
higher the number of species, the better the chances are that ecological processes are
provisioned by different species, despite possible compositional changes (Yachi and Loreau
1999). Considering the abundance and diversity of microorganisms in an ecosystem and their
role in their functioning (Cavicchioli et al. 2019), it is essential to consider how microbial
biodiversity affects ecosystem processes. Studies have demonstrated that microbial diversity
enhances functional diversity and stability in terrestrial ecosystems (Delgado-Baquerizo et al.
2016; Feng et al. 2017; Wu et al. 2022). However, the relationship between microbial diversity
and resilience isn’t always clear (Wertz et al. 2007; Roger et al. 2016). Different factors, such
as the level of functional redundancy within specific functional microbial guilds, species
interactions, life-history strategies, historical contingencies, or even how microbial diversity is
experimentally manipulated, can drive different conclusions (Bardgett and Caruso 2020b). For
instance, Wertz et al (2007) reported that a decrease in diversity did not affect the resilience of
denitrifiers and nitrite-oxidizing communities (Wertz et al. 2007). However, the study used a

series of dilutions to manipulate bacterial diversity and equalize it across different treatments.
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Such an approach often requires a regrowth phase, which could favour the growth of
opportunistic species. Additionally, it used a random elimination of microbial species, which
may not be representative of a real scenario where environmental factors constitute critical

selective filters on microbial communities.

Functional redundancy, here defined as the ability of a process being carried out at the
same rate by different taxa, can be observed when compositional changes observed in response
to a disturbance do not reflect functional changes in the ecosystem (Louca et al. 2018a). It is,
however, difficult to characterize functional redundancy at the microbial community level
since microbial processes are more likely to be redundant than others, depending on the genetic
complexity of the trait (Martiny et al. 2013a). For instance, complex metabolic pathways such
as photosynthesis are more phylogenetically conserved (Nelson and Ben-Shem 2004) than
those related to nutrient assimilation, respiration, and decomposition traits, which involve a
few gene clusters (Martiny et al. 2013a). As such, the association between community
composition and functional redundancy could depend on the phylogenetic distribution of a
particular functional trait and the selective effect of environmental changes on that trait.
However, there is still limited knowledge about the distribution of functional traits across
different taxa due to the lack of genomic and physiological information from most
microorganisms (Fierer et al. 2014). For example, the metabolic capability of Archaea to
oxidise ammonia has only been discovered in the past fifteen years (Konneke et al. 2005).
Similarly, the ability to fixate carbon through hydrogen oxidation (atmospheric
chemosynthesis) has only recently been discovered as a widespread process occurring across

several ecosystems (Ray et al. 2022).

Recently, trait-based approaches have been given more consideration for the outcome
of resilience research (Fierer et al. 2014; Malik et al. 2020). The functioning, stability, and
resilience of microbial communities depend on the metabolic activity and life-history strategies
employed by the community members, which can be shaped by ecological interactions,
historical contingencies, and stochastic or deterministic environmental variability at both
spatial and temporal scales (Bardgett and Caruso 2020b). Life-history strategies correspond to
a set of metabolic and physiological traits associated with resource and energy acquisition for
cellular activity (e.g., metabolic pathways related to C, N, and P cycles), stress resistance (e.g.,
sporulation, dormancy, DNA-repair) and growth (rRNA operon copy numbers) (Roller et al.

2016). Different traits can be favoured under different environmental conditions, which
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highlight the trade-offs underpinning soil community coexistence (Polz and Cordero 2016).
For instance, these can be observed in the form of asynchronous species responses to
perturbations (Evans and Wallenstein 2014). Some studies have gone to the extent of
classifying microbes as opportunistic, sensitive, and tolerant, while others have proposed the
terms copiotrophs and oligotrophs (derived from R-K strategies developed in macro ecological
studies) based on growth rates and resource use efficiency (Fierer et al. 2007; Evans and
Wallenstein 2014). It is expected that under conditions of high stress, such as oligotrophy,
aridity, or high UV radiation, those who allocate most of their energetic resources into stress-
tolerance traits or the regulation of metabolic pathways toward more efficient use of specific
resources at the cost of rapid will prevail. Identifying genomic features related to these life-
history strategies, concurrently involved with the maintenance of ecological processes and
mechanisms that help to reduce local extinctions, can help provide clues into an ecosystems'

resilience to environmental change.

1.8 Research Chapters and Goals

The research presented in this thesis was carried out as part of an NZARI Type-B
collaborative research programme focused on the resilience of Antarctic biota and ecosystems.
This thesis is focused on understanding the stability and resilience of Antarctic terrestrial
ecosystems from a microbial compositional and functional perspective. The goal is to provide
novel insights into the attributes of microbial communities considered to be related to the
ecosystem resilience and to give a functional perspective of the impacts of climate change on

the McMurdo Dry Valleys ecosystems.

The chapters in this thesis have been prepared in a publication format, with chapter 2
published, chapter 3 currently under review, and chapter 4 in preparation for submission. An

overview of the following chapters is outlined below:

Chapter II presents the development and validation of a space-for-time sampling
approach to assess the impacts of climate-related hydrological changes on the terrestrial
microbiome in a polar desert. The latter was performed by sampling 15 geochemically defined
wetness gradients from the shore of four closed-basin and two open-basin lakes across the
Wright and Taylor valleys. We demonstrated that predictions of a wetter system will directly

affect the stability of microbial communities historically adapted to ultra-aridity and
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oligotrophy by altering significantly the composition and diversity of these communities. We
also demonstrated that contemporary and historical changes in water availability can be
resolved by subtle structural and compositional re-arrangements of microbial communities
along geochemically defined environmental gradients. These observations could only be
depicted when sampling approaches are determined by the spatial variability of geochemical
drivers along environmental gradients and replicated across comparable environments that
differ in historical exposure to the driving factor.

This chapter has been published in Frontiers in Microbiology as:

Monteiro MR, Marshall AJ, Hawes I, et al (2022) Geochemically Defined Space-for-Time
Transects Successfully Capture Microbial Dynamics Along Lacustrine Chronosequences

in a Polar Desert. Front. Microbiol. 12

Chapter III validates the ability to perform off-continent manipulative experiments
using a Polar Desert Environmental Chamber (PDEC) to study the impacts of environmental
change on biological communities from the McMurdo Dry Valleys. Our goal was to test in
laboratory conditions the response of microbial communities to a wetting and re-drying event
and compare the observed response with field observations, including the observations and
predictions made using a space-for-time approach. Work of this kind has the potential to
expand the ability to perform temporal experiments and address predictions for biological
response to single or multiple disturbances without the temporal, logistic, and permit
constraints, or the anthropogenic impacts associated with field-based work. We demonstrated
that coexisting taxa with different environmental preferences (e.g. affiliated to
Actinobacteriota, Proteobacteria, Acidobacteria and Bacteroidota phyla) initially drive fast
compositional shifts in dry soils. The latter offers insights into the diversity of metabolic
functions and strategies inherent in the MDYV terrestrial microbiome. We further demonstrated
that compositional changes during four weeks of wetting were not permanent, with the
conservation of drought-resistant taxa underpinning resilient communities that oscillates in
response to a periodic wetting/re-drying event.

This chapter has been published in the journal Polar Biology as:
Monteiro, M.R., Marshall, A.J., Lee, C.K. et al. (2023) Bringing Antarctica to the lab: a polar

desert environmental chamber to study the response of Antarctic microbial communities

to climate change. Polar Biol 46
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Chapter IV focused on the community's functional aspects that are likely to change in
response to the increase in water availability. It further aims to identify functional attributes of
microbial communities that regulate the resilience of abiotically driven terrestrial systems to
climate change. This chapter combined metagenomic and metatranscriptomic sequencing to
assess the functional potential and functional activity of metabolic and stress-response
pathways along the defined wetness gradients from the stable Lake Brownworth. It
demonstrated that the increase in water availability will increase microbial functional richness
and activity of pathways associated with Carbon, Nitrogen and Phosphorous acquisition. It also
identified levels of functional redundancy and metabolic plasticity within the community as
well as a wide range of traits linked to stress tolerance to multiple abiotic stresses. Those
attributes are associated with increased microbial resilience to environmental disturbances. It
further showed that, under dry conditions, carbon fixation is mainly regulated by
Actinobacteriota through atmospheric chemosynthesis. As the soils become wetter, this
process carbon is mainly fixed by photosynthesis regulated by Cyanobacteria. This chapter

currently under preparation to be submitted for publication.

Chapter V highlights general conclusions and presents future directions from this

work.
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2.1 - Abstract

The space-for-time substitution approach provides a valuable empirical assessment to
infer temporal effects of disturbance from spatial gradients. Applied to predict the response of
different ecosystems under current climate change scenarios, it remains poorly tested in
microbial ecology studies, partly due to the trophic complexity of the ecosystems typically
studied. The McMurdo Dry Valleys of Antarctica represent a trophically simple polar desert
projected to experience drastic changes in water availability under current climate change
scenarios. We used this ideal model system to develop and validate a microbial space-for-time
sampling approach, using the variation of geochemical profiles that follow alterations in water
availability and reflect past changes in the system. Our framework measured soil electrical
conductivity, pH, and water activity in situ to geochemically define 17 space-for-time transects
from the shores of four dynamic and two static Dry Valley lakes. We identified microbial taxa
that are consistently responsive to changes in wetness in the soils and reliably associated with
long-term dry or wet edaphic conditions. Comparisons between transects defined at static
(open-basin) and dynamic (closed-basin) lakes highlighted the capacity for geochemically
defined space-for-time gradients to identify lasting deterministic impacts of historical changes
in water presence on the structure and diversity of extant microbial communities. We highlight
the potential for geochemically defined space-for-time transects to resolve legacy impacts of
environmental change when used in conjunction with static and dynamic scenarios, and to
inform future environmental scenarios through changes in the microbial community structure,

composition, and diversity.
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2.2 — Introduction

Long-term ecological observations provide valuable information for studying the
impacts of climate change. They form excellent resources to detect climate trends and patterns
over time, study slow or highly variable ecological processes, validate modelled predictions of
change, and support environmental policies (Kratz et al. 2003b; Rustad 2008b). However, the
maintenance of these continuous observations is generally dependent on long-term financial
and logistic security from local institutions and governments. When time and funding are a
constraint, or when long-term studies are not feasible, space-for-time substitution models are

an attractive alternative to forecast long-term climate impacts on ecosystems (Blois et al. 2013).

Space-for-time substitution approaches, such as ecological chronosequences, rely on
the assumption that factors responsible for spatial turnover in species abundance are similar to
those responsible for temporal turnover (Pickett 1989; Wogan and Wang 2018). First used to
study plant succession and soil development (Pickett 1989; Johnson and Miyanishi 2008;
Walker et al. 2010b), it has recently been adapted to predict impacts of climate change on
microbial communities (Wilhelm et al. 2013; Yang et al. 2014; Yan et al. 2017; Colby et al.
2020). However, despite its common use, the reliability of this approach has been questioned,
particularly when its primary assumption is not met or tested (Blois et al. 2013; Damgaard
2019). For instance, deterministic and stochastic processes can both affect how different
microbial groups assemble over different space and time scales (Caruso et al. 2011). Therefore,
space-for-time sampling designs should consider the scale and history of the sampling site and
discuss the legacy impacts left by historical processes that have known lasting effects on
microbial communities (Chase and Myers 2011; Dini-Andreote et al. 2015; Zhou and Ning
2017). Without a priori knowledge of the ecological niche characteristics or empirical
measurements that constrain the deterministic drivers of species variation, space-for-time
sampling approaches may lead to a naive interpretation of the community, missing
spatial/temporal context, and impairing any comparisons between replicated gradients. Ideally,
to validate the use of this approach to assess the temporal effects of climate change on an
ecosystem's microbiome, a baseline study is required in an ecosystem that lacks trophic

complexity and includes well-characterized deterministic gradients of species distribution.

The McMurdo Dry Valleys (MDV) are the largest ice-free area in Antarctica and
represent one of Earth's coldest and driest regions (Cary et al. 2010). These polar deserts exhibit

high spatial variability in geochemistry, climate, and landscape characteristics, resulting in a
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patchy distribution of a simple and unique biota functionally dominated by microbial
communities (Cary et al. 2010; Lee et al. 2012; Kwon et al. 2017; Feeser et al. 2018; Bottos et
al.2020). Since the environmental conditions select against the establishment of vascular plants
and limit complex trophic interactions, the MDV represents an ideal natural laboratory to
validate space-for-time as a tool to study climate-related disturbances on microbial
communities. Recent changes in the local climate have triggered hydrologic responses across
the MDV (Castendyk et al. 2016; Fountain et al. 2016; Levy et al. 2018). This is especially
relevant in closed-basin lakes, which are described as lakes that do not have an outlet channel
for water to flow out. Examples of these type of lakes include Lake Vanda, Lake Bonney, and
Lake Fryxell in the Taylor and Wright Valleys, where the water level has risen (Castendyk et
al. 2016; Levy et al. 2018). Water level rise triggers the expansion of the adjacent wetted
margins, which imposes selective pressures on the established microbial communities adapted
to long-term dry conditions (Van Horn et al. 2014; Niederberger et al. 2015, 2019; Buelow et
al. 2016; Lee et al. 2018; Coyne et al. 2020; Ramoneda Massague et al. 2021). Our work and
others have previously used simplistic sampling approaches based on physical distance to
better understand how microbial community diversity responds to geochemical changes along
an environmental gradient (Yang et al. 2014; Niederberger et al. 2015; Yan et al. 2017; Feeser
et al. 2018; Lee et al. 2018). These studies assume that geochemical variables along a gradient
change gradually and linearly with distance. However, interacting environmental factors may
not continuously change along a distance-based gradient (Kappes et al. 2010), nor are microbial
communities randomly distributed along natural gradients, being continuously under the

influence of deterministic, stochastic, or a combination of both processes.

In this study, our goal was to develop and validate a space-for-time sampling approach
to assess the impacts of climate-related hydrological changes on the terrestrial microbiome in
a polar desert, using a wetness gradient. We achieved this by determining whether extant
microbial community attributes (e.g., changes in structure and diversity) across replicated
geochemically defined space-for-time transects could reconstruct past wetting events within
the MDV. To ensure the robustness of the transects, we first methodically characterized the
spatial variability of local geochemical parameters (water activity, electrical conductivity, and
pH) at the chosen sites. Transects were established across static (open-basin with outflow) and
dynamic (closed-basin with no outflow) lakes to identify if the structure, diversity, and
composition of the microbial community could be used to assess historic versus more recent

impacts of water availability. Open-basin lakes are expected to be less impacted by increased
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glacial meltwater and groundwater flow due to the presence of an outflow channel which drains
the overflow. Therefore, wetted areas surrounding these lakes are expected to expand at lower
rates and be more stable, comparatively to those surrounding closed-basin lakes which reflect
more recent and predicted hydrological disturbances in the system (Castendyk et al. 2016). We
demonstrate the strength of extant microbial community attributes for reconstructing past
impacts of hydrological changes and support the capacity for space-for-time to be developed
as a robust tool to understand future impacts of change under current climate warming

scenarios.

2.3 - Material and Methods

2.3.1 - Site description, space-for-time transects, and sampling.

We geochemically defined seventeen space-for-time soil transects, representing a
wetness gradient from the shores of six lakes during the 2016 and 2017 Antarctic field seasons.
The lakes span the length of the Wright (Lake Brownworth and Lake Vanda) and Taylor
(Spaulding Pond, Lake Fryxell, Lake Hoare, and Lake Bonney) valleys (Figure 1, Table 1).
Lake Brownworth and Spaulding Pond are open-basin lakes, meaning that they have an outlet
channel through which water flows out. The presence of the outlet regulates the water level in
these lakes (Levy et al. 2018). Transects defined from these lakes are referred to in this study
as static (as having more static water levels). Lakes Vanda, Fryxell, Bonney, and Hoare are
closed-basin lakes, which do not have an outlet channel for water to flow out of the lake. The
water levels in these lakes are dynamic on multiple time scales but, over the last 100 years, are
thought to have been intermittently rising (Castendyk et al. 2016; Levy et al. 2018; Ramoneda
Massague et al. 2021). Transects defined from these lakes are referred to in this study as
dynamic (as having more dynamic water levels). For each lake, except for Lake Hoare, three
space-for-time transects were defined along the wetness gradient. At Lake Hoare, only two

transects were sampled due to snowfall while sampling.

In these soils, pH, electrical conductivity (EC) and water activity (WA) have been
described in several studies as being the key drivers of community assembly in the MDV
(Barret et al., 2009; Bottos et al., 2020; Niederberger et al., 2015, 2019; Feeser et al., 2018;
George et al.,2021; Van Horn et al., 2014). These metrics were measured in the field to identify
in situ geochemical gradients across transects from all water bodies within which three

geochemical zones were identified (Table 1 and Supplementary Figure S2). This process
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involved performing measurements with an average spacing of 50 cm from the existing water
level within a transition zone to observe the natural variation of these geochemical variables
along the wetness gradient (Supplementary Figure S1 and S2). The first zone represented a
water-saturated wet zone characterized by comparatively higher water activity (average of 1)
and the lowest electrical conductivity (138 £ 81 pS) (sampling point 1). With increasing
distance from the lake shore, water content remained high, but conductivity increased several
times (938 £ 1591 uS) (sampling points 2 and 3). This was used to define the second zone,
representative of a transition zone. The third zone represented a dry zone, characterized by the
lowest measured water activity and lower electrical conductivity (341 + 443 uS) (sampling

points 4 and 5).

Briefly, electrical conductivity and pH were determined from a 1:5 slurry of soil to
Milli-Q water (Thermo Scientific Orion meter, USA) (Lee et al. 2012). Water activity was
measured using a PawKit meter (AqualLab, NZ), following the manufacturer's instructions.
Infield measurements of electrical conductivity and pH were confirmed under laboratory
conditions using Thermo Scientific Orion meter and the same slurry technique, but with the
addition of 0.5 mL of 0.01M CaCl, per sample (Minasny et al., 2011; Lee et al., 2012). Soil
moisture content was determined according to Lee et al. (2012). The elevation of each sampling
point along the transects was surveyed in relation to the lakeshore (sampling point 1) using a

laser levelling system (Topcon Laser Systems, USA).

For microbial community analysis, we aseptically collected surface soil samples (top 2
cm) with a sterile spatula from the five geochemically predefined sampling points. Spatulas
were washed and then sterilized with ethanol wipes between sampling points and sampling
sites. In total, across the six lakes, seventeen space-for-time transects were sampled, resulting
in 85 soil samples. Individual samples were thoroughly mixed in a sterile Whirl-Pak® bag and
then distributed into sterile 50 mL Falcon tubes. Samples were initially stored in the field on
ice for 24 hours before being transferred to dry ice and transported to Scott Base (the New
Zealand Antarctic Research Station), where they were maintained a - 60°C until DNA
extraction. The remaining samples in each Whirl-Pak® bag were used to confirm moisture
content, electrical conductivity, and pH analysis under laboratory conditions. These samples

were kept cold at 4 °C until processed.
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2.3.2 - Microbial Community Analysis

Total DNA was extracted from approximately 1 g of soil using a modified version of
the CTAB (cetyl-trimethyl-ammonium-bromide) bead-beating method (Coyne et al., 2001).
For each batch of DNA extractions, a negative control was included to ensure the identification
of possible contamination. DNA concentration was determined using the Qubit dSDNA HS
Assay Kit (ThermoFisher Scientific, USA). The bacterial and archaeal microbial community
was targeted through the V4 region of the 16S rRNA gene was amplified in triplicate using the
fusion-primer set 515F/806R (Parada et al., 2016) and sequenced using Ion PGM chemistry.
Briefly, 20 L. PCR reactions each contained: 1 ng of total DNA, dNTPs (240 M), MgCl, (6
mM), bovine serum albumin (0.24 uM), forward and reverse fusion primers (0.2 uM), 1 U of
Platinum Taq polymerase (Invitrogen Inc., Carlsbad, California) and PCR buffer (1.2x). The
following PCR conditions were used: 94 °C for 3 min, followed by 30 cycles at 94 °C for 45
sec, 50 °C for 1 min, 72 °C for 1.5 min, and a final extension step at 72 °C for 10 min. For each
PCR run, negative amplification was confirmed for each DNA extraction batch control.
Triplicate PCR amplicons were pooled, and the expected amplicon size was confirmed via
electrophoresis with a 1% agarose TAE gel. PCR products were cleaned and each sample
concentration was normalised with SequalPrep™ (ThermoFisher Scientific, USA). Normalised
samples were pooled at an equimolar concentration into a single library for sequencing.
Amplicon sequencing was performed using the Ion PGM™ System for Next Generation
Sequencing (ThermoFisher Scientific, USA) at the Waikato DNA Sequencing Facility
(University of Waikato, New Zealand).

Raw sequences were filtered with ITon PGM™ software to remove low-quality and
polyclonal reads. The remaining sequences were processed using a combination of Mothur
(v.1.40.5) and USEARCH 10 (v10.0.24) software (Schloss et al., 2009; Edgar, 2010, 2013).
Forward and reverse primers were identified within the sequences and trimmed using the
python script fastq_strip_barcode_relabel.py supplied by UPARSE (v10.0.240). Sequences
without forward and reverse primers were discarded. The remaining sequences were trimmed
based on the length and the number of homopolymers sourced by Mothur script (Schloss et al.,
2009). All reads with expected error rates higher than 2.5 were discarded using USEARCH
(Edgar,2010), and all reads were truncated to 350 bp. Through dereplication, unique sequences
were identified and their abundances quantified. Sequences were sorted, singletons removed,

and the remaining sequences were clustered into representative OTUs using the UPARSE-
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OTU algorithm combined with the GOLD database to detect and remove chimeras (Bernal et
al., 2001; Edgar, 2013). Reads were finally clustered into operational taxonomic units (OTUs)
using UCLUST with a similarity threshold of 97%. Sequences that did not map to any OTU
were discarded. Taxonomy was inferred using SINA (v1.2.11) and the SILVA SSU database
(v 138) (Pruesse et al. 2012). A 0.005% cutoff was applied to the raw OTU counts across the
dataset to remove poorly represented OTUs (Bokulich et al. 2013). Filtered OTUs were
subsequently removed from the sequence Fasta file. Sequences were aligned using a Multiple
Alignment using Fast Fourier Transform with default settings (MAFFT v7.429-gimkl-
2020a) and a phylogenetic tree was generated using FastTree (v2.1.11).

2.3.3 - Statistical analysis

All statistical and visualization analyses were computed in R (v3.5.2, R Core Team,
2000) using the following packages: phyloseq (v1.26.1) (McMurdie and Holmes 2013), vegan
(v2.5) (Oksanen et al. 2012), picante (v1.8) (Kembel et al. 2010), ggplot2 (v3.2.1) (Wickham
et al., 2016), ggpubr (v0.4.0), compositions (van den Boogaart and Tolosana-Delgado 2008),
and randomForest (v4.6) (Liaw and Wiener, 2002). Alpha diversity was calculated on a non-
rarefied dataset using richness and phylogenetic diversity (PD) indexes. Differences in library
sizes were tested on both rarefied and non-rarefied data with no significant impact on the data
interpretation. Diversity differences between transect zones and lakes were tested using one-
way ANOVA. Normality assumptions were tested using a Shapiro-Wilk test, and the
assumption of homogeneity of variances was tested using a Levene’s test. For the relationship
between the microbial diversity and the log transformed moisture content and electrical
conductivity, correlation analyses (Pearson) were applied. For beta diversity analysis we
transformed the data using a total sum normalization. Beta diversity was calculated using
weighted UniFrac phylogenetic pairwise distances (Lozupone and Knight 2015) and visualized
in a principal coordinates analysis (PCoA). A PERMANOVA analysis, using Adonis function
in vegan package (Oksanen et al. 2012), tested the dissimilarities among communities from
different groups (lakes, and zones within the wetness gradients). The variation between
samples from the three wetness zones described along the transects was tested using a
permutational multivariate analyses of dispersion (betadisp) from vegan package (Anderson et
al. 2006). A Random Forest model (Liaw and Wiener 2001) was used to detect the most reliable

and relevant top 20 OTUs to predict the different zones along the wetness gradients. Raw
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counts were transformed using a centered log-ratio (clr) before classification and regression
models. OTUs were selected based on the MeanDecreaseAccuracy values, which measures the
extent to which a variable (OTU) improves the accuracy of the forest in predicting the
classification. Higher values indicate that the OTU improves the prediction. To evaluate the
phylogenetic community assembly among species within each sample we calculated the mean
nearest taxon distance (MNTD) and the nearest taxon index (NTI) using "taxa.labels" null
model, with 999 iterations, using the function 'ses.mntd' from the R package picante. The NTI
was quantified as the number of standard deviations that the observed MNTD was from the
mean of the MNTD null distribution, multiplying by -1. For a single community, observed NTI
values > 42 or <-2 indicate phylogenetic clustering of species or phylogenetic overdispersion,
respectively. NTI values between —2 and 2 usually indicates the influence of a stochastic
assembly (Stegen et al. 2012). To compare community assembly processes along the moisture
gradients, we calculated the Beta Nearest Taxon Index (BNTI). Following Stegen et al. (2013),
the PNTI is the number of standard deviations that the observed beta mean nearest taxon
distance (BMNTD) is from the mean of the null distribution. It indicates how much the
observed difference between a pair of communities differs from a null distribution. Similarly
to NTI, values > +2 or <-2 indicate phylogenetic clustering of species or phylogenetic
overdispersion, respectively, while values between —2 and 2 usually indicates the influence of
a stochastic assembly (Stegen et al. 2013). S-NTI pairwise comparisons were plotted against
increasing differences in moisture content. A Euclidean distance matrix was calculated using
pH, electrical conductivity, water activity, moisture content, and elevation log-transformed and
normalized data. ANOSIM was performed on the resemblance matrix to test the significance
of the dissimilarities between the predefined zones of the wetness gradients. Sampling

locations were plotted using Quantarctica (v3.1) (Matsuoka et al., 2021).

2.4 - Results

2.4.1 - Characterisation of space-for-time wetness transects

Seventeen geochemically defined space-for-time transects were parametrized using
measurements of elevation, soil moisture content, electrical conductivity, pH, and water
activity from both dynamic (n = 11 transects; Lake Vanda, Lake Bonney, Lake Hoare, and
Lake Fryxell) and static (n = 6 transects; Lake Brownworth and Spaulding Pond) lakes across

the Wright and Taylor Valleys (Figure 1, Table 1). Across all transects, elevation increased
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from wet (sampling point 1) to dry (sampling points 4 and 5) soils (from O to 135 £ 19 cm),
and soil moisture content decreased in the same direction (from 17.25 £3.07 to 0.54 £ 0.54 %)
(Figure 2, Table 1). Electrical conductivity was lowest in wet and dry soil samples (138 * 81
puS and 341 + 443 S respectively), achieving the highest values and variation within the
transition zone (938 + 1591 pS) (Figure 2, Table 1). Water activity decreased from wet to dry
soils in Lake Vanda, Lake Bonney, Lake Brownworth, and Lake Hoare and remained stable
across the wetness gradient in Spaulding Pond and Lake Fryxell (Figure 2, Table 1). The
variability in soil pH across the wetness gradients was lake-specific (Figure 2, Table 1). The
significance of the distinction between the three wetness zones (wet, transition, and dry) was
confirmed with non-parametric testing (ANOSIM, R =0.69, p-value < 0.01, 999 permutations)
(Figure S3).
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Figure 1 — Sampling locations in Wright Valley and Taylor Valley
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Lat and Transect . Sampling - Distance from .
Lake Long Valley Section Gradient Point Elevation (cm) S R e ) EC (uS) WA pH Moisture (%)
73
Wet 1 0 0 2545 (10.9) 1 04) 16.77 (3.28)
Transition 2 1433 (1.5) 5(3.6) 71.7 (36.6) 1 78 11.30 (1.58)
Lake (0.11)
Brownworth S77 42414 Wright Static 0.77 7.89
(LB) E162.73761 Transition 3 36.13 (3.53) 735 (3.44) 321 (194.7) ©025) ©10) 6.40 (2.90)
0.43 7.87
Dry 4 4573 (1.41) 8.25 (3.27) 205.7 (87.2) ©.1D) 016) 0.74 (0.46)
Dry 5 92.17 (6.17) 13.7 (3.05) 612 (54.5) (8'82) ((7)'22) 0.35 (0.6)
8.06
Wet 1 0 0 160 (42.23) 1 .11 18.65 (1.58)
i 0.93 79
Transition 2 15.8 (3.34) 2.3(0.58) 796.8 (154) 1D 0.10) 8.74 (2.9)
Lake Vanda S77.53408 Wricht D . 0.46 7.63
(LV) E161.62372 ng Transition ynamic 3 35(3.37) 3.7 (0.64) 2340 (2303) ©0.38) ©O11) 1.06 (0.55)
Dry 4 45.63(9.27) 4.83 (1.04) 156.2 (155) (8 '0266)) ((7)'?;) 0.14 (0.12)
Dry 5 138.85 (6.15) 11(141) 72.1 (40.44) (8'(2)% ((7)"0‘% 0.11 (0.14)
Wet 1 0 0 83.1 (19.1) 1 8 (0.24) 17.07 (0.28)
. 8.44
Transition 2 9.83 (0.29) 1 705.7 (302.2) 1 ©04D) 11.30 (17.63)
Lake Bonney  S77.69933 Taylor Dynamic '
L) E162.53149 Transition 3 84.67 (2.57) 597 (0.05) 5300 (1503) (8'8;) (g'ig) 2,06 (0.6)
1269.77 0.40 8.19
Dry 4 105 (8.41) 7.5(0.87) (3444) 0.26) ©07) 1.75 (0.94)
0.28 8.25
Dry 5 116.25 (2.48) 8 12179 (71290) 5 013) 0.63 (0.40)
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Wet 1 0 0 160 (61.05) 1 (g'g;) 11.93 (0.51)

) 8.76
Transition 2 1325 (1.06) 1 788.25 (761.90) 1 027) 8.60 (2.58)

Lake Hoare S77.63271 Tavl D . 046 9'05

(LH) E162.93942 " Transition ynarie 3 4375 (1.06) 2.5(0.7) 47585 (136.11) (e ©.16) 2.94 (1.16)
Dry 4 57.5 (0.70) 3(0.70) 267.4 (154) 0.6 (g'gg) 1.19 (0.12)
Dry 5 136 (14.85) 7 133.6 (31.96) 0.8 (g';g) 0.42 (0.35)

8.22
Wet 1 0 0 159 (82.53) 1 012 16.90 (1.59)
Transition 2 6 (4.58) 1 63320 27507) 098 8.25 12.82 (3.58)

(0.04) (0.30)

Lake Fryxell ~ $77.60336 .. Dvnam 08 820
(LF) E163.13921 aYOT Transition ynarie 3 52.17 (2.57) 7.67 (1.15) 1582.33 (302) 00D ©002) 6.45 (2.38)
Dry 4 64.33 (2.52) 8.83 (1.04) 10626 (34.93)  1(0.05) (g'g;) 1.86 (0.53)
Dry 5 161 (0.12) 19.83 (0.76) 161.12(99.83)  1(0.02) (g'gg) 1.42 (0.37)
Wet 1 0 0 210.63 (107.97) 1 7.69 20.63 (4.44)
Transition 2 14.83 (2.47) 1.83 (1.04) 765.63 (403.19) 1 8.71 11.87 (2.52)

. (0.25)

Spaulding S77.65936 Tavlor Static 2 60
Pond (Sp)  E163.12224 ylo Transition 3 27.17 (8.46) 3.67 (1.15) 469.17 (304.77) 1 0.19) 4.85(3.07)

0.78 8.53
Dry 4 68.83 (3.25) 7 (2.65) 198.60 (88.51) (' o11) 0.40 (0.16)
D 5 12233 (20.14) 14.67 (1.15) 35547 (23173) 088 8.44 0.56 (0.10)
y ' ' Or A : : (0.16) 0.27) S

Table 1. Soil samples collected across all space-for-time transects and associated geochemical data. Values represent the average and standard deviations of the measurements
across replicated transects (n=3), except for Lake Hoare (n = 2). Elevation from the shoreline (cm), distance from the shoreline (m), Electrical conductivity (EC) (uS), water
activity (WA), pH, and soil moisture (%)
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Figure 2 - Soil moisture content (%), electrical conductivity (#S), elevation (m), water activity (WA), and pH
profiles along the space-for-time transects profiled from all major lakes (n=3, except for Lake Hoare n=2) in
Taylor and Wright valleys.

2.4.2 - Sequencing Results and Quality Control

After filtering out low-quality and short sequence reads, we obtained a total of
2,084,605 sequence reads and 4,098 OTUs at 97% sequence similarity (Supplementary Table
S1). We then filtered the low abundant OTUs using a 0.005% relative abundance cutoff across
the entire OTU dataset and removed 72% of the initial OTUs. The remaining 28% (1,133
OTUs) comprised 97% of the initial reads. A significant correlation exists between the
ordinations of the initial and filtered datasets (m12 squared: < 0.001; Procrustes Correlation:
0.99; p-value < 0.01, 999 permutations). We removed thirty-two OTUs classified as
Chloroplast using the SILVA database, leaving a dataset containing 1,101 OTUs for
downstream analysis. Sixteen percent of the remaining OTUs were unclassified at the phylum
level. The Procrustes Correlation between the ordination matrices with and without the
unclassified phyla was significant (m12 squared: <0.001; Procrustes Correlation: 0.99; p-value

<0.01, 999 permutations). As a result, we retained the unclassified OTUs in the analysis.
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2.4.3 - Microbial community diversity along space-for-time wetness transects

We observed significant differences in species phylogenetic diversity (PD) within the
dry, transition, and wet transect zones from each lake (Supplementary Figure S4; p-value <
0.01). Spaulding Pond consistently presented the most diverse community along the wetness
gradients and Lake Vanda the least diverse community (Supplementary Figure S4). Except for
Lake Vanda and Lake Bonney, PD correlated positively with soil moisture content (p-value <
0.05; Figure 3A). Soil electrical conductivity correlated negatively with PD (p-value < 0.05;

Figure 3B) only in Lake Bonney transects, likely driven by the comparatively high electrical
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Figure 3 — (A) Relationship between Phylogenetic Diversity (PD) and moisture content (%) measured across the
SFT. transects from Lake Brownworth (static transects), Lake Bonney (dynamic transects), Lake Fryxell
(dynamic transects), Lake Hoare (dynamic transects), Spaulding Pond (static transects), and Lake Vanda
(dynamic transects). (B) Relationship between Phylogenetic Diversity (PD) and electrical conductivity (uS)
measured across the SFT. transects from Lake Brownworth; Lake Bonney, Lake Fryxell, Lake Hoare, Spaulding
Pond, and Lake Vanda.
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2.4.4 - Microbial community composition along space-for-time wetness transects

The soil microbial community was represented by 24 phyla, with 98% of reads
classified within the top 10 phyla (Supplementary Figure S5). These dominant 10 phyla
maintained their representation across all lakes sampled, with a variation in relative abundance
reflective of the moisture zone. Bacteroidota (0.31 £ 0.08), Proteobacteria (0.24 + 0.08), and
Cyanobacteria (0.19 £ 0.11) were consistently abundant in wet soils. Bacteroidota (0.28 +
0.09), Proteobacteria (0.18 £ 0.10), and Actinobacteriota (0.15 + 0.13) were highly abundant
in the transition zones. Dry zones were dominated by members of Actinobacteriota (0.30 +
0.07), Bacteroidota (0.20 = 0.05), Proteobacteria (0.11 + 0.03) and Acidobacteriota (0.10 +
0.06) phyla. In Lake Bonney, taxa affiliated with the phyla Cyanobacteria and Firmicutes
presented a relatively high abundance in transition zone (0.16 + 0.08 and 0.14 + 0.16,

respectively) and dry samples (0.36 + 0.09 and 0.09 + 0.09, respectively).

2.4.5 - Microbial community structure along space-for-time wetness transects

Community beta-diversity from communities from the dry zones of space-for-time
transects varied significantly between lakes (PERMANOVA,R2=0.69, F =11.55 , p-value <
0.01; Supplementary Figure S6A), sharing only 32% of the OTUs (Figure S7A). Microbial
communities from the wet zones of space-for-time transects were significantly different
between lakes (PERMANOVA, R?= 0.73 F = 447, p-value < 0.01; Supplementary Figure
S6B), sharing only 16% of the OTUs (Figure S7B).

Along the space-for-time transects, communities collected in the dry zone were
structurally distinct from those collected in the wet zone (PERMANOVA,R?2=0.27, F=14.11,
p-value < 0.01) (Figure 4).
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Figure 4 — Principal coordinate analysis (PCoA) of microbial community compositional data based on a weighted
UniFrac distance matrix. Figure 4A the samples are coloured by transect zone. Figure 4B the samples are coloured
according to their distance from the lake shore.

For each lake, significant clustering of the communities by zone was identified (Figure
5). However, only the Lake Brownworth Spaulding Pond and Lake Hoare transects met the
premise for homogenous dispersion (Figure SA; beta-dispersion > 0.05). For all dynamic lake
transects (apart from Lake Hoare), the dispersion of communities within the transition zone
was significantly different (beta-dispersion < 0.05) (Supplementary Table S2). Except for Lake
Hoare, the transition zone community across all dynamic lake transects was segregated into

two clusters, with one of the clusters intercepting with the dry soil community cluster on
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sampling point 3 (ellipses at 95% confidence level) (Figure 5C-E). The latter was not observed

in the stable lake transects collected from Lake Brownworth (Figure 5A) or Spaulding Pond

(Figure 5B).
Lake Br th (static tr Spaulding Pond (static transects) Lake Vanda (dynamic transects)
R2=0.48 R2=0.66 R2=0.45
A p-value < 0.01 B p-value < 0.01 c p-value = 0.01
beta-disp = 0.60 beta-disp = 0.07 beta-disp < 0.01
3 < =
~ o) EN
g S 2
N
P P g
2 2 <
Axis.1 [51.2%] Axis.1 [65.3%] Axis. 1 [72.3%]
Lake Fryxell (dynamic transects) Lake Bonney (dynamic transects) Lake Hoare (dynamic transects)
R2=0.47 R2=0.43 R2=0.66
D p-value < 0.01 E p-value = 0.01 F p-value = 0.02
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Figure 5 - Principal coordinate analysis (PCoA) of microbial community data based on a weighted UniFrac
distance matrix for each lake along each transect: A — Lake Borwnworth (static transects); B — Spaulding Pond
(static transects); C — Lake Vanda (dynamic transects); D — Lake Fryxell (dynamic transects); E - Lake Bonney
(dynamic transects); F — Lake Hoare (dynamic transects). The significance between weighted UniFrac distances
was calculated using PERMANOVA. The assumption for homogeneity of group dispersion was tested with
betadisper function. Ellipses on the PCoA plot highlight the deviations from the mean for each clustered group of
samples) representative of different sections of the transects (95% confidence level).
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Phylogenetic community composition within each sample revealed a trend leaning
towards a deterministic assembly of the community governed by environmental selection
(NTI>2) (Figure S8A). That effect was higher, and consistent in the dry soils (sampling point
5) and tended to decrease towards the wet zone (sampling point 1) of the gradient, except for
Lake Bonney and Lake Vanda, where no trend was identified (Figure 6). In contrast to NTI
values, BNTI values distribution showed a median close to 0 but with skewed distribution
stretching beyond the +2 significant threshold (Figure S8A). This reflects the influence of
deterministic processes for a given pairwise comparison. However, pairwise comparisons
regressed against differences in moisture content indicates a large influence of stochasticity

with a weak relation to moisture content (Figure S8B).
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Figure 6 — NTI values for each single community sampled along space-for-time transects at each lake. Dashed
grey lines at the —2 and +2 values delimitate the significance thresholds from the null expectation. NTI values <
-2 or > +2 suggests that phylogenetic turnover is less or greater than the null expectation, and it is related to
deterministic processes. NTI values ranging between -2 and 2 is usually considered signifying the influence of
stochastic assembly.
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2.4.6 - Microbial taxa as sentinels for change

Soil moisture content was the primary non-categorical variable driving microbial
community structure patterns (PERMANOVA,R?=0.25,F =26.48, p-value < 0.01; Table 2).
A random forest approach identified that 64.8% of the variance in the community could be
explained by moisture content (RF, no of trees: 10001, mean of squared residuals 19.88). Taxa
affiliated to Actinobacteriota, Chloroflexi, Deinococcota, Verrucomicrobiota, Proteobacteria,
Acidobacteriota, Abditibacteriota, and Bacteroidota were the major taxa driving differences
between wet and dry soils (out-of-bag estimate of error rate for the transect section
classification: 24.4%) (Figure 7A). OTUs affiliated to Actinobacteria, order
Solirubrobacterales; Chloroflexi, order Kallotenuales; Deinococcota, order Deinococcales;
Acidobacteria, order Blastocaellales, and Abditibacteriota, order<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>