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Abstract

Soil stockpiling before mining activities is a4gw-mandated procedure that has adverse effects
on soil health, which raises concerns about the suitability of stockpiled soils as a reclamation
substrateRelatively few studies have addressed the effects of stockpiling on soil biology, and
particularly the impact of this disturbance on soil microbial communities is not clear. Since
microbes have a fundamental role in nutrient cycling and can respond rapithanging soil
conditions, the impact of soitackpiling on microbial communities can be used as an indicator of
soil quality, to shed light on the usefulness of the stored topsoil in the restoration of disturbed
ecosystems. Using marker gene sequencing, | artitlygestructure and composition of microbial
communitiesn a chronosequence of 628-yearold stockpiled soils at increasing depths3(D

cm), in two oitextraction locations in northern Albert@anada

In Chapter 2 | analyze the effect of stockpiling on soil prokaryotic communitMg results
indicate thastockpiling shifts the microbial community composition outside the range of natural
variability. Furthermore, while microbial communities in younger and older stockpiles were
dissimilar to the reference soils, the communities of intermedggestockpilesiere more similar

to those in the reference soils, which may indicate that initial disturbance leads to a shift in the
microbial community, which then recovers following several years of storage, but eventually,
long-term storage leads to a secondary djeece from the range of natural variability.
Additionally, the bacterial diversity decreased significantly with increasing stockpile depth, which
could be attributed to the harsh conditions of the deeper stockpile layers and the scarcity of

nutrients.
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In Chapter 3, | examine the impact of soil stockpiling on fungal commuaitiésheir functions

| found that fungal communities of the stockpiles differ from the communities in the nearby
undisturbed reference soildlso, smilar to previous studies, there was a decrease in fungal
richness and overall diversity with increasing stockpile depth. Furthermore, soil stockpiling
generated a shift in the inferred function in the form of putative fungal guilds and trophic modes.
Ectomycorrhizal fungi decreasedd@saprotrophic fungi increased in the stockpiles relative to the
reference soilsThese findings indicate that skmiling may have important implications for
ecosystem functions and services associated with fungal communities, such as litter decomposition

and plant growth promotion when these stockpiles are used to reclaim ecosystems.

In Chapter 4, hssesshe predictors associated with the variability in microbial communities of
stockpila soils. | apply thenull model operational framewonroposed by Stegen et al. (2013),

to shed | ight on the as gieemiylinthe picrab@leamsnangiesi nf | u
of stockpiled so8. There was a significant correlation between specific microbial taxa and the
conditions found in the disturbed soils. HoweVess than 20%f the variability in thamicrobial
communites was explained by the predictors assessed by the study. Regarding the assembly
processes shaping the communities, stochastic fddterslrift and dispersaéxered the most

important influence in all microbial group®8dcteria, Archaea, and fungi)Therefore,the
disturbance generated by the swpiechanizedhandling and management seeto be more

important in the assembly of microbial communitéthe sto&pilesthanthecommonly attributed

harshphysicochemicatonditions created bstockpilk depth and storage time.

Taken together, the results of my thesis provide important insights into the impact of soall
stockpiling on microbial communities and their functions and shed light on the effects of stockpile

depth and storage time on soil microbial diversity and commuoityposition. Similarlythe

RRR



results reveal that selective pressures promoted by environmental filters or legacyreéfecist

be as important as usually described in the literature for the structuring and variability of the
microbial communities in the stockpiled soil§hese findings are useful for reclamation
specialists/agencies to determine optimal conditions for the storage of topsoil and for stockpiled

topsoil to be used effectively in pastining reclamation operations.
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Preface

This thesis is an original work done by Julian Ariel Cabrera Hernandez at the Department of
Biological Sciences, University of Alberta, under the supervisioDroBrian D. Lanoil. The
thesiswaswritten according to the guidelines provided by the Faculty of Graduate Studies and

ResearchyUniversity of Alberta.

Chapter 1 of the work corresponds to a literature review to introduce the concepts and background

relevant to the understanding of the research.

Chapter 2 of this thesis has been publishedHasnandez, J. C., Ribeiro, H. M., Bayne, E.,
MacKenzie, M. D., & Lanoil, B. D. (2024). Impact of stockpile depth and storage time on soil
microbial communitiesApplied Soil Ecologyl96 105275.1 (Hernandez, J.C.)lesigned and
performed the experiments, analyzed and interpreted the data, and wrote the maRitsenip;.

H. M worked on the data collection and experimental design. Bayne, E., provided insights on data
interpretation and edited the manuscript. MacKenzie, M. D. provided insights on the experimental
design, data analyses and edited the manus®iptBrian Lanoil provided insight for the

experimental design data analysis and edited the manuscript.

Chapter 3 of this thesis has been submitted as Hernandez, J. C., Davidson, H, MacKenzie, M. D.,
& Lanoil, B. D. (2024).Impact of stockpiling on soil fungal communities and their functitms

the journal Restoration Ecology.(Hernandez, J.Q. performed the experiments, analyzed the
data, and wrote the original manuscript, HD contributed to data analyses; MDM reviewed, and

edited the manuscript; BDL edesigned, reviewed, and edited the manuscript.



Chapter 4 of this thesis will be submitted for publication as Hernandez,Ma€Kenzie, M. D.,
Bayne E.& Lanall, B. D. (2023. Influence of predictorand assembly processeghestructure
of microbial communities in disturbed sqit® the journal Ecological Indicators(Hernandez,
J.C.), performed the experiments, analyzed the data, and wrote the original manu&Bript,
contributed to data analyses; MDM reviewed, and edited the manuscript; Bioesigned,

reviewed, and edited the manuscript.

Chapter 5 of this thesis presents the conclusions derived from this thesis, delineates the

contributions of the study to the field, and proposes future avenues of research.

The project was funded by Canada's Oil Sands Innovation Alliance (COSIA), an industrial funding

consortium of oil sands producers, and the Canadian Natural Resources (CNRL).
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CHAPTER 1
Li t er eetvu reew

1.1. TheAthabasca Oil Sand Region

This thesis research takes place in two oil extraction sites within the Athabasca Oil Sands Region
(AOSR) , one of the worl dos | argest oi l reser’
economy (Government of Alberta, 2022). The AOSR area occupieadadel?,200 km(US

Geological Service, 2021), and is located in the Canadian boreal forest. The area exhibits a mid
boreal and subhumid climate, with annual mean temperaturé&stof+1 °C, and precipitation

rates of 300 to 600 mm (Johnson & Miyanist008). The relief of the area is characterized by

vast lowland wetlands interspersed with undulating and level till as well as lacustrine plains
(Downing & Pettapiece, 2006). The high diversity of habitats and wildlife in the region has been

attributed to he interaction of climate, topography, and vegetation (Alberta Parks, 2014).

The region was covered by the Laurentide ice shegt 10,00012,000 years ago (Johnson &
Miyanishi, 2008). The glacial sediments left behind or transported by the glacial sheets are the
materials that have formed most of the Canadian soils, and the mixture of these sediments and
crushed rockss called glacial till(Krzic et al., 2021). Glacial till in the AOSR, mostly of local
origin, is the most common sediment deposit in the region, while the material of recent origin

includes colluvial, aeolian, fluvial, and organic deposits (Fung & MacyeQR0

1.1Sdils in the AOSR
Like most soils in Canada, soils in the AOSR are young when compared with soils globally, since

they were formed when ice sheets retreatkzhving behindglacial sediments,which were



eventually transformed into soils by physiademical, and biological factors (Krzic et al., 2021).
The most common soil types found in the AOSR are luvisols, brunisols, and organic soils (Dimitriu
& Grayston, 2010). Luvisols are typical of wellained forests, like those in the uplandswning

& Pettapiece, 2006Dimitriu & Grayston, 2010), and are characterized by a lack of humus
incorporation into the mineral layer and thick forest litter layers (Krzic et al., 2021). Luvisols are
characterized by eluvial (Ae) and textural (Bt) horizons witha#iclays accumulating (Fung &
Macyk, 2000). In weldrained aeolian or fluvial materialdrunisols are commonly found
(Downing & Pettapiece, 2006). Brunisols are characterized by a lack of textural Bt or sesquioxide
(Bf) horizons, due to insufficient clay accumulation (Fung & Macyk, 2000), and tsiagdo not

exhibit the welldeveloped horizons that characterize other soil types (e.g., podzols or luvisols),

these soils are commonly considered immature-tnaimsition (Earle, 2019).

In lowland positions, organic soils are dominant, varying between 40 cm and 3 m thick, overlying

the glacial deposits throughout the region. The organic matter (OM) accumulates since the lack of
oxygen in watesaturated systems reduces the rate of hetgroit OM mineralization (Krzic et

al., 2021). The types of OM found in the AOSR region are (1) fen peat, which originates from
sedges and grasses, (2) forest peat, made up mainly of trees, shrubs remnants, and mosses and (3)
bog peat, derived frosphagnm mosses (Fung & Macyk, 2000). These boreal peatlands are
responsible for the lonterm sequestration of carbon dioxide and, therefare important players

in climate stability (Sun et al., 2014ylesisols made up of peat that is in a medium state of
decomposition are the prevalent organic sanghe poorly drained soil of the AOSR, like fens

and bogsKung & Macyk, 2000Downing & Pettapiece, 2006



1.1TRAe Al berta Boreal Forest
The AOSR lies within the boreal forest or taiga, which is located ~ 50 and 70° N latitude (Johnson
& Miyanishi, 2012), forming a circumpolar belt that extends thradighth America and northern

Eurasia (Apps et al., 1993), including regions of Russia, Sweden, Finland, Canada, and the
American state of Alaska ( Mery, 2010) . Bor eal
total closed forested zone (Dimitriu & Grayst®010; Boonstra et aR016), and are one of the

largest and most important ecosysseworldwide (Mery, 2010Gauthier et al., 20)5Theyare
the most significant pool of living biomass ihreearthis surface (DeAngelis, 2008), and the largest
source of soil organic matter (Fath, 2018), most of which is peat (Mery, 2010). Additionally, this
ecosystem has been demonstrated to sequester ~20% of the carbon consumed by forests worldwide
(Pan et al., 2011 onsequently, disturbance marcting the productivity of these ecosystems may
seriously affect world climate (Chapin 11l et al., 2000; Dimitriu & Grayston, 2010). Around 28%
of the world's boreal zones are located in Canada and extend from Newfoundland and Labrador to
the Yukon andhorthern British Columbia (Government of Canad&2@0However, the ecosystem
dynamics and structure of the boreal forests vary geographically and therefore boreal forests in

North America differ from their European counterparts (Boonstra et al., 2016).

The boreal forest natural region covers 58% of Alberta, occupying most of the northern portion of
the province (Alberta Parks, 2014). The varying relief of the region has given rise to upland forests
interwoven by lowland wetlands (Beckingham & ArchibaliB96), and watercourses that
constitute the habitat of wildlife species and productive aquatic communities (Alberta Wilderness
Association, 2022)Therefore,the region is known to be biologically, topographically, and
climatically diverse, and provides a broad spectrum of services like the supply of goods, climate

regulation, and support of primary production (Brandt et al., 2013; Gauthier et al., 2015). Based
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on the climate, soil, topography, and vegetation, eightregions have been recognized in the
boreal forest of Alberta, these regions are Dry Mixedwood, Central Mixedwood, Lower Boreal
Highlands, Upper Boreal Highlands, Athabasca Plain, PA#wmbasca Blta, Northern

Mixedwood and Boreal Subarciibowning & Pettapiece, 2006).

1.1.3 Vegetation of the boreal forest in Albert
Boreal forests harbor a low tree diversity (Mery, 2010), but are almost totally covered by a
continuous belt of treg®owning & Pettapiece, 2006), which are adapted to the long winters and
short summers of the zone (Mery, 2010). The vegetation that characterizes boreal forests is the
coniferous, deciduous, and mixed wood forests (Downing & Pettapiece, 2006). Thisivegetat
characterized by a temporal and spatial mosaic of plant species that generates an array of diverse
ecosystems (Macdonald et al., 2012). Among the dominant conifers found in the region are the
jack pine Pinus banksiang white spruce Riceaglaucg, and black spruceP{cea marian,
whereas asperPfpulus tremuloidgsand balsam poplaPppulus balsamifefaare dominant
deciduous species (Alberta Parks, 2014). The wetlands on the other hand are domiblaigd by
spruce Picea mariangand mosses, such as sphagngphagnunspp.) (Downing & Pettapiece,

2006). The plant community of the region is known to influence the soil processes and formation,
for instance in the uplands, theedlef the conifer that dominates the region, accumulathen
forest floor generating acidic conditions that reduce the rate of organic matter decomposition

(Mery, 2010).

1.1.Bhe microbial communities of the boreal f
The boreal forests host diverse fungal communities that play essential roles in the organic matter
decomposition and establish complex associations with the native vege®t#adte(burg et al.,

2015; Pec et al., 2017)Sukdeo et al. (2018), suggest that the fungal grdbpeinarius,
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AmphinemaRussula,and Piloderma, are native toboreal ecosystemswhere they are found
establishing ectomycorrhizal associations with roots of trees of tieaiRiceaandPinus(Soop,

1993 | wa Es ki & Rudawska, 2007;) &dand knavhtopldy. , 20
important functions in soil carbon stabilization (Tedersoo & Nara, ;284€¥ill et al., 2014. This

is consistent withhe dominance athe fungal generRiloderma, Dioszegiaand Macrolepiota

classified under the phyla Basidionogya in the boreal forests of Alberta (Dimitriu et al., 2010).
Similarly, Stefani et al. (2018), determined tiagaricomycetegBasidiomyota) is the dominant

fungal group in the undisturbed soils of the AOSR, followed by the paraphyletic group
Zygomycetesand DothideomycetegAscomycota). All these reports align with the body of
knowledge that attributes the dominance of ectomycorrhizal fungus pliyfeeBasidiomycotan

the boreal forests (Read, 1991; Tedersoo & Nara, 2010).

Scarce reports have documented the composition of the prokaryotic microbial communities that
arenativeto the boreal forests of Alberta. One study found that the dominant groups in the region
were in theorder Rhizobiales,of the class Alphaproteobacteria followed by Group 4 of
Acidobacteria, theXanthomonadalesf Gammaproteobacterjaand thePlanctomycetalesf the

phylum Planctomycetdgdlasse et al., 2017).ikewise,the results of moreecentstudiesindicate

that Proteobacteria Acidobacteria, Actinobacteria, Bacteroidetes)d Verrucomicrobia are
dominant in the AOSR (Stefani et al., 208&ntana Martinez, 202 hese studies are consistent

with reportsindicating that Actinobacteria, Acidobacteria, Proteobacteaial Bacteroideteare

the dominant phyla in boreal ecosystefRsesch et al., 2007; Sun et al., 2014), andaneal
ecosystems (Janssen, 20B@esch et al., 200Tjado et al., 2017) globallyThe dominance of

some of these bacterial groups in soils worldwide, and the variation in their relative abundances,



has been linked to the amount of nutrients present in the soil (Fierer et al., 2007) or the soil pH

(Lauber et al., 20Qhu et al., 2010

1. Dil sands extraction in Alberta

Oil sands are a mixture of clay, sand, water, and dvdeay crude oil known as bitumen (Alberta
Energy Regulator, 2022). It has been estimated that the Canadian oil sands originated when crude
oil flowed from the RockyMountains toward the sand deposits in Albes@100 million years

ago (Gray et al., 2009). Then microbial activity removed the low molecular weight components

and left the more complex and viscous fraction (i.e., bitumen)(Chandler et al., 2016).

Oil sands reserves of ~ 165 billion barrels make the Athabasca Oil Sands Region (AOSR) the
most important single oil reserve in the world (Dimitriu & Grayston, 204:0] is a fundamental
component of the Canadian economy (Alberta Governmeng) 2§2nerating around 85% of the

oil produced in the country (Alberta Energy Regulator, 20PR¢ estimated bitumen reserves in

the AOSR are enough to supply the Canadian domestic crude oil demand for ~250 years

(Czarnecki et al., 2005).

The main oil sand deposits in the regionthePeace Riveoil sanddeposif Cold Lakeoil sand

deposit and Athabascail sands deposifJohnson & Miyanishi, 2008), most of desareasare
inhabited by First Nation people and were not disturbed by Europeans until the gtartexfent

oil and forest developments (Johnson & Miyanishi, 2008). Even though the presence of oil sands
was known to exist in Alberta since the enddeéhtury (Berkowitzt & Speightt, 1975), commercial
exploitation of oil sands in Alberta commenced by 1967, with the incursion of the Great Canadian

Oil Sands (CAPP, 2022).



In the AOSR region, bitumen is extracted by applymgitu and operpit mining, depending on

the depth of the deposits (Government of Canada, 2016). Thus, theurfaae oil sand deposits

are exploited using opguit mining (Gray et al., 2009; MacKenzie, 2013), where the oil sands are
scooped up with trucks arsthovels (Alberta Energy Regulator, 2022), and then hot water is used

to separate the bitumen from other oil sands components in separation (@zsaeiecki et al.,

2005). However, when the oil sands deposits are located in the deeper soi(3agensders
underground), oil sands are extracted by employirgjtu drilling, in which hightemperature

steam is injected to decrease the viscosity and increase the fluidity of the bitumen so that it can be
pumped out with extraction wells (Johnson & Miyanishi, 2008). In the AOSR ~80% of the bitumen

is currently extractedsing in situ thermal extraction methods (Alberta Government, 2022). Some
in-situ oil sand extraction methods that have been used in the AOSR and nearby mining zones are
steamassisted gravitgrainage (SAGD) and cyclic steam stimulation (CSS). SAGD can recover
60% of the bitumen in place, but their use is recommended in thick rich bitumen (Gray et al.,
2009). The SAGD technology has been applied by major Canadian oil companies in the AOSR.
TheCSS, on the other hand, can extract ~20% of bitumen in place and has been used by Canadian

Natural Resources at Wolf Lake and Primrose extraction sites (Sunshine Oilsands, 2022).

1. 2Efvironment al i mpact associated with oil
The present extinction rates and decrease of species populations caused by habitat loss exceed
what was projected from the fossil record (Barnosky et al., 2011). Ecosystem disturbances
generated by anthropogenic activities have been linked with ecosykifimte alternative
compositional and functionatates $cheffer et al., 2001Falk et al., 2006), which may have
serious consequences for biodiversity (Liao et al., 2018), land use and water quality (Ibarra & de

las Heras, 2005; Timoney & Lee, 2009).



The evidence seems to indicate that the impact of human activity Motitle American boreal
forests has occurred since the retreat of the gla®j@@€ 12,000 years ago (Johnson & Miyanishi,
2012), and by the year 2020, the human footprint generated in the AOSR represented 9%, from
which 4.5% corresponds to the forestry footprint followed by 2.3% of the energy footprint (Alberta
Biodiversity Monitoing Institute, 2020). This is consistent with reports indicating that the rate of
disturbances in the Cadlian boreal forests is one of the fastest worldwide (Hansen et al., 2010;

Komers & Stanojevic, 2013).

Mining has been regarded as one of the anthropogenic operations that most seriously impact the
environment(lbarra & de las Heras, 2005; Stracher, 2019). Inciheand extractioractivities
developed in the AOSRurfacemining, in-situ extraction, and bitumen upgrading generate most

of the environmental concerns (Timoney & Lee, 20K@rek et al., 2018 This is evidenced by

reports recognizing that the environmental impact associated wimimilg activities is
substantial and has generated vast zones of disturbed land and destroyed or fragmented ecosystems
(Rowland et al., 2009). Even more concegnis the fact that the projections indicate that more
than4,000km? of northern Alberta will eventually be mined (Rooney et al., 2012). Furthermore,

it is expected that the impact of the disturbance generated by oil sand extraction will be intensified

by climate change in the near future (Johnson & Miyanishi, 2008).

Another factor that has generated concern about the magnitude and perspectives of the oil sand
industry in Alberta, has been the contribution of oil sand mining to the emissions of greenhouse
gasses (Rooney et al., 20X et al., 2024 since the oil sand extraction and process applied to
convert bitumen into crude oil, releases volatile organics, &@ NOx (Johnson & Miyanishi,

2008), some of which are known to impact global warming and accelerate climate change. Indeed,

a report by the Carnegie Endment for International Pea¢2013), has estimated that oil sand
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mining and upgrading emits more greenhousss@mthan the generated by the conventional
production of more accessible or lighter crude oil. However, it is worth noting thaisgestion

is still debated since other reports indicate that the emission of greenhouse gasses by oil sand
mining and processing is within the same range as that generated in the processing of other crude

oils (Government of Canada, 2013).

1. 21 tapaopemfpit mining
Around 4,750 km of the oil sand deposits in the boreal region of Alberta are accessible by open
pit mining, and ~ 99%of that amount has already been leased (Energy Alberta, 2015). The
footprint generated by open pit mining activities on the landscape is evidencedhhydiiication

of the landscape, generation of discard dumps (Mushia et al., 2016), and loss of boreal coniferous
and deciduous forests (Timoney & Lee, 2009). As an example, in the year 2016, the ecosystem
disturbance generated by-stndopenpit mining activities in the AOSR expanded to more than
900 km(Alberta Environment and Parks, 2021). The relatively high impact of open pit mining is
associated with the removal of forest cover and a considerable proportion of the overburden (~15
50 meters), to gain access to the oil sands (Rowland et al., 200%uligeguent removal of oil
sands leaves behind kilometavile pits in which oil extraction residues may accumulate
(Rowland et al., 2009ylacKenzie, 2013). These residues may percdaatgearby water bodies
(Routson et al., 1979) and affect wildlife and human he8ithilarly, the emission of pollutants

like polycyclic aromatic hydrocarborend heavy metaldrom openpit mining activities in the

AOSR, mayaffect human healtfKelly et al., 2009; Timoney & Lee, 200Kurek et al., 2018

1. 2Imp acfin-si diul sand extraction
Most of the bitumen in the AOSR is extracted by applymsgjtuoperations (Alberta Government,
2022). There is a general conception that the impact of open pit mining is greater tharnthat of
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situ extraction (Flint, 2004). However, the works of Jordaan et al. (2009) challenge this view
asserting that the disturbance generated-sjtu extraction on land per unit of production is lower

than surface mining, bub-situ extraction generates a more dispersed spatial footprint, which
increases landscape fragmentation (Jordaan et al., 2009). Landscape fragmentation has been
defined as fAa | arge expanse of habitat that
smalle t ot al ar ea, i solated from each other by
1987). Habitat fragmentation causes disturbances in the fluxes of wind, radiation, nutrients, and
water in the ecosystem (Saunders et al., 1991), and has blesh iinareductionin diversity

(Fahrig, 2003;Didham, 2010; Liu et al., 20190 a decreaselispersalpotential of dispersal

limited taxa(Cote et al., 2017)and the ease of colonization by invasive plant species (Zambrano

et al., 2019).

124 Recl amati on and regul ations

Dueto the magnitude and characteristics of the disturbance protyasbdsand extraction in the
AOSR bioremediation treatments (i.e. thee of living organisms to remove or stabilize pollutants
from soils) are insufficient to rehabilitate the impacted ecosystems in the region (Johnson &
Miyanishi, 2008). Consequently, reclamation, which involves the physical reconstruction of
heavily degrded soils, is a better option to restore pusting sites, both in the AOSR and other

mining sites around the wor{dohnson & Miyanishi, 2008)

The goal of land reclamation is to return mined lands to theidigtarbance conditions (Bohrer

et al., 2017), which includes the rehabilitation of the ecosystem function, services, and land use
(Ezeokoli et al., 2019a). Reclamation practices and techies have been developed and widely
used in the last 20 years around the world (Ibarra & de las Heras, 2005). Generally, the following

stages are considered in land reclamation: (1) collection of information about the site to be
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disturbed, (2) tree clearin@lso part of the mining activities), (3) soil removal and storage to be
applied in reclamation operations, (4) salvaged soil placement, (5) revegetation of the placed

reclamation materiagnd(6) monitoring and maintenance (Naeth et al., 2013a).

1. 2A5sessing the success of |l and reclamati on
Early Alberta legislation and norms regarding pogting land rehabilitation assessed the land
condition (e.g., soil erosion and weed infestation), land agricultural productivitgr@pes. yielded
in a determined area, in a defined period), or human safety, as an indication of good restoration
practices (Chandler et al.,, 2016). The development of industrial activities in Alberta raised
concerns abouheaccelerated ecosystem destruction and prompted the need for broader and more
stringent regulations to maintain ecosystem health and integrity (Chandler et al., 2016), thus

originating the first land reclamation policies in the province in 1963 (Powtér 2042).

By the mid1980s, the objective of reclamation was to achieve an equivalent (or better) land
productivity compared to the condition of the jolisturbed ecosystem (Chandler et al., 2016), but

due to the complexities and challenges involved with assesgmgjmilarities in productivity of

undi sturbed and reclaimed soils, the goal shi
Reclamation Regulations of 1993 (Chandler et al., 2016). Consequently, oil sands mining
companies in Alberta are legallybd i gated to reclaim disturbed
capabilityo, which is defined as fAthe abilit"
function is similar to the one that existed before the disturbance (Environmental Protection and

Enhancerant Act 1993).

To determine the success of the reclamation of a disturbed site, a common approach consists of

the selection of eeference ecosystewhose conditions are similar to those that existed before the
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disturbance generated by the mining activities atadget ecosysteitinat exhibits the conditions

that are expected after the reclamation is completed (Harris, 2003; Zahraei, 2015). The
characteristics of reference and target ecosystems represent the range of natural variability, defined
as the spatial and temporal varlabiin the ecosystem processes, community composition, and
dynamics that existed before the major modifications generatsettbgrs(Swanson et al., 1994;

Wong & Iverson, 2004). Sincié has been widely accepted that more sustainable and healthier
ecosystems are those in which the natural disturbances fall within the range of natural variability
(Gayton, 2001), the conditions of both the target and reference ecosystems are usedeata gui
assess the restoration of native populations, ecosystem diversity, and to determine the success of

reclamation.

However, returning the disturbed land to a pristine state has been considered idealistic under the
argument that ecosystems are not static (Johnson & Miyanishi, 2008) and that ecosystems change
as a result of fluctuations in environmental conditions (@fité et al., 2007). Similarly, it has
been asserted that the fApristine sited used a:
the disturbed site or may have already been impacted directly or indirectly by anthropogenic
activities (e.g. clima change, invasive species, or habitat fragmentation), (Falk et al., 2006),

which makes the goal difficult to attain or even impractical.

Likewise, the current reclamation norms have been criticized since the restoration of important
ecosystem components such as the native tree cover composition is not explicitly mandated by the
regulations. As a consequence, some ofalgestmining companies in the AOSR have failed to
describe the plant communities that existed before the start of the mining activities, which
complicates the comparison between the reclaimed sites with Huesprdbed ones (Rooney et

al., 2012), and the seadthent of accurate restoration goals. This lack of precision and ambition in
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the reclamation guidelines has been evidenced by the reconstruction-dfaire#id hills instead

of even terrain, using salvaged soils, which has caused former peatlands to be reclaimed into
upland forests (Rooney et al., 2012). Since peatlands havedptayzucial role in carbon
sequestration since the deglaciation of the Laurentide ice sheet (Harden et al., 1992), the
transformation of lowland to upland forest ecosystems will result in a drastic decrease in carbon
sequestration and storage (Rooney ¢t28l12). Similarly, due to the leniency of the reclamation
guidelines regarding the functional and compositional characteristics of the soil community to be
restored, it has been a common practice to use peat in the restoration of upland boreal forests
(Dioumaeva et al., 2002), which is believed to increase soil microbial heterotrophic respiration
rates in the reclaimed sites, disrupting the carbon exchange rates between plant, soil, and the
atmosphere (Dietrich & MacKenzie, 2018), such an increase inohi@rorganic carbon
degradation is assumed to increase with global warming, thus generating mdahatCGfes to

the atmosphere (Hicks Pries et al., 2017).

1.2 Te®psoil salvage

Because soils provide pivotal ecosystem services and functions (Weil & Brady, 2017), the first
step toward the goal of generating a healthy anessstfaining ecosystem consists of rehabilitating
the functions of the soil (Macdonald et al., 2012). Howgtrer reclamation of poshining sites

is a complex multistep procedure of soil engineering and-aédée landscapindgkowland et al.,

2009 Macdonald et al., 2012). Therefore, the procedure needed to restoraipiost sites to
functional, resilient, ash selfsustaining ecosystems, like those of the AOSR, may go beyond the

boundaries of ecological restoration.

As part of the mining activities, surface soils (<1 cm) and overburden are removed to allow

access for drilling and other mining operatioksurfdu & Ghose, 1997Bohrer et al., 2017;
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MufozRojas, 2018 The removed surface soils are considered a valuable resource for land
reclamation (Kundu & Ghose, 1997) since they are generally rich in nutrients, native plant seeds,
and complex microbiatommunities (Golos et al2016, Mushia et al, 2018uss et al 2019).

Since 1983 salvaging surface sods beem legislated requirement for several industrial activities

in Alberta, including oil sands mining (Government of Alberta, 20268 salvagedopsoilis used

in the reclamation of disturbed ecosystems, especallyites where mining has concluded

(Paterson et g12019).

The direct placement of the removed topsoil (ise. of fresh topsoil in the reclamation of disturbed
ecosystems) can lead to the successful reclamation ofrpoisty sites (Anderson et al., 2008;
Birnbaum et al., 2017b; Dhar et al., 2019; Ngugi et al., 2020), and-dstaiglishment of a diverse
plant community (Macdonald et al., 2012). Moreover, physicochemical and microbial
characteristics of the soil are improved when soil vertical structure is minimally altered and is
directly applied in the reclamation of a pwosining site (Bulot et al., 2017).hHErefore, reports

have considered it a good practice to use fresh soil in the reclamation of disturbed ecosystems
(Naeth et al., 2013a)ln one case, successful reclamation using fresh soil restored 70% of the
native forest understorgpeciesichness of a poshining site (Koch, 2007). Similarly, with the
direct application of topsoil, the establishment of asedftaining forest (i.e. selenewing without

the addition of extra inputs ¢trumanintervention) in a posmining site in Spain was achieved
(Ward, 2000)However, direct placement of topsoil in a reclamation site is not always a reasonable
option sincethere may be no nearby sites ready to be reclai®edhmayer, 1999Gorzelak et

al., 2020) or because the topsoil generated may not beswtdtl to reclaim a particular pest
mining site, i.e. reclaiming lowland ecosystems with upland soil may affect the establishment of

native plant propagules (Mackenzie & Naeth, 201)der these circumstances, the removed
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topsoil is stockpiled and may remain stored for long periods, until anpiagtg site is available
to be reclaimed (Johnson et al., 1991a; Kundu & Ghose, 1997; Strohmayer, 1999). Currently, there
is a considerable proportion of sites disturbed by minagtiyities in the AOSR that will need to

be reclaimed using stockpiled soils (Buss et al., 2020).

1.2S@l vaged soil amendments and treatments
Two main types of salvaged soil amendments are used in the reclamationmwirpogtsites of

the AOSR. One of them consists of peat extracted freéinni depth from lowlands (Zahraei,
2015), and the other is LFH, an organic horizon composed of iderdifigier (L), fragmented

and fermenting litter (F), and humus (H) (Paré et al., 1993), from upland forest soils generated by
the accumulation of twigs, leaves, and mosses (MacKenzie, 2013). Peat and LFH are salvaged
before the start of the mining activéi@nd can be used in the reclamation of-puising sites,

alone or mixed with the underlying mineral soil, forming peat mineral(RN«M) or forest floor

mineral mix(FFM) respectively, (Fung & Macyk, 2000).

Compared toPMM, FFM has a greater amount of woody organic matter, which aids in the
establishment of mesofauna, microbial communities, and plant diversity, (Brown, 2BIAIso

provides nativeplantpropagules in the reclamation of boreal upland forest ecosystems (Fung &
Macyk, 2000; Mackenzie & Naeth, 2010), and accelerates the restoration of forest ecosystems, as
demonstrated by a study on the impact of reclamation with PMMF&id on microbial
communities(Zahraei, 2015)according towhich the microbial biomass and microbial genes
involved in the nitrogen cycle (i.e., NirS, and NifH) increased in the site reclaimed kiSivig

relative to that reclaimed with PMM (Zahraei, 2015).
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Soil salvaging and application in reclamation in Alberta historically did not discriminate between
upland and lowland material (Naeth et al., 2013). However, most of the area being disturbed by
the mining activities lies in the wetlands, therefore peat & Rre more abundant than FFM
(Naeth et al., 2013), and are widely used in mine reclamation in the AOSR (MacKenzie & Naeth,
2007; Naeth et al., 2013). LFH in the upland forests of Alberta is variable but is not higher than
20 cm in depth (Naeth et al., 201Bherefore, the limited amount of the LFH in the AOSR makes

it impossible to exclusively use this material in all reclamation projects (Naeth et al., 2013).

It has been common practice to apply fertilizers to fresh or stockpiled soils or to combine the
salvaged soil with overburden, peat, or mine residues to enrich the nutritional properties of the
substrate and to create a diie material able to become a functional ecosystem that supports
plant and microbial communiti€gVilliamson & Johnson, 199@owland et al., 20Q9Likewise,
by-products of oil sand extraction and upgrading like tailing sands and colkéNbHave been
applied to improve plant growth (Wolter, 2012). For example, the amendment of PMM with
biochar increases the availability of sealenutrients and seed germination (Dietrich &
MacKenzie, 2018). Since biochar also reduces microbial peat decomposition and stabilizes soil
organic carbon, the use M amended with biochar has been proposed for the reclamation of

upland ecosystems.

The soil that is finally constructed using salvaged soil material and amendments lacks the general
characteristics found in naturally occurring soils. Therefore, the engineered substrate cannot be
classified in any of the orders currently accepted by threa@ian System of Soil Classification
(CSSC). The anthroposolic order has been proposed by Naeth et al. (2012), to group soils that have
been constructed by humans, like those generated from reclamation using peat mineral mix or

mine residues. The proposedtegory will also include soils that have been highly modified by
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anthropogenic activity, like those in which one or more of the natural horizons have been removed
or replaced (Naeth et al.,, 2012). However, based on the relatively few mentions found in the
literature, it can be said that this proposal has not foundisami support or diffusion across the

soil science community.

1.3 mpact of stockpiling on soil attri bl

1. 3Efifect of topsoil stockpiling on soil phys
Soil stockpiling can lead to a severe disturbance of soil edaphic properties and soil structure
(Izquierdo et al., 200%Anderson et al., 2008), due to the mixing of soil horizons (Ghose & Kundu,

2004) that occurs as part of the mechanized process applied during stripping and stockpiling
(Abdul-Kareem & McRae, 198MlacKenzie, 2018 The impact of mechanized handling and heap
forming have been consideréalbe more responsible for the loss of somedesiirable properties
than that generated by the topsoil storage time (Ghose & Kundu, 2004). Interestingly, these
disturbances in the soil structure seem to persist even after the soil has beernamgaiachation

(Fowler et al., 2015)

Further, stockpiling has been known to generate a reduction in soil aggregates, especially micro
aggregatesWick et al., 2009Bach et al., 2010; Block et al., 2020). Due to the pivotal role of sall
aggregates in protecting soil carbon and their hydraulic properties (Chen et al., 2014; Weil &
Brady, 2017), the effect of the disturbance generated by stockpiling on soil aggreaatesve

serious consequences on soil structure such as the increase in soil bulk density (Shrestha & Lal,
2011) and a decreasethe water holding capacity (Ghose & Kundu, 2004; Shrestha & Lal, 2011).
However, even when soil aggregates are significantly affected by stripping and stockpiling

practices (AbduKareem & McRae, 1984, Six et al., 1998), soil aggregates Ihaseshown to
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re-form with time since disturbance (Wick et al., 2009), or in the course of restoration (Schaffer et

al., 2007).

Similarly, topsoil stockpiling has been associated with a loss of trace metalsdjkeu, Zn, and

Mn (Ghose & Kundu, 2004), cations such as Ca, Mg, Na, and K (Ghose, a@d1¢ssential
nutrients like nitrogen and carbon pools (Ghose & Kundu, 2004; Sheoran et al., 2010; Shrestha &
Lal, 2011). Soil organic carbon is highly influenced by the proportion and turnover of soil
aggregates (Six et al., 1998), and therefore thedbssil aggregates can result in the loss of a
considerable proportion of soil organic matter (Wick et al., 200@% may explaintheincrease

in the intraaggregate carbon and a decrease in the otdgjgeegate carbon in stockpiled soils
(Wick et al.,2009) andmay indicate that microbes can generally mineralize the organic carbon
that is outside soil aggregates, but not the organic carbon inside soil aggregates, which is made
available when soil structure is disrupted due to theptigpand stockpiling process. This could
alsoexplain the ephemeral increases in soil organic carbon that have been repoetatively
youngstockpiled soils (Stratechuk, 2020). Additionally, the decrease in the organic carbon in the
stockpile has also been attributed to a dilution of the organic carbon in the topsoil with the mineral
subsoil during soil stripping and mound formation (Vissexl €t1984). The combination of these
factors may have dramatic effects on soil biology and compromise statkpilegquality and its

usefulness as a reclamation substrate (Harris et al., 16@%son et al., 1991Block et al., 202

1. 3E2fect of soil stockpiling on plant commun
The lack of commercially available native plant seeds to be used in restoration practices is a
limitation to restoring disturbed sites to their jolisturbance conditions (MacKenzie, 2013).
Therefore, planviable seeds in the salvaged topsoil are esdentihe rehabilitation of native

plant communities of disturbed ecosystems (Munshower, 2017). However, there is a growing body
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of literature addressing the negative impact of the disturbance generated by soil stockpiling on
plant propagules and seed bar&sg¢hmayer, 1999 avie et al., 2007; Valliere et al., 2021), and

the evidence has shown that vegetation coverage, diversity, and richsigasgficantly higher in

sites reclaimed using directly placed soil contrasted with those sites reclaimed using stockpiled

soils (Dhar et al., 2(®).

Salvaged topsoil deptmay be amajof act or i nfl uencing the decrea
plant propagules (Navie et al., 200Fpr example Buss & Pinno, (2019)evealedthat seed

emergence was significantly affected by stockpile depth. Likewsekenzie & Naeth (2019)

found that most of the seeds and rhizomes belowsmilemeter did not germinatend that the

impact of stockpiling was morienportantfor plant seeds that lack dormant stages or hard seed

coat (Mackenzie & Naeth, 2019)Similarly, Golos et al. (2016);ompaed seed emergence

between fresh and stockpiled sailsd foundstockpile ages a fundamental factor affecting seed
emergence and community compositibherefore, stockpile depth or age may be the determining

factors affecting plant seed banks and seed emergence.

1. 3EBfect of stockpiling on soil invertebrate
The reestablishment of soil mesofauna in poshing sites usuallyequires the restoration of a
vegetative plant cover (Witt, 1997). Also, the time soil remains stockpiled is very important for
soil fauna, since according to Viert (198f)e life of soil fauna is limited to a few months in
stockpiled soils. A study showed that the mesofauna present in the reclaimed sites of the AOSR
was significantly lower thathatin the undisturbed soils (Battigelli & Leskiw, 2006). This may
indicate that the disturbance generated to the soil still impacts the mesofauna commumity, eve

after reclamation treatment has been applied.
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1. 3E#Afect of stockpiling on soil mi crobi al <co
Relatively little attention has been paid to the impact of soil stockpiling on microbial communities

or to their potenti al as bioindicators of st
increase in diversity and composition at the early stag#sedaftockpiling, probably in response

to the availability of nutrients that were made accessible by the disturbance, but then after some
time, a general decline or stabilization in the microbial comitypwccurs (Johnson et al., 1991;

Ngugi et al., 2020)Such a decline seems to happen almost concomitantly with a significant
reduction in soil organic carbon and nitrogen in the stockiesir et al., 2022). This could

indicate that the initial flush in microbial communitemsists othe proliferation of copiotrophic

microorganisms (Fierer et al., 2007).

Age since stockpilings one of the main factors affecting soil microbial communities (Ghose,

2001; Ghose & Kundu, 2004). Multipkeportsh ave suggested that topso
indicating that some of the soil health attributes, including microbial diversity, may deteriorate

with increasing storage time, and that eventually, the removed topsoil becomes biologically sterile

and theefore unsuitable to be used in land reclamation (Gould & Liberta, 1981; Kundu & Ghose,

1997 Ghose, 2001 Consistent withthis idea, Ghose (B1) and Ghose and Kundu (2004),
reporeda drastic decrease in the bacterial and fungadmunitiesof the stockpiled soil, and that

such a decrease was maignificantwith increasing stockpile age.

After a relatively short period of soil storaglee microbial community compositiomecovers to
resemblehe communitiesin the reference soils (Gorzelak et al., 2020). Arbuscular mycorrhizal
fungi (AMF) populations decreased in response to the initial disturbance, but after a period of soil
storage, the proportion of AMF in stockpiled soils reached the level found iretieence

ecosystems (Birnbaum et al., 2017b). These results are consistent with other studies reporting the
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restoration of the AMF propagules in removed topsoil after 5 years of revegetation (Jasper et al.,
1987). The restoration of the microbial community structure or biodiversity in the stockpiled soils
may have been correlated with the carbon inputs of that ptommunity, and since plant
communities are more developed in older stockpiles, then AMF will populate them preferentially
(Birnbaum et al. 2017b). However, the fact that microbial communities or functional groups may

recover with time since disturbanceh al | enges the i dea of a fAshelf

Due to limited space, topsoil tends to be stored in large piles (Strohmayer, 1999). The height of
the topsoil heaps is another factor that has historically generated concerns when referring to the
impact of stockpiling on soil microbial communities (Blaatkal., 2020)Thereduced productivity

and low biomass in the deep regions of the stockpiles may be the cause of the loss in microbial
diversity (Paterson et al., 2019). Likewise, there is a decrease in nitrogen proportion in the deeper
layers of the stdiled soil (Fischer et al., 2022) and this decrease is linked to the reduction in
microbial diversity. Severe conditionfiave been attributet the dep layers of the stockpiles,

which arelikely generated by the reduced levels of oxygen (Mackenzie & Naeth, 2010; Naeth et
al ., 2013). The scar cit yowe fayers gegecaeandembictzdnes st o
that promote the dominance of anaerobes and facultative aerobe microbial populations, (Abdul
Kareem & McRae, 1984; Harris et al., 1989; Johnson et al., 19%iderson et al., 2008
Together the loss of nutrients and oxygen may influence the structure and dynamics of microbial

communities in the stockpiled soils.

The literature registers multiple works referring to the impact of stockpile depth on microbial
communities. The works of Block et al. (2020), on the effect of stockpile depth on microbial
communities, found that both bacterial and fungal communities signéficantly reduced by

stockpile depth. These results align wikie findings ofJohnson et al. (1991), who reported a
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decrease in the fungal and bacterial aerobic populations with increasing stockpile depth within the
top 2 meters, especially in the oldest piles (11 years), which is consistent with the findings of Amir
et al. (2022), who found the decrease of aerobicebacin stockpiled soils and the time since
stockpiling to be correlated. Therefore, it may be the case that the harsh conditions attributed to

the stockpile's deep layers develop with the time of storage.

The presumed anaerobic conditions of the deep strata of the stockpiles have been evidenced by the
abundance of methane in the deep layers of stockpiles (>1m), indicating the presence of
methanogenic archae&V{lliamson & Johnson, 1990Fischer et al., 2022), which are strict
anaerobic microorganisms. Also, the studies of Amir g28i22) on the microbial communities

of the stockpiled soils found the anaerobic bacterial community did not decrease with increasing

stockpile depth, which may suggest that the anaerobic conditions are present in most parts of the

piles.
1. 3EbfesttowKpi |l ing and associated disturbance
Soi l fungi are known to play <cruci al rol es i

Policelli et al., 2020), to establish complex symbiotic relationships with other organisms (Averill
et al.,, 2014; Ramsfield et al., 2020), and are importasbihstructuring processes (Miller &
Jastrow, 1992). Furthermore, the-agtablishment of native mycorrhizal fungi improvb®
restoration of disturbed forest ecosystéMsuenkamp et al., 201Bpziol et al., 2022), including
postmining sites(Wang, »17). Therefore, determining the consequences of stockpiling on fungal

diversity is of paramount relevance at the time of planning ecosystem restoration.

Disturbances in sopphysical and chemical attributes affect fungal associations with plant roots

(Jasper et al., 198Fadaei et al., 2021) and soil disturbances are among the factors leading to a



significant mycorrhizal fungal decrease in the foréstsiolds, 1991).This could explainthe
negative effect ogoil stockpiling and associated disturbancesadouscular mycorrhizal (AM)
(Stark & Redente, 198 Ezeokoli et al., 2019aAMF spores decrease with stockpile increasing
depth (Amir et al., 2022); however, time since stockpiling may be the main factor determining the
decrease in AM fungiapacity tanfectrootsin the soils (AbduKareem & McRae, 1984; Miller

& Jastrow, 1992).

Relatively fewer works have examined the impact of soil stockpiling on ericoid mycorrhizal fungi
(ERM). The findings offFadaei et al(2021) indicate that ERM fungi follow the same trends as
AM fungi, since stockpiling decreased the root colonization and diversity of ERM in stockpiled
soils (Fadaei et al., 2021). Likewise, ERM fungi infectivity is reduced in early reclaimed sites,
although they seem to recover over time (Hutton et al., 1997; Ngulyj 2020). Therefore, the
initial decrease of the ERMigi in stockpiled and reclaimed sites may reflect the response of the

mycorrhizal fungi to the removal of suitable host plants in these soils (Miller & Jastrow, 1992).

Ectomycorrhizal fungi(ECM) dominate in boreal ecosystems (Tedersoo & Nara, 2010). The
distribution of theECM fungi in the boreal mixed wood forest is highly influenced by the native
vegetation of the region (Read, 199Ihe AM fungihave been descri bed as
they tend to establish symbiotic relationships with a broad range of plant species (Richardson et
al., 2000;Fitter, 2005;Tedersoo & Nara, 2010). Consequently, the AM fungi's specific plant
associations promote the colonization of imaive plantsjike weeds and forbs (Read., 1991

Bunn et al., 2016 Moreover,a higher proportion of AMF and ECM fungi in reclaimed and
undisturbed soils respectivehave been reportgdRamsfield et al., 2020), and ~80% of plants

growing in postmining sites are associated with ANNWang, 2017). So, the shift in the dominant
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type of mycorrhizal fungi from ECM to AMF could explain the reported dominance of invasive

plant species in the stockpiled soils (Buss et al., 2020) and reclaimed sites (Dhar et al., 2018).

There is a decrease IBCM and an increase in saprotrophic fungal groups following the

disturbance generated by soil stockpiling and associated processes (Sukdeo et al., 2018). These

findings align with other studies reporting the dominance of ectomycorrhizal fungi in the

undisturbe boreal mixedvood forests while in the adjacent reclaimed sites, saprotrophic fungal

groups are dominant (Ramsfield et al., 2020). The dominance of ECM fungi over the saprotrophic

fungi in the unmined forest has been attributedn antagonistic relationship between these two

fungal groups (Orwin et al., 2011; Averill et al., 2014), in which the ECM fungi control the

saprophytic decomposition of litter through the limitation of available nitrogen in the soil, thus

increasing sib carbon storage (Averill et al., 2014; Jacobs et al., 2018). Therefore, the shift from

ECM to saprotrophic fungi in disturbed soils seems to originate in the increased amount of

available carbon resulting from soil aggregate destruction by soil extraatm handling (Six et

al., 1998; Wick et al., 2008). An additional factor explaining the shift in fungal guilds between

disturbed and undisturbed ecosystems is the removal of forest vegetation as part of the mining and

industrial activities (Strohmayer929; Ghose, 2001), which decreases the population of ECM

fungi (Pec et al ., 2017; Rodriguez Ramos et a

over the saprotrophic fungi.

1. 3E6fect of stockpiling and associated distu
communities

Microbial communities are key playersnatrient cyclingandother soil functiongMadsen, 2011;

Maestre, et al., 201®&annipieri et al., 2020)or exampleheavily degraded soils usually have a

considerably lower amount of nutrients like nitrogen and phosphorus (Cooke & Johnson, 2002;
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Li, 2006), whichmaybe connected to the fact that disturbarafeékebiological communities may
disrupt the cycling ofhese nutrients (McClain et al., 19%ster & Bhatti, 2006 Disruption of
nutrient cyclingmay persist for many years (Amazonas et al., 2011). Therefore, the recovery of
nutrient cycling dynamigsnd themicrobes involvegis partof ecosystemestoration (Falk et al.,

2006; Huang et al., 2012)

Nitrogen is fundamental for life and the main nutrient limiting primary production in soils
(Vitousek & Howarth, 1991McGuire et al., 1996 Some of the stages of the nitrogen cycle are
performed exclusively by microbegletten et al., 2008)There is a decrease nitrogen
mineralizationin stockpiled soil§Harris & Birch,1989).Genes involved in the nitrogen cycle,
such asirS (a marker for denitrification)nifH (a marker fomitrogen fixation) and amoA (a
marker for ammonia oxidationncreased with increasing reclamation time (Zahraei, 20063
indicating that the functions of the microbial communities in the nitrogen cycle are restored

following reclamation.

Phosphorus has been regarded as the second most limiting nutrieminfarypproduction
(Vitousek & Howarth, 1991), and in some cases may be as limiting for primary production as
nitrogen (Elser et al., 2007). Phosphate solubilization and mineralization mediating organisms play
an essential role in the cycling of phosphorus (Alori et al.720Qfang et al., 2020; Tian et al.,
2021). Soil stockpiling negatively impacts microbial phosphate solubilization (Mashigo, 2018).
However, a metagenomic study revelatbat the abundance of genes involved in phosphorus
solubilization increased following a mining site restoration (Liang et al., 2020). Together the
reviewed literature consistently indicates that the cycling of nitrogen and phosphorus are altered

by soildisturbances, like stockpiling, but these cycles respond positively to reclamation treatment.
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1. 8tructure of the microbi al communi t

1.4MLcrobial community assembly processes
The recovery of community structure and the ecosystem to thettigitebance condition is
expected as the most likely outcome of restoration (Cutler et al., 2017; Jurburg et al., 2017).
However, community structure might be resistant to restorafiodifg et al., 2004;ankau et al.,

2014; Calderon et al., 20)70r move to incomplete restoration or alternative ecosystem states
(Scheffer et al., 2001Falk et al., 2006). Better knowledge of processes that influence the
succession and structuring of micralcommunities following disturbances like soil stockpiling,

might help to predict the outcome of restoration projects.

The mechanisms that determine the structure and patterns of the succession of microbial
communities are a source of debate (Dumbrell et al., 20&fMergut et al., 2013ane et al.,

2020). Stochastic or neutral theories posit that individuals within a community are competitively,
ecologically, and functionally identical, therefore differences in traits do not influence the
abundance and speciation rates (McGill et al., 2006; Zhown§,i017), and rely on the relevance

of random extinction, birth/death rate, colonization, and drift as the most influential factors in
community assembly (Harpole, 2010; Nemergut et al., 2013). On the other hanehaseke
processes are centered on deinistic theories (e.g., traeuffs, environmental filtering, priority
effects) that are important determinants of community assembiypifrell et al., 2010Chase &

Myers, 2011; Nemergut et al., 2013).

More phylogenetically clustered microbial communities are those that are shaped by selective
processes like environmental filtering (Horigevine & Bohannan, 2006; Stegen et al., 2012

Dong et al., 2021 and therefore their phylogenetic relatedness is evidenced by traits that allow
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them to occupy a given habitat. The stochastic processes, however, are determinant in communities
with a regional species pool larger than locally interacting species, (i.e., higher ratio gamma
diversity: alpha diversity) and in which selection is weaka&&h& Myers, 2011). However, both
stochastic and deterministic factamfuencethe structue of microbial communities@umbrell et

al., 2010;Caruso et al., 2011; Chase & Myers, 2011). Speciation and dispersal seem to be the
processes that incorporateanspecies in theommunity, whereas selection and drift seem to be

the processes that determine the relative abundances of the microbial Yedlgrsl( 2010Kane

et al., 2020).

Additionally, other deterministic community assembly processes commonly found in the
literature, are the historical contingencies or legacy effects, defined as the influences of conditions
or processes that originated in the past on the current commuadiuse, (Zhou & Ning, 2017).

The legacy effect of vegetation continues to be determinant in the structure of microbial
communities even two years after the vegetation was removed (Elgersma et al.ag@lthe
negative effect of an invasive plant obascular mycorrhizal fungi continues to be present in the
soil, even six years after the invasive plant was removed (Lankau et al., 2014). However, the
relevance of legacy effects on soil communities will depend on the frequency and intensity of the

distubance the soil went through (Jacquet & Altermatt, 2020).

1. 4E20l ogical succession and community assemb

anthropogenically disturbed ecosystems.

The impact of naturally occurring disturbances on the succession and structure of soil microbial
communities has been document®&dlfelm et al., 2013Whitman et al., 2019). These include

the impact of forest fires (Holden et al., 2016; Knelman et al., 2017; Smith et al., 2017) and glacial
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retreat Wilhelm et al., 2013Cline & Zak, 2014; Schitte et al., 2018)icrobial communities

show considerable resiliente disturbancegSun et al., 2016)and theseverity of the natural
disturbance determines the structure of the community (Smith et al., 2017; Whitman et al., 2019),
including the switch from ectomycorrhizal to arbuscular mycorrhizal fungi in boreal forest soils
(Treseder & Lennon, 2015). Similarlgfter forest fireshe microbial communityguccession is

initially determined by stoclstic processes, buater deterministic factors seem to gain more

influence over the shaping of the community structure (Ferrenberg et al., 2013; Yuan et al., 2019).

Anthropogenic ecosystem disturbances may generate drastic shifts in microbial community
composition and change ecosystem @&ungalaand c s
bacterial communities seem to follow different successional patterns after soil disturbance
(Banning et al., 2011; Sun et al.,, 2016; Sun et al., 2Gbizelak et al., 2030 and display
contrasting structure patterns, depending on the time since stocK@itinzelak et al., 2020) and
reclamation(Sun et al., 2017)Both deterministic and stochastic factase importantin the
assembly of soil microbial communities following disturbaf@embrell et al., 201.0Chase &
Myers, 2011). Someeseachersfound thatthe effect of deterministic processes associated with
environmental factors (i.e., pH, organic matter, and textws,important for community
assembly(Li et al., 2014;Gao et al.,, 2020WWang et al., 2020), angre more important than
stochastic factors (Gao et al., 2020; Kane et al., 2020). Similarly, the community composition of
the disturbed saslinfluences the capacity ofnewly introduced communitige colonize the sall

which indicates that deterministic processes like priority efféices, the impact of edy-
colonizing taxa irthe community structujeare crucial in the community assembly (Calderédn et

al., 2017). HoweveQsburn et al. (2019) found thadth stochastic and deterministic factors shape
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the structure of bacterial communities, but stochastic processes seemaooanfluential forthe

structure of fungal communities

1. 4DBsturbance factors assoccioanineudn iwiitehs tohfe tshh
Soil microbial communities' structure and diversity are significantly influenced by several factors,
including biotic, chemical, and anthropogenic activitigewalchuk et al., 2002Fierer et al.,
2007 Weil & Brady, 2017). In the case of stockpiled soils, the reduced level of nitrogen and
organic carbois generalljthe main factor affecting the microbial communities (Ghose & Kundu,
2004; Sheoran et al., 2010; Shrestha & Lal, 204d9ther important factor affecting the microbial
community compositions the lack of oxygen in the piles, generated by the soil compaction
associated with the increase in bulk density and storagelohagon et al., 199Ezeokoli et al.,
2019 Block et al., 202)) since the anoxic conditions generally select the dominance of microbial

populations with anaerobic metabolisms and reduce the levels of aerobic microbial groups.

Several factorsare correlated with the structure of microbial communities in reclaimed and
undisturbed ecosystems. For instance, pltrogen, and plant covaare the most important
predictors of thenicrobial community structure in reclaimed and undisturbed soils in the AOSR
(Dimitriu & Grayston, 2010). More precisely, the plant cover is the main factor that determines
the dominant microbial communities in the undisturbed boreal fdRestd, 1991Masse et al.,
2017), whereas pH, nitrogen deposition, alay content correlate with the dominant groups in

reconstructed soils (Masse et aD17), like thossoilsgenerated by reclamation

1. 4E84fect of soil di sturbances on microbi al d
Soils constitute an intricate web of habitats that hosts extensive microbial communities implicated

in essential ecosystem functions (Fierer, 2017; Tecon & Or, 2BiErer et al. (201 Maveargued
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that soil should not be considered a single environment since the interplay of chemical, physical
and spatiotemporal factors in the soil credteterogeneous and patchy environments (Fenchel,
2002; Tecon & Or, 2017). The unparalleled vast biological diversity in the soils lies within
microbes (Kowalchuk et al., 2002). The characterization of this diversity and the mechanisms that
structure the norobial communities is a challenging task, since most soil microorganisms (>99%),
have not been cultured (Zhou et al., 2010), and the concept of microbial species is rather diffuse

(Kowalchuk et al., 2002).

The importance of microbial diversity in the ecosystem has been generally taken for granted by
most soil microbial ecology works since increased microbial diversity has intuitively been
considered a positive sign of ecosystem health, but no rationaledorasperception is usually
provided. However, more diverse bacterial communities are generally more resistant to ecosystem
disturbances (Eisenhauer et al., 2012; Ezeokoli et al., 2019). Likewise, microbial communities in
which few species are highly dormaimt (uneven) are less resilient to environmental stress
(Wittebolle et al., 2009). Similarly, plant richness (i.e., number of species) is correlated with
bacterial richness in the soils (Lamb et al., 2011; Schlatter et al., 2020), and therefore microbial
richness and diversity may influence the types of plants that populate certain ecosystems (Read,
1991; Tedersoo & Nara, 2010)hd&efore, microbial diversityis a determinant factor to consider

at the time of implementing ecosystem restoration programs

1. 4Mbcrobi al diversity and ecosystem multifun
Soil microbial communities are fundamental in the functioning of soil ecosystems (Chodak et al.,
2009), and their activities are essential for healthy soil (Tecon & Or, 2017). Some of the functions
played by microbes are (1) consumption gmdduction of atmospheric g&s like CQ and

methane, (2) mediation of nutrient cycling, (3) soil organic carbon regulation and litter
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decomposition, and (4) plant growth promotion (DelgBaojuerizo et al., 2016; Fierer, 2017).
Therefore, microbes are key components of the ecosystem's multifunctionality, which is defined
by Byrnes et al. (2014) as the range of processes and servicaetpedvided simultaneously by
the ecosystem. Several factors are predictors of ecosystem multifunctionality, (e.g., climate,
temperature, and pH), and the fact that microbial diversity could also be a driver of ecosystem

multifunctionality has also beaonsidered (DelgadBaquerizo et al., 2016).

The relationship between ecosystem function and microbial diversity has been reviewed
previously(Cardinale et al., 201Byrnes et al., 2014; Wang et al., 2019). There is a growing body
of literature suggesting that ecosystem multifunctionality is promoted by microbial diversity
(DelgadeBaquerizoet al., 2016; Wagg et al., 2018hi et al., 2021 microbial community
evenness (Wittebolle et al., 2009), and species richness (Maestre et al., 2012) in terrestrial
ecosystems. For instance, microbial diverflitgth fungal and bacterial) is positively correlated
with ecosystem functigrand microbial diversity seems to be a significant predictor of ecosystem
multifunctionality (DelgadeBoquerizo et al. 2016). Therefore, any perturbation in the microbial
community that decreases microbial diversity, could also affect essential fundayes jpy
microbes, thus impacting ecosystem multifunctionalifpwever, decreased diversity impairs
multifunctionality only in portions of the community with low functional redundancy (e.g., N
fixing and nitrifying communities), whersafunctions with high redundancy, like soil basal
respiration, are not affected by the decreased microbial diversity (Wertz et al,,L2@d6al.,

2021).

Stockpiling leads to decreased soil microbial diversidpyld & Liberta, 1981 Ghose, 2001;
Ezeokoli et al., 2019), and specific stockpiling factors like the age since stockpiling (Ghose, 2001),

nutrient scarcity (Ezeokoli et al., 2019) and stockpile depth (Harris et al.; ¥@B@mson &
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Johnson, 1990 Johnson et al., 199Are factors associated with decreased microbial diversity.
Soil handling and mixing are also factors responsible for the deterioration of soil structure, thus
impacting soil biological properties (Paterson et al., 2818ck et al., 202p Disturbances caused

by soil mixing generate a decrease of >20% in bacterial richness in the soil and modify the
community composition (West & Whitman, 2022). Therefore, stockpiling could affect important

ecosystem functions played hycrobes.

1. Microbi al communities as indicators o

Soi l health has been defined as fAthe continu
ecosystem that sustains pINRGS5f2021). Soihquatity, lorsthe a n d
other hand, has been defined te"capacity of a soil to function, within ecosystem and-lzsel
boundaries, to sustain biological productivity, maintain environmental quality, and promote plant

and animal health"(Doran & Parkin, 199&ven when the two concepts look similar and are

usually used interchangeably, soil health deals with the integrity and balance of the soil
community, stability, resilience, and se#fgulation of the soil ecosystefWeil & Brady, 2017),

whereas soil quality refers to thhysicochemical or edaphic attribes of the soil that determine

soil productivity (Curell, 2012; Maikhuri & Rao, 2012¥%oil health and qualitymeasuresnay

facilitate the prediction of the efficacy of a reclamation process using a particular stockpiled soil
(Ezeokoli et al., 2019). Such an assessment usually includes physical and chemical factors
(Schoenholtz et al., 200CGCar dos o et al ., 2013) . Li kewi se, t
components to the disturbance has been proposed as an accurate tool to detetmalthssidtus

(Doran and Zeiss, 2000; van Bruggen and Semenov, 2000), the magnitude of soil degradation, and

ecosystem response to soil management practices designed to revert the disturbance (Harris, 2003).
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Since soil microbes are sensitive to alterations in soil characteristiosirtey et al., 2002;
Benintende et al., 2008; Masto et al., 2009), they can respond rapidly to changing soil conditions
(Izquierdo et al., 2005; MufieRojas, 2018). Thus, the health status of the soil is reflected by shifts

in microbial communities (Ohsowski et al., 2012; Whteise et al., 2014), Therefore, it is likely

that the composition of microbial communities can be used as a measure of the impact of soll
stockpiling on soil halth (Costantini et al., 2016; Ezeokoli et al., 2D2Microbial community
structure may, therefore, shed light on the usefulness of the stored soils in the reclamation of

disturbed ecosystems.

Anthropogenic disturbancesave a greater impact on microbial communities tchmate
variations(Hermans et al., ZD), and the bacterial community structure can be used to predict soil
physicochemical characteristics and determine the magnitude of anthropogenic disturbances
(Hermans et al., 2017). Similarly, changes in the abundance of specific bacterial taxa in the soil
are correlated with changes in the soils caused by specific disturbances (JBuamezet al.,

2016; Kim et al., 2021), and the fertility of the soil can be determined based on the presence and
abundance of arbuscular mycorrhizal fungi (Syibli et al., 2088d ectomycorrhizal fungi
(Kranabetter et al., 2009). Similarly, microbial communitiesaccurate indicators of disturbed

and undisturbed ecosystendasiring postmining reclamation(Mummey et al., 2002). The
disturbance generated by stripping and salvaigiagsociated with the presence of sevapakific

fungal groups $ukdeo et al., 2018Amir et al., 2022), and the arbuscular mycorrhizal fungi
composition care used tdlifferentiate between recent and mature reclamation sites (Ezeokoli et
al., 2020). These findings seem to indicate that stockpiling sraat@crobial community that
diverges from that generated by the natural range of variakalitgt that could be profiled as

indicators of soil disturbance.
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1.6 Research project

To examine the magnitude of the impact of stockpiling on soil microbial communities, | assessed
theturnoverin microbialcommunitiesand their putativéunctionsin a chronosequence 0f5-28

years oldstockpiled soifrom two oilextraction locations in northern Alberta. | characterized the
communities by marker gene sequenandcorrelatel them with environmental metadeatb shed

light on the factors that could expléime variability in the microbiatommunities.

1. 6Rédsearch questions and hypotheses

My Ph.D. thesis aims to shed light on the following questions: (i) Hastitae since stockpiling

and stockpile depth affect soil microbial community structure and diversity? (i) What
environmentalfactors shape the stockpiled soil microbial commuriti@s) which assembly
processes determine theta diversityof the microbial communities in the stockpiled sogsfl

(iv) Does soil stockpiling impact the trophic modes and key functions play®itbybes in soils?

| hypothesize that the bacterial and fungal communities of the stockpiles and the undisturbed soils
are significantly divergent from each other and thatstbekpile agend depth account for most

of the divergence between the two soils. Furthermore, since microbes play critical noldisale
ecosystem serviceshypothesize that the impact of stockpiling on microbial community structure
also affectghe functions played by soil microbial communities. Additionally, | hypothesize that
selective processeassociated with the harsh conditi@isibuted tosoil stockpilingwill drive the

turnover and structure aficrobial communities in stockpiled iéa

1. 6M8t hods
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1. 6.Metlhods and experimental design

We collected samplelsom stockpiles and undisturbed soils in two different mining locations in
northern Alberta: Horizon (surfagmining site) and Wolf Lake irf-situ oil sands thermal
extraction site). At the Horizon sitee sampledtockpiles of 0.5, 1.5, 5, andy@ars old, whereas,

we sampled stockpiles of 2, 11, and 28 yearsablthe WolfLake site From each of these
stockpileswe collected samples fae different depths (@0 cm, 1620 cm, 2630 cm, 8690 cm,

and >300 cm)We sampledhree replicate pits at each samplingation The measured edaphic
parameters included: pH, conductivity, water content, total carbon, total nitrogen, soil texture, and
aggregate size. | extracted DNA in triplicate from soil samples of the eight stockpiles and six
nearby undisturbed soils used aerence sites. Following PCR amplification, the V4 16S rRNA
DNA region for theprokaryotic communities and the IF3 DNA region for the fungal
communities' marker genes were sequenced. The data generated in the procedures described above

wasanalyzed using multivariate statistics to test the hypotheses

1.6SBgnificance and implications of the study
If these hypotheses are supported, it might indicate that the disturbance generated by the
stockpiling makes microbial communities and their functions different from the communities
generated by the range of natural variability. Even when we are noha@stait the consequences

this could have in the trajectories followed by the reclaimed soil, several reports have demonstrated
that the disturbances generated by stockpiling on the soil may persist even after the soil has been
applied in the reclamation @lostmining sites. If microbial communitiesf the stockpiled soils

and the functions they play are different from those in the undisturbedheddnd reclamation

goal of returning the disturbed peasining site toits pre-disturbance conditionsmay not be

achieved using stockpiled soil as a reclamation substrate.
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CHAPTER 2

| mpact of stockpile depth an
mi crobi al communities

This chapter has been published iHertnlaendjeeur nlal CB Ay pRE ibeet .r Dgi |
MacKenzie, M. D., & Lanoil, B. D. (2024). I mpact oAfppslitioecdk pi | e
Soil EX®96 d®$.275.

2. Lntroduction

2. 1011 sand extraction activities in the At ha

Covering an area of 142,200 krthe Athabasca Oil Sands region (AOSR) is one of the three most
important oil reserves in the world and is a key component of the Canadian economy (Government
of Alberta, 2021). In this region, the superficial oil sand deposits are exploited usingibpen
mining (Mackenzie, 2013). In contrast, the deposits in the deeper soil layers are extracted
employing steanrassisted gravity drainage (SAGD) operations and other thermsial @xtraction
methods (Johnson and Miyanishi, 2008). The environmental impaotiated with oimining
activities generates vast zones of disturbed land (Rowland et al., 2009). As an example, in the year
2020, the ecosystem disturbance generated by tsamil opespit mining activities in the AOSR
expanded to more than 900 k(Alberta Environment and Parks, 2022). Similarly, the landscape
fragmentation associated with-situ oil sands extraction methods (Jordaan et al., 2009), is
characterized by a scattered landscape of smaller patches of total area (Opdam et al., 1993), which

is detrimental to biodiversity (Fahrig, 2003).
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2.1La@8nd reclamation and soil stockpiling

The goal of land reclamation is to restore mined lands to thetlipiwrbance conditions (Bohrer

et al., 2017), which includes the rehabilitation of ecosystem function, services, and land use
capability (Ezeokoli et al., 2019). Surface soils are a véduasource in land reclamation, since

they are generally rich in nutrients, native plant propagules, and microbial communities (Mushia
et al., 2016, Buss et al., 2020). Therefore, surface soils are often mandated to be retained for use
in the reclamatiorof disturbed ecosystems, especially at sites where mining has concluded
(Paterson et al., 2019). There is not always a nearbynpostg site available for reclamation; as

a result, topsoil may remain stockpiled (stored) for long periods (Strohmayer), 199@er

storage times can lead to a severe disturbance of soil structure and chemical properties (Harris and
Birch, 1989; Izquierdo et al., 2005), which may compromise stockpiled soil quality and probably

its usefulness as a reclamation substrate (Hetras, 1989; Birnbaum et al., 2017).

2. 1MBcrobi al communities as indicators of SOIi
Soi |l heal t h has been defined as it he continu
ecosystem that sustains pl adusbAs 2021p %oil hrealths , an

assessment may be used to facilitate the prediction of the efficacy of a reclamation process using

a particular stockpiled soil. Such an assessment usually includes physical and chemical factors of

the soil (Cardoso et al., 2013; Stewartetzald 1 8 ) . Li kewi se, the respon:
components to the disturbance baen proposed as an accurate tool to determine soil health status

(Doran and Zeiss, 2000; van Bruggen and Semenov, 2000).

There is a growing body of literature addressing the effects of soil stockpiling on plant
communities (Golos et al., 2016, Buss et al., 2018) and invertebrates (Boyer et al., 2011, Ezeokoli

et al., 2021). However, relatively little attention has been foaide impact of soil stockpiling on
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microbial communities or to specific stockpiling factors such as depth and storage time on

mi crobi al communitiesd structure, dynami cs, a
the potential of microbial communities as bioindicators of stock@ledi | s 6 heal t h. M e
studies to date are based on cultivation techniques (Persson and Funke, 1988; Harris et al., 1989;
Johnson et al., 1991). However, since most of the microbes are not able to be cultured under
laboratory conditions (Amann et al995; Harwani, 2013), these studies may be biased toward

the culturable microbial fraction. Other studies have assessed the enzymatic activity of stockpile
microbial communities (Harris and Birch, 1989; Waterhouse et al., 2014), but due to the high
functional redundancy commonly found in the soils, these activities may be impossible to attribute

to any specific microbial lineage (Wittebolle et al., 2009; Maron et al., 2018). Yet other approaches
have included the assessment of the microbial biomass irsttioipiles as bioindicators
(Waterhouse et al., 2014; Block et al., 2020), which usually generates limited information about

the community composition (Fierer et al., 2021) due to its low taxonomic resolution. Therefore,
these studies may not accuratelypresent the status of the microbial communities in the
stockpiles. On the other hand, since the 16S ribosomal RNA is universal in prokaryotes, the
profiling of this marker gene can be used to examine the structure of soil microbial communities,
independenof their physiological state or culturability. This approach allows a more robust and
representative study of the microbial communities and more precise detection of their fluctuations

in response to changes in the soil conditions, which may be useith ingights on the impact of

soil disturbances, like soil stockpiling, on microbial communities.

2. 1Géner al approach and objectives of the res

To determine the impact of stockpiling on soil microbial communities, we assessed the prokaryotic

microbial communities of stockpiled topsoil generated from two oil extraction locations in
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northern Alberta, Canada. The objectives of the study were: 1) to determine whether the
disturbance generated by the soil stockpiling affects the structure and diversity of prokaryotic soil
microbial communities, making them different from the commundfesearby undisturbed soils

used as reference, and 2) to ascertain the extent to which stockpile storage time and stockpile depth
are important predictors of variability between the microbial communities of the stockpiles and
the reference soil8ly findings may provide insights into the consequences of stockpiling for soil
biodiversity, and community dynamics, which may shed light on the effectiveness of soil microbial
communities as markers of soil health and the usefulness of stockpiled soils inahetieri of
postmining sites. In turn, this may lead to the improvement of stockpiling protocols and practices
and help optimize conditions for surface soil stockpiling and their successful use-mipiogt

restoration operations.

2. PMet hods

2.2SYudy sites

Samples were collected from stockpiled and undisturbed soils in two locations in the central region
of the boreal forest in Alberta: (1) Canadian Natural Resources Limited Horizon (CNRL Horizon),
an oil sands surface mining site north of Fort McMurray efti®d (57.337 °N, 111.755 °W), and

(2) Canadian Natural Resources Limited Wolf Lake (CNRL Wolf Lake), a thamystu oil-

sands extraction site near Cold Lake, Alberta (54.695 °N, 110.730 °W). At both sites, LFH organic
soil and mineral upland topsoils mestored in stockpiles of various ages and heights (Buss et al.,
2020). Stockpiles at the CNRL Horizon site were generated with excavators and were flat to pile
or hill-shaped, covering 10 hectares on average. The stockpiles at the CNRL Wolf Lakeesite wer

generated with dozers, covered 0.3 hectares on average, and were pilslapad (Buss et al.,
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2020). The vegetation atop the stockpiles was mostly composed of herbaceous species to a
combination of woody/herbaceous native species and herbaiceass/e species (Stratechuk,

2020).

The undisturbed soils were used as reference sites whose conditions reflect the combination of soil
type and vegetation characteristic of the mixexbd natural subregion of the boreal forest in
Alberta, and therefore were chosen as targets for the idealhration outcomes. To avoid the
effects of the anthropogenic disturbances generated by the mining activities in the Horizon site,
the reference locations were situated approximat@ykBometers away from the stockpiles. For

the reference sites in Walfake, the more fragmented disturbance generated bw-thieu oil-

sands extraction allowed each of the four reference sites to be located closer to their respective
stockpiling site (approximately 150 meters away). The reference sites at both Horizon and Wolf
Lake were characterized by an upland canopy of whitecepaind trembling aspd®tratechuk,

2020).

2.2 F2eld sampling methods

Sampling took place in August 2018. A total of seven stockpiles and five reference soils (two in
the Horizon site and three in the Wolf Lake site) were sampled. At the Horizon site, we sampled
stockpiles 0.5, 1.5, 5, and 7 years old; at the Wolf Lakewd@esampled stockpiles 2, 11, and 28
years old. At both sites, stockpile ages were chosen based on availability. Five depths were
sampled for each stockpiled soik10 cm, 1620 cm, 2630 cm, 8890 cm, and >300 cm. The
sampling took place in three repliegits per depth layer, except for the2®cm and >300 cm
samples, which were sampled from only one pit per stockpile. Sampling pits were spaced ~20
meters apart from each other to account for the variability in the soils. The pits were dug using a
steile pickaxe and a shovel to a depth of 90 cm, while an excavator was used for depths of > 300
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cm. Soil samples were collected from the sampling face of the pit in sterile plastic bags and
transported to the laboratory in coolers. Samples were then passed through a 4 mm sieve to
homogenize them and remove large debris. Samples were stored inssedieglastic bags at

80 °C. Following preliminary analysis of sample grouping, samples were grouped in three age
categories: young (i.e., 0,51.5, and 2.0yearold stockpiles), intermediate (i.e; @nd 7#year

old stockpiles), and old (i.e., 4lnd 28years old stockpiles). Similarly, soil samples were
categorized into the following depth groups: surfacgé@@m and 1420 cm), intermediate (280

cm), and deep (800 cm and >300 cm).

2.2S8il chemical and physical par ameters

The physical and chemical properties of each soil sample were measured as follows: pH and
electrical conductivity (EC), were determined using the methods described by Kalra and Maynard,
(1991). Gravimetric water content was determined as previously althn€opp et al. (2008).

Soil texture was identified according to the hydrometer method (Kaddah, 1974). Total soil carbon
and total nitrogen content were determined using a Thé&imugan Delta V Advantage
Continuous Flow Isotope Ratio Mass Spectromedérthe Natural Resources Analytical Lab

(NRAL) at the University of Alberta.

2. 2 DNA extraction and amplificati on

DNA was extracted from triplicate 0.25 g randomized subsamples of homogenized soil using the
DNeasy Power Soi |l kit (Ql AGEN, Hi | den, Ger many
The triplicate DNA samples were then combined to make a single reptasestanple. DNA
concentration was measured with a Qubit dsDNA
protocol (ThermoFisher Scientific, Canada). The V4 16S rRNA region was amplified using the

Earth Microbiome Project primer pair 515F and 806R (Cagmet al., 2011). The PCR thermal
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cycle was 94°C for 3 min followed by 35 cycles of 94°C for 45 s, 50°C for 60 s, and 72°C for 90
s, and a final extension at 72°C for 10 min. The extracted DNA samplescanstoucted mock
community (consisting of genomic DNA of 10 different bacterialiat, see Figure2sl), and the
respective extraction blanks (Tabl2.§ were sequenced in randomized plate order, based on the
16S rRNA V4 gene, using an lllumina MiSeq platform with the-Bp(Qpairedend kit (V2 500

cycle PE Chemistry, lllumina, USAby Microbiome Insights (Vancouver, Canada).

2.2Data anal yses

Demultiplexed FASTQ files corresponding to the DNA amplicons generated by Illumina
sequencing were processed in a stepwise workflow (qtfatéying, trimming, dereplication,

merging of pairegend reads into amplicon sequence variants (ASV), and chidentfication

and removal). These analyses were performed i
the ADADA2 1.16.00 pipeline (Callahan et al .,
lower quality than the forward ones (as expected from D#plicons generated by Illlumina
sequencing), so we trimmed the last 50 bp out of 250 bp for the reverse amplicons and the last 10

bp out of 250 bp of the forward amplicons. In sum, 95.1% of the reads passed the quality filter
step. After the dereplicatiaand merging processes, 16,334 ASVs were generated, of which 4.64%

ASVs were removed as chimeras, reducing the number of unique ASVs to 15,576. At this point,

we applied the taxonomy assignment, using th
dat abaséeéoetQaa., 2012). We then used the ADec:
which allowed us to identify and eliminate 27 likely contaminant ASVs. After eliminating the
sequences classified as mitochondria and chloroplasts, we ended up withAys; ®f which

14,071 ASVs were assigned to the domain Bacteria and 102 ASVs were classified into the domain
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Archaea. The reads were then rarefied via random subsampling to 7,420 per sample, corresponding

to the lowest sample read count (see the rarefaction curve in F@@e S

2. 2.S6G atistical anal yses

Statistical anal yses were conducted in AR st
otherwise specified. To determine the extent of the divergence between the stockpiles and
reference soil s, the difference dfferace gmonghe st
stockpiles according to their storage time, we compared the ASV composition of each sample
using BrayCurtis dissimilarity as the distance matrix. The results of the comparisons were
visualized using NoMetric Multidimensional Scaling (MDS) ordination with the R package

AMIi croeco 1.04.10 (Liu et al., 2021), and wit
aggl omeration method from fistats 4.3.00 packa
dissimilarities among the caasted groups was tested with permutational multivariate analysis of
variance (PERMANOVA) wusing th®&oAparcikagruir Okisa
al., 2013). To establish the degree of dissimilarity between the microbial communities of the
stockpiles and reference soils and the extent of the variation in microbial communities according

to the stockpile age and depth layers was conducted an analysis of similarities (ANOSIM) in
AVegamd®o2(B®ksanen et al ., 201 3) .assdskhed usimgpthema | i t
ShapireWilk test. The impact of stockpiling on diversity was assessed by diversity (Shannon

Wi ener) , richness (Chaol and observed ASV) us
2013), and Piel oubs evenOnoe spsa cuksai gneg (tLhaeh tAiMiacnrdo |
significance of the dissimilarities in alpha diversity between the groups was assessed through an
analysis of variance (ANOVA) with Tukeyds Hon

using the 3 RPr iRc wlaz&k alhg.e ( Mendi buru and Yaseen
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of the differences in microbial taxon abundance in the compared soil types, depth layers, and age
categories was determined using the MaNhitneyi Wilcoxon test or KruskaWallis with
Dunndés post hoc test, dependi ngg tdre tihve crrunebceor
(Liu et al., 2021). The differences in soil edaphic parameters among samples were visualized in a

principal component analysis (PCA) biplot.

2. Resul ts

2.3The similarity between microbial communiti

Microbial communities of the reference soils and stockpiles diffgignificantly (p<0.001) (Fig.

2.1A). The main taxa that account for the observed difference are a higher relative abundance of
Bacteroidetes and Proteobacteria in the stockpiles and a higher relative abundance of
Verrucomicrobia (p<0.001) and Acidobacteria (p<0.01) in the referencgBigls2-3; Fig. -

4). Thaumarchaeota was the dominant archglelum in both reference sites and the Horizon
stockpiles, whereas the Euryarchaeota was the dominant archaeal phylum in the Wolf Lake
stockpiles (Fig. 3-5). Also, the Crenarchaeota were found exclusively in the stockpiles (both Wolf
Lake and Horizon). Nanoarchaeota were present in both stockpiles and the Wolf Lake reference
sites, but not in the Horizon reference sites (F@5% Overall microbial diversity (Shannen
Wiener), taxon richness (Chaol and Observed), and evenness (Pielou) were signifigaetly h
(p<0.001) in the stockpiles than in the reference soils g2). Together, these findings seem to
indicate that soil stockpiling causes a divergence of the prokaryotic microbial communities of the

soils.
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p<0.001

Fi gareMDS ordination plot showing the dissi mil
communities of the st oA Kheicdmesnities ofdtockpiles (orangd er e n
polygon) and reference soils (green polygon) are showmh8:dissimilarities of soil microbial
communities in the two stockpiling locations and the two reference sites are shown. The position

of the centroids is indicated by the acronyms corresponding to each sampling site. RH: Reference
site Horizon (green cites), RW: Refeence site Wolf Lake (orange circles), STH: Stockpile

Horizon (purple circles), STW: Stockpile Wolf Lake (pink circles).

The microbial communities of the two reference sites (Wolf Lake and Horizon), were more similar
to each other than they were to their respective stockpiled sample2.(BJ. Likewise, the
microbial communities of the two stockpiling sites were more similar to each other than they were
to their corresponding reference soils (R2d.B). These findings were supported by the analysis

of similarities (ANOSIM) (Table2.1).
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ci
Shannon

Observed
Pielou

Reference Stockpile Reference Stockpile Reference Stockpile Reference Stockpile

Soil type

FigkRA&l pha diversity metrics of the microbi
r ef er e nMMeastessksiindicate the significance of the difference between the two groups: p
O 0.05 = * p O 0.01 = *x | p O 0.001 = **x*

Even though themicrobial communities of the majority of the stockpile samples were quite
different from the communities in the reference samples, a subset of the stockpile soil samples
overlapped with the range of natural variability (i.e., variability in community @odystem
dynamics in noshuman disturbed systems) (Fi@-6A; Fig. S2-6B). We, therefore, attempted to
determine the characteristics of the stockpiled soils samples that overlapped, and those that did not
overlap, with the range of natural variability,dawhether these factors were related to stockpile

age or stockpile depth.
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TabdleResul ts of the analysis of similarities

corresponding r eftelree nmgiec rsoob il asl icno mneu mist yo.f

Soil Type R-score p-value
Reference WL Reference Horizon 0.142 <0.016
Reference WL Stockpile WL 0.344 <0.001
Reference Horizon Stockpile Horizon 0.238 <0.001
Stockpile Horizon Stockpile WL 0.143 <0.001

2. 3SRockpilm cagpebiaadnd communities

The younger (i.e., 0.5, 1.5, and 2.0 years) and older (i.e., 11 and 28 years) stockpiles were highly
divergent from the reference soils (F&3, Table 2.2). Interestingly, microbial communities of
intermediateaged stockpiles (i.e., 5 and 7 years) were more similar to the reference soRs3(Fig.

Fig. -6A and Table 3.2). Proteobacteria, Bacteroidetes, and Actinobacteria were higher in the
0.5 years old stockpiles, Proteobacteria and Bacteroidetes continued to be higher inahd 1.5
2.0-years old stockpiles whereas Verrucomicrobia were significantly higher in thd Byaear

old stockpiles. The 28earold stockpiles were characterized by an inaeeas Firmicutes,
Proteobacteria, and Actinobacteria (Fig-8. Crenarchaeota was the dominant archaeal phyla in
the 0.5 years old stockpile, Euryarchaeota was dominant in the 2 and 11 years old stockpiles,
whereas the Thaumarchaeota was natmendant in the 1.5, 5, 7, and 28 years old stockpiles (Fig.
S2-8). Likewise, the overall microbial richness (Observed and Chaol) and evenness (Pielou) in

stockpiles of all ages was different (p<0.05) from that of the reference soils, whereas the diversity
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(ShannorAwiener Index) in younger stockpiles was different (p<0.05) from the reference soils

(Fig. 2-9).

MDS2
.
®
[
»
L]

MDS1

Fi g @B eNMDS ordination plot representing the dissimilarities (B&wyrtis) among soll
samples according to the age of the stockpiles. The position of the centroids is indicated by the
acronyms corresponding to the age category of the samples. Yr =Younger (0.5, 1.5, and 2 years),
Im = Intermediate (5 and 7 years), Od = Old (11 and 28 yé&¥rs)Reference (undisturbed) soils.

2.3S3o0ckpile depth and microbial communities

Microbial communities of the stockpiles and their reference target soils diverged even at equivalent
soil depths (Fig.2.4 and Table 34), providing further support for the role of stockpiling
generating a shift in soil microbial communities. Likewise, microbial communities in the stockpile
surface layers (i.e.,-00 cm, 1620 cm), and intermediate (i.e.,-30 cm) were not significantly
different from each other but differed (p<0.001) from the communities in the deep {98 ,c80

and >300 cm) stockpile layers (Fig4). The effect of the depth of the stockpiled soils in the

microbial communities varied depending upon stockpile ageraidial communities in surface
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and intermediate layers were different from communities in the deep layers of the 1.5 and 2.0
28-yearold stockpiled soils (p<0.05), whereas the surface and deep layers of stockpiles 0.5, 5.0,

7.0, and 11 years old, were not significantly differemy.(B2-6A, and Table 33).

Overall microbial diversity (Shannewi e ner | ndex) and taxon evert
decreased dramatically in the-80 and >300 cm layers of the stockpiles relative to the surface

and intermediate depths (Fig2-30). However, the Shannale i ner di ver si ty and
did not vary in the 8®0 cm depth of the reference soils relative to the surface and intermediate

depths.

Acidobacteria and Verrucomicrobia were significantly higher (p<0.05) in the stockpiled surface
and intermediate depth soils when compared with the >300 cm stockpiled soil layer. In the
stockpilebs deepest | ayer s ( haniathesurface ayersbum) , P
continued to be one of the dominant taxa (Fig-1%). Firmicutes and Bacteroidetes were
significantly higher (p<0.05) in the deeper stockpile soils than in the surface and intermediate
depths. The surface of the stockpileswlaminated by the archaeal famildisrososphaeraceae

and Nitrosotalaleaceae while methanogens of the archaeal familiglethanorregulaceae,
Methanobacteriacea@ndMethanosarcinagere considerably higher in the > 300 cm depth layer
(Fig. 2-13). This significant difference in the prokaryotic community composition likely reflects
the contrasting conditions between the surface and deep stockpile layers 2Hig). She
reference soils, on the other hand, showed a significantly higher (p<0.05) proportion of
Acidobacteria, Proteobacteria, and Verrucomicrobignén@10 cm depth when compared with

the 8G90 cm layer, while Actinobacteria was significantly higher in the deeper strata of these soils
(Fig. &-14). Although Firmicutes and Bacteroidetes were also dominant phyla in the reference

soils, they were not significantly different between the surface and deeper reference soil layers.
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However,my results regarding the >300 cm stockpiles should be interpreted with caution, since
samples for these soil layer (and for the2D0cm), were not sampled in triplicate, unlike for the
other sample depths, which could reduce the statistical power of teegpeeiirmed or led to

incorrect inferences regarding the communities in these soil layers.

0.15

MDS2
.
»
.

WDS1

Fi g w2d.eNMDS ordination plot showing the dissimilarities (Br@yrtis) of microbial
communities according to the depth of the stockpiles and reference soils. The position of the letters
indicates the location of the centroids. The lines radiating from the centepicesent the distances
between the centroids of the depth categories and the location of each sample in the ordination
space. A= surface layer reference soitd@cm and 120 cm), B = Intermediate layer reference

soils (2630 cm), C = deep layeeference soils(890 cm), D = Surface layer stockpilesfO cm

and 1620 cm), E = Intermediate layer stockpiles@Dcm), F = Deep layer stockpiles(80 cm

and >300 cm).
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2. Di scussi on

Similar to previous studies (Fresquez, 1984; Birnbaum et al., 2@dy’)study shows that
stockpiling generates an important shift in the structure of the microbial communities of the soil.
The success of land reclamation may be contingent upon the adequate health and function of the
soil used (Johnson et al., 1991), and miesolplay vital roles in soil structure and functions
impacted by soil stockpiling (Mashigo, 2018). Given that the disturbance generated by stockpiling
on soil attributes and biologicalomponents may persist after the soils have been applied in
reclamation (Fowler et al., 2015; Dhar et al., 2019), the impact of stockpiling on soil microbial

communities we report in the present study may affect the desired outcomes of land reclamation.

The divergence between the microbial communities of the stockpiles and the reference soil can be
interpreted as a direct effect of the variation in soil texture and other edaphic factors, as suggested
by Johnson et al. (1991) and described in similar stuClaassens et al., 2006; Dimitriu et al.,
2010).The study indicates that stockpiles and their reference counterparts were segregated into
two groups by the variation in soil texture and pH (for some of the stockpiles;Z1) SThese

factors have b shown to be important predictors in the structuring of microbial communities in

disturbed and restored ecosystems (Bach et al., 2010; Dimitriu and Grayston, 2010).

Likewise, the relatively higher abundance of the bacterial phyla Bacteroidetes and Proteobacteria
in the stockpiles than in the reference soils seems to correlate with an increase in the levels of
nutrients like carbon and nitrogen in the soil (Fierel.e2807). Such a correlation between the
variability of the microbial communities with nutrient availability has been widely documented
(Zhou et al., 2002; Hansel et al., 2008). The phyla that increase are likely copiotrophic groups that
dominate in nutentrich environments (Fierer et al., 2007), like some of the younger stockpiled

soils targeted bthestudy (Fig. 2-16), where the higher proportion of carbon and nitrogen likely
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result from the destruction of the soil aggregates during soil removal, handling, and stockpiling

(Six et al., 1998; Wick et al., 2009).

The higher overall community diversity we observed in stockpiled soils relative to undisturbed
soils (Fig. 22) is similar to some previous reports indicating higher overall diversity in disturbed
systems, relative to undisturbed counterparts (Persson and Funke, 1988; Ngugi et al., 2018).
However,my results differ from those of Fresquez (1984) and Ezeokoli and colleagues (2019),
who found higher microbial diversity in reference soils than in disturbed on#ss kcase, soil
stockpiling generates a shift in soil microbial diversity, but does not reduce the overall microbial

diversity.

The process of soil stockpiling appears to promote the establishment of a shared microbial
community that is distinct from the native soil communities. Microbial communities in the two
stockpiling locations (Horizon and Wolf Lake), which were more thank#@@part, were more
similar to each other than to their reference undisturbed soils, which were between 150 m and 6
km of their respective stockpiles. To the bestmyf knowledge,this is the first report of such
similarity between microbial communitie$ distantly located stockpiling sites. However, since

the two stockpiling locations are in the AOSR, the trends obsentkdsiudy may not be able to

be extrapolated to stockpiles more generally.

2. 4Efifect of storage time on soil mi crobial d

The general recommendation for stockpiling is to store the soil for as short a time as possible in
order to mitigate the impact of the disturbance on soil health (Dhar et al., 2019; Patterson et al.,
2019). Howevermydat a i ndi cate that after stockpilin

reclamation substrate may be beneficial, so long as that rest period does not extend for too long.
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The divergence between the younger stockpiles and the reference soils might be attributed to the
remaining effects of the disturbance caused by the soil stripping and stockpiling. The disruption
of the soil structure for these samples was recent, andféutseof such a disruption may persist

for more than six months (Birnbaum et al., 2017; Paterson et al., 2019}h@&rdase, more than

2 years. Some studies indicate that the relative abundance of selected fungal groups (Jasper et al.,
1987; Birnbaunet al., 2017) and fungal community structure (Gorzelak et al., 2020) are initially
impacted by stockpiling, but recover to resemble the communities in the reference soilswithin 5
10 years. Bacterial communities of stockpiles are more similar to therregeseils within the

first 2-3 years of storage (Gorzelak et al., 2020), thus indicating a faster recovery thantbers

that we saw irmy research. Therefore, bacterial communities may recover more rapidly than
fungal communities, which suggests ttta optimal rest period might vary depending on which
community is targeted. Furthermore, microbial community recovery time may vary from site to
site, indicating that each site should be optimized with respect to restNieverthelesany data

indicate that minimizing stockpiling time may not be optimal for reclamation and that several years

of storage may improve reclamation outcomes.

The convergence of the microbial communities of thé years old stockpiles with that of the
reference soils is likely caused by the interaction of multiple factors. The recovery of soil
properties, including soil aggregates and the decrease in lighofraarbon (LFC), considered

the most available carbon pool for microbial decomposition, is a proxy of the microbial community
restoration after 3 years of stockpiling (Wick et al., 2009) and fungal communities wiltin 5
years of disturbance (Birnbaum al., 2017). Also, vegetation is likely associated with soil
community restoration and has been deemed as fundamental in shaping soil microbial

communities (Hanif et al., 2019; Krishna et al., 2020). According to studies carried out by Buss et
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al., (2020) on the same stockpiles and reference sites targetgdsindy, the plant community
composition of the -§earold stockpile was the most similar to that in the reference soils. Hence,
the restoration of microbial communities in th& §ear period may occur concomitantly with the

recovery of the plant community.

The divergence of the oldest stockpiles from the reference soils may be explained by variations in
physicochemical parameters that occur during storage in stockpiles (Izquierdo et al., 2005;
Anderson et al., 2008). Even though the oldest stockpiles ar@émet soils were not different in
most of the measured physicochemical parameteranalysis shows that they differ significantly
in terms of pH and salinity (Fig25L6). Therefore, these factors gmatentially other unmeasured
edaphic and climatic factors may account for the disparity between the microbial communities of

the two systems.

2. 4RBvisiting the stockpile Ashelf 1ifeo conc

Earlier studies have suggested that topsoil has an expiry date (Kundu and Ghose, 1997; Ghose,
2001; Ghose, 2004) . These-l9duwroc etso urseef etrh et oc ot
deterioration of soil 6s d e sbial @mruaity,evithdhe tmet er i s
of storage, until the stockpiled soil eventually becomes infertile and probably unsuitable for further

use. However, based any findings, we argue that the divergence of the stockpiles with the
reference soils does not fol a linear progression with regard to the storage time, rather microbial
communities of the stockpiles seem to recover to the levels of the undisturbed soils after a given
storage period and subsequently diverge again. Also, there was no decreasemiorgbiél

diversity or species richness with increasing storage time (Eif),%s proposed by the shéfé

concept. Therefore, insteadofskeli f e, t here seems to be an Aopt
soil in reclamation activities. However, ata of caution is due when comparimy findings to
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previously published results, since the initial characteristics of the topsoil, stockpiling practices,
vegetation cover, climatic conditions in which the soil was stockpiled, and differences in sample
sizes may differ fronthose found by the resent stydyhich could generate a different response

in terms of the microbial community (Weber et al., 2016) and recovery patterns.

Since the central goal of restoration of the
sustaining, and resilient native communities (Government of Canada, 2016), the existence of a
specificagee ange at which the st o di&peacdver th resembldtiies mi c
undisturbed soil, and therefore can be used optimally in the reclamation of disturbed ecosystems,
points to recommending a @fdrest periodo follo
determined, and toward a better urs@nding of potential stress or failure points in the use of

stockpiled soils for reclamation.

2.4S3o0ckpile depth and microbial communities

There is a correlation between microbial diversity and ecosystem function (Dd&gaderizo et

al., 2016; Calderon et al.,, 2017), indicating that a decrease in overall diversity could have
detrimental effects on ecosystem restoration. Stockpile depthdgadive effects on microbial
diversity (Harris et al., 1989; Johnson et al., 1991), leading to recommendations to reduce stockpile
height (Block et al., 2020). We also observed a dramatic decrease in bacterial and archaeal
diversity at depth in the stockgs (Fig. 2-10; Fig. 2-12). This decrease in microbial diversity

with depth is likely due to the harsh conditions predominant in the deep portions of the stockpiles
(Abdul-Kareem and McRae., 1984; Johnson et al., 1991). Some studies assert that the main factor
associated with #hsevere conditions in the deep stockpile layers is the reduced oxygen level,
which generates anaerobic zones (Harris et al., 1993). Even though the oxygen concentration in
the stockpiles was not determined by the present study, the fact that anaeneiial baxa, such

PP



as Clostridium, Peptococcusnd Paludibacteras well as methanogenic archaeal groups like
MethanosarcinaceagndMethanobacteriaceagere significantly higher and dominated in the 80

90 cm and >300 cm stockpile strata, could be indicative of anoxic conditions deeper in the
stockpiles. Other studies suggest that the decrease in microbial diversity in the deep solil layers
could be associad with reduced biomass and nutrients (Paterson et al., 2019). Therefore, the
significant reduction in the levels of caib and nitrogen in the >300 cm depth layer of the
stockpiles (Fig. 3-17) could be associated with the decrease in microbial divekéjtyindings

seem to indicate that stockpiled soils from deeper layers are problematic for reclamation.

When assessing the combined effects of stockpile storage time and depth on microbial
communities, the stockpiles in the intermediate age rangeyéars), did not differ with depth.

As a result, soils from deeper layers within these stockpiles maingimoterall community
composition and appear to be Ahealthiero tha
stockpiles (except 0.5 and -ygarold stockpiles). This finding further supports the idea that
intermediateaged stockpiles are ideal for ragiation, as surface and deep soils that closely

resemble the reference soils can be used for reclamation.

Conclusi ons

The results oy study provide important insights into the impact of soil stockpiling on microbial
communities and support the potential of bacterial communities as suitable indicators of soil
health.The study revealed marked dissimilarities in the microbial communities of the stockpiles

and their reference soils. There appears to be an optimum usage time for the stockpiled soils
foll owing a Arest periodo, i n Jvima aceminimal.dhen e g at |
findings contribute tdhe understanding ofrie consequences of stockpiling on soil biology and

will be useful for reclamation specialists to improve stockpiled soil usage protocols fer post

P



mining restoration operation8ly recommendation includes the reduction of the stockpile height,

all owing soils to fAiresto following stockpilin
research should focus on the universality of the rest period and maximum age parameters
deermined here, the specific determinants of diversity loss with depth, and the effects of

stockpiling on other soil biology components and markers of soil health.

Data availability
The sequencing data used in this study was deposited in the National Center for Biotechnology

Information (NCBI) of the National Library ofMedicine under the accession number

PRJINA944787
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CHAPTER 3

| mpact of stockpiling on soil
their functions

This chapternas been submittedr publicationas Hernandez, J. C., Davidson, H, MacKenzie,
M. D., & Lanoil, B. D. (2024).Impact of stockpiling on soil fungal communities and their
functions to the journal Restoration Ecology.

3. 1lntroduction

Fungi constitute an i mportant proportion of t
al2021) and are of paramount i mportance in for
forest health and20d@¢neratiabhi 6EAr Nomel eal sy
mul tiple organisms (Genre et al. 2020; Ramsf i
matter and mediate thz£ananvepadZ@2Mm)Miuit uyal Dt inwtrn
bet ween mycorrhizal fungi and plant §Raaeé &r it
PerMozr eno,anal0®3)e key predictors of plant dive

(van der He9i9j8d e nvag2td padl et al

Fungal communities and the symbiotic associ at
di st ur(bGeomscse s& D,e2 0Wa2r;e nfhee®DLil )eertd atthe mycorr hi z
particularly i mpacted by disturbandes pleirkett h
1987)and associated actiVAtnelsdd - adtvedet ada a
2021)These disturbances cause a reduatsipem ien
1988nd changenycorr hi zal c o(mMaumn d oy2 Ockoimpdas cthi o
ul ti mately affects p(lGonsts g& odnet Ohl 2a)treldhenpesso @ liic It i v

organi ¢ Amatt el,28 LlB3dawkde spr omot es the coloni zat.i
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invasive pBammn28tbigditeusr bances that affect soil
dynamics may i mpact fungal( RoodmiRgmietzi,&82 ajld tF
thus compromising ecosystem multifunctional/:

recl amati on (@8mud nr2edglts@ad at i on

Activities related to oil sand mining have ge
Al berta (R&QWIO®nd DetmR8lLOU, evhade mining sites
equivalent | and capability once t he2OrMN)i.ngDue
to the high nutrient quality and richness 1in
( Gol o0gs20elt6 ;alMu,20il® )et oall. extraction compani es

surface doidlurexgr adtte mining activiti-misni ffgor I

sites (Pa2@X%o.n KHawever, the removed topsoil

(Persson & Funke 1988), and the time and cond
a severe disturbance in terms of st rAndteurse nan (
et ,2a0l0.8) , which may compromise soil useful ness

Strohmayer 1999) .

Understanding the effect of soil stockpiling
on the functions and services that are affect
i mpact of soil -sgecacikfpiid rfogm®tni( BruanBiglath7u;m Fad aadi.
al2021), on fungal tot,dl99bj ormBd DX0k2(0Hd h naslo.n f wn
physi ol ogi cal plr9o3fdi)l,e o(rVifsusnega & Bs8paol r.eHsa r(rJ ass p&e |
1989). Howevemi tckuwe ttaxx otntoemi ¢ resol uti on accou

them f ail to accurately represent the fluctua
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ction in response to the disturbance gener

stockpile age or depth.

robial communities are sensitive2O0t0®d)al ttehreay
respond rapidly to chamR@iOrbg ®uifozc@0diB) i a

ir shifts wusually reflect the magn2@u2ae of

Wat er houXxC®l 4e)t. aConsequently, fungal communi t i e

by soil stockpiling can be used as gBO0Er2fect
Costant,kil6et dbfined as Athe continued capac
ecosystsemttahats plants, anWs3ndaA s2022alh)d. humanso (
Il n the pripsenhil stdutdhe I TS2 fungal mar ker gene
and depths, and in undisturbed soils used as
in fungal community structur e andncpeust aatsisvoec ifau
with soil Thelbjckptilveyg. were 1) to determine w
communities different, i n terms of structure
natur al variability; and 2) to determine how
stockpile depth, affect the fungal community
| it er amyprevainau sl hsytpuadtiheess,i ze t hat soi l stockp
communities significantly ad fdcecuretndar garotms tadrmd
depth is detrimental to fungal di versity, and
fungal communities, do not expect a decrease |
soil St orhag er etsiashegess elmfr ch  wi | | contribute to
consequences of stockpiling on soil bi ol ogy
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specialists to generate the optimal -mondngi on

restoration operations.

3. Met hods

3.2Sampling

Samples were taken from seven stockpiles and

boreal forest in Alberta. The sites sampled w
where oil sands -ag®i £txd d agnS&E@E@ D)y ndert ahimndasg, e a(n d

Horizon (57.337 AN, 111.755 AW), north of Fo
surface mining. At Dboth sites, the stockpiles
(i .e., litter, fibric, and humic).

The two | ocations used as reference were undi
wood natural subregion of the boreal forest i

vegetation) and therefohe eepsgsérmm ahd caulud

the benchmark conditions for a successful recl
56 kil ometers away from the stockpiles, while
meters away frreeampetchi ve stockpiles. The higher
stockpiles at the Horizon site was selected toc
activities used in the oil e X tsr a chtei osnh oarctteirv idt
bet ween the stockpiles and reference soils in

more fragmented disturibsmindckelandhsatextsr poctoidaurc.edT
found at both ther&®&bkefehakesandsHwowaszoharacte

of trembling aspen am®Rd2whi.te spruce (Stratech
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Details of the sampling process can be found
we sampled seven stockpiles at the two mining
Lake and 2 at the Hori zampdietde )werTeh e .abge l1lof5,t |
old, at the Horizon site and 2.0, 11.0, and 2.
soil, welG®GaowgDedOB®M Z208,0 &Gn, and >300 cm dept h.

poi nt, tther epei trse pweircea e x ¢ a2va tcerd a(nedx c>I3u0d0i ncgm,t hfer

one pit was sampl ed). The replicate pits wer e
ot her . Soi l samples were then homogeniexed, an
The sieved soil s8a0M\pdl, e si nwesrtee rsitloer epdl asstt i ¢ bag
physical and chemical parameters of each soil

al . (2024) .

3. 2DRA extraction and amplification

We extracted DNA from triplicate randomized |

each, usi nRjowere DNielaskyit ( QI AGEN, Hil den, Gern

instructions. The extracted triplicate DNA sal
To determine the DNA concentration, we used
Scifeineg,i Canada) following the manufacturer s p

region was ampl HITiSeAd pus imeg tphe&0rX 20T, 7amadr kt heet fe
PCR program: 98AC for 30 secorbdssefcominldewe &d 5KAC
seconds and 72AC for 15 seconds, and a final
PCR product was determined using gel el ectrop
(see 6BB®BYre andomstlraubct ed mock community (a <c

previously identifi®2d-A) uwgank gequpeaceédeenFrgnort

M
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with an 11l umina Mi ®eq pmlinatefdka rt o Y \Wi2te h5 ROh € h 2 b
' 1l umi na, USA) , using the commerci al sequenci

Canada) .

3.2D3d8ta analyses

DNA amplicons generated by Il lumina sequencin
t hroughfigutaelriitnyg, derepl i-crad i o@adsnmeirgi ogamp !l if
variants (ASV), and identificatA@nlahd. 6éempivap
(Call ah2atnl 6e)t ian .AR version 3.6.10 (R Core Tean
the quality filtering process; of these, 6.7%
merging steps. eRidmsalweyr,e 3d% sccfartdleed ras chi mer.i
2,929, 6ktdpaiemeld and 7,483 unique ASVs. We a
reference fungal da2@b@d)se TMeomradadkovkely aton
el iminated using the ADeco,Rt0dm)l. ASYE Repaecka
random subsampling to SBRPo69whicalswpert  sampdwe
sample. To infer the ecol ogical functian and

dat abase (,RPuyen emhiah. included only the ASV

assigned function/trophic mode was fAprobabl eo

al . (2016) .
3.2S#%atistical anal yses
The statistical analyses were performed in AfF

determination of the normality of-Wthk tastaseT
di fferences in community compodi ttihoen shteotcwkepei nl

reference soils, among the soil depth | ayers,
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and trophic modes, werGurdeatserdmnisnseidmidasded i @rs ,
comparison of the ASV composition of t he S &
di ssimilarities between the fungalmutommani @i
analysis of variance (per MANOVA) with 999 per
roackage ®Weglabk s2a, 561 3t @aAhe degree of the di
fungal communities of t hesicogqqdi heomanabhgsess®
AANOSI MO functi on6 .l sTohe ndifisteggrame 2 . IbEUtweke8) co0
were vVvisualiMeedi cgsiMudgt Ndnmensi onal Scaling (N
2.-660. A random f or ensgt tnmoed eRl pdaeckealgelp M2t ibaelc.o O
identified the key fungal taxa that constitu
reference soils. The correlation between the
parameters was expl ored twhe hii Mi cPreoaprasocoknd gc€odr (rileol (
et ,2a002.1) . The effect of stockpiliWeg@gven dl pkhas
index, Chaol richness estimator, observed ASV
(McMurdie & Hdl Rhiesl @2048)evamness was deter mine
package (,R&KH®©OI).efThal statistical significance
assessed using the analysis of wvariance (ANO)
(HSD) post hoc test, using the package AAgrTr.i
deermine the significance of the differences |
the conditions ofiWhht etegstU, a wda IKisiesltk &aunmn 6 s p

hoc tests, from the AMicroeco 1.04.10 package

21



3.

3.

Th

of

Resul ts

e

t

SFlngal

NMDS

he

communi ties

di

bet weeammmhai

SSi

mi | ar i

communi

or di

stockpil es

ti
on
ad3rlg .t Faurndifeer ermc @ as 0 iwli s e( Eic
he

bet ween

n

es of t he

reveal ed a

stockpiling
t he

the two

i tes

stockpil es

significant

stockpil es
st ock ®i&l)i.n gl osgiett ehse

gener at ec

t hese r esuhlatts tihned ifcuantgeadl tc o mmu n i es
stockpiling di stinct from he communi
in the undisturbed sampl es.
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) o oL ’ . 4 RSH .
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indicate the position of the centroids. RSH:
Reference siteyWnl fcibakes]bl &8 H: Stockpile H
Stockpil e Wolf Lake (orange ci rtoMees) .r efflea exqnice
and stockpiles was assessed using PERMANOVA.

Gl omeromycota and Ascomycota were significant
Basi diomycota and Mucoromycota were significa
soil s32) Fi gome of the kheyobtongdl fgenéeha dhate
stockpiles and their eegkeenrBeunscseu | sao i ICsorwe rnea rh auss
| nocayrbdke ,t heetgee o Wimhac @axaAlnahaerrhialolmyafest hem wer
in the reference soil s, eigeinles aiud etulr® t 3 tuong k Nielo:
ankEseudmoaysweairse signi fi c&8n3t. | ySohmeg hoefr t(hFei gf.ung a
accounted for the dissimilarities bethwesmi Ist o
texture and wa#Hér dHoweeetr, (Mogt of these 1indi
significantly with any of the other edaphic f
estimated and Observed ASV) was signifieantly
no significant differenceWeawmer) thrert axvem aé \V er
(FiB3d). Therefore, the conditions promoted by

communitthieess ooifl , affecting fungal species rich
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Chaetosg@ramumMi omycot a) wer e found eXabesi vel

(Ascompad@il aphomMhAkseemweotta)f ound in the refere
saprotrophic fungi were positively correlated
in the stockpil es, whereas the ectomycorrhiza
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FigB4Results of the random forest modeling ind
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the two siMedarmrddesoiéadse ginio or fAdecrease in
homogeneous each soil category gets when a ¢
(stockpiled or reference soil). The fAmeran dec
char acdoarerrizprsegievneasg ® oTyhle csaitgni fi cance of the
groups between the contrasted groups 1is indic
0.001 = =*x*xx*
For the Wolf Lake site, al |l stockpiles were s
soils; however, the youngest (2 years) and ol

their undisturbS®3d) cobatetpheaer Hor ( Ebg. si t e, al |

years ol d) were dissimilar to their reference

Depending on the stockpile age, some fungal t

Pseudogymfmimeasamwast dpbmi nant in the 0.5, 5, and
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PseudeUurAocstcioumy cot a) , domi nated in tB&8)2 dadmae 1
genkaar ymBasadi onGogrit@Bassainddi omycota) were mor e
ye-alt d stockpTelte,acWhacceaany cGhagt @miducnro mycot a) w
more abundant i n the youngest and oyl edeefsd sto
stockpil e,WetalwveerShdanwreansi ty i ndex and species
estimated) did not changethseiigrnirfei scpaencttliyv ew hreenf e
S30). Therefore, fungal species richness and
storage ti me. The results of the functional é
youngest stockpile (0.5 yeamgs) imad heherikcihglle
mycorrhizal fungal guil ds, whereas t hee-amr busc

old stockpiles, but wereyedisd ptreckgbil)esn {( hieg.

TM



Guild

- Orchid mycorrhiza
- Ericoid mycorrhiza

- Arbuscular mycorrhiza
- Endophyte

- Plant pathogen/saprotroph
- Lichenized/saprotroph

Ectomycorrhiza

- Saprotroph

sl
@

501

Relative abundance (%)

n
o

Reference Stockpile
B

Ectomycorrhiza - E

Lichenized/saprotroph I E

Ericoid mycorrhiza *

Arbuscular mycorrhiza "

Saprotroph >

*

MeanDei:reaseGiri i ' ;fRelative abur:;‘ance
- Reference -Stockpile

Fi gBb&ungal guilds in the stockpiles and the
indicating the main fungal guilds that <charact
and, B), the relative abundamcde roeff etfihbba amea isno i

decreace @Gdecowease iisn ahenearsaugen ®ift hWd@ova theognorgye n
get s whegniiasdgii velhudeat e(@xttoncek psiolield 0 hf@reenf er enc
decrease gini o wglulblediga ehi ghear awheni zelffrea gi v
significance of the difference between the col
p O 0.01 = **_  p O 0.001 = *x*x

TN



3.3SRockpil d usdhg@matt hcamadnuni ti es

The fungal communities of the stockpiles were
even at the sad®2po0i Fudepeéehmdrmre g.t he fungal C

surfdde c@O TOn,-3@ndmpPO and-9De epn lamnyde >3 008 T m) w

( Fisga 2) . The main identified fungal genera tf
Pseudeur(oAsicuoomy cPosteau)d,o gy mr AAasxouny cantdaM)o,r t i er el | a
(MucoromycoRPRsaguydedwrastecialbbmto dhendnorst i n the deerg

Additionall vy, the analysis of al pha diversity
reveal ed that f unWeaalv ed i)V eresvietnyn e(sSh a(nPnioenl ou) ,
ASVs) experienced a sBgnicimi aamdf>@EhOer esatsec k i It
compared witfdHOt tanse fi n htets&Lt3® ak p ihleex ackei @f t h
soils, richness (Observed ASV and Chaol- estim
Weaver), did not chhhoged G ihamiOde ctamt bgi t htayer
mycorrhizal fungi were -morem@®db ic@nd é83rAtn dimP Otolfe tdo
stockpiles (mainly in the Wolf Lake 90Doakpil e
>300 cns)t oocfk paiBlges. (Fhgg.>300 cm depth stockpile
of fungal gui s ,c nf.olHooweevde rhy th@® fungal gui | c

of the ref drlercamd ddoidl mot8@Wecrease.

3. Hi scussion

Soil fungi pl ay key rol eset rRO®DIr e KRl mLd0ti2edd)td e c

where they represent an i mporettaall@ropoeseds!

—
Il



Lennon 2015) and are involve@Visasernombhbd eX; rell a

et 2a11.3,;etF2aNt.8)Therefore, disturbances affectin

soi l fungal cemmipOl2.1,] eRod Fiegazad@2 Ramowhi ch al i
myresults indicating that the fungal communi
significantly from the range of natur al var i é

taxonomic composition and functihem moa®, we omei
fungal groups whose abundankpi tlesl i aad shghi &i
di ssimilarities bet wee(ni Garotciknpairlieusa n&mdiu)lraedfeer rmes
are markers of undtbsotrwerald e df (o0& uekedte @&0bd. 4,3s. | i sab
i mpact of stockpiling on fungal funct(®tnahlper :
et 1988)the disturbance associated with stock
trajecCblventi €11 9)and represents a challenge to

returning disturbaead sd auadedt erpd dadiliIgheB(aN apdta, |

2019 ).
Stockpiling normally decr eas2adl.%;0 i1 Garf2e@hPgaak, di
and the reduction in microbial di versity (ir

suppression of ecosBaqueeartif2abhlc6t)i.o nkso weDveelrg, a dwoe ¢

reduction in Weaees) tyegShanmognfrom stockpil il
in species richness in theysdusyurbbdsstockpab
may have been related to the dominance of 1| nve
& Pinno (2019), since there is a direct correl
in soil &t 0. 2(; P yegeRa0elr 3g; Gaggkoh8ptnd@tease in

richness may al so have been associated with t
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targeted distur bed 28lclo/s yeQit @Dl h@Fa maadrej avail abl

process of soil streppRraOmWP,)and stockpiling (Wi
3.4 Functional I mplications of the variation i
Generally, arbuscular mycorrhizal fungi (AMF)
soil s, while ectomycorrhizal fungi ( EMF) ten

Grayston 2@10201ARM;t hRengL&0i280))d whi ch my ecanddisst
EMF are generally associated with the native \
for(eRetad91; Tetl RaBIA.6,60n t he ot her hand, the gen:t
all ows them to establish symbiotic rel atti onshi
al2.0,00;,2Pi06BYher The AMF assoenaattiivoen phlealnptss iinnv a shie
(Richantdz@mo,; Nufez & Bi c2all k8, )2,0voshti xphwehoan

significant proport ikoinionfg tshe ewe d eotrartsi osny nbfi o
AMH Wa,2@® 1li7nicl udi ng et 02a0bls5,)( Baunndn, 1h% 9 lb)s. (TReiasd i s ¢

with the findings of Buss and Pinno (2mMyL9), t

study were dominated by invasive plants (incl
of the disturbed sites by invasive plants cou
the stockpiles, reported hera,jssupteve nehbevw

mutual i sti Strielsatni ens il ps ;A&n0tOh@otn YBOIv7e)r. eTthiad .t,Fh

was supported by the significantly | ower amoul
in the sabckei testhel reference soil s. Consi di
reclamation i-su¢gtai rcirre@aten\ai rscennment with | oca
Canaa®le6) , t he ifsacds stdciteaAcMiFo miinance of I nvas.|
stockpiles may challenge the suitability of t
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The abundance of saprotrophic fungi and their

nutrients inetoZ0l18)i.t tTehri s( Zihsangonsi stent with
observed between the saprotrophic fungi and
stockpiled soil. Therefore the higher abundan

t reef er ence hseomielgsh tr ehpaovret edesul t ed from el evat ec

matter sucth ease(pMa@fey)sl and dead fungal bi omass

in the stockpiled soils following tree cleari.
domi nance of the fungal phyl um Ascomycota 1in
af fyi nsihtown by speci esriodh ten giZhdaywig@eohl.€,or | i tt e
The increase of saprotrophic fungi in stockpi

abundance ofetERBBILBPUuKkAdBDCh myd i man negtst(aI@té, Wi t h

and Rodri gue@RRamMosi bhi ettt heom EMF to saprotr.

boreal foremdtvaltoft hdéde -owterlsdapgiynd)e,. gane cdfe atrl
before soil can2 bkl ©al vtagedt h€hodvand, t he dec
and the increased EMF relative abundances i n
carbon decomposition, imposed by the EMF, whic

et 2a011.4,; etazddibh®) . The mechani sms under this am

by Oewima(2011) and Averil/ and Hawkes (2016) ,
saprotrophic litter decomposietdiuaemn nlgy t lhiemiemniz iy gn
by saprotrophs to degrade organic matter, ther
indirect inhibition of the proliferation and
undi sturbed soil s.
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3.4 012npact of Stockpile Depth and Age on Soil

Conditions in the deédmere Ibayear sdesSforit{iAbdsatds c Kip
Kareem & McRaet 1198BAU3; Hiartd adls0.Bn) and there are
such conditions may affect the divereittywland
2020) . The shifts in fungal community compos
(richness, evenness, and diversity), and gui
stockpile | ayhser sdy e poacblad elpguence of the repor
the deep stockpile strata, or to the decrease
dept h (ePtata®ln®9on since multiple fungal groups
relationships with plant roots or decompose o0
et 2a011.1,) . Thi s argument is further supported b
and fungal guilds did not seem to have90Occurr
cm). Thfeirediomges suggest thaitildscnga@®dec BAcwo st d
be more convenient nf otrh er edcel eapneart iloany etrhsa no fs otihle
we recommend reclamation spe8iami ststpheetepeh
in reclamation pr8dctimcesocRpehetbtei hekadayer sh

only after some time whetheddr ihlaesd rlexrosteredandir t

we expect that microbi al community diversity
t heelleviound in the stockpiled soil surface.
The i mpact of time since stockpiling(&ondail

& Ghose 199¢&t 2Milr7ntblaaurmef or e a reduction of th
been generally recommended 2a0Ku%;d ufd&t 280hE2s)e t 109 9

achieve the desired outcomes of l and recl amat.i
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in stockpiles duringetthz0l1.7, meGarf2@8% @k aMgewudiBj r |

2020) i ndicate that t he fungal communities ¢
di sturbance, but recover to resembl elQ hyesar 3 n
senGar zehak020) . The increase in the dissi mil
stockpiles and their reference soils reported
Arecoveryo of the fungal communitieszewas not
Orchid mycorrhizal fungi (OMF) are necessary

(McCormi ck & Jacquaenndy nma y 2h0ell4p t hem col oni ze n
succebPsei dmn@20ut3 allhe rel atively higher propor
stockpiles coul donr @ fhlee aggte r tmh eniant i iomf lameln eest abl i
the stockpiling disturbance. Similarly, studi
and the presencéudfShpl aent apat,ho2g0elndi)c, whi ch i ¢

abundance of plant pathog&disimef fiagi t hat hki ghb

did not proliferate until the 2nd year of soil
(Boggess et al ., 2024).

Conclusions

The research set out to examine the i mpact of
potenti al function. We showed that stockpilin

them distinct from the rangdgetafr breadt uredle rwairciea |
These distinctions may be challenging if the
di sturbed ecosystems Mypr eesgeuairvcahl ehnas |aalnsdo csahpoavh
undi sturbed rekmpgirleemctumsgdlescommwni ti eosasamde st

fungal community analysis suggested that stoc
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of fungal communities of the soils. This shif
ecosystem functions such as <carbon/ nitrogen
invasive plants.t Hset uslym,cotnhe i fbiunei n@s tdife know
stockpiling on soil bi ol ogy and shed | ight on

soi l as a reclamation substrate.
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CHAPTER 4

| nfl uemeaiacft ops and asenstenneb | y
Structnuircer oobfi al communi ties |

4. Introduction

The impact of anthropogenic disturbances on the ecosystem may drastically modify soil attributes
(Falk et al., 2006; Kane et al., 2028hdare associated with shifts $oil community composition
(Rodriguez Ramos et @axktreme digt@rbdarice that ipactsesoil atmaqiuree o f
integrity, and biology is soil stockpiling, a legally mandated process by which topsoil is excavated
and salvaged (stockpiled) at the start of the mining operat®&tnshfnayer, 1999Ghose, 2001

Fadaei et al., 2031 The stockpiled soil is then used as a substrate for the reclamation -of post
mining sites. However, the stockpile age and depth influence the suitability of the stockpile soils

for use in reclamatiorkundu & Ghose, 199Block et al., 2020; Bisset al., 2020).

Under ecosystem restoration practices, like land reclamation, the recovery of the ecosystem to its
pre-disturbance condition is usually the desired outcome (Cutler et al., 2017; Jurburg et al., 2017).
However, community structure might kiéficult to restoe (Suding et al., 2004;ankau et al.,

2014; Calderén et al., 2017), or move to incomplete restoration or alternative ecosystem states
(Scheffer et al., 200FEalk et al., 2006). Therefore, insights into processes drivingyhamics

of community assembly may be used to predict recovery trajectories followed by the ecosystem
during reclamation and to define successful reclamation programs impuosy sites (Kane et

al., 2020).
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The dynamics of succession and the structure of the communities are governed by deterministic
(Niche-based) and stochastic (Neutral) processes (Vellend, 2010; Nemergut et al. 2013). Niche
based processes assume that deterministic factors like environfittenitad) (i.e. selection of taxa

by abiotic factors) are the primary determinants of community assembly and variability. Neutral
theories, on the other hand, attribute the variability in microbial communities primarily to
stochastic factors like drift@gndom replacement of organisms in a system) and disgensdbm
movement of organisms through space) (Nemergut et al., 2013; Stegen et al., 2013). The relative
importance of deterministic and stochastic processes in the dynamics of microbial succession in
naturally and anthropogenically disturbed ecosystembéas widely documented\ilhelm et

al., 2013;Whitman et al., 2019Kane et al., 202Q)and continues to be a source of debate
(Dumbrell et al., 201,0Nemergut et al., 20)3There is an interplapetween stochastic and
deterministic processes in the assembly of microbial commuf¥ass et al., 2016Kane et al.,

2020. Therefore, the integration of novel microbial taxa in the community is mediated by
dispersal, whereas the relative abundance of microbial groups in the community is mainly
influenced by selective processes and drift (Vellend, 28Hbe et al., 2020 Similarly, more
extreme environmental conditions lead to the dominance of deterministic processes in microbial
communities (Yan et al., 201@)owever, the influence of stochastic processes in the community

increases when extreme conditions wane (Yan et al., 2016).

Microbial communities are essential in the dynamics and functioning of the soil (Chodak et al.,
2009; DelgadeBaquerizo et al., 2016a), they play fundamental roles in nutrient cycling, and
climate regulation (DelgadBaquerizo et al., 2016b; Fierer et &021). Likewise, due to their
close and complex associations with plants (Liao et al., ;2808ill et al., 2014, microbial

communities may influence the vegetation that populates disturbed and undisturbed ecosystems
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(van der Heijden et al., 1998yerill et al., 2014; Nufiez & Dickie, 2014). Therefore, microbial
communities are key players in ecosystem restoration (Bach et al., 2010), and the knowledge of
the influence of predictors and assembly processes in the patterns of succession of microbial
communities following disturbance is important to understanding the course and potential

outcomes of ecosystem restoration.

In the present studyl, aim to determine the predictors associated with the variability in the
microbial communities of stockpiled soil from different ages and soil depths, generated from two
oil-sand extraction sites in Alberta, Canatlifurther analyze the relative influence of various
deterministic and stochastic assembly processes on microbial communities. Based on the
inhospitable conditions commonly attributed to soil stockpillingredictthat (1), deterministic

factors associated with environmental filters (e.g., pH and nutrient availability), willrdogeof

the variability in the microbial communities in the stockpil@ the relative importance of the
environmental filters in the community turnover will increase with increasing stockpile depth and
storage timg(3) the influencef environmental filtere@nthe community composition will depend

on the abundance of each microbial taxon in the community (i.e. the importance of environmental
filters will differ for the more abundant and the less abundant taxa in the commanitiy}})
microbial taxa that dominate in stockpiled soils will be associated with theatoreplants and
edaphic factors that characterize these disturbed $bsnain objectives are (i) to identify the
factors that explain the b diversity between
specific soil disturbances generated by stockpiling. increased compaction, decreased pH,
increase in nutrient availability), have a key influence in the structure of microbial communities
of the soil, and (ii) to identify the microbial taxa correlated with the disturbance generated by soil

stockpiling and that therefore may serve as indicators of soil conditionm Frobroader
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perspective, our research will contribute to the body of literature on the ecological and evolutionary

processes influencing the assembly of microbial communities in disturbed soils.

42 Met hods

4. 2 .Slampling sites

Details of the sampling can beund in Cabrerddernandez et al. (2024). Briefly, we sampled
stockpiled soils located in two oil sand extraction sites in Alberta, Canada. The sampling sites were
(1) CNRL Horizon (57.337 °N, 111.755 °W), and (2) CNRL Wolf Lake (54.695 °N, 110.730 °W).
Two locations representative of the Alberta mixeabd natural subregion were used as references
representing the undisturbed state of the ecosystem. A total of five reference soils (3 at the Wolf
Lake site and 2 at the Horizon site) and seven stockpiles senpled in August 2018. At the
Horizon site, four stockpiles aged 0.5, 1.5, 5, and 7 years old were sampled. At the Wolf Lake site,
three stockpiles of 2, 11, and 28 years old were sampled. Samples were taken from each stockpile
at 310 cm, 2630 cm, 8090 cm, and >300 cm depths. Three replicate pits (separated by ~20 meters
from each other) were collected from each sampling point, except for the >300 cm depth; only one
pit per site was sampled at this depth. The collected soils were homogenized asgeprtoeugh

a 4 mm sieve to remove large debrgd frozen in plastic bags-&0°C.

4. 2Sdil chemical and physical properties

The determination of pH, electrical conductivity, aggregate size, gravimetric water content, total
nitrogen, and totatarbon and soil texture, was carried out as outlined in Caben@andez et al.

(2024).
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4. 2 P3 ant community

A detailed description of the methods used in the study of the plant community composition and
functional groups in stockpiles and reference soils can be found in Buss et al. (2020), from which
the plant community datasets were obtained (i.e., plantwelabundance and classification into
functional groups). Briefly, trees were classified according to the species that were able to become
part of the overstory (Buss et al., 2020). The plant community composition of stockpiles and
reference soils was deieined by counting the individuals belonging to functional groups woody
(trees and shrubs), grass (sedge, grass, and rush), and forbs (matinative and stockpile

forbs), classified according to Flora of Alberta (Moss & Packer, 1994). Native forbs were those
occurring in forested areas but could also be found in the stockpiles, whereas stockpile forbs were

defined as plant species found exclusively in the stockpiles(@&ua., 2020).

4. 2 DNA extraction and amplification

DNA was extracted in triplicate from randomized homogenized soil subsamples of 0.25 grams,
using the DNeasy Power soil kit (QIAGEN, Hilden, Germany) according to the protocols outlined
by the manufacturer. The triplicate DNA samples were mixed into aesibligA sample per pit.

DNA concentration was determined using a Qubit dsDNA HS Assay Kit (Thermofisher Scientific,
Canada). For Bacteria and Archaea, we amplified the 16S rRNA gene V4 region using the primer
pair 515F and 806R (Caporaso et al., 2011). Thgdl internal transcribed spacer 2 (ITS2) marker
region was amplified with the fITSITS4 primer pair (Ihrmark et al., 2012). The PCR cycle used

in the amplification of the 16S rRNA gene was 94°C for 3 min followed by 35 cycles of 94°C for
45 s, 50°C for60 s, and 72°C for 90 s, and a final extension at 72°C for 10 min. For the
amplification of the fungal ITS region, we applied the following PCR program: 98°C for 30

seconds followed by 35 cycles of 98°C for 5 seconds, 55°C for 5 seconds, and 72°C ¢ondiS,se
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and a final extension at 72°C for 1 minute. The length of the PCR product was determined by
electrophoresis. The extracted DNA samples were sent for lllumina sequencing along with the
mock community and extraction blanks. The sequencing was carried mgiansillumina MiSeq
platform with the 25bp pairedend kit (V2 500cycle PE Chemistry, lllumina, USA), by

Microbiome Insights (Vancouver, Canada).

4. 2DaRta anal yses

DNA amplicons from the lllumina sequencing were processed and merged into amplicon sequence variants
(ASV), foDADW2nglthe.®0o pipeline (Callahan et a
Team, 2016). For the prokaryotes, 95.1% of the reads passed the quality filtering. Following
dereplication and merging, 16,334 ASVs were generated, of which 4.64% of the ASVs were

di scarded as chi meras, reducing the number of
ri bosomal RNA genel, @H2) aobaasige @xonprmyu Wes itentifietd and
eliminated the sequences considered mitochondria and chloroplasts, ending up with 14,071 ASVs
assigned to the domain Bacteria and 102 ASVs classified into the domain Archaea. The reads

generated were rarefied 7,420 per sample via random subsampling.

For the fungi, 71% of the reads passed the quality filtering process. Of these, 3% of the reads were
discarded as chimeric, and 2,929,616 pa@ed reads (7,483 unique ASVs), were generated. The
UNITE reference fungal database (Abarenkov et al., 2010) agdied for taxonomy
assignmentThe fungal ASVs were rarefied to 6,569 reads per sample using random subsampling.
The FUNGuild database (Nguyen et al., 2016) was used to infer the function and trophic mode of
the fungal ASVs, retaining only those ASVshese likelihood of belonging to the function
assigned by the database was fiprobabl edo or #dh

database (Nguyen et al., 2016).
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4. 2.S6 atistical anal yses

The statistical anal yses were performed in AR
otherwise stated. Dissimilarities in microbial community composition between stockpiled and
reference soils were determined by applying Bfaytis and UNIFRAC similarities, using

APhyl oseq 1.30.00 (McMurdie & Holmes, 2013).
dissimilarities between the microbial communities we used permutational multivariate analysis of
variance (PERMANOVA) with 999 permutatiorisr om t he A ADONI Spackdgee nct i o
AVega®o2(6Bksanen et al ., 2013). The phyl ogenet
reference soil was determined usingthpRc kage #APicante 1. 8heo (Ke
influence of regional species pdotdiversity) o n -diersity was determinegith a correlation

analysisof theBray-Curtis distances betwesample communitiesising theR packagé Me c o d e v

0 . 2 (LiQ ét al.,, 2021) To shed light on the impact of stockpiling in the-axurrence of

microbial groups and the keystone taxa (i.e. Microbial groups witimkegrtance in the structure

of the community) in the soil, we applieda@cc cur r ence net wisard.200B i ng fl
within the AMicroecod R package environment (
(Bastian et al., 2009). The keystone taxa were determined based on their nusitheficdnt P-

value < 0.01) and strong ( S withathemrmacnobial groupsin. 6 or
the community. The correlation between the physical, chemical, edaphic, and biological factors
was determined using Spear ma ppackage (We éta.f202d)n wi t |
The influence of the prediars on the microbial communities was assessed with a Mantel test of

the Spearman correlation coefficientinthgRAc k age AMi croeco 1. 04. 10
determine the most important predictors associated with the microbial community turnadver, an

the proportion of the variations in the community that are explained by these predictors we used a
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canonical correspondence analy&xCA), fromthe Rp ac k a g e #A6Voe g(ak s2ansSen et

2013). A forward selection model was used to identify the predictors that significantly explain the

variation in the commu-601ipdRkageal so using the AV
4. 2 Etol ogi cal modeling to infer the assembly
mi crobi al communities

4. 2 Neutr al mo d e |

We wused S| oamddsl (Swoanratnal, 2006)yto determine if the distribution of the
microbial community (mean relative abundance and occurrence) follows the neutral community
assembly model. This approach is based on the premise that the most abundant taxa (in the
metacommunity) are more frequently dispersed by chance and therefore will be more widespread
than the less abundant taxa, which are more likely to be affected by drift (Burns et al., 2016).
Therefore, the model predicts that widespread ASVs (i.e. those withharHiggquency of
occurrence) are those more abundant in the metacommunity. To calculate the fit of the community
to the neutral model we used thepRac k age A mi-higpaCkl 2movi. &t al .,
confidence interval around the model was achieved®®y bootstraps, using the-gackage

AHMIi sc 4.6.00 (Harrell, 2019).

4. 2.Plhy2l ogenetic signal

To determine the influence of selective(nidiesed) pressures on community structure and
turnover, we assessed the phylogenetic signal, which examines the traits or habitat preferences
among closely related taxRevell et al., 2008), tofindoutihRSVés phyl ogenetic d
niche distancef.e. correlation of taxa with environmental conditions) are significantly correlated

(i.e., niche conservation). The phylogenetic signal was assessed with a Mantel test correlogram,

from the A Mi-package ¢(Liu et@l., 2021), erloying a Spearman coefficient to
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correlate the taxa in the microbial communities and several edaphic parameters (i.e., Total carbon,

total nitrogen, and pH).

4 . 2 .Nul3l mo d e |

To determine the processes behind the turnover in the microbial community structure in disturbed
soils, the study followed the conceptual framework proposed by Vellend (2010) and made
operational by Stegen et al. (2013) and Stegen et al. (2015). The model infers the ecological
relatedness between taxa based on their measured phylogenetic relatedness, ebplegimg
nearest taxonomic distance (BbBNMTD). The dissi
bNMTD model (999 randomdaragdstontsg x @re niem e x (¢ Mk
standard deviations fr om t he-2imdedtes thanamohrunitydi st r
turnover is significantly lower than expected and is interpreted as influenced by homogeneous
selection, i.e. increased community similarity caused by similar environmental conditions. On the
other hand,b N T | > 2, commhunity autnever is tsigndidantly higher than expected,

which corresponds to the influence of heterogeneous/variable selection, i.e. decreased community
similarity caused by variation in environmental conditions. Similarly, the Rawuqgk Bray

( R C B r -diverpity metric, identifies the difference between observed and null distribution Bray

Curtis values (999 randomizations), assessed as standard deviations between-}1Taed
fraction of pairwise compari sons cansidereditabeh B NT
influenced by dispersal limitation (Stegen et al., 2013, 2015; Zhou & Ning, 2017a), i.e. high
compositional wvariability in the community du:
< 2 and RCbray <0.95, have been estimateddefine the effect of homogenizing dispersal, i.e.

low compositional turnover due to high dispersal rates. However, the model considers that drift

alone is acting on the community whepLiubtNTI <
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al., 202} . Bot h b NNCulishtmsed Ra@iCriaky(RCBray) indexes were determined
using the R packages APicante 1.8.20 (Kembel

2021).

4. 2 EHf.fdect of assembly processes in microbial

abundance.

To determine if the assembly processes influencing the less abundant taxa in the community were
different from those governing the turnover in the community in general, we performed the null
model analysis on the #Ar ar e telatheSabumdancevh0.1866hin we d
all samples, according to an approach followed by similar st@lesn & Wen, 2021). Ithis

case, no archaeal ASV meets the conditions of being < 0.1% in every sample, so only bacterial

and fungal ASVs were usedtinis part of the analysis.

4. 2 Ni.cbhe breadth

To shed light on the differential tolerance of the microbial communities to environmental factors
and assembly processes, we calculated the Le
Archaea, and fungi inhe disturbed soils, using the-Ra c k age A sbpsadaon the 2. 2. 0
distribution of eachtaxon in different environmentgamples The significance of the
dissimilarities in niche breadth among Bacteria, Archaea, and fungi, was assessed through an
anal ysis of wvar i an cHenedt 3idhicend Diffenarica (HSDY podt leoy téss,

using the fAAgricolae 1.3.20 (Mendiburu, 2021)
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4. Resul t s

4. 3 ML crobi al communities in disturbed soils

As we previously described (Cabrdt@rnandez et al., 2024), microbial communities of disturbed
and reference soils were significantly different (Hid. and Fig4.2), which could be explained

by thedifferencein the abundance of the most important phyla found in the two studied soil types
(Fig.$4-1). Compared to the communities in the undisturbed reference sites, stockpiling generates
bacterial, archaeal, and fungal communities that were less phylogenetically clusterdjFig.
Similarly, the ceoccurence network analysis revealed that stockpitogelatedwith a shift in

the soil keystone taxa, (Figl®), since in the reference soils Ascomycota and Basidiomycota were
the predominant keystone taxa, involved in 24.6% and 22.3% ofdheections with other
microbial groups, respectivelyn the stockpiles, Proteobacteria and Ascomycota became the main
keystone taxa, involved in 24.4% and 2266 the connections with other microbial taxa,
respectively (Fig. &9). Also, taxa/nodes and modules in the stockpiled soils were more
interconnected than those in the reference §6its S49); which suggests that complexity in the

soil microbial communities increases after the disturbaicek e corr el ati-on bet
diversity ando-diversity, indicated that the regional species pool was significantly important for

the prokayotic community turnover, but not for the fusigcommunity turnove(rFig. S413).
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4. 3 P2edictors asthoditant €ed owii ah tchwaenmuni ti es of

Some of the microbial groups that account for the difference between disturbed (stockpiled) and
reference soils were Basidiomycota and Verrucomicrobia G8id.). In thesoil surfac€0-10 cm

and 2030 cm) these taxa showed a positive correlation (p < 0.05) with the native vegetation of
the reference solils but correlated negatively (p<0.05) with the increase in most of the soil nutrients
and nonnative plant functional groups. On the other hand, the BacetesidProteobacteria, and
Ascomycota were positively correlated (p<0.05) wsthme of thenon-native plant groups and
nutrients in the soil but correlated negatively with forest trees and native functional groups of the
reference soils (Fig. S4and Fig.$4-5A). In the deep layers of the soil @0 cm and >300 cm)

the influence ofnutrients (i.e., carbon and nitrogergecreases, but the importanck soll

aggregate sizecreases.
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The diversity index (ShanneéWeaver) was correlated to multiple predictors in all layers of the
stockpiled soil. In the surface soils, bacterial and fungal diversity correlated positively with soil
total carbon, nitrogersoil poresand nonnative plant functional groups. However, bacterial and
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fungal diversity correlated negatively with forest native functional groups. Also in the surface
soils, archaealiversity was negatively correlated with plant diversity and clay, but positively with
pH and nitrate (Fig.&£3A and $-3B). In the deeper stockpile layers ¢80 cm and >300 cnihe
influence of plant community on microbial diversityeakens. Howevelhacterial and fungal
diversiies were mostly correlated with soil nutrien{se., carbon and nitroggrsoil pores and

texture

The amount of community variability explained by the measured factorsM@#sin the 610 cm
stockpile depth,(Fig. 4.3), ~15% in the 2030 cm stockpile depth (Fig4&2A), and 17% in the
combined deeper stockpile deptlisig. SA-2B). Most of the variability between the disturbed
(stockpiled) and reference soils was not representedh®yCCA analysis leading me to
hypothesize that the variability not explained by the forward selection model could either result
from additional environmental/edaphic factors not accounted fdindostudy or from stochastic

community assembly processes.

4. 3. A3sembl y |prkiedf®ls stgmse t urnover of microbi al

The results of Sl oands ¢ dnnstockpiledt spils indicaltex Ithatf o r
bacterial communitiefit the neutral moddbetterthan archaeal communiti¢Big. S412). The

fungal community assembly does not seem to fit a neutral community assembly modefoexcept
fungal communities in the >300 cm depth (FBgk12). Consistently, no significant phylogenetic
signal was found between microbial communities and the edaphic fawasured (Fig.411),

which reflects a likely lack of niche conservation across phylogenetically related taxa

(Minkemdller et al., 2012).
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Likewise, the null model analysis revealed that stochastic community assembly processes were
considerably more important than deterministic processes for the assembly of microbial
communities in disturbed soils (Fi§4). Archaeal, bacterial, and fungal communities were shaped

by different stochastic processes, andrtative influence of these assembly processes varied
along the time the disturbed soil remained stockpiled @H#). In terms of soil storage time,
homogenizing dispersal and dispersal limitation were the main processes influencing the turnover
in bacterial communities, but dispersal limitation became more important for communities in the
oldest stockpiled soil (i.e28 years old stockpile)-he influence of drift variethut was thenain

factor influencing the fungal communities throwsghl storage time. Homogenizing dispersal was

the main driving process for the archaeal communities in younger and the oldestlestockpi
whereas drift dominated the archaeal communities in the stockpiled soils in the 5,7, and 11 years
of storage. Although communities were mostly influenced by stochastic processes through soll
storage time, among the deterministic processes, varialdetise was the most influential
process for the bacterial communities(especially for the 28 years stockpile) and homogenizing
selection was the most important for most fungal communities in the stockpiles independently of

the storage time.
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Similarly, the analysis showed that the relative influence of assembly processes shaping microbial
communities fluctuated depending on the soil depth @lg.and the relative abundance of the
taxa in the communitie@ig.$A-7). Regardless of sotllepth, the bacterial communities were
mostly affected by drift, homogeneous dispersal, and dispersal limitation, but the influence of drift
was considerably higher for tinare bacterial taxa (i.eaxawith a relative abundance of <1% in
every sample) than for the general bacterial community dEgFig.$4-7). Also, homogenizing
selection was the second most influential factor (following drift) for the rare bacterial taxa in the
> 300 cm depth-ungal communities were mostly influenced by drift (Big} Fig.4.5) at all soll

depthswhereas homogenizing dispersal was the leading process influencing the rare fungal taxa
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in the community (Fig.&7) regardless of soil deptiihe archaeal communities were primarily

affected by homogeneodsspersaht all soil depths.
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When examining the factors shaping the fungal guilds and trophic modes in disturbed and
reference soils, we found that the saprotrophic fungi were mostly influenced by drift, while
homogenous dispersal was the primary factor shaping the communities foytbrrhizal fungi

(i.e., ectomycorrhiza and endomycorrhiza) (Fid-63.

Interestingly, like the microbial communities in the stockpiled soils, the microbial communities
in the reference soils were mainhfluenced by stochastic procesg€gy. $4-8). Drift was the

dominant assembly process for the fungal communities in all reference soil depths, whereas
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homogenizing dispersal drifind dispersal limitatiowere the most influential processes for the
prokaryotes. These results may indicate that stochastic assembly factors maintain their influence

on the community even after the disturbance generated by the stockpiling.

Bacterial communities in the stockpiled soils exhibited a significantly laf@e0.05) niche
breadth than fungi and Archaea, but the niche breadth for the fungal communities was significantly
higher (p<0.05) than that of the archaeal communities (Fgl0®. This supports the idea of
bacterial communities being more versatile than fungal communities when it comes to niche

preferences and tolerance.

4. Di scussion

4. 4 Microbes as mar kers of soi l di sturbance

Anthropogenic disturbances impacting vegetation or soil structure may affect soil microbial
communities (Fadaei et al ., 2021; Rodriguez R:
in community composition (Lauber et al., 2008; Cabtdéeanandezt al., 2024), function (Liang

et al., 2020), and their eaccurrence patterns (Sun et al., 2017), which aligns thitresults

shown here Interestingly, the less phylogenetically clustered communities generated by the
stockpiling may be an indication of the reduced strength of the selective pressures in community
assembly and suggests that the variability described was generated bgrimatoh of microbial

taxa distantly related to the native microbial groups in the community.

Two microbial groups could be delineated based on the factors they associate with, these were:
Group 1. Microbial taxa with a copiotroph lifestyle (Fierer et al., 2007), which correlated positively
with soil disturbance (e.g., increase in nutrients anddiwe plant species). Group 1 includes

Proteobacteria, Bacteroidetes, and Ascomycota. Group 2: Microbial taxa positively associated
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with the conditiongresent in theindisturbedreference)soils (e.g. native vegetation and low
nutrients in the soil), with an oligotrophic lifestyle (Fierer et al., 2007; Kranabetter et al., 2009).
Group 2 includes Verrucomicrobia and Basidiomycbiterestingly, the fact that both microbial
groups seemed to be negatively correlated with most of the factors that are strongly and positively
associated with the opposite group, suggests that these factors are important predictors of
community turnoverSince these microbial groups seem to be sensitive to the fluctuations of soil

parameters and vegetation, they may be used as efficient indicators of soil conditions.

The positive correlation exhibited by microbial taxa to specific plant functional groups may
indicate that microbes growing in the stockpiled soils may ease the establishment of invasive plants
(van der Heijden et al., 199Blufiez & Dickie, 2014 Fr Nc & or plants cauld @dmbt8

the success of specific microbial groups (Ladygina & Hedlund, 2010; Mitchell et al., 2010) in the
stockpiled soils. This may occur when noative plants release litter that is usually richer in
nitrogen and carbon thaet generated by the native vegetation (Liao et al., 2008), thus promoting

the dominance of copiotrophs estrategistsnicrobial groups.

High microbial diversity has been usually regarded as a positive sign of soil health (Delgado
Baquerizo et al., 2016b), and soil resilience to disturbance (Wittebolle et al;,E1888hauer et

al., 2012. However, increased diversity can also be an indication of disturbance, when its increase
is due to the arrival of invasive species that populate soil after the disturbieies & Huenneke,

1992; Buss et al., 2020My results seem to support this idea since both bacterial and fungal
diversities were positively correlated with npative/invasive plant functional groups but
negatively correlated with native plant functional groups. We cannot ascertain the directionality

of the correlation we describe here. However, since both plant and microbial groups differed from
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those found in the reference natural ecosystems, diversity may not act as a positive indicator of

ecosystem health for stockpiled soils.

4. 4 Ehvironmental filters explain a smal/l pr or

Predictors commonly associated with microbial community turnover following disturbance
include pH (Dimitriu & Grayston, 2010; Zhalnina et al., 2015; Zhou et al., 2021), nutrient
availability (Fierer et al., 2007; Paterson et al., 2019), plant communitgastion (Mitchell et

al., 2010), plant diversity (Zak et al., 2003), and soil texture (Bach et al., 2010). These factors can
act as environmental filters and drive deterministic processes that influence the patterns of
community assembly, through the sien of taxa that share a repertoire of phenotypic traits that
confer fitness to particular environmental conditions (Kraft et al., 2015). The relative influence of
specific environmental filters associated with disturbance may vary with soil deptipBhiit

al., 2021), and may fluctuate as the communities develop (Wang et al.,F2dfPeaves et al.,
2015;Yan et al., 2016), which explains the correlation of the dominant microbial groups with
edaphic factors that were generally different at eachdspith. The drivers that dominate in the
deeper stockpile depths could be associated with the extreme conditions in that soil layer (Johnson
et al., 1991; Kundu & Ghose, 1998hose & Kundu, 2004namely, anoxic conditions lead to the
dominance of fermentative and anaerobic microbes that may decrease the soil pH with their
metabolic products. The drivers that are influential in the surface (i.e., total carbon and CN), may

resultfrom the plant litter and exudates yielded by the vegetétiao et al., 2008)

The influence of deterministic factors on the assembly of microbial communities is stronger in
more extreme conditions (Yan et al., 2016). Therefohgpothesized that the harsh conditions
commonly attributed to soil stockpiles like low pH and scarce nutrients (Johnson et al., 1991,

Kundu & Ghose, 1997; Strohmayer, 1999), would make environmental selection the primary
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factor governing the turnover in the microbial communities. However, the predictdranost
significantly explaiedtheturnoverin the microbial communitiesnly accounted for1/5 of the
variability in the microbial communitiesuggesting that the source of most of the variability lies

in unmeasured environmental factors in the community or in factors that are associated with

neutral variability (stochastic assembly processes) (Stegen et al., 2012; Zhou & Ning, 2017a).

4. 4 M3 crobi al succession following soil di stur

Pprocesses.

The dominance of stochastic processes in the assembly of microbial communities has been widely
documented (Stegen et al., 2012hen et al., 2099 and could be explained since stochastic
processes dominate when extrenmnditions are weak (Yan et al., 2016). In such conditions
increased stochastic processes lead to the assembly of a community that is less phylogenetically
clustered (Yan et al., 201®&ripathi et al., 2018;Zhou et al., 2021), which is consistent witly

findings The lack of niche conservation and the key influence of neutral processes in the
community might indicate that factors associated with soil managerfient soil stripping,

mixing, piling, homogenizingand compaction),which increase or rede the dispersal of
microbes in the communitiegre more responsible for the community turnover in the stockpiles
than the commonly attributed extreme conditions associated to environmental filters. The
similarity in the assembly processes influencingriicrobial communities in the stockpiled soils

and those in the undisturbed soils could indicate that the stockpiling disturbance may alter the
strength of stochastic factors, but the influence of these assembly factors on microbial communities
is maintaned.Furthermorethehigher influence of the-diversity onthe structure of prokaryotic
communities indicates thdiesideslocal assembly processdge., stochastic or deterministic

processesthe size of the regional species podalso an important factor governing the turnover
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in these commuties (Xing et al., 2024 whichgenerallyoccurs wherselective pressurese low

(Chase & Myers, 2011).

The relative influence of stochasficocesses varies depending on the microbial group affected
(Farjalla et al., 2012Chen & Wen, 2021), as reported here, which might be related to the relative
abundance and size of the microldearfalla et al., 2012; Logares et al., 20C8gn & Wen, 2021),

or to their physiological status (Kivlin et al., 20XZhoudoir & DeAngelis, 2022 The variability

of the influence of stochastic and deterministic factors according to the soil depth profile or to the
time since disturbance aligns with reports thatehfound a similar pattern (Stegen et al., 2012;
Wu et al., 2018Liu et al., 202). Bacterial communities were mainly shaped by homogeneous
dispersal and dispersal limitation (Chen et al., 2020; Chen & Wen, 2021; Huang et al., 2022),
which occurssince soil stripping and mixing at the start of the mining activities homogenizes soil
conditions and structuré\Mick et al., 2009; Shrestha & Lal, 201R&lock et al., 2020) and its
microbial communities (West & Whitman, 2022). However, after stockpiling, the conditions in
some parts of the soils may vary drastically, creating more compact, anoxygenic, or-nutrient
depleted zoneslohnson et al., 1991; Ghose & Kundu, 208hgoran et al., 201®lock et al.,

2020). This may explain the increased influencdispersal limitation in the oldest and deepest
stockpiled soil, since dispersal limitation imposes physical and physiological barriers (e.g., through
soil compaction) for microbe distribution (Kivlin et al., 2014), as shown here. On the other hand,
the importance of drift for fungal communities has been documented (Huang et al., 2022; Zhang
et al., 2023), and may be explained by the relatively lower population size of fungi compared to
Bacteria in the soil@/Nu et al., 2018; Zhang et al., 2023), which nskergal communities more

prone to vary due to random bitieathor extinctionevents under weak selective pressures.

N MN



The relatively lower effect of dispersal on fungal communities may be explained by the fact that
dispersal is stronger f@maller organisms (Shurin et al., 2009; Wu et al., 2018), like bacteria and
archaea. Also, the relative ease of dispersal shown by bacteria may be due to their tolerance to
environmental conditions as well as to their higher metabolic flexibility, comparddngi

(Finlay, 2002jFarjalla et al., 2012; Wu et al., 2018). Bacteria, therefore, may be more widespread
in a diverse array of environments where they are transported (Chen et al., 2020; von Meijenfeldt
et al.,, 2023). The flexibility of Bacteria tovk in a wide array of environmental conditions is

supported by their superior niche breadths, compared to Archaea and fungd{E@). S

Functionally redundant groups seem to be more affected by ecological drift (Zhou & Ning, 2017)
which may explain the relatively high influence of this stochastic process on saprotrophic fungal
groups. Also, the efficacy of dispersal can be affected byifyrieffects Zhou & Ning, 2017b;
Debray et al., 2021). Therefore, the weak dispersal effect on the assembly of the saprotrophic fungi
could be due to the antagonism exerted by some mycorrhizal fungi (Orwin et al. AZetill et

al., 2014, based on theeduction of the saprotrophic litter decomposition in the soils (Janowski &
Leski, 2022), which greatly limits saprotrophic fungi distribution (Averill & Hawkes, 2016).
Conversely, vegetation is one of the main factors determining the dispersal of naatdunhgi
(Janowski & Leski, 2022), which could be understood by the complex relationship these fungal
guilds establish with plantydn der Heijden et al., 1998cott et al., 2019), and may explain the
high influence of homogeneous dispersal found enrttycorrhizal fungi bymy study. The fact

drift was the main assembly process influencing the fungal communities, but homogenizing
dispersal was the chief factor influencing the mycorrhizal fungi, suggests that the assembly
processes affecting the functional groups in the comnasnitbuld differ from processes shaping

communities according to tax

NM=



4. 4The infhaaueeamkel pyfprocesses varies .according

The strength of the assembly processeshweilleflected byhe relative abundance of the taxa in

the community (Liu et al., 2021). Thus, deterministic assembly mechanisms will shape the most
abundant taxa in the community, whereas the rare taxa will be more affected by stochastic
assembly mechanisms such as dtift et al., 2021). Likewise, due to their low number, rare taxa

are more prone to be influenced by drift. In contrast, the dominant taxa will more likely be affected
by random dispersal due teethhigh number, which explains their widespread distributlogn

et al., 2006Chen & Wen, 2021). The fact that the main assembly processes influencing the rare
taxa at each stockpile depth were different from the main assembly processes shaping the structure
of the community in general, suggests that abundant and rare taxa aentlifly affected by
stochastic factors, as has been proposed by ecological theories regarding community assembly

(Sloan et al., 2006; Zhou & Ning, 2017b).

Conclusion

The study provides insights into the predictors and assembly dynamics of microbial communities
in stockpiled soils. In both disturbed and undisturbed soils, certain microbial groups and their
diversity indexes were correlated with the environmental condithmhsding edaphic parameters

and vegetation, indicating that microbial taxa within each of these groups may be used as effective
markers of soil conditions. Therefore, their relative abundance may indicate the effectiveness of
soil restoration practicesncluding reclamation. Alsomy findings indicate that microbial
communities in the stockpiles were primarily structured by neutral assembly processes, however,
most literature indicates that deterministic factors are assumed to be the main drivers of microbial
communities in disturbesbils. Likewise, fluctuations of the relative strength of neutral processes
according to the microbial group affected (Bacteria, Archaea, or fungi), taxon relative abyndance
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or fungal functional group corresponds to expected patterns of stochastic assembly described by
ecological theories. Further studies should address the assembly dynamics of the microbial
functional diversity in disturbed soils to determine whether the ggs®s influencing the
phylogenetic and taxonomic diversity are different from those influencing the microbial functional
groups (as shown here for the fungi). The knowledge of the processes influencing the assembly of
microbial communities following distbance may serve to understand and predict the reclamation
trajectories followed by communities in restored ecosystems. This knowleddpelvitletermine

soil restoration strategies, like those implemented in the reclamation efposy sites using

stockpiled soils
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CHAPTER 5
Concl usiPfFwmtsuraendDi recti ons

5. Bummary of findings

The detrimental effects of stockpiling on soil integrity, health, and quality have been widely
documentedHarris et al., 1989a; Kundu & Ghose, 198TIock et al., 2021 | proposed that the
disturbance associated with stockpiling generates a shift in soil microbial communities (Bacteria,
Archaea, and fungi), and their functions. Consistent with my hypothesis and with the body of
literature regarding the impact of stockpgion soil biology (Birnbaum et al., 2017; Buss et al.,
2020), the results of my stigd indicate that stockpiling has adverse effects on soil microbial
communities, making them different from that in the reference soils. Likewise, supporting my
initial hypothesis, even when the two stockpiling sites (i.e, Wolf Lake and Horizon) weratsépar

by more than 400 kmicrobial communities were more similar to each other than to their
respective reference soils, suggesting that the conditions created by stockpiling disturbance were
similar, disregarding the geographical distance or location of the two sites, and these conditions
promoted the establishment of a specific microbial community that significantly diverges from

that generated by the range of natural variability.

Based on the relevance of microbial communities in soil function (DelBadaerizo et al., 2016;
Fierer et al., 2021) and restoratioBath et al., 2010Averill & Hawkes, 2016), and since
disturbance maypersist after the stockpiled soil is used as a reclamation substrate (Dhar et al.,
2018), | conclude that the impact of soil stockpiling on microbial communities may represent a

challenge for the goals of land reclamation.
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My results indicate that stockpiling generated a shift in key microbial taxa (i.e. taxa with an
important role in the maintenance of the community structure). The most important microbial
groups that accounted for the difference between the stockpileth@indeference soils were
correlated with some of the factors of the disturbance generated by the stockpiling, like the increase
in soil nutrients,likely made available by the degradation of soil aggregates during the soil striping
and stockpiling (Wicket al., 2009). Similarly, bacterial and fungal diversities were positively
correlated with the presence of roative/invasive plant functional groups. Some of these plant
functional groups were among the most important predictors of the change in tobiahic
communities, thus shedding light on the importance of vegetation for the variability in microbial
communities found between stockpiles and their reference soils. However, microbial communities
may be responsible for the plant community compositicthése systems as welor example,

there was a higher proportion of arbuscular mycorrhizal fungi (AMF) in stockpiles and
ectomycorrhizal fungi (EMF) in reference soils. Compared to the EMF, the AMF may generally
associate with a wider range of planésies (Richardson et al., 2Q@@tter, 2005; Corrales et al.,

2018, thereby potentially easing the establishment of-mative plant functional groups in
disturbed ecosystemRichardson et al., 2000tufiez & Dickie, 2014 Fr Nc¢ } Thusathe. , 201
differential distribution of mycorrhizal fungi could explain the dominance of the invasive
vegetation found in the stockpiles and the native plant communities that dominate in the reference

soils (Buss et al., 2020).

The comparison of the fungal functional guilds and their trophic modes in stockpiles and reference
soils revealed that there was a shift in the dominance of ECM in the reference soil to saprotrophic
fungi in the stockpiled soils. Due to the complex assmeidbetween ECM and the boreal forest

vegetation (Clemmensen et al., 2013; Policelli et al., 2020), nitrogen is sequestered in the reference
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soils (Averill & Hawkes, 2016; Lindahl et al., 2021; Tedersoo & Nara, 2010), which leads to the
accumulation of organic matter in the forest soil. In the process of stockpiling, this nitrogen is
released during overstory removal (Pec et al., 2017; Rodrigamos et al., 2021), carried out as
part of the mining activities (Johnson & Miyanishi, 2008). The associated accumulation ef plant
derived organic matter in the stockpiles (Martos et al., 2009) may have promoted the growth of
saprotrophic fungi. The ajonism between these two fungal groups could respond to the
limitation of saprotrophic fungi colonization exerted by the ECM. Therefore, the shift in microbial
communities generated by soil stockpiling is also manifested at the level of the functiats play

by microbial communities in the soil.

Stockpile depth has consistently been mentioned as one of the factors negatively associated with
the decrease in microbial diversity in stockpiled soils (Block et al., 2020; Harris et al., 1989b;
Johnson et al., 1991; Strohmayer, 1999). My results straagiport these conclusions since
bacterial, archaeal, and fungal communities in the stockpile surfad®dth, 1620 cm, and 20

30 cm) were dramatically different from the communities in the deeper stockpile lay&G ¢80

and >300 cm)andthis shift in community composition was accompanied by an important decline

in fungal, bacterial, and archaeal diversity as well as the fungal functional guilds and their
associated trophic modes in the deeper stockpile layers. The reasons for sudhalalgerease

in diversity function and community composition could be attributed to the hostile conditions
commonly found in the deeper sections of stockpiled soils (AKdttem & McRae, 198Hatrris

et al., 1989b;Anderson et al., 2008), which are chaeaized by low nutrient and biomass
production (Paterson et al., 2019) and anoxic zones (Johnson et aj.Bldi%let al., 202D A

close analysis of the microbial communities of the deeper stockpile layers shows that these soill

depths were mainly dominated by anaerobic and facultative aerobic prokaryotic groups (e.g.,
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methanogens and fermenters), as well as saprotrophic fungi. These microbial groups are clear
indicators of the subxic conditions that likely dominate the deeper regions of the stockpiles
Therefore, the increased depth of the stockpiled soils changes microbial community composition
and is detrimental to microbial diversity, and function. Therefore, the use of soil at this depth as a

reclamation substrate could be problematic.

Soil storage time has been regarded as a negative factor for soil microbial communities, associated
with a general decline in soil desirable proper{igshnson et al., 1991; Kundu & Ghose, 1997,
Strohmayer, 1999) . Some sources have consider
decline in soil health attributes, including microbial communities, makes it unsuitable to be used
as a reclamatiosubstrate(Kundu & Ghose, 1993hose & Kundu, 200t My findings shed light

on the impact of stockpilage on microbial communities, showing that fungal and prokaryotic
communities follow different trajectories through soil storage time. My results indicate that
prokaryotic communities in the younger and older stockpiles diverged significantly from the
reference soils. However, bacterial communities of intermedigtal stockpiles (i.e., 5 and 7
years) became more similar to the reference soils. This may indicate that even when stockpiling
initially generates a significant disturbance, the stockpile bakteoimmunities recover to
resemble those communities in the reference soils within a few years; however, this recovery
seems to be transitory, since after prolonged stordgecommunities could differentiate again

from those in the reference soils. Thiisding also seems to indicate that, in terms of bacterial
communities, there is an optimal age range for the stockpiled soils to be successfully used as a

reclamation substrate.

The fungal communities, on the other hand, exhibited notable differences with the reference soils

along the chronosequence time points, but for some of the younger (i.e., 2 years old) and the oldest
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(i.e., 28 years old) stockpiles, these differences seemed to increase. The fact that the differences
between fungal communities in stockpiles and reference soils remained significant across the
chronosequence may indicate that the fungi are more sertsitthe impact of the disturbance
generated by soil stockpiling than the Bacteriakewise, the higher abundance of the
endomycorrhizal fungi (i.e., arbuscular mycorrhizae, ericoid mycorrhizae, and orchid
mycorrhizae) in some of the younger stockpilesgests that these guilds proliferate when the
disturbance generated by the stockpiling activities is recent and may play a fundamental role in
the course of the secondary succession, probably easing the establishment of invasive plant
communities in the stkpiled soils, as discussed above and evidenced by the higher proportion of
nortnative plant functional groups in the stockpiles (Buss et al., 2020). The fact that fungi seemed
to be more sensitive to stockpiling than prokaryotes is also supported blifthie &ey soll
microbial taxa from fungi to Bacteria generated by stockpiling, as revealed by-tleewwence

analyses.

Although multiple studies have indicated that soil storage time is associated with a decrease in
microbial alpha diversity (Kundu & Ghose, 1993hose & Kundu, 20041 found the opposite
trend, with most bacterial alpha diversity indexes increasing significantly with storage time. On
the other hand, the fungal community alpha diversity generally did not change significantly with
soil storage time, (excepting the @ays old stockpile). Therefore, imy system, stockpiling time

seemed to impact microbial communityneposition but did not decrease the microbial diversity.

Prior studies have generally attributed harsh conditions to stockpiled soils (Johnson et al., 1991;
Strohmayer, 1999Block et al., 202 This led me to hypothesize that the variability in the
microbial communities of the stockpiles and their divergence with the communities of the

reference soils could be explained by the physical, chemical, and biological factors responsible for
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the conditions found in the stockpiles. Contrary to my expectations, the measured environmental
and edaphic factors only explainieds thar20% of the variability in the system, and most of such
variability was influenced by neutral community assembly processes, including drift and dispersal.
However, the relative influence of the neutral assembly processes is different for each microbial
groupand tends to fluctuate according to soil depth and storage time. So, fungal communities were
primarily influencedby drift, archaeal communities by homogeneous dispersal, and bacterial
communities by dispersal limitation and homogeneous dispersal. The relatively high influence of
drift on the fungi could be due to their relatively lower population size, comparealcterial
communities (Wu et al., 2018; Zhang et al., 2023). Intriguingly, the assembly processes explaining
t h edivelsity between fungal guilds and trophic modes in the stockpiles show that the
mycorrhizal fungi are primarily assembled by homogeneoysedial, which is facilitated by the
vegetation (Janowski & Leski, 2022). On the other hand, saprotrophic fungal communities are
primarily governed by drift, which could be explained by the high influence drift has in functional

redundant groups (Zhou & Nin2017).

The relative importance of the aberentioned neutral assembly processes was different for the
rare microbial taxa (i.e., Those with a relative abundance of <1% in every sample). So, the
influence of drift for the rare bacterial taxa was considerablyenittan the influence this factor
represented for the bacterial communities in general. Fungal communities were chiefly influenced
by drift, but the less abundant fungal taxa were mainly influencédimpgenizinglispersal. The
relatively higher influencef drift on the rare bacterial taxa could be due to the greater effects of
random death, colonization, and extinction events on less abundant dflops et al., 2006;

Chen & Wen, 2021). The high influence of dispersal on the rare fungal taxa, on the other hand,
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may suggest that these fungal taxa belong to the mycorrhizal functional group, whose dispersion

is facilitated or limited by vegetation (Janowski & Leski, 2022).

5.

Pohri butions to the field

My preliminary resuét g edoransftiircnral t fatchangel

community composiSomen @afndt e veni sr opi al gr
responsi ble for i mportant ecosystem servic
t hat popul ates the soil. Therefore,9Q@he us

cm and >300 c¢cm, heoudaalcso mpfromaed tecl amat

di sturbance persists in the soil after it

The results of my st udyl idfi ddfi.eithdtédal desirabteh e do
characteristics deteriorate with increasing stockpile storagg, smee

). In general, alpha diversity metric&glchot seem to beeduceddy soil storage time.

2). There was not a linear progress of the dissimilarities between stockpilesfemetice
soils with increasing stockpilege.

3). The dissimilarities betweenrgkaryotic microbial communities o$tockpiles and
reference soilncreased for younger and older stockpilesdrdreased fantermediate

age stockpiles

The shift in fungal communities generated by stockpiling also impacts ftungzlons

The endomycorrhizal fundi.e., ericoid mycorrhiza, arbuscular mycorrhiza, and orchid
mycorrhizg were more abundant in the younger stockpitsich mayindicate that these
guilds areassociated with the promotion of the proliferation of invasive plant functional

groups in the stockpiled soils. Similarly, the shift fraatomycorrhizal fungin the
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reference soils to saprotrophic fungi in the stockpitay haveserious implications for the
carbon degradation amdlease of greenhouse gas from these soils.

V. The influence of environmental filters in the structuring of the microbial communities of
the stockpiles is relatively low indicating that the harsbxtremeconditions in stockpiles
may not be as influential as expected for the variability and assembly of the microbial
communities in the stockpiles. Conversely, factors related to population size, functional
redundancy, or physical and physiological barriery tmaresponsible for the variability
in the microbial communities of the stockpiled soil. Myulesthus reveal a higher load of
the variability on the disturbance generated by the soil management (i.e., vegetation
removal, stripping, mixing, compacting), than in the conditions generated as a result of

stockpiling.
53 Technol ogy transfer

I.  Toreducethe impact of stockpile depth on microbial communities, | suggest:
1). For new stockpilesjmit the height of the stockpiled sod 80 cm.
2). If stockpiles higher than 80 cm are generated, then | recommend-dpecagling and
mixing of the piles to avoid compaction and improve aeration in the deeper stdakeike
3). If existing stockpiled soil will be used in reclamation, then | suggest not employing the
soil below the ~80 cm depth.
II. My resultsindicate that prokaryotic microbial communities of stockpiles recover to
resemble the communities found in undisturbed referencessdils er a firest pe.|
7 years otopsoil storageTherefore, we suggest that stockpiled soil should not be used in
reclamation during the early storage pelied years old)instead, the soil should remain

stored and be used once tlest period { 5-7 years old) has been achievbeddoing so,
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VI.

theresults of reclamation should not be differ@ntterms of prokaryotic communities)
than those obtained when reclamation is done using fresh soil.

My results show that stochastic factors likely associated with soil management and
stockpiling practicesire more influetial in the shift of microbial communities and their
functions. Therefore, we suggestodifying the stockpiling practices to reduthe
disturbance generated by the mechanized handling and strippingtigatethe drastic
shifts suffered by the microbial communities of the soil.

Microbial diversity andthe microbiataxathat weresignificantly higher in stockpilesoils
were correlated with the conditionghat characterizedhe stockpiling disturbance
Thereforethese taxand diversitymetricsshouldbe integratednto soil integrity indexes
as efficient indicators of soil healthThis may serve to determine tleendition of a
determined stockpiled saib be applied in reclamatiaor to shed light orthe outcomes
of reclamation using stockpiled soils as a substrate.

Vegetation was found to be influential for the structurthefmicrobial groups profiled as
indicators of disturbd and nondisturbedconditions. Therefore we suggest reclamation
companies promote the growth of native vegetation on the stockpiled soitsgatethe
impact of stockpiling on microbial communities.

The microbial taxa found to be correlated with gteckpiling disturbance werelso
predicted by the increase in soil nutriefesy.carbon andiitrogen), thereforave suggest
reclamation specialists be careful at the time of addirigentrich material and fertilizers
to stockpiled soils, since doing so may promote the growtheaindesirable microbial

taxathat characterized thdisturbance in thetockpled soil
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5. Future research

I. 1 examined the impact of stockpiling on sbdcterial, archaeal, and fungal communities,
revealing the influence of environmental factors and assembly processes on the structure
and variability of these communities. Few prior studies have addressed the influence of
soil stockpiling on microbial comumities when these soils have been used in land
reclamation of disturbed ecosystems like the jpaising sites. Further studies should
assess if the patterns described here are maintained after the use of stockpiled soils in
reclamation and how these patte affect the trajectories of reclamation in the disturbed
ecosystem. Considering that soils are stockpiled to be used in reclamation, the insights

generated would serve to evaluate the relevance of my findings relative to reclamation

practices.
. My results indicate that prokaryotic micro
periodo, after which bacteri al communiti e

communities found in undisturbed reference soils. This finding led me to suggest th
retentonofst ockpi |l ed soi l until this Arest per.i
similar recovery pattern of the fungal communities, or the fungal functional groups
assessed. Previous studies showed the recovery of bacterial communitestackipiles

within 2-3 years of storage (Gorzelak et al., 2020) and the fungal communities and some

of their functional groups within-20 years (Birnbaum et al., 2017; Gorzelak et al., 2020;
Jasper et al., 1987 herefore, the time required to achigfie recovery of the microbial
communities may depend on the stockpiling practices and environmental or geographic
conditions or could vary depending on the microbial group accessed. Future studies should

assess the universality of the rest period for stibett soil microbial communities and
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determine the predictors behind Also, prior studies showed a stockpile plant community
more closely resembling native plant communities from undisturbed sites following the
Arest periodo. Thus, the correl at'iecoverybet we
when the rest period has been achieved should be analyzed by further studies.

Stochastic factors were primarily responsible for the structuring of microbial communities
and the most important assembly process for prokaryotes is dispersal and for fungi is drift.
In the case of the fungal communities, the results reveal that everthgileassembly is
mainly influenced by drift, the mycorrhizal communities are largely driven by dispersal.
These findings indicate that assembly factors influencing the structure of the communities
based on their taxonomy are different from those dritiiggcommunity in terms of their
function. Further research should assess the processes driving the prokaryotic communities
based on the roles they play in the soil ecosystem, like those involved in nitrogen,
phosphorus, and sulfur cycles, as well as liromposition. The knowledge generated
from the proposed research would help to understand the factors involved in soil functional
turnover and their consequences for ecosystem services andunciibnality.

My study has shown that the most influential taxa in the structure of the microbial
communities in undisturbed soils were fungi, but some of these key taxa were displaced by
bacterial taxa after soils had been stockpiled. Further studies should be cdrtducte
generate insights into the factors and assembly processes behind the shift in the key
microbial taxa and to determine if the shift is maintained with increasing stockpile depth
and storage time.

Compared to the deep soil layés§-90 cm and >300 cmjhe surface stockpile laye(@

10 cm 1020 cm and 2630 cm seem to be less affected the stockpilingassociated
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disturbance in terms of composition, diversity andingal putativefunctions These
surface soils should then be experimentally tested as inoculant of blended reclamation soil,

to improve the outcomes of land reclamation.

5. Potenti al |l i mitati ons

a)Compared t o Bacrteelratai vaen da drucndpaedas aeshodf r @ el y

|l ow, which could have decreasedeghedirodgustt
i mpact of stockpiling on archaeal communi't
b)My i nferences on fungal guilds and trophic

determined or observed by each of the groug

based on the guilds to which fuhdabnoommutnik
dat abase. Even when the precision of the de
(Nguyen et wé.]|] ackKleyecise information ab
communities at the time of sampling.

c)The results regarding the >300 c¢cm stockpil

sampl es f or s(tahneds ef & itdhmél alyGeer e not sampl ed

for the other sample depths, which coul d r ¢
or led to incorrect inferences regarding t
d)My anaalryes etsatsheed aomp | i fi ed mar ker gene sequ
classified into ASV (amplicon sequence Vva

sensitivity to errors of the ASV approach,
uni t) clustediing 20Q&Il)Il. aMHomweetera recent St
ASV approach may <c¢classify marker gene sequ

taxa (Schl oss, 2021) , or remove rare taxa
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Supplementary Information for Chapter 2
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Methanobacterium GCA-900066575 GOUTBS8
Sneathia Aquicella Roseobacter
Pseudomonas Rhodanobacter Muribaculum
BSV13 Elev-1651166 43911

Gaiella Bauldia Xylophilus
Parasutterella Prevotella Gemmatimonas
Ruminiclostridium_5 SWB02 Pelosinus
Bilophila Arcobacter Acidothermus
Pedosphaera Subgroup_10 Prevotella
Geobacter Desulfomicrobium Weissella
Bdellovibrio RB41

Brevundimonas Vibrio
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Tabl A®B2I ysi s of dissimilarities (ANOSI M), C
stockpiles and reference soils according to t
|l nter medi ate (5 and 7 years), Old ¢4l sahd 28

Soil type R-score P-value
Reference vs Younger 0.437 <0.01
Reference vs Intermedia 0.087 <0.01
Reference vs Old 0.524 <0.01
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Tab3BAnal ysis of dissimil-a0i tmeahdem)@eamdtdhept
l ayerdd (80 and >300 cm) of the svatkpisl ¢évradood
ANOSI M and PERMANOVA are shown.

Age R-score p (Anosim) p (Permanova)

Stockpile ID

4] 0.5 -0.126 0.716 0.655
5J 1.5 0.220 0.026 0.015
PS4 2.0 0.780 0.001 0.001
4S 50 -0.153 0.838 0.880
5S 7.0 -0.043 0.620 0.705
PE 11.0 0.233 0.07 0.141
WL 28.0 0.413 0.12 0.002
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Tabl A2l ysis of dissimilarities (ANOSI M), <co
equivalent depth | ayers of stockpiles and ref

Stockpile vs Reference R-score p-value

Surface stockpile vs surface referer 0.337  <0.001

Deepstockpile vs Deep reference  0.340  <0.001
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FigureC®ml@pari son of microbial communities of

NMDS ordination showing the dissimilarities (
of the stockpiles and refer enc agesategoliesandfove ns i d «
depth groups. B: Cluster analysis comparing the microbial communities of the stockpiles according

to their age and the reference soils. For both figures (i.e., A and B), the contrasted age categories
are: Younger (0.5, 1.5, and 2ays8), Intermediate (5 and 7 years), and Old (11 and 28 years). The

depth groups contrasted for figure A, are: Surfacel(Ocm, 10 20 cm), Intermediate (2030

cm), and Deep (800 cm and > 300 cm).
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Supplementary informatioior Chapter3
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STH vs STW
RSH vs STH

Fi gurBdReSl ts of the analysis of similarities
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FigurdC8Brelogram based on the Pearson corre
factors and stockpile conditions associated
di fferences between the communi tTihes sa fg nti fa csatn
the correlation between edaphic parameters an
*  p O 0.01 = ** p O 0.001 = *=*x*
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