Biological Soil Crusts and Climate Effects on Soil
Stabilization, Erosion, and Nutrient Dynamics across

the Chilean Coastal Range

Dissertation
der Mathematisch-Naturwissenschaftlichen Fakultat
der Eberhard Karls Universitat Tubingen
zur Erlangung des Grades eines
Doktors der Naturwissenschaften

(Dr. rer. nat.)

vorgelegt von
Nicolas Riveras Munoz

aus Puente Alto, Chile

Tabingen
2025



Gedruckt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultat der

Eberhard Karls Universitat Tlbingen.

Tag der mindlichen Qualifikation: 04.12.2025
Dekan: Prof. Dr. Thilo Stehle
1. Berichterstatter: Prof. Dr. Thomas Scholten

2. Berichterstatter: PD Dr. Harald Neidhardt



Abstract

Biological soil crusts (biocrusts) and climate effects profoundly shape soil stabiliza-
tion, erosion, and nutrient dynamics, especially across diverse environmental gradi-
ents like the Chilean Coastal Range (arid to humid). This research explored these
intricate interactions through a multi-scale approach that combined field observa-
tions, rainfall simulations, laboratory wetting-drying cycles, root microcosms, and
advanced analytical techniques. The focus was on the interplay between biocrusts,
microbial communities, plant roots, and fundamental soil properties.

Key findings reveal that biocrusts significantly enhance soil aggregate stability and
nearly double infiltration across the gradient, thereby reducing surface runoff and
erosion. Notably, while their stabilizing influence on large aggregates diminishes
where dense vegetation cover is present, their overall importance persists even in
humid climates, refining previous assumptions. Biocrusts also fundamentally altered
hydrological pathways, shifting transport from surface erosion to subsurface perco-
lation and modulating carbon (C) and nitrogen (N) fluxes by decreasing sediment-
bound losses while increasing dissolved nutrient leaching in a climate-dependent
manner.

Sterilization assays confirmed the critical role of microbial communities in aggre-
gate formation, uncovering unexpected resilience and strong climate-legacy effects
where microbial responses to wetting-drying cycles shifted from driving organic mat-
ter turnover in arid soils to reorganizing aggregates in semi-arid and mediterranean
soils. Root-lifespan microcosms showed that living roots drive macroaggregation,
while decaying roots trigger a microbial succession from fungal to Gram-positive
bacterial dominance and enhance the formation of protected, occluded particulate
organic matter. Together, these results support a new conceptual framework in
which biocrusts, microbes, and roots act as a synergistic, climate-dependent en-
semble of soil engineers. Overall, this work advances understanding of soil structure
and function across contrasting climates and highlights the originality of integrating
biological and hydrological perspectives.






Kurzfassung

Biologische Bodenkrusten (Biocrusts) und Klimaeffekte prdgen mafBgeblich die
Bodenstabilisierung, Erosion und Nahrstoffdynamik, insbesondere entlang viel-
faltiger Umweltgradienten wie der chilenischen Kuistenkordillere (von arid bis hu-
mid). Diese Forschung untersuchte diese komplexen Wechselwirkungen mittels ei-
nes mehrstifigen Ansatzes, der Feldbeobachtungen, Regenszenariosimulationen,
Labor-Wettrocknungszyklen, Wurzelmikrokosmen und fortschrittliche Analysetech-
niken kombinierte. Der Schwerpunkt lag auf dem Zusammenspiel von Biocrusts,
mikrobiellen Gemeinschaften, Pflanzenwurzeln und grundlegenden Bodeneigen-
schaften.

Wesentliche Ergebnisse zeigen, dass Biocrusts die Stabilitdt von Bodenaggre-
gaten signifikant verbessern und die Infiltration entlang des Gradienten nahezu
verdoppeln, wodurch Oberflachenabfluss und Erosion verringert werden. Bemer-
kenswert ist, dass ihr stabilisierender Einfluss auf gro3e Aggregate zwar bei dich-
ter Vegetationsdecke nachlasst, ihre grundlegende Bedeutung aber auch in feuch-
ten Klimaten erhalten bleibt und somit frihere Annahmen revidiert. Biocrusts ver-
anderten zudem die hydrologischen Pfade grundlegend, indem sie den Transport
von der Oberflachenerosion zur unterirdischen Versickerung verlagerten und die
Kohlenstoff-(C)- und Stickstoff-(N)-Flisse regulierten: Sedimentgebundene Verlus-
te wurden verringert, wahrend die Auswaschung geldster Nahrstoffe klimabhangig
zunahm.

Sterilisationsversuche bestatigten die zentrale Rolle mikrobieller Gemeinschaften
bei der Aggregatbildung und deckten unerwartete Resilienz sowie starke Klimalegat-
Effekte auf. Dabei verschoben sich die mikrobiellen Reaktionen auf Wettrocknungs-
zyklen: In ariden Bdden trieben sie den Umsatz organischer Substanz an, wéahrend
sie in semiariden und mediterranen Béden die Reorganisation von Aggregaten be-
wirkten. Wurzelmikrokosmen zeigten, dass lebende Wurzeln die Makroaggregation
antreiben, wahrend absterbende Wurzeln eine mikrobielle Sukzession von einer
pilzlichen zu einer grampositiven bakteriellen Dominanz auslésen und die Bildung
von geschitzter, okkludierter partikularer organischer Substanz férdern. Zusam-
mengenommen stltzen diese Ergebnisse einen neuen konzeptionellen Rahmen, in
dem Biocrusts, Mikroben und Wurzeln als synergistisches, klimabhangiges Ensem-
ble von Bodeningenieuren wirken. Insgesamt erweitert diese Arbeit das Verstéandnis
von Bodenstruktur und -funktion tUber kontrastierende Klimazonen hinweg und be-
tont die Originalitat der Integration biologischer und hydrologischer Perspektiven.
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Chapter 1

Introduction

1.1 Biological soil crusts and soil aggregate stability
along a climatic gradient

Life has deeply shaped the surface of Earth over billions of years, actively modify-
ing its environment within the Critical Zone—Earth’s living skin—which forms the dy-
namic interface between the lithosphere, atmosphere, hydrosphere, and biosphere
(Amundson et al., 2007; Brantley et al., 2017; Dietrich & Perron, 2006). The soil, a
central component of this zone, mediates essential biogeochemical processes and
supports terrestrial ecosystems. Although soil is subject to constant reshaping by
erosion, weathering, and tectonic activity (Scholten et al., 2017), organisms, partic-
ularly biological soil crusts (biocrusts), significantly influence its structural integrity
and stabilization.

Biocrusts are formed from complex interactions among diverse organisms, in-
cluding photoautotrophs such as cyanobacteria, algae, lichens, and bryophytes,
and heterotrophs such as bacteria, fungi, and archaea, which intertwine with soil
particles through their own filamentous structures and polysaccharide-based adhe-
sives (Belnap et al., 2016; Gao et al., 2017; Weber et al., 2022; Xiao et al., 2022).
This intricate biological network establishes a cohesive, mesh-like layer that firmly
binds the uppermost soil surface, functioning as a protective, living skin on Earth’s
surface. Biocrust enhance soil aggregate stability by physically protecting soil ag-
gregates (Szyja et al., 2023), sheltering organic matter (Drahorad et al., 2020), and
facilitating microbial colonization (Delgado-Baquerizo et al., 2018).

The stabilizing role of biocrusts is especially crucial in arid environments, where
their desiccation tolerance and low water requirements make them the predomi-
nant biological cover (Chen et al., 2020; Oliver et al., 2005). This resilience comes
from their ability to remain dormant during extended dry periods, reviving rapidly
upon rewetting, even after complete desiccation, a capability attributed to the lack
of specialized desiccation control structures like stomata or impermeable cuticles
(Magdefrau & Wutz, 1951; Proctor et al., 2007; Thielen et al., 2021). Consequently,
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biocrust water content directly reflects the humidity of the surrounding environment,
making them uniquely adapted to arid and semi-arid regions (Colesie et al., 2016;
Grote et al., 2010). Under these conditions, biocrust-induced soil stability achieves
its maximum impact, significantly reducing erosion susceptibility and facilitating soil
formation processes.

However, as climate humidity increases along a gradient towards more temperate
conditions, vegetation competes more effectively and biocrusts are often relegated
to resource-limited niches (Bldel et al., 2016). In temperate regions, biocrusts stab-
lishes on bare soils or soils with minimal plant development, where conditions such
as high salinity, low nutrient availability, and limited water availability mirror the lim-
iting conditions of arid landscapes (Corbin & Thiet, 2020; Gall, Ohan, et al., 2022).
Thus, the interplay between biocrusts, microbial communities, and plant roots shifts
along this climatic gradient, diminishing, but not eliminating, the protagonism of bio-
crusts on soil stability, structure and size distribution of soil aggregates.

1.2 Microbial communities as drivers of aggregate
structure

Soil, far from being an inert substrate, is a dynamic entity due to the microbial com-
munities in it. These microscopic organisms, including bacteria, archaea, fungi, and
protists, are the main drivers of soil development and functioning, influencing almost
every aspect of terrestrial ecosystems (Bardgett & van der Putten, 2014). Their ubig-
uity and sheer abundance, with cell counts often reaching billions per gram of soil,
underscore their significance in biogeochemical processes (Nunan et al., 2001). Mi-
croorganisms mediate complex nutrient cycles that involve carbon, nitrogen, and
phosphorus, transforming organic matter and making essential elements accessible
for plant uptake (Schimel & Schaeffer, 2012). Furthermore, they actively participate
in the weathering of minerals, contributing to soil development and releasing nutri-
ents into the environment (Barkay & Schaefer, 2001; Burford et al., 2003). Their
metabolic activities influence soil pH, redox conditions, and the overall chemical
environment, thus creating diverse microhabitats that sustain a wide variety of life
forms (Brehm et al., 2005).

The resilience and adaptability of microbial communities is perhaps most strikingly
demonstrated in extreme environments. Arid climates, characterized by drastic tem-
perature fluctuations, minimal precipitation, and limited nutrient availability, provide
compelling examples of how microbial life thrives under harsh conditions. Research
in these arid ecosystems has revealed unexpectedly high abundances of diverse
microorganisms, even in extremely dry desert environments (Bernhard et al., 2018;
Newsham et al., 2016). This ability to withstand environmental stress makes desert
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soils particularly valuable for understanding the potential effects of climate change
on microbial communities (Pearce et al., 2012). Studying these environments offers
valuable insights into the limits of life and the adaptive strategies microorganisms
employ when confronted with adversity. Such knowledge is invaluable for under-
standing the potential responses of microbial communities to ongoing and future
environmental changes.

The connection between microbes and the development of soil structure is pro-
found. Microorganisms colonize raw mineral substrates such as saprolite or newly
formed desert soils, initiating a complex successional process that transforms bare
rock into fertile soil (Lazaro et al., 2008; Stradling et al., 2002). They contribute to
mineral weathering through the production of organic acids and other metabolites
that dissolve rock surfaces (Bajerski & Wagner, 2013; Mavris et al., 2010; Styriakova
et al., 2012). Along the Chilean Coastal Range, climate distinctly shapes microbial
community composition, driving shifts in microbial functions, including their capabil-
ity to stabilize soil aggregates (Bernhard et al., 2018). Microbes decompose organic
matter derived from plant and animal residues, releasing nutrients and contributing
to the formation of soil organic matter, a critical component of soil structure and fer-
tility (Bucka et al., 2019; Oades, 1993). Furthermore, microbial communities actively
participate in the formation of soil aggregates by exuding substances like polysac-
charides, which act as a glue, binding soil particles together and creating a stable
soil structure (Martens & Frankenberger, 1992; Schlecht-Pietsch et al., 1994). Con-
sequently, climatic-driven microbial succession directly influences soil aggregation,
which is essential for maintaining soil stability, enhancing water infiltration, reducing
soil erodibility, and ultimately fostering ecosystem development.

1.3 Climate as a driver of soil and microbial dynamics

Climate stands as a primary architect of soil, profoundly influencing its formation,
structure, and function (Jenny, 1941). Temperature and precipitation regimes, along
with evapotranspiration rates, dictate the weathering of parent material, the accu-
mulation and decomposition of organic matter, and the development of distinct soil
horizons (Scholten et al., 2017). These climatic factors also exert a strong influence
on the soil water balance, which in turn affects nutrient availability and the overall
biogeochemical cycling within the soil ecosystem (Eldridge et al., 2020).

The influence of climate extends beyond the purely abiotic realm, shaping the
composition and activity of microbial communities that inhabit the soil (Nemergut
et al., 2005). Different climatic conditions select for distinct microbial populations,
influencing their functional capabilities and the biogeochemical processes they me-
diate (Newsham et al., 2016). For instance, arid environments, characterized by
low precipitation and high temperatures, harbor specialized microbial communities
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adapted to these extreme conditions (Pearce et al., 2012). These microbial commu-
nities play a vital role in initial soil formation and nutrient cycling, even in the face of
resource scarcity (Bernhard et al., 2018). Our own studies in the Chilean Coastal
Range revealed distinct patterns in soil properties and microbial communities along
a climate gradient (Bernhard et al., 2018). Interestingly, these trends often followed
specific, rather than homogeneous patterns, indicating the presence of threshold
processes and buffering mechanisms in soil ecosystems (Bernhard et al., 2018).

The development and distribution of biocrusts are also intricately linked to climate.
Water availability, driven by precipitation and evapotranspiration, is a major determi-
nant of biocrust cover and composition (Bowker et al., 2016). Arid regions tend to
favor biocrust dominance due to the scarcity of vascular plant cover (Colesie et al.,
2016; Grote et al., 2010), while more humid climates support greater plant diver-
sity, leading to a mosaic of biocrusts interspersed with plants (Issa et al., 1999).
The protective effects of BSCs against erosion and their influence on soil hydrology
also vary depending on climate, with potential trade-offs between runoff reduction
and water infiltration (Kidron et al., 2022). These findings demonstrate the impor-
tance of considering climate not only as a driver of soil properties but also as a key
factor shaping microbial communities and the distribution and functionality of bio-
crusts. The Chilean Coastal Range, with its dramatic gradient from arid to humid
conditions, provides a natural laboratory for investigating these complex interac-
tions. This gradient allows us to explore how the interplay of climate, soil, microbes,
and biocrusts shapes the Earth’s surface across varying environmental conditions.
Furthermore, understanding how climate influences these components individually
and in combination is crucial for predicting how soil ecosystems will respond to fu-
ture environmental changes. The non-linear nature of some of these climate-driven
changes, coupled with the potential existence of thresholds in soil processes across
environmental gradients, highlights the need for comprehensive research in diverse
climatic settings (Bernhard et al., 2018).

1.4 Influence of plant roots and interactions with
biocrusts along the climate gradient

Plant roots exert a profound influence on the surrounding soil environment, driving
structural changes, altering nutrient availability, and shaping microbial communities
(Hinsinger et al., 2009). These complex interactions among roots, microbes, and soil
particles constitute a fundamental axis supporting soil development and ecosystem
functioning.

Roots physically restructure the soil matrix through growth and penetration, cre-
ating channels and pores, thereby enhancing aeration and water infiltration (Bruand
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et al., 1996). This process of bioturbation is particularly relevant in developed soils,
where root systems establish intricate networks of interactions with the surrounding
environment. Moreover, roots release a variety of compounds, known as rhizode-
posits, including sugars, amino acids, and organic acids, which serve as primary
substrates for soil microorganisms (Hinsinger et al., 2009; Rasse et al., 2005). This
concentrated release of labile carbon in the rhizosphere fuels microbial activity, cre-
ating a "hotspot" of biological processes (Hinsinger et al., 2009; Kuzyakov & Blago-
datskaya, 2015).

The impact of roots, however, extends beyond the immediate vicinity of the living
root. As roots senesce and decompose, they enter the detritusphere, a zone char-
acterized by the breakdown of plant-derived organic matter (Vidal et al., 2018). In
this zone, the legacy of roots persists as decomposed root material contributes to
soil organic matter formation and influences the structure and stability of soil aggre-
gates (Six et al., 2004). The transition from rhizosphere to detritusphere marks a
shift in the microbial community, as the readily available carbon from rhizodeposits
is replaced by more complex organic compounds derived from decaying root tissues
(Vidal et al., 2018). This shift in resource availability triggers microbial succession,
favoring microorganisms capable of degrading these more recalcitrant substances.

Importantly, the interactions between biocrusts and vascular plants form a dy-
namic feedback loop in soil ecosystems. Biocrusts, as early colonizers of bare
ground, contribute to the initial stabilization of the soil surface, creating microhabi-
tats that facilitate subsequent plant establishment (Belnap & Bldel, 2016; Bowker et
al., 2006). As plants colonize and their root systems develop, they further enhance
soil structure formation, promoting the accumulation of organic matter, and creating
conditions for diverse microbial communities to thrive (Schweizer et al., 2018; Six et
al., 2004). This positive feedback loop between biocrusts and plants drives the de-
velopment from initial, unstable soil environments towards more mature and resilient
soil ecosystems. Thus, along environmental gradients, plant roots progressively be-
come primary agents of aggregate stability, influenced indirectly but significantly by
earlier biocrust colonization and microbial activity.

1.5 Biocrusts, hydrological processes, and nutrient
fluxes influencing soil erosion

Climatic conditions strongly shape biocrust composition, morphological characteris-
tics, and ecological functions, thus influencing hydrological processes, nutrient cy-
cling, and susceptibility to soil erosion (Belnap & Lange, 2003; Concostrina-Zubiri et
al., 2014). In arid environments, biocrusts dominated by cyanobacteria and lichens
typically form smooth, compact surfaces enriched with microbial biomass and extra-
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cellular polysaccharides (EPS), profoundly affecting surface hydrology (Rodriguez-
Caballero et al., 2018; Weber et al., 2022). Such biocrust structures frequently lead
to surface pore clogging, potentially increasing runoff initiation but simultaneously
reducing sediment loss by enhancing aggregate stability and protecting soil organic
matter (Kidron et al., 2021). Conversely, in humid climates, biocrusts with higher
proportions of bryophytes and fungi possess rougher surfaces that promote water
retention, facilitate infiltration, and reduce runoff, thereby strongly influencing sedi-
ment transport and nutrient dynamics (Gall, Nebel, et al., 2022; Riveras-Mufoz et
al., 2022; Seitz et al., 2017).

These functional differences across climate conditions emphasize the critical role
biocrusts play in regulating carbon (C) and nitrogen (N) fluxes, erosion dynamics,
and soil fertility. Biocrusts act as initial stabilizers of soil organic matter, even preced-
ing plant colonization, thus shaping early nutrient cycling pathways (Belnap et al.,
2007; Young et al., 2022). Furthermore, by physically absorbing raindrop energy,
trapping sediment, and promoting microbial-driven aggregate formation, biocrusts
provide a protective barrier against erosion, influencing water and sediment fluxes
(Costa et al., 2018; Xiao et al., 2022).

However, the way in which biocrust-mediated hydrological processes, nutrient cy-
cling, and erosion control shift across gradients of temperature and humidity remains
uncertain. These functional patterns are complex and nonlinear, reflecting intricate
interactions between biocrust structure, microbial activity, vegetation competition,
and climatic variability rather than a simple linear climatic transition (Bernhard et al.,
2018; Riveras-Munoz et al., 2025).

1.6 Understanding biocrusts across a climatic
gradient

Biocrusts play a pivotal climate-dependent role in stabilizing aggregates, regulating
erosion, and controlling water and nutrient fluxes. This biocrust-mediated stabiliza-
tion effect is most pronounced in arid regions due to minimal vegetation, decreas-
ing in relative importance but persisting as climates become more humid. Along
the Chilean Coastal Range, this dynamic illustrates how biocrusts, microbial com-
munities, and plant roots co-evolve, shaping soil structure, erosion resistance, and
nutrient cycling.

Addressing these complex interactions and feedbacks is crucial for predicting
how soils and associated ecosystems will respond to ongoing climate changes, es-
pecially considering the non-linear and threshold-driven nature of soil processes
across environmental gradients (Bernhard et al., 2018; Wang et al., 2014). Future
research should deepen understanding of these interactions, exploring quantitative
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relationships to inform conservation strategies and enhance ecosystem resilience in
a rapidly changing world.

Understanding how biocrust functions shift across climatic gradients is critical for
predicting soil ecosystem responses to environmental changes. The interactions
among biocrusts, microbial communities, and plant roots along these gradients
exemplify the inherent complexity and nonlinearity of soil processes (Wang et al.,
2014). Biocrusts exert differing influences on soil aggregate stability, soil erodibil-
ity, water and nutrient flows, reflecting adaptive responses to variations in moisture
availability, temperature, and vegetation cover (Belnap & Lange, 2003; Weber et al.,
2022). In arid climates, biocrusts typically dominate soil surfaces, forming protec-
tive layers that significantly modulate hydrological processes, sediment transport,
and microbial activity, thereby strongly influencing soil structure and organic matter
dynamics (Kidron et al., 2021; Rodriguez-Caballero et al., 2018). However, as cli-
matic humidity increases, the interplay between biocrusts and plant roots becomes
more intricate, with intensified competition from vegetation altering microbial com-
munity composition and reshaping nutrient pathways (Riveras-Mufioz et al., 2022;
Seitz et al.,, 2017). Rather than transitioning gradually, these interactions likely
exhibit thresholds and complex feedback loops (Wang et al., 2014), implying that
even subtle climatic shifts can substantially modify ecosystem functions (Bernhard
et al., 2018). Recognizing these nonlinear responses is critical for predicting how
soils—and the ecosystems they sustain—will adapt to current and future climatic
changes. Addressing these knowledge gaps through quantitative assessments of
biocrust-driven processes is therefore essential for developing effective conserva-
tion strategies, promoting soil health, and enhancing ecosystem resilience (Belnap
& Budel, 2016; Weber et al., 2022).

1.7 Objectives and hypotheses

This research forms part of the DFG Priority Program: EarthShape: Earth Surface
Shaping by Biota (DFG-SPP 1803), specifically within the subproject Microbial En-
gineers - Drivers of Earth Surface Development and Stabilization. The subproject
aims to understand microbial processes that shape Earth’s surface, focusing on the
roles microorganisms play and providing a quantitative understanding of the mech-
anisms and microbial taxa involved under various climate conditions. It addresses
these questions by: (i) experimentally investigating how microorganisms alone con-
trol the formation and transition of initial soils into resilient ecosystems; and (ii) ana-
lyzing the combined influence of microorganisms, biocrusts, and plant roots on sail
surface stability and erosion under natural and controlled conditions along climatic
gradients.

It is hypothesized that biocrusts enhance soil aggregate stability by physically
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protecting the soil surface, sheltering organic matter, altering microbial community
structures, and modifying water infiltration patterns (Manuscripts 1 and 2). This sta-
bilizing effect is expected to be most pronounced in arid climates, where biocrusts
represent the primary soil cover due to minimal vegetation and limited organic matter
inputs. With increasing humidity, however, the influence of biocrusts on soil stabi-
lization is predicted to diminish, though it will not disappear entirely, due to greater
water availability and competition from vegetation (Manuscript 1).

Furthermore, soil microbial communities are hypothesized to accelerate soil for-
mation processes in arid environments when moisture and temperature conditions
are favorable. Responses to simulated climate change are expected to be medi-
ated by soil legacy effects, shaping microbial community structure and interactions
over time. Bacterial diversity and adaptation processes likely reflect climatic shifts,
providing insight into long-term soil developmental dynamics (Manuscript 3). Micro-
bial communities are also expected to be crucial for soil aggregation by influencing
soil structure and stability across different climates and stages of soil development.
Specific microbial taxa may differentially influence aggregation processes, with their
contributions being modulated by biotic and abiotic factors, including wetting-drying
cycles and moisture fluctuations (Manuscript 4).

Roots are hypothesized to promote water-stable macroaggregate formation in
topsoil and subsoil, with legacy effects persisting after plant death within the de-
tritusphere (Manuscript 5). Microbial abundance near roots is expected to increase
due to labile carbon availability, especially in carbon-poor subsoils. The transition
from rhizosphere to detritusphere likely triggers microbial succession, favoring gram-
positive bacteria as readily available carbon compounds are replaced by more com-
plex materials. Root-derived organic matter, including rhizodeposits and litter, is
presumed to significantly influence organic matter dynamics by facilitating the for-
mation of particulate and mineral-associated organic matter, thereby shaping aggre-
gate formation and biogeochemical processes (Manuscript 5).

Lastly, it is hypothesized that biocrusts regulate hydrological processes such
as surface runoff, sediment discharge, and percolation flows, along with associ-
ated carbon and nitrogen fluxes, and overall reduce soil erosion irrespective of
climatic conditions. However, climate-specific feedbacks among these hydrological
processes likely mediate carbon and nitrogen transport within biocrust-dominated
ecosystems (Manuscript 2).

To test these hypotheses, the objectives of this thesis were to:

 Evaluate the role of biocrusts in soil aggregate stabilization and their regulation
of erosion, water, and nutrient fluxes across a climatic gradient in the Chilean
Coastal Range, examining how variations in biocrust properties correlate with
changes in climate and vegetation cover (Manuscripts 1 and 2).

« Examine how soil microbial communities influence aggregate formation and
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stability under different climatic and moisture regimes, as well as their re-
sponses to simulated climate-change scenarios (Manuscripts 3 and 4).

» Determine the influence of plant roots on soil structure development, micro-
bial succession, and organic matter dynamics during transitions from rhizo-
sphere to detritusphere, emphasizing their role in soil aggregate formation
(Manuscript 5).
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Methodology

2.1 Study sites and experimental setting

In order to assess the climatic effect on soil and its interactions with biocrusts, five
study sites distributed between latitudes from 26°6’ S to 37°48’ S and over 1315km
were established in the Chilean Coastal Range (Figure 2.1): Pan de Azucar National
Park (PdA), Santa Gracia Natural Reserve (SG), Quebrada de Talca Private Re-
serve (QdT), La Campana National Park (LC) and Nahuelbuta National Park (NA),
corresponding to arid, coastal semi-arid, inland semi-arid, Mediterranean and humid
climates, respectively (Bernhard et al., 2018).
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Figure 2.1: Location of study sites relative to South America. From north to south: Pan de Azlcar
(PdA), Santa Gracia (SG), Quebrada de Talca (QdT), La Campana (LC), and Nahuelbuta (NA).

The study sites are comparable in geology, geomorphology, land use, and influ-
ence of glaciers and volcanoes (Bernhard et al., 2018). The parent material in all
the study sites is granitoid (Bernhard et al., 2018). The dominant topography is
generally fluvial valleys, and the sites had no glacial influence during the last glacia-
tion (Hulton et al., 2002). The sites are located within nature protection areas, with
limited anthropogenic influence compared to the surrounding areas. Despite this,
cattle occasionally enter these locations, and goats, mules, and donkeys have been
reported to SG (Armesto & Arroyo, 2007).

The mean annual temperature (MAT) decreases from north to south (PdA:
16.8°C, SG: 13.7°C, QdT: 14.3°C, LC: 14.1°C, NA: 6.6 °C). The mean annual pre-
cipitation (MAP) in the study sites increases from north to south (PdA: 12mmyr~!,
SG: 66mmyr~!, QdT: 109mmyr~!, LC: 367mmyr—!, NA: 1469 mmyr—') with
similar rainfall distribution mostly concentrated in winter months (May to August)
(Bernhard et al., 2018; Santibafnez Quezada, 2017). The elevation of the sites
increases from north to south (PdA: 329m to 351 m, SG: 642m to 720m, QdT:
565mto 611 m, LC: 708 m to 732 m, NA: 1200 m to 1270 m). Paleoclimate modeling
studies (Mutz et al., 2018) indicate that these climate patterns have been persistent
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since the late Pliocene; thus, the study sites represent the long-term impact of
climate on the soil (Ewing et al., 2006). Bernhard et al. (2018) classified soils in
the study sites as Regosols in PdA, Cambisols for SG, QdT and LC, and Umbrisols
in NA. In general, pedogenic properties such as soil depth, clay content, organic
matter accumulation, porosity, and activity ratio are positively correlated with site
humidity (Bernhard et al., 2018).

For each of the 5 study sites (Figure 2.2), 5 plots of Im x 1 m were set up
as replicates (P1 to P5). Each plot was assigned in the top-slope position with
a south-facing exposition, considering a high presence of site-typical biocrust
communities, similar slope and aspect, lack of anthropogenic disturbance, and a
maximum distance of 30 m between each plot. Within each plot, patches with the
highest available biocrust cover were included as treatment BSC+, and nearby bare
soil without biocrust cover was defined as control (BSC-).

13
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Santa Gracia (SG) Pan de Azucar (PdA)

La Campana (LC) Quebrada de Talca (QdT)

Nahuelbuta (NA)

Figure 2.2: General view (a, ¢, d, g, and i) and sampled biocrust (b, d, f, h, and j) of PdA, SG, QdT,
LC, and NA.
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2.2 Field methods

2.2.1 Biocrust sampling and characterization

In a first field campaign during March 2019, biocrust patches of approximately
100 cm? were collected in PdA, SG, LC and NA and identified according to Lange
and Belnap (2016). The patches were collected in the field by carefully detaching
the biocrust layer, removing the loose soil, and storing it in paper envelopes after
air-drying for every research plot. Samolov et al. (2020) describes a biocrusts dom-
inance in PdA with cover of up to 40%. The other study sites are dominated by
higher vegetation that limits the cover of biocrust up to 15% in SG and 5% in LC
and NA. Sampled communities showed all typical biocrust classes from cyanobac-
teria, algae, fungi, lichens, liverworts, and mosses. The species composition further
showed a graduating change from lichen-dominating biocrusts in the northernmost
site to bryophyte-dominating biocrusts in the southernmost site. Biocrusts in NA
were specifically found in zones of forest soil disturbance. Bryophyte-dominated bio-
crusts were sampled with rhizoids down to 5 mm depth; all other communities were
down to 2mm. Dominant macroscopic biocrust species were determined for each
of the four sites to the genus level by morphological characteristics using a stere-
omicroscope (Leitz TS, Wetzlar, Germany), a transmitted-light microscope (Leitz
Laborlux S, Wetzlar, Germany), and ultraviolet light. Species groups were sepa-
rated into bryophytes (Ardiles & Fariia, 2014; Bednarek-Ochyra, 2001; Cuvertino et
al., 2012; He, 1998; Lightowlers, 2013) and lichens (Galloway, 2007) and assigned
to the different regions (Table 2.1). Bernhard et al. (2018), based on morphological
identification of enrichment cultures, reported that the biocrusts of the four studied
sites were composed of 18 to 15 species of algae and cyanobacteria; where the
richness of green algae increased, while the richness of cyanobacteria decreased
with increasing humidity and decreasing mean annual temperature. While Samolov
et al. (2020), based on morphological and molecular traits, reported 18 species in
PdA, 26 species in SG, 40 species in LC, and 27 species in NA.
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Table 2.1: Taxonomical composition of mosses and lichens in the biological soil crust for the study

sites along the climatic gradient.

Site / Division Family Genus No. species

PdA

Lichens Cladoniaceae Cladonia sp. 2
Verrucariaceae Placidium sp. 2
Lecanoraceae Lecidella sp. 1
Rhizocarpaceae Rhizocarpon sp. 1

SG

Mosses Pottiaceae Syntrichia sp. 2
Pottiaceae Tortella sp. 2

Unidentified lichens 2

LC

Mosses Bartramiaceae Philonotis sp. 1
Bryaceae Bryum sp. 1
Pottiaceae Syntrichia sp. 2
Pottiaceae Tortella sp. 2

Unidentified mosses and lichens 2+1

NA

Mosses Amblystegiaceae Acrocladium sp. 1
Amblystegiaceae Amblystegium sp. 1
Bartramiaceae Bartramia sp. 1
Bryaceae Bryum sp. 1
Dicranaceae Campylopus sp. 2
Pterigynandraceae Myurella sp. 1

Unidentified liverworts, lichens, fungi 2+2+1

2.2.2 Soil sampling

Soil sampling campaigns were primarily conducted during the austral dry season
(typically January-April) to capture baseline soil conditions prior to the onset of win-
ter precipitation. Specific sampling approaches were adapted based on the objec-
tives of individual studies. For investigations concerning aggregate stability, mois-
ture regime effects, and general baseline characterization across the full gradient
(PdA, SG, LC, NA), bulk topsoil samples (0cm to 5cm depth) were collected from
each plot on mid-slope, south-facing locations using metal-core augers or by sam-
pling from shallow soil pits (Manuscripts 1 and 4). These samples were processed
in the field by sieving (<2 mm), another batch of samples was sieved and sterilized
with ethanol, before being homogenized per site or kept discrete per plot depend-
ing on the experimental design and subsequently stored at 4 °C pending laboratory
analysis. For studies focusing on initial soil formation and rhizosphere/detritusphere
dynamics (PdA, SG), distinct soil horizons (A horizon: Ocm to 2cm/Ocm to 3 cm;
B horizon: 2cm to 3cm/25cm to 40cm) where sampled from excavated soil pits
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(Manuscripts 3 and 5). Processing involved similar steps: sieving (<2 mm), homog-
enization per horizon and site, and storage at 4 °C.

2.2.3 Rainfall simulations

Following observations of limited soil stabilization at PdA, further rainfall simulation
experiments were conducted during subsequent expeditions in 2020 and 2022 at
SG, Quebrada de Talca (QdT), LC, and NA. Five 1 m x 1 m plots were established as
replicates at each of the four sites, consistently located on south-facing top slopes.
Plot selection considered the presence of representative biocrust communities, sim-
ilar slope and aspect, minimal anthropogenic disturbance, and a maximum inter-plot
distance of 30 m. Within each plot, runoff plots (ROPs) were established in areas
with maximum biocrust cover for biocrust-present (BSC+) treatments, and adjacent
biocrust-free (BSC-) locations served as controls. The experimental design was a
factorial completely randomized design, incorporating four sites (SG, QdT, LC, and
NA) (Figure 2.2), two biocrust conditions (BSC+ and BSC-), five replicate plots (P1-
P5), and three technical replicate ROPs (R1-R3) per plot. This resulted in a total
of eight treatments (site x biocrust) with 15 samples per treatment (plot x technical
replicate), yielding a total sample size of n = 60.

Undisturbed soil samples for rainfall simulation were collected (Figures 2.3b and
2.3c), using piercing frames (20m x 30m x 7m) (Figure 2.3a) and carefully in-
stalled into infiltration boxes to minimize surface and subsurface disturbance (Fig-
ure 2.3d). These steel boxes, designed with a triangular surface runoff gutter and
a bottom outlet, captured both runoff and percolated water. Soil water content was
measured using a TDR probe (Delta-T Devices Ltd. Cambridge, UK), averaging
three measurements adjacent to each ROP. Biocrust cover in BSC+ ROPs was as-
sessed using perpendicular photographs taken with a digital camera (Sony ILCE-
6000, SELP1650 lens; Tokyo, Japan). Photographs were analyzed using the grid-
quadrat method with a 100-subdivision grid, and biocrusts were identified visually
(Belnap et al., 2001).
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d

Cutting frame

Permeable
metal plate

Infiltration box

Figure 2.3: Construction diagram of the infiltration box with piercing frame used in the experiment
(a), general view of a plot with the presence of biocrust prior to sampling (b). (c, d) shows an installed
cutting frame and the cleared and prepared soil. (e) demonstrates the setting for rainfall simulations
at the Nahuelbuta (NA) study site.

Rainfall simulations were conducted near the sampling locations using the Tubin-
gen rainfall simulator (Iserloh et al., 2013; Seitz, 2015) equipped with a Lechler
460.788.30 nozzle and set to a falling height of 3.5 m. Infiltration boxes were placed
inside the simulator on a 10° slope (Figure 2.3e). A rainfall event was simulated
using an intensity of 45mmh~! sustained over a 30-minute period. According to
regional intensity-duration-frequency analyses for central Chile (Pizarro-Tapia et al.,
2020), such an intensity falls within the extreme rainfall category, well above the
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heavy precipitation threshold even for relatively wet climates. This extreme intensity
was selected to exceed the soil infiltration capacities and reliably generate surface
runoff at all study sites. The time until initial runoff and percolation was recorded,
and water samples from each were collected separately. Water volume was mea-
sured using a graduated beaker. Samples were left to settle by gravity for 12 hours.
Afterward, a water sample was siphoned from the supernatant, frozen at —4 °C, and
transported to the University of T"ubingen for analysis of dissolved organic carbon
(DOC) and dissolved organic nitrogen (DON). To remove water from the sediments,
the remaining material was oven-dried at 105 °C for 48 hours after all visible mois-
ture had evaporated, and then weighed. Sediment load was determined by the ratio
between the dry sediment weight and the corresponding volume of water. Sediment
samples were transported to the University of Tibingen for total C and N analyses.

2.3 Laboratory methods

2.3.1 Baseline soil characterization

Before commencing experimental manipulations, a suite of baseline soil properties
was determined on the sieved (<2 mm), air-dried field samples. Physical properties
measured included bulk density (BD), determined gravimetrically (Blake & Hartge,
1986), and particle size distribution (PSD). PSD was analyzed following the method
of Kéhn (1929), which combines sieving for fractions larger than 20 um with pipetting
for fractions smaller than 20 um (Manuscript 1). Soil texture classes were subse-
quently interpreted based on World Reference Base (WRB) guidelines (Jahn et al.,
2006). Chemical properties assessed included soil pH and electrical conductivity
(EC), measured in soil:water suspensions (1:2.5 or 1:5 ratios) using calibrated me-
ters (Manuscripts 1, 3 and 5). Total carbon (Ct) and total nitrogen (N1) contents
were quantified via oxidative heat combustion at high temperatures (1150 °C) us-
ing an elemental analyzer (Vario EL Ill, Euro EA) (Manuscripts 1, 3, 4 and 5). Sail
organic carbon (SOC) was typically calculated by subtracting the inorganic carbon
(SIC) content from the Ct content. The soil inorganic carbon (SIC) content was
determined from the volumetric titration of the reaction with 10% HCI using a cal-
cimeter (Eijkelkamp, Giesbeek, Netherlands), particularly for soils with pH values
exceeding 6.7—7.0 (Manuscripts 1, 3 and 4). Additionally, concentrations of var-
ious inorganic ions (Cl~, NO3, POZ’, SO?[, Na®, Ca®") were measured in soil
leachates prepared from the samples, utilizing ion chromatography (IC) (Manuscript
3).
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2.3.2 Aggregate stability

Various methods were utilized to evaluate soil aggregate stability and to physically
separate soil into different fractions based on aggregate size or density, tailored to
the specific research objectives of each study. To assess overall aggregate stabil-
ity across the climate gradient (Manuscript 1), a large-sample (200 g, homogenized
<30mm) two-stage sieving method based on Horn (2009) and Six et al. (2000)
was employed. Samples underwent initial dry sieving through a nested stack of
sieves (ranging from 19.0 mm down to 2.0 mm), followed by a repetition of the siev-
ing process underwater. Water-stable aggregates (WSA, omm) Were determined,
and several stability indices were calculated from the dry and wet sieving results.
The difference in mean weight diameter (MWD), representing the average size of
aggregates weighted by their mass proportion, was calculated as:

The difference in mean weight diameter (AMWD) is calculated as

Y XiW;
n ‘/Vl ’

i=1

AMWD =

where X; represents the mean diameter of the ith stable aggregate fraction, W; is the
corrected mass proportion of that fraction within the total considered range (e.g., 2—
30 mm), and n is the total number of size fractions analyzed.

The difference in geometric mean diameter (AGMD) is given by

AGMD = ex
p{ Wi

using the same definitions for X;, W;, and n.

The water stability aggregate ratio (NSAR) expresses the percentage of aggre-
gates that remain stable in water and is defined as

WSA

WSAR = x 100,

where WSA is the mass of water-stable aggregates larger than 2 mm after a stability
test and A is the mass of dry aggregates larger than 2 mm before the test.

The proportion of soil macroaggregates with diameter less than 2mm (R-»mm)

can be written as W W
R _ r>2 «100=(1— r<2
<2mm WT WT )

where W,-., is the mass of water-stable aggregates larger than 2 mm after testing,
Wr is the mass of dry aggregates larger than 2 mm before testing, and W,., is the
mass of microaggregates and primary particles smaller than 2 mm.
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For other investigations focusing on aggregate turnover dynamics and the as-
sociation of microbial communities or organic matter with specific aggregate sizes
(Manuscripts 3, 4 and 5), wet sieving techniques were applied to smaller soil sam-
ples (5 gto 10g). One approach utilized a modified Casagrande apparatus, shaking
5 g of soil on stacked sieves (250 um to 53 um) through 1000 cycles at 2Hz. This
yielded fractions defined as macroaggregates (>250um), large microaggregates
(250-53 um), and a combined fraction of small microaggregates and primary parti-
cles (<53 um) (Manuscript 3). Another frequently used method, adapted from El-
liott (1986), involved pre-wetting 10 g of soil, followed by manual immersion sieving.
This typically involved moving a stack of sieves (>500 pm, 500 pum—250 pm, 250—
53 um, 53—20um) gently up and down in water for a set number of repetitions (30
strokes over 5 minutes), with the finest fraction (<20 um) captured on a filter paper
(Manuscript 4). Following separation by either method, the recovered aggregate
fractions were carefully oven-dried (at 40°C or 105°C) and weighed. The MWD
was often calculated from the resulting mass distribution across the obtained size
classes.

To isolate soil organic matter (SOM) pools based on their physical protection and
association with minerals (Manuscript 5), density fractionation was performed. This
procedure typically used sodium polytungstate (SPT) solution at an adjusted den-
sity of 1.8 gcm™>. Bulk soil or pre-defined aggregate fractions were suspended in the
SPT solution, allowing the lighter, free particulate OM (fPOM) to float and be sepa-
rated. Subsequently, ultrasonic dispersion (using an energy input of 440 JmL~!) was
applied to break apart remaining aggregates and release occluded POM (oPOM).
This oPOM was then further separated by wet sieving into 3 different size classes
(>63 pum, 63-20 um, <20 um). The dense mineral material remaining after these sep-
aration steps constituted the mineral-associated OM (MAOM). All physically sepa-
rated SOM fractions were thoroughly rinsed to remove the SPT, dried, and weighed.
The SOC, Ct and Nt contents of these individual aggregate size or density frac-
tions were then determined using elemental analysis, providing crucial information
on carbon and nitrogen storage and distribution within the soil’s physical structure
(Manuscripts 3, 4 and 5). In addition, stable isotope analysis (§'3C, §!°N) was con-
ducted on density fractions to elucidate the sources and transformation pathways of
the organic matter (Manuscript 5).

2.3.3 Incubation experiments

Controlled laboratory incubations were central to simulating specific environmental
scenarios or distinct stages of soil succession. To mimic a climate change scenario
involving a shift to more humid conditions for arid and semi-arid soils (Manuscript 3),
soil microcosms were established using sterilized PVC columns filled with 130 g of
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sieved soil. These were incubated under controlled diurnal temperature fluctuations,
a 14/10h day/night photoperiod, and a defined moisture regime involving rewetting
to 65% water-filled pore space (WFPS) three times per week, reflecting conditions
of the humid Nahuelbuta (NA) site. Experimental treatments encompassed ster-
ile controls, native soil containing indigenous microorganisms (in situ), native soil
where biocrusts were allowed to develop (BSC), and native soil cultivated with a
pioneer plant species (Helenium aromaticum). Destructive sampling of microcosms
occurred at baseline (T0) and after 2, 12, and 16 weeks of incubation. To specifi-
cally assess the impact of differing moisture regimes on soil properties and micro-
bial communities (Manuscript 4), native and sterilized soils (60 g) were incubated
in Tbingen cups (T-cups) for a total of six weeks. Treatments included repeated
wetting-drying (W-D) cycles and a constant moisture condition. W-D cycles involved
saturating the soil to field capacity (pF 1.8), allowing it to air-dry (25°C, 1-2 days),
and then re-saturating it by placing the T-cup on a sterile sand bed. Cosntant mois-
ture samples remained continuously saturated on the sand bed. Sampling points
included the initial state (R0) and after one, three, and six W-D cycles (R1, R3, R6),
as well as after six weeks under constant moisture. For studying the transition from
a living root system to a decomposing one (Manuscript 5), an experiment focus-
ing on rhizosphere and detritusphere dynamics was conducted. Semi-arid topsoil
and subsoil were incubated in pots, either with or without the pioneer plant Hele-
nium aromaticum, under greenhouse conditions for 70 days (representing the rhizo-
sphere phase). Following this, the aboveground plant biomass was clipped at the
soil surface, and the pots were moved to darkness at room temperature for an ad-
ditional 100 days, allowing the roots and shoots to decompose in situ (representing
the detritusphere phase). Soil samples were collected at the conclusion of both the
rhizosphere and detritusphere phases, carefully separating root-adhering soil from
bulk rhizosphere/detritusphere soil where feasible.

2.3.4 Molecular analyses

The abundance and composition of microbial communities were investigated using
quantitative PCR (gPCR) and high-throughput amplicon sequencing. Total genomic
DNA was extracted from soil samples (typically 0.25-0.5 g per extraction), often in
duplicate or triplicate, using commercially available kits like the DNeasy PowerSoil
Kit (Qiagen), adhering to the manufacturer’s protocols (Manuscripts 3 and 4). The
abundance of major microbial groups - bacteria, archaea, and fungi - was quantified
by gPCR targeting specific ribosomal RNA gene fragments. Commonly used primer
pairs included Eub341F/Eub534R for bacterial 16S rRNA genes, 340F/1000R for
archaeal 16S rRNA genes, and NL1F/LS2R for fungal 28S rRNA genes or ITS re-
gion primers. qPCR assays were performed using SYBR Green-based detection
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on real-time PCR platforms (Bio-Rad CFX96). Quantification relied on standard
curves generated from serial dilutions of plasmids containing known copy numbers
of the target gene. Rigorous quality control included monitoring reaction efficien-
cies and analyzing melt curves to ensure amplification specificity (Manuscripts 3
and 4). For detailed community composition analysis, the V4 hypervariable region
of the 16S rRNA gene was amplified using universal primers (515F/806R) (Apprill
et al., 2015; Parada et al., 2016) tagged with unique barcodes for sample multi-
plexing. Sequencing was performed using the lllumina MiSeq platform, generating
paired-end reads (2x300bp) (Manuscripts 3 and 4). The resulting raw sequence
data underwent a standardized bioinformatics pipeline. This involved demultiplex-
ing reads based on barcodes (eusing cutadapt), performing quality filtering and
trimming, merging paired-end reads (where applicable), identifying and removing
chimeric sequences, and generating Amplicon Sequence Variants (ASVs) using al-
gorithms like DADA2. Taxonomic classification of ASVs was achieved by compari-
son against established reference databases, primarily SILVA. Sequences identified
as originating from chloroplasts, mitochondria, or represented by only a single read
(singletons) were typically removed from the final dataset (Manuscripts 3 and 4).
In some cases, potential ecological functions of the identified prokaryotic taxa were
inferred using predictive tools such as FAPROTAX (Manuscript 4).

2.3.5 Organic matter and microbial biomarker characterization

To gain deeper insights into the composition of soil organic matter (SOM) and the
structure of microbial communities, advanced analytical techniques were employed.
The chemical composition of bulk plant material and specific SOM pools isolated via
density fractionation (POM fractions) was characterized using solid-state !3C Cross-
Polarization Magic Angle Spinning (CP-MAS) Nuclear Magnetic Resonance (NMR)
spectroscopy. The resulting spectra were quantified based on established chemical
shift regions corresponding to major biochemical classes, including alkyl C, O-alkyl
C, aromatic C, and carbonyl C. Diagnostic indices, such as the alkyl C/O-alkyl C
ratio, were calculated to infer OM composition and degradation state. Additionally,
a Molecular Mixing Model (MMM) was sometimes applied to estimate the relative
contributions of broader biochemical categories like carbohydrates, proteins, lipids,
and lignin to the overall OM (Manuscript 5).

The composition of lignin within plant and root biomass was specifically in-
vestigated through cupric oxide (CuQO) oxidation. This method breaks down the
lignin polymer into characteristic phenolic monomers (vanillyl (V), syringyl (S), and
cinnamyl (C) units), which were then quantified using Gas Chromatography-Mass
Spectrometry (GC-MS). Total lignin content was estimated based on the sum of
these units (VSC), and diagnostic ratios, such as S/V, C/V, and acid-to-aldehyde
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ratios within each phenol group (e.g., (Ac/Al)y), were calculated to assess lignin
source and degradation stage (Manuscript 5).

Phospholipid Fatty Acid (PLFA) analysis was used to characterize the structure
and biomass of the active microbial community. Lipids were extracted from soil us-
ing methods like a modified Bligh & Dyer extraction, and PLFAs were separated
from neutral and glycolipids, often via solid-phase extraction. The purified PLFAs
were then converted into Fatty Acid Methyl Esters (FAMEs) through transesterifi-
cation and subsequently analyzed using Gas Chromatography coupled with Flame
lonization Detection (GC-FID). Specific FAMEs served as biomarkers for different
microbial groups: e.g., 18:2w6,9 for fungi; iso- and anteiso-branched fatty acids for
gram-positive bacteria; and monounsaturated or cyclic fatty acids for gram-negative
bacteria. These data allowed for the calculation of total microbial biomass and struc-
tural indices such as the fungi:bacteria ratio and the gram™:gram~ ratio (Manuscript
5).

2.4 Statistical analyses

The statistical analyses across manuscripts 1 to 5 employed a range of methods to
investigate the relationships between biocrusts, microbial communities, plant roots,
and soil properties. Normality was tested using the Kolmogorov-Smirnov test, and
homoscedasticity using Levene’s test. Generalized linear models (GLMs) were com-
monly used to assess the influence of factors like climate, biocrust presence, and
treatments on soil properties and aggregate stability (Manuscripts 1, 2 and 3). Model
selection was based on the Akaike Information Criterion (AIC) and data charac-
teristics, utilizing appropriate link functions (Gaussian, Gamma, inverse Gaussian,
Tweedie) to account for non-normal distributions (Dunn, 2017; Team, 2018; Wickam,
2016). Tukey’s post-hoc test was used for pairwise comparisons (p < 0.05).
Analysis of variance (ANOVA) and analysis of covariance (ANCOVA) were also
employed, particularly to assess differences in measured properties between
treatments and across sites or horizons. Where applicable, soil baseline variables
were used as covariates in ANCOVA (Manuscripts 2 and 5). Non-parametric tests,
such as the Kruskal-Wallis test followed by Mann-Whitney post-hoc tests, were
used when normality or homoscedasticity assumptions were violated (Manuscript
3). Data transformations were applied when necessary, using the bestNormalize
package (Peterson & Cavanaugh, 2020; Peterson, 2021). The Dunn-Sidak
correction was implemented for multiple comparisons (Hothorn et al., 2008).
Microbial community data were analyzed using various multivariate techniques.
Non-metric multidimensional scaling (NMDS) was used to visualize community
structure and beta diversity (Oksanen et al., 2013). Permutational multivariate
analysis of variance (PERMANOVA) assessed the significance of differences
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between groups (e.g., sites, horizons, time points), often followed by pairwise
PERMANOVA for detailed comparisons (Martinez Arbizu, 2020) (Manuscripts 3 and
4). Distance-based redundancy analysis (dbRDA) identified environmental factors
influencing community composition (Manuscript 4). Indicator species analysis
revealed taxa associated with specific sites or horizons using the indval function
(Dufréne & Legendre, 1997; Roberts & Roberts, 2016) (Manuscript 4).

Co-occurrence networks explored the complex relationships within microbial com-
munities. Network properties, including modularity, connectance, and hub species,
were calculated using the igraph package (Csardi & Nepusz, 2006), and correla-
tions between ASVs were assessed using Pearson correlation (Harrell Jr & Harrell
Jr, 2019) (Manuscript 4). Weighted gene co-expression network analysis (WGCNA)
grouped highly correlated ASVs into modules to explore their relationships with
physicochemical properties (Langfelder & Horvath, 2008) (Manuscript 4).

Molecular mixing models were used to quantify the relative contributions of dif-
ferent organic matter components (carbohydrates, proteins, lignin, lipids) based
on 13C NMR spectroscopy data (Nelson & Baldock, 2005; Prater et al., 2020)
(Manuscript 5).
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Chapter 3
Results and discussion

3.1 Effect of biocrust on soil aggregate stability
(manuscript 1)

This study investigated the influence of biological soil crusts (biocrusts) on soil ag-
gregate stability and their interplay with soil properties along a climatic gradient in
the Chilean Coastal Range, spanning arid (PdA), semi-arid (SG), Mediterranean
(LC), and humid (NA) conditions.

3.1.1 Climate-induced changes in soil properties

Soil properties varied significantly (p < 0.05) along the climate gradient (Figure 3.1),
reflecting the influence of increasing precipitation and decreasing temperature from
north to south on weathering and soil development. Bulk density generally de-
creased from the drier northern sites (PdA: 1.5gcm 3, SG: 1.6 gcm™3) to the humid
south (NA: 0.6 gcm™3). Conversely, soil organic carbon (SOC) content increased
significantly along the gradient, from approximately 0.3 % in PdA to 12.5% in NA,
emphasizing the role of climate in organic matter accumulation. Total nitrogen (NT)
followed a similar pattern, increasing from 0.04 % in PdA to 0.51 % in NA. However,
the C/N ratio was highest at the climatic extremes (PdA: 33.9, NA: 24.5), potentially
indicating nitrogen limitation in both the most arid and most humid environments, as
suggested by Brust (2019). Soil pH decreased consistently and significantly along
the gradient, from alkaline conditions in PdA (mean pH 7.7) to acidic conditions in
NA (mean pH 4.4), likely due to increased leaching of base cations and higher bio-
logical acid production in wetter climates. Clay content also increased significantly
from north (PdA: 9.6 %) to south (NA: 24.6 %).
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Figure 3.1: Soil physical and chemical properties across the four study sites (PdA: Pan de Azucar,
SG: Santa Gracia, LC: La Campana, and NA: Nahuelbuta). Letter-based display accompanying soil
properties with significant effect for site. Different letters indicate statistically significant differences
(p < 0.05, Sidak correction). EC = electrical conductivity, BD = bulk density, Ct = total carbon, SOC
= soil organic carbon, SIC = soil inorganic carbon, Nt = total nitrogen, C/N = carbon to nitrogen ratio.
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3.1.2 Biocrust-induced changes in soil properties

Biocrust presence significantly (p < 0.05) influenced several soil properties (Fig-
ure 3.2a), often interacting with the climatic site (Figure 3.2b). A significant site x
biocrust interaction was observed for bulk density, with biocrusts associated with a
decrease in BD in arid PdA but an increase in Mediterranean LC. Biocrust pres-
ence significantly affected soil texture overall, associated with a slight decrease in
clay and an increase in silt content when averaged across sites. However, the site
x biocrust interaction was significant for clay, showing a notable increase under
biocrusts specifically in PdA. Across all sites, biocrust presence led to a small but
statistically significant decrease in soil pH, potentially reflecting localized acidifica-
tion due to respiration (Bachar et al., 2010). Ct and SOC contents were significantly
lower under biocrusts when averaged across all sites. A significant site x biocrust
interaction affected Ny, showing significantly lower values under biocrusts only in
the humid LC and NA sites. The C/N ratio was significantly lower under biocrusts
overall, driven partly by changes in PdA. Electrical conductivity (EC) was extremely
high in PdA compared to other sites, and the site x biocrust interaction showed a
significant reduction in EC under biocrusts only in PdA.
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Figure 3.2: Biocrust (lightgray) and interaction (darkgray) effects on soil properties. Soil physical
and chemical properties across for biocrust (BSC+ vs. BSC-) and the interaction with the site (PdA:

Pan de Azlcar, SG: Santa Gracia, LC: La Campana, and NA: Nahuelbuta).

Letter-based display

accompanying soil properties with significant effect for Biocrust or Site xBiocrust. Different letters

indicate statistically significant differences (p < 0.05, Sidak correction). EC

BD

electrical conductivity,

bulk density, Ct = total carbon, SOC = soil organic carbon, SIC = soil inorganic carbon, Nt

total nitrogen, C/N

carbon to nitrogen ratio.
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3.1.3 Biocrust and climate interactions on aggregate stability

Soil aggregate stability showed clear responses to both the climatic gradient and
biocrust cover, particularly when assessed under wet conditions. Overall aggregate
stability, indicated by the difference in geometric mean diameter (AGMD), signifi-
cantly increased (lower AGMD indicates higher stability) along the climatic gradi-
ent from PdA (mean AGMD 1.86 mm) to NA (mean AGMD 0.83 mm), although SG
showed higher stability (mean AGMD 1.2 mm) than LC (mean AGMD 1.4 mm). The
water stability aggregate ratio (WSAR) confirmed this trend, with NA (mean WSAR
81.1%) being significantly more stable than the other sites (mean WSAR 57.7% -
73.4%).

Biocrusts exerted a significant stabilizing effect, particularly on larger aggregates
under wet sieving conditions. The presence of biocrusts significantly increased the
proportion of water-stable aggregates >2 mm overall. Specifically, the interaction
between site and biocrust was significant for wet aggregates in the 9.5-30.0 mm
range, showing a stabilizing effect (increase in proportion) in PdA, SG, and LC, but
not in the humid NA site. This suggests a threshold effect, where the stabilizing role
of biocrusts diminishes as vascular vegetation and associated stabilizing agents be-
come more dominant under humid conditions. Correspondingly, biocrust presence
significantly decreased the proportion of water-stable aggregates <2 mm (R-2ym)
overall (from mean 63.7% without biocrusts to 57.5% with biocrusts) (Figure 3.3).

These findings highlight that biocrusts contribute to soil structure by binding par-
ticles and microaggregates, likely through mechanisms involving fungal hyphae,
cyanobacterial filaments, and the production of extracellular polymeric substances
(Six et al., 2004; Totsche et al., 2018). Extending these observations, we detected a
stepwise increase in mean weight diameter (MWD) along the biocrust successional
gradient, with mature lichen- and moss-dominated crusts exhibiting significantly
higher aggregate stability than early-stage cyanobacterial communities. This pat-
tern mirrors the successional enhancement of MWD reported by Yang et al. (2022)
on the Hilly Loess Plateau after the “Grain for Green” Project, underscoring that pro-
gressive accretion of filamentous networks and polymeric binding agents drives sta-
bility improvements. Complementarily, Gao et al. (2017) demonstrated that biocrust
development alters particle-size distribution by augmenting fine aggregate fractions
and soil organic carbon (SOC), thereby fostering the formation of water-stable ag-
gregates.

While biocrusts influenced bulk C and N contents, the lack of a direct correlation
between these bulk changes and stability across all sites suggests that the specific
composition and micro-spatial arrangement of organic binding agents within aggre-
gates, rather than just total C or N, are critical for stability (Wagner et al., 2007).
Together, our data and these complementary studies indicate that the biochemical
quality of exopolymers and filamentous networks produced by biocrusts predomi-
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nates over sheer organic mass in governing aggregate integrity. Finally, as moisture
regimes become more humid, biocrust-mediated stabilization gradually yields to the
combined effects of vascular plant root exudates and associated soil organic matter
dynamics, shifting the primary stabilization mechanisms toward plant-soil interac-
tions (Belnap & Bldel, 2016).
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Figure 3.3: Aggregate stability indexes for Pan de Azlcar (PdA), Santa Gracia (SG), La Campana
(LC), and Nahuelbuta (NA) for biocrust (BSC+) and non-biocrust (BSC-) treatments displayed as
mean and standard error. AMWD = difference in mean weight diameter, AGMD = difference in
geometric mean diameter, WSAR = water stability aggregate ratio, R.omm = ratio of aggregates less
than 2 mm.

3.2 Effect of biocrust on water flow, erosion and
nutrient flow (manuscript 2)

This study investigated the role of biological soil crusts (biocrusts) as climate-
dependent regulators of erosion, water, and nutrient cycling using rainfall simulation
experiments across a 910 km climate gradient in the Coastal Mountain Range
of Chile. Four study sites represented coastal semi-arid (SG), inland semi-arid
(QdT), Mediterranean (LC), and humid (NA) climates. These sites, characterized by
comparable topography and granitic parent material, allowed for assessing biocrust
influence under varying climatic conditions by comparing undisturbed soil monoliths
with (+) and without (-) biocrust cover. We analyzed surface runoff, percolation flow,
sediment transport, and associated carbon (C) and nitrogen (N) fluxes.

Soil properties varied across the climate gradient, reflecting differing weather-
ing intensities and soil development stages relevant to hydrological and erosion re-
sponses. Notably, the inland semi-arid site (QdT) exhibited high biocrust cover de-
spite lower water availability compared to the coastal SG site, likely due to protection
from disturbance within a fenced area since 2011, fostering biocrust development
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(Budel et al., 2016). Soil texture across sites was predominantly sandy loam, with
clay content increasing southward, influencing water retention and infiltration path-
ways.

3.2.1 Biocrust influence on water flow and sediment transport

Biocrusts significantly modulated water flow and erosion dynamics, though their ef-
fects varied with climate and the specific pathway (runoff vs. percolation). Regarding
runoff dynamics (Table 3.1), biocrusts delayed runoff initiation across all sites, with
a mean delay of 97.7%. This effect was particularly noticeable at the humid NA
site, where dense bryophyte cover increased surface roughness and water storage
(Kidron et al., 2022; Rodriguez-Caballero et al., 2012; Zeng et al., 2025). Over-
all, biocrusts reduced total runoff volume by an average of 28.0 %, although this
was site-specific, ranging from a 72.4 % reduction in NA to an unexpected 36.4 % in-
crease in LC. Although LC is a Mediterranean region, characterized by dry summers
and rainy winters, his pattern aligns with the findings of Eldridge et al. (2020), where
biocrusts increase surface runoff in drylands. Despite these impacts on surface flow,
biocrusts did not measurably affect the time required for percolation to commence
(Table 3.2).

Moreover, the concurrent reduction in overland flow and the marked increase in
percolation fluxes, nearly doubling from 21.5Lh~"! in bare soils to 42.6Lh~! under
biocrust cover, demonstrate that biocrusts enhance cumulative infiltration and sat-
urated hydraulic conductivity by improving surface pore continuity and subsurface
connectivity (Table 3.2).

In terms of erosion and sediment flux, biocrusts proved highly effective at reduc-
ing soil loss via surface runoff, decreasing total sediment transport by an average
of 69.9 % and sediment concentration in runoff by 60.9 % (Table 3.1). The most
significant reduction occurred at the inland semi-arid QdT site, where biocrusts cut
sediment transport via runoff by approximately 80 %, from 665gm~2h~! in bare
soils to 131 gm~—2h~! under biocrusts, highlighting their protective role (Rodriguez-
Caballero et al., 2018). Conversely, sediment mobilization via percolation increased
by 28.3 %, and sediment concentration in percolation rose by 58.3 % when biocrusts
were present. This demonstrates a clear shift in sediment transport dynamics, mov-
ing from predominantly surface erosion on bare soil to increased subsurface trans-
port under biocrust cover. This shift can be attributed to the development of pref-
erential flow paths—such as micro-cracks, root channels within moss and lichen
tissues, and desiccation fissures in the crust—which focus water infiltration and mo-
bilize fine particles via suffusion, thereby enhancing subsurface erosion (Kdgler et
al., 2025). Laboratory flume experiments have shown that when surface runoff is im-
peded, subsurface flows can carry substantial sediment loads, sometimes account-
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ing for up to 50 % of total soil loss at small scales (Kdgler et al., 2025). Similarly,
investigations in karst vegetation-soil-rock systems reveal a “binary response” where
connected subsurface conduits promote underground sediment transport at the ex-
pense of surface wash (Jing et al., 2025). In biocrusted soils, aggregate breakdown
beneath the crust combined with increased soil pore connectivity likely exacerbates
this effect, transforming biocrusted surfaces into environments where subsurface
pathways become the dominant route for sediment delivery.
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Chapter 3 Results and discussion

Table 3.2: Percolating water fluxes on the study sites (SG: Santa Gracia, QdT: Quebrada de Talca, LC: La Campana, NA: Nahuelbuta) with
(+) and without (-) biocrust (BSC) cover. Values mo:mwuosa to mean =+ standard deviation (SD) of five field replicates. Different letters indicate
statistically significant different values based on Sidak correction post-hoc test results.

Time to start — Sediments in Sediment load in
- Percolation . a .
Factor percolation flow [Lh1] percolation flow percolation
[5] [gm~>h~"] [gL'm?]
Mean £+ SD SG 223+190 18.0+14.0 (a) 19+34 4.2+19.7
QdT 175.0£94.5 228+150 (a) 7=x10 02+0.3
LC 234+ 183 224+13.0 (a) 13£15 0.5+0.5
NA 145+169 65.0£39.0 (b) 23+£25 04+0.4
Biocrust BSC+ 1714+133 42.6£340 (b) 19+22 (b) 0.5+0.5
BSC- 218+190 21.5+21.0 (a) 12+£24 (a) 2.14+13.7
SitexBiocrust SG BSC+ 202+103 248+15.0 (ab) 19£18 0.7+0.5
SGBSC-  244+251 11.1£10.0 (a) 18+46 7.5+27.5
QdT BSC+ 148.0+63.9 305+13.0 (b) 9+13 0.3+0.3
QdT BSC- 202+113 151+£13.0 (ab) 5+6 0.2+0.2
LC BSC+  226+223 235+14.0 (ab) 17£19 0.6+0.5
LC BSC- 241+139 21.3+14.0 (ab) 9+£9 0.4+0.3
NA BSC+ 107.0+£35.6 91.54+28.0 (c) 30+32 04+04
NA BSC- 183 £234 385+30.0 (b) 16+£15 04+0.3

aLetter-based display accompanying parameters where shown. Different letters within a column section (Mean,
Biocrust, or Site x Biocrust interaction) indicate statistically significant differences (p < 0.05, Sidak correction).
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3.2 Effect of biocrust on water flow, erosion and nutrient flow

3.2.2 Biocrust modulation of carbon and nitrogen fluxes

Biocrusts significantly altered the transport pathways and amounts of C and N in
both sediment-bound and dissolved forms, with effects dependent on climate and
site conditions (Figure 3.4). For carbon fluxes, sediment-associated C loss via
runoff generally increased with climatic humidity. Biocrusts significantly reduced
this sediment C loss, by up to a factor of four compared to bare soil. In perco-
lation flow, biocrusts also reduced the C content in mobilized sediments, an effect
most pronounced in drier climates where reductions reached 20-40%. Furthermore,
biocrusts consistently increased dissolved organic carbon (DOC) concentrations in
runoff across all sites, suggesting an alteration of C cycling pathways towards leach-
ing rather than just physical erosion (Baumert et al., 2021). Similar patterns, though
moderated by site xbiocrust interactions, were observed for DOC transported via
percolation. Moreover, Young et al. (2022) demonstrated that biocrusts facilitate the
vertical movement of soluble carbon and nutrients from the surface to subsurface
mineral soils, thereby enhancing overall carbon sequestration.

Regarding nitrogen fluxes, sediment-associated N loss via runoff also increased
with humidity. The biocrust effect on this sediment N was strongly site-specific,
causing an increase in SG but a decrease in NA, and explaining 48.8% of the ob-
served variability. Dissolved organic nitrogen (DON) fluxes in runoff showed trends
analogous to DOC, generally increasing with biocrust presence, especially in north-
ern sites like SG (increasing from 1.34+1.0 ppm in BSC- to 2.24+2.0 ppm in BSC+).
However, a contrasting effect was observed at the humid NA site, where biocrusts
decreased DON in runoff (from 0.6+0.7 ppm in BSC- to 0.3+0.8 ppm in BSC+),
potentially indicating enhanced N immobilization or uptake in this N-richer ecosys-
tem. DON fluxes transported via percolation followed similar site-dependent trends
influenced by biocrust interactions.
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LC — Mediterranean NA - Humid

* Cinsediments =) + N in sediments =)
« DOCinwater pzp ¢ DON inwater =

Figure 3.4: Representation of total carbon (C) and nitrogen (N) fluxes in sediment and dissolved
organic fractions in water (DOC and DON, respectively) for the four study sites. Diagonal arrows
represent surface runoff. Arrows pointing vertically downward represent percolation. The diagrams
on the right, with a light green surface, represent the BSC+ treatments, and the one on the left
represents the BSC- treatments. Grey-filled arrows correspond to C fluxes, and yellowish arrows to
N. At the same time, arrows with solid borders correspond to fluxes attached to the sediments and
dashed arrows correspond to fluxes dissolved in water. Each type of arrow is proportional within
each group in width to the concentration of nutrients and in length to their mass. For numeric values,
see Table B.4.

Overall, biocrusts play a crucial, climate-dependent role in regulating water flow,
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3.3 Microbial, plant and moisture controls on soil structure and functionality

significantly reducing surface runoff erosion, but potentially increasing subsurface
sediment transport. They profoundly influence C and N cycling, generally reducing
C losses via runoff while altering dissolved nutrient pathways, with specific effects
on N mobilization varying strongly between arid and humid environments.

3.3 Microbial, plant and moisture controls on soil
structure and functionality (manuscripts 3, 4 and
3)

Beyond the direct impacts of biological soil crusts (BSCs) and the broad climatic gra-
dient, further investigations using subsets of the study sites (primarily arid Pan de
Azucar (PdA) and semi-arid Santa Gracia (SG), but also including mediterranean
La Campana (LC) and humid Nahuelbuta (NA) in Manuscript 4) provided deeper
insights into the roles of the indigenous microbial community, plant roots, and mois-
ture dynamics in shaping soil aggregation, organic matter turnover, and nutrient
cycling. These studies employed controlled laboratory incubations simulating spe-
cific scenarios: a shift to humid conditions for arid/semi-arid soils (Manuscript 3),
repeated wetting-drying (W-D) versus constant moisture (CM) regimes across the
climate gradient (Manuscript 4), and the natural transition from a living rhizosphere
to a decomposing detritusphere in semi-arid soil (Manuscript 5).

A central finding emerging from these experiments is that the impact of microbial
activity on soil aggregation and related properties is highly dependent on the origin
of the soil and the prevailing environmental conditions. This was clearly demon-
strated in the moisture regime experiment (Manuscript 4), where the responses of
native, microbially active soils to repeated wetting-drying (W-D) cycles were com-
pared against sterilized controls across the climate gradient. Principal component
analysis visually distinguished the trajectories of native versus sterile soils under
W-D stress, directly highlighting the significant contribution of microbial activity to
changes in soil edaphic properties (Figure 3.5). Crucially, the nature of this micro-
bial influence differed markedly between climate zones. In arid soils, the microbially-
influenced samples were primarily characterized by changes in aggregate C/N ra-
tios, suggesting accelerated turnover of labile organic matter (OM), where wetting
initially dry soils triggers a spike in microbial respiration known as Birch effect (Birch,
1958) (Figure 3.5A). In contrast, microbially-influenced semi-arid and mediterranean
soils under W-D were distinguished from controls mainly by shifts in aggregate size
distribution, particularly an increase in microaggregates (MIC) relative to macroag-
gregates (MAC) (Figure 3.5B-C). This direct comparison underscores that while mi-
crobes actively mediate soil structural changes during moisture fluctuations, the
specific mechanisms and outcomes (OM turnover vs. aggregate reorganization)
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are strongly dictated by the climate legacy imprinted on the soil and its microbial
community.
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Figure 3.5: Principal component analyses of soil properties in native soils (squares) and sterilized
soils (circles) including significant soil properties. A) arid, B) semi-arid, C) mediterranean and D)
humid site. Microbial influence is indicated by sample separation along the x-axis.

Further results support this picture of context-dependent microbial influence and
climate legacy effects. The observed increase in aggregate C/N ratios in microbially
active arid soils (Figure 3.6A) aligns with findings of stimulated microbial abundance
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3.3 Microbial, plant and moisture controls on soil structure and functionality

under W-D but also a net breakdown of MAC and only a slight decrease in over-
all aggregate stability (MWD) (Manuscript 4), consistent with rapid consumption of
labile OM released from decomposing larger aggregates. The microaggregate for-
mation observed in microbially influenced semi-arid and mediterranean soils (Figure
3.5B-C) corresponds with outcomes where overall stability either slightly decreased
(semi-arid) or increased (mediterranean) (Manuscript 4), suggesting different stabi-
lization pathways potentially involving OM redistribution or transformation.

Pan de Azucar Santa Gracia
Acidobacteriota N Y EIEEN X XXX 7
Actinobacteriota @ OQ} N X N N N ‘O XX
Armatimonadota| ® ®@ © o @ © © © o © o o o o o
Bacteroidotal ® ® @ @ o ® ©¢ e OO ©® ® ¢ o o
Chioroflexi{@ @ © o @ @ © © @ ¢ @ @ © @ @

Cyanobacteria

) o @ o

D B o o & o
[ O O

g Deinococcotal ® @ e o o o @ ©
E’ Firmicutes
o Gemmatimonadota
Myxococcota
nan1 ® ® © & o @ ® ® ° = o o e o o o
Patescibacteriaj ¢ o ® ® ¢ © ® ® < <« © o ¢ © © O | Apngance [%]
Planctomycetota © ® @ @ © ® @ @ OO 000000 o 1
Proteobacteria @ 10
Verrucomicrobiota ‘ 25
TOT1 T2 T3 TO T1 T2 T3 TO T1 T2 T3 TO T1 T2 T3
Horizon A Horizon B Horizon A Horizon B ‘ 50

Site / Time / Horizon

Figure 3.6: Relative abundance of top 15 bacterial phyla for Pan de AzlGcar and Santa Gracia and
the different time points. Time is represented as TO (original), T1 (2 weeks), T2 (12 weeks) and
T3 (16 weeks). Each bubble is the mean of the different treatments (in situ, BSCs and plants) and
technical triplicates.

The importance of climate legacy was also evident in the differential resilience of
microbial communities themselves. The arid PdAA community, adapted to stable hy-
peraridity, showed significant structural changes and diversity loss under simulated
humid conditions (Manuscript 3), while the semi-arid SG community, from a more
variable climate, demonstrated greater stability (Figure 3.6), mirroring the patterns
observed in the PCA analysis (Figure 3.5).

Beyond the intrinsic microbial community and moisture effects, the powerful role
of plants was confirmed (Manuscript 5). Living roots acted as potent drivers of
macroaggregation in both topsoil and subsoil of semi-arid origin. However, a dis-
tinct root legacy effect was apparent, as this enhanced aggregation only persisted
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after plant death in the topsoil, indicating a requirement for continuous C input or
greater inherent stability factors in the subsoil. This transition from rhizosphere to
detritusphere also drove a microbial succession from fungal to Gram-positive bacte-
rial dominance and altered OM protection mechanisms, notably increasing occluded
POM in the topsoil detritusphere (Figure 3.7).
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Rhizosphere Detritusphere

Topsoail

The microbial abundance increased
around the living roots in the topsoil
and while it persisted after plant death...

il
" »

d y
Protection of native OM around the decaying
roots via the occlusion of POM into aggregates

.the community composition shlft
rrom the rhizosphere to the detritus-
phere, where the dominance of gram+
bacteria increased and fungi decreased

Roots fostered the formation
a) of macroaggregates

in both topsoil and subsoil

Fresh C inputs were maintained in highly
bioavailable forms (IPOM) both around
living and decaying roots due to the re-
stricted microbial turnover of C inputs

Subsail

dance of fungi in the subsoil rhizosphere,
but this effect vanished after plant death

(gtoots induced a shift to higher relatve abun-
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during root decay in the subsoil detritusphere, in contrast to
the topsoil, where aggregates persisted after plant death

Figure 3.7: a) Living roots fostered the formation of macroaggregates in both topsoil and subsail,
and b) induced a change in the microbial community composition in the subsoil towards a higher
relative abundance of fungi. This was not reflected in the topsoil, where c) the microbial abundance
instead increased uniformly in the rhizosphere without structural changes in the community. While the
increased total microbial abundance was maintained in the detritusphere, the composition changed
as Gram+ bacteria outcompeted fungi. Around decaying roots in the topsoil, d) OM was protected
in aggregates via the formation of occluded POM (0POM<20 um) and in the subsoil, €) the slower
microbial C turnover resulted in an accumulation of fresh C inputs in highly bioavailable forms (fPOM)
around both living and decaying roots. While the root-induced macroaggregates persisted after plant
death in the topsoil, f) the aggregates disintegrated in the subsoil around the decaying roots.
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Chapter 4

Conclusion & Outlook

This research investigated the multifaceted role of biological soil crusts (biocrusts),
microbial communities and plant roots in shaping soil development, stability, and nu-
trient cycling across a climate gradient in the Chilean Coastal Range. By combining
field observations, laboratory experiments, and advanced analytical techniques, this
work provides valuable insights into the complex interactions between biota, climate,
and soil processes.

A key focus of this research was to understand the influence of biocrusts on soil
aggregate stability and their interplay with soil properties along a climate gradient.
Four sites representing arid, semi-arid, Mediterranean, and humid conditions were
selected, allowing for a comparative analysis of biocrust effects under contrasting
environmental conditions. The results revealed significant variations in soil proper-
ties along the gradient, with bulk density decreasing and soil organic carbon (SOC),
total nitrogen (Nt), and clay content increasing with humidity. These variations re-
flect the influence of climate on weathering processes, organic matter accumula-
tion, and soil development (Jenny, 1941). Biocrust cover significantly influenced soil
properties, particularly in arid and semi-arid sites, where it increased SOC and Nt
content and altered soil texture, indicating its role in trapping organic matter and
modifying soil structure (Belnap & Lange, 2003; Bowker et al., 2006). Aggregate
stability, a key indicator of soil resilience to erosion, was enhanced by the presence
of biocrusts across all climates, with the most pronounced effect observed in the arid
site. This finding underscores the crucial role of biocrusts in protecting vulnerable
soils in dryland environments (Chamizo et al., 2012). The difference in geometric
mean diameter of aggregates further emphasized the stabilizing effect of biocrusts,
particularly in the arid site, where they significantly increased aggregate size.

Extending the investigation of biocrusts beyond their impact on soil structure, this
research also explored their role as climate-dependent regulators of erosion, wa-
ter, and nutrient cycling. Ultilizing rainfall simulation experiments across the same
climate gradient, the study assessed the effects of biocrusts on surface runoff, per-
colation flow, and sediment and nutrient fluxes. Although biocrust increased runoff
volume at the Mediterranean site (LC), they nonetheless delayed runoff initiation
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and reduced total runoff across all the other zones, underscoring their capacity to
enhance water retention and mitigate erosion (Kidron et al., 2022). The influence
of biocrusts on sediment discharge was equally pronounced, with significant re-
ductions observed across all sites, particularly in the inland semi-arid environment.
Furthermore, biocrusts influenced both sediment-bound and dissolved carbon and
nitrogen dynamics, with contrasting effects observed across the climate gradient.
While biocrusts increased carbon content in sediments mobilized by runoff at drier
sites, they also enhanced dissolved organic carbon (DOC) concentrations, indicat-
ing alterations in carbon cycling pathways. Similarly, biocrusts influenced nitrogen
fluxes, increasing dissolved organic nitrogen (DON) concentrations, but with vary-
ing effects across the climatic gradient. These findings underscore the complex and
context-dependent role of biocrusts in regulating both hydrological and biogeochem-
ical processes in soil ecosystems.

Complementing the field and rainfall simulation studies, laboratory experiments
explored the microbial drivers of soil aggregate turnover across different climates
and moisture regimes. By subjecting soils from the same climate gradient sites to
controlled wetting-drying (W-D) cycles, this research aimed to dissect the relative
contributions of abiotic and biotic factors in shaping soil structure. The results re-
vealed distinct patterns in aggregate size distribution and stability across climates
and in response to W-D cycles. Sterilization significantly altered aggregate dynam-
ics, highlighting the crucial role of microbial communities in soil structure formation
and stabilization (Six et al., 2004). Microbial abundance, diversity, and community
composition also exhibited climate-specific responses to W-D cycles, reflecting the
adaptive strategies of soil microorganisms to fluctuating moisture conditions. W-D
cycles also impacted predicted microbial functions, influencing the decomposition of
organic matter and nutrient cycling processes.

Building upon the findings related to microbial influence on soil aggregate dy-
namics, the research further explored the role of microbial communities in initial soil
formation under simulated climate change scenarios. Using soil samples from arid
and semi-arid sites, the study simulated increased humidity conditions, reflecting po-
tential climate change projections for these regions. The results revealed significant
shifts in microbial community structure and function in response to the simulated
climate change, with certain microbial groups, notably Sphingomonas, exhibiting in-
creased abundance and potential for nitrogen fixation. These findings underscore
the importance of soil legacy effects and the potential for microbial communities to
adapt and mediate soil processes under changing environmental conditions.

Lastly, the research delved into the specific role of roots in regulating soil aggre-
gation and organic matter dynamics, focusing on the transition from rhizosphere
to detritusphere. Microcosm experiments with living and decaying cereal roots re-
vealed significant differences in soil aggregate formation, microbial community com-
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position, and organic matter characteristics. Living roots promoted the development
of macroaggregates, particularly in the subsoil, while decaying roots stimulated mi-
crobial activity and altered organic matter decomposition pathways. These findings
emphasize the dynamic interplay between living and decaying roots and their in-
fluence on soil structure, microbial communities, and organic matter cycling. The
transition from rhizosphere to detritusphere represents a shift from root-driven soil
formation to decomposition-dominated processes, highlighting the interconnected-
ness of plant and microbial contributions to soil ecosystem functioning.

In summary, this body of research demonstrates the complex and interconnected
roles of biocrusts, microbial communities, and plant roots in shaping soil develop-
ment, stability, and nutrient cycling across a climate gradient. Biocrusts act as key
regulators of surface processes, enhancing soil aggregate stability, reducing ero-
sion, and modulating water and nutrient fluxes. Microbial communities, as the en-
gines of biogeochemical processes, drive soil aggregation, organic matter decom-
position, and respond dynamically to changes in moisture availability and climate
conditions. Plant roots, both living and decaying, influence soil structure formation,
microbial communities, and organic matter dynamics, with distinct effects observed
in rhizosphere and detritusphere environments.

Future research should focus on further disentangling the complex interactions
between biocrusts, microbial communities, and plants. This includes investigating
the specific mechanisms driving biocrust formation and their influence on different
soil types, exploring the functional diversity of microbial communities involved in soil
aggregate formation, and examining the long-term legacy effects of plant-soil inter-
actions on soil carbon sequestration. Moreover, considering the projected impacts
of climate change, future studies should assess the resilience of biocrusts and mi-
crobial communities to altered precipitation patterns, temperature regimes, and in-
creased atmospheric CO, concentrations. By deepening our understanding of these
complex interactions, we can develop more effective strategies for soil conservation,
ecosystem management, and promoting the sustainable use of soil resources in the
face of global environmental change.
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A.1 Introduction

Abstract

Biological soil crusts (biocrusts) composed of cyanobacteria, bacteria, algae, fungi,
lichens, and bryophytes stabilize the soil surface. This effect has mainly been stud-
ied in arid climates, where biocrusts constitute the main biological agent to stabilize
and connect soil aggregates. Besides, biocrusts are an integral part of the sail
surface under mediterranean and humid climate conditions, mainly covering open
spaces in forests and on denudated lands. They often develop after vegetation dis-
turbances, when their ability to compete with vascular plants increases, acting as
pioneer communities and affecting the stability of soil aggregates. To better un-
derstand how biocrusts mediate changes in soil aggregate stability under different
climate conditions, we analyzed soil aggregate samples collected under biocrust
communities from four national parks in Chile along a large climatic gradient rang-
ing from (north to south) arid (Pan de Azucar), semi-arid (Santa Gracia), mediter-
ranean (La Campana) to humid (Nahuelbuta). Biocrust communities showed a sta-
bilizing effect on the soil aggregates in dry fractions for the three northern and the
wet aggregates for the southernmost sites. Here, permanent vascular plants and
higher contents of organic carbon and nitrogen in the soil control aggregate stability
more than biocrusts, which are in intense competition with higher plant communities.
Moreover, we found an increase in stability for aggregate size classes <2.0 mm and
9.5-30.0mm. The geometric mean diameter of the soil aggregates showed a clear
effect due to the climatic gradient, indicating that the aggregate stability presents
a log-normal instead of a normal distribution, with a trend of low change between
aggregate size fractions. Based on our results, we assume that biocrusts affect the
soil structure in all climates. Their role in aggregate stability is masked under humid
conditions by higher vegetation and organic matter contents in the topsoil.

A.1 Introduction

In recent years, biological soil crusts (biocrusts) have gained particular interest as
stabilizers of soil aggregates. Such biocrusts are highly variable communities of
microscopic (cyanobacteria, algae, fungi, and bacteria) and macroscopic (lichens,
bryophytes) organisms found on the surface and in the upper centimeters of the sail
(Gao et al., 2017). They stabilize the soil surface (Garcia-Pichel et al., 2016), espe-
cially in arid climates, where biocrusts are the main biological agents for consolidat-
ing and connecting soil aggregates (Belnap & Budel, 2016). However, biocrusts are
also present in more mesic regions (e.g., pine barrens, serpentine soils, temperate
steppe) (Belnap et al., 2016), but due to their limited ability to compete for light, they
are mainly relegated to open spaces or interspaces between vascular plants where
sunlight reaches the soil surface (Issa et al., 1999).
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Because of their simple structure, biocrusts are present in a wide variety of cli-
matic conditions. Biocrust organisms lack specialized desiccation control structures,
such as stomata or impermeable cuticles, so their water content depends on the hu-
midity in the surrounding environment (Thielen et al., 2021). However, low water
demand, high drought tolerance (N. Chen et al., 2020), the ability to grow actively
only when water is available, and to recover without physiological damage even after
completely drying out for an extended period (Oliver et al., 2005) compensate the
lack of dedicated structures. For this reason, biocrusts form an almost continuous
layer in arid regions where water availability limits vascular plant cover (Grote et al.,
2010)(Colesie et al., 2014). By slightly increasing the water availability, areas cov-
ered by plants and biocrusts increase in self-organized patterns where both coexist.
However, when water demand is no longer restrained, vascular plants have an ad-
vantage in using light due to their canopy development, which leads to a decline of
biocrusts (N. Chen et al., 2018).

The cover and composition of biocrusts strongly depend on water availability
(Bowker et al., 2016). Under dry conditions, with high potential evapotranspira-
tion, biocrusts are dominated by cyanobacteria, bacteria, and micro-fungi, with few
bryophytes or lichens present. However, the occurrence of lichens is not restricted
to more humid locations, but lichens were also found in arid regions like Pan de
Azucar in northern Chile (Jung et al., 2020a, 2020b). It implies that the external
morphology of the biocrusts ranges from smooth to rugose (Chamizo et al., 2016).
In terms of soil conditions, the water-holding capacity determines how much water
can be stored in the soil. Typical sources of soil water are precipitation in general
and, more specifically, at valley bottoms with close connection to the groundwater
table, also groundwater. Further, available water for lichen growth can be provided
by fog and dew (Jung et al., 2019). Pore space and pore size and following water-
holding capacity of a soil largely depends on the parent material and its degree of
weathering. Thus, soil formation indirectly controls the distribution and composition
of biocrusts at ecoregional and local scales (Bowker et al., 2016). For instance,
Steven et al. (2013) showed that the composition of biocrust communities differed
at vertical scales of a few centimeters in soils with different parent material origins,
while Bowker et al. (2016) concluded that heterogeneous distributions in parent ma-
terials result in abrupt transitions in biocrust distribution and cover.

Biocrusts can be understood as an organic-sedimentary system within the topsoil
where the inorganic and the organic part play dynamic roles in determining the archi-
tecture, evolution, and properties of the system, including structure and aggregate
stability. On a small spatial scale, biocrusts interact with the soil system in nitrogen
and carbon cycling (Barger et al., 2016). Globally, Elbert et al. (2012) pointed out
that cryptogamic covers take up 3.9 Pg C per year. The main processes of nitrogen
enrichment are biological fixation and dust capture, while nitrogen losses typically
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appear via dissolution, volatilization, and erosional loss (Barger et al., 2016). Pho-
tosynthesis is the most crucial carbon fixation process (Elbert et al., 2012; Porada
et al., 2014), and soil erosion and biological decomposition are the primary loss
source of carbon and other nutrients (Li et al., 2008).

Biocrusts affect soil erosion by acting as a physical barrier that shields the sail
from direct exposition to water and wind (Seitz et al., 2016), protecting it from the
effect of raindrops and, thus, splash erosion (Goebes et al., 2015; Seitz et al., 2017)
and modulating the abrasive effect of wind and surface runoff (Belnap & Buldel,
2016). At the same time, biocrusts control water flow across the landscape and
through the soil matrix (Eldridge et al., 2020; Thielen et al., 2021). Eldridge et al.
(2020) described a decrease in surface runoff and an increase in water infiltration in
the presence of biocrusts under semi-arid conditions, related to a reduction in sedi-
ment discharge. The influence of biocrusts on the composition of the soil porosity is
variable and depends on its stage of development and composition. In some cases,
this structuration generates discontinuities that hinder the flow of water in the soil,
while in others, it generates a decrease in the tortuosity that is reflected in rapid infil-
tration (Fischer et al., 2013). Water infiltration usually is inversely related to surface
runoff (Lichner et al., 2012). The successional stage of biocrusts affects water repel-
lency compared to bare soil (Drahorad et al., 2013). It has been observed that with
the development of biocrusts, the water repellency increased, and the sorptivity and
conductivity decreased (Fischer et al., 2012; Lichner et al., 2012). Therefore, bio-
crusts affect soil erosion and hydrology through a wide variety of processes (Belnap
& Budel, 2016).

In regards to the stability of the soil surface, biocrusts further have a binding ef-
fect on aggregates and can form coherent structures (Belnap & Bldel, 2016). Typi-
cally, the organic carbon in the form of exo-polysaccharides or structural filaments of
the different organisms present within biocrust communities causes soil stabilization
(Garcia-Pichel et al., 2016). Other structure-forming processes due to biocrusts, al-
though to a lesser extent, are the compressive and drying action on the soil matrix
and the pH-dependent dissolution of cementing salts (Bowker et al., 2016). The
biocrusts-induced soil aggradation results in the formation of a defined layer, in-
creasing the soil resistance and resilience to wind and water (Rosentreter et al.,
2016).

Biocrusts stabilize individual aggregate units through different mechanisms de-
pending on their species composition (Garcia-Pichel et al., 2016). For instance,
bacteria, cyanobacteria, and also green-algae play a crucial role in forming and
stabilizing aggregates by extracellular polymeric substances that glue soil particles
together (Lewin, 1956; Six et al., 2004). Vegetal debris serves as aggregation cores
where the soil microorganisms use it as an energy source, but rapid decomposition
is limited by the interaction with the inorganic matrix (Oades & Waters, 1991). On
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the other hand, fungi are important in forming soil aggregates due to their hyphal
structure, which physically enmeshes microaggregates and soil particles (Totsche
et al., 2018). In summary, soil aggregate stabilization processes are dynamic and
occur at different temporal and spatial scales, where an aggregate of soil particles is
built up of structural units of various sizes held together by various binding agents.

In this study, we investigate how and to what extent biocrusts under different cli-
matic conditions stabilize the soil surface. Therefore, we compare the stability of
macroaggregates and varying soil properties in topsoil with or without biocrust cover
along a climatic gradient from arid to humid climate conditions along the Chilean
Coastal Range. We test the following hypotheses:

(i) if biocrusts cover the soil surface, soil aggregates show higher stability be-
cause the biocrusts protect the soil surface physically, shelter soil organic
matter within aggregates, modify the structure of microbial communities, and
change water flow into the soil,

(i) if the climate is arid, the effect of biocrusts on the soil surface is most pro-
nounced because other sources of organic matter are at minimum, and bio-
crusts represent the main soil cover, and

(iii) if the humidity of the climate increases, the stabilizing effects of biocrust are
reduced, although without disappearing entirely, because water availability in-
creases and higher vegetation hinder the growth of biocrusts.

A.2 Materials and methods

A.2.1 Study sites and experimental settings

In order to assess the climatic effect on soil and its interactions with biocrusts, four
study sites distributed between latitudes from 26°6'S to 37°48’S and over 1300 km
were established in the Chilean Coastal Range: Pan de Azucar National Park
(PA), Santa Gracia Natural Reserve (SG), La Campana National Park (LC), and
Nahuelbuta National Park (NA), corresponding to arid, semi-arid, mediterranean,
and humid climates, respectively (Bernhard et al., 2018).

The study sites are comparable in geology, geomorphology, land use, and glacial
and volcanic influence (Bernhard et al., 2018). The parent material in all the study
sites is granitoid, keeping this factor of soil formation nearly constant along the stud-
ied gradient (Oeser et al., 2018). The dominant topography is generally fluvial val-
leys, and the sites had no glacial influence during the last glaciation (Hulton et al.,
2002). The sites are located within nature protection areas, with limited anthro-
pogenic influence compared to the surrounding areas. Despite this, the occasional
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entry of cows to LC (Rundel & Weisser, 1975) and goats to SG (Armesto & Arroyo,
2007) has been reported. These conditions allow us to focus on the environmental
effect on two other soil-forming factors, i.e., climate and vegetation.

The mean annual temperature (MAT) decreases from north to south (PA: 16.8 °C,
SG: 13.7°C, LC: 14.1°C, NA: 6.6°C). The mean annual precipitation (MAP) in
the study sites increases from north to south (PA: 12mmyr~!, SG: 66 mmyr—!,
LC: 367mmyr~!, NA: 1469 mmyr~!), with similar rainfall distribution mostly con-
centrated in winter months (May to August) (Bernhard et al., 2018). The elevation
of the sites increases from north to south (PA: 329m to 351 m a.s.l.,, SG: 642 m to
720m a.s.l., LC: 708 m to 732m a.s.l., NA: 1200m to 1270 m a.s.l.). Paleoclimate
modeling studies (Mutz et al., 2018) indicate that these climate patterns have been
persistent since the late Pliocene; thus, the study sites represent the long-term im-
pact of climate on the soil (Ewing et al., 2006). Bernhard et al. (2018) classified
soils in the study sites as Regosols in PA, Cambisols for SG and LC, and Umbrisols
in NA. In general, pedogenic processes such as soil depth, clay contents, organic
matter accumulation, porosity, and activity ratio are correlated with the humidity of
the site.

For each of the four study sites, five plots of 1x1 m were established as replicates.
Each plot was located in the top-slope position with south-facing exposition, con-
sidering the presence of site-typical biological soil crust communities, similar slope
and aspect, lack of anthropogenic disturbance, and a maximum distance of 30m
between each plot. Each plot included patches with at least the size of the samples
with 100 % biocrust cover (BSC+), and additionally, a nearby point without biocrust
cover (BSC—) was defined as control.

A.2.2 Biocrust sampling and classification

Biocrust patches of approximately 100 cm? were identified according to Lange and
Belnap (2016) and collected in the field by carefully detaching the biocrust layer,
removing the loose soil, and storing it in paper envelopes after air-drying for every
research plot. Samolov et al. (2020) describes the a biocrusts dominance in PA
with cover of up to 40%. The other study sites are dominated by higher vegetation
that limits the cover of biocrust up to 15% in SG and 5% in LC and NA. Sampled
communities showed all typical biocrust classes from cyanobacteria, algae, fungi,
lichens, liverworts, and mosses. The species composition further showed a graduat-
ing change from lichen-dominating biocrusts in the northernmost site to bryophyte-
dominating biocrusts in the southernmost site. Biocrusts in NA were specifically
found in zones of forest soil disturbance. Bryophytes were sampled with rhizoids
down to 5 mm depth; all other species were down to 2 mm. Dominant macroscopic
biocrust species were determined for each of the four sites to the genus level by mor-
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phological characteristics using a stereomicroscope (Leitz TS, Wetzlar, Germany),
a transmitted-light microscope (Leitz Laborlux S, Wetzlar, Germany), and ultraviolet
light. Species groups were separated into bryophytes (Cuvertino et al., 2012; Farina
& Ardiles, 2014; He, 1998; Lightowlers, 1985; Ochyra & Matteri, 2001) and lichens
(Galloway & Quilhot, 2009) and assigned to the different regions (Table A.1). Bau-
mann et al. (2018), based on morphological identification of enrichment cultures,
reported that the biocrusts of all studied areas were composed of 18 to 15 species
of algae and cyanobacteria; where the richness of green algae increased, while
the richness of cyanobacteria decreased with increasing humidity and decreasing
mean annual temperature. While Samolov et al. (2020), based on morphological
and molecular traits, reported 18 species in PA, 26 species in SG, 40 species in
LC, and 27 species in NA. A more detailed survey and classification of individual
species, including algae and cyanobacteria, will be sought for further studies.

Figure A.1: Sampled biological soil crust for PA (a), SG (b), LC (c), and NA (d).
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Table A.1: Taxonomical composition of mosses and lichens in the biological soil crust for the study

sites along the climatic gradient.

Site / Division Family Genus No. species

PdA

Lichens Cladoniaceae Cladonia sp. 2
Verrucariaceae Placidium sp. 2
Lecanoraceae Lecidella sp. 1
Rhizocarpaceae Rhizocarpon sp. 1

SG

Mosses Pottiaceae Syntrichia sp. 2
Pottiaceae Tortella sp. 2

Unidentified lichens 2

LC

Mosses Bartramiaceae Philonotis sp. 1
Bryaceae Bryum sp. 1
Pottiaceae Syntrichia sp. 2
Pottiaceae Tortella sp. 2

Unidentified mosses and lichens 2+1

NA

Mosses Amblystegiaceae Acrocladium sp. 1
Amblystegiaceae Amblystegium sp. 1
Bartramiaceae Bartramia sp. 1
Bryaceae Bryum sp. 1
Dicranaceae Campylopus sp. 2
Pterigynandraceae Myurella sp. 1

Unidentified liverworts, lichens, fungi 2+2+1

A.2.3 Soil sampling and analyses

For soil characterization, bulk topsoil samples (0-5 cm) were taken with metal-core
sample augers directly under biocrust patches and in comparative zones without
biocrust cover and sieved to 2 mm after air drying. Bulk density (BD) and soil water
content were determined gravimetrically. The particle size distribution was deter-
mined for seven fractions according to Kéhn (1929), combining sieving of fractions
>20um and pipetting of fractions <20 um. Soil texture was interpreted according to
the WRB soil classification system (Jahn et al., 2006). Soil pH was determined in
water by a WTW pH 340 (WTW GmbH, Weilheim, Germany) using a Sentix 81 elec-
trode, and electrical conductivity was measured with a conductivity meter (LE7083,
Mettler Toledo, USA). Total carbon (C;) and nitrogen (N;) of the bulk topsoil samples
(0-5 cm) were analyzed using oxidative heat combustion at 1150°C in a Vario EL IlI
elemental analyzer (Elementar Analysensysteme GmbH, Hanau, Germany). Total
organic carbon (TOC) was corrected by the carbonate content of samples with pH
>6.7. The carbonate content was determined from the volumetric titration of the
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reaction with 10% HCI using a calcimeter (Eijkelkamp, Giesbeek, Netherlands).

The physical stability of soil aggregates was measured to quantify the destruc-
tive effect of water and mechanical forces through two-stage sieving: dry and wet
(Horn, 2009). Water-stable aggregates were measured by sieving 200 g of undis-
turbed, air-dried soil samples, homogenized to 30.0 mm, through a stack of sieves
of decreasing mesh size (19.0, 14.7, 9.8, 6.8, 4.8, 3.3, 2.0mm, plus that collected
the remainder below 2.0 mm) and then repeating the same process underwater (Six
et al., 2000). Finally, coarse fragments (stones) were removed, and the values for
each size were calculated relative to the weight of the initial sample. With this ag-
gregate stability data, accumulated frequency curves were calculated, and a set of
stability indexes were estimated: difference in mean weight diameter of the aggre-
gates (AMWD) (Horn, 2009; Loaiza Puerta et al., 2018; van Bavel, 1950), difference
in geometric mean diameter (AGMD) (Kemper & Rosenau, 1986; Mazurak, 1950),
water stability aggregate ratio (WSAR) (Liu et al., 2014) and the proportion of soil
macroaggregates of a diameter less than 2 mm (R<2 mm) (Liang et al., 2015) as
described below. AMWD and AGMD indicate how much the average diameter of soil
aggregates changes between dry and wet conditions. The main difference between
AMWD and AGMD is that the first considers a linear behavior between the different
aggregate size classes, while the AGMD considers a logarithmic fitting.

Difference in mean weight diameter (AMWD)
i1 Xix W
i1 Wi
where W; is the corrected mass proportion of stable aggregate fraction i in the to-

tal 2-30 mm aggregate fractions, and X; is the mean diameter of stable aggregate
fraction i. and n is the number of particle fractions.

AMWD =

Difference in geometric mean diameter (AGMD)

noXilgW;
AGMD = exp [—’1 P8 l}

n
W
i=1""1

where X; is the sieve opening size (mm), W; is the proportion of the total sample
mass occurring in the i-size fraction, and n is the number of particle fractions.

Water stability aggregate ratio (WSAR)
WSA

WSAR = x 100
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where WSA is the >2 mm water-stable aggregate content, and A is the >2 mm dry
aggregate content.

Proportion of soil macroaggregate of a diameter less than 2 mm (R_7,,,»)

W, W,
Romm = W’/—>2 ¥100 = (1 —~ ’<2>

T Wr

where W, is the weight of macroaggregates with a diameter less than 2 mm, Wy is
the total sample weight, W,_, is the weight of microaggregates with a diameter less
than 2 mm.

A.2.4 Statistical analyses

The influence of the climatic gradient (study site) and biocrust presence on
physicochemical soil parameters and aggregate stability in 40 plots (4 study sites,
2 biocrust treatments, 5 replicates) were assessed by factorial generalized linear
models (GLM) because of the lack of normal distribution for most of the variables
according to the Shapiro-Wilk test. The link functions used for each model were
selected based on the lowest Akaike information criterion (AIC) selection and
characteristics of the data (skewness, counts, continuous variables, proportions)
between Gaussian, Gamma, inverse Gaussian, and Tweedie distributions. Dif-
ferences in treatments were tested using Tukey post-hoc-test with p < 0.05 as
significance criteria. The analyses were conducted in R 4.2.0 (Team, 2018), and
the GLM distributions were extended from the base R core with the Tweedie 2.3.3
package (Dunn, 2017). All visualizations were made with the package ggplot2 3.3.3
(Wickam, 2016).

A.3 Results

A.3.1 Soil properties

Soil pH was significantly affected by the climatic gradient (Figure A.2), with mean
values of 7.7 in PA, 6.2 in SG, 5.9 in LC, and 4.4 in NA, with acidification levels of 6.2
in BSC- to 5.9 in BSC+. In terms of electrical conductivity (EC), a remarkably higher
value of 2646.1 uScm™! in PA is outstanding in comparison with the low and homo-
geneous values of 109.3uScm™! for SG, 153.8 uScm™! for LC, and 102.3uScm™!
for NA. EC did not differ for the biocrust treatment. Nevertheless, when looking at
the site and biocrust in combination, the BSC+ results in a reduction of the EC in
PA; meanwhile, in SG, LC, and NA there was no noticeable change.
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bulk density, C; = total carbon, SOC

total nitrogen, C/N = carbon to nitrogen ratio).

20

electrical conductivity, BD

0

Figure A.2: Mean and standard error of soil properties for Pan de Azucar (PA), Santa Gracia (SG),
La Campana (LC) and Nahuelbuta (NA), without (BSC-) and with biocrust cover (BSC+), and the

interaction of both factors. (EC
Significant factors include Tukey’s Post-hoc-Test indicated by letters on the top of the bars. Different

soil organic carbon, SIC = soil inorganic carbon, N;
letters represent significant differences at p < 0.05.
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Bulk density (BD) showed a significant difference between the study sites, with
higher values in the two dryer sites, with 1.5gcm ™3 in PA, and 1.6gcm ™ in SG,
and a decrease in the more humid sites, with 1.2gcm™3 in LC and 0.6 gcm ™3 in NA.
Biocrust showed no changes for BD in SG and NA, but in PA BSC+ resulted in a
reduction of the BD of 18.2%, while in LC BSC+ showed an increase in BD of 21.9%
(Figure A.2).

Total carbon (C;) content was directly proportional to the humidity along the cli-
matic gradient (Figure A.2), with values of 1.1% in PA, 0.8% in SG, 5.0% in LC, and
12.5% in NA, but with a significant decrease when the BSC+ is present, from 5.6%
to 4.2% in average. Soil inorganic carbon (SIC) was significantly higher in PA, with
an average of 0.8% of the mass of the soil, while in SG, LC, and NA, it was not found.
When looking at the SIC along the different sites and under biocrust in combination,
the BSC+ results in a reduction of 70.1% in the SIC for PA, while in SG, LC and
NA was no change. Soil organic carbon (SOC) showed a similar pattern as Ci, with
a reduction in PA to 0.3% and the same 0.8% in SG, 5.0% in LC, and 12.5%. To-
tal nitrogen (N;) content was directly proportional to the humidity along the climatic
gradient, with values of 0.04% for PA, 0.07% for SG, 0.28% for LC and 0.51% for
(Figure A.2). BSC+ showed a reduction of 30.3% in LC and 22.3% in NA, while the
N; content remained stable in PA and SG under the influence of BSC. The relation
between C; and N, expressed as C/N, showed significantly different values of 33.9
in PA, 12.3 in SG, 16.7 in LC, and 24.5 in NA on average; and with a significant
decrease from 27.0 in BSC- to 16.7 in BSC+ (Figure A.2). It is important to note that
although PA and NA present the highest values, the condition changes diametrically
when observed together with the BSC+ treatment, with a large dispersion in PA and
stable values in NA.

The distribution of the soil particle size classes did not show clear patterns along
the climatic gradient, with PA deviating from it in all cases. Despite this, the observed
values were significant, with clay values of 9.6% for PA, 7.3% in SG, 10.4% in LC,
and 24.6% in NA, while when looking at the interaction between site and biocrust,
there is an increase of 143.4% in clay content for the BSC+ condition, while for SG,
LC and NA was no difference; silt with 28.9% in PA, 18.7% in SG, 20.0% in LC and
21.9% in NA; and sand with 61.5% in PA, 73.9% in SG, 69.6% in LC and 53.5%
in NA. When biocrusts were present, a significant decrease from 13.6% to 12.6%
in clays and an increase from 21.2% to 23.6% in silt was observed, with higher
dispersion for the arid site (PA) (Figure A.2).

A.3.2 Soil aggregate stability

Dry sieving showed a significant difference between study sites but not for the
biocrust treatment (Figure A.3). Dry aggregates in the 19.5-30.0 mm range showed
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significantly different values of 4.4% in PA, 1.2% in SG, 5.5% in LC, and 36.2% in
NA. The fraction 9.5-19.0 mm revealed differences in the interaction between study
sites and biocrusts, increasing the proportion of aggregates from 13.2% in PA to
19.3% SG and 29.3% in LC, not in NA with only 2.9% in the presence of biocrusts.
The aggregates between 6.7-9.5 mm showed a significant decrease from 13.3%
in PA, 5.2% in SG, 6.5% in LC, and 4.1% in NA. In interaction with biocrusts, it
showed a significant increase in the proportion when it was present. The fraction
from 4.7-6.7 mm showed significantly different values of 13.6% in PA, 3.4% in SG,
5.0% in LC, and 5.6% in NA, while the interaction with biocrusts showed a signifi-
cant increase when is present (BSC+). Aggregates from 3.4—4.7 mm size showed
significance among study sites, with 9.8% in PA, 3.6% in SG, 4.4% in LC, and 7.9%
in NA. Aggregates between 2.0-3.4 mm showed a slightly similar amount of 9.9%
in PA, 5.9% in LC, and 14.3% in NA, but with a minor proportion of 4.9% in LC,
while when biocrust is present in LC, it showed a slight decrease. Finally, for the
dry sieved aggregates under 2 mm, there was a significant reduction for the study
sites, with values of 69.1% in SG and 47.3% in LC relative to 30.1% in PA, but not in
NA with 28.9%; while the biocrust effect in interaction with the site is significant with
60.6% in SG and 40.8% in LC, indicating the same proportion of aggregates in this
site for SG with 30.0% and NA with 39.8%.

In a second stage, aggregate stability under wet conditions was characterized,
with a clear difference between sites, while biocrusts had a significant effect only
on the aggregate size classes <2.0mm and 19.0-30.0mm (Figure A.3). At the
same time, the fraction 19.0-30.0 mm showed an increasing significant pattern in
the amount of aggregates, with 2.8% in NA, 0.8% in SG, 8.9% in LC, and 29.9% in
NA, while biocrusts significantly increased the proportion of aggregates by 35.6%,
from 9.0% for BSC- to 12.2% for BSC+. For the fraction 9.5—-19.0 mm, there were sig-
nificant differences between the study sites, the biocrust effect, and its interactions,
with an increase from 5.4% to 11.7% on average when biocrusts were present. The
wet sieved aggregates in the range of 6.7-9.5 mm showed significant differences
only between the study sites, with 10.6% in PA, 2.5% in SG, 4.2% in LC and 4.3%
in NA. Wet aggregates in the range of 4.7-6.7 mm showed significant differences
between the study sites with 10.6% in PA, 2.3% in SG, 3.7% in LC and 5.8 in NA.
The fraction between 3.4—4.7 mm showed only significant differences between the
study sites, with 6.9% in PA, 2.2% in SG, 3.0% in LC, and 6.1% in NA. Aggregates
ranging from 2.0-3.4 mm showed differences between the study sites, with 5.8% in
PA, 3.2% in SG, 4.2% in LC, and 6.8% in NA. The fractions under 2.0 mm were
significantly different for the study sites, with 58.3% in PA, 79.6% in SG, 62.4% in
LC, and 41.3% in NA; and for biocrusts from 63.9% for BSC+ treatment to 56.9% for
BSC- treatment.
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Figure A.3: Mean value and standard error of aggregate proportion for dry (a) and wet (b) sieved
fractions for Pan de Azlcar (PA), Santa Gracia (SG), La Campana (LC), and Nahuelbuta (NA) for
biocrust (BSC+) and non-biocrust (BSC-) treatments. Significant factors and corresponding models
for response variables are included in Appendix A.2.

When comparing the changes of the aggregate distributions between wet and dry
conditions (Figure A.4), an irregular pattern was observed, with a general decrease
in most of the analyzed fractions, except for an increase in the amount of aggregates
of 19.0 mm for NA. This was even higher than for the BSC+ treatment. It is important
to mention that NA also showed a slight increase in the proportion of 9.5 mm and
6.7 mm aggregates.
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Figure A.4: Mean and standard deviation of aggregate size distribution changes between dry and
wet sieving for the sites Pan de Azlcar (PA), Santa Gracia (SG), La Campana (LC), and Nahuelbuta
(NA) for biocrust (BSC+) and non-biocrust (BSC-) treatments. Error bars were, in some cases,
truncated for better visualization.

Soil aggregate stability was evaluated through different indexes to integrate the
different sizes and sieving conditions in a summary value. The difference in mean
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weight diameter of the aggregates (AMWD) showed no significance in any of the
conditions (Figure A.5). However, there was a significant difference in the differ-
ence of the geometric mean diameter of the aggregates (AGMD) for the study sites,
with values of 1.86 mm for PA, 1.2 mm for SG, 1.4 mm for LC, in comparison with
the more stable condition of 0.83 mm for NA. The water-stable aggregates ratio was
significant for the study sites, showing differences between NA with 81.1% and the
other study sites (57.7% PA, 66.2% SG, and 73.4% LC). The ratio of soil macroag-
gregates of a diameter less than 2.0 mm (R-».omm) presents differences in the study
sites and for biocrust treatments. SG showed a value of R.y mm 0Of 79.6% and NA of
41.9%, which was different from PA and LC, with 58.6% and 62.4%, respectively. For
biocrust treatments, R, omm changed from 63.7% to 57.5% with biocrusts, indicat-
ing a biocrust-induced decrease in the proportion for this fraction. Finally, according
to the analyzed indexes, NA showed the most stable conditions, and alternating PA
and SG showed the most unstable conditions.
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Figure A.5: Mean and standard error of aggregate stability indexes for Pan de Azucar (PA), Santa
Gracia (SG), La Campana (LC), and Nahuelbuta (NA) for biocrust (BSC+) and non-biocrust (BSC-)
treatments. AMWD=difference in mean weight diameter, AGMD=difference in geometric mean diam-
eter, WSAR=water stability aggregate ratio, R.omm=ratio of aggregates less than 2mm. Significant
factors and corresponding models for response variables are included in Appendix A.2.
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As shown in Figure A.2, the climatic gradient (site) had significant pH, electrical
conductivity (EC), bulk density (BD), total carbon (C;), soil organic carbon (SOC),
soil inorganic carbon (SIC), total nitrogen (N;), C/N, clay, silt, sand, dry and wet ag-
gregates under 30 mm, AGMD, WSAR, R.,mm- Biocrust treatments were significant
for clay, silt, pH, EC, GC;, SOC, SIC, N;, C/N, and wet aggregates from 9.5 mm to
30.0mm and >2mm, and R.,,m. Finally, the interaction of the site and biocrusts
was significant for clay, bulk density (BD), total nitrogen (N;), dry aggregates from
4. 7mm to 19.0mm and O mm to 3.4 mm, wet aggregates from 9.5 mm to 30.0 mm,
and AMWD.
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A.4 Discussion

A.4.1 Aggregate stability and soil properties along the climatic
gradient

The climatic gradient has a significant effect on the stability of soil aggregates. Us-
ing the geometric mean diameter (AGMD), an index that replaces the linear fitting
of AMWD with a logarithmic one, significant differences for the study sites along the
climatic gradient can be observed (p — value :< 0.001). When soil aggregate sta-
bility was evaluated with the difference in mean weight diameter (AMWD)), it did not
show significant changes along the climatic gradient. WSAR, an index that shows
the ratio of aggregates that persist stably after disruption by water, showed a sim-
ilar behavior as AMWD. The main difference between AMWD and AGMD is that
AGMD performs better in non-uniform particulate substances (Gardner, 1956; Hatch
& Choate, 1929), which corresponds to soils equilibrated in the content of sand,
silt, and clay (Mazurak, 1950) and pointing soil texture indirectly as a critical factor
in aggregate stability along the climatic gradient. Further, considering the AGMD
data, an increase in stability was observed as moving along the climatic gradient
to higher water availability conditions except for SG. The lower value of AGMD for
SG indicates comparably higher aggregate stability as it would be expected when
we assume a steady trend from arid to humid climate. In PA, in the drier north, the
condition proved to be less stable than NA, despite the high content of inorganic
carbon. SG presented the highest ratio of unstable aggregates under the studied
range of sizes (highest R.» mm) and NA the lowest, with close to half of it, indicating
augmented aggregate stability in the complementary range of sizes.

The effect of the climatic gradient is not only expressed in the stability of soil ag-
gregates, but it is also present with different intensities in a variety of soil properties.
The pH decreases continuously from the northern arid to the southern humid study
site in accordance with Bernhard et al. (2018). The high pH in PA can be attributed
to the constant input of atmospheric aerosols, e.g., salts, gypsum, and calcium car-
bonates (Ewing et al., 2006) in combination with the arid climate that allows salts to
accumulate in the topsoil (Slessarev et al., 2016). Whereas in the southern sites, the
forwarding increase of precipitations results in a reduction in the pH due to leaching
of soluble salts (Slessarev et al., 2016) and an increase in soil respiration (Orchard
& Cook, 1983). The accumulation of soluble salts is well established for the arid
site PA, as saline conditions (Allison & Richards, 1954) are indicated by the high
electrical conductivity value. These higher amounts of salts have a strong effect
in structure degradation dynamics, linked to the destabilizing effect of sodium and
stabilizing of carbonates (Corwin, 2021). Although C; and N; follow the climatic gra-
dient, when comparing the C/N, PA and NA have higher values. High values of
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the C/N indicate a nitrogen limitation of plants and other organisms (Brust, 2019),
pointing out that this occurs at the two opposite sites along the climatic gradient.
This could be explained by the biological activity (Zhang et al., 2013), which may be
close to a physiological limitation in the case of NA, while for PA, it may indeed be
due to low nitrogen availability (Hooper & Johnson, 1999). However, there was also
a high amount of carbonates in PA, which makes PA hardly comparable in terms of
C;. Despite the properties following the climatic gradient, SG deviates from the other
sites in terms of higher bulk density (BD), lower clay, and higher sand content. This
can indicate a degraded condition for the semi-arid site caused by the current land
use, including grazing (Armesto & Arroyo, 2007), compacting the surface and thus
activating erosive processes (Scholten & Seitz, 2019), in favor of the accumulation
of sand particles (Govers, 1985). The aggregate distribution stresses this finding,
where SG has a lower proportion of water-stable aggregates >2 mm and a higher
water-destabilization of aggregates between 9.5 mm to 4.7 mm, indicating that the
nature of the structuring agent in that zone is water-soluble.

A.4.2 Biocrusts altering soil properties along the climatic
gradientt

Despite these factors beyond the climatic gradient, biocrusts showed effects on clay,
silt, pH, Ct, N, C/N, and wet aggregates from 9.5 mm to 30.0 mm and >2 mm. How-
ever, as this was an observational study, it only allows establishing associations be-
tween factors and not cause-effect relationships (Cox, 1992; Rosenbaum, 2005). It
is thus possible that changes in soil characteristics promote the biocrust establish-
ment, as well as that biocrust establishment triggers changes in these properties
(Belnap & Lange, 2003).

The biocrust treatments showed a significant decrease in pH (p — value :
0.002404), reflecting the biological activity of its constituent organisms, which
acidifies the soil due to the carbon dioxide released by cellular respiration (Bachar
et al., 2010). The pH values reported by Bernhard et al. (2018) are in the same
range as ours but without differentiating between BSC+ and BSC-, as this factor
was not part of their study. The content of C; and N; were significantly different
when biocrusts were present, but it did not affect any aggregate sizes or stability
indexes. In this sense, biocrusts play a role in the carbon and nitrogen cycles (J.
Chen et al., 2000), as they are formed mainly by photosynthetic and nitrogen-fixing
organisms (Maestre et al., 2013), but it has not had an immediate impact on the
soil aggregate stability and points out that the primary stabilizing agent is of organic
origin (Six et al., 2004; Wagner et al., 2007).

Considering the stabilizing effect of biocrusts on wet sieved aggregates between
9.5 and 30 mm, we could show that it occurs prominently at the three northern sites,
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whereas in NA there was no difference with and without biocrusts. This points to
a threshold in the biocrust-induced stabilization of the soil aggregates between LC
and NA and partially confirms our initial assumption that biocrusts have the great-
est effect in arid conditions. However, the effect on aggregate stability for the wet
condition varies according to the variable used, being specific for limited aggregate
sizes in terms of mechanical disturbances (dry sieving) but without a substantial
improvement concerning water stability (wet sieving). This lack of difference in wet
sieved aggregate point to a non-soluble nature of the stabilizing agents, which can
be attributed to stabilization due to organic structures and exudates (Rillig, 2004),
and stress the idea that NA differs to the other sites in the mechanisms of aggregate
stabilization as a local adaptation, where due to the higher proportion of precipita-
tion, is conducted by water stable mechanisms.

Soil aggregate stability showed clear differences along the climatic gradient. How-
ever, when considering the effect of biocrusts, differences were limited to the small-
est aggregate size class (R-2.0mm) referring to changes in microaggregates size dis-
tribution as described by Totsche et al. (2018). Further, a difference for wet sieved
aggregates with and without biocrusts between 9.5 and 30.0 mm point to biocrust-
induced stabilization of soil aggregates.

The results indicate that soil aggregate stabilization mechanisms are different in
PA than at the other sites. With that in mind, it was found that in PA, biocrusts grow
in areas with a lower content of clay and higher content of silt, which implies in-
creased nutrient availability and water-holding capacity (N. Chen et al., 2020), while
the sand fraction was not related. However, the method used can amplify that differ-
ence since the determination of particle size distribution does not consider coarse
fragments (Kéhn, 1929), which were abundant at PA. In addition, the soil covered
with biocrusts showed a lower value for bulk density (BD) only for PA, while in the
other sites, this property was not affected. This can be interpreted as a biocrust-
induced decrease in soil density due to increased intra- and extra-aggregate poros-
ity and organic matter (Whitney et al., 2017) or that biocrusts grow under the least
limiting condition (Bowker et al., 2014). Soils with biocrust cover showed a trend of
lower electrical conductivity, which can be explained by the inhibition of biocrusts by
toxicity due to the accumulation of salts in the soil, or to the consumption of salts as
a source of nutrients by the organisms in the biocrusts (Abed et al., 2019).

Biocrust plays a role along the climatic gradient affecting different properties, i.e.,
clay, silt, pH, C;, N;, C/N, and wet aggregates from 9.5 to 30.0mm and >2 mm.
Nevertheless, the way that each property change responds to local conditions: In
the arid northernmost site, there is a strong influence of the salts in terms of stabi-
lization and establishment of biocrusts, while at the southernmost site, there is no
stabilization of the aggregates, but a contribution to the carbon and nitrogen con-
tents. The most consistent property along the climatic gradient was pH, an indicator
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of biological activity. However, at the scale of the climatic gradient it is not possible
to distinguish the origin of biological activity between plants, microorganisms, fungi,
bacteria, etc. Finally, considering the largest size of the persistent wet aggregates
match the characteristics attributed to fungi and bryophytes, capable of retaining
micro-aggregates and soil particles between their hyphae and rhizoids, respectively
(Kleber et al., 2007; Six et al., 2004; Totsche et al., 2018) and points to this as the
most significant mechanism of soil aggregate stabilization of biocrusts.

A.5 Conclusions

This study aimed to investigate how and to what extent biocrusts stabilize soil ag-
gregates along an arid to humid climatic gradient in Chile. We show that biocrusts
play a role in soil aggregate stability along the climatic gradient by increasing the
stability for wet aggregates from 9.5 to 30.0 mm and >2 mm. Bicorusts also modify
other soil properties such as Ci, Ni, C/N, clay, and sand, indicating an initial ac-
cumulation of organic matter that then give place to aggregation processes. The
biocrusts effect on aggregates stability was lower under humid climate conditions,
which indicates a transition in the main biotic agents driving the aggregation of the
soil surface, moving from biocrust communities in arid regions to vascular plants in
humid conditions.

Finally, we conclude that the biocrusts in our study area showed to be a valuable
agent in stabilizing the upper topsoil layer, but for a narrow spectrum of conditions
and mostly under arid conditions. Therefore, the effect could be considered a transi-
tion in ecological succession toward a stable ecosystem. In this process, biocrusts
improve conditions for other more demanding species, such as vascular plants, ini-
tially improving the availability of carbon and nitrogen in the soil.

Appendices
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Table A.2: Appendix A. Significant factors for response variables based on generalized linear mod-
els. Models with significant interaction also include the predictors as simple parameters based on

marginality principle.

(p-value < 0: ™" p-value < 0.001: "**"; p-value < 0.01: "*")

Dependent variable

Distribution

(link-function for GLM)

Significance for independent variable

Site

Biocrust

Site x Biocrust

Clay

Silt

Sand

Fine Silt

Medium silt
Coarse silt

Very fine sand
Fine sand
Medium sand
Coarse sand

pH

EC

BD

N

Ct

C/N

19.0-30.0 mm Dry
9.5-19.0 mm Dry
6.7-9.5 mm Dry
4.7-6.7 mm Dry
3.4-4.7 mm Dry
2.0-3.4 mm Dry
<2.0 mm Dry
19.0-30.0 mm Wet
9.5-19.0 mm Wet
6.7-9.5 mm Wet
4.7-6.7 mm Wet
3.4-4.7 mm Wet
2.0-3.4 mm Wet
<2.0 mm Wet
AMWD

AGMD

WSAR

I:{2 mm

Gaussian
Inverse Gaussian
Gaussian
Tweedie
Tweedie
Tweedie
Gaussian
Tweedie
Gaussian
Tweedie
Gaussian
Tweedie
Gaussian
Gamma
Tweedie
Tweedie
Tweedie
Tweedie
Tweedie
Tweedie
Tweedie
Tweedie
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Tweedie
Tweedie
Tweedie
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Gaussian
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*k%k

* k%

* k%

* k%
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Abstract

Biocrusts, complex communities of organisms, significantly alter surface and sub-
surface processes, including water infiltration, and the cycling of carbon (C) and ni-
trogen (N). While their importance is recognized, studies across broad climatic gra-
dients are scarce. We conducted rainfall simulation experiments at four sites along
a 910km Chilean Coastal Range transect, representing coastal and inland semi-
arid, mediterranean, and humid climates. We quantified overland flow, sediment
discharge, and fluxes of C and N in percolating water, comparing paired biocrust-
covered and bare soil surfaces. Our findings reveal that biocrusts, compared to bare
soil, significantly increased cumulative infiltration rates across all climates, indicat-
ing enhanced saturated hydraulic conductivity. Biocrust presence reduced runoff by
73% in humid climates and sediment flux by 80% in inland semi-arid climates. On
average, soil erosion was reduced by up to 69%. Additionally, biocrusts significantly
reduced C loss via erosion. Dissolved organic carbon and nitrogen fluxes were also
strongly influenced by the presence of biocrusts. Overall, our study demonstrates
that, though the presence of biocrust significantly reduced erosion, water and nutri-
ent dynamic are strongly influence by its presence and the climates, showing that
biocrusts act as climate-dependent regulators of crucial surface and sub-surface
transport processes.

Keywords

Biocrusts, Erosion, Infiltration, Climate gradient, Carbon, Nitrogen, Runoff

Highlights

Biocrusts reduce water erosion across different climates.

Infiltration increases with biocrust presence.

* Rough biocrusts delay runoff in humid areas; flat biocrusts speed it in dry
areas.

C and N fluxes are altered by biocrusts and climate.

Biocrust role changes between source/sink of nutrients influenced by climate.
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B.1 Introduction

Biological soil crusts (biocrust) are formed by a close association between soil par-
ticles and various proportions of photoautotrophic organisms, such as cyanobacte-
ria, algae, lichens, and bryophytes, along with heterotrophic organisms like bacteria,
fungi, and archaea that live within or immediately above the top millimeters of the
soil (Weber et al., 2022). They are a primary soil cover in arid environments, where
the scarce availability of water limits the establishment of higher plants (Ding & El-
dridge, 2020; Weber et al., 2022). However, biocrusts are increasingly observed and
described outside these classical dryland habitats (hyper-arid, arid, semi-arid, and
dry sub-humid), occurring also in mesic environments, where despite of higher wa-
ter abundance, competition with vascular plants and litter is higher (Corbin & Thiet,
2020; Gall, Ohan, et al., 2022). In such areas, disturbance and subsequent ecologi-
cal succession can provide favorable conditions for biocrust establishment (Bldel &
Colesie, 2014; Gall, Ohan, et al., 2022).

Biocrust composition, growth, and survival depend on climatic factors like tem-
perature, moisture availability, and rainfall characteristics (Belnap & Lange, 2003).
Moreover, climatic diversity shapes the morphological, chemical and physiological
characteristics of the different biocrusts (Concostrina-Zubiri et al., 2014). In arid en-
vironments, biocrusts typically dominated by algae, cyanobacteria, and lichens, form
smooth and flat surfaces that concentrate a large amount of microbial biomass and
serve as nutrient sources within these ecosystems (Weber et al., 2022). Cyanobac-
teria in these settings can fix large amounts of nitrogen and produce reserve ex-
opolysaccharides (EPS) that support other organisms (Rodriguez-Caballero et al.,
2018; Samolov et al., 2020). Conversely, under more humid conditions, biocrusts
have a higher proportion of fungi and bryophytes, resulting in rough surfaces with a
remarkable capacity to store capillary water, increased pore space in their struc-
ture and enhanced carbon fixation (Riveras-Munoz et al., 2022a; Weber et al.,
2022). Studies comparing biocrust structure across climate gradients reveal shifts in
dominant structuring mechanisms: under dry conditions, EPS production enhances
aggregate stability, while under humid conditions, physical entanglement by struc-
tures like moss rhizoids becomes more prominent, resulting in a more defined crust
(Riveras-Murioz et al., 2022a). Investigations into climate variability further confirm
these patterns, showing dependencies of biocrust composition and cover on fac-
tors like aridity gradients, elevation, and microsite conditions (Castillo-Monroy et al.,
2016; Ding & Eldridge, 2020; Munoz-Martin et al., 2019).

These climate-dependent structural and compositional differences profoundly in-
fluence soil hydrology and erosion. Changes in surface roughness affect water res-
idence time, partitioning infiltration and runoff, altering redox conditions, modifying
erodibility, and regulating solute release (Kalnejais et al., 2010; Kidron et al., 2022).
Lichen-dominated dryland biocrusts, for instance, can enhance surface runoff and
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reduce sediment yield by surface clogging and subsequently surface saturation, and
runoff initiation (Kidron et al., 2021), and dramatically alter albedo, soil temperature
dynamics and thus consequently the potential evapotranspiration (Liu & She, 2020;
Rutherford et al., 2017; Whitney et al., 2017; Xiao et al., 2019). In contrast, rougher,
moss-dominated biocrusts with a rough morphology have a high water-holding po-
tential and can decrease both runoff and sediment yield (Juan et al., 2023; Seitz
et al., 2017; Silva et al., 2019; Zeng et al., 2025). Biocrusts also impact infiltra-
tion and percolation, with studies reporting enhanced vertical water movement in
semi-arid ecosystems (Chamizo et al., 2016) and reclaimed soils (Gypser et al.,
2016), altered flow paths in drylands (S. Li et al., 2022), and reduced infiltration
but increased erosion resistance in disturbed forests (Szyja et al., 2023). Further-
more, biocrusts provide a physical barrier against erosive forces, absorbing rain-
drop energy and stabilizing soil through particle aggregation via EPS and physical
entanglement (Costa et al., 2018; Riveras-Munoz et al., 2022a; Rodriguez et al.,
2024; Tourney & Ngwenya, 2014; Xiao et al., 2022). Reductions of runoff by 25.6 %
and sediment discharge by 75.5 % was observed when comparing runoff plots with
biocrust cover below 10 % and above 50 % in early successional subtropical forests
(Seitz et al., 2017). Similar effects of biocrusts on soil erosion have been reported
in arid (Bowker et al., 2018; Eldridge et al., 2021), temperate (Gall, Nebel, et al.,
2022) and humid environments (Guo et al., 2022; Zhao et al., 2014). However,
comparative experimental studies quantifying these hydrological effects, particularly
soil water movement through different biocrust types under controlled conditions,
remain limited.

Along with their ability to modify water and sediment fluxes, biocrust communi-
ties significantly shape carbon (C) and nitrogen (N) cycles. Biocrusts are one of
the most important factors that initially influence soil organic carbon (SOC) in the
uppermost soil horizon in the absence of higher plants (Belnap et al., 2007) and
facilitate the vertical movement of soluble carbon and nutrients from the surface to
subsurface mineral soils (Young et al., 2022), contributing substantially to global
C uptake (estimated 7 %) and terrestrial N fixation (estimated 50 %)(Elbert et al.,
2012). Biocrusts enhance C fixation through photosynthesis (Barger et al., 2016;
Grote et al., 2010), increase soil aggregate stability thereby hindering C loss via
erosion (Riveras-Mufoz et al., 2022a; Xiao et al., 2022), improve soil fertility (Kheir-
fam et al., 2017), and foster other organisms, further boosting C storage (Molina-
Montenegro et al., 2016). Recent work highlights their role in relocating SOC and
total N via erosion and percolation even in temperate ecosystems (Gall et al., 2024).
Biocrusts also play a vital role in the N cycle, responsible for 40—85 % of global N fix-
ation, primarily via cyanobacteria (Rodriguez-Caballero et al., 2018; Samolov et al.,
2020). Furthermore, biocrusts immobilize N within their biomass, reducing leaching
or volatilization losses (Nevins et al., 2020; Pan et al., 2021), and can mineralize
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N from SOC, making it available to other organisms (Weber et al., 2015). While
these crucial roles in C and N cycling and soil stabilization are recognized, how their
magnitude and interplay with hydrological processes shift across diverse climatic
conditions is not well established. This knowledge gap hinders our ability to pre-
dict ecosystem responses to environmental change, representing the core scientific
problem addressed by this study. This knowledge gap hinders our ability to pre-
dict ecosystem responses to environmental change, representing the core scientific
problem addressed by this study.

The climate-dependent shifts in biocrust structure and function (Riveras-Munoz
et al., 2022a) suggest that the interactions and feedback mechanisms between the
underlying processes governing water, sediment, C, and N fluxes likely vary signif-
icantly with climate, but these complex relationships are not yet fully understood.
To enhance our understanding of the interrelation between climate and the multi-
functional roles of biocrusts in regulating water, sediment, and matter fluxes at the
soil surface and within the topsoil, we conducted a field experiment comparing land
surfaces with and without biocrusts. We quantified changes in C and N fluxes, both
in particulate and water-dissolved forms influenced by the presence of biocrusts.
Additionally, we examined how biocrusts modulated the interactions between water,
sediment, and nutrient fluxes along a gradient ranging from arid to humid climates.
We introduced a new measuring device capable of simultaneously sampling runoff,
sediment and seepage flow in an undisturbed soil monolith during simulated rain-
fall events. This study focused on four sites within the Coastal Mountain Range of
Chile, representing a climate gradient that includes coastal and inland semi-arid,
Mediterranean and humid climates. All study sites (Figure B.1) have a compara-
ble topography and almost the same parent materials. Our experimental approach
utilizing undisturbed soil monoliths subjected to standardized rainfall simulations al-
lows us to assess biocrusts’ effects on various fluxes. Our main hypotheses are that
(i) biocrusts modify runoff, sediment discharge and percolation flow, including liquid
and solid C and N fluxes and reduce soil erosion irrespective of climatic conditions,
but (ii) the interactions and resulting outcomes (feedbacks) between overland flow,
percolation flow, sediment and liquid and solid C and N fluxes, where, for instance,
hydrological changes affect nutrient transport which may in turn influence biocrust
properties and subsequent water partitioning, are climate specific.
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Figure B.1: Location of the four study sites (left) relative to South America (right). From north to
south: Santa Gracia (SG), Quebrada de Talca (QdT), La Campana (LC), and Nahuelbuta (NA). Bing
Satellite (obtained through QuickMapServices QGIS plugin), Map data 2022 Microsoft.

B.2 Materials and methods

B.2.1 Study sites

Rainfall simulation experiments were conducted on four study sites over a 910 km
gradient from 29° to 38° S in the Chilean Coastal Range (Figures B.1 and B.2).
The study sites consist of coastal semi-arid shrubland (Santa Gracia Natural Re-
serve, henceforth SG), inland semi-arid shrubland (Quebrada de Talca Private Re-
serve, henceforth QdT), mediterranean forest (La Campana National Park, hence-
forth LC) and highland temperate rainforest (Nahuelbuta National Park, henceforth
NA) (Canessa et al., 2022). All study sites have comparable topography, granitic
parent material, and no glacial and volcanic influence (Bernhard et al., 2018). The
study sites are located within protected natural areas, with limited human influence
compared to the surrounding areas. Nonetheless, cattle occasionally enter these
locations, and goats, mules, and donkeys have been reported to SG (Armesto &
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Arroyo, 2007).

Figure B.2: Overview of the study sites, showing the general landscape of Santa Gracia (SG) (a),
Quebrada de Talca (QdT) (c), La Campana (LC) (e), and Nahuelbuta (NA) (g). Corresponding bio-
crusts are illustrated in photographs (b, d, f, h). Notable biocrust features include lichen-dominated
communities in SG and moss-dominated communities in NA.

Mean annual temperature (MAT) decrease and mean annual precipitation (MAP)
increase from north to south (SG: 13.7°C, 66 mmyr—!; QdT: 14.3°C, 109 mmyr—';
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LC: 14.1°C, 367mmyr~'; NA: 6.6°C, 1469 mmyr~'). Despite the close distance
between SG and QdT, Santibafnez Quezada (2017) classified both sites as different
climatic districts. SG is climatically influenced mainly by the short distance to the
coast, while QdT represents an inland climate with an increase of 4.4% in MAT
and 65.2% in MAP compared to SG. Rainfall is concentrated in winter from May
to August (Bernhard et al., 2018; Canessa et al., 2020). Paleoclimate modelling
studies (Mutz et al., 2018) indicate that these climate patterns have persisted since
the late Pliocene. Thus, the study sites represent the constant long-term impact
of climate on soil formation (Ewing et al., 2006). Bernhard et al. (2018) classified
the soils according to the WRB system (2017) as Cambisols for SG, QdT, and LC
and Umbrisols in NA according to a significant increase in topsoil SOC from north
to south along the climate gradient. Soil baseline was characterized by Riveras-
Muroz et al. (2022b) using topsoil samples (0—5 cm). Particle size distribution was
determined for 7 fractions according to Kéhn (1929), combining sieving of fractions
>20um and pipetting of fractions <20 um. Soil texture was interpreted according to
the World Reference Base (WRB) soil classification system (Jahn et al., 2006).

The taxonomical composition of mosses and lichens present in the biocrust (Fig-
ure B.2) was described more extensively in (Riveras-Muioz et al., 2022b). At the
dry end of the gradient, SG presented mosses (4 species) and lichens (2 unidenti-
fied genera), and QdT exhibited a similar composition; in contrast, LC was mainly
composed of mosses (at least 6 identified species), while NA included mosses (7
species), liverworts (2 species), lichens (2 species) and fungi (1 specie).

B.2.2 Rainfall simulation experiment

At the research sites, 1 mx1m plots were established in areas with minimal hu-
man influence to collect samples for the rainfall simulation experiments. Each plot
was located at top slope with a south-facing orientation. The setups considered the
presence of site-typical biocrust communities, similar slope and aspect, and a lack
of anthropogenic disturbance and ensured that the distance between each plot did
not exceed 30 meters. The rainfall simulation experiment was designed as a facto-
rial, completely randomized experiment with eight treatments (four sites, each with
(BSC+) and without biocrust (BSC-)). Five field replicates (plots) and three soil sam-
ples as technical replicates (pseudo-replicates) in each plot were taken, resulting in
a sample size of n = 120 rainfall simulations.

Infiltration boxes (Figure B.3) were developed as part of a rainfall simulation exper-
iment to measure runoff and percolation flow, including their matter content. Undis-
turbed soil samples were collected using cutting frames (20cm x 30cm x 7cm,
Figure B.3a), carefully installed with minimal surface and subsurface disturbances
(Figure B.3c, Seitz (2015)). Cutting frames are made from 1 mm metal plates, sharp-
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ened in the bottom sides, and include an upper border to transfer the strength to
them without direct contact with the soil and a lower one to stop the frame from
burying beyond the desired height of the sample (Figure B.3a). Subsequently, the
cutting frames were excavated around, and a metal plate was inserted underneath
it (Figure B.3d). The cutting frames with the soil samples were covered with metal
plates, wrapped in plastic foil, and carefully transported to a flat area with water
available. Then, the wrappings were removed, and the frames with the soil samples
were stacked on a permeable metal plate and placed inside the soil erosion flux box
(Figure B.3a) designed as steel containers with a triangular surface runoff gutter
and an outlet at the bottom to capture the percolation flow (Figure B.3a). Soil depth
within the boxes is 7cm. In the case of the presence of small plants, they were cut
flush with the surface using a scissor and paying attention to not pull them and avoid
surface disturbances. The water content of each sample was measured by a TDR
probe (Delta-T Devices Ltd. Cambridge, UK) when sampling, using the average of 3
measurements directly next to the sampling area. Perpendicular photographs were
taken on each sample with a digital camera (Sony ILCE-6000 equipped with a lens
SELP1650, Tokyo, Japan) and processed with the grid quadrat method overlying a
digital grid of 100 subdivisions and separating biocrusts by visual inspection (Belnap
et al., 2001) to assess the biocrust ground cover.
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90 mm
Cutting frame

Permeable
metal plate

Infiltration box

Figure B.3: Construction diagram of the soil erosion flux box used in the experiment (a), general
view of a plot with the presence of biocrust prior to sampling (b). (c, d) shows an installed cutting
frame and the cleared and prepared soil. (e) demonstrates the setting for rainfall simulations at the
Nahuelbuta (NA) study site.

Rainfall simulations were conducted near the sampling site with the TUbingen rain-
fall simulator (Iserloh et al., 2013; Seitz, 2015), equipped with a Lechler 460.788.30
nozzle and adjusted to a falling height of 3.5m. The stack with the sample was
placed inside the rainfall simulator and set to a 10° slope (Figure B.3e). A rainfall
event was simulated using an intensity of 45 mmh~! sustained over a 30-minute pe-
riod. According to regional intensity-duration-frequency analyses for central Chile
(Pizarro-Tapia et al., 2020), such an intensity falls within the extreme rainfall cate-
gory, well above the heavy precipitation threshold even for relatively wet climates.
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This extreme intensity was selected to exceed the soil infiltration capacities and
reliably generate surface runoff at all study sites. In particular, the four sites rep-
resent a pronounced climatic gradient, ensuring that the simulated storm event is
sufficiently intense to produce runoff under the diverse hydrological conditions en-
countered across these regions. The time to start runoff and percolation generation
was recorded with a timer. Sediment-water samples were collected in bottles at the
runoff gutter and percolation valve. The volume of water was registered with a grad-
uated beaker. The samples were left to sedimentation by gravity, and a water sample
was extracted from the supernatant using a siphon and frozen at —4 degreeCelsius.
The remaining sample was dried in an oven at 105 degreeCelsius until no water was
observed and then for 48 hours. The weight of the sediment was measured using a
balance, and the total C and N content of the sediment was subsequently analyzed.
The sediment load was calculated by dividing the sediment amount by the water
volume. The nutrient load on sediments was measured using an elemental analyzer
(Vario EL Ill, Elementar Analysensysteme GmbH, Hanau, Germany). The water
samples were filtered to 0.45 ym and analyzed for DOC and DON using a Multi N/C
2100 S from Analytik Jena (Jena, Germany).

B.2.3 Statistical analysis

The experiment was designed as a factorial combination of site (4 levels: SG, QdT,
LC and NA) and biocrust (2 levels: BSC+ and BSC-). We assessed three ef-
fects—site (4 levels), biocrust (2 levels), and their interaction (8 combinations)—on
each response variable. Differences in the properties analyzed were proven by AN-
COVA, using the soil baseline variables clay, silt, sand, Ct, and Nt as covariates.
Significance of covariates was determined using both-directions stepwise regres-
sion. When covariates were not significant, analyzes continued using ANOVA. AN-
COVA and ANOVA were implemented in R using the package stats 4.2.1 (Team,
2022). In case normality or homoscedasticity were not accomplished, automatic
data transformation was applied using the package bestNormalize 1.8.3 (Peterson
& Cavanaugh, 2020; Peterson, 2021). We evaluated the normal distribution of the
data using Shapiro-Wilk’'s normality-test (p > 0.05) implemented in R stats 4.2.1
(Team, 2022) and homoscedasticity by Levene’s Test (p < 0.05) implemented in
the car 3.1-0 package (Fox et al., 2018). The individual significance of treatments
was assessed by the Dunn-Sidak correction implemented in the package multcomp
1.4-20 (Hothorn et al., 2008).
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B.3 Results

B.3.1 Surface runoff, percolating water fluxes, and their
interrelation with biocrust cover along different climatic
conditions

Our findings reveal that biocrusts play a critical role in modulating associated with
erosion, runoff, and percolation across varying climatic conditions (Table B.1 and
B.2). Overall, the time required to start runoff was significantly longer in NA, with the
shortest time observed in the coastal arid site, SG. Biocrusts significantly delayed
runoff initiation by 97.7%, mainly due to increased surface roughness. This delay
was more pronounced in NA, where the combination of enhanced roughness and
high infiltration capacity extended the time for runoff initiation by three to four times.
However, these effects did not extend to the subsoil, as biocrust had no measurable
impact on the time needed for percolation to start.

The total runoff volume was significantly higher in SG compared to the other
sites. Biocrust contributed to a significant reduction of the runoff volume, averaging
a 28.0% reduction, corresponding to a significant 50.0% reduction in percolation.
Regarding site-specific effects, biocrusts significantly reduced the runoff volume by
72.4% in NA. Contrarily, a contrasting trend in LC was observed, with a 36.4% in-
crease in runoff volume associated with the biocrust presence.

The climatic gradient significantly influenced the total sediment transported by
runoff, decreasing sediment mobilization as humidity increased. Biocrusts were piv-
otal in reducing sediment transport via runoff, resulting in an overall decrease of
69.9%. However, this reduction in runoff-associated sediment transport was ac-
companied by a 28.3% increase in the sediment mobilization via percolation. The
site-by-biocrust interaction showed significant sediment reductions across the north-
ern sites, with NA exhibiting a similar trend, albeit without statistical significance.

The sediment load in the runoff, measured as sediment concentration in water,
was significantly reduced by an average of 60.9% in the presence of biocrust. In
contrast, sediment concentration in percolation increased significantly by 58.3%,
highlighting a shift in sediment dynamics influenced by biocrust interactions across
the study sites.

B.3.2 Influence of biocrust on C and N fluxes along a climatic
gradient

Biocrusts influenced the transport and distribution of C and N in soils, altering their
behavior compared to bare surfaces. These effects extend across surface and sub-
surface layers, involving both sediment-attached and water-dissolved forms measur-
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Table B.1: Surface runoff fluxes on the study sites (SG: Santa Gracia, QdT: Quebrada de Talca,
LC: La Campana, NA: Nahuelbuta) with (+) and without (-) biocrust (BSC) cover and site-by-biocrust
interaction. Values correspond to mean =+ standard deviation (SD) of five field replicates. A letter-
based display of Sidak correction accompanies surface runoff parameters?, and the significance of
the studied factors is shown as a p-value and list of covariates (Ct, Nt: total carbon and nitrogen
content). Different letters indicate statistically significant different values based on our data, ns: non-
significant.

Time to Sediment Sediment
start Runoff in runoff load of
Factor runoff runoff
[s] [Lh'] [gm2h~!] gL 'm™?]
Mean 4+ SD
Site  SG 65.1+ 20.7 (a) 49+18 (b) 617+473 () 12.1+ 79 (a)
QdT 787+ 304 (@) 40+16 (a) 398+459 (b) 9.6+ 9.6 (a)
LC 83.5+ 56.0 (@) 39+22 (a) 241+293 (b) 7.3+ 8.8 (a)
NA 236.7+273.0 (b) 44+43 (@) 28+ 44 (a) 3.0+14.0 (a)
Biocrust BSC+ 154042115 (b) 36+21 (a) 1494222 (a) 4.5+104 (a)
BSC- 7794+ 33.8 (@) 50+31 (b) 4954492 (b) 11.54+10.0 (b)
Site xBiocrust
SG BSC+ 62.7+ 21.2(ab) 44+16 (ab) 340+340 (bc) 7.5+ 5.7 (abc)
SG BSC- 67.5+ 20.6(ab) 54+18 (ab) 873+456 (d) 167+ 7.1 (de)
QdT BSC+ 87.3+ 37.5(ab) 38+15 (ab) 131+ 96 (ab) 3.3+ 2.0 (abd)
QdT BSC- 70.14+ 18.7(ab) 42+18 (ab) 665+524 (cd) 15.84+10.2 (ce)
LC BSC+ 85.8+ 67.1(ab) 45+20 (ab) 87+ 94 (a) 2.1+ 19 (a)
LC BSC- 81.2+ 44.6(ab) 33+23 (ab) 395+344 (bc) 12.6+ 9.9 (bcde)
NA BSC+ 380.44329.5 (b) 19423 (a) 16+ 49 (a) 5.2419.9 (abcde)
NA BSC- 93.0+ 40.2 (@) 69+45 (b) 40+ 36 (@) 0.9+ 1.2 (abcde)
Significance (p-value)
Site 1.03x1075 ° 0.0304 To221x107% T 193x107% 7
Biocrust 0.01452 ’ 0.0034 T 437x10710 T 757x 10710 7
Site x Biocrust 0.0166 T 1.83x107% 7 0.00129 " 0.000177
Covariates clay + Ct silt + sand + Nt clay + sand + Ct +

soil water content

2| etters indicate significant differences between means according to post-hoc tests with Sidak cor-
rection for multiple comparisons. Levels not sharing any letter are significantly different (p < 0.05).
" Statistically significant effect (p < 0.05).  SP Standard Deviation. T Total Carbon content.

NT Total Nitrogen content.
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Table B.2: Percolating water fluxes on the study sites (SG: Santa Gracia, QdT: Quebrada de
Talca, LC: La Campana, NA: Nahuelbuta) with (+) and without (-) biocrust (BSC) cover and
site-by-biocrust interaction. Values correspond to mean + standard deviation (SD) of five field
replicates. A letter-based display of Sidak correction accompanies surface runoff parameters?,
and the significance of the studied factor is shown as a p-value and list of covariates (Ct, Nt: to-
tal carbon and nitrogen content). Different letters indicate statistically significant different values

based on our data, ns: non-significant.

Time to start

Sediments in

Sediment load

percolation Percolation percolation . .
in percolation
Factor flow
[Lh™'] [gm~2h~1] [gL 'm™?]
Mean + SD
Site SG 223 +14.0 (@) 19+34 4.2+19.7
QdT 175.0 +150 (@) 7+10 02+ 0.3
LC 234 +13.0 (a) 13+15 0.5+ 0.5
NA 145 +39.0 (b) 23+25 04+ 04
Biocrust BSC+ 171 +34.0 (b) 19+22 0.5+ 0.5
BSC- 218 +21.0 (a) 12+24 2.1+13.7
Site x Biocrust
SG BSC+ 202 +15.0 19+18 0.7+ 0.5
SG BSC- 244 +10.0 18 +46 7.54+27.5
QdT BSC+ 148.0 +13.0 9+13 03+ 0.3
QdT BSC- 202 +13.0 5+ 6 02+ 0.2
LC BSC+ 226 +14.0 17+£19 0.6+ 0.5
LC BSC- 241 +14.0 9+ 9 04+ 03
NA BSC+ 107.0 +28.0 30+32 04+ 04
NA BSC- 183 +30.0 1615 04+ 03
Significance (p-value)
Site 1.78 x 1012 (ns) (ns)
Biocrust 8.11x 1078 0.00946 (ns)
Site x Biocrust 0.001 64 (ns) (ns)
Covariates clay clay + silt + sand + clay + silt + sand

Cr + SOC

+ Ct + SOC

2| etters indicate significant differences between means according to post-hoc tests with Sidak
correction for multiple comparisons. Levels not sharing any letter are significantly different (p <
0.05).  Statistically significant effect (p < 0.05).
Cr Total Carbon content.

SD Standard Deviation.

SOC 30il Organic Carbon.

s Non-significant (p >= 0.05).
NT Total Nitrogen content.
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ing in runoff and percolation fluxes (Table B.4, Figure B.4). The C content in erosion
sediments mobilized by runoff increased significantly along the climatic gradient and
reached about 10 times higher values of 23.1gCm 2>h~! under mediterranean cli-
mate conditions in LC compared to less than 2.0 gCm~>h~! under semi-arid condi-
tions in QdT. In all climates, biocrusts caused a significant decrease in the amount
of carbon in surface runoff, with differences reaching a maximum factor of 4.

In percolation flow, biocrusts consistently reduced C content, showing the same
general pattern as surface runoff but less pronounced. An average reduction of C
for arid and semi-arid areas of around 20 to 40% contrasts with almost unchanged
values under humid conditions in NA. The absolute values differed between the four
climates by a factor of 8, with the highest C concentration in humid NA and the
lowest in semi-arid QdT. This reduction was partially explained by soil texture, which
accounted for 32.9% of the variability (p = 6.013¢73).

The differences in N fluxes between areas with and without biocrusts and be-
tween semi-arid and humid climates followed a similar pattern for carbon, increas-
ing along the climatic gradient with significantly lower values overall. Biocrust effects
were site-specific, increasing sediment N in SG but decreasing in NA and explain-
ing 48.8% of the variability in N mobilized by runoff (p = 2.267¢~13). The effect,
combined with factors like Ct, N1, and SOC, accounted for 25.5% of the observed
variability (p = 2.694¢79).

BSC affected dissolved C and N fractions (DOC, DON) across the climatic
gradient.  Site-specific conditions and biocrust interactions (site-by-biocrust ef-
fect) strongly influenced DOC in runoff, which explained 56.0% of the variability
(p = 1.939¢~1). Biocrusts amplified DOC in some areas, such as in SG, while re-
ducing it in others, such as NA. Similar patterns were observed in percolation, where
site and biocrust interactions accounted for 33.1% of the variability (p < 1.173¢73).
DON in runoff showed analogous trends, with significant site-biocrust interactions
explaining 56.3% of the variability (p = 2.2¢~9). For instance, in northern sites like
SG, biocrusts increased DON from 1.3+ 1.0 ppm to 2.2 2.0 ppm. However, in the
southernmost site NA, biocrust decreased DON from 0.6 £0.7to 0.3 =0.8 ppm. In
percolation, DON content followed similar trends, with 45.6% of variability explained
by site and biocrust interactions (p = 3.905¢~13).

B.4 Discussion

B.4.1 Biocrust and erosion under different climatic conditions

During the rainfall simulations, the time to runoff varied between sites, with NA show-
ing significantly longer delays on average. This delay results from the higher sur-
face roughness in biocrust samples, mainly due to the dominance of bryophytes

106



B.4 Discussion

(mosses) (Riveras-Mufioz et al., 2022b). Bryophytes increase water storage ca-
pacity and create a more tortuous surface, which alter surface runoff dynamics and
delay runoff (Chamizo et al., 2016; Juan et al., 2023; Zeng et al., 2025). The longer
time to runoff in NA is primarily driven by biocrust plots, where time to runoff is up
to three times higher than in other sites with biocrust. This skews the mean value
upwards, as bare soil in NA exhibits runoff times like those in northern sites.

Biocrust composition follows a gradient (Riveras-Munoz et al., 2022b): in SG and
QdT bryophytes and lichens dominates; in LC those two groups are represented in
a more balanced way; and in NA, the community comprises bryophytes, liverworts,
lichens and fungi. In contrast, runoff initiation times were similar across all sites in
the BSC treatment, where smoother surfaces predominate.

Runoff volume followed a similar pattern. Overall, biocrusts significantly reduced
runoff volume by approximately 23.6%, consistent with Bu et al. (2015), Gall, Nebel,
et al. (2022) and Xiao et al. (2022). This reduction reflects the enhancement of sur-
face micro-roughness by the effect of biocrust, that traps water in micro-depressions,
and due to structuration of the soil, increases pore continuity and saturated hydraulic
conductivity, thereby shifting water into infiltration rather than overland flow. The
three northern sites showed a decreasing trend in runoff volumes as humidity in-
creases, but in NA this runoff volume increases again. However, post-simulation
inspection of NA soil samples revealed heterogeneous infiltration: most of the sail
remained dry, with only a few localized wet patches. This indicates a high soil hy-
drophobicity, where despite a high surface roughness due to the well developed
biocrust, water infiltrates primary following preferential flow paths and most of it is
evacuated via runoff. Such hydrophobicity is commonly associated with soils rich
in organic matter and low in water content (Jimenez-Morillo et al., 2022; Xing &
Lourenco, 2023), conditions present in NA during summer and known to influence
local hydrology strongly (Hassan et al., 2022).

Across all climatic conditions, biocrusts consistently and significantly reduced
sediment discharge, highlighting their role in mitigating soil erosion. Previous stud-
ies have similarly emphasized biocrust cover as an important factor in controlling soil
erosion rates (Chamizo et al., 2017; Gall, Nebel, et al., 2022; Seitz et al., 2017; Silva
et al., 2019). Although the total runoff volume did not follow the climatic gradient,
the trend shows a reduction in the sediment load mobilized by runoff with increasing
climatic moisture.

The increased stability of soils with increasing water availability is well docu-
mented (Lal, 2020; Riveras-Mufoz et al., 2022b). Ecosystems that receive more
water generally have higher net primary production (NPP), leading to greater organic
matter input into the soil. This improves soil structure and promotes the formation of
more stable aggregates, thereby increasing resilience to external disturbances (Lal,
2020), such as heavy rainfall in the case of our experiment. These results highlight
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the importance of soil conservation in regions with limited water availability, espe-
cially where the frequency of extreme events is increasing (Meseguer-Ruiz et al.,
2020). Sediment load at QdT was 60 % lower than SG under comparable rainfall
conditions, highlighting the effects of soil conservation. Specifically, QdT has been
fenced since 2011, which has fostered a more continuous biocrust cover, leading to
higher surface stability and reduced sediment transport in QdT.

The climate gradient is expressed in terms of the time for percolation to start from
the start of the simulation. However, contrary to our expectations that more humid
conditions would increase the abundance of large drainage pores and thus acceler-
ate percolation (Riveras-Mufioz et al., 2022b), the time for water to start percolating
was faster in the coastal semi-arid site and slowest in the humid one. In this regard,
Nielsen et al. (2018) confirm that coarse porosity in soils with high sand content
comes from interstitial spaces between particles. Our results support this, as the
northernmost site, with its high sand content, showed the fastest onset of perco-
lation. This behavior is in line with the hydrophobicity observed in NA. Conversely,
soils developed in more humid climates appear to have more complex, tortuous pore
networks, resulting in slower infiltration (Crawford, 2006).

Although infiltration started earlier in arid conditions, cumulative infiltration was
lower than in temperate and humid climates. In semi-arid conditions, infiltration is
initially rapid but quickly reaches saturation, limiting total infiltration. In contrast,
infiltration starts slowly but remains constant in humid climates, allowing more water
to infiltrate before saturation is reached. This difference significantly impacts how
soils respond to intense rainfall events, as saturated soils have the lowest physical
stability (Montrasio et al., 2018) and, when combined with steep slopes, pose a high
risk of landslides (Godt et al., 2009). Biocrusts increased the amount of infiltrating
water, indicating increased saturated hydraulic conductivity (Bauer, 1974). Biocrusts
thus act as an agent that modifies the relationship between horizontal and vertical
water flow (S. Li et al., 2022). In our experiment, this effect was observed to a
depth of 7 cm, but if deeper pore continuity exists, it may also promote groundwater
recharge.

The significant increase in the sediment content of the percolating water indicates
the active leaching of sediments from the A horizon into the underlying layers. Along
the climatic gradient, sediment movement generally increased with moisture. How-
ever, the SG site deviated from this pattern and showed significantly lower sediment
transport at 7cm depth. Sediment mobilization was higher in soils with biocrusts,
supporting the idea that biocrusts trap finer particles (Chen et al., 2008; Garcia-
Pichel et al., 2016). These trapped sediments can serve as a source of material
mobilized deeper in the soil profile. This effect was most pronounced in the NA and
almost imperceptible in the SG, where lower water percolation probably minimized
sediment movement.
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B.4.2 Biocrust modulation of C and N fluxes along different
climatic conditions

In addition to affecting erosion and sediment transport, biocrusts also influence the
composition of the mobilized sediments and runoff (Figure B.4). In the solid phase,
Ct and Nt increased with moisture along the climatic gradient. This nutrient en-
hancement is attributed to C accumulation, which depends on the balance between
respiration and photosynthesis rates. These rates are determined by climatic factors
(Wang et al., 2022), such as soil temperature and moisture (Ontl & Schulte, 2012),
which were key criteria for our site selection. In addition, more than 90% of N in
soils is bound to C in organic forms, making these two elements highly correlated
(Q. Lietal., 2014).

SG - Coastal semi-arid QdT - Inland semi-arid LC — Mediterranean

* Cinsediments = « N insediments =
« DOCinwater = « DON inwater ==

Figure B.4: Total carbon (C) and nitrogen (N) fluxes in sediment and water for the four study sites.
Diagonal arrows represent surface runoff. Arrows pointing vertically downward represent percolation.
The diagrams on the right, with a light green surface, represent the BSC+ treatments, and the one
on the left represents the BSC- treatments. Grey-filled arrows correspond to C fluxes, and yellowish
arrows to N. At the same time, arrows with solid borders correspond to fluxes attached to the sedi-
ments and dashed arrows correspond to fluxes dissolved in water. Each type of arrow is proportional
within each group in width to the concentration of nutrients and in length to their mass.

The increase in C/N ratio along the climatic gradient, from arid to humid condi-
tions, indicates a shift in the dominant processes from mineralization to immobiliza-
tion (Brust, 2019). This shift implies enhanced N recycling and increased stability
of SOM in more humid environments (Oeser & von Blanckenburg, 2020). However,
the presence of biocrusts altered these patterns, where in SG and QdT there were
no changes in the C/N of the bare soil. In LC and NA, however, the presence of
biocrusts implied a reduction in the C/N of the sediments, suggesting that biocrust-
influenced sediments contain less C but more N, which is often a limiting element
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for biological activity (Hanrahan & Chan, 2005) and may pose a higher risk as a
watercourse pollutant (Dodds & Smith, 2016).

The composition of the percolated sediments in the soil profile also varied with
climate and the presence of biocrusts. The Ct of the sediments followed the cli-
matic gradient, increasing with moisture. Biocrust presence reduced Ct in sedi-
ments compared to bare soil, suggesting that the sediments serve as a C source for
the organisms in the biocrusts (Sancho et al., 2016). Thus, biocrusts reduce long-
term C pools in the subsoil and concentrate C where there is more biological activity
(Baumert et al., 2021). Ct of sediments along the sites and biocrust conditions fol-
lowed the same pattern as Ct of soils published by Riveras-Murioz et al. (2022b).
The Nt of sediments followed a similar climatic gradient as the Ct, with a significant
increase when moving to wetter conditions, reflecting the general pattern of net pri-
mary productivity (LeBauer & Treseder, 2008). However, the effect of biocrust on
Nt in sediments mobilized by percolation was not significant per se but depended
on the specific site. The above indicates a change in the effect of biocrusts on Nt
at the different sites, where the sediments act as a source of N in LC and NA but
as a sink in SG and NA. These differences in the direction of N flux in the different
environments had a direct effect on the C/N ratio, indicating rapid mineralization and
release of N for plants in SG, QdT and LC and a state of equilibrium between min-
eralization and immobilization in NA Brust, 2019. The lack of difference in the C/N
ratio, together with a significant increase in the values of Ct and Nt when biocrusts
are present, highlights biocrusts as active agents in the fixation of these elements
but that maintain the equilibrium in the ratio of these elements when considering
sediments mobilized by infiltration under different climatic conditions.

The liquid phase of both percolation and runoff showed changes in DOC and
DON content in the presence of biocrusts, representing readily available organic
C and N sources (Bernal et al., 2005). A meta-analysis by Xu et al. (2022) found
that BSCs generally increased SOC by 70.9% compared to uncrusted soil, with
the strongest positive effects observed in deserts and with mixed crusts (contain-
ing multiple biocrust types). Biocrust removal significantly increased both DOC
and Ct mobilization, especially under high-intensity rainfall. For example, Chamizo
et al. (2017) found that annual DOC mobilization could increase up to three-fold
and Ct mobilized in sediments up to ten-fold in biocrust-removed soils compared
to soils with intact biocrusts, with the most pronounced effect during the first rain-
fall event after removal. Furthermore, Aanderud et al. (2018) found evidence for
the initiation of fungal loops — where fungi translocate resources between soils and
plants — in cyanobacteria-dominated crusts. Specifically, they showed that '°N from
SNH4* moved 40 mmh ™! in biocrust soils. This highlights the immediate impact of
biocrust disturbance on C loss through water erosion, and the potential role of fungi
in nutrient cycling. Young et al. (2022) significantly expand on that, demonstrating
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this availability varies greatly with biocrust successional stage. Lightly pigmented
cyanobacterial crusts leached more dissolved nitrogen, while moss crusts released
significantly more dissolved organic carbon. Although these differences did not im-
mediately alter mineral soil microbial respiration, soil beneath moss crusts showed
higher long-term CO»> flux, suggesting organic C accumulation. Thus, biocrust type
crucially regulates nutrient and carbon fluxes to deeper soil, impacting dryland eco-
system function.

Our results suggest that organic C and N mobilization in water and sediments
depends on the interplay of climatic conditions, site characteristics and biocrust
presence, in agreement with Austin et al. (2004). We observed that runoff models
captured biocrust effects more accurately than infiltration models, probably because
the influence of biocrusts is strongest at the surface and decreases with depth -
beyond 7 cm in our study. This observation is consistent with Williams et al. (2022),
who only consider biocrust effects to a depth of about 4 cm in runoff models. This
confirms that the presence of surface biocrusts can influence nutrient mobilization
in water and sediments (Belnap & Lange, 2003; Rodriguez-Caballero et al., 2013),
not only in arid ecosystems.

Furthermore, our study found that sediment N loss was explained by site and
biocrust, without interactions between the two factors, indicating that both site and
biocrust have individual effects on N mobilization. The importance of biocrust sug-
gests similar mechanisms in each site studied, where biocrusts act as a source of N
that moves vertically and is relocated in depth by infiltration at the expense of DON
in the runoff. In contrast, DOC loss in runoff was significantly explained by site,
biocrust and their interaction, whereas percolation DOC was only influenced by site.
These results suggest that DOC flux is controlled by complex interactions between
the site and biocrust at the surface, which decrease with depth.

These results highlight the nuanced role of biocrust in regulating C and N source
and sink dynamics, with effects varying significantly across climatic gradients and
between surface and subsurface processes such as surface runoff and percola-
tion. The effects of biocrust were particularly pronounced on surface-associated
runoff dynamics, while their influence on subsurface and percolation fluxes dimin-
ished. These observations highlight the importance of considering local environ-
mental conditions and biocrust interactions when assessing their ecological func-
tions and contributions to nutrient cycling. Overall, nutrient fluxes in water and sedi-
ments appear to be influenced by a combination of several factors, including climate
and biocrust (structure, composition and activity). Further studies may be required
to fully understand the mechanisms driving these interactions and their implications
for ecosystem processes.
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B.5 Conclusions

Our findings partially support our first hypothesis, showing biocrusts consistently
reduce soil erosion and enhance infiltration, regardless of climate. However, their
impact on surface runoff initiation varied. Rough-surfaced, bryophyte-dominated
biocrusts in humid environments delayed runoff, an effect less pronounced in drier
climates with smoother biocrusts. While generally reducing runoff volume (e.g.,
QdT), biocrusts unexpectedly increased it in one Mediterranean site (LC). Biocrusts
significantly reduced sediment discharge across all climates, most effectively in the
inland semi-arid site. While not altering infiltration time, they increased cumulative
infiltration and facilitated fine particle movement into deeper soil.

Our second hypothesis, proposing climate-specific feedbacks, is also supported.
Biocrusts influenced sediment nutrient dynamics. In semi-arid sites (SG, QdT), they
increased sediment C and N, a trend reversed in wetter sites (LC, NA), demonstrat-
ing a climate-dependent shift in their function as nutrient sources/sinks. Biocrusts
enhanced percolation, deep sediment transport, and N fluxes at depth, while reduc-
ing C loss via infiltration.

They also affected dissolved C and N. Initial dissolved C and N losses decreased
with increasing humidity. Biocrusts generally reduced C losses; for N, they acted
primarily as a source, mobilized by infiltration. Interactions were strongest at the
surface, decreasing with depth.

These findings highlight the context-dependent impacts of biocrusts, revealing
complex interplay between biotic and abiotic factors, exhibited as significant site-
by-biocrust effects. By protecting soil, modulating water infiltration, and interacting
dynamically with nutrients, they are crucial ecological players in drylands and other
ecosystems.
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Table B.3: Baseline soil parameters of the study sites (SG: Santa Gracia, QdT: Quebrada de Talca,
LC: La Campana, NA: Nahuelbuta) for topsoils with (+) and without (-) biocrust (BSC) cover. Values
correspond to mean + standard error of five field replicates (Ct, N: total carbon and nitrogen). Soil
texture classes follow the World Reference Base (WRB) classification: SalLo = sandy loam, LoSa =
loamy sand, SaClLo = sandy clay loam.

Site Biocrust  Clay silt sang  Texture Cr Nr CIN Soil water  Biocrust
class content cover

[%] [%] [%] [%] [%] [%] [%]

SG BSC+ 75412 192+24 733+35 LoSa  078+023 006+0.02 13.0+115 1.0+0.1 62.1+14.0

SG  BSC- 72+17 182+30 746+44 LoSa  082+031 007+003 11.7+103 27+05 -

QdT BSC+ 155424 173+18 672+09 Salo  1.07+0.17 010+0.01 107+17.0 1.9+06 73.9+10.7

QdT BSC- 161+15 175+15 664427 Salo  1.29+025 0.11+002 11.7+125 2107 -

LC BSC+  108+13 204+16 688+28 Salo  347+134 023+006 151+225 13+04 69.2+133

LC  BSC- 101+11 195+39 704+46 Salo  657+423 033+0.13 19.9+325 20+1.2 -

NA BSC+  254+13 229+42 517452 SaCllo 11.12+234 045+007 247+334 92+17 68.8+135

NA BSC-  237+14 209+21 554430 SaCllo 13.91+289 057+009 24.4+321 10125 -
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Table B.4: Total content and concentration of carbon and nitrogen for fluxes in sediment and water for the four study sites (SG: Santa Gracia,
QdT: Quebrada de Talca, LC: La Campana, NA: Nahuelbuta) with (+) and without (-) biocrust (BSC) cover in percolation and runoff positions.
Carbon and nitrogen values appear as total amounts (g m™ h™') and as concentrations (% or ppm).

Carbon in Organic Nitrogen in Organic
Site Biocrust Position - Cr carbonin DOC - Nt nitrogenin DON

sediments sediments

water water

[g m2h'] [%] [am?h™] [ppm] [gm2h’] [%] [am?h']  [opm]
SG BSC+ percolation 0.5+0.3 0.027 £ 0.010 0.7+0.5 26 £ 19 0.08 + 0.05 0.0041 + 0.0025 0.15+0.13 7+12
SG BSC+ runoff 6.4+4.6 0.020 + 0.008 0.8+05 19+ 12 0.47 + 0.31 0.0015 + 0.0005 0.09 + 0.08 2+2
SG BSC- percolation 04+0.7 0.042 + 0.022 0.7+1.1 43 + 31 0.05 + 0.05 0.0088 + 0.0071 0.53+1.22 28 + 40
SG BSC- runoff 11.1+47 0.014 + 0.004 0.5+0.3 9+5 0.88 + 0.39 0.0011 + 0.0004 0.07 + 0.06 1+1
QdT BSC+ percolation 0.5+0.3 0.045 £ 0.018 0.9+09 27 £ 14 0.06 £ 0.03 0.0057 + 0.0023 0.10 £ 0.11 3+x2
QdT BSC+ runoff 32+15 0.025 + 0.009 1.6+1.1 40 £ 23 0.27 £ 0.14 0.0021 + 0.0006 0.18 +0.12 5+3
QdT BSC- percolation 0.3+£0.2 0.049 + 0.021 0.3+04 18+ 16 0.04 £ 0.02 0.0072 +£ 0.0042 0.03 £ 0.04 2+3
QdT BSC- runoff 128+7.3 0.021 + 0.006 20+14 56 + 39 1.11 £0.68 0.0017 + 0.0004 0.34 +0.25 10+8
LC BSC+ percolation 0.8+0.7 0.043 +0.013 1.3+11 51+29 0.14 £ 0.09 0.0085 + 0.0041 0.37£0.43 13+12
LC BSC+ runoff 3.9+35 0.049 + 0.026 21+11 47 £ 18 0.34 £ 0.30 0.0047 + 0.0024 0.40 £ 0.25 9+4
LC BSC- percolation 0.5+0.3 0.051 £ 0.029 0.8+0.7 34+18 0.09 £ 0.07 0.0082 + 0.0030 0.21 £ 0.31 8+6
LC BSC- runoff 23.1 £+ 13.7 0.063 + 0.026 0.8+0.6 22+ 6 1.44 £0.83 0.0038 + 0.0011 0.27 £ 0.25 7+3
NA BSC+ percolation 23+22 0.095 + 0.060 0.6+0.7 7+7 0.13+0.10 0.0062 + 0.0034 0.03 + 0.05 0+1
NA BSC+ runoff 20+£22 0.115 £ 0.047 0.1+£0.2 4+5 0.12+0.18 0.0059 + 0.0015 0.00 £ 0.01 01
NA BSC- percolation 23+1.3 0.114 £ 0.034 0.3+0.3 8+7 0.12 + 0.06 0.0065 + 0.0014 0.05 + 0.06 2+5
NA BSC- runoff 8.2+£6.5 0.196 + 0.067 0.3+04 55 0.32 £ 0.25 0.0079 + 0.0024 0.04 £ 0.06 1+1
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C.1 Introduction

Abstract

The microbiota is attributed to be important for initial soil formation under extreme
climate conditions, but experimental evidence for its relevance is scarce. To fill this
gap, we investigated the impact of in situ microbial communities and their interre-
lationship with biocrust and plants compared to abiotic controls on soil formation in
initial arid and semiarid soils. Additionally, we assessed the response of bacterial
communities to climate change. Topsoil and subsoil samples from arid and semiarid
sites in the Chilean Coastal Cordillera were incubated for 16 weeks under diurnal
temperature and moisture variations to simulate humid climate conditions as part of
a climate change scenario. Our findings indicate that microorganism-plant interac-
tion intensified aggregate formation and stabilized soil structure, facilitating initial soil
formation Interestingly, microorganisms alone or in conjunction with biocrust showed
no discernible patterns compared to abiotic controls, potentially due to water mask-
ing effects. Arid soils displayed reduced bacterial diversity and developed a new
community structure dominated by Proteobacteria, Actinobacteriota, and Plancto-
mycetota, while semiarid soils maintained a consistently dominant community of
Acidobacteriota and Proteobacteria. This highlighted a sensitive and specialized
bacterial community in arid soils, while semiarid soils exhibited a more complex and
stable community. We conclude that microorganism-plant interaction has measur-
able impacts on initial soil formation in arid and semiarid regions on short time scales
under climate change. Additionally, we propose that soil and climate legacies are
decisive for the present soil microbial community structure and interactions, future
soil development, and microbial responses

Keywords

arid soil, semiarid soil, manipulation experiment, climate change, initial soil forma-
tion, bacterial community.

C.1 Introduction

Soil formation occurs at the dynamic interface between the atmosphere, hydro-
sphere, and lithosphere, playing a vital role in supporting life on Earth and facilitating
essential biogeochemical cycles (Amundson et al., 2007). It involves interactions
among physical, chemical, and biological processes, encompassing the weathering
of parent rock materials and incorporating organic matter produced by biota (Schulz
et al., 2013). In the early stages of soil formation, well-adapted microorganisms col-
onize bare mineral substrates, establishing simple communities that undergo suc-
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cessional changes toward more complex species interactions closely linked to soil
formation (Bajerski & Wagner, 2013; Li et al., 2021; Liu et al., 2019; Schulz et al.,
2013; Yu et al., 2022). Concurrently, the presence of lichens and bryophytes, along
with the initial assembly of microbial communities (bacteria, fungi, and algae), leads
to the formation of biological soil crusts (BSCs). These BSCs influence the nutrient
input through photosynthesis, nitrogen (N) fixation, and dust capture (Elbert et al.,
2012) while stabilizing the soil structure and protecting against erosion (Riveras-
Mufoz et al., 2022; Seitz et al., 2017). As soil complexity and nutrient availability
increase, vascular plants establish and promote weathering processes (Calvaruso
et al., 2009) and aggregate formation, which stabilizes soil structure jointly with roots
in the rhizosphere and organic carbon accumulation (Baumert et al., 2018; Erktan
et al., 2016). Understanding the initial role, assembly, and succession of microbial
communities and their intimate associations with BSCs and vascular plants is crucial
for comprehending the development of soils.

Research on the role and succession dynamics of microbial communities in arid
soils with low nutrient content is limited compared to low biomass soils at volcanic
eruption sites or glacier forefields, which have been more extensively studied (Ba-
jerski & Wagner, 2013; Hernandez et al., 2020; Kelly et al., 2014; Meier et al.,
2019). Several studies have provided compelling evidence of the role of specific
microbial species in soil development through carbon and N-fixation (Duc et al.,
2009; Schmidt et al., 2008), efficient mineral weathering (Frey et al., 2010; Lapanje
et al.,, 2012), and aggregate stabilization (Kohler et al., 2006). Furthermore, the
presence of specific taxa and their predicted functions have been linked to these
processes during soil development (Krauze et al., 2021; Rodriguez et al., 2022;
Zhelezova et al., 2019), suggesting the significance of microbial communities in soil
formation. Nevertheless, experimental evidence on the interplay between the natu-
ral microbial community and soil formation processes remains limited. For instance,
investigations have shown that microbial inoculum from arable topsoil can enhance
soil aggregation in artificial soils facilitated by exopolysaccharides and fungal hy-
phae (Pronk et al., 2012). Additionally, ubiquitous microorganisms of mediterranean
soils with moisture reaching 10% of the water-holding capacity have resulted in a
tenfold increase in aggregation compared to sterile conditions (Blankinship et al.,
2016). However, there is a significant gap in experimental evidence regarding the
impact of microbial communities in succession from initial bare soils under arid and
semiarid climate conditions into soils with a plant-root system.

Such arid and semiarid environments, which cover approximately 30% of the
Earth’s land surface, typically experience slow soil development due to limited soil
moisture and water movement for material dissolution and leaching (Abdelfattah,
2013; Sousa et al., 2021). However, changes in precipitation patterns can have
complex effects on vegetation, chemistry, mineralogy, and soil stability (Sousa et
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al., 2021; Su et al., 2010; Wang et al., 2017). Consequently, although soil forma-
tion is a long-term process over hundreds and thousands of years, it can be largely
accelerated under optimal water availability and temperature conditions (Buchan,
2011; Szalai et al., 2021). Moreover, climate projections for the upcoming decades
indicate increased extreme precipitation events in arid regions (Donat et al., 2016;
Ortega et al., 2019). Therefore, there is a growing interest in investigating how mod-
ifications in temperature and precipitation influence soil formation processes in arid
soils for predicting the impacts of climate change or improving land management
practices (Gelybd et al., 2018).

Moisture and temperature changes notably impact soil microorganisms, particu-
larly in arid and semiarid environments. Increased or decreased water availability
affects gene copy numbers (Barnard et al., 2013), respiration and productivity (Arm-
strong et al., 2016), biomass (Na et al., 2019; Ouyang & Li, 2020), diversity, and
community composition (Maestre et al., 2015; Stovicek et al., 2017), due to alter-
ations in soil properties (such as soil organic carbon content) and plant biomass.
Key enzymatic activities in the carbon cycle, such as cellobiohydrolase and -
glucosidase (Ouyang & Li, 2020), and in the phosphorous metabolism, such as
acid phosphatase (Na et al., 2019) also respond to water availability. However, the
microbial response depends on the intensity and frequency of water pulses and
ambient temperature, highlighting the complexity of bacterial responses (Stovitek
et al., 2017). For instance, sudden and substantial water input in hyperarid regions
can harm many soil microbial species and decrease diversity (Azua-Bustos et al.,
2018), while in other studies in the desert, it did not affect diversity (Armstrong et
al., 2016). As our understanding of the direction and magnitude of microbial feed-
back to climate change continues to advance, it becomes increasingly important to
investigate their implications for soil formation.

The Chilean Coastal Cordillera offers a unique opportunity to study soil formation
across a climate gradient ranging from arid to humid conditions. Specifically, the
arid site has drawn significant interest as a natural laboratory due to its extreme cli-
mate conditions and unique microbial community adapted to the harsh environment
(Aguilera & Larrain, 2021; Genderjahn et al., 2018, 2021; Schulze-Makuch et al.,
2018, 2021). Moreover, the arid and semiarid sites of the Chilean Coastal Cordillera
share similarities in tectonic, lithologic, and pedologic factors, as well as low nutrient
content and precipitation levels (Bernhard et al., 2018; Oeser et al., 2018). This
makes them suitable for investigating the effects of humid conditions on initial soil
formation and microorganisms.

This study tests the hypothesis that soil microbial communities, besides abiotic
factors, plants, and biological soil crusts, directly speed up short-term soil formation
in arid regions, especially when humidity and temperature are favorable. Addition-
ally, we propose that soil microbial communities exhibit distinct responses to simu-
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lated climate change, with variations influenced by the soil legacy. We conduct an
experimental study simulating humid conditions of the southern Coastal Cordillera
and implement four treatments representing a successional gradient of soil develop-
ment: sterile soil, soil with in situ microorganisms, soil with in situ microorganisms
and BSCs, and soil with in situ microorganisms and plants. The impact of micro-
biota, BSCs, and plants on soil formation dynamics over time was evaluated by
quantifying changes in soil physicochemical properties in the different treatments.
We also characterize the diversity, structure, and interactions of the bacterial com-
munity, providing insights into their response to environmental changes.

C.2 Materials and methods

C.2.1 Study sites and sample collection

We collected soil samples from two protected areas, Pan de Azucar National
Park (PA) and Santa Gracia Natural Reserve (SG), located in the Chilean Coastal
Cordillera (C.1). The lithology at both sites is granitoid, ensuring similar parent
material for soil formation and a meaningful comparison of the obtained results
(Bernhard et al., 2018; Oeser et al.,, 2018). The mean annual precipitation and
mean annual temperature are 12mm and 16.8 °C in PA and 66 mm and 13.7°C in
SG, respectively (Murioz et al., 2007). These climatic differences result in distinct
soil moisture and temperature regimes. PA is arid with almost no precipitation and
mostly endorheic water resources. In contrast, SG is in a semiarid zone with coastal
fog influence, annual rainfall variation, and winter rain (Bernhard et al., 2018).
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Pan de Azucar Santa Gracia

Original sites

In situ

Biocrust

Plant

A horizon B horizon A horizon B horizon

Figure C.1: Sampling sites and microcosms of Pan de Azucar and Santa Gracia after 12 weeks of
incubation. The different microcosms are separated by horizon and treatment, including in situ, BSC
(Biocrust), and plant treatment.

The field sampling campaign took place in March 2019, at the end of the
austral summer season. The coordinates and elevations for PA were 26°6'35"S,
70°32'57"W, and ~336 m elevation, while for SG, they were 29°45'15”S, 71°10'3"W,
and ~720 m elevation. Soil samples were taken from five plots devoid of vegetation
and two soil horizons (A and B) for each site. In PA, the A horizon (PA - Ahor)
ranged from O cm to 2 cm, and the B horizon (PA - Bhor) ranged from 2 cm to 25 cm.
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Similarly, in SG, the A horizon (SG - Ahor) ranged from Ocm to 3cm, and the B
horizon (SG - Bhor) ranged from 3cm to 40cm. The soil structure characteristics
varied between horizons. PA - Ahor exhibited a cemented crust, while PA - Bhor
had a few round aggregates between coarse material, single grain dominating in
the fine fraction, and gypsum concentrated in one of the plots. SG - Ahor was
characterized by weak aggregates, and SG - Bhor ranged from weak to strong
and stable aggregates. Fresh samples from each plot and horizon separately were
homogenized through a 2 mm sieve and stored at 4 °C until use.

C.2.2 Soil manipulation experiment

An experiment was performed to stimulate initial soil formation into developed soil
ecosystems by applying humid climate conditions in soil microcosms, mimicking a
climate change scenario. The simulated climate change was based on the climate
data of Nahuelbuta National Park in the Chilean Coastal Cordillera, where we can
find well-developed deep soils with a stable soil structure (Bernhard et al., 2018;
Riveras-Munoz et al., 2022). As in the natural conditions of Nahuelbuta, we ap-
plied a photoperiod of 14h/10h day/night and the daily temperature fluctuation of
January (18.3°C/11.2°C day/night) in the soil manipulation experiment. To simu-
late water availability by precipitation, 25 mL of filtered and autoclaved MiliQ water
was gently applied at once three days per week until 65% water-filled pore space
was reached after each application. This value approximates the precipitation in
Nahuelbuta (1469 mmyr~') but is lower due to the water retention capacity of desert
soils. The microcosms consisted of 130 g of field moist soil (sieved <2 mm and pre-
viously stored at 4 °C for nine months) placed in sterile polyvinyl chloride columns
(70 mm in height and 50 mm in diameter) with a silk fabric underneath to prevent soil
scattering. The microcosms were arranged on a grid inside an incubator (Memmert
ICP-110, Germany), mimicking the daily temperature fluctuations. The photoperiod
was set using LED-SANIight S2W (IMAGRO, Germany) and controlled with a timer
coordinated with temperature fluctuations.

For the manipulation experiment setup, soil material from five plots representing
top and subsoil was pooled and homogenized. The experiment included 144 mi-
crocosms representing two sites (PA and SG), two soil horizons (Ahor and Bhor),
four treatments, three sampling times, and three biological replicates for each com-
bination. In addition, three original, untreated samples were collected as baseline
measurements for each site and horizon (T0), totaling 156 samples. The treatments
consisted of a successional gradient of soil development as follows: (i) in situ sam-
ples with indigenous microorganisms but without BSCs or plants, (ii) in situ samples
with naturally growing BSCs to assess the impact of microorganisms at a later stage
of soil development, (iii) in situ samples with Helenium aromaticum (Hook.) L.H. Bai-
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ley (pioneer plant, described below) to simulate later stages of soil development and
(iv) abiotic controls based on soil sterilized samples with 8°Co as a source of gamma
rays and a dose of 5S0kGy (BGS Beta—Gamma—Service GmbH and Co. KG, Wiehl,
Germany) to exclude the impact of indigenous microorganisms. H. aromaticum is
a native vascular annual herb widely distributed in Chile, known as a pioneer plant
that colonizes disturbed soils, forming seasonal grasslands (Gomez-Gonzalez et
al., 2011). For plant preparation, the seeds were sterilized using 20% v/v sodium
hypochlorite and 0.05% Tween 20, washed three times with autoclaved MiliQ water,
and placed in sterile petri dishes with absorbent paper for germination. The ger-
minated seeds were subsequently transferred to the microcosms. BSCs occurred
naturally in the soil, whereas in situ samples with microorganisms were covered with
a black breathable cloth to inhibit their growth.

Microcosms were sampled at 2 weeks (T1), 12 weeks (T2), and 16 weeks (T3)
of incubation. Forty eight samples were sacrificed for each sampling time, covering
two sites, two soil horizons, four treatments, and three replicates. In the 12th week
of sampling, the plants were harvested, and the soil with the roots was retained
until the 16th week of the experiment to assess their effects on the soil. Three
microcosms were transferred to a laminar flow chamber for each treatment and time
point to ensure sterile conditions during sub-sampling. From the total sample, 80 g of
soil was collected for soil physicochemical analysis and stored in the dark at room
temperature. Additionally, 10 g of soil was taken for DNA extraction and held at
—20°C, while 40 g was stored at —80 °C for future RNA extraction and subsequent
analysis.

C.2.3 Soil physicochemical properties

To determine initial soil formation, the aggregate size distribution, and the content
of total carbon (Cy) and total nitrogen (N;) by aggregate size, we collected a total of
104 soil samples from three different sampling points (TO, T1, and T3). For each
sample, 5 g of dry soil was shaken using a modified Casagrande apparatus (Men-
nerich Geotechnik, Hannover, Germany). The apparatus consisted of two sieves
with mesh sizes of 250 um and 53 um, placed on top of a collecting vessel. The
soil samples were subjected to 1,000 repeated cycles of sieving at a frequency of
2 Hz, resulting in the separation of three aggregate size classes: macroaggregates
(>250 um), large microaggregates (53 um to 250 um), and small microaggregates
and primary particles (<53 um). The data on aggregate size distribution was used
to estimate aggregate stability given by the mean weight diameter of the aggregates
(AMWD) as follows:

Z?:lxi*vvi

AMWD = ==L
i1 Wi
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W; is the corrected mass proportion of stable aggregate fraction i in the total ag-
gregates (<2 mm) and X; is the mean diameter of stable aggregate fraction i.

Subsequently, ball milling was conducted before measuring the content of C; and
N; in all aggregate size classes. The process involved milling the samples for 3 min
at an oscillation frequency of 30 Hz. C; and Ny measurements for all fraction samples
were performed using a CHNSO elemental analyzer (HEKAtech Euro EA, Wegberg,
Germany).

Additionally, we determined the total organic carbon (TOC) and total nitrogen in
the bulk soil (Npyk) without aggregate size separation. This analysis used 6 mg of
bulk soil from the same subset of soil samples (104). The measurements were car-
ried out using a flash HT 2000 Organic elemental analyzer, following a 6 M chlorhy-
dric acid digestion of carbonate at 70 °C.

Soil pH and electrical conductivity (EC) were determined for all samples using 15 g
of soil. The soil pH was measured using a WTW pH 340 (WTW GmbH, Weilheim,
Germany) with a Sentix 81 electrode. EC was measured using a conductivity meter
(LE703, Mettler Toledo, United States). For inorganic ion analyses, 5 g of each soil
sample was dried for 12h at 50°C and ground to a finer consistency. Then, the
leaching method described by Genderjahn et al. (2018) was employed to extract the
ions from the soil. Subsequently, the resulting leachate was measured using ion
chromatography (IC). The anions investigated included chloride, nitrate, phosphate,
and sulfate, while the cations analyzed were sodium and calcium. lon concentrati-
ons were calculated based on standards (Roth, Multi-Element IC-Standard Solution)
using ChromStar7 software. All analyses were performed in triplicate.

C.2.4 DNA extraction and quantitative PCR analysis

TTotal genomic DNA was extracted in duplicates from 0.5 g of soil for PA and 0.25 g
for SG using the Power Soil DNA extraction kit (Qiagen, Hilden, Germany), follow-
ing the protocol described by the manufacturer. DNA extraction was exclusively
performed on samples subjected to treatments involving microorganisms (in situ,
biocrust, and plant treatments), resulting in a total of 116 samples. Sterile treat-
ments devoid of biological relevance were excluded from the DNA extraction. The
abundance of bacterial subunit 16S rRNA gene copies was determined by quantita-
tive PCR (gPCR), following the procedure of Bernhard et al. (2018). qPCR assays
were performed on a CFX 96 Connect Real-Time System (Bio-rad Laboratories,
CA, United States) in 96-well plates. The primers Eub341F (5’-ATT ACC GCG GCT
GCT GG-3') and Eub534R (5'-CCT ACG GGA GGC AGC AG-3') (Muyzer et al.,
1993) were used. The qPCR mixture consisted of 10 uL. KAPA SYBR Fast gPCR
Kit Master Mix (2x) Universal (Kapa Biosystems, Sigma-Aldrich, Germany), 0.4 pL
of each forward and reverse primer, 4.2 uL of DNA-free water, and 5 pL of extracted
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soil DNA template, resulting in a total volume of 20 uL. The PCR conditions were
as follows: initial denaturation at 95 °C for 3 min, followed by 40 cycles of denatu-
ration at 95 °C for 3s, annealing at 60 °C for 20s, and elongation at 72 °C for 30s.
We performed a melting curve analysis from 65°C to 95 °C, with an increment of
0.5 °C to ensure the gPCR specificity. We used standard curves from a known num-
ber of PCR-amplified target genes of a pure culture of Escherichia coli to estimate
the unknown bacterial abundance. All the samples were analyzed in three replicate
reactions.

C.2.5 Sequencing

For sequencing, DNA extracted from each sample was amplified using the primer
pair 515F (5'-GTG YCA GCM GCC GCG GTA A-3') and 806R (5'-GGA CTA CNV GGG
TWT CTA AT-3'), targeting the V4 hypervariable regions of the bacterial 16S rRNA
gene (Apprill et al., 2015; Parada et al., 2016) including additional barcodes. The
polymerase chain reactions were performed in triplicate in a total volume of 25 uL,
following the conditions described in Rodriguez et al. (2022) with modifications
(reducing the number of denaturation cycles to 20 instead of 30). To confirm the
amplification success, PCR products were analyzed by electrophoresis in 1.5%
agarose gels stained with Gelred™ Nucleic acid gel stain (Biotium, United States).
The triplicate PCR samples were pooled and then purified using the carboxyl-
coated magnetic beads (Agencourt?® AMPure® XP Kit, Beckman Coulter, Brea,
CA, United States). The purified DNA was quantified using the Qubit Fluorometer
(Invitrogen™, Thermo Fisher Scientific, United States). For sequencing, all PCR
products were pooled in equal concentrations of 20ng for Paired-end sequencing
(2 x 300bp) at Eurofins (Eurofins Genomics Europe Shared Services GmbH,
Ebersberg, Germany).

C.2.6 Processing of 16S rRNA data

To generate the amplicon sequence variants (ASVs), the sequencing library was
first demultiplexed using cutadapt v3.4 (Martin, 2011) with the following parameters:
-e 0.2 -q 15,15 -m 150 -discard-untrimmed. Only read pairs with the correct
barcodes at both ends were retained for further analysis. Next, the DADA2 package
v1.20 (Callahan et al., 2016) in R v4.1 was employed to generate ASVs from the
trimmed reads using a pooled approach with the following parameters: truncLen =
c(240,200), maxN = 0, rm.phix = TRUE, minLen = 200. Taxonomic assign-
ment was performed using DADA2 and the SILVA database v138 (Quast et al.,
2012). To filter out non-target sequences, ASVs representing chloroplasts, mito-
chondria, and singletons were removed from the dataset. The raw lllumina se-
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quencing data have been deposited at the European Nucleotide Archive under the
BioProject ID PRJEB60029.

C.2.7 Data analysis

All statistical analyses were conducted in R Studio v4.0.5. We performed
the Kruskal-Wallis test to determine differences in soil properties, the relative
abundance of 16S rRNA, and diversity indices. Post-hoc pairwise comparisons
were performed using the Mann—Whitney test, with p-values adjusted using the
Bonferroni correction for multiple comparisons.

To minimize bias due to sequencing depth, all samples were rarefied to 12,000
reads per sample using the rtk package (Saary et al., 2017). Alpha diversity in-
dices, including the Shannon index, observed species, and evenness, were calcu-
lated using the vegan package (Oksanen et al., 2013). Relative abundances were
calculated by transforming absolute read numbers, and soil physicochemical prop-
erties were normalized by subtracting the mean and dividing by the standard devia-
tion. Nonmetric multidimensional scaling (NMDS) with Bray-Curtis distance dissim-
ilarity was performed to assess differences in bacterial structure. The significance
of differences between sites, horizon, and time was estimated using PERMANOVA
(adonis function) and post-hoc pairwise comparisons (pairwise.adonis) from the
pairwiseAdonis package (Martinez Arbizu, 2017) with a significance of p < 0.05.
Soil properties influencing bacterial composition were determined using distance-
based redundancy analysis (dbRDA) with the capscale function in vegan. The
multicollinearity of these variables was examined using the variance inflation factor
(VIF), and values > 10 were removed. Finally, the FAPROTAX database (Louca et
al., 2016) was used to analyze the whole bacterial community and predict function
from taxonomy.

Correlation analyses between molecular analysis and soil properties were per-
formed using Pearson correlation (p < 0.05). The results were visualized using the
ggplot2 package (Wickham, 2011).

For further analyses, only abundant ASVs with a proportion of total sequences
greater than 0.05 % were retained to reduce underrepresented ASVs and table
complexity. Indicator species were identified using the indval function in the
labdsv package to find ASVs leading to changes in multivariate patterns (Roberts
& Roberts, 2016). Associations were considered significant with an R-value of 0.8
(p < 0.05). Then, a network analysis was conducted to understand the distribution
patterns of bacterial assemblages using a simplified version of the ecological
interactions (Barberan et al., 2012; Qian et al., 2018). The co-occurrence network
was constructed using the igraph package (Csardi & Nepusz, 2006) and visualized
through the Fruchterman-Reingold layout. Pairwise correlations among ASVs
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were calculated using the rcorr function within the Hmisc package (Harrell Jr &
Harrell Jr, 2019). A Pearson correlation coefficient of R-value > 0.7 (p < 0.01)
between two ASVs was considered statistically robust. Topological properties of the
network, such as the number of nodes and edges, clustering coefficient, average
degree, connectance, and modularity, were calculated using the igraph package.
Furthermore, clusters of highly correlated ASVs were grouped into modules using
the WGCNA package (Langfelder & Horvath, 2008), and their associations with
physicochemical properties were explored. Highly connected nodes (hub ASVs)
were then identified from each module.

C.3 Resulis

C.3.1 Soil manipulation experiment

The microcosms represent a successional gradient of soil development divided into
three biological treatments (C.1: soil with in situ microorganisms (in situ), soil with
in situ microorganisms and BSCs (BSC), and soil with in situ microorganisms and
plants (plant). The in situ treatment had no plant growth or BSC development, sim-
ilar to the sterile treatment. In the BSC treatment, varying types and coverage
were observed among sites and horizons. Specifically, a leaden BSC developed
in PA, while a greenish BSC formed in SG in both horizons. The A horizons of both
sites showed nearly complete coverage of the microcosms with BSCs. In contrast,
the B horizons showed patchy coverage without forming a compact or extended
layer of BSC on the surface. Regarding the plant treatments, similar patterns were
observed. In PA, the roots were light brown, and the biomass (both below- and
aboveground) and vegetative development were comparatively lower than in SG. In
contrast, SG showed dark brown roots, higher biomass, and reached the flowering
stage in both horizons. In the PA-Ahor, plants with numerous lateral roots ranged
from 2 cm to 3 cm in height. Conversely, in PA—Bhor, plants were less than 5 mm tall,
had a short taproot with few lateral roots, and experienced a mortality rate of over
50 % after seven weeks. In SG—Ahor, flowering plants with heights ranging from
11cm to 14 cm were observed. These plants had a 7 cm long taproot and numerous
lateral roots covering completely the microcosms. On the other hand, SG—Bhor ex-
hibited plants ranging from 1 cm to 3 cm in height, with flower buds and roots reach-
ing 5cm in length with fewer lateral roots than SG—Ahor. After removing the plants
at 12 weeks, no visual differences were observed in the roots between weeks 12
and 16, which remained compact and defined with no signs of degradation. Given
the intact nature of the roots during this period, it is considered that these conditions
did not impact the short-term degradation of this organic material. Overall, the dif-
ferences between treatments were less pronounced in the B horizons than in the A
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horizons, indicating more favorable conditions for BSC and plant development in the
A horizons.

C.3.2 Soil physical and chemical properties

Soil samples were analyzed to determine the mass distribution of macro- and mi-
croaggregates and the concentrations of C; and N; in each soil aggregate size. No
significant differences in aggregate size distribution were found between the study
sites (PA-SG; n = 54), with average proportions of 67 % macroaggregates, 27 %
large microaggregates, and 7 % small microaggregates. However, significant differ-
ences existed between horizons within each site (Ahor—-Bhor; n =27, p < 0.01). In
both sites, the proportion of macroaggregates was highest in the B horizon, while
microaggregates dominated the A horizon. Specifically, macroaggregates mean
values were 54 % in PA—Ahor, 81 % in PA—Bhor, 63 % in SG—Ahor, and 70 % in SG-
Bhor. For microaggregates, the means were 23 % in PA—Ahor, 9 % in PA—Bhor,
19 % in SG—Ahor, and 15 % in SG—Bhor. Significant differences in the concentra-
tion of C; and N; were observed between sites and horizons (p < 0.01). C; was
higher in macro- and large microaggregates of PA (mean 1.2 %) than in SG (mean
0.7 %), while N; was significantly higher in macro- and microaggregates of SG (mean
0.08 %) than in PA (mean 0.03 %). Analysis between horizons showed that macro-
and microaggregates of PA—Bhor had a higher C; mean of 2 % than PA—Ahor’s 0.8 %.
Conversely, SG—Ahor’s macro- and large microaggregates had a higher C; mean of
1.1 % than SG-Bhor’s 0.8 %. In terms of N;, higher percentages were observed
in SG—Ahor (mean 0.1 %) and PA—Ahor (mean 0.033 %) than in SG—Bhor (mean
0.07 %) and PA—Bhor (mean 0.026 %).

Over time, we observed changes in aggregate size distribution as well as in C;
and N; concentrations. In PA—Ahor, the C; of large microaggregates decreased from
0.93% in TO to 0.83 % in T3. In PA-Bhor, the proportion of macroaggregates in-
creased from 67 % to 81 %, while for large microaggregates decreased from 28 %
to 14 % between TO and T3. Consequently, MWD increased from 0.8 mm in TO
to 0.94mm in T3. In SG—Ahor, no marked contrast was observed from TO to T3,
while in SG—-Bhor, the percentage of C; in macroaggregates increased from 0.2 %
to 0.3 % over time. Regarding differences between treatments, microorganism-plant
treatments showed a noticeable increase in macroaggregates and, thus, in MWD
compared to the sterile treatments at T3 (C.2). The MWD values for sterile com-
pared to plant treatments were as follows: PA—Ahor (mean 0.7 mm vs. 0.78 mm),
PA—Bhor (mean 0.91 mm vs. 0.95 mm), SG—Ahor (mean 0.75 mm vs. 0.87 mm), and
SG—Bhor (mean 0.87 mm vs. 0.89 mm).

Regarding TOC and Npyk (without aggregate size separation) in the bulk soil sam-
ples, SG exhibited significantly higher levels (0.7 % and 0.06 %, respectively) than
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PA (0.1 % and 0.02 %, respectively). When considering the horizons, both Ny
and TOC were significantly higher in PA—Ahor (0.03 % and 0.14 %, respectively) and
SG—Ahor (0.08 % and 0.9 %, respectively) than PA—Bhor (0.01 % and 0.06 %, re-
spectively) and SG—-Bhor (0.04 % and 0.46 %, respectively). Over time, a notable
increase in TOC was observed only in SG—Bhor, rising from 0.32 % in TO to 0.48 %
in T3. No clear trends were identified for the treatments (C.2).
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Figure C.2: Physicochemical properties in Pan de Azlucar (PA) and Santa Gracia (SG) show total
organic carbon (TOC), nitrogen in bulk soil (Nbulk), pH, electrical conductivity (EC), and mean weight
diameter (MWD) in three-time points of the soil manipulation experiment. Time is represented by TO
(original soil sample), T1 (2 weeks), and T3 (16 weeks). Different colors represent the different

treatments. Each bar is the mean of biological triplicates.

142



C.3 Results

The results revealed significant differences in soil pH, EC, and ion concentrations
among the studied sites and horizons (p < 0.01; C.2). Specifically, in PA, higher
values were observed for pH (mean 7.8), EC (mean 1272 uScm™!), sodium (mean
93.4mgL~"), chloride (mean 160.2mgL~'), and sulfate (mean 783.6mgL~!)
compared to SG, where the respective mean values were 6.5, 51.8pScm™!,
55mgL™!, 6.2mgL~!, and 1.4mgL~!. Furthermore, significant differences in
soil parameters were found between soil horizons. PA-Bhor exhibited higher EC
(mean 2186 puScm™!), sodium (mean 141 mgL~!), chloride (mean 246.7mgL™!),
calcium (mean 630mgL~!), and sulfate (mean 1532.6mgL~!) concentrations
than PA—Ahor, where the respective mean values were 359 uScm™!, 45.8 mgL ™!,
73.8mgL~!, 12.5mgL~!, and 14.8 mgL~'. In SG, higher pH and EC were observed
in the A horizon (mean 6.6 and 63puScm™!, respectively) than in the B horizon
(mean 6.4 and 41 pScm™!, respectively). Additionally, changes over time were
observed, with substantial decreases of EC (from 1809 to 103.7 uScm™!), sodium
(from 108.8 to 32.7mgL "), and chloride (from 265.3 to 48.2mgL~!) concentrations
from TO to T3 in PA—Ahor. PA-Bhor also showed a marked decrease in sodium
and chloride concentration from 250.2 and 522.6mgL~! to 109 and 164.5mgL !,
respectively. No remarkable changes were found for the horizons of SG over time,
as well as for treatments in PA or SG.

C.3.3 Bacterial abundance

The bacterial gene copy numbers are shown in C.3. A significantly higher gene copy
number for bacteria was observed in SG, ranging from 107 to 10® gene copies g~!
soil, compared to PA, ranging from 10° to 107 gene copies g~! soil. Comparison
between soil horizons showed significantly higher gene copy numbers in the A hori-
zon for both sites. The mean of gene copies g~! soil for PA—Ahor was 4.5 x 107 and
for PA-Bhor 1.2 x 10°, while for SG—Ahor was 3.9 x 10% and for SG-Bhor 9.2 x 10.
Considering the times evaluated, both horizons in PA showed an increase in the
gene copy numbers from TO (mean of gene copies g~! soil for Ahor 1.9 x 107 and
Bhor 8.3 x 10°) to T3 (mean of gene copies g~ soil for Ahor 4.7 x 107 and Bhor
1.1 x 10%). In contrast, SG decreased the gene copy number over time in both hori-
zons. The mean of gene copy g~ ! soil for SG—Ahor decreased from 5 x 108 in TO
to 2.9 x 108 in T3, while SG-Bhor reduced from 1.8 x 103 in TO to 8.2 x 107 in T3.
There were no discernible patterns between treatments. The gene copy numbers
correlated positively with Ny in all aggregate classes, Ny kx and TOC (R > 0.7), and
negatively with pH (R = 0.6).
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Figure C.3: Gene copy numbers, Shannon index, and Evenness of bacterial communities in Pan
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C.3.4 Alpha and beta diversity

Sequencing analysis of 116 soil samples yielded 4.3 million raw reads, of which
3.1 million (72.7 % of the total) were retained after filtering, merging, and removing
chimera. These reads were assigned to bacteria (98.5 %), archaea (1.3 %), or un-
classified (0.2 %) groups. Since the percentage of archaea was low (with a mean
of 594 reads per sample), only bacterial data were analyzed. The number of reads
per bacterial sample ranged from 12178 to 275292, with a mean of 90 155 reads per
sample. Considering the minimum read number, the samples were rarified to 12,000
reads. The final dataset contained 24465 amplicon sequence variants (ASVs) and
1108 putative genera.

This study evaluated the alpha-diversity indices, including the Shannon index,
observed species, and evenness (C.3. The results revealed significant differences
between PA and SG, with SG exhibiting higher values for all three indices. The
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Shannon index ranged from 4.1 to 6.3 in PA, while SG showed values ranging from
6.7 to 7.7. A similar trend was noticed for the observed species, with PA ranging
from 550 to 1,754 and SG ranging from 2,075 to 4,029. For evenness, values varied
between 0.87 t0 0.93 in SG and 0.64 to 0.88 in PA. For the soil horizons, only the ob-
served species values showed significant differences. PA—Ahor had a higher mean
of 1,215 compared to 1,050 in PA—Bhor, whereas SG—Bhor showed a mean of 3,541
compared to 3,389 in SG—-Ahor. Over time, greater changes were observed in both
horizons of PA. Samples analyzed at TO in PA—Ahor showed a marked decrease
in the Shannon index and evenness at T2. The mean Shannon index decreased
from 5.9 to 5.4, while evenness decreased from a mean of 0.83 to 0.76 in the same
period. In PA-Bhor, the Shannon index, evenness, and observed species promi-
nently reduced from TO to T3. The mean Shannon index decreased from 6.2 to 5.1,
evenness from 0.84 to 0.76, and the observed species mean varied from 1,568 in
TO to 892 in T3. No robust differences were observed between time or treatments
in SG. However, in PA—Bhor, the Shannon index showed considerable disparities
between treatments at T3, with the lowest values observed in the in situ treatment
(4.7), followed by plants (5.2) and BSC (5.6).

Correlations between alpha diversity indices and soil properties were examined,
revealing a positive correlation between the Shannon index and the observed
species with N; across all aggregate sizes, Npyk, and TOC (R > 0.6). Conversely,
a negative correlation was observed with sodium, sulfate (R < —0.6), and pH
(R<—=0.9).

Analysis of NMDS showed the patterns of change in the bacterial community, and
PERMANOVA allowed the calculation of the statistical differences associated with
these changes. The statistical analysis revealed that bacterial composition was sig-
nificantly different between the sites (PA vs. SG) and between the horizons (Ahor
vs. Bhor; p < 0.01). In addition, it became visible that climate manipulation had
changed the bacterial community over time (n =9, p < 0.05). For both PA—Ahor and
PA—Bhor, T1 was significantly different from T2 and T3. In SG—-Ahor, T1 differed
significantly from T3, while SG—Bhor showed no change over time. Statistical anal-
ysis with TO was not possible due to the small number of samples (n = 2). PA—Ahor,
PA—Bhor, and SG—Ahor treatments showed increasing disparity, transitioning from
initial similarity to marked dissimilarity among the treatments as time progressed.

We employed a dbRDA model to assess the influence of soil parameters on
the variation in bacterial composition (C.4). In PA—Ahor, the bacterial composition
showed positive correlations with EC at TO, N; in microaggregates at T1, and MWD
at T3, collectively explaining 38.9 % of the total variation. At T3, differentiation be-
tween treatments became apparent. PA—Bhor exhibited positive associations with
sodium at TO, C; in macroaggregates at T1, and C; in small microaggregates at T3,
explaining 40.4 % of the total variation. In SG—Ahor, higher EC at TO and T1 dis-
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played a positive association, while treatments began to differentiate at T3. Notably,
a distinct positive trend was observed between N; in macroaggregates and the plant
treatment, while in situ and BSC treatments were linked to higher pH. These vari-
ables accounted for 22.2 % of the total variation. In SG—Bhor, the variables explained
17.2 % of the total variation, and no discernible patterns were found to differentiate
between times or treatments regarding N in macroaggregates, TOC, or EC.
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Figure C.4: Distance-based redundancy analysis (dbRDA) including soil properties for Pan de Aza-
car - A horizon, Pan de Azlcar - B horizon, Santa Gracia - A horizon, and Santa Gracia - B horizon.
Significant physicochemical properties included total organic carbon (TOC), nitrogen in macroaggre-
gates (Nt 250), nitrogen in large microaggregates (Nt 250-53), nitrogen in small microaggregates (Nt
53), pH, electrical conductivity (EC), sodium, mean weight diameter (MWD), total carbon in macroag-
gregates (Ct 250), total carbon in small microaggregates (Ct 53). Time is represented by TO (original
soil sample), T1 (2 weeks), and T3 (16 weeks). Different color represents different treatments, while
shapes represent different sampling times. Each point is the mean of biological triplicates.

C.3.5 Change in bacterial community composition

The analysis of relative bacterial abundances per site revealed that Proteobacte-
ria (27.2 %), Actinobacteriota (12.9 %), and Gemmatimonadota (10.5 %) were the
most abundant phyla in PA, while Acidobacteriota (20.7 %), Proteobacteria (20.5 %),
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and Planctomycetota (11.8 %) dominated in SG. The phyla distribution varied signif-
icantly between horizons in both sites (C.5). In PA, Acidobacteriota and Proteobac-
teria were more abundant in PA—Ahor (5.4 % and 31.9 %, respectively) than in PA—
Bhor (1.9 % and 22.6 %, respectively), while Actinobacteriota and Firmicutes domi-
nated the PA—Bhor (16.7 % and 10.3 %, respectively) compared to PA-Ahor (9.1 %
and 0.8 %, respectively). In SG, Proteobacteria and Bacteroidetes were more abun-
dant in SG—Ahor (25.8% and 12.2 %, respectively) than in SG-Bhor (15.3 % and
5.2 %, respectively). Acidobacteriota and Verrucomicrobiota were more abundant
in SG-Bhor (27.1 % and 10.9 %, respectively) than in SG—Ahor (14.3 % and 6.2 %,
respectively). In addition, some taxa became dominant or scarce over time. For in-
stance, a substantial increase was observed in Proteobacteria from TO to T3, rising
from 9.4 % to 35 % in the A horizon and from 13.7 % to 27.7 % in the B horizon. More-
over, there were increases in Planctomycetota and Bacteroidota in both horizons. In
contrast, Actinobacteriota decreased significantly from TO to T3 in PA—Ahor (34.5 %
to 5.6 %) and PA—Bhor (51.5% to 13.1 %). In contrast to PA, in SG—Ahor, the com-
munity exhibited variable changes but remained consistently dominated by the three
most abundant taxa, Acidobacteriota (14.3 %), Proteobacteria (25.8 %), and Planc-
tomycetota (13.2 %). SG—Bhor is characterized by the dominance of Acidobacteriota
(27.1 %) and Proteobacteria (15.3 %), which remained stable, while Actinobacteriota
exhibited a decrease from 25.9 % t0 9.2 %, being replaced by Planctomycetota. Fi-
nally, no clear trends in bacterial phyla abundance between SG treatments were
observed. Still, PA-Ahor showed an increased abundance of Acidobacteriota and
Planctomycetota in plant treatment (12.7 % and 15.5 %, respectively) compared to
in situ treatment (5.9 % and 6.8 %, respectively).
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Figure C.5: Relative abundance of top 15 bacterial phyla for Pan de Azlcar and Santa Gracia in
four-time points of the soil manipulation experiment. Time is represented as TO (original), T1 (2
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Correlations between the most abundant bacterial phyla and soil properties were
observed. Acidobacteriota and Verrucomicrobia showed a positive correlation with
Nt in small microaggregates (R = 0.7) and a negative correlation with C; in macroag-
gregates and pH (R = —0.8), as well as with sodium and sulfate (R < —0.6). Con-
versely, Gemmatimonadota showed a positive correlation with C; in macroaggre-
gates and pH (R = 0.5) but a negative correlation with N; in microaggregates and
TOC (R < —0.6). Actinobacteriota positively correlated with sodium and chloride
(R=0.6), while Bacteroidota correlated with N; in large microaggregates, Npyk, and
TOC (R > 0.6).

C.3.6 Change in potential predicted functions

Nine thousand two hundred ASVs (9200) were assigned to 37 ecologically relevant
functions described in FAPROTAX. The two most prevalent functions across all
microcosms were chemoheterotrophy (electron acceptor is variable) and aerobic
chemoheterotrophy (electron acceptor is O»s), comprising a mean of 48.2 % and
30.2 % of the taxonomic abundance in PA and SG, respectively. Additionally, PA
showed other abundant functions such as nitrate reduction, phototrophy-associated
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functions (phototrophy, photoautotrophy, photosynthetic cyanobacteria, and oxy-
genic photoautotrophy), and functions associated with degradation processes
(hydrocarbon degradation, aromatic compound degradation, aromatic hydrocarbon
degradation, and aliphatic non-methane hydrocarbon degradation), with a mean of
24 % of taxonomic abundance. In contrast, SG exhibited nitrate reduction, ureolysis,
and fermentation, with a mean taxonomic abundance of 4.5 %. Regarding soil hori-
zons, functions associated with degradation processes showed higher taxonomic
abundance in PA-Bhor (mean 14.8 %) than in PA—Ahor (mean 1.7 %). For SG,
chemoheterotrophy, aerobic chemoheterotrophy, ureolysis, and fermentation were
more abundant in SG—Ahor than SG-Bhor (mean of 43.3 vs. 23.5 %).

Over time, the abundance of chemoheterotrophy and aerobic chemoheterotrophy
increased in both horizons of PA from TO to T3 (mean 33.1% to 55.5 %), while
it decreased in both horizons of SG (mean 34.2 % to 25.8 %). Additionally, both
horizons of PA showed an increase in the abundance of functions associated with
degradation processes from a mean of 0.5% in TO to 10.8 % in T3. In contrast,
nitrate reduction decreased over time in both horizons of PA (mean 6.2 % to 2.2 %).
Notably, PA—Ahor and PA—Bhor showed different trends for phototrophy-associated
functions, decreasing in Ahor and increasing in Bhor from TO to T3. As for the
SG horizons, SG—Ahor showed a slight increase in the abundance of phototrophy-
associated functions (mean 0.7 % to 1.5 %) and N fixation (mean 0.3 % to 1.4 %)
from TO to T3, while SG—Bhor remained stable over time. No substantial disparities
were observed between treatments for both PA and SG.

Correlations between predicted functions and bacterial phyla were identified. Pro-
teobacteria showed a positive correlation with aerobic chemoheterotrophy, chemo-
heterotrophy (R = 0.9), and cellulolysis (R = 0.6), while Actinobacteriota were pos-
itively correlated with nitrate reduction (R = 0.6). Cyanobacteria exhibited a strong
correlation with phototrophy-associated functions (R > 0.8).

C.3.7 Indicator species

Two hundred eighty ASVs (280) showed a mean over 0.05 % and were analyzed for
indicator species and the co-occurrence network. Indicator species are species that,
by characterizing a group of samples, provide relevant ecological information about
the environmental conditions of the ecosystem in which they are found (Dufréne &
Legendre, 1997). Using this approach, we explored the association between taxa
and a particular site, focusing on temporal changes. Among the analyzed ASVs
(280 in total), 163 ASVs exhibited significant associations with one of the sites, with
99 ASVs belonging to PA and 64 ASVs belonging to SG (C.6). The indicator species
belonged to 15 different taxa, with Proteobacteria (21 ASVs in PA and 21 ASVs in
SG), Acidobacteriota (3 ASVs in PA and 26 ASVs in SG), Actinobacteriota (15 ASVs
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in PA and 5 ASVs in SG), Gemmatimonadota (14 ASVsin PAand 1 ASV in SG), and
Chloroflexi (9 ASVs in PA and 1 ASV in SG) being the most abundant, accounting
for 71 % of the total indicators. Notably, the genus RB41 (12 ASVs), family Com-
mamonadaceae (5 ASVs), and order Vicinamibacterales (5 ASVs) showed potential
as putative indicator taxa in SG, while the family Longimicrobiaceae (11 ASVs) and
the order Thermomicrobiales (6 ASVs) were notable indicators in PA. The family
Sphingomonadaceae was well represented as an indicator species in PA (13 ASVs)
and SG (5 ASVs). Regarding soil horizons, 102 ASVs were significantly associated
with one of the horizons by site. The highest abundance of indicator species was
observed in PA-Bhor (24.5 %), followed by PA—Ahor (13.1 %), SG—Bhor (11.3 %),
and SG—Ahor (5.1%). Among these, the most abundant ASV were Symbiobac-
teraceae (mean 7.8 %) in the PA—Bhor, followed by Sphingomonas (mean 3.1 %)
and Lysobacter (mean 2.7 %) in PA—Ahor. The abundance of indicator species re-
mained stable in SG, while PA fluctuated over time. For instance, indicator ASVs
belonging to Actinobacteriota (A and B horizons) and Gemmatimonadota (A hori-
zon) decreased in abundance over time, while those belonging to Proteobacteria
showed an increasing trend (C.6). No indicator species were identified based on
the treatment.
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Figure C.6: Top 50 relative abundance of indicator species for Pan de Azucar and Santa Gracia
in four time points of the soil manipulation experiment. Colors represented different phyla. Time is
represented as TO (original), T1 (2 weeks), T2 (12 weeks), and T3 (16 weeks). Each bubble is the
mean of the different treatments (in situ, BSCs, and plants) and biological triplicates. Taxa are shown
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C.3.8 Co-occurrence network

We employed a co-occurrence network to explore the dynamics and relationships
within bacterial communities across both sites (PA and SG) sharing the same parent
material. Among the 280 ASVs analyzed, we identified seven modules of highly
correlated ASVs represented by different colors (C.7). Based on their correlation
patterns, these modules formed two sub-networks: Subnetwork 1 consisted of the
brown and turquoise modules, while Subnetwork 2 comprised the green, red, yellow,
black, and blue modules. Notably, the ASVs within the subnetworks showed different
preferences for specific sites.
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Figure C.7: Co-occurrence network of bacterial ASVs. The nodes (ASVs) in the network are colored
by modularity. The connections stand for a strong (R > 0.7) and significant (p < 0.01) correlation. The
network was subdivided into two subnetworks corresponding to Pan de Azlcar and Santa Gracia.

Subnetwork 1 was predominantly found in SG, whereas Subnetwork 2 was more
abundant in PA. In subnetwork 1 (SG), Acidobacteriota (34), Proteobacteria (21),
and Verrucomicrobiota (14) accounted for 78.4 % of the total ASVs. In subnetwork 2
(PA), the most abundant taxa were Proteobacteria (47), Actinobacteriota (23), and
Gemmatimonadota (21), representing 49 % of total ASVs.

We proceeded to analyze the topological properties of each subnetwork to under-
stand the interrelationship patterns between nodes, as summarized in C.1. Initially,
the network consisted of 273 nodes (ASVs) and 3203 edges (correlations). After
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Table C.1: Co-occurrence network topological metrics.

Network metrics Pan de Azucar Santa Gracia

No. of nodes’ 185 88

No. of edges? 2,054 1,149
Average degree® 11.1 13.02
Cluster coefficient* 0.639 0.798
Modularity® 0.589 0.429
Connectance® 0.060 0.148

"Number of ASVs with at least one correlation.

2Number of strong and significant correlations between nodes.

3How many connections on average each node has to another unique node in the network.
4Degree to which nodes tend to cluster together.

SIndicate the partition in modules.

6Ratio between the number of realized edges and the number of potential edges within the
network (Dini-Andreote et al., 2014; Karimi et al., 2017).

subdivision, the subnetwork 2 (PA) exhibited more nodes and edges, accounting for
66 % of all ASVs. Subnetwork 1 (SG) displayed a higher average degree (node con-
nectivity degree), connectance, and clustering coefficient (degree of nodes tended
to cluster together), indicating highly connected and densely clustered modules. On
the other hand, subnetwork 2 (PA) showed higher modularity (degree of division into
modules), indicating a clear division into modules. Additionally, we observed that the
abundance patterns of ASVs within the modules varied depending on the horizon.
In PA, the green and blue modules were more abundant in the A horizon, while the
yellow and red modules were more abundant in the B horizon. In SG, the ASVs of
the brown module were more abundant in the B horizon, while the turquoise module
exhibited a slightly higher abundance in the A horizon.

We identified the top hub ASVs per module to gain further insights into the highly
connected species within the co-occurrence networks. The hub ASVs in SG be-
longed to the family Comamonadaceae in the turquoise module and the genus Can-
didatus Udaeobacter in the brown module. On the other hand, in PA, hub ASVs were
identified from the family Sphingobacteriaceae (green), Longimicrobiaceae (blue),
67—14 (black), Ardenticatenaceae (red), and WD2101 soil group (yellow).

We utilized the identified modules to correlate them with physicochemical proper-
ties and examine their associations (C.8). The modules representing SG displayed
a distinct pattern based on organic matter content. The turquoise module posi-
tively correlated with TOC, Npyk, and Ny in different aggregate sizes (R > 0.8). Con-
versely, the turquoise and brown modules negatively correlated with pH (R < —0.7).
In PA, the black module demonstrated a strong positive correlation with sodium and
chloride, while the blue module was correlated with pH (R = 0.7). The red mod-
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ule displayed associations with C; content in macroaggregates, sodium, potassium,
sulfate, pH, and EC (R > 0.7). Additionally, the yellow module exhibited a strong
positive correlation with C; in microaggregates, sulfate, and EC (R > 0.7).

Module relationships
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Figure C.8: Pearson correlation of modules from the co-occurrence network and soil physicochemi-
cal properties in Pan de Azlcar (PA) and Santa Gracia (SG). Only correlations greater than R = 0.5
are shown. Significance levels are indicated as follows: “**” for p < 0.01 and “***” for p < 0.001. The
physicochemical properties included nitrogen in the bulk soil (Npyk), total organic carbon (TOC), total
mass in macroaggregates (Mass 250), total mass in large microaggregates (Mass 250-53), total
mass in small microaggregates (Mass 53), mean weight diameter (MWD), total carbon in macroag-
gregates (Ct 250), total carbon in large microaggregates (Ct 250-53), total carbon in small microag-
gregates (Ct 53), nitrogen in macroaggregates (Nt 250), nitrogen in large microaggregates (Nt 250—
53), nitrogen in small microaggregates (Nt 53), sodium, potassium, chloride, nitrate, sulfate, pH, and
electrical conductivity (EC).

C.4 Discussion

This study investigated the interplay between biotic and abiotic factors during soil
formation within initial arid and semiarid soils under simulated climate change (hu-
mid climate conditions). We focused on exploring the direct impact of microbial
communities on the early stages of soil formation and their interactions with BSCs
and plants by analyzing changes in soil physicochemical properties along the dif-
ferent treatments. Further, we examined the bacterial community response of arid
and semiarid soils to simulated climate change to gain insights into their potential
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adaption to the changed conditions.

C.4.1 Abiotic versus biotic influence on soil formation in arid
and semiarid soils under climate change

A simulated humid climate that mimicked a climate change scenario along the
Chilean Coastal Cordillera stimulated the initial soil formation in all treatments.
The extent of this “climate change” effect on soil formation varied by soil origin
and horizon but did not differ from the sterile treatment. This indicates that
the abiotic influence on initial soil formation was larger than the biotic influence
over the short simulation period. The formation of macroaggregates, the loss of
large microaggregates, and the associated increase in MWD in the B horizon of
PA were likely influenced by elevated levels of carbonates (e.g., CaCOg3). The
prevalence of inorganic carbon in the form of carbonates is supported by the high
C; values coupled with low TOC concentrations, as corroborated by prior studies
(Riveras-Munoz et al., 2022; Schulze-Makuch et al., 2018). Water likely facilitated
the diffusion of cations, stimulating carbonate precipitation to form secondary
carbonate coatings and bind primary soil particles, thus enhancing soil structure
(Bronick & Lal, 2005). Additionally, notable reductions in EC in the A horizon of PA
and sodium and chloride concentrations in the B horizon of PA were observed, likely
due to the leaching of exchangeable base cations and soluble salts as reported by
Bernhard et al. (2018), consistent with previous findings in saline-alkali soils (Wang
et al., 2017). Lastly, the increase in TOC in the B horizon of SG compared to the A
horizon indicates a contrasting response in carbon mobility and retention between
the two horizons, potentially driven by enhanced mineral adsorption capacity or
increased occlusion of organic matter into aggregates (Kramer & Chadwick, 2018).
These findings highlight the influence of soil origin (site and horizon) and their
physicochemical properties on the response to climate change over time.

The microorganisms-plant treatment positively influences arid and semiarid soil
stabilization, indicated by increased macroaggregate formation and MWD in SG and
the A horizon of PA at 16 weeks relative to the other treatments. In contrast, this
beneficial effect was not observed in the B horizon of PA, due to poor root develop-
ment and premature plant mortality promoted by high salinity and nutrient deficiency
during the manipulation experiment. The observed effect can be attributed to the en-
meshment and realignment of soil particles by roots and the release of exudates,
leading to significant physical, chemical, and biological alterations that influence soil
aggregation (Bronick & Lal, 2005). Prior studies support the role of fine sand and
fine roots as co-drivers of aggregate stability in early successional stages of mediter-
ranean soils (Erktan et al., 2016) and the promotion of macroaggregate formation
through root exudates favoring fungi in carbon-poor forest subsoils (Baumert et al.,
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2018). Additionally, field experiments have shown that water addition in the pres-
ence of plants enhances macroaggregation, probably due to increased root activity,
fungal enmeshment, and microbial access to carbon substrates for exopolysaccha-
ride production (Blankinship et al., 2016). While converting desert soil into irrigated
cropland with profitable harvest typically requires at least 50 years (Su et al., 2010),
and natural soil development processes occur over much longer timescales span-
ning hundreds to thousands of years (Jenny, 1994), our findings reveal the early
measurable impact of microorganisms-plant associations on the soil stabilization
even in short-time scales of weeks.

Microorganisms alone and in conjunction with BSCs had no discernible impact
on the measured physicochemical parameters compared to sterile soils under the
experimental settings. The absence of changes can be attributed to the potentially
more prominent influence of water, which likely overshadowed the effects of microor-
ganisms, resulting in a water-masking effect. This finding aligns with a previous six-
month manipulation experiment on mediterranean soil, highlighting the increased
significance of microorganisms in aggregation under drier conditions, where lim-
ited water availability restricts abiotic macroaggregate formation but supports ac-
tive microbial communities (Blankinship et al., 2016). Similarly, a field study pro-
posed that plants and organic matter exert a stronger influence on aggregation than
BSCs in wetter conditions along a climate gradient, while BSCs are significant com-
pared to bare soil, including microorganisms in drier environments (Riveras-Munoz
et al., 2022). Moreover, a previous study in SG reported no significant increase
in N-fixation and even a decrease in nitrogen mineralization in SG when soil mois-
ture reached 57 % of water-filled pore space (Seuss et al., 2022). Based on these
findings, our results suggest that the applied water content (65 % water-filled pore
space) may exceed the threshold required to activate specific biogeochemical pro-
cesses facilitated by microorganisms. Alternatively, it is plausible that soil properties
like organic carbon and acidity exhibit slower changes than the microbial community
structure alone, considering their short generation times, allowing them to adapt and
respond rapidly to environmental changes (Placella et al., 2012).

On the other hand, our study may have overlooked the initial effects of microor-
ganisms on soil properties when analyzing bulk soil samples taken across an entire
soil horizon. This limitation could also dilute the impact of BSCs, which primarily
influence the soil properties near the surface, progressively decreasing with depth
(Miralles et al., 2020). Microorganisms might influence soil properties at a smaller
spatial scale beyond the resolution of our bulk soil analyses. For instance, nanoscale
secondary ion mass spectrometry analysis in vertisol and alfisol soils demonstrated
the crucial role of microbially metabolized nitrogen in promoting organo-mineral as-
sociations, impacting organic matter cycling, immobilization, and storage (Kopittke
et al., 2018). However, despite the lack of independent impact detected, microor-
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ganisms likely played an important role in improving soil conditions by mitigating
abiotic stress factors, such as high pH, salinity, and nutrient limitations for plant-
microorganism treatment (Etesami & Beattie, 2017). This beneficial effect is ex-
emplified by the active recruitment of growth-promoting bacteria, including N-fixing
bacteria, by plant roots in the Atacama desert (Eshel et al., 2021), which may have
influenced the observed differentiation of bacterial communities among treatments
by the end of the soil manipulation experiment.

C.4.2 Bacterial communities inhabiting arid and semiarid soils
respond differently to climate change

Differential responses of bacterial communities were observed at the two different
sites under simulated climate change. Notably, bacterial communities increased in
gene copy numbers in PA, the arid site (in contrast to SG, the semiarid site), reveal-
ing higher bacterial activity or growth based on higher cellular ribosome contents
(Placella et al., 2012). This increase in gene copy numbers can be attributed to
the “Birch effect,” which is influenced by wetting and promotes the breakdown of
aggregates, mineralization of dead microbial cells and osmolytes, and subsequent
release of nutrients such as carbon (Jarvis et al., 2007). This phenomenon has
been observed in arid and semiarid soils (Armstrong et al., 2016; Seuss et al.,
2022), where releasing organic compounds potentially enhances bacterial repro-
duction and growth. This finding could explain the correlation between the bacte-
rial community and nitrogen content in the A horizon of PA after two weeks of the
soil manipulation experiment or the enhanced predicted functions related to chemo-
heterotrophy and organic matter degradation processes. These results evidence
alterations in substrate availability and concomitant growth dynamics, which can be
linked to the initial activation of soils triggered by nutrient inputs in the system pro-
moted by humid climate conditions (Y.-J. Chen et al., 2021; Nemergut et al., 2016).

Contrasting the gene copy numbers, changes in diversity indices over time reveal
a decrease in the Shannon index in PA while remaining stable in SG. This is at-
tributed to the degree of bacterial specialization, which is different in both sites. PA
exhibits a high degree of bacterial specialization as an evolutionary response to a
stable environment in time and space (Rodriguez et al., 2022), while sudden climate
shifts can act as stressors that promote a reduction in diversity (Clavel et al., 2011).
In contrast, SG represents a heterogeneous and disturbed ecosystem dominated
by bacterial generalists (Rodriguez et al., 2022), benefiting from their metabolic flex-
ibility to thrive in highly dynamic environments (Y. Chen et al., 2021; Hawkes et
al., 2020). Our findings follow a previous study demonstrating that frequent drying-
wetting stress may favor tolerant microbial taxa in SG (Seuss et al., 2022). This
also can be illustrated by other studies where in the hyperarid Atacama Desert, di-
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versity decreases when water is rapidly and abundantly applied (Azua-Bustos et al.,
2018), while a desert steppe with mean annual precipitation of 289 mm showed no
response to altered precipitation regimes (Na et al., 2019). Furthermore, Stovicek et
al. (2017) found higher diversity in deserts due to disconnected soil niches, but wet-
ter soil conditions reduce diversity through dispersion, connectivity, homogenization,
and nutrient fluxes. Given the association between bacterial diversity and enzymatic
activities related to nitrogen and phosphorus cycles, as well as plant productivity
(Delgado-Baquerizo et al., 2016; Luo et al., 2018), the decrease of diversity in PA
could negatively affect soil formation due to a smaller number of available metabolic
pathways (Shen et al., 2023).

The degree of bacterial specialization is reflected in the shift of taxonomic compo-
sition observed at different sites. PA exhibits an early community reassembly from
phyla to the ASV level, along with variations in indicator species, indicating a differ-
ent tolerance threshold compared to SG. In the A horizon of SG, the dominant phyla
and indicator species remained steady, but a change occurred at the ASV level af-
ter 16 weeks, while the B horizon maintained ASV stability from 2 to 16 weeks.
These findings can potentially be attributed to two microbial adaptation strategies
(Uritskiy et al., 2019): In PA, new bacteria from the seed bank come in through
niche intrusion, while SG adjusts its existing fithess-based community structure to
withstand new selective pressures and prevents the dominance of new bacteria. A
study on grasslands assessing drought and precipitation extremes based on mean
annual precipitation revealed an unchanged soil bacterial composition, suggesting
a high level of community and functional resistance in areas with climate variability
(Hawkes et al., 2020). Conversely, studies in the Namib and Negev deserts demon-
strate changes in bacterial composition following precipitation events (Armstrong et
al., 2016; Ouyang & Li, 2020; Stovigek et al., 2017), supporting the notion that more
arid ecosystems are more susceptible to precipitation impacts.

The succession dynamic in PA is evident through the shift in taxonomic composi-
tion, initially dominated by Actinobacteriota and gradually replaced by Proteobacte-
ria. Actinobacteriota thrive in oligotrophic environments, particularly during early soil
succession, and can affect the soil organic matter formation and biogeochemical cy-
cles (Yu et al., 2022; Zhang et al., 2019). However, their abundance decreases with
increasing water availability as the corresponding species are adapted to dry con-
ditions (Barnard et al., 2013; Maestre et al., 2015; Stovitek et al., 2017). This shift
is exemplified by the reduction in desiccation-resistant species like Rubrobacter or
Solirubrobacterales (Conexibacter and 67—14), which include genes for chemosyn-
thetic CO» fixation (Meier et al., 2019; Schulze-Makuch et al., 2018). Similarly,
Gemmatimonadota, known for its potential roles in carbon fixation and NoO reduc-
tion and adapted to extreme environments such as saline soils, also showed a de-
creasing abundance with increased water content (Mujaki¢ et al., 2022). Notably,
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the Longimicrobiaceae family within this phylum, which could facilitate phosphate
solubilization in the soil, showed a marked decline (Korkar et al., 2022). In contrast,
while Cyanobacteria overall declined, the Chroococcidiopsaceae genus, a poten-
tial primary producer in the Atacama Desert using nitrate and ammonium, remains
stable (Schulze-Makuch et al., 2021). Our study aligns with previous research show-
ing the potential ability of PA bacterial communities to fix and accumulate organic
matter (Rodriguez et al., 2022), highlighting the potential negative consequences of
diminishing these bacterial taxa on soil fertility.

Increased water availability, the release of organic compounds, and the accu-
mulation of elements via long-term weathering and climate processes can create a
relatively nutrient-rich habitat, favoring copiotroph groups such as Bacteroidota (cor-
related with nitrogen and TOC) and Proteobacteria (correlated with chemoheterotro-
phy) in PA (Na et al., 2019; Zhao et al., 2019). Among these, Proteobacteria are
widely distributed and preferentially use the labile pool of organic carbon (Fierer et
al., 2007). They exhibit metabolic versatility, encompassing functional groups such
as phototrophs, chemoorganotrophs, and chemolithotrophs (Kersters et al., 2006),
allowing them to utilize multiple energy sources, carbon substrates, and electron
acceptors (Y. Chen et al., 2021). From this phylum, functions such as microag-
gregate formation through the excretion of extracellular polymeric substances have
been associated with the genus Sphingomonas and also with the family Sphingob-
acteraceae (Bacteroidota), which include several indicators and one hub species
(Caesar-Tonthat et al., 2007; Pankratov et al., 2007; Vuko et al., 2020). Remark-
ably, their abundance increased over time, potentially influencing the stabilization
of soil aggregates and the increased MWD in our manipulation experiment. While
the new community displays increased versatility and potential new functions, it is
crucial to recognize that the loss of taxa could disrupt soil ecosystem processes,
functions, and stability (Bestion et al., 2020).

Proteobacteria, Acidobacteriota, and Planctomycetota steadily dominated the A
horizon of SG and the B horizon of SG at 16 weeks. This finding is consistent
with previous studies reporting a prevalence of these phyla during the successional
development of tundra soils, the desert, and after deglaciation (Shen et al., 2023;
Yu et al., 2022; Zhelezova et al., 2019). Acidobacteriota, known as heterotrophic-
oligotrophs, are well-adapted to harsh environmental conditions with limited carbon
availability (Fierer et al., 2007; Zhao et al., 2019). Genomic analysis of Acidobacte-
riota has revealed their metabolic flexibility and versatility, with the potential capacity
to participate in sulfur metabolism and utilize diverse carbohydrates, as is also in-
dicated by the indicator species RB41 (Eichorst et al., 2018; Kalam et al., 2020;
Stone et al., 2021). Furthermore, Acidobacteriota has numerous genes related to
the nitrogen cycle (Eichorst et al., 2018), highlighting their potential role in nitrogen
dynamics, further supported by its correlation with N;. On the other hand, Planc-
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tomycetota exhibits both copiotrophic and oligotrophic features, adapting to varying
carbon availability (Lauro et al., 2009). The metabolic versatility of these dominant
phyla positions them as potential players in organic matter balance and ecological
dynamics.

Our co-occurrence network analysis confirms the distinction between the soil envi-
ronments of PA and SG. Specifically, the SG subnetwork demonstrates greater com-
plexity than PA, as indicated by a higher average degree, connectance, and lower
modularity (Karimi et al., 2017; Tu et al., 2020). This finding is in agreement with
previous research that has reported a higher average degree in more advanced suc-
cessional stages within an early chronosequence (Sun et al., 2017), in conjunction
with increased nutrient availability (Zhao et al., 2019) and with higher diversity (Tu
et al., 2020), as found in SG. Furthermore, our findings indicate a higher resilience
to environmental perturbations in SG, consistent with previous studies associating
higher connectance and complexity to functional redundancy of interactions (Karimi
et al., 2017; Tylianakis et al., 2010; Wu et al., 2021). On the other hand, the PA sub-
network displayed a more modular structure, indicating that bacterial communities
within the same module share a similar ecological niche (Tu et al., 2020). These
niches are shaped by nutritional preferences, functional distinctiveness, and inter-
action with physicochemical properties (Banerjee et al., 2016). Specifically, the red
and yellow modules, mainly composed of Proteobacteria, showed associations with
C; in macro- and large microaggregates and EC, suggesting their involvement in
carbon sequestration as carbonates in saline-alkali soils (Qu et al., 2022). This, in
turn, could link the carbonate content and MWD in these modules. Additionally, the
yellow module, positively correlated with sulfate, contained the species MW2101
(phylum Planctomycetota), among others encoding proteins similar to sulfatases,
potentially enabling efficient access to the carbon of sulfated compounds as energy
and carbon sources (Dedysh et al., 2021). In SG, the turquoise module positively
correlated with nitrogen, which could be related to the high number of Acidobac-
teriota and the N-fixing family Comamonadaceae in this module (Eichorst et al.,
2018; Vuko et al., 2020). Our results highlight the importance of bacterial clustering
within specific modules, providing information about niche partitioning, synergistic
relationships, and overall soil functioning (Dini-Andreote et al., 2014).

C.4.3 Soil and climate legacy play a role in shaping the
response of initial soil formation and bacterial
communities to climate change

Under the simulated climate change scenario, the arid soil of PA exhibited a more
pronounced response compared to the semiarid soil of SG. The greater shifts in
physicochemical properties and soil bacterial communities in arid soils under climate
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change are attributed to the influence of climate legacies, which have emerged as
key drivers shaping the response of bacterial communities to climate disturbances
(Delgado-Baquerizo, Bissett, et al., 2017; Delgado-Baquerizo et al., 2018). Evi-
dence from cosmogenic nuclide analysis supports the existence of a stable and
hyperarid climate in PA throughout the Pliocene and Pleistocene (Placzek et al.,
2009). Even other studies indicated climate stability from the late Jurassic, as in-
ferred from paleomagnetic data (Hartley et al., 2005). In contrast, the region be-
tween 30° to 35° S with the study site SG has experienced significant influences
from glacial advances, periglacial effects, and climatic changes (Arroyo et al., 2012).
The differences between both sites and our findings indicate that SG harbors a more
tolerant bacterial community, enabling them to adopt different functional repertoire
modes, compete for resources, and maintain taxonomic stability even under chang-
ing environmental conditions. In contrast, being sensitive and reactive, the bacterial
community in PA has changed toward a more versatile community with potentially
new functions, as can be inferred from the new taxa in response to the humid cli-
mate of Nahuelbuta that has been applied experimentally to mimic climate change.
However, this bacterial replacement, associated with vulnerability to disturbances,
can impact the ability of the community to self-sustain its functioning and ecosystem
stability (Y.-J. Chen et al., 2021). Therefore, it is necessary to investigate whether
taxonomic changes are linked to functional changes using additional tools such as
metagenomics and metatranscriptomics to gain insights into the potential roles of
bacteria in the initial soil transformation.

We further propose that soil and climate legacy is important not only for the soil
bacterial community and its response but also for future soil development under cli-
mate change. Soil and climate legacies, which can be understood as the resilience
of the system, have influenced less soil development in PA (as indicated by high
pH and salinity values (EC) and low TOC, nitrogen, bacterial abundance, and plant
development). In contrast, SG has shown a progressive soil formation with organic
matter accumulation, increased vegetation cover (30 % to 40 % shrubs and cacti),
and a pH decrease due to increased precipitation and reduced temperature from PA
to SG (Bernhard et al., 2018). This presumably promoted different short-term tra-
jectories of soil formation between sites and horizons, impacting the decomposition
rate of organic matter, mineral leaching, and plant development differently. Previ-
ous studies support our findings by studying the legacy effects of climate and soil
moisture on carbon stocks, nutrients, plant growth, and mycorrhizal responsiveness
(Cavagnaro, 2016; Delgado-Baquerizo, Eldridge, et al., 2017). In turn, the legacy
of resource availability modulates microbial resource responses (Yuan et al., 2022).
Therefore, the soil and climatic legacy shapes soil formation by influencing microbial
communities, physicochemical properties, biogeochemical cycles, nutrient availabil-
ity, and carbon dynamics, providing crucial insights for managing soil sustainability
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in different soil environments.

C.5 Conclusion

Soil formation is crucial for life on Earth and biogeochemical cycles; therefore, un-
derstanding the role of microorganisms in this process is vital for gaining insights
into ecosystem dynamics. Our findings demonstrate that microorganism-plant inter-
action drives short-term soil development and stabilization in arid soils exposed to
humid climate conditions, even on short time scales of weeks. Interestingly, microor-
ganisms alone and in conjunction with BSCs did not play a measurable role in soil
formation under the same conditions. Hence, the microorganism-plant interaction
has a faster and more robust impact on altering soil physicochemical properties in
humid climate conditions than microorganisms alone. Furthermore, we identified a
distinct sensitive and specialized bacterial community in arid soil, contrasting with
the more complex, versatile, and stable bacterial community observed in semiarid
soil, which we attribute to climate legacies. Our findings are relevant to understand-
ing the intricate dynamics and complexity of bio-geo interactions between biota and
climate on soil formation, providing insights into soil management (e.g., efficient
irrigation), long-term ecosystem sustainability in arid regions, and the bacterial re-
sponse to climate change.
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D.1 Introduction

Abstract

While it is widely recognized that soil structure stability is related to soil physical,
chemical and biological processes and properties, the role of the types of microor-
ganisms in this respect is still unclear. Particularly, knowledge on the relative roles of
abiotic versus biotic mechanisms is scarce. Our study investigated the influence of
microbial activity on soil aggregate development across diverse climatic settings un-
der wetting-drying (W-D) cycles and constantly moist conditions. Further, we evalu-
ated the response of prokaryotic communities and microbial abundance to changing
soil moisture conditions. Analyses encompassed soils from arid, semi-arid, mediter-
ranean, and humid climates. Findings reveal the pronounced impact of climate
legacy on soil structure responses to climate variations. Variations in soil aggregate
attributes and microbial communities, driven by pedogenesis and climatic condi-
tions, dictate how soil aggregation and microbial communities respond to changing
soil moisture levels. In arid soils, the Birch-effect stimulated microbial activity and
led to the breakdown of larger aggregates via labile organic matter consumption.
Semi-arid soils showed microbial-mediated microaggregate formation through or-
ganic matter decomposition, ultimately decreasing soil stability. In mediterranean
soils, increased microbial activity facilitated microaggregate assembly from silt-clay
fractions, enhancing soil stability despite reductions in larger aggregates. Humid
soils displayed unique responses, with fungi significantly enhancing stability, and
prokaryotic activity stimulated by W-D. Conversely, microbial abundance substan-
tially declined under constant moisture due to moisture stress, albeit a noteworthy
increase in soil stability. Understanding these microbial-soil interactions as affected
by climate is crucial for understanding initial soil formation processes as well as
sustainable soil management, offering insights into soil health and ecosystem re-
silience.

Keywords

Soil aggregation, soil formation, lllumina MiSeq, microbial key players, microbial
communities, wetting-drying cycles, climate gradient

D.1 Introduction

Most of the Earth’s surface comprises soils and sediments, profoundly shaping the
landscape by resisting erosion, influenced by the action of water in various climate

regimes. Research exploring the interplay between biotic and abiotic processes
in ecosystems has investigated organism-mineral interactions (Brehm et al., 2005;
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Quirk et al., 2012) and biotic activities inducing soil and landscape formation (Diet-
rich & Perron, 2006). Biota impact terrestrial surfaces through mineral weathering,
ion formation, and biofilm generation, which may control erosion resistance to a
large extent (Gadd, 2010; Gorbushina, 2007; Riveras-Munoz et al., 2022). Although
recognized early that soil stability relates to physical, chemical, and biological pro-
cesses, the specific role of microorganisms remains unclear, lacking a comprehen-
sive understanding of their mechanisms and species contributions in varied climate
contexts.

Typically, soils exhibit a complex three-dimensional arrangement comprising ag-
gregates interspersed with void spaces (Bailey et al., 2013; Oades & Waters, 1991),
increasingly referred to as soil architecture (Amelung et al., 2024). Aggregates con-
sist of clusters of mineral particles and organic carbon, wherein the internal forces
binding the particles together within each aggregate are much stronger than the
forces acting between neighboring aggregates (Six et al., 2004). This strength en-
ables the structures to endure wetting events and mechanical disruptions within
the bulk soil (Bravo et al., 2018). These aggregates assemble hierarchically form-
ing networks of particles and voids that are periodically connected during wetting
episodes, which in turn create a variable flow of water and nutrients, offering access
to soil organisms (Wilpiszeski et al., 2019).

In general, soil aggregates are grouped according to their size. Microaggregates
(<250 um) consist of clay particles, organo-mineral complexes, and polyvalent met-
als, bound by bacterial polysaccharides (Six et al., 2004; Totsche et al., 2018), while
macroaggregates (>250 um) are formations of minerals and particulate organic mat-
ter (POM), and are mainly bound by fungal hyphae and plant roots (Oades, 1984).

Soil aggregation is highly correlated with soil moisture, clay and organic carbon
content (Al-Kaisi et al., 2014) and is one controlling factor of the dynamic and spa-
tial variation in soil properties (Totsche et al., 2018). The moisture regime in soils is
largely controlled by climate which in turn controls soil formation. This has been
shown in great detail along the Coastal Cordillera of Chile (Bernhard, Moskwa,
Schmidt, Oeser, et al., 2018). Climatic factors such as precipitation and temper-
ature affect soil biological, soil chemical and soil physical processes such as the
accumulation or organic carbon, weathering of minerals and swelling and shrinking
of clay particles as well as soil properties. Terrestrial ecosystems experience regular
changes in water availability, a critical resource for life. Alternating wet-dry events
significantly influence soil aggregate formation and stabilization processes (Najera
et al., 2020).

Additionally, microbial activity, i.e. the production of binding material such as exu-
dates, and fungal hyphae affect aggregate formation (Tisdall & Oades, 1982), while
soil aggregation also indirectly affects microbial activity as well as community struc-
ture (Biesgen et al., 2020). It has been shown that macro- and microaggregates are
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characterized by different predation pressure and, therefore, contain distinct micro-
habitats (Fox et al., 2018; Mummey & Stahl, 2004; Sessitsch et al., 2001). Microbial
residents occupy specialized niches within the aggregate structure, with active mi-
croorganisms living both within and between aggregate particles (Bailey et al., 2013;
Ebrahimi & Or, 2016; Sessitsch et al., 2001). The complex feedback between min-
eralogy and biology begins with the weathering of the parent material. It continues
with the formation of aggregates and the stabilization of the microscale architecture
of the soil structure and generally controls the geochemical cycles in the soil matrix
during the development of a soil (Crawford et al., 2012; Lynch & Bragg, 1985).

The influence of microorganisms on soil aggregate formation has been highlighted
in several studies before (Chotte, 2005; Gupta & Germida, 2015; Tisdall & Oades,
1982). However, taxonomic groups driving the process and acting as potential key
players are still largely unknown, while the mechanisms controlling the formation
and persistence of soil aggregates are yet not fully understood. Particularly, knowl-
edge of the relative roles of abiotic (water, organic-mineral-interactions) versus biotic
(plant C input, microbial activity) drivers of aggregate formation is lacking. There-
fore, we hypothesize that the abundance, diversity and composition of soil micro-
bial communities are characteristic of different stages of soil development and as a
corollary, that specific taxonomic groups are related to the distribution and stability
of aggregates at each developmental stage.

Hence, this work aimed to (i) unveil the microbial contributions to soil aggregate
formation and stabilization compared to abiotic processes in soils of different cli-
matic conditions and developmental stages during repeated wetting-drying (WD)
cycles, and (ii) identify microbial key players involved in aggregate formation and
stabilization.

Since studies on the development of abiotic and biotic interactions are very com-
plex, they require both different spatial and temporal scales (Ollivier et al., 2011).
Therefore, soils were collected from four locations along the Coastal Cordillera of
Chile representing a natural climate gradient, ranging from arid over semi-arid and
mediterranean to humid conditions. In order to unveil the microbial role in the pro-
cess of aggregate formation and stabilization, the manipulation of soil moisture by
applying W-D cycles was performed with a set of native soils including the indige-
nous microbial communities and a set of sterilized soil samples without any mi-
croorganisms. Quantification of bacteria, archaea, and fungi by qPCR was used
to document the response patterns of microbial abundances and communities. We
performed lllumina MiSeq sequencing of 16S rRNA genes to gain a detailed picture
of the microbial community structure and their shifts during W-D cycling. Changes
in the microbial communities were related to edaphic parameters such as soil ag-
gregate sizes, carbon and nitrogen content, C/N ratio and aggregate stability.
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D.2 Materials and methods

D.2.1 Field site description and sampling

In the frame of the EarthShape project (German Science Foundation SPP 1803),
soils were studied at the following four study sites distributed over 1300 km along
the Chilean Coastal Cordillera: Pan de Azucar National Park (~26°S), Santa Gra-
cia Nature Reserve (~30°S), La Campana National Park (~33°S), and Nahuelbuta
National Park (~38°S). The study sites cover a climate gradient with decreasing
annual temperature and increasing annual precipitation from north to south and cor-
responded to arid, semi-arid, mediterranean and humid climates (D.1) resulting in
different soil moisture regimes (Bernhard, Moskwa, Schmidt, Oeser, et al., 2018).
Due to the long-term impact of stable climate conditions (Ewing et al., 2006) soils
show different stages of soil development. They were classified into Regosols in
Pan de Azucar, Cambisols in Santa Gracia and La Campana, and Umbrisols in
Nahuelbuta (Bernhard, Moskwa, Schmidt, Oeser, et al., 2018). Vegetation types
range from very sparse higher plant desert vegetation in the north, where biocrust
soil coverage can reach as much as 40 % of the area (biocrust-dominated desert
vegetation) over semi-desert open shrubland and mediterranean dry forest and to
temperate mixed broadleaved-coniferous forest in the south (Bernhard, Moskwa,
Schmidt, Oeser, et al., 2018; Bernhard, Moskwa, Schmidt, Oeser, et al., 2018).

Surface depth increments (0cm to 5cm) were collected in March—April 2016 on
the mid slope position of the South-facing hillslopes in each study site and were
directly sieved (<2 mm) on ethanol-sterilized sieves to remove coarse organic mate-
rial and stones. Samples were stored at 4 °C until further processing. Detailed site-
specific descriptions and soil classifications were performed by Bernhard, Moskwa,
Schmidt, Oeser, et al. (2018), Bernhard, Moskwa, Schmidt, Oeser, et al. (2018) and
Oeser, Stroncik, Moskwa, et al. (2018), Oeser, Stroncik, Moskwa, et al. (2018).
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Figure D.1: Location of the four study sites along the climate gradient on the Chilean Coastal
Cordillera. MAP, mean annual precipitation; MAT, mean annual temperature.

D.2.2 Experimental design

Aggregate formation was developed during repeated W-D cycles using Tubingen
cups (T-cup), which were covered by a fine silk cloth at the bottom (Scholten et al.,
2011). In order to characterize the role of microorganisms on soil-structure forma-
tion processes, sets of soil samples with the indigenous microbial community (na-
tive) and sterilized control samples were prepared. The control samples were ster-
ilized by cobalt-60 gamma-irradiation (SteriXpert, BBF Sterilisationsservice GmbH,
Kernen-Rommelshausen, Germany). Each T-cup (k= 5cm, r = 2.5cm) was filled
with 60 g soil material, followed by 22 days at 22 °C to acclimate the soil-dwelling mi-
croorganisms to laboratory conditions. The manipulation experiment was performed
by incubating the T-cups under controlled environmental conditions for a total time
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duration of six weeks. We saturated the soil to field capacity (pF 1.8, —60 hPa pres-
sure) at room temperature on a sterile sand bed (grain size 0.06 mm to 0.25 mm)
for 24 hours. This was followed by a drying step at 25°C in an oven for 1-2 days
until equilibrium. In addition, one sample remained on the sand bed throughout the
entire experiment, being constantly subjected to moisture. Duplicate samples of na-
tive and sterilized soil material were collected after fulfilled cycles, comprising time
point zero (RO), one, three, and six W-D cycles (R1, R3, R6), and after six weeks of
constant moisture (CM). Separate T-cups were prepared for the different analytical
approaches, one for DNA-based methods and one for the analysis of soil proper-
ties. Cups for DNA-analysis were stored at —20 °C and cups for the analysis of soil
properties at 4 °C until further processing.

D.2.3 Soil properties, aggregate size distribution and stability

Soil-chemical properties were analyzed for the native and the sterilized soils. The
total organic carbon (TOC) was determined by Potsdamer Wasser- und Umweltlabor
GmbH (PWU, Potsdam, Germany) according to DIN EN ISO/IEC 17025:2005. The
aggregate size separation was done by wet sieving adapted from Elliott (1986) as
described in Riveras-Muioz et al. (2022). In the first step, 10 g of soil material was
irrigated with 50 mL water. A series of four sieves, which were placed in descending
order, was used to obtain the following soil aggregate size classes: (i) >500 pum
(large macroaggregates); (ii) 250 um to 500 um (small macroaggregates); (iii) 53 um
to 250 um (large microaggregates); (iv) 20 um to 53 um (small microaggregates), and
(v) <20 pum (silt/clay).

Aggregates were separated manually by moving the sieve up and down 30 times
during Smin in a 2.5L water tank. The aggregate classes retained on each sieve
were oven-dried at 105 °C, and weighed. In the following, large and small macroag-
gregates are referred to as macroaggregates (MAC), large and small microaggre-
gates are referred to as microaggregates (MIC) and the silt/clay class is referred to
as SC.

The mean weight diameter (MWD in mm), a measure of aggregate stability deter-
mined by the size distribution of aggregates (Amézketa, 1999), was calculated as
an average weighed by aggregate size.

Furthermore, the soil organic carbon (SOC) and total nitrogen (TN) content
of each aggregate size class was measured using oxidative heat combustion at
1150°C in a Vario EL lll elemental analyzer (Elementar Analysensysteme GmbH,
Hanau, Germany) and subsequently, the C/N ratio was calculated. SOC and total
carbon were used interchangeably since the study sites showed low inorganic
carbon content (Riveras-Murioz et al., 2022).
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D.2.4 DNA extraction and quantification of bacteria, archaea,
and fungi

Total genomic DNA was extracted from the native soil material using the DNeasy®
PowerSoil® Kit (Qiagen GmbH, Hilden, Germany) with a maximum amount of 0.25 g
per sample. DNA was extracted in triplicates following the manufacturer’s protocol
with one exception: DNA elution was done with PCR-grade water. Final DNA con-
centrations were measured with a Qubit® 2.0 Fluorometer using the Qubit™ dsDNA
HS Assay Kit (both Invitrogen Life Technologies, Thermo Fisher Scientific, Carlsbad
CA, USA). DNA extracts were stored at —20 °C until further processing.

Gene copy numbers of bacteria, archaea, and fungi were determined by quanti-
tative polymerase chain reaction (QPCR). 16S rRNA genes were amplified by using
the bacterial primer pair Eub341F (5’-CCT ACG GGA GGC AGC AG-3') and Eub534R
(5'-ATT ACC G CG GCT GCT GG-3') (Muyzer et al., 1993) and the archaeal primer
pair 340F (5'-CCC TAC GGG GYG CAS CAG-3) and 1000R (5'-GGC CAT GCA CYW
CYT CTC-3) (Gantner et al., 2011). 28S rRNA genes were amplified by using the
fungal primer pair NL1F (5-ATA TCA AAT AAG CGG AGG AAA AG-3) and LS2R
(5'-ATT CCC AAA CAA CTC GAC TC-3') (Bates & Garcia-Pichel, 2009). The qPCR
assay was carried out in a total reaction volume of 20 uL using the KAPA SYBR®
FAST gPCR Kit Master Mix (2x) Universal (Kapa Biosystems, Sigma-Aldrich,
Germany). Quantification was performed in the CFX96 Connect™ Real-Time
System (Bio-Rad Laboratories, CA, USA) with the following cycling program for
bacteria/ archaea/ fungi: initial denaturation at 95°C for 3 min, followed by 40/
45/ 45 cycles of denaturation at 95°C for 3, annealing at 60°C/ 57°C/ 50°C for
20s, and elongation at 72 °C for 30s. Fluorescence was measured at 80°C. The
melting curve was recorded by rising temperature from 65 °C to 95 °C. DNA extracts
from Pan de Azucar were added undiluted, samples from La Campana and Santa
Gracia were used in 1:100 dilutions, as well as samples from Nahuelbuta with one
exception: constant moisture samples were used in 1:10 dilutions. Every gPCR run
included blanks, calibration standards, and soil samples in triplicates. The reaction
efficiency ranged between 96.3 % to 103.9 %. Data were analyzed using the CFX
Manager™ Software (Bio-Rad Laboratories, CA, USA).

D.2.5 lllumina MiSeq amplicon sequencing of bacteria and
archaea

PCR products were prepared for lllumina MiSeq high-throughput sequencing of
bacterial and archaeal 16S rRNA genes. Unique primer combinations of barcode
tagged 515F (5'-GTG CCA GCM GCC GCG GTA A-3') and 806R (5'-GGA CTA CGV GGG
TWT CTA AT-3') primers were assigned to each sample (Caporaso et al., 2012). For
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each genomic DNA sample, two technical replicates with different barcodes were
amplified by PCR and sequenced. For a detailed description of the library prepara-
tion, the reader is referred to Moskwa et al. (2020).

D.2.6 Bioinformatics and statistical analysis

Sequencing was performed at Eurofins Genomics (Konstanz, Germany) on an lllu-
mina MiSeq generating 2 x 300 bp paired-end reads. The sequencing library was de-
multiplexed using cutadapt v3.4 (Martin, 2011) using the following parameters: -e
0.2 -q 15,15 -m 150 -discard-untrimmed. The ASVs were generated using
trimmed reads and the DADA2 package v1.20 (Callahan et al., 2016) with R v4.1 us-
ing the pooled approach with the following parameters: truncLen = c(240,200),
maxN = 0, rm.phix = TRUE, minLen = 200. Taxonomic assignment was done
using DADA2 and the SILVA database v138 (Quast et al., 2012). Subsequently, ASVs
representing chloroplasts, mitochondria and singletons were removed.

Prior to statistical analysis, absolute read counts were transformed into relative
abundances. The similarity of duplicate samples was evaluated visually in a non-
metric multidimensional scaling (NMDS) plot before duplicates were merged for mi-
crobial community analysis. The microbial community structure and diversity as
well as its relation to the soil properties was assessed using the Past 4.09 software
(Hammer et al., 2001). Beta diversity of the microbial communities and possible
associations between community structure and environmental variables were as-
sessed in a Canonical correspondence analysis (CCA) ordination plot using the
Bray-Curtis dissimilarity. Soil edaphic properties were normalized using z-score
transformation. Principal component analyses (PCA) based on Euclidean distance
were used to assess the variation of edaphic parameters across the four study sites
and to test for variation between native and sterile soil material of each site. The
significance of variation between native and sterile soil material was tested using
one-way PerMANOVA. Pearson and Spearman correlation were used to evaluate
associations of the abundance of microbial taxa on different taxonomic levels with
the edaphic parameters. Differences of soil aggregate, SOC and TN content as
well C/N ratio between native and sterile soil material were assessed using ANOVA.
Differences in the family level community composition were tested using the Kruskal-
Wallis and Mann-Whitney post-hoc tests. The FAPROTAX database (Louca et al.,
2016) was used to predict functions from the ASV-level taxonomy.

D.2.7 Data deposition

Sequencing raw data are publicly available via the European Nucleotide Archive un-
der the Project accession number PRJIEB72146: https://www.ebi.ac.uk/ena/browser/
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view/PRJEB72146. All data used in this study are freely available under the Cre-
ative Commons Attribution 4.0 International (CC BY 4.0) open access license at
GFZ data services. All samples are identified via a unique IGSN (international
geo sample number). These data are available as a supplementary dataset in
Bernhard, Moskwa, Schmidt, Oeser, et al. (2018) with the following DOI: https:
//doi.org/10.5880/GFZ.5.3.2018.001. When using the data please cite: Bernhard,
Moskwa, Schmidt, Oeser, et al. (2018).
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Figure D.2: Soil properties in native soils (+) and sterilized soils (-) of different climates. A) Aggregate
size distribution. B) SOC content, C) TN content, and D) C/N ratio per aggregate class. MAC,
macroaggregate fraction 250 um to 2000 um; MIC, microaggregate fraction 20 um to 250 um; SC,
silt/clay fraction <20um. Significant differences between native and sterilized soils are indicated by
asterisks (* p < 0.05; ** p < 0.01).
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Macroaggregates (MAC), microaggregates (MIC) and the silt/clay (SC) classes
were differently distributed in arid, semi-arid, mediterranean and humid soils
(Figure D.2a). Less developed soils from arid and semi-arid climate conditions
were characterized by the lowest content of MAC ranging around 60 % to 65 %.
Semi-arid soils displayed a higher MIC content and a lower SC content compared to
arid soils. More developed soils from the mediterranean and humid climates were
characterized by the highest abundance of MAC with nearly 80 % in mediterranean
soils and more than 90 % in humid soils. Accordingly, the proportion of MIC was low
in mediterranean soils (~20 %) and lowest in humid soils (<20 %). Moreover, SC
was hardly present in mediterranean and humid soils (~2 %).

In native soils, including the indigenous microbial communities MAC contents de-
creased in arid, semi-arid and mediterranean soils, but increased in humid soils.
MIC contents remained stable in arid soils, increased in semi-arid and mediter-
ranean soils, but decreased in humid soils. The SC class slightly increased in arid
soils, remained stable in semi-arid and mediterranean soils, and decreased in humid
soils.

The SOC and TN (Figure D.2b-c) contents were lowest in the less developed
soils and increased with soil development along the climate gradient, with the low-
est SOC (~1%) and TN values (~0.1 %) in arid soils and highest values in humid
soils (~10% and ~0.5%). In each soil, the SOC and TN contents were lowest
within the MAC class and highest within the SC class. The C/N ratios (Figure D.2d)
were highest in arid soils. Lowest values were observed in semi-arid soils with an
increasing trend over mediterranean to humid soils. Within each soil, the highest
C/N ratios can be observed within MAC, followed by SC and MIC.

The aggregate stability (MWD) was lowest in arid and semi-arid soils, increased
in mediterranean soils and peaked in humid soils.

A principal component analysis (PCA) including soil aggregate size classes, ag-
gregate stability (MWD), SOC, TOC and TN content as well as the C/N determined
during repeated W-D cycles (Figure D.3a) revealed similar soil properties in native
and sterilized soils from the same climatic condition. The separation of soils along
the x-axis, explaining 66.0 % of the variance, was in accordance with the climate
gradient from arid to humid conditions. The difference between arid and semi-arid
soils was mainly visible on the y-axis, explaining 27.6 % of the variance. In addition,
native and sterilized soils from arid conditions were separated along the y-axis.
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Figure D.3: Soil properties and microbial community structure in soils of different climates. A) Prin-
cipal component analysis of soil properties in native soils (squares) and sterilized soils (circles) in-
cluding MWD, TOC, soil aggregates, SOC, TN and C/N per aggregate size class. B) Canonical
correspondence analysis of the ASV composition including soil properties: MWD, aggregate class
(MAC, MIC, SC) and the respective C/N ratio, SOC and TN content. R0-R6; number of W-D repeti-
tions; CM, constant moisture. Colors represent different climatic conditions.

D.3.2 Microbial influence on soil properties

Differences between native and sterilized soils were further evaluated in separate
PCA ordinations, showing significant differences between native soils and sterile
controls not only in arid (p = 0.005), but also in semi-arid (p = 0.008) and mediter-
ranean soils (p = 0.02) (Figure D.4). At these three sites, the native samples with mi-
croorganisms before W-D treatment (LJRO) were similar to all sterile controls (cR0O—
R6, CM) and were thus referred to as microbially not (yet) influenced. After at least 1
W-D cycle, microbial samples clustered apart from the sterile controls and were thus
claimed to be microbially influenced. The difference between microbially influenced
and not influenced samples appeared mainly along the x-axis of the plots, which
explained the highest variance. In arid soils, the microbially influenced soils were
characterized by higher C/N ratios in all aggregate classes (Figure D.4a). In semi-
arid and mediterranean soils, soil aggregate sizes in microbially influenced soils
were characterized by higher levels of MIC and C/Ngg, and lower levels of MAC
compared to the sterile controls (Figure D.4b-c). Microbially influenced humid soils
were not significantly different from sterile soils. However, the majority of microbially
influenced soils was characterized by higher MAC and MWD, while sterile soils had
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higher MIC contents (Figure D.4d).
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Figure D.4: Principal component analyses of soil properties in native soils (squares) and sterilized
soils (circles) including significant soil properties. A) arid, B) semi-arid, C) mediterranean and D)
humid site. Microbial influence is indicated by sample separation along the x-axis.

D.3.3 Microbial abundance

Based on 16S and 28S rRNA gene copy numbers, bacteria were most abundant
among all four climate conditions, followed by archaea and fungi (Figure D.5a). Only

192



D.3 Results

in humid soils, fungi were slightly more abundant than archaea and possessed high-
est abundances among soils. The lowest abundances of bacteria, archaea and fungi
were observed in arid soils. Still, they increased over the course of the experiment
with a peak after 3 cycles and maximum values under constant moisture. Semi-arid
and mediterranean soils were characterized by highest abundances that remained
relatively constant during the W-D cycles and constant moisture. In humid soils,
bacterial and archaeal abundances were stable and fungal gene copies increased
after 3 W-D cycles. However, all gene abundances of humid soils were lowest in
soils exposed to constant moisture.

Linear (Pearson) and non-linear (Spearman) correlation analyses revealed that
bacterial and archaeal abundances were positively correlated with each other. Both
were inversely correlated with the C/N ratios in each soil class. On the contrary,
the fungal abundance was positively correlated with MAC and MWD, while being
inversely correlated with MIC and the S/C class. Furthermore, fungi were positively
correlated with the SOC and TN contents in each aggregate class.
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Figure D.5: Prokaryotic and fungal abundance as well as prokaryotic diversity in soil material from
different climates. A) 16S and 28S rRNA gene abundances of bacteria, archaea and fungi. Bacterial
and archaeal diversity based on B) Shannon and C) Chao-1 diversity indices. RO - R6, number of
W-D repetitions; CM, constant moisture
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D.3.4 Bacterial and archaeal diversity

Similar to their abundance, bacterial and archaeal diversity based on the alpha-
diversity indices Chao-1 and Shannon (H) was highest in semi-arid soils from Santa
Gracia (median H = 7.4) and in mediterranean soils of La Campana (H = 7.5) with
maximum diversity indices in mediterranean soils (Figure D.5b). Although lowest mi-
crobial abundances were observed in arid soils, the bacterial and archaeal diversity
was lowest in humid soils from Nahuelbuta (H = 6.0), followed by arid soils from Pan
de Azucar (H = 6.6). In arid and semi-arid soils, the diversity according to Chao-1
increased after one W-D cycle and decreased afterwards. Contrary, mediterranean
and humid soils were characterized by an increasing diversity during W-D cycles,
but possessed a low diversity in the sample exposed to constant moisture. Like
the bacterial and archaeal abundance, the number of taxa and the diversity were
negatively correlated with the C/N ratios in all soil classes.

D.3.5 Microbial community structure and composition

Like the soil edaphic properties, the microbial communities clustered according to
the climatic condition of each study site (Figure D.3b). In semi-arid and mediter-
ranean soils, microbial communities did not significantly change during the treat-
ment. Both communities were similar and clustered apart from those of arid and
humid soils along CCA 2. While microbial communities of the semi-arid and mediter-
ranean soils were similar (along CCA 1), soil parameters of the respective sites dif-
fered significantly (along PC 1). In contrast, microbial communities in humid soils
displayed an increasing variance along the y-axis (explaining 24.3 % of the variance)
with increasing number of W-D cycles and under constant moisture. Similarly, the
microbial communities of R6 and CM in arid soils varied from R0—R3 along the x-
axis (explaining 26.5 %).

The microbial community composition was assessed by MiSeq amplicon se-
quencing. After quality check and filtering (including removing reads of the negative
control) the dataset comprised 1.2 million reads across ~11000 amplicon sequenc-
ing variants (ASVs). From this ~98.1 % of the reads were assigned to bacteria and
1.9 % to archaea. After taxonomic classification, 828 putative genera (807 for bac-
teria, 21 for archaea) were obtained. Based on phylogenetic classification, ASVs
could be assigned to the ten dominant prokaryotic phyla Proteobacteria (24.8 %
of total ASVs), Actinobacteriota (22.9 %), Acidobacteriota (11.9 %), Chloroflexi
(8.7 %), Planctomycetota (8.5 %), Bacteroidota (5.1 %), Gemmatimonadota (4.8 %),
Verrucomicrobiota (3.6 %), Firmicutes (2.3 %) and Crenarchaeota (1.8 %).

The bacterial communities of all four sites comprised 63 families and 18 unknown
orders (Figure D.6). Of these families, 32 possessed almost or more than 2%
mean relative abundance per site. Some were abundant (>2 %) only at one site,

194



D.3 Results

while others were found in soils from several climatic conditions. Euzebyaceae,
Pseudonocardiaceae, Caldilineaceae, AKYG1722 and JG30-KF-CM45 (Thermomi-
crobiales), Trueperaceae, Longimicrobiaceae, Pirellulaceae and unclassified Rhizo-
biales were abundant exclusively in arid soils from Pan de Azucar. Nitrosospha-
eraceae, Geodermatophilaceae, Micromonosporaceae and Beijerinckiaceae were
abundant in the semi-arid soils of Santa Gracia. Vicinamibacteraceae and unclas-
sified Vicinamibacterales were found to be abundant in mediterranean soils of La
Campana. In contrast, Subgroup 1 of Acidobacteriales, Acidothermaceae, Kte-
donobacteraceae, Gemmataceae and unclassified Elsterales were abundant only
in the humid soils of Nahuelbuta.
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Figure D.6: Relative abundance of prokaryotic families in soil material from different climates and
after different soil treatments. R0-R6; number of W-D repetitions; CM, constant moisture. Each
bubble represents the mean relative abundance of technical replicates.
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D.3.6 Predicted microbial functions

Almost 11000 ASVs were assigned to 45 ecologically relevant functions using
FAPROTAX, with 24 functions of significant abundance (cumulative abundance
>1 % across sites). In general, those predicted functions were related to organic
matter degradation (chemoheterotrophy, fermentation, cellulolysis) phototrophy
(anoxygenic photoautotrophy, photoautotrophy, photoheterotrophy and phototro-
phy), the nitrogen cycle (denitrification, nitrate denitrification, nitrate reduction,
nitrate respiration, nitrification, nitrite denitrification, nitrite respiration, nitrogen fix-
ation, nitrogen respiration, nitrous oxide denitrification) and degradation processes
such as aromatic compound and hydrocarbon degradation as well as ureolysis.
The most abundant predicted functions were related to chemoheterotrophy and
aerobic chemoheterotrophy. In arid soils, additionally nitrate reduction (4 % to
7.5 %), nitrification and aerobic ammonia oxidation (0.5 % to 3.1 %) were enhanced.
Some predicted functions decreased after the first W-D cycle (aerobic heterotrophy,
chemoheterotrophy, manganese oxidation, nitrate reduction, nitrate respiration and
nitrogen respiration), while others were enhanced after 1 and/or 3 W-D cycles
(phototrophy, aromatic compound degradation, cellulolysis, ureolysis and many
nitrogen cycle-related functions such as denitrification, hydrocarbon degradation,
denitrification, nitrite respiration, nitrogen fixation, nitrous oxide denitrification). In
semi-arid soils, again nitrate reduction (2.4 % to 3.5 %), nitrification (3.1 % to 4.6 %)
and aerobic ammonia oxidation (3.0 % to 5.8 %) were enhanced following heterotro-
phy. Despite low abundances, many predicted functions were increased after 3
W-D cycles and most of them also in constantly moist soils. Similar observations
were made in mediterranean soils. Humid soils were characterized by an enhanced
abundance of ureolysis with an increasing trend, and cellulolysis as well as nitrogen
fixation, with a decreasing trend during W-D treatment. The decreasing abundance
was observed also for several other functions, while aerobic ammonia oxidation,
fermentation, nitrification, phototrophy and photoheterotrophy were most abundant
under constant moisture conditions.

D.3.7 Correlation of microbial taxa with soil properties

Correlation analyses of prokaryotic families and soil parameters revealed significant
linear correlations (Pearson correlation; p < 0.05) of the edaphic parameters with
29 bacterial families in arid soils, with 26 in semi-arid soils, with 24 in mediterranean
soils and with 43 families in humid soils. In arid soils, significant correlations of
microbial families such as Holophagae subgroup 7, Acidimicrobiia, Frankiales,
Pseudonocardiaceae, Solirubrobacteraceae, Trueperaceae, Caulobacteraceae,
Rhodobacteraceae and Comamonadaceae were mainly observed with the C/N
ratio. In semi-arid soils, significant correlations were primarily observed between
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the changing MAC and MIC content and families like Acidobacteria subgroup
2, Holophagae subgroup 7, Euzebyaceae, Caldilineaceae, Thermomicrobiales
JG30-KF-CM45, Trueperaceae, Alicyclobacillaceae, Planococcaceae, Reyranel-
laceae, Comamonadaceae, Nitrosomonadaceae and WPS-2. In mediterranean
soils, many correlations of bacterial families were observed with the aggregates,
SOCgc and TNpic. Thermomicrobiales JG30-KF-CM45, Dongiaceae, Rhizobiales
and Burkholderiales TRA3-20 were related with the aggregate content, while
Acidimicrobiia IMCC26256, Micrococcaceae, Cyclobacteriaceae, Ardenticatena-
ceae, Reyranellaceae, Rhizobiales and Burkholderiales were related with the
SOC and TN content. In humid soils, numerous bacterial families were positively
correlated with the duration of moisture application i.e. the number of W-D cycles
or the duration of constant moisture in days. Families related with the soil mois-
ture were affiliated with Nitrososphaeraceae (Crenarchaeota), Blastocatellaceae,
Pyrinomonadaceae, Vicinamibacteraceae, Euzebyaceae (Acidobacteriota), Nocar-
dioidaceae, Rubrobacteriaceae, Gaiellales, Solirubrobacterales (Actinobacteriota),
Cytophagales (Bacteroidota), Ardenticatenaceae, Caldilineaceae, Thermomicro-
biales AKYG1722 and JG30-KF-CM45, KD4-96, Ktedonobacterales JG30-KF-AS9,
Ktedonobacteraceae, Chloroflexi TK10 (Chloroflexi), Trueperaceae (Deinococcota),
Planococcaceae, Paenibacillaceae (Firmicutes), Gemmatimonadota BD2-11 ter-
restrial group, Gemmatimonadaceae, Longimicrobiaceae (Gemmatimonadota),
Myxococcaceae, Polyangiaceae (Myxococcota), Rhizobiales, Rhodomicrobia-
ceae, Nitrosomonadaceae, Oxalobacteraceae (Proteobacteria), Pedosphaeraceae
(Verrucomicrobiota) and WPS-2.

D.4 Discussion

In this study, we explored the combined effect of abiotic (water) and biotic (micro-
bial activity) factors on the formation and persistence of soil aggregates. Studying
sterilized in parallel to native soil materials allowed us to determine the biotic, i.e.
microbial contributions to the formation and stabilization of soil aggregates in com-
parison to abiotic processes.

The four study sites along the Chilean Coastal Cordillera comprised soils ranging
from poorly developed soils such as Regosol in the arid north to more developed
soils such as Cambisols (semi-arid and mediterranean study sites) and to Umbrisols
in the humid south. The soils were characterized by increasing clay, soil organic mat-
ter, soil moisture contents and soil acidity from north to south (Bernhard, Moskwa,
Schmidt, Oeser, et al., 2018) (D.2) and, thus provide different initial conditions for
studying the microbial impact on soil aggregation and stabilization.

The level of soil development was not only indicated by the distribution of soil
aggregate size classes but also by organic C and N contents of the particular soil
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aggregate classes. Overall, lowest SOC and TN contents were observed in the
MAC fraction. They were higher in MIC and highest in the SC fraction. Clay and
silt are known to build strong relations with stable humic substances (Bouajila et al.,
2021) and protect them against decomposition by microbial activity. Across sites,
arid soils were characterized by maximum C/N ratios, typical for soil systems with a
high amount of recalcitrant organic matter that is decomposed very slowly. Although,
MIC are characterized by having increased amounts of biochemically recalcitrant C
(i.e. compounds with a higher C/N ratio) (Elliott, 1986; Kravchenko et al., 2015), we
observed highest C/N ratios in the MAC fractions of all four soil types. In accordance
with previous work (Kuramae et al., 2012), the C/N ratio appeared to be a strong
driver of the microbial community composition (Figure D.3b) as well as of abundance
and diversity.

D.4.1 Microbial influence on soil aggregation

Wetting and drying of soil material from the arid site led to significant differences in
the soil edaphic properties between sterile and microbially influenced soil materials
(D.4). The microbially influenced soil material was characterized by increased C/N
ratios in all soil aggregate classes compared to sterile soil material, with the highest
C/N ratios in MAC (D.2 & D.4). Increased C/N ratios indicate accelerated micro-
bial activity and labile soil organic matter (SOM) turnover in all aggregate classes.
This is corroborated by an increase in microbial abundance with increasing num-
ber of W-D cycles. In addition, W-D of native soil material was accompanied by a
loss of MAC, a slight loss of SOCyac and Nyac but a gain of MIC, a slight gain of
SOCwmic and SC compared to sterile soil material. The microbial decomposition of
aggregate-associated OM might lead to aggregate disintegration and thus initiate
aggregate turnover (Six et al., 2000). On the other hand, disruption of MAC may
have enhanced OM mineralization (Goebel et al., 2009; Mueller et al., 2012). De-
spite an increasing abundance of fungi, which usually contribute to the formation
and stabilization of MAC due to mycorrhizal mycelia (Chotte, 2005; Lehmann et al.,
2017), W-D of native arid soil material promoted the breakdown of MAC, liberating
MIC and SC. Our results support the findings that MAC are less stable than MIC (Six
et al., 2004; Tisdall & Oades, 1982) and that W-D decrease MAC stability (Lehrsch
et al., 1991; Mulla et al., 1992; Zhang et al., 2022). The potentially decreasing MAC
stability in addition to the loss of MAC led to a slight decrease of the aggregate sta-
bility (MWD). As MAC are assumed to contain more labile SOM than MIC (Elliott,
1986), their disintegration may have fueled the release of locked labile organic mat-
ter, raising microbial respiration from the decomposition (Najera et al., 2020) and
resulting in the increased C/N ratio. W-D processes are a significant driver for re-
orienting aggregate building units and developing a three-dimensional soil structure
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(Chenu & Consentino, 2011). In our soil manipulation experiment, the decreasing
aggregate stability may be a result of the absence of plant roots, which usually pro-
mote MAC formation and thus act as drivers of soil aggregate stability and organic
carbon accumulation (Blankinship et al., 2016; Erktan et al., 2016; Rodriguez et al.,
2024).

In soil materials from the semi-arid and mediterranean sites, highest bacterial
and archaeal abundances as well as diversity were inversely related with lowest
C/N values across sites. Soils with low C/N values are usually characterized by hav-
ing higher concentrations of labile organic matter that is more easily decomposed
(Kuramae et al., 2012) and can provide a favorable environment for microorgan-
isms to thrive. Despite differences in soil aggregate distributions as well as SOC
and TN contents (D.2 & Figure D.3a), both, semi-arid and mediterranean soils were
classified as Cambisols (Bernhard, Moskwa, Schmidt, Oeser, et al., 2018) and we
observed a similar microbial impact on the soil properties. MIC and TN contents
were higher in microbially influenced soil materials compared to the sterile soil ma-
terial (D.4). Particularly in semi-arid soil material, the high MIC content was related
to the microbial diversity and the high microbial abundance, corroborating that MIC
formation and stabilization is mainly caused by microbial-derived binding agents (Six
et al., 2004). The gain of MIC and the associated loss of MAC compared to sterile
soil material was more pronounced in semi-arid than in mediterranean soil mate-
rial, resulting in a slight but not significant change of aggregate stability (p = 0.08 in
semi-arid, p = 0.06 in mediterranean soil). While the aggregate stability slightly de-
creased in semi-arid soils, it slightly increased in mediterranean soil material. In the
latter, the gain of MIC could be partially the result of MIC formation from SC, as its
content decreased. In addition, the mediterranean soil material was characterized
by a generally higher MAC content and a slightly higher fungal abundance, which
potentially stabilized MAC and supported MIC formation, leading to the elevated ag-
gregate stability (Chotte, 2005). Soils exposed to alternating moisture conditions,
like the mediterranean soils which originate from a climatically unstable ecosys-
tem (Rodriguez et al., 2022), were suggested to have a stronger resilience against
temporary variations in these conditions than soils that are rarely water saturated
(Totsche et al., 2018). The elevated sand content in semi-arid and mediterranean
soil material from Santa Gracia and La Campana (Bernhard, Moskwa, Schmidt,
Oeser, et al., 2018) may have restricted the impact of bacteria and archaea on the
soil aggregates, as in coarser textured sandy soils aggregation is less related to
microbial biomass and products (Degens & Sparling, 1996). However, the hyphal
network of fungi, which were found to be more abundant in semi-arid and mediter-
ranean soil material, is able to cross-link the abundant sand particles to form stable
aggregates (Six et al., 2004). Respectively, they were significantly positive corre-
lated with aggregate stability and SOC, TN and C/N ratio.
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Along with the loss of MAC in microbially influenced semi-arid soil material, the
SOC and TN content in the MIC and the SC fraction increased compared to sterile
soil material (Figure D.2) indicating a release of SOC and TN during the disintegra-
tion of MAC, which are usually enriched in labile carbon and nitrogen (Marx et al.,
2005).

In mediterranean soil material, the microbial influence was characterized by a
loss of SOC and TN with the number of W-D cycles in all aggregate size fractions,
indicating microbial activity. This was accompanied with a weak rise of the prokary-
otic abundance and diversity. Only the TNgc, which correlated with the bacterial
abundance, increased significantly.

The humid soil in Nahuelbuta represents an old, developed, and stable landscape
(Mucina & Wardell-Johnson, 2011). This soil material was characterized by maxi-
mum MAC, SOC and TN contents as well as the highest aggregate stability (D.2).
Remarkably, aggregate stability was significantly higher in microbially influenced soil
material (p = 0.02). This was accompanied by maximum fungal gene abundances
with an increasing trend during W-D, and a significant correlation between fungal
abundance and MWD. Our observations coincide with previous studies demonstrat-
ing that fungal biomass correlated with aggregate stability (Cosentino et al., 2006),
fungi occur more abundantly in association with MAC (Kihara et al., 2012) and that
soil mycorrhizal fungi play a key role in MAC formation and stabilization (Chotte,
2005). MAC are formed due to fungal hyphae, which physically enmesh soil parti-
cles and MIC (Davinic et al., 2012). Despite the generally higher MAC and lower MIC
contents (D.2) and, thus, higher aggregate stability, soil parameters in microbially in-
fluenced soil material including aggregate classes, C, TN and C/N contents as well
as MWD were not significantly different from sterile soil material (D.4). However,
under constant moisture conditions we observed a significant reduction of the abun-
dance of bacteria, archaea and fungi (Figure D.5a) with a concomitant increase in
MAC and a loss of MIC. Besides the fungal abundance, aggregate stability can also
be linked with the SOC content (Al-Kaisi et al., 2014). Particularly under wetter con-
ditions in bare soil, organic matter can strongly impact soil aggregation, exceeding
the influence of microorganisms (Riveras-Mufoz et al., 2022). The gain of MACgoc
observed under constant moisture conditions may be attributed to deceased micro-
bial cells resulting from the drastic loss of microbial abundance. This could have
contributed to the formation of MAC in microbially influenced soil material.

D.4.2 Microbial response to W-D cycling and key taxa of soil
alteration

The microbial response to W-D cycles and its effect on soil aggregate dynamics was
analyzed by means of changing gene copy abundances, diversity and a changing
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microbial community composition and structure in relation to soil edaphic properties.

In arid soil material, the increasing microbial abundance (including fungi) and a
changing microbial diversity (Figure D.5b-c) are likely the response to the availabil-
ity of water. The so called ’Birch effect’ promotes the breakdown of aggregates,
mineralization of dead microbial cells and osmolytes, and a subsequent release of
nutrients such as C (Jarvis et al., 2007). Particularly in arid and semi-arid soils, this
effect combined with MAC breakdown enhances bacterial reproduction and growth
by releasing organic compounds (Armstrong et al., 2016; Seuss et al., 2022). This
effect may have resulted in the observed peak of microbial abundance and diversity
after 1 or 3 W-D cycles (Figure D.5b-c), accompanied by an increase in predicted
functions. Following 6 W-D cycles the abundance of the majority of predicted func-
tions decreased along with the microbial abundance and diversity (Figure D.5), while
the community composition on ASV level slightly changed (Figure D.3b). W-D cycles
can create dynamic shifts in microbial communities. During the wet phase, certain
microbial groups, may benefit from the increased water availability, increasing the
abundance and diversity of the community. Continuous W-D cycles may select for
microbial taxa tolerant to desiccation stress (Evans & Wallenstein, 2012), resulting
in the observed loss of diversity and reconstitution of the predicted microbial func-
tions. Our observations are in line with previous studies demonstrating that sudden
climate shifts can act as stressors that promote a reduction of diversity (Clavel et al.,
2011), particularly when water is rapidly and abundantly applied to hyper-arid soil
(Azua-Bustos et al., 2018) and frequent W-D stress selects for tolerant microbial
taxa (Seuss et al., 2022). Due to fewer available metabolic pathways, the loss of
diversity could negatively affect the soil formation and stabilization (Bestion et al.,
2020; Shen et al., 2023).

The low diversity in soil material of the arid study site, results from a high de-
gree of bacterial specialization, which is attributed to an evolutionary response to
a stable environment (Rodriguez et al., 2022). Despite the changing abundance,
diversity and potential functions, the family-level microbial community composition
was altered slightly but not significantly during the manipulation experiment (Figure
D.6). Community composition changes can occur quickly within a single W-D cycle
(Evans & Wallenstein, 2012) and, thus, may not be detectable after a completed
W-D cycle. In addition, drivers of specific microbial functions can change without
changing the microbial community itself.

Along with the prokaryotic abundance and diversity, we observed significant corre-
lations of single bacterial families with soil properties such as C/N and MIC content.
The elevated C/N ratios in microbially influenced soil materials were inversely corre-
lated with the abundance of Acidimicrobiia, Frankiales, Pseudonocardiaceae (3.9 %)
and Solirubrobacteraceae (5.7 %) (both Actinobacteriota) as well as Caulobactera-
ceae (Alphaproteobacteria), some of them being exclusively abundant in arid soil
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material. Other families such as Trueperaceae (3.2 %, Deinococcota), Rhodobac-
teraceae (1.4 %, Alphaproteobacteria), Comamonadaceae (Gammaproteobacteria)
or Holophagae subgroup 7 (Acidobacteriota) were positively correlated to the in-
creased C/N ratios, and thus negatively with the decreased TN content, indicating
their participation in a potentially accelerated microbial turnover of labile soil organic
matter and increase of the microbial abundance. These families were shown to
be related to the soil nitrogen content. Trueperaceae are typical representatives of
bare soils and early biocrust stages in drylands (Albuquerque et al., 2005; Maier
et al., 2018) as can be found in the biocrust-dominated desert of Pan de Azucar
(Bernhard, Moskwa, Schmidt, Oeser, et al., 2018), and are often related to nitro-
gen removal (Gonzalez-Blanco et al., 2020). Also Rhodobacteraceae was related
to nitrogen removal (Jia et al., 2020), and its abundance seemed to be induced by
an increasing C/N ratio (Guo et al., 2020). In contrast, families such as Pseudo-
nocardiaceae and Solirubrobacteraceae, known for the degradation of soil organic
carbon (such as complex polysaccharides, cellulose, hemicellulose, chitin and xy-
lan) (Broadbent et al., 2022; Yeager et al., 2017) were negatively correlated with
the increased C/N ratio, thus, decreased in their relative abundance. Hence, an
increase of the C/N ratio was potentially caused by N removal due to an increased
activity of corresponding bacterial groups. Accordingly, predicted functions such as
nitrogen fixation and ureolysis, both resulting in the formation of ammonium, were
stimulated. This was followed by an induction of aerobic ammonia oxidation, ni-
trification as well as nitrate reduction, potentially resulting in the release of gases
that can escape into the atmosphere. At the same time, the abundance of chemo-
heterotrophic processes, that can reduce the soil carbon content, was reduced.

In addition, W-D of native soil material promoted a loss of MAC and a gain of MIC
and SC, potentially caused by the disintegration of MAC and/or by binding small
MIC through microbial-derived EPS (Six et al., 2004; Totsche et al., 2018). Sphin-
gomonadaceae (Alphaproteobacteriota), keystone taxa in MIC and MAC (Feng et
al., 2022), significantly correlated with the increased MIC content. Sphingomonas,
the most abundant genus within the Sphingomonadaceae, has been associated to
MIC formation through the excretion of EPS (Pankratov et al., 2007; Vuko et al.,
2020), while the family has been related to the EPS-saccharide content in soil (Bet-
termann et al., 2021). Furthermore, Chitinophagaceae (Bacteriodota), which was
positively correlated to the SC content, has been described as keystone taxa in SC
(Feng et al., 2022). Likewise, Holophaga, which was found to be mainly present in
smaller-size fractions (Sessitsch et al., 2001), potentially explains the correlation of
Holophagae subgroup 7 with MIC and C/Npc.

Contrary to the arid soil material, microbial abundance as a measure of activ-
ity was not as strongly stimulated but remained relatively stable in semi-arid and
mediterranean soil material during the manipulation experiment (Figure D.5a). Sim-
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ilar to the abundance, the prokaryotic diversity and community composition (Figure
D.3b, Figure D.6) of both soil types were comparable. A main explanation could be
the similar soil acidity (Bernhard, Moskwa, Schmidt, Oeser, et al., 2018), which is
controlled by the water balance as a result of the climate conditions (Slessarev et
al., 2016). In addition, W-D of both soil types caused no significant changes of the
community composition (p = 0.8 in semi-arid, p = 1 in mediterranean soil material).
Despite the consistent community composition in both soil types, W-D resulted in a
microbial response that had similar effects on the soil parameters (enhanced MIC
and TNg¢ contents, but a loss of MAC), but different effects on aggregate stability.

Similar to the arid soil material, the diversity in the semi-arid soil material slightly
decreased after an initial increase. Semi-arid soils of Santa Gracia usually experi-
ence one annual moisture pulse in the winter season, suggesting that sudden and
repetitive shifts of the soil moisture could have acted as a stressor and promoted
the reduction of diversity (Clavel et al., 2011). A selection of more tolerant microbial
taxa by frequent W-D stress and the resulting smaller number of available metabolic
pathways could have negatively affected the soil formation and stabilization (Bestion
et al., 2020; Shen et al., 2023) as observed by the loss of MAC and MWD. The loss
of diversity, however, was less pronounced than in arid soil material. In contrast
to the arid soils of Pan de Azucar, the semi-arid soils from Santa Gracia represent
a rather heterogeneous and disturbed ecosystem dominated by bacterial general-
ists (Rodriguez et al., 2022), benefiting from their metabolic flexibility to thrive in
dynamic environments (Bai et al., 2021; Chen et al., 2021; Hawkes et al., 2020).
Similarly, the mediterranean soils from La Campana originate from a topographi-
cally and climatically unstable ecosystem (Rodriguez et al., 2022) that promotes a
low number of bacterial specialists and explains the high diversity observed for both,
semi-arid and mediterranean soil materials. At least during the winter season, soils
in La Campana are subjected to repetitive rainfall events and periodical changes
of the soil water content, resembling the conditions of this manipulation experiment
(Ubernickel et al., 2020). Since soil material was sampled before the wet season (in
March—April), W-D potentially induced a change in the prokaryotic community from
drought tolerant taxa to W-D tolerant taxa, resulting in an increase in diversity and
a slight increase in abundance. Although changes in semi-arid and mediterranean
soil materials were insignificant, we observed an increasing relative abundance of
several bacterial families with a peak after 3 W-D cycles (Figure D.6), accompanied
by an abundance peak of nearly all predicted metabolic functions.

As in sandy soils, where aggregation is suggested to be weakly related to mi-
crobial biomass and products (Degens & Sparling, 1996), we observed only a few
correlations of microbial taxa with the soil aggregate distribution. In both soil materi-
als, different bacterial families of lower relative abundance were significantly related
to the changed MIC and TNg¢ content in microbially influenced soil material. In the
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semi-arid soil material, we observed positive correlations of Holophagae Subgroup 7
(1.3 %), Alicyclobacillaceae, Planococcaceae, Reyranellaceae, Comamonadaceae
(1.5 %) and Nitrosomonadaceae with the increasing MIC content. Also in arid soil
material, Holophagae Subgroup 7 and Comamonadaceae were linked to changing
soil properties. Here, we suggested that Comamonadaceae have been involved in
an accelerated microbial turnover of labile soil organic matter and an increase of
the microbial abundance. Assuming that the gain of MIC patrtially results from the
breakdown of MAC and a subsequent release of labile OM, their correlation with the
increasing MIC content in semi-arid soil material would corroborate this assumption.
In addition to MIC, Holophagae Subgroup 7, Planococcaceae, Reyranellaceae and
Oxalobacteraceae (2.8 %) were positively correlated with the increased Ng¢ con-
tent. Massilia, the most abundant genus of the Oxalobacteraceae, are able to pro-
duce extracellular proteases, which can depolymerize high molecular weight detrital
organic N. The resulting N monomers can be taken up by microorganisms leading
to the excretion of amino acids and excess ammonium, thereby increasing the soil
N content (Sieradzki et al., 2023).

In mediterranean soil material, we observed fewer correlations with MIC. Only
Thermomicrobiales JG30-KF-CM45 was positively correlated with the gain of MIC
and negatively with the loss of MAC. Positive correlations with Ngc were observed
for Chitinophagaceae (3.6 %, Bacteriodota) and Sphingomonadaceae (3.9 %,
Alphaproteobacteriota), two abundant families in mediterranean soil material.
Chitinophagaceae, keystone taxa in SC (Feng et al., 2022), are known for their
ability to degrade long-chain polymers like chitin (Proenca et al., 2017). Chitin
degradation has the potential to release nitrogen-containing compounds into the
soil, contributing to the pool of available nitrogen. In addition, Sphingomonadaceae,
usually related to bigger-sized soil aggregates (Feng et al., 2022; Yang et al.,
2019), can be one of the critical nitrogen cycling families in soil (Wang et al., 2020).
Some species of Sphingomonas, besides Ellin6055, the most abundant genus
within Sphingomonadaceae, are capable of nitrogen fixation (Asaf et al., 2020).
Consequently, the predicted functions of nitrogen fixation and ureolysis increased
with W-D, potentially increasing the soil TNgc content to levels comparable to the
humid soil material of Nahuelbuta (D.2).

Like diversity, the abundance of bacteria and archaea was lower in humid than
in mediterranean and semi-arid soil material. Moister soil conditions reduce diver-
sity through dispersion, connectivity, homogenization, and nutrient fluxes (Stovitek
et al., 2017). Similar to the mediterranean soil material, the abundance and diver-
sity increased with W-D cycles, with an abundance peak after 3 W-D cycles but
decreased upon constant moisture. Soils in Nahuelbuta are exposed to repetitive
rainfall events and periodical changes in the soil water content throughout the year
(Ubernickel et al., 2020). Hence, the manipulation experiment resembled the origi-
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nal conditions regarding the moisture pulses. However, the soil in Nahuelbuta does
not normally experience drought as in the dry phase of the manipulation experiment.
W-D potentially stimulated parts of the microbial community, by raising the microbial
abundance and diversity, and induced a change of the highly specialized prokary-
otic community, emanating from a stable ecosystem (Rodriguez et al., 2022) to more
desiccation tolerant taxa. In contrast, constant moisture resulted in a drastic loss of
the fungal and prokaryotic abundances. Excess soil moisture, as a result of a high
clay content, lower permeability, drainage, and thus aeration, is known to decrease
the number of fungi, as they are strictly aerobic (Chotte, 2005).

Similar to the abundance, the bacterial and archaeal community response
in terms of changing relative abundances of single families was significant
and particularly pronounced after 3 W-D cycles and under constant moisture
conditions. W-D led to an increasing relative abundance of Actinobacteriota (Strep-
tomycetaceae), Firmicutes (Alicyclobacillaceae, Bacillaceae) and Proteobacteria
(Burkholderiaceae, Oxalobacteraceae), but a decrease of Acidobacteriota, Chlo-
roflexi, Planctomycetota (Gemmataceae, Isosphaeraceae) and Verrucomicrobiota
(Chtoniobacteraceae, Xiphinetmatobacteraceae) (Figure D.6). Actinobacteriota and
Proteobacteriota are copiotrophic phyla (Finn et al., 2021; Li et al., 2021), i.e. they
are fast growing under high nutrient availability leading to highly variable population
sizes. In contrast, Acidobacteriota, Chloroflexi, Planctomycetota and Verrucomi-
crobiota follow an oligotrophic life-strategy. They are generally slow-growing
phyla with more stable population sizes (Barnard et al., 2013; Delgado-Baquerizo
et al., 2017). There is, however, little agreement on whether Firmicutes have a
copiotrophic or oligotrophic lifestyle (Schostag et al., 2019). In the context of rising
bacterial abundances, their loss of relative abundance may have resulted from an
increasing abundance of the fast growing copiotrophic phyla, while abundances of
the oligotrophs remained stable. Following 6 W-D cycles the relative abundances
usually recovered. However, relative abundances of Chloroflexi (Ktedonobacterales
JG30-KF-AS9, Ktedonobacteraceae) and Firmicutes (Planococcaceae, Paenibacil-
laceae) remained high under constant moisture, but decreased in Actinobacteriota,
Planctomycetota and Proteobacteria. Regarding the generally low microbial
abundances in constantly moist soil material, the increased relative abundance
of Chloroflexi and Firmicutes indicated moisture stress-tolerance and a stable
life-strategy. Several members within the Firmicutes are capable of producing
endospores, including Paenibacillus (Paredes et al., 2005; Schostag et al., 2019).
Despite the reduced relative abundance of above-mentioned phyla in constant
moisture conditions, a number of archaeal and bacterial families, affiliated with
all abundant phyla except Planctomycetota, were positively correlated with the
duration of soil moisture exposure. They were also related to the increased MAC
content, however, only a few significantly correlated.
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D.5 Summary

Our study demonstrates that during wetting and drying, various predicted micro-
bial functions associated with chemoheterotrophy, cellulolysis, nitrogen fixation, and
ureolysis showed a decline. This decline was most pronounced under constant soil
moisture conditions, presumably due to reduced aeration. The diminished functions
of chemoheterotrophy and cellulolysis suggest a deceleration in organic matter and
litter decomposition processes within the soil. This metabolic slowdown, particu-
larly in constantly moist conditions, could have contributed to an accumulation of
organic matter, fostering the formation of MAC. Furthermore, reducing nitrogen fixa-
tion activities implies a decrease in introducing new nitrogen into the soil ecosystem.
This shortfall may curtail nitrogen availability, impacting microbial activities reliant on
nitrogen. Notably, this reduction aligns with observed decreases in microbial abun-
dance and soil nitrogen content resulting in an increased C/N ratio.

Under constant moisture conditions, less abundant predicted functions associated
with aerobic ammonia oxidation, fermentation, nitrification, and phototrophy gained
increased relevance. The stimulation of fermentation, suggests that the lack of oxy-
gen, caused by water saturation, is at least partially responsible for this stimulation.
Nitrification and ammonia oxidation lead to the conversion of ammonia to nitrate,
which is more accessible to plants and affects the soil pH due to the release of H*.
These changes can influence organic matter accumulation, nutrient availability, and
soil microbial processes, ultimately impacting soil health and ecosystem function-
ing. The stimulation of phototrophy and photoheterotrophy points to an initiation of
biological soil crust (BSC) formation, where bacteria are contributors. BSC often
act as pioneer communities developing after vegetation disturbances and affecting
the stability of soil aggregates. In humid conditions, their role in aggregate stability
is usually masked by higher vegetation and organic matter contents in the topsail
(Riveras-Munoz et al., 2022). However, without plants, their potential impact be-
comes observable.

D.5 Summary

In arid native soils, we propose the Birch-effect stimulated microbial activity. The
selective consumption of labile organic matter by microbes from MAC diminished
the quality of organic matter and caused the breakdown of larger soil aggregates.
Conversely, neither W-D nor constant moisture notably stimulated microbial activ-
ity in semi-arid soils. However, the microbial decomposition of organic matter from
MAC might have resulted in the accumulation of SOC and TN in the MIC fraction
through microbial binding agents, thereby fostering MIC formation and stabilization,
ultimately decreasing aggregate stability. In mediterranean native soils, microbial
activity was stimulated and likely facilitated the de novo assembly of MIC from com-
ponents of the SC fraction. Despite reductions in the MAC content due to W-D and

207



Appendix D Manuscript 4

constant moisture, the higher fungal abundance potentially stabilized the remaining
MAC. It supported MIC formation, thus augmenting soil aggregate stability alongside
microbial-mediated MIC formation. Humid soils exhibited a distinctive response to
moisture manipulation. A substantial fungal presence likely played a pivotal role
in significantly enhancing aggregate stability. Furthermore, prokaryotic activity was
stimulated by W-D. Conversely, microbial abundance experienced a substantial de-
cline under constant moisture due to moisture stress, yet there was a noteworthy
increase in aggregate stability. We suggest that particularly under moister soil
conditions, the increased carbon content, resulting from deceased microbial cells,
strongly impacts soil aggregation, facilitating MAC formation and elevating aggre-
gate stability.

D.6 Conclusions

The composition and attributes of soil aggregates’ building components and micro-
bial communities, exhibit variation influenced by pedogenesis and prevailing climatic
conditions. These variances contribute to differences in the mechanisms responsi-
ble for forming and stabilizing soil aggregates and dictate how microbial populations
respond to changes in soil moisture levels. Without plant roots as binding agents,
microbially influenced soils possessing lower to moderate organic matter content
and initial soil water content displayed reduced macroaggregate abundance and soil
aggregate stability following W-D cycles. Higher initial soil water content enhanced
the resilience of aggregates in microbially influenced soils to disruptive forces. Our
findings demonstrate the influence of microorganisms in soil formation, highlighting
the role of historical soil conditions in shaping responses to environmental changes.
In addition, the study underscores the importance of considering the context-specific
nature of soil microbial responses to moisture conditions and the need for compar-
ative studies across different climates. This understanding is crucial for informing
agricultural practices and water management strategies that are tailored to local
environmental conditions, ultimately contributing to improved soil health and sus-
tainability.
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E.1 Introduction

Abstract

In dryland ecosystems, typically characterized by sparse vegetation and nutrient
scarcity, pioneer plants exert a critical role in the build-up of soil carbon (C). Contin-
uous root-derived C inputs, including rhizodeposition and structural root litter, create
hotspots of increased microbial activity and nutrient availability where biogeochemi-
cal processes, such as soil aggregation and the accumulation and stabilization of or-
ganic matter (OM), are promoted. Our study aims to disentangle the effects of root C
inputs on soil aggregate formation, microbial community structures, and on the fate
of OM—Dboth before and after plant death, i.e., during the transition from rhizosphere
to detritusphere. This was realized in a two-phase incubation approach, tracing the
natural and undisturbed transition from growth to subsequent decomposition of a pi-
oneer plant-root system (Helenium aromaticum) in a semi-arid topsoil and subsoil.
We quantified water-stable aggregates, investigated the fate and composition of OM
separated into particulate and mineral-associated OM fractions (POM and MAOM),
and observed successional changes in the root-associated microbiome. Our results
underscore the significance of roots as vectors for macroaggregation within the rhi-
zosphere in both topsoil and subsoil, associated with a particularly strong increase
in fungal abundance in the subsoil. In topsoil, we identified root legacy effects in
the detritusphere, as root-induced macroaggregation persisted after plant death, a
phenomenon not observed in subsoil. These root legacy effects were accompanied
by a clear succession towards Gram-positive bacteria, which appeared to outcom-
pete fungi during root decomposition. The increased availability of decaying litter
surfaces further facilitated the protection of particulate OM via the occlusion into ag-
gregates. Overall, to gain a holistic understanding of plant-microbe-soil interactions,
we emphasize the need for more studies that span over the full temporal dimension
from living to dying plants in intact soil systems.

E.1 Introduction

In dryland ecosystems, typically characterized by sparse vegetation and nutrient
scarcity, pioneer plants exert a critical role in the build-up of soil carbon (C). Contin-
uous root-derived C inputs, including rhizodeposition and structural root litter, create
hotspots of increased microbial activity and nutrient availability where biogeochemi-
cal processes, such as soil aggregation and the accumulation and stabilization of or-
ganic matter (OM), are promoted. Our study aims to disentangle the effects of root C
inputs on soil aggregate formation, microbial community structures, and on the fate
of OM—Dboth before and after plant death, i.e., during the transition from rhizosphere
to detritusphere. This was realized in a two-phase incubation approach, tracing the
natural and undisturbed transition from growth to subsequent decomposition of a pi-
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oneer plant-root system (Helenium aromaticum) in a semi-arid topsoil and subsoil.
We quantified water-stable aggregates, investigated the fate and composition of OM
separated into particulate and mineral-associated OM fractions (POM and MAOM),
and observed successional changes in the root-associated microbiome. Our results
underscore the significance of roots as vectors for macroaggregation within the rhi-
zosphere in both topsoil and subsoil, associated with a particularly strong increase
in fungal abundance in the subsoil. In topsoil, we identified root legacy effects in
the detritusphere, as root-induced macroaggregation persisted after plant death, a
phenomenon not observed in subsoil. These root legacy effects were accompanied
by a clear succession towards Gram-positive bacteria, which appeared to outcom-
pete fungi during root decomposition. The increased availability of decaying litter
surfaces further facilitated the protection of particulate OM via the occlusion into ag-
gregates. Overall, to gain a holistic understanding of plant-microbe-soil interactions,
we emphasize the need for more studies that span over the full temporal dimension
from living to dying plants in intact soil systems.

A critical aspect of the plant-associated contribution to these soil processes oc-
curs at the root-soil interface, i.e., within the rhizosphere. As plants grow, their roots
physically alter soil minerals, and root-associated microorganisms release weath-
ering agents (e.g., organic acids; Uroz et al., 2009) that mobilize essential soil nu-
trients (Gregory, 2022). In addition, the release of rhizodeposits at the root-soil
interface represents a major pathway for the build-up of rather persistent mineral-
associated OM (MAOM) in soil (Sokol et al., 2019; Villarino et al., 2021). Moreover,
the increased abundance of labile C in the rhizosphere stimulates the growth and
activity of microorganisms. This in turn drives the formation of aggregates via micro-
bially derived binding agents (i.e., extracellular polymeric substances; EPS) or via
the enmeshment facilitated by fungal hyphae (Chenu & Consentino, 2011; Costa
et al., 2018). In addition, root exudates (e.g., root mucilage or polysaccharide exu-
dates) can either adhere directly to mineral surfaces or function as glue-like binding
agents, binding soil particles together, forming MAOM (Rétzer et al., 2023) and driv-
ing soil aggregation (Baumert et al., 2018). As such, roots substantially shape the
chemical, physical, and biological nature of the soil at the root-soil interface, and
the rhizosphere is widely recognized as a dynamic system in both space and time
(Hinsinger et al., 2009; Jones et al., 2009; Kuzyakov & Razavi, 2019). However,
relatively little is known about the temporal changes in processes occurring in the
rhizosphere, as well as potential long-term effects of the living root system that may
persist beyond the lifetime of the roots (Oliver et al., 2021). These effects, so-called
root legacy effects’, might have implications for soil physical, chemical, and biolo-
gical parameters that can remain in the soil after plant death and thus shape the
subsequent detritusphere (Wurst & Ohgushi, 2015).

As the rhizosphere transitions to a root detritusphere and the release of root ex-
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udates ceases, the soil environment in the vicinity of the decaying root changes.
In the early stages of the rhizosphere-detritusphere transition, the concentration of
easily available and water-soluble compounds from the decaying root litter is still
high (Cotrufo et al., 2015). In addition, the microbial community is influenced by the
labile C inputs remaining from the rhizosphere, which is thought to accelerate the
decomposition and transformation of root litter into soil OM (SOM) in the develop-
ing detritusphere (Q. Wang et al., 2014). Over time, bioavailable compounds are
gradually depleted and replaced by complex and slowly decomposing compounds.
This has implications for the microbial community composition, driving a succes-
sion of microbial communities from microorganisms that rely on root exudates for
energy to those involved in the decomposition of more recalcitrant litter compounds
(Berg & McClaugherty, 2008; Poll et al., 2010; Theuerl & Buscot, 2010). This can
be reflected in the composition of the bacterial community, as a common indica-
tor of decreasing availability of labile C sources is the relative increase in Gram-
positive (Gram+) bacteria compared to Gram-negative (Gram-) bacteria (Fanin et
al.,, 2019). In the resulting detritusphere, the degradation of litter residues consti-
tutes a hotspot for SOM formation, similar to the rhizosphere. This occurs by a
variety of mechanisms, including the direct formation of MAOM achieved by the as-
sociation of microbial-derived OM to mineral surfaces (Kopittke et al., 2020; Vidal
et al., 2021), or via the occlusion of particulate OM (POM) within aggregates directly
at the surface of decaying litter (Witzgall et al., 2021).

The rhizosphere and the detritusphere both represent hotspots for root-microbe-
soil interactions, driving the formation of soil structures and the development and
preservation of SOM—not only in the near-root environment, but also at larger
scales (Richter et al., 2007). Similarly, these effects also extend from surface soils
into the subsoil, where roots constitute a major—if not the only—source of C into
the deeper soil horizons otherwise characterized by low OM contents, heteroge-
neously distributed C, and low microbial activity (Chabbi et al., 2009; Rasse et al.,
2005). Previous studies demonstrate how the importance of root C inputs for OM
formation (Angst et al., 2018), long-term C persistence (Eusterhues et al., 2003),
and macroaggregation (Baumert et al., 2018) increase with increasing soil depth.
In addition, Peixoto et al. (2020) show enhanced stabilization of root-derived C in-
puts in subsoils compared to in topsoil, and Q. Wang et al. (2014) found increased
incorporation rates of lignin-rich root derivatives into macroaggregates in subsoils.
In semiarid shrub and grasslands, the deeper soil layers account for more than half
of the total SOC stock across the soil profile (Jobbagy & Jackson, 2001), and the
subsoil C stock is expected to be less vulnerable to changes in climate and land
management compared to semiarid surface soils (Albaladejo et al., 2013). Despite
the significance of roots as a primary C source, the fluxes and stabilization mecha-
nisms of root C in subsoils remain unknown (Gregory, 2022), particularly so in the
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context of dryland ecosystems.

Here, we examine the interactions of root OM inputs with soil aggregate formation
and the fate of SOM into POM and MAOM at the root-soil interface in living and
decaying root systems of a semiarid top- and subsoil. In order to simulate these
processes during the early stages of soil formation, two incubation phases were
conducted, mimicking the natural growth process of a pioneer perennial herbaceous
plant species (Helenium aromaticum (Hook.) L. H. Bailey); the first phase with living
plants (rhizosphere phase’) with rhizodeposits as the main C input, followed by a
decomposition phase ('detritusphere phase’), with plant and root litter as the main
C input source. While numerous studies have contributed to our understanding of
biogeochemical and microbial processes in both the rhizosphere and detritusphere
(e.g., (Poll et al., 2008); (Marschner et al., 2012); (Tian et al., 2013); (Vidal et al.,
2021)), these systems are often studied separately. This means that the succession
from a living to a decaying root system is not included, nor are the potential legacy
effects from the rhizosphere that could influence processes in the developing de-
tritusphere (Wurst & Ohgushi, 2015). Furthermore, potential interactions between
rhizodeposits and root litter as the two main root C inputs to SOM are unknown.
To address this research gap, we employed an experimental design in which the
transition from rhizosphere to root detritusphere, as well as the establishment of
the root-associated microbiome, remained undisturbed. Replicates were sampled
at two time points, at the end of the rhizosphere and detritusphere phase, after
which the distribution of water-stable aggregates and their contribution to the total
C and N pool were quantified by wet-sieving. The fate and chemical composition
(C, N, '3C and '°N) of OM in POM (free POM (fPOM), occluded POM (o0POM and
0POM<20 pm)) and MAOM was determined by density fractionation and '3C CP-
MAS NMR. Lignin-derived phenols were extracted from plant and root biomass, and
the structure of root-associated microbial communities in the rhizosphere and detri-
tusphere was characterized by phospholipid fatty acid (PLFA) extractions. We hy-
pothesized that roots would promote the formation of water-stable macroaggregates
in both topsoil and subsoil, and that root-induced aggregation would remain after
plant death in the detritusphere as root legacy effects. We assumed that microbial
abundance would increase in the rhizosphere, particularly in the C-poor subsoil, due
to the increased abundance of labile C around the roots. We further hypothesized
that the transition to the detritusphere, as labile C compounds are depleted and re-
placed by more complex litter-derived compounds, would induce a succession in the
root-associated microbiome, specifically towards increasing Gram-positive bacterial
abundance.
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E.2 Material and methods

E.2.1 Study site and soil sampling

Soil was sampled from five subplots on south-facing top slopes within the Santa
Gracia Natural Reserve, located in the Coquimbo Region in Chile (29°44/26.3"S,
71°9/1.2"W) with mean annual precipitation of 8 mmyr—! and mean annual air
temperature of 13.7 °C (Ministerio de Obras Publicas. Direccion General de Aguas
(DGA), 2017). All five subplots were classified as Cambisol according to the WRB
(IUSS Working Group WRB, 2015). Vegetation was dominated by shrubs (30 % to
40 % coverage; including Proustia cuneifolia, Balbisia peduncularis, Cordia decan-
dra and Baccharis paniculatum), classified as ’Interior Mediterranean desert scrub’
(Luebert & Pliscoff, 2006), and heavily disturbed by grazing animals (Oeser et al.,
2018). The sampling site was selected as a suitable representation of an initial
dryland soil with low vegetation cover, low organic C content, shallow and weakly
structured A horizon (Bernhard et al., 2018). Topsoil and subsoil material was col-
lected and sieved (<2 mm) from the profile walls of A and B horizons (Ocm to 3cm
and 5cm to 30 cm, respectively), representing soils at different stages of develop-
ment. This allowed us to directly compare topsoil and subsoil, but also to use the
subsoil as a model system for initial soil formation via plant-soil interactions in a
saprolitic material.

E.2.2 Soil preparation and incubation setup

The topsoil and subsoil material from the five subplots was homogenized and
cleared of plant residues and seeds to prevent unwanted germination during
incubation. The two soil materials (topsoil and subsoil) were weighed separately
into pots (350cm?) aiming to resemble bulk density according to field conditions
(1.6gecm™3 to 1.7 gem™3; Bernhard et al., 2018). Pre-germinated seeds (Helenium
aromaticum (Hook.) L. H. Bailey) were sown on half of the pots, while the other
half was left free of plants and hereafter referred to as controls. After the initial
incubation period of 70 days under greenhouse conditions (rhizosphere phase’),
half of the samples were harvested, while the remaining half were placed in
complete darkness and incubated at room temperature for 100 days (‘'detritusphere
phase’). The samples were left completely undisturbed during decomposition,
meaning that above-ground biomass was left to decompose on the soil surface.
During both incubation phases, the samples received 6 mL of rainwater per day,
without correcting for potential differences in soil moisture, e.g. due to differences
in plant water use between treatments.

After incubation, the plants were cut just above the soil surface and the roots
were separated from the bulk soil. To minimize artifact effects of biocrust on the
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soil surface, the top Ocm to 1 cm of all samples was discarded (Weber et al., 2022).
The soil sticking to the roots was collected separately and hereafter referred to as
root-adhering soil’. Since the pots were thoroughly rooted, the remaining soil in the
pots was defined as rhizosphere soil’. During the detritusphere phase, there was
not enough soil adhering to the decaying roots to sample separately, meaning that
all the soil in the pots were collected as 'detritusphere soil’ from this phase. After
incubation, replicate samples were combined in pairs (two by two) to form compos-
ite replicates. As such, there were initially 12 replicates per treatment during the
incubation phases (48 pots in total), which later resulted in 6 composite replicates
for each treatment for subsequent analyses. After harvest, plant and root samples
were immediately frozen in liquid N. A homogenized aliquot of each soil sample
was freeze-dried and stored at —20°C for later microbial analyses (section 2.3).
The remaining bulk soil material was air-dried at room temperature. Plant and root
samples were analyzed for C, N, '3C, "°N (section 2.6), and lignin-derived phenols
were extracted (section 2.8). Basic soil parameters (pH and electrical conductivity)
were determined for soil material before and after each incubation period, and the
gravimetric water content was determined for incubated samples.

E.2.3 Phospholipid fatty acid analyses

Phospholipid fatty acid (PLFA) patterns were recorded as reported by Frostegard
et al. (1993) with adjustments according to the modified method by S. Kramer et al.
(2013). Briefly, 4 g topsoil and 12 g subsoil were vortexed with Bligh & Dyer solution
[methanol, chloroform, citrate buffer (pH=4 +-0.1), 2:1:0.8, v/v/v] to extract lipids from
the soil. Phospholipids were separated from neutral lipids and glycolipids by solid
phase extraction on silica tubes (0.5 g SiOH, Bond Elut S, Agilent Technologies) and
later evaporated at 40 °C under a stream of No (~100bar). The separated PLFAs
were turned into fatty acid methyl esters (FAMESs) via alkaline methanolysis and
later resolved in isooctane, from which the concentration of FAMEs was quantified
via gas chromatography coupled to a flame ionization detector (Thermo Scientific
Trace 1310, Waltham, MA, USA). The gas chromatograph was equipped with a ZB-
5HT fused silica capillary column (60 m, 0.25 I.D., 0.25 um film thickness; Zebron
Capillary GC column, Inforno™). The following FAMEs were selected for quantifi-
cation; bacteria: C15:0 and C17:0, including Gram-positive bacteria: i15:0, a15:0,
i16:0 and i17:0 (O’Leary & Wilkinson, 1988) and Gram-negative bacteria: 16:1w7,
cy17:0 and cy19:0 (Phillips et al., 2002), fungi: 18:2w6 and 18:1w9 and unspec-
ified microorganisms: C14:0, C16:0, 18:1@w7, C18:0 and C20:0. These markers
were used to calculate fungi to bacteria (fungi:bacteria) and Gram+:Gram- ratios.
The quantification and classification of PLFAs were based on non-adecanoic acid
methyl ester (19:0) as the internal standard.
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E.2.4 Aggregate fractionation

To separate water-stable aggregates, 5 g air-dried aliquots of bulk soil were rewet-
ted with deionized water for 30 min and placed on a sieve tower (mesh size: 250
and 53 um, diameter: 100 mm) in a beaker containing 2 L. deionized water. Aggre-
gates were separated into macroaggregates (250 um to 2000 um), large microaggre-
gates (53 um to 250 um) and small microaggregates including silt and clay particles
(<53 um) by gentle up and downward movement (2cm) repeated for 130 cycles,
while the soil material was completely submerged in water (Baumert et al., 2018).
The small microaggregate fraction was retained on a 0.45 um filter, and all sam-
ples were finally dried at 40 °C. On average, (99.3 £0.4) % of the soil material was
recovered from the fractionation process.

E.2.5 Density and particle size fractionation

Bulk soil was separated into five distinct OM fractions using a combined density
and particle size fractionation approach according to Mueller and Koegel-Knabner
(2009). Briefly, 30 g of air-dried soil (50g for subsoil) was saturated with a poly-
tungstate solution (Nag[HaW12040]) at a density of 1.8 gcm™3 for 12h, after which
free-floating particulate OM (fPOM) was separated from the bulk using a vacuum
pump. Ultrasonic dispersion (Bandelin, Sonoplus HD 2200; 440 JmL~') was used
to release occluded POM (oPOM) from aggregated soil structures, and the fraction
was later sieved at 20 pm to yield oPOM and o0POM <20 um (0POMgmay). Finally, the
remaining mineral material was separated into two mineral fractions: MAOM>63 pm
and MAOM<63 um. All fractions were washed with deionized water, pressure filtered
(0.22 um) below an electrical conductivity of <5SuScm™!, ground and freeze-dried
before elemental analysis.

E.2.6 Carbon and nitrogen measurements of bulk soil and
fractions

Plant and root biomass, root-adhering soil, and OM fractions were analyzed for C,
N, '3C, and '°N (Delta V Advantage, Thermo Fisher, Dreieich, Germany) coupled
with an elemental analyzer (Euro EA, Eurovector, Milano, Italy). The aggregate size
fractions were analyzed for C and N (EuroVector EuroEA3000 Elemental Analyzer).
The presence of CaCO3 was examined through gas volumetric analysis (Scheibler
Calcimeter; Eijkelkamp, Giesbeek, Netherlands) in which HCIl was added to the soil
and the gas pressure of the resulting CO» was used to calculate CaCOj3 contents.
No reaction could be determined and the presence of CaCOs could thereby be ruled
out, meaning that total C contents were considered equal to total OC contents.
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E.2.7 13C nuclear magnetic resonance spectroscopy

The chemical composition of below- and aboveground plant material and POM frac-
tions was determined via solid state '3C CP-MAS NMR spectroscopy (Bruker DSX
200, Bruker BioSpin GmbH, Karlsruhe, Germany). The samples, placed in 7 mm zir-
conium dioxide rotors, were spun at 6.8 kHz with an acquisition time of 0.01024 s and
a delay time of 1.0s for plant material and 0.4 s for POM fractions. After a manual
baseline correction, the recorded '3C spectra were quantified according to Mueller
and Koegel-Knabner (2009) with the following chemical shift regions: alkyl C (—10—
45 ppm), O alkyl C (45—110ppm), aromatic C (110—160 ppm), and carbonyl/carboxyl
C (160—220 ppm). Further, we computed the alkyl C/O alkyl C ratio (—10—45/45—
110 ppm) according to Baldock et al. (1997) as well as the O alkyl C/methoxyl C and
N alkyl C ratio (70-75/52-57 ppm) according to Bonanomi et al. (2013) as a proxy
for the stage of decomposition. Lastly, the spectra were modeled via the molecular
mixing model (Nelson & Baldock, 2005; Prater et al., 2020) to compute the relative
contribution of carbohydrates, proteins, lignins, lipids, and carbonyls. For the model,
the chemical shift regions 0-45, 45-60, 60-95, 95-110, 100-145, 145-165, and
165—215 ppm were applied.

E.2.8 Lignin extraction

Lignin-derived phenols were extracted from plant and root samples via cupric oxide
(CuO) oxidation according to Angst et al. (2017). Samples containing at least Smg C
were weighed into pressure digestion vessels with 50 mg ammonium iron (ll) sulfate
hexahydrate and 300 mg CuQO, saturated with 2M NaOH and shaken at 155 °C for
3 h. The NaOH was separated by centrifugation and acidified with 6 M HCI, and the
remaining solution was extracted with ethyl acetate, filtered over NaxSO4, and dried
under Nz. The sum of vanillyl, syringyl, and cinnamyl units (VSC) was used as an
indicator for total lignin contents. The ratio between lignin-derived phenolic acids
and their corresponding aldehydes was computed for vanillyl ((Ac/Al)y) as well as
combined for all units (Ac/Al).

E.2.9 Statistics

We tested all parameters for homoscedasticity using Levene’s test and the residu-
als of each model were tested for Normality using QQ-Plots and the Shapiro-Wilk
test. In cases where the assumption of normality or homoscedasticity was not met,
the data was appropriately transformed. To evaluate differences between the data
presented in Table E.1, we conducted a one-way analysis of variance (ANOVA) with
Tukey’s honestly significant differences (HSD) as a post-hoc test. The remaining
data was analyzed using mixed-effect models (package: nlme) using soil material
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(topsoil vs subsoil) and phase (rhizosphere phase vs detritusphere phase) as fixed
factors and the ID as a random effect. All statistical testing was conducted in R (ver-
sion 4.2.1; R Development Core Team, 2008) using RStudio (Version 2022.07.2, R
Core Team, Vienna, Austria; RStudio Team, 2015). Further, data shown in text and
tables are given as the mean values and standard deviations.

E.3 Resulis

E.3.1 Growth and decomposition patterns of above- and
belowground biomass

The soil material clearly impacted the growth of the above- (plant) and belowground
(root) biomass, with lower plant and root biomass and lower C and N contents in the
subsoil compared to the topsoil (Table E.1). The soil material also influenced the ele-
mental composition of belowground biomass, with broader C:N ratios in roots grow-
ing in the subsoil (54.54 +-3.99) compared to the topsoil (34.43 +6.69; P < 0.001).
The difference in root litter quality between the growing materials was further un-
derlined by the higher ligninymg:N ratio (295.67 &+ 14.96 in subsoil compared to
207.66 +36.13 in topsoil; P = 0.001). The decomposition of aboveground biomass
was more progressed compared to belowground biomass, with approximately 7 %
of the biomass remaining after the detritusphere phase in both soil materials (com-
pared to ~22% and 13 % of roots remaining in topsoil and subsoil, respectively;
Table E.1).

The molecular mixing model according to Nelson and Baldock (2005) showed
how the composition of both above- and belowground biomass changed with de-
composition, with the concentration of ligninymg increasing from (22.30+0.96) % to
(37.11 £4.57) % in decomposing roots in the topsoil (P < 0.001; Table E.1). This
was accompanied by a slight decrease in carbohydratenyr (from (57.59 +£2.31) %
to (44.60 +-8.41) %; P = 0.008). These patterns differed from the aboveground
biomass, where instead the relative proteinyvg content almost doubled with decom-
position (P = 0.004), while the lignin content remained unaffected. The chemical
composition of the decaying biomass in the subsoil could not be determined due to
insufficient sample material remaining after decomposition.

The increased ligningvg in decaying root biomass in the topsoil was corroborated
by a slight, however not significant, increase in lignin monomers (from (121.03 +
47.54)mgVSCg~!C in living roots to (205.80 & 81.72)mgVSCg~!C in decaying
roots; P = 0.24). The progressed decomposition of the roots in the topsoil was re-
flected in an increased (Ac/Al)y ratio (from 0.10+0.02 to 0.87 £ 0.23; Kégel-Knabner
et al., 1988) and overall, in changed lignin composition as indicated by the changing
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Table E.1: Elemental and isotopic composition of above- and belowground biomass. Relative
amounts of carbohydrates, proteins, lignin, lipids, and carbonyls from two incubation phases in top-
soil and subsoil. Asterisks denote significance (e p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001).

Category Property Rhizo Above Rhizo Below Detri Above Detri Below
Topsoil
C(mgg™!) 4.06 + 0.20 3.70 £ 0.08 3.49 + 0.47 3.97 £ 0.74
N (mgg~!) 0.17 + 0.05** 0.11 + 0.02** 0.25 + 0.06** 0.11 + 0.02**
C:N 25.61 + 7.77** 34.43 + 3.43** 14.67 + 3.99*** 37.26 + 8.89
Basic properties Biomass (g) 0.47 £ 0.17*** 0.44 + 0.13*** 0.11 £ 0.07*** 0.03 + 0.02***
Total biomass (g) 0.90 + 0.22*** 0.13 + 0.09*** 0.54 + 0.11*** 0.05 + 0.07***
Root:shoot 1.07 £+ 0.48* 0.32 + 0.20** 1.27 + 0.37 0.24 £+ n.a.
C (mg) 1.91 £ 0.78*** 1.62 + 0.51*** 0.38 + 0.29*** 0.12 4+ 0.09***
N (mg) 0.07 £ 0.02*** 0.05 + 0.01*** 0.03 + 0.02*** 0.00 £+ 0.01***
8N (%o air Ny) 4.96 +0.78 4.14 +0.59° 4.29 +0.71 3.22 +£0.81°
§13C (%0 V-PDB) -29.84 + 0.78 -28.68 + 0.51 -29.46 + 1.34 -29.50 + 1.01
Relative contents  Carbohydratenugr 53.68 + 7.07° 57.69 4+ 2.31** 42.67 +8.17° 44.60 + 8.41**
Proteinnmr 10.76 + 3.47** 7.46 + 1.36 19.81 + 6.16** 7.39 £2.22
Ligninnmr 21.05 + 2.04 22.30 4+ 0.98** 25.10 +4.79 37.11 £ 457"
Lipidnvr 8.04 +1.28 5.93 +£0.89 9.37 £1.85 3.42 +£0.89
Carbonylnvr 6.46 + 2.99 6.62 + 0.98** 3.04 + 2.41 7.49 + 3.01**
Lignin:N 132.24 + 34.21 207.66 +£ 36.13° 106.31 = 31.66  351.58 + 80.547°
Lignin monomers  VSC (mgg~' C) 58.89 + 32.17 121.03 £ 47.54 51.96 + 20.66 205.80 + 81.72
S:v 0.44 +£0.10 0.66 + 0.12** 0.42 £0.19 1.56 + 0.41**
[eRY) 0.19 £ 0.06 0.24 + 0.03** 0.24 £ 0.14 0.09 4+ 0.01***
Ac:Al 0.34 + 0.08 0.32 + 0.03* 0.50 + 0.23 0.55 + 0.04*
Ac:Aly 0.11 £0.03 0.10 4+ 0.02*** 0.18 - 0.04 0.87 + 0.23***
Subsoil
C(mgg™!) 3.16 £ 0.50 3.70 £ 0.09 3.23 £ na. 3.36 £1.43
N(mgg™') 0.09 + 0.01 0.07 + 0.00 0.11 £ n.a. 0.10 + 0.04
C:N 33.58 + 2.90 53.54 £+ 5.27*** 28.70 £ n.a. 32.37 £ -
Basic properties Biomass (g) 0.25 + 0.09*** 0.29 + 0.07*** 0.04 + n.a. 0.02 + 0.00***
C (mg) 0.75 £ 0.21 1.07 £ 0.12*** 0.36 + n.a. 0.06 + 0.04***
N (mg) 0.02 + 0.01 0.02 + 0.00 0.01 £ n.a. 0.00 + 0.00
85N (%o air Np) 4.66 + 0.61 4.41 4 0.45*** 3.94 + na. 1.56 + 0.53***
83C (%o V-PDB) -31.94 + 0.39 -30.52 + 0.35 -31.22 £+ n.a. -31.66 + 1.76
Relative contents  Carbohydratenur 47.38 + 4.89 63.13 £ 5.09 49.78 + n.a. 37.17 £ n.a.
Proteinnmr 7.48 + 0.69 457 +£0.35 9.36 + n.a. 7.39 £ na.
Ligninymr 25.52 + 2.46 20.54 +1.93 25.62 + n.a. 42.83 £+ n.a.
Lipidnmr 7.97 +£0.92 4.63 + 0.90 8.76 + n.a. 1.66 + n.a.
Carbonylnvr 11.66 +2.18 713 £ 2.16 6.48 £ n.a. 10.94 + n.a.
Lignin:N 275.88 + 41.97 295.67 + 14.96 236.74 + n.a. 428.00 £ n.a.
Lignin monomers  VSC (mgg~! C) 39.37 +10.21 89.12 £+ 40.70 40.41 £ n.a. n.a. +n.a.
S:v 0.29 + 0.06 0.77 £ 0.30 0.42 + n.a. n.a. £ n.a.
Cv 0.20 + 0.14 0.18 £ 0.12 0.26 + n.a. n.a. £n.a.
Ac:Al 0.39 + 0.27 0.22 + 0.15 0.48 + n.a. n.a. £n.a.
Ac:Aly 0.11 £ 0.07 0.07 + 0.03 0.15 £ n.a. n.a. £ n.a.
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S:V, C:V and Ac:Al ratios. This was not reflected in the aboveground biomass (Table
E.1).

E.3.2 Elemental and isotopic composition of rhizosphere and
detritusphere soil

The introduction of a pioneer plant to the system did not notably change the elemen-
tal composition of the soil, neither in the rhizosphere phase nor in the detritusphere
phase, with no significant changes in C and N content or in the C:N ratio compared
to the controls. Overall, C and N decreased and C:N ratios narrowed over the course
of the incubation with no clear distinction between planted and control samples.

Stable isotope measurements only showed minor shifts in the natural abundance
of >N and '3C in root-adhering subsoil, which was slightly enriched in "°N (P =
0.011) and depleted in '3C (P = 0.006) compared to the bare soil controls. The
decrease in §'3C was also weakly reflected in the topsoil (P = 0.065). Overall, the
two soil materials differed strongly in their isotopic composition, with the subsoil
enriched in '3C but depleted in ®N compared to the topsoil.

E.3.3 Size and elemental distribution of water-stable aggregates

The living roots fostered the formation of macroaggregates in the topsoil, which was
reflected in an increased mass contribution of the 250 um to 2000 um aggregate
size obtained by submerged sieving ((71.18 +-3.90) % compared to (64.38+1.67) %
in controls, P = 0.001). This was associated with lower mass contributions of the
smaller aggregate size classes compared to controls (P < 0.001 for large microag-
gregates and P = 0.081 for small microaggregates). These patterns were only
weakly reciprocated in the subsoil. Similarly, while the patterns persisted into the
detritusphere incubation phase, the differences were no longer significant.

Root-induced aggregate formation was further emphasized by elevated organic C
and N contents within the larger macroaggregates in the rhizosphere, e.g., from 5.09
to 5.80 mg C g~ ! fraction in topsoil (P = 0.026) and from 1.35to 1.76 mgC g~ ! fraction
in subsoil (P =0.014; Figure E.1a and Figure E.1b). The C and N contribution of the
fractions per g soil further emphasized the distinction of the larger macroaggregates,
with higher contents of C and N (mg g~ soil) in both topsoil and subsoil (Figure E.1c
and Figure E.1d).
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Figure E.1: C and N contents in water-stable aggregate size classes. The contents of a) C and
b) N (in mgg~! fraction) in three water-stable aggregate-size classes and the concentrations of c)
C and d) N (in mgg~!soil) in the bulk soil. Green represents a living root phase (rhizosphere)
and brown a decaying root phase (detritusphere) together with corresponding controls. Asterisks
denote significant differences between rooted and control samples (.P < 0.1, *P < 0.05, **P < 0.01,
***P < 0.001). Bars represent means +£SD (n = 6 independent replicates).

Interestingly, contrary to the topsoil, the root effect was not isolated to macroag-
gregates in the subsoil, but also resulted in elevated C and N contents in larger
microaggregates (53 um to 250 um) compared to the corresponding controls (5.49
in rooted samples and 4.84 mgCg~! soil in controls). In the topsoil, the effects of
the living roots extended into the detritusphere phase in larger macroaggregates,
with elevated C (5.99 in rooted compared to 5.27 Cg~! in controls, P = 0.041) and
N (0.52 in rooted compared to 0.45Ng~! in controls, P = 0.060; Figure E.1c and
Figure E.1d). This was not reflected in the subsoil.
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E.3.4 Elemental distribution in specific organic matter fractions

Across treatments, the elemental compositions of the separated POM and MAOM
fractions remained largely consistent, with almost no notable changes in their C and
N contents around living or decaying roots.However, a clear change in the content of
C and N (in mgg~! soil) was observed in the o)POM<20 um fraction within the topsoil
(Figure E.2a and Figure E.2b). In the rhizosphere, the C content in oPOM<20 pm
decreased slightly compared to unplanted controls (from 1.37 to 0.95mgC g~ ! soil;
P =0.089). In the detritusphere, however, C in oPOM<20 um was preserved around
decaying roots compared to decreasing C contents of the same fractions in controls
(1.27 compared to 0.81; P = 0.025; Figure E.2a and Figure E.2b). This was also
reflected in the total amount of C allocated in o0POM<20 um in the detritusphere
(38.07 compared to 24.44mgC in controls; P = 0.052) and further emphasized by
the maintained relative C and N contribution of the fraction around decaying roots in
topsoil (Figure E.2c and Figure E.2d). This pattern was reversed around the living
roots; although not significant, the total amount of C in o0POM<20 um was slightly
lower compared to the controls (28.66 compared to 41.30mgC; P = 0.187).
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Figure E.2: C and N contents in and contributions of particulate organic matter fractions. The content
of a) C and b) N (in mgg~! soil) and the contribution of c) C and d) N to the total stock (in %) of
organic matter fractions (fPOM, oPOM and oPOM<20pum). Green represents a living root phase
(rhizosphere) and brown a decaying root phase (detritusphere) together with corresponding controls
in faded colors. Asterisks denote significant differences between rooted and control samples (.P <
0.1, *P < 0.05, **P < 0.01, ***P < 0.001). Bars represent means +SD (n = 3 independent replicates).

The changes in the o0POM<20um fractions were not observed in the subsoil.
Instead, there was a slight (non-significant) increase in the C contribution of the
fPOM fraction in the subsoil rhizosphere (from (3.63 +0.74) % to (6.59 £ 0.27) %;
P = 0.154; Figure E.2c). This led to increased C:N ratios of the fPOM fractions
around living but also around decaying roots, from 24.37 to 26.88 in the rhizosphere
(P =0.053) and from 22.91 to 25.36 in the detritusphere (P = 0.086).

Although not significant, the fPOM fraction in the subsoil rhizosphere was further
depleted in '°N (from 4.44 in controls to 4.00 %o in rooted samples; P < 0.001). In
the detritusphere, this pattern was reversed, with the fraction instead enriched in 1°N
(from 4.26 in controls to 4.77 %o in rooted samples; P < 0.001). In MAOM fractions,
we did not determine any significant changes in the isotopic composition across
treatments. The chemical composition of the separated POM fractions (determined
via 13C CP-MAS NMR) showed no differences between treatments, with little to no
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effect of the living or decaying roots. Further, the integrated regions showed similar
chemical composition of the fractions, not only between the incubation phases, but
also between the substrates.

E.3.5 Phospholipid fatty acid analysis

Microbially derived FAs increased in the rhizosphere of the topsoil substrate (from
24.62 to 32.66 nmol C-FA g~ ! soil; P = 0.005) into the detritusphere phase, with the
elevated microbial abundance being maintained in rooted topsoil samples compared
to controls (29.64 versus 20.00 nmol C—FA g~ ! soil; P = 0.002; Figure E.3a). Around
living roots, both fungi and bacteria increased uniformly in the topsoil (Figure E.3b
and Figure E.3c), as reflected by the fungi:bacteria ratio, which remained similar
to controls despite the overall increase in FAs (Figure E.3d). However, as de-
composition progressed, the fungal abundance around decaying roots decreased,
while bacterial abundance was maintained. This was associated with a relative
increase in Gram-positive bacteria around the decaying roots, as reflected in the
elevated Gram+:Gram- ratio (from 0.70 to 0.90; P = 0.009; Figure E.3e). In the
subsoil, fungal abundance increased significantly around living roots compared to
controls (P = 0.007), similar to the differences observed in topsoil, with a shift in the
fungi:bacteria ratio from 0.58 to 0.75 (P = 0.005). During the detritusphere phase,
no difference between roots and controls was observed in the subsoil.
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Figure E.3: PLFA profiling of microbial community structure. The a) total content of extracted fatty
acids (in nmolC—FAg"), the content of markers associated with b) fungi (nmolC—FAg’l) and c)
bacteria (nmolC—FAg’l) and the d) fungi:bacteria ratio and e) Gram™ : Gram™ ratio in a topsoil
and subsoil. Green boxes represent the living root phase (rhizosphere) and brown the decaying
root phase (detritusphere) together with corresponding controls in faded colors. Asterisks denote
significant differences between rooted and control samples (P < 0.1, *P < 0.05, **P < 0.01, *™™P <
0.001). Box plots indicate medians (line) and means (x), where the first (Q1) and third (Q3) quartile
are represented by the lower, respectively upper bounds of the box. Error bars represent the data
range, bounded to 1.5 x (Q3 — Q1); (n = 6 independent replicates).

E.4 Discussion

The purpose of this study was to investigate how plant roots drive soil structure
formation and SOM build-up during early stages of soil development in a dryland
soil system. The experiment was designed to follow the natural undisturbed suc-
cession from rhizosphere to detritusphere, aiming at capturing possible legacy ef-
fects from the rhizosphere influencing the development of the detritusphere. This
allowed for the direct observation of changes in SOM formation, aggregation, and
microbial community composition during phases where C inputs were primarily de-
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rived from either active rhizodeposition (rhizosphere phase’) or decaying root litter
inputs ('detritusphere phase’). We hereby demonstrate how root-microbe-soil in-
teractions change during the transition from rhizosphere to detritusphere, and how
these processes are partially constrained—or counterbalanced—depending on the
soil substrate in which the roots grow and later decompose.

E.4.1 The rhizosphere: rhizodeposition as C input

In the studied dryland soil, roots induced a shift in soil aggregation in the rhizo-
sphere, leading to an increased contribution of water-stable macroaggregates to
the total mass and an increased allocation of C and N to macroaggregates in both
topsoil and subsoil (Figure E.1c and Figure E.4d; Figure E.4a). This root effect is
consistent with the well-established consensus that plant roots drive the formation
of coarser aggregate structures, for example via root-derived gluing agents or direct
entanglement of soil particles (Angst et al., 2018; Gregory, 2022; Six et al., 2004;
Tisdall & Oades, 1982).
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Figure E.4: a) Living roots fostered the formation of macroaggregates in both topsoil and subsail,
and b) induced a change in the microbial community composition in the subsoil towards a higher
relative abundance of fungi. This was not reflected in the topsoil, where c) the microbial abundance
instead increased uniformly in the rhizosphere without structural changes in the community. While the
increased total microbial abundance was maintained in the detritusphere, the composition changed
as Gram+ bacteria outcompeted fungi. Around decaying roots in the topsoil, d) OM was protected
in aggregates via the formation of occluded POM (0POM<20 um) and in the subsoil, e) the slower
microbial C turnover resulted in an accumulation of fresh C inputs in highly bioavailable forms (fPOM)
around both living and decaying roots. While the root-induced macroaggregates persisted after plant
death in the topsoil, f) the aggregates disintegrated in the subsoil around the decaying roots.
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The pioneer plant shaped the composition of the microbial community around the
living roots. Driven by the easily available OM from the rhizodeposits, the total mi-
crobial abundance increased significantly in the topsoil rhizosphere (Figure E.3a).
Interestingly, both fungi and bacteria increased similarly (Figure E.3b and Figure
E.3c), meaning that the overall community structure remained unaffected by rooting
(Figure E.4c). In contrast, there was no substantial increase in total microbial abun-
dance in the subsoil rhizosphere. Instead, we determine a pronounced community
shift towards a higher relative abundance of fungi in the subsoil (Figure E.3b), while
bacterial abundance remained unaffected by the roots (Figure E.4b). These findings
are in accordance with the widely accepted notion that conditions in the rhizosphere
favor fungi over other microbial groups (Brant et al., 2006; Butler et al., 2003; Denef
et al., 2009). This could be due to the lower content and diversity of SOM (including
native OM) in the subsoil, where the filamentous growth of the fungal mycelium ben-
efit fungi in gaining access to heterogeneously distributed OM resources, compared
to bacteria with rather restricted motility in the soil (De Boer et al., 2005).

Roots grown in the subsoil were of lower litter quality (higher ligninymr:N ratio)
compared to in the topsoil, and as fungi are adapted to assimilate more complex C
resources from litter, this may have further amplified the distinction of fungi in the
subsoil (Poll et al., 2006). Moreover, it is possible that this shift towards increased
fungal dominance in the subsoil contributes not only to root-induced macroaggre-
gation, but also to the observed microaggregation in the subsoil rhizosphere, which
was not observed in the topsoil (Figure E.1a and Figure E.1b). Fungal hyphae as
vectors for macroaggregation have been widely reported (e.g., Bossuyt et al., 2001;
Lehmann et al., 2020; Bucka et al., 2021), but evidence for the processes associ-
ated with fungal-induced microaggregation remains scarce. Vidal et al. (2018) show
how hyphae are in fact closely linked to soil microstructure formation directly at the
root-soil interface. Rillig and Mummey (2006) further point to mycorrhizal fungal
mycelial products as drivers of the formation of smaller aggregates. As arbuscu-
lar mycorrhizal colonization has been reported for the pioneer species used in this
study growing in adjacent study sites (Helenium aromaticum; Dhillion et al., 1995),
mycelial byproducts and mutualistic plant-microbial interactions may be a contribut-
ing factor to the increased microaggregation in the subsoil. The increased fungal
abundance in the subsoil rhizosphere is consistent with the findings of Baumert et
al. (2021) and overall emphasizes fungi as key players in the assimilation of root-
derived C compounds in the subsoil.

In association with the increased fungal dominance in the subsoil rhizosphere, we
determine that the effect of the roots on aggregation was not isolated to macroag-
gregates in the subsoil but extended to larger microaggregates, where C and N con-
tents were elevated compared to the controls (Figure E.1a and Figure E.1b), which
further highlights the importance of labile root-derived gluing agents for aggregate
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formation during early rhizosphere development in C poor subsoils (Baumert et al.,
2018).

E.4.2 The detritusphere: root litter as C input

After plant death, as the rhizosphere transitioned to a detritusphere, the initially
formed root-induced macroaggregation remained in the topsoil but entirely disinte-
grated in the subsoil. The overall lack of aggregate stability over time is consistent
with observations showing that a continuous input of OM is necessary to maintain
aggregate structures, and that the disintegration of macroaggregates begins dur-
ing early stages of decomposition when available C sources and microbial activity
decline (e.g., Golchin et al., 1997; Helfrich et al., 2008). In the present study, dis-
integration of newly formed aggregates was indeed particularly pronounced in the
C poor subsoil (Figure E.4f), which is supported by the work of Bucka et al. (2021),
who report low mechanical stability of newly formed macroaggregates after OM ad-
dition in initial soils compared to greater retained aggregate stability in mature soils
(Felde et al., 2020). This suggests that aggregates initially formed in the rhizosphere
are only loosely connected, and that a living root system—or continuous C input—is
a prerequisite for aggregate formation and persistence in soil systems with other-
wise limited C inputs. Furthermore, these results suggest that a certain ’backbone’
of native C, as in the topsoil, is required for long-term aggregate stabilization in arid
soil systems. The difference between topsoil and subsoil may have been further
amplified by the fact that roots grown in subsoil had lower litter quality (higher C:N
and ligningvr:N ratio; Table E.1; Walela et al., 2014) compared to those grown in
topsoil, further reinforcing the limiting conditions for microbial activity.

The transition from a living to a decaying root system, and thereby from C inputs
dominated by low molecular weight compounds to more complex structural litter-
derived C sources, shaped the composition and structure of the microbial commu-
nity. The relative dominance of Gram+ over Gram- bacteria increased distinctively
in the detritusphere of both soil substrates (Figure E.3e). This was likely driven by
the increasing complexity of the litter resources as the decomposition progressed
(e.g., as indicated by increasing (Ac/Al)y ratios; Table E.1), favoring Gram+ bac-
teria which are specialized in the processing of complex C sources (Butler et al.,
2003; Denef et al., 2009; Fanin et al., 2019). This is supported by Shi et al. (2018),
who show how the microbial genetic potential to decompose complex macromolec-
ular compounds increases in the absence of living roots, while root exudates in
the rhizosphere instead promote the development of a microbial community with in-
creased capacity to utilize low molecular weight compounds. This underscores how
the presence of living and decaying roots modulates litter decomposition through
alterations in microbial functionality. Furthermore, Nuccio et al. (2020) specifically
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describe how both temporal and spatial niche microbial coexistence is fostered in
the combined rhizosphere-detritusphere, which opens up important future research
opportunities in the transition zone from rhizosphere to detritusphere and highlights
need for further research including microbial functional traits.

Interestingly, the shift in the microbiome around decaying roots in the topsoil was
not associated with a change in overall abundance—in fact, abundance prevailed
from the rhizosphere to the detritusphere phase, while decreasing in the correspond-
ing controls (Figure E.3a). Consequently, despite the resource-limited conditions as
decomposition progressed, litter-derived C inputs were sufficient to maintain micro-
bial abundance, but the conditions favored those microbial groups specialized in
utilizing complex C sources.

Another shift in microbial community structure in the detritusphere was observed
in fungi, where both total fungal abundance and relative abundance to bacteria de-
creased, particularly so in the subsoil (Figure E.3b and Figure E.3d). The shift
towards bacterial dominance in the detritusphere contrasts with the general notion
of fungi as key players in litter decomposition (VoriSkova & Baldrian, 2013; Williams
et al., 2006). As PLFA profiles were only quantified at one point during the decompo-
sition process in the present study, this represents only a snapshot of the ongoing
succession of the microbial community involved in decomposition. Herman et al.
(2012) found that fungal dominance during litter decomposition decreased rapidly
after 21 days, after which Gram+ and Gram- increased. Vofiskova and Baldrian
(2013) further emphasized the succession of the fungal community during decom-
position, with different fungal taxa being highly abundant only during short periods.
Thus, our results do not necessarily exclude fungal involvement in the initial stages
of litter decomposition, but rather point to the increasing importance of bacteria dur-
ing the late stages of decomposition, when labile litter components are depleted.
This is supported by Esperschiitz et al. (2011) showing how Gram+ outcompete
fungi in litter degradation in resource-limited systems where N is scarce. The re-
treat of fungi in the developed detritusphere in subsoil equates to the loss of the
hyphal networks that enmeshed soil particles, which may cause the disintegration
of aggregates around the decaying roots. This underlines the direct involvement of
hyphae as a temporary binding agent in the rhizosphere that does not persist into
the detritusphere (Six et al., 2004).

E.4.3 Elemental composition of rhizosphere and detritusphere

Contrary to our hypothesis, roots had no notable effects on total C and N contents
in the bulk soil in the rhizosphere in either of the two soil substrates. It is possible
that root inputs to the system were minor in comparison with other soil C pools,
or that the inputs were rapidly processed by the stimulated microbial activity in the
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vicinity of the roots. Given the enhanced microbial abundance and changed com-
munity composition around the roots (Figure E.3), the second option appeared to
be more likely. Nevertheless, it should be noted that the entire, thoroughly rooted
pot was considered as rhizosphere’ in the present study. Indeed, there is no clear
definition of the spatial extent of the rhizosphere or where the boundaries of the rhi-
zosphere are, as it depends on the parameters studied (Kuzyakov & Razavi, 2019).
However, most root-driven processes are concentrated in the immediate soil vol-
ume around the roots and diluted in the surrounding soil. For example, microbial
abundance has been shown to be concentrated in the first 1 mm to 2 mm around the
roots (Marschner et al., 2012), and rhizodeposits may have restricted dispersal po-
tential from the immediate soil volume around the roots (Kuzyakov & Razavi, 2019).
This means that certain root effects may have been overseen, or diluted, given the
large soil volume representing the rhizosphere. Under these circumstances, '3C
labeling of the pioneer plants might have facilitated the quantification of small-scale
elemental changes, thereby allowing a more detailed understanding of the fate of
root-derived C in the soil, both in the rhizosphere and the subsequent detritusphere
(Teixeira et al., 2024).

E.4.4 Changes in POM around living and decaying roots

Surprisingly, neither living nor decaying roots affected the composition of POM and
MAOM, as evidenced by consistent C and N contents and comparable chemical
compositions in all fractions. In the topsoil, however, occluded C as o0POM<20 um
and the contribution of this fraction to total C and N were clearly affected—albeit
in contrasting ways between the rhizosphere and the detritusphere (Figure E.2).
In the soil around the living root system, a slight decrease in occluded C was ob-
served compared to the control, suggesting increased aggregate turnover around
the roots (M. Wang et al., 2020). Root-induced breakdown of aggregates, com-
bined with stimulated microbial activity around the roots resulting in an enhanced
rhizosphere priming effect, could be contributing factors to the release and ultimate
loss of bioavailable POM in the rhizosphere (Cheng, 2009). Around the decay-
ing roots, the pattern was reversed, where instead an accumulation of occluded C
(0POM<20 um) was determined (Figure E.4d). This highlights decaying roots as a
prerequisite for the formation of occluded POM and shows how decaying litter sur-
faces in the detritusphere represent functional components that facilitate aggregate
formation, directly contributing to the long-term stabilization of organic C in the soil
(Witzgall et al., 2021).

In the subsoil, we observed elevated C:N ratios in the fPOM fractions in both the
rhizosphere and detritusphere compared to unplanted controls Figure E.4e). Dur-
ing the rhizosphere phase, this was further associated with >N depletion, indicating
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fresh C inputs into the fraction, as the opposite—increasing aliphaticity of OM—
would otherwise lead to '°N accumulation (M. Kramer et al., 2003). This means that
fresh C inputs remained in highly bioavailable forms (i.e., not occluded into aggre-
gates or associated with mineral surfaces) and did not undergo notable microbial
transformation during the course of both incubation phases. This phenomenon was
only observed in subsoil, as there was no evidence of fresh C inputs in the fPOM
fraction in the topsoil. This difference between the soil substrates can be attributed
to restricted microbial abundance in the subsaoil, resulting in slower C turnover com-
pared to the topsoil where labile inputs were rapidly transformed. This may, in part,
be related to the chemistry of the plant tissue in the subsoil, where roots were of
lower biochemical quality compared to those in the topsoil (broader C:N ratios and
elevated ligninymr:N ratios; Table E.1; Walela et al., 2014). These findings highlight
the limiting conditions for microbial activity and suggest that lower quality litter is less
preferred as a nutrient source for microbial decomposers. Collectively, these obser-
vations underscore the importance of roots as a critical source of POM in dryland
subsoils, with legacy effects that can persist even after plant death (Angst et al.,
2016). Furthermore, they emphasize how the litter chemistry of OM inputs shapes
microbial community composition, with implications for aggregate formation.

E.5 Conclusion

In this study, we explore the interaction between plant roots, microorganisms, and
soil during the succession from a rhizosphere to a root detritusphere in a dryland
topsoil and subsoil. Our results highlight the fundamental role of roots in driving soil
structure formation, microbial succession, and OM formation during the early stages
of soil development. While we found root-induced macroaggregation in the topsail,
the effect of roots was extended to both increased macro- and micro-aggregates in
the subsoil, presumably facilitated by fungal hyphae in the subsoil rhizosphere. How-
ever, with plant death, as the rhizosphere transitioned to a detritusphere, the newly
formed aggregates disintegrated in the subsoil, underscoring the critical importance
of continuous OM inputs for maintaining more persistent aggregate structures in
C-poor subsoils. The transition to a detritusphere was further associated with a
clear decline in fungal abundance and an increased dominance of Gram+ bacteria,
emphasizing their role in mineralizing increasingly complex C resources in the de-
veloping detritusphere in dryland soils. Conversely, we found legacy effects of living
roots imprinted in the topsoil, as macroaggregates formed within the rhizosphere
persisted after plant death, and the microbiome developed around living roots was
maintained in the detritusphere. While we found no changes in MAOM around the
roots, we highlight the build-up of occluded POM facilitated by decaying root litter
in the topsoil, underscoring the influence of root residues on SOM formation and
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persistence within the root detritusphere. Our work thus highlights the intricate in-
teractions of plants, microorganisms, and soil particles in the vicinity of living and
decaying roots in dryland soil systems, and how the biogeochemical processes in-
volved are regulated by the soil substrate in which the roots grow and decompose.
Our results further underscore the importance of encompassing the in situ transition
from living to decaying roots to advance our understanding of the dynamics of the
legacy from rhizosphere and detritusphere.
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