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ABSTRACT

SILVA, Jénatas Pedro da, D.Sc., Universidade Federal de Vigcosa, December, 2022.
Soil organic matter formation in the Byers Peninsula, Maritime Antarctica: origin
and biochemical composition. Adviser: Emanuelle Mercés Barros Soares. Co-
advisers: Carlos Ernesto Goncalves Reynaud Schaefer and José Joao Lelis Leal de
Souza.

The knowledge about the dynamics of soil organic matter (SOM) in Antarctica is
fundamental to better understand the functioning of terrestrial ecosystems and to
analyze the possible impacts of global climate change. Despite this, information on
SOM in Maritime Antarctica is still incipient. Thus, we aimed to: i) analyze the elemental
and biochemical constitution of the SOM; ii) calculate the soil C and N stocks; iii)
perform the dating of the C present in the soils of the Byers Peninsula, Maritime
Antarctica; iv) evaluate the soil microbial composition and activity, and; v) identify
possible formation routes of the SOM present in the Antarctic biome. The Byers
Peninsula with about 60 km? - is the largest ice-free area in Maritime Antarctica. It is
designated a Specially Protected Antarctic Area (ASPA N° 126) due to its identification
as a habitat of global importance, since it hosts breeding colonies of several birds and
intense occupation of elephant seals. It is also considered the most important
limnological site in the region and the most vulnerable to human interference. Thirteen
soil profiles were opened and classified to represent vegetational, geological,
geomorphological diversity and distance from the Rotche Dome glacier. The profiles
were described and classified according to Soil Taxonomy and World Reference Base
for Soil Resources (WRB). Samples were collected from all horizons for chemical and
physical characterization. Vegetation material surrounding the profiles was also
collected. The characterization of the SOM was done by physical fractionation,
determining the POM and MAOM fractions. From these, the determination of the
contents of C, N, C/N ratio and the isotopic signatures of 5'3C and &'°N was made, as
well as in the collected vegetal materials. In order to biochemically characterize the
SOM present in these fractions and the vegetation, thermochemolysis analysis was
performed with identification of the compounds by GC/MS to analyze whether there is
a correlation between the composition of these vegetables and the biochemical
composition of the SOM. Nuclear magnetic resonance spectroscopy ('3C NMR



CP/MAS) analysis was also performed in order to characterize the SOM at the
molecular level and to identify the abundance of functional groups present in it. The C
dating by the '*C method was also performed to assess whether there is a correlation
of this with glacier retreat. To understand the microbiological activity present in the
Antarctic soils and its relationship with SOM and soil attributes, DNA was extracted
from selected samples for identification of the organisms. The high diversity of biotic
and abiotic factors acting in Maritime Antarctica directly affects the accumulation,
transformation, and stabilization of SOM. Due to the greater presence of ecological
niches, greater plant diversity with the presence of vascular plants, and the marked
action of avifauna, these factors differentiate the processes involved in the
redistribution of SOM between Maritime and Continental Antarctica, in addition to the
humidity factor (in the form of net precipitation) being a key factor in the most active
humification processes in the soils studied.

Keywords: Dynamics of soil organic matter. Elemental and biochemical composition.
C and N stocks. Microbial composition. Formation routes of the SOM.



RESUMO

SILVA, Jénatas Pedro da, D.Sc., Universidade Federal de Vigosa, dezembro de 2022.
Formacao da matéria orgéanica do solo na Peninsula Byers, Antartica Maritima:
origem e composicao bioquimica. Orientador: Emanuelle Mercés Barros Soares.
Co-orientadores: Carlos Ernesto Goncalves Reynaud Schaefer e José Jodo Lelis Leal
de Souza.

O conhecimento sobre a dinamica da matéria organica do solo (MOS) na Antartica é
fundamental para melhor compreensdo do funcionamento dos ecossistemas
terrestres e andlise dos possiveis impactos das mudancas climéaticas globais. Apesar
disso, as informagbes sobre a MOS na Antartica Maritima ainda s&o incipientes.
Assim, objetivamos: i) analisar a constituicdo elementar e bioquimica da MOS; ii)
calcular os estoques de C e N do solo; iii) realizar a datacao do C presente nos solos
da Peninsula Byers, Antartica Maritima; iv) avaliar a composicdo e atividade
microbiana do solo, e; v) identificar possiveis rotas de formagao da MOS presente no
bioma Antartico. A Peninsula Byers com cerca de 60 km? — € a maior area livre de
gelo da Antartica Maritima. Designada uma Area Antartica Especialmente Protegida
(ASPA N2. 126) devido a sua identificagdo como habitat de importancia global, uma
vez que abriga colbnias de reproducao de diversas aves e de intensa ocupacéao de
elefantes marinhos. E também considerado o mais importante sitio limnolégico da
regido e o mais vulneravel a interferéncia humana. Treze perfis de solos foram abertos
e classificados de forma a representar diversidade vegetacional, geoldgica,
geomorfoldgica e distdncia da geleira Rotche Dome. Os perfis foram descritos e
classificados conforme o Soil Taxonomy e World Reference Base for Soil Resources
(WRB). Amostras foram coletadas em todos os horizontes para caracterizagéo
quimica e fisica. O material referente a vegetagéo circundante aos perfis também foi
coletado. A caracterizacdo da MOS foi realizada a partir do fracionamento fisico,
determinando as fracbes MOP e MAM. A partir dessas, foi feita a determinacao dos
teores de C, N, razdo C/N e as assinaturas isotdpicas de &'3C e 5'°N, assim como nos
materiais vegetais coletados. Com o intuito de caracterizar bioquimicamente a MOS
presente nessas fracoes e a vegetacao, foi realizada a analise de termoquimdlise com
identificagdo dos compostos por GC/MS, para analisar se ha correlagdo entre a
composicao desses vegetais e a composicao bioquimica da MOS. Foi realizada



também a analise de espectroscopia de ressonancia magnética nuclear ('*C RMN
CP/MAS) com o objetivo de caracterizar a nivel molecular a MOS e identificar a
abundancia de grupos funcionais presentes nesta. Foi realizada também a datacéo
do C pelo método do '“C, para avaliar se ha correlagdo deste com o recuo da geleira.
Para a compreensdo da atividade microbiolégica presente nos solos da Antartica
Maritima e sua relagdo com a MOS e os atributos do solo, foi feita a extragcdo de DNA
de amostras selecionadas para identificacao dos organismos. A elevada diversidade
de fatores bibticos e abibticos que atuam na Antartida Maritima afeta diretamente a
acumulacgao, transformacao e estabilizacdo da MOS. Devido a maior presenca de
nichos ecoldgicos, maior diversidade de plantas com a presenca de plantas
vasculares, e a marcada acao da avifauna, estes fatores diferenciam os processos
envolvidos na redistribuicdo da MOS entre a Antartida Maritima e Continental, para
além do fator humidade (sob a forma de precipitacao liquida) ser um fator chave nos
processos de humificagdo mais ativos nos solos estudados.

Palavras-chave: Dinamica da matéria organica do solo. Composicdo elementar e

bioquimica. Estoques de C e N. Composi¢ao microbiana. Rotas de formagéo da MOS.
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GENERAL INTRODUCTION

The melting process in the Antarctic Peninsula, encompassing its westernmost portion, called
the South Shetlands Islands (Maritime Antarctica), began soon after the Last Glacial Maximum and
continued throughout the Holocene (Ing6lfsson et al., 2003, 1998; Oliva et al., 2016; Simms et al., 2011),
and according to climate projections made by the IPCC (2014), will continue in the near future. This
glacial retreat has resulted in the formation of large ice-free areas, among them the largest located on
Livingston Island, in the Byers Peninsula, in the western portion of the island (Oliva et al., 2016).
Existing records of early deglaciation in this area come from “C dating of basal Lake Limnopolar
sediments, estimating an age of 8.3 cal. ky BP (calibrated thousands of years before present) (Toro et
al., 2013), and from several minimum ages of other lake sediment records that ranged from 4 to 5 cal.

ky BP (Bjorck et al., 1996).

In the latter half of the twentieth century, maritime Antarctica was considered to be the fastest
warming region in the Southern Hemisphere, with average air temperature increases of 0.2-0.4 °C
recorded every decade since the 1950’s (Adams et al., 2009). This increase in surface air temperature in
the soils of this region, intensified by the current global climate change scenario and increased
greenhouse gas (GHG) emissions, will bring widespread effects under the Maritime Antarctic and its
other polar ecosystems, as already reported in the literature through global climate change models
(Turner et al., 2014), resulting in glacier recession (Cook et al., 2005), the disintegration of ice shelves
and rising sea levels (Vaughan et al., 2003), as well as increased areas of exposed soils allowing
colonization and expansion of plant (Amesbury et al., 2017; Charman et al., 2018) and microbial
communities. This expansion tends to favor the mineralization of soil organic matter (SOM) and
consequent release of GHG’s such as C-CO» and N-N-O, due to the increased activity of these organisms

in the soil.

Consequently, increased air temperature resulting from global warming is expected to strongly
affect vegetation expansion, biological activity, physical and chemical soil attributes, as well as SOM
dynamics in periglacial environments, causing carbon (C) losses from these ecosystems (Schaefer et al.,
2017; Thomazini et al., 2016). As these environments have low species diversity, low total biomass
production, slow nutrient cycling rates, and simplified food chains with few trophic levels (Saba et al.,
2014; Victoria et al., 2013), they become highly sensitive to disturbances or processes (such as,
temperature and moisture changes, human activities, mass movements, etc.), consequently presenting a
very slow recovery rate (Bockheim et al.,, 2013; Victoria et al., 2013; Zhu et al., 2014). Thus,
understanding the dynamics of SOM in Antarctica is critical for better understanding the functioning of
terrestrial ecosystems and analysis of possible impacts of global climate change (Beyer et al., 2004;

Michel et al., 2006; Simas et al., 2006). Information about the nature and dynamics of SOM in Maritime
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Antarctica is still incipient, making it necessary to know its elemental and biochemical constitution (C,
N, P, S, lignin, tannins, polyphenols, lipids), possible sources of origin or formation routes, and
composition of the physical fractions of SOM to better understand the mechanisms and processes of
organic matter formation and protection in this environment. Through this understanding, it will be
possible to make projections for future scenarios regarding C stocks in this environment, as well as how

SOM dynamics may be affected.

In this context, we hypothesize that, (i) the SOM of Maritime Antarctica, specifically in the
Byers Peninsula, may reveal a pre-glacial contribution due to the antiquity of the ice-free areas and the
low contribution of vegetation in the present period; (ii) part of the organic C present in the soils of
Maritime Antarctica are of complex, lacustrine and/or marine origin, besides terrestrial; (iii) part of the
organic carbon present in these soils may come from microbial contributions, and, (iv) the current
predominant vegetation in Maritime Antarctica, composed mainly of cryptogams (algae, mosses and
lichens) and only two angiosperms (Deschampsia antarctica and Colobanthus quitensis), presents a
variable contribution to the organic matter in these soils. Thus, the objectives of this work were: (i) to
characterize the elemental, isotopic and biochemical composition of SOM fractions in Byers Peninsula
soils and in plant materials, (ii) to determine the C and N contents and stocks in the different soil
groupings (patterned soils located on high and low platforms, raised beach, and acid sulfate soil) as well
as in the fractions of particulate (POM) and mineral-associated organic matter (MAOM) and in more
abundant plant samples in the study area, iii) analyze the fungal and bacterial diversity present in Byers
Peninsula soils and their interactions, and finally, iii) evaluate the differences in SOM composition as a

function of soil age.

In paper 1 of this thesis, we present data on the '“C dating of selected profiles to understand
the thaw evolution and the eventual accumulation of C during the events since the last glacial maximum.
The first paper was recently published in the journal Geoderma. In paper 2, we discuss the microbial
diversity present in the soils of the Byers Peninsula, with the main focus on the bacterial and fungal
communities. In paper 3, we discuss the elemental, biochemical and molecular composition of SOM in
these soils, with the aim of understanding more about their dynamics in this environment, their fragility
in the face of global climate change, and the possible sources of input and mechanisms behind the

permanence of this SOM in the region.
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Abstract

Organic matter is incorporated into soil by biological activity, and its preservation depends on
composition and organic-mineral interactions. Frost activity, dry and cold climate, and glacial
retreat-advance dynamics complexify soil organic matter storage in Antarctica. Byers Peninsula
is the largest ice-free area in Antarctica and hosts a high diversity of vegetable and animal species.
We hypothesize that (i) the SOM in the Byers Peninsula may reveal a distinct composition due to
the antiquity of the ice-free areas not entirely obliterated by the advancing glaciers during the
LGM; and (ii) the advancing ice caps at Byers allowed the accumulation of organic carbon at
sheltered points of the Peninsula. Thus, the objectives of this work were: i) to characterize
physically and chemically selected soils at Byers Peninsula, with emphasis on organic C and N
stocks in different soil types, and ii) SOM dating of representative soil profiles. Thirteen soil
profiles were dug, described, and classified. The plant species present at each site were identified.
Chemical and physical attributes were determined. The C and N contents, 5'3C and 8'°N ratio
isotopes were determined in the SOM physical size-fractionated particles. The C and N stocks
were calculated for each SOM fraction. The deepest horizon of six soil profiles were dated by the
'4C method. Soils from Byers Peninsula showed a diverse and varied biochemical nature of SOM,
resulting in varying content of C and N. The 8"°C weighted mean of the SOM reflects the
dominant vegetation type present in each sampling location, except for pre-Holocene soils and
soils influenced by ornithogenesis. The highest organic C and N pools were recorded at subsurface

horizons and attributed to the organo-mineral association fraction in upper platforms. For all soil
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groups, there was a significant overlap of 3'*C and enrichment of §'°N in all fractions of SOM,
requiring the combination of these two signatures to identify possible sources of contribution to
SOM in this environment. The oldest soils, subjected to early-mid Holocene uplift, revealed an
endolithic signature of pre-LGM age, the first recorded in Maritime Antarctica to this day. This
first pre-LGM SOC record can indicate the initial modern colonization of Maritime Antarctica
and suggests that ice caps advance during LGM was limited. Soils formed during and after the
LGM in low platforms have a lacustrine signature indicating an influence of snowmelt, ice
thawing, and permafrost degradation in selecting hygrophilous species. Soils formed in raised
beaches have the lowest organic C and N stocks, and the isotopic composition of SOM indicates

ancient ornithogenic influence.

Keywords: Radiocarbon dating, isotopic composition, C stock, N cycle, Endolithic-derived SOC,

ice-free areas.

1. Introduction

The weather and climate of Antarctica limit its colonization by both microorganisms and
vegetation. Less severe climate conditions (Boy et al.,, 2016) in the South Shetlands Islands
(Maritime Antarctica - western portion of the Antarctic Peninsula) enabled old colonization of
large ice-free areas by seabirds and mammals (Emslie et al., 2020; Liu et al., 2005), and
incorporation of soil organic carbon (SOC) in Antarctic soils (Beyer, 2000; Beyer et al., 2000;
Bockheim and Haus, 2014; Park et al., 2007). Consequently, the Antarctic Peninsula,
encompassing all of Maritime Antarctica, represents the largest SOC stock in Antarctic soils, with
estimated values on the order of 600 Mt from Antarctic Peninsula soils, out of a total C stock of
725 Mt estimated for all of Antarctica (Bockheim and Haus, 2014; Claridge et al., 2000).

The glacial retreat in the Antarctic Peninsula and South Shetlands Islands began shortly
after the Last Glacial Maximum, it continued throughout the Holocene (Hodgson et al., 2014;
Ingolfsson et al., 2003, 1998a; Oliva et al., 2016; Simms et al., 2011), and it will continue in the
near future, according to climate projections (IPCC, 2014). The retraction of glaciers resulted in
extensive ice-free areas, including the largest, located on the western sector of Livingston Island,
in the Byers Peninsula (Oliva et al., 2016). Existing records of early deglaciation in this area come
from '“C dating of basal sediments from Lake Limnopolar, which reported an estimated age of
8.3 cal. ky BP (calibrated thousands of years before present) (Toro et al., 2013), and various
minimum ages from other lake sediment records that ranged between 4 and 5 cal. ky BP (Bjorck

et al., 1996a).

In the latter half of the 20th century, Maritime Antarctica was considered the fastest-
warming region in the Southern Hemisphere, with average increases in air temperature of up to

0.4 °C being recorded every decade since the 1950s (Adams et al., 2009). The increase in air
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temperature, intensified by the current scenario of global climate change (Turner et al., 2014a),
will result in the recession of glaciers (Cook et al., 2005), the disintegration of ice shelves, and
rise of sea levels (Vaughan et al., 2003), in addition to an increase in exposed soil areas allowing
for colonization and expansion of plant communities (Amesbury et al., 2017; Charman et al.,

2018).

The increase in air temperature and glacier retreat resulting from global warming are
expected to affect vegetation expansion and biological activity due to their high sensitivity and
rapid response to climate change (Cannone et al., 2012; Cary et al., 2010; Convey et al., 2011;
Mendonga et al., 2011; Simas et al., 2008; Thomazini et al., 2014; Zhu et al., 2014a, 2014b); soil
physical and chemical attributes through the exposure of new areas to physical, chemical and
biological weathering, which results in soil deepening and restructuring, serving as a substrate for
primary colonization by various opportunistic organisms (Kennedy, 1995), as well as soil organic
matter (SOM) dynamics in periglacial environments causing losses of carbon (Balks et al., 2013;
Cannone et al., 2006; Diaz-Puente et al., 2021; Michel et al., 2014; Navas et al., 2008a; Schaefer
et al., 2017; Thomazini et al., 2016; Turner et al., 2014b). As a consequence of this warming, the
melting of permafrost can stimulate root respiration, decomposition of organic carbon, and
increase CO, emissions from soils (Carvalho et al., 2013; Mendonga et al., 2011; Thomazini et

al., 2014).

However, the feedbacks related to organic carbon exchange are still uncertain, with
positive feedbacks (caused by intensified SOC mineralization due to warming) or negative
(resulting from excessive input of plant-derived carbon overcoming soil decomposition)
depending on the intensity of climate change (Cannone et al., 2012). Although climate variables
directly affect the C cycle through net primary production and decomposition, the SOC stock
maintenance depends on physicochemical stabilization of C associated with clay fraction and

geochemical soil properties (Doetterl et al., 2015a).

Compared to tropical and temperate regions, the periglacial environments propitiate
shallower skeletal soils and lower net primary productivity (Doetterl et al., 2015a; Moura et al.,
2012). Between soils on the same site there is a great variation in C and N stocks, varying
according to soil class, vegetation cover and presence of animals (Pires et al., 2017). Birds and
mammals increase up to more than tenfold SOC stocks in soils by nidification compared to the
stocks in non-nesting areas (Beyer et al., 2004; Simas et al., 2007). The periglacial environments
are susceptible to disturbances and show a prolonged recovery rate (Bockheim et al., 2013;
Victoria et al., 2013; Zhu et al., 2014a) due to low species diversity, low total biomass production,
slow nutrient cycling rates, and food chains with few trophic levels (Saba et al., 2014; Victoria et

al., 2013).
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Therefore, we hypothesize that (i) the SOM in parts of Maritime Antarctica, specifically
in the Byers Peninsula, may reveal a distinct composition due to the antiquity of the ice-free areas
not entirely obliterated by the advancing glaciers during the LGM; and (ii) the advancing ice caps
at Byers allowed the accumulation of organic carbon at sheltered points of the Peninsula. Thus,
the objectives of this work were: i) to characterize physically and chemically selected soils at
Byers Peninsula, with emphasis on organic C and N stocks in different soil types (patterned-
ground soils, high platforms, raised beaches, and acid-sulfated soils), and ii) SOM dating of

representative soil profiles.

2. Material and Methods
2.1. Study area

With about 60 km?, the Byers Peninsula is the most extensive ice-free area in Maritime
Antarctica (Figure 1). The Peninsula is located at the western end of Livingston Island and
between the Bransfield Strait and the Drake Passage (62° 34' — 62° 41'S and 60° 56' - 61° 12'W).
Climatic data from 2002 to 2010 show an average annual temperature of -2.8°C at 70 m above
sea level (m.a.s.l.), and precipitation ranging from 500 to 800 mm (Bafién et al., 2013). Runoff is
restricted to the summer season and is mainly related to snowmelt and active layer thaw (Toro et

al., 2013).
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Figure 1. Location of Byers Peninsula in the South Shetlands and distribution of soil profiles

collected in Byers Peninsula, Livingston Island, Antarctica Maritime.

The geology of Byers Peninsula is predominantly composed of Paleo-Mesozoic
claystone, Juro-Cretaceous conglomerate, pyroclastic rocks interspersed with Cretaceous basalt,
Paleogenous basaltic-andesitic intrusions, and Quaternary sedimentary rocks (Alfaro et al., 2010;
Hobbs, 1968; Ruiz-Fernandez and Oliva, 2016; Smellie et al., 1980). Ten levels of raised beaches,
at elevations between 2 and 84 m.a.s.l.,, expose marine sedimentary materials. Low platforms
between 50 and 70 m.a.s.l. occur on Cretaceous clastic sedimentary rocks. A cryoplanar surface,
developed on volcanic tuffs, is the upper platform, above 70 m.a.s.l. Cliffs and isolated hills of
Juro-Cretaceous volcanic and volcanoclastic rocks occur between 140 and 265 m.a.s.l. Shallow
and loam Cryosols, Leptosols, and Regosols are the main soil groups in Byers Peninsula (Moura

et al., 2012; Navas et al., 2008b, 2006).

Byers Peninsula has a diverse vegetation (Benayas et al., 2013). Fifty-six species of lichen
and 42 species of mosses, of which 17 are endemic to the Byers Peninsula (Ochyra et al., 2008;
Wirtz et al., 2003). The vegetation cover is more abundant in flat and high raised beaches, being
mainly composed of several species of mosses, abundant in poorly drained environments
(example, Sanionia uncinata, Sanionia George-uncinata, Andreaea gainni, Polytrichum

Jjuniperinum, Hymenoloma grimmiaceum, Brachythecium austrosalebrosum, Warnstorfia
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sarmentosa, among other species), vascular plants, consisting of two flowering species,
Deschampsia antartica and Colobanthus quitensis (Vera, 2011), and lichens distributed at higher

places and abundantly on the rocks, with Usnea auranteaco-ater as the most abundant.

Peninsula Byers was selected as an Antarctic Specially Protected Area (ASPA N° 126)
by the Protocol on Environmental Protection to the Antarctic Treaty (also known as the Madrid
Protocol) in 1991. The Peninsula is home to breeding colonies of terns (Sterna vittata), seagulls
(Larus dominicanus), penguins (Pygoscelis antarctica and Pygoscelis papua), petrels (Oceanites
oceanicus, Fregetta tropica, Daption capense, and Macronectes giganteus), from cormorants
(Phalacrocorax atriceps), skuas (Stercorarius antarcticus), Antarctic doves (Chionis albus), and
intense occupation by sea elephants (Mirounga leonina). It is also considered the most important
limnological site in the group of South Shetlands Islands and the most vulnerable to human

interference (Oliva et al., 2016).

2.2. Selection, description, and classification of soil profiles and plant materials
Thirteen soil profiles were dug, described, and classified according to the Soil Taxonomy

(ST) and the World Reference Base (WRB) (Tables S1 and S2). Although these systems are based

on genetic principles, the approaches used emphasize the role of soil processes in soil taxonomic

systems (Bockheim and Gennadiyev, 2000).

The plant species present in each site were identified and listed according to the specific
literature for Antarctic vegetation, such as Ochyra (1998), Ochyra et al. (2008) and Putzke and
Pereira (2001) for mosses and Olech (2004), @vstedal and Smith (2001) and Red6n (1985) for
lichens (Table S1). The most abundant species (Table 1) from each site were also collected to
analyze their elemental composition (C and N contents) and their isotopic signatures (8'°C and

3"N).

Table 1. Identified and collected plant species on soils from the Byers Peninsula, Maritime

Antarctic.
Soil
Coordinates Dominant Species Group Identification
profile
62°38°50.90” S
P2 Hymenoloma grimmiaceum (Miill. Hal.) Ochyra Moss HG
61° 04’ 58.54” W
62°38°13.6” S )
P3 Usnea aurantiaco-atra (Jacq.) Bory Lichen UA
61°04° 56.3” W
62°38° 229”8
P4 Sanionia uncinata (Hedw.) Loeske Moss SU
61°07° 28.7" W
P6 62°38°35.5” S Sanionia Geroge-uncinata Moss SGU
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61°03° 51" W
62°39°21.4” S Brachythecium austrosalebrosum (Miill. Hall.)

P7 Moss BA
61°03’254” W Paris
62°39°21.4” S

P7 Warnstorfia sarmentosa (Wahlenb.) Hedenés Moss WS
61°03’254” W
62°39’32.4” S ,

P9 Deschampsia antarctica E. Desv. Grassy DA
61°03’39.2” W
62°39°12.4” S

P11 Polytrichum juniperinum Moss PJ
61°00° 15.1” W
62°40’ 16.4” S

P12 Andreaea gainii Cardot Moss AG
61°06’40.1” W

2.3. Soil Attributes

Gravel content was determined in laboratory after sieving. The fine sand and coarse sand
contents were determined by the sedimentation cylinder method. The silt and clay contents in the
fine soil fraction were determined by the pipette method after being stirred for 16 h with 0.1 M
NaOH. Once soils are gravelly and collecting undisturbed samples with the volumetric ring is
virtually impossible, we measured total porosity in undisturbed samples collected to
micromorphological descriptions. Representative samples of the surface horizons were taken to
prepare the thin sections. For this purpose, field-oriented and preserved blocks collected in the
field were oven dried at 40 °C for one week and vacuum impregnated (5 kPa) with polyester resin
diluted in 30% (volume) styrene monomer. Thin sections were made following the method of
Fitzpatrick (1984). Percentage area covered by pores in thin sections was measured using
JMicroVision v.1.2.7. The soil density was calculated according to the formula: Soil density =
(total porosity/ particle density) + 1. Particle density was determined after drying a quantity of
soil to 105°C and then dividing the mass by the volume of the particles, excluding spaces among

them (Teixeira et al., 2017).

The pH was determined in 1:2.5 soil: deionized water and 1 mol L' KCI solution. The
potential acidity was extracted with 0.5 mol-L™' Ca(OAc); buffered at pH 7.0 and quantified by
titration with 0.0606 mol-L™' NaOH. Exchangeable Ca’*, Mg** and AI** were extracted with KCl
1 mol-L™! and determined by atomic absorption. Na*, K*, and P were extracted with Melich-1
(EMBRAPA, 2011). Exchangeable K* and Na* were determined by flame. Available phosphorus
content was determined by photocolorimetry. The potential acidity (H + Al) was extracted by 1
mol L' ammonium acetate solution at pH 7. The cation exchange capacity was calculated as the
sum of the cations. The P adsorption capacity of the soil was determined after stirring for 1 hour
with 2.5 g of soil in 0.01 mol L' CaCl, containing 60 mg of P L. The suspension was filtered,

and the remaining P in solution was determined by photocolorimetry (P-rem).
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2.4. Soil organic matter analysis

The SOM was physically size-fractionated as: a) particulate organic matter (POM), and;
b) mineral-associated organic matter (MAOM) (Cambardella and Elliott, 1992). The C and N
contents, 8'3C and 8'°N ratio isotopes were determined in these fractions in all soil horizons and
the plant materials to assess their contribution to the organic C and N stocks in soils of Byers
Peninsula and identify the link between the isotopic signatures of plant and soil SOM. All these
determinations were made using an Isotope Ratio Mass Spectrometer (IRMS) Flash EA - Delta
V in the Centro de Isétopos Estdveis Prof. Dr. Carlos Ducatti - UNESP. The weighted 3'*C and
8N mean of SOM was calculated for samples according to mass and signature of each physical
fraction. The organic C and N contents were determined by a proportional mass sum of POM and
MAOM fractions. The organic carbon to nitrogen ratio (C/N) was calculated based on the mass

of the fractions.

Total C content was determined by a Perkin Elmer Series 11 2400 CHN S/O Elemental
Analyzer and a formula considering extracted C by the Walkley-Black method (Gatto et al.,
2009). The inorganic C and N contents were determined by the difference between the total and
the organic fraction content.Based on these data, it was possible to calculate the organic stock of

C and N present in the soils using the following equation (Veldkamp, 1994):
S=({CorN)=t=*Ds)/10

Where S is the organic stock of C or N in Mg ha™'; C and N is the content of these elements
in the SOM fractions, in g kg''; 7 is the thickness of the soil layer, in cm, and Ds is the density of

the soil in g cm™.

The organic stock of C and N in soil profiles were calculated as the sum of each layer.

The values are expressed as Mg ha™!.

2.5. Radiocarbon dating

The deepest horizon of six soil profiles were dated by the '“C method. The soil profiles
were selected to represent geomorphological, geological, and vegetable diversity, as well as
different distances from the glacier. To measure the radiocarbon content in the samples, dating by
Accelerator Mass Spectrometry (AMS) was performed by BETA ANALYTIC Laboratory. The
analytical result (“BP” or “pMC”) is obtained by measuring the '*C/!*C sample in relation to the
14C/13C in oxalic acid I (NIST-4990C) in a particle accelerator using SNICS ion source. The
result of the AMS analysis is corrected as a function of the total fractionation of the 8'*C of the

graphite. The 8'°C of the sample is obtained by analyzing it in an isotope ratio mass spectrometer
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(IRMS). The IRMS performs the separation and measurement of the CO, masses (44, 45, and 46),
and the calculation of the 8'*C of the sample. Calibration of radiocarbon age expressed in years
before the present (BP) was performed using the High Probability Density Band Method (HPD):
SHCAL13 (Hogg et al., 2013; Ramsey, 2009).

2.6 Data Analysis

Statistical analyzes were performed using R geostatistical software (R Core Team, 2019).
Principal Component Analysis (PCA) was done using the stats package. For Spearman's
correlation, the corrplot package was applied, where probability values of 5% or less (p < 0.05)
were considered statistically significant based on Student's “t” test. PCA's were carried out to
explore general trends in soil attributes (chemical and physical parameters) and assess which main
variables associated with MOS could be grouped or separated according to soil groups.
Spearman's correlation analysis was used as a function of the variables studied in the PCA, as a
complementary tool to elucidate these results. The low sample size disallows the execution of
robust statistical procedures to ensure that the sample is considered representative of a population
and that the statistical result can be generalized to a larger population. However, the number of
samples is sufficient for determination of patterns. It is important to highlight that the reduced
number of research samples is an inherent characteristic of Antarctic expeditions due to logistical

difficulties and access limitations imposed on ASPA.

3. Results

Six Cryosols, three Gleysols, two Arenosols, one Cambisol, and one Leptosol were
collected (Table S1). These profiles were developed at marine terraces, high and low platforms,
between 15 and 140 m.a.s.1. The thickness of the soils varies between 10 and 205 cm (Table S2).
Permafrost occurs discontinuously on platforms and top of ridges from 10 cm deep. Organic
intrusions, wavy transition between horizons, and patterned ground evidence of cryoturbation in

high and low platforms.

Soils are extremely acidic to moderately alkaline (Table S5). Except for the soil derived
from pyritized andesite, all soils have base saturation above 50%, mostly hypereutrophic. The
order of base dominance is Ca>*>Mg**>Na*>K*. The values observed for Mehlich-1 extractable
P ranged from 0.9 to 953.80 mg dm™. The P-rem contents ranged from 3.0 to 52.20 mg L'!. The
lowest levels of P and P-rem were found in the sulfated soil, while the highest content of P was
found in the high platforms. Raised beaches presented the highest P-rem, suggesting a low affinity
between clays, clay minerals, and SOM with P (Tonello et al., 2020). Low values of P-rem in the
acid sulfate soil indicate high affinity between clay minerals and P, and high reactivity of this soil,

demonstrating a very high capacity to adsorb P.
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All soils are covered by vegetation, except for the soil profile derived from pyritized
andesite and the soil on the highest raised beach. Thirteen two species were identified in soils
collected from igneous ridges and talus, 28 species were identified on cryoplanar surfaces with
patterned soils, 19 species in soils collected from raised beaches, and five species on cryoplanar
surfaces without patterned soils. Most of the identified species were mosses, and the low platforms
are the most diverse sites. Despite the high salinity registered, mainly in coastal soils, no halophyte

species were identified in the study area.

The total C content varied between 0.06 and 1.57%; inorganic C contents represents in
average 47.7% of total C. The total N content varied between 0.003 and 0.085%; inorganic N
contents represents in average 36.7% of total N. The inorganic C and N stocks represented in
average, respectively, 46.9.3 and 34.4% of the total stocks. As this study is focused on organic

fractions, the inorganic fraction's data is presented and discussed in Supplementary Material.

3.1. Isotopic composition of SOM fractions and organic C and N levels

In general, the organic C and N contents in the MOAM and MOP fractions decreased
with increasing depth. On the other hand, soil profiles in surface pattern ground (P2, P3, P5, and
P10) tend to increase organic C and N contents in depth. The organic C content of the POM
fraction varied between 0.13 and 6.62 mg g™! of soil, or 0.03 and 0.91% of carbon (Table S3). The
organic N content of the POM fraction varied between 0.05 and 1.01 mg g ! of soil, or 0.01 and
0.14% (Table S3). The highest organic contents of C and N were observed in the high and low
platforms, highlighting the P4 and P3 profiles (Figure 2). The raised beaches, in turn, stood out

with the lowest organic C content associated with the POM fraction.
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Figure 2. Soil C and N content, isotopic signature, and C/N ratio in the MAOM and POM fractions of the *C dated soil profiles collected in the Byers Peninsula.
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The organic C content of the MAOM fraction varied between 0.12 and 8.10 mg g™ of
soil, or 0.03 and 2.14% of carbon (Table S3). The organic N content of the POM fraction varied
between 0.01 and 0.79 mg g™ of soil, or 0.01 and 0.30%. The soils of the high and low platforms,

mainly those with patterned ground, have the highest organic C and N contents.

Soils with a high relative proportion of POM over MAOM are distinguished between: 1)
soils developed in raised beaches, with high §'*C, and; ii) sulfated soils and soils in non-patterned
ground on cryoplanated surfaces, with low values of 8'*C. These profiles have more than 50% of
the organic C content associated with the POM fraction (Table S3). On the other hand, the profiles
with MAOM over POM dominance are distinguished between: 1) soils developed on patterned
ground cryoplanated surfaces, with high values of 3'°C; ii) soils developed in talus and cliffs, with
low values of 8'°C, and; iii) a flooded raised beach. The profiles developed on cryoplanated
surfaces with patterned ground (P5, P6, and P12) have more than 80% of the organic C content
associated with the MAOM. Profiles developed in talus (P2 and P3), cliffs (P10 and P11), and a
flooded raised beach (P7) have more than 60% of the organic content of organic C associated with

the mineral phase.

The P4 has the highest C and N contents associated with the POM fraction. This soil
profile is on the upper plateau and derived from Paleozoic marine sedimentary rocks. The P6 has
the highest C and N contents associated with the MAOM fraction. This soil is developed on the

upper platform with patterned ground.

C/N ratio showed high variation between the profiles. Values ranged between 3.05 and
19.80 in the POM fraction and from 6.55 to 15.64 in the MAOM fraction. The highest C/N ratios
in the POM fraction were observed in P10, P6, and P2 soils. All raised beaches (P7, P8, P9, and
P13) and three patterned-ground soils (P5, P11, and P12) have the lowest C/N ratios or event did
not allow to calculate the C/N ratio once their N contents were undetectable (minimum necessary
for detection of N in the sample is 0.01%). The highest values of C/N associated with the MAOM

fraction were registered in subsurface horizons of soils on the upper platform and raised beaches.

In general, the isotopic C ratio values associated with MAOM and POM are similar and
varied below 3%o with depth. The §'3C values range from —27.73%o to —17.44%o. Soils on the
upper platforms registered the most depleted 8'>C values. Soil profiles in the lowest raised beaches
(P8 and P9) registered enriched 8'*C values associated with the MAOM fraction compared to the
POM fraction in subsurface horizons. The 8'3C in the soils showed a similar '*C enrichment

pattern with depth.

The 85N values varied between -0.23 to 18.43%o, and the MAOM fraction is generally

depleted in comparison to the POM fraction. The acid sulfate soil (P1) and a soil in the upper
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platform (P3) have the richest 3'°N values. These soil profiles registered a depletion of 8'N with
depth. The content of N isotopes associated with the POM fraction of P5, P8, P9, P12, and P13

was below the detection limit.

The isotopic signature of the SOM indicated similarity with marine organic materials for
most of the soil profiles on low platforms and the acid sulfated soil profile (P1, P2, PS5, and P12
—Table S3) (Burkins et al., 2000). The §'°N values of the two well-drained soils on raised beaches
(P8 and P9) indicated ornithogenic organic materials. On the other hand, 3°C supported the
ornithogenic signature in the upper levels of raised beaches (P7 and P13) (Burkins et al., 2000;
Liu et al., 2006). The high platforms showed isotopic signatures oscillating between marine and
lacustrine-derived organic matter, except for P4, where §'°C showed a signature associated with

endolithic-derived organic matter.

3.2. Isotopic composition of plants

Considering all samples together (moss, lichen, and grass), the total organic carbon (TOC)
and total nitrogen (TN) contents had high values of coefficient of variation (above 20%). The
TOC content ranged between 31.91 and 408.90 mg g of dried biomass (Table 2). The TN varied
from 17.24 to 1.67 mg g! of dry biomass. The C/N ratio of plant biomass varied between 55.37
to lichen and 15.41 to grass. The plant materials showed a high range of 8'°C, from -27.91 to -
21.42%o, and from -11.05 to 31.66 %o in terms of the isotopic signature of 8'°N. The §'°C weighted
mean of the SOM reflects the dominant vegetation type present in each sampling location, except

for P3, P4, P9, and P11.

Table 2. Isotopic composition of the vegetable samples and C and N levels

Plants Type of TN C/N
Profiles C (%) 8BC (%) SN (%o)
Samples materials (%) Ratio
HG Moss P2 3.19 -25.01 0.17 -0.49 18.76
UA Lichen P3 40.89 -21.49 0.74 -11.05 55.25
SU Moss P4 13.13 -25.12 0.60 -2.28 21.88
SGU Moss P6 23.81 -25.04 1.43 7.41 16.65
BA Moss P7 19.73 -21.42 0.79 -0.79 24.97
WS Moss P7 28.09 -23.80 1.22 0.40 23.02
DA Grass P9 26.57 -27.91 1.72 31.66 15.44

PJ Moss P11 7.15 -27.17 0.35 -2.52 20.42
AG Moss P12 20.02 -23.95 0.99 -2.59 20.22
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3.3. Organic C and N stocks in soils

The organic C stock varied between 5.1 and 109.2 Mg ha!; the organic N stock varied
between 0.2 and 12.5 Mg ha'!. The organic C and N stocks increased with increase of altitude in
Byers Peninsula (Figure 3). The high platforms registered up to 3.5 and 8.3 higher organic C and

N stocks compared to raised beaches.

In general, the MAOM provides the greatest contribution to the organic C and N stocks,
varying between 60.2 and 82.1%, respectively. The POM fraction contributed up to 39.7 and
17.9% to organic C and N stocks in the soil profiles. The soils developed in the high and low
platforms contribute to more than 80% of the organic C and N stocks in Byers Peninsula. The
lowest organic C stock was observed in the acid-sulfated soil, contributing only 6.5% of the total
organic stock. As for the N stocks, the smallest were observed among the raised beaches. These

soils represent only 6.5% of the organic N stock in the Byers Peninsula.
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3.4.1%C Age

All soil profiles are dated from Holocene (Table 3), except for a soil profile on the summit
of a cliff on volcanic rock (P11) and another soil developed on platform on Cenozoic sedimentary
rocks (P4). The oldest profile (P4) dates from before the Last Glacial Maximum, with 31,690 +/-
30 cal. yr BP, in a high platform developed on Cenozoic sedimentary rocks. The most recent “C
soil corresponded to a pour-drainage soil on marine terrace level (P7), where this dates from 1,220

+/- 30 cal. yr BP.

Table 3. Age of dated horizons and additional information of soil profiles.

GPS Depth Laboratory d3C Age 1“C
Profile Profile feature
Coordinates (cm) Number (%0) (cal. yr BP)
62°3822.9”8S
P4 High platforms 20-35 Beta - 570240 -26.6 31,690 +/- 170
61°07° 287 W
High platforms/  62° 39’ 12.4” S
P11 60-80 Beta - 570244 -25.1 12,030 +/- 40
Patterned-ground 61° 00° 15.1” W
High platforms/  62° 38’ 13.6” S
P3 10-70 Beta - 570239 -23.5 3,490 +/- 30
Patterned-ground 61° 04’ 56.3” W
62° 38’ 35.5” S
P6 High platforms 10-20 Beta - 570241 -22.0 3,290 +/- 30
61°03° 51" W
High platforms/  62° 38’ 38.9” S
P10 30-50 Beta - 570243 -23.6 2,350 +/- 30
Patterned-ground 61° 04’ 24.5” W
62° 39° 21.4” S
P7 Raised beaches 0-10 Beta - 570242 -23.6 1,220 +/- 30
61°03° 254" W

3.5. Statistical analysis

The first two principal components (PC) registered high eigenvalues (Figure 4a). The
third PC and higher returned eigenvalues below 1.0 and hardly explain more variance than any of
the original variables taken alone (1/31 = 3.22%), so they were excluded from further
interpretation. The first component (PC1) explained 29.9% of the total variance and is mainly
composed of original variables which express soil reactivity and isotopic fractionation of SOM,
which are CEC, §'>N-POM, §°N-MAOM, 3'*C-POM, MAOM, clay, and sand contents (Figure
4b). The second component (PC2) explained 22.1% of the total variance of the data and is

composed of original variables which express acidity and weathering, which are H+Al, pH, V,
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and BS. The antagonism between §'°’N-MAOM and §'°N-POM, clay, C, and N stocks expresses
the difference between SOM-rich soils with marine-derived organic matter and poorly SOM soils
with SOM derived from ornithic input. As the stocks in the POM and MAOM fractions, the
organic C and N stocks showed a high affinity with the clay, silt, and P contents.
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Figure 4. Eigenvalues of correlation matrix and explained variance per principal component (a).

Soil properties distributed in PC1xPC2 plot (b).

4. Discussion

The low diversity of soil groups in Byers Peninsula reflects the dominance of periglacial
processes (Ruiz-Ferndndez and Oliva, 2016). Discontinuous permafrost is registered in the first
two meters in crioplanation surfaces and cliffs; Cryosol dominances in Byers Peninsula could be

attributed to permafrost occurrence in the first 50 cm below the surface (Ferreira et al., 2017;
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Hauck et al., 2007; Obu et al., 2020; Vieira et al., 2010). Gleysols, Leptosols, and Cambisols
occupy degraded permafrost sites, once they also occur in high altitude. Arenosols occur in raised
beaches uplifted by glacial retreat and glacioeustatic readjustment (Hall, 2010; Hall and Perry,
2004).

Low water availability and leaching induce limited weathering and pedogenesis.
Consequently, the chemical and physical characteristics are determined mainly by parent material
(Moura et al., 2012; Thomazini et al., 2020). In general, the soils in Byers Peninsula have a weak
developed structure, lack B horizon and are shallow, skeletal, hypereutric and depleted in organic

matter.

The similarity of organic C content among the Byers Peninsula and other sites in Maritime
Antarctica (Carvalho et al., 2013; Francelino et al., 2011; Simas et al., 2008) indicates a climatic
control of primary productivity. The intensification of glacial retreat, expansion of vegetation,
and increased soil biological activity in ice-free areas increase C-CO, emissions (La Scala et al.,

2010; Mendonga et al., 2011; Thomazini et al., 2020, 2016).

The increase in temperature in this polar environment contributes to greater
mineralization of the organic compounds contributed to this system, including N mineralization,
which favors an increase in the C/N ratio of the soil due to the scarcity of this element (Day et al.,

2008).

For most of the horizons, the observed C/N ratio varied between 3.05 and 19.80, in both
physical fractions of SOM, characterizing a high quality and high lability SOM. This range is
recurrent in environments with bird and mammal contributions (Park and Day, 2007). The values
observed in this study were low and with great oscillation between horizons of the same profile,
even in areas where there was the presence of Deschampsia antarctica, where usually a range
between 15 to 17 C/N ratio is reported because the deposition of D. antarctica or Colobantus
quitensis residues (Day et al., 2008). Such characteristics reflect in the current C stocks in these
soils. The weak structure and low clay content limit the efficiency of physicochemical processes
of SOC stabilization. As net primary production is incipient in this environment and SOM is
highly labile, they result in a disbalance between sequestration and emission of C (Doetterl et al.,

2015b).

While the 8*C values for most samples were similar, the 8N values allowed
distinguishing soils with different SOM origins. The observed values of 8'*C show that the
organic matter in the Byers Peninsula soils is mainly from Antarctic Cs plants, deriving from
lichens, lake algae, and mosses, with or without mixing of fresh Antarctic animal excrements (Liu

et al., 2006). This result indicates a low contribution to the local SOM by the grass in Maritime
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Antarctica, Deschampsia antarctica. However, it is challenging to use isolated 5'*C values for the
identification of contributing sources of SOM in this environment due to the significant overlap
of values found even in different materials, similar to observations made in a previous study when
they tried to assess the influences of guano as an isolated source of contribution for SOM (Liu et

al., 2006).

The use of §'°N as a primary tracer for identifying organic matter sources is not commonly
used, mainly due to the complexities of the N cycle. Several simultaneous abiotic and biotic
processes influence N isotopic fractionation in most terrestrial ecosystems (Burkins et al., 2000).
Consequently, the application of 8'°N as a primary tracer for determining soil organic origin is
generally limited. However, previous studies registered a contrast 8"°N for high altitude soils,
related to endolithic autotrophs, and lower altitudes, which signals indicated lacustrine organisms
(Barrett et al., 2006; Burkins et al., 2000). In the present study, the signature pattern for Byers
Peninsula was contrasting; while most soils on low platforms showed a signature of marine origin,
the raised beaches showed isotopic signals suggesting ornithogenic organic matter, consistent

with the colonization of penguins from these areas.

The high platform presented uncertain isotopic composition, with §'*C and 8'°N values
varying between the signature of organic material of lacustrine or marine origin. The marine
origin is discarded once paleolimnological and geomorphological evidence in lakes indicate the
timing of the onset of the deglaciation of the Byers Peninsula is 7.5 cal. kyr BP (Oliva et al.,
2016). The enriched 3'°N is attributed to hygrophilous vegetation (Franga et al., 2015; Minick et
al., 2019), covering soils saturated by water from snowmelt, active layer thaw during summer,

and permafrost degradation (Carvalho et al., 2013; Hopkins et al., 2009).

The use of isolated isotopic signatures, such as 8'*C and §"°N, to identify SOM sources
in Antarctic soils still needs further investigation to distinguish between the isotopic signatures of
their different materials and sources of MOS in the Antarctic environment. However, using 8'°N,
8"3C, and bioelements can help envision changes in the composition and constitution of SOM

over time (Liu et al., 2006).

4.1 Pre-LGM SOC

The P4 profile, developed in the high platform, is the oldest soil profile, with C dating
from the pre-LGM period. This soil recorded a different '*C between SOM and vegetation cover.
Although mosses cover soil, the endolithic signature of SOM indicates that this soil was formed
through interactions between minerals, cryptogamic and microbial photoautotrophs and without

higher plant organisms (vascular plants) for the production of SOM in this environment.
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The previous oldest record of C dating in the Byers Peninsula, 8.3 cal. kyr BP (Toro et
al., 2013), was surpassed by the value found in P4. Located on the Ray Promontory, on rocky
crests at the western extremity of the Byers Peninsula, this profile was dated ~32 cal. kyr BP. The
glacial retreat after 35 cal. kyr BP (Hillenbrand et al., 2010) exposed newly ice-free hard bottom
areas available for colonization. Archaea, bacteria, and viruses can tolerate environmental
extremes and colonize fresh rock in the first stage of soil formation (Mergelov et al., 2018).
Freezing-thawing cycles, frost dehydration, and hydraulic pressure create frost-shattered rock
fragments, which favored endolithic niche colonization in depth. Endolithic organisms accelerate
weathering of primary minerals and incorporate organic carbon compounds, such as melanin,
sporopollenin-like substances, aliphatic and aromatic OC, and various biopolymers (Mergelov et
al., 2018; Saiz-Jimenez, 1995). These compounds are highly resistant to oxidation and persist
over time in soil. This first pre-LGM SOC record can indicate the initial modern colonization of
Maritime Antarctica and suggests that ice caps advance during LGM was limited (Simms et al.,

2011).

The endolithic origin of SOM is described as limited to sites colonized by lichens and far
from sources of liquid water or where lacustrine productivity is low (Faucher et al., 2017; Hopkins
et al., 2009). In the present study, the profile has a water layer at depth, and mosses mainly cover
the surface of the area. Thus, soils that present an endolithic isotopic signature associated with
SOM may present subsurface water or even a high primary production, as long as they are
polygenetic and the contribution time of the current vegetation is not sufficient to alter the older

C and N isotopic signature.

4.2 Post-LGM SOC

Warm phases between 17-14 cal. kyr BP and 11-10 cal. kyr BP initiated deglaciation of
some inner shelf areas and a few outer coastal lands (Simms et al., 2011). Lichen and moss
colonized volcanic plugs exhumed by ice thinning and glacial retreat. The C and N stocks in the
soils developed on plugs are limited by erosion. Lithic contact proximity to the surface and gravel

content suggest frequent erosion favored by altitude and slope.

The highest C and N stocks in upper platforms suggest a climatic optimum between 4-3
cal. kyr BP (Ing6lfsson et al., 1998b). These mild and humid conditions favor high primary
activity and clay formation in Maritime Antarctica. Most of the C stored in these profiles is due
to primary production by the local vegetation present in the area; the UA lichen, very abundant,
has 40.89% of C, whereas AG and SU mosses account for 13.13 and 20.02% of C, respectively.
The higher organic C stock in Late Holocene soils corroborates with the results of previous

studies, who also observed higher contents of TOC and NT in areas with more significant
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colonization by lichens and mosses (Cannone et al., 2008; Otero et al., 2013). Among the low
platforms, P2 showed the highest organic C and N stocks. Most of the C stored in these profiles

is associated with the mineral fraction of the soil, indicating its physical protection

During this warm phase, the weathering of mafic rocks formed clay soils, which
physically protected soil organic matter against degradation. The organo-mineral association has
received increasing attention for its persistence in terrestrial ecosystems (Almeida et al., 2018;
Kleber et al., 2015), resulting in considerable C stocks in Antarctic soils. In the present study,
organic C and N stocks were great, mainly in patterned ground soils, associated with higher
altitudes in the landscape of the Byers Peninsula, with more than 80% of C associated with the
MAOM fraction. This result is attributed to cryoturbation and slow upward/downward
movements. Cryoturbation is a typical process in cryogenic soils of Maritime Antarctica (Michel
et al., 2014; Ping et al., 2015), and it is primarily responsible for the distribution of SOM within
soil (Tarnocai et al., 2009). It is the mixing of materials from different horizons and soil layers
down to bedrock due to freezing and thawing. Cryoturbation commonly creates SOM-rich pockets
into mineral horizons, including the top of permafrost. Gross C and N mineralization rates were
substantially lower in these buried pockets due to low and, for most of the year, subzero soil
temperatures and frequent waterlogging during the short unfrozen period (Kaiser et al., 2007;
Schnecker et al., 2014). In addition, the turnover of C present in organo-mineral associations is
much longer than that of C associated with POM, free or occluded OM, ranging from decades to
millennia (Kleber et al., 2015), helping to explain the permanence of C in these soils, despite the
low input at present. Cryoturbation process is more effective in medium texture soils than clay
soils. As well in the studied sites, sandy and loam soils exhibit weak cohesion and a high

propensity to mix soil horizons and SOC enrichment in deep horizons (Palmtag and Kuhry, 2018).

The second mechanism which influences SOM distribution and preservation is clay and
clay minerals migration through soil due to the movement of solution in the pores to the freezing
front. Fibrous or partially decomposed organic matter accumulation on top of the permafrost table
is observed widely in soils with shallow permafrost under both tundra and forest vegetation
(Bockheim and Tarnocai, 1998). The temperatures above the freezing water point during spring
and summer favor organo-mineral compounds migration down the soil profile. The illuviation of
these clay particle follows freezing gradient and accumulate above the permafrost table. On the
other hand, the low air temperatures in the fall and winter seasons induce an ascending water
migration which flows from permafrost to the dried seasonally freezing layer. Due to the seasonal
thawing—freezing cycles and the drastic differences in the mechanical and thermophysical
properties of its raw organic material and mineral soil, a complicated swirl (vortex) pattern of

cryoturbation in the soil profile could be formed.
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Desiccation crack networks and the lateral sliding of soil aggregates along melting ice
lenses increase fine particles and TOC contents in-depth (Oliva and Ruiz-Ferndndez, 2015; Simas
et al., 2008; Thomazini et al., 2020). Repetitive freeze-thaw cycles induce internal particle
translocation and some plastic deformation of fine organic particles, which can adhere and
accumulate to the face of aggregates (Van Vliet-Lanoé and Fox, 2018). This physicochemical
process reduces the accessibility of microorganisms to SOM and reduces its decomposition

(Diochon et al., 2013; Ping et al., 2015).

The third mechanism is descending migration of OM in the soil profiles. It is related to
the cryogenic mass exchange and, particularly, to cryoturbation manifesting itself in the transport
of organic matter in a dissolved state, and its precipitation and deposition above the permafrost
table (Zubrzycki et al., 2014). Low mobile humus can accumulate in these conditions due to the
very low temperatures and low decay rates (Lupachev et al., 2017; Mcguire et al., 2009). The
migration in the fall and winter seasons mainly occurs in the opposite direction together with

ascending water flows to the dried seasonally freezing layer.

After the climate optimum, a distinct climate cooling occurred with glacier advance and
soil erosion (Bjorck et al., 1996b). A warmer phase at 1.5 cal. ky BP briefly interrupts the arid
climate and promotes a new colonization phase (Bjorck et al., 1993) registered in the raised
beaches. The raised beaches register the last warm phase due to the coarser sandy texture of these
soils, reducing the organo-mineral interaction, resulting in SOM migration in-depth (Dieckow et
al., 2009; Plante et al., 2006). Besides, the strong winds, high salinity of these soils, and trampling
and crawling of animals in these areas difficult colonization of raised beaches (Vera, 2011).

Consequently, the SOM is constantly eroded or degraded, and C and N stocks are still low.

The time of deglaciation and geomorphic implications resulting from this process are
restricted to ice-free environments in Antarctica Maritima, of which Byers Peninsula is a notable
example (Oliva et al., 2016). The data register advance and retreat of the local glaciers, indicating
different episodes of C accumulation in soils. This information is relevant to understanding the

landscape evolution better.

The Holocene paleoclimatic history of the South Shetland Islands is controversial and
incomplete, and continued research is necessary. The first record of pre-LGM SOC in the Byers
Peninsula adds an urgent need to improve the geochronology of this area and assist in interpreting
the paleoenvironmental stages experienced, not only in Maritime Antarctica but also in the
Peninsular Antarctica and the Weddell Sea sectors. Future studies with higher sample size should
be executed to perform more robust statistical analysis. A higher number of samples in the same
geomorphological and pedological contexts could clarify the SOC stock diversity into same soil

group and identify a typical isotopic signal for each age group.
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5. Conclusion

1. Mosses and lichens are the organisms that most contribute the C and N (primary source) to
SOM on the Byers Peninsula. The high diversity of SOM contents reflects an occupation of these
organisms driven by glacier retreat and permafrost degradation. The similar SOM content among
Byers and sites where deglaciation is recent suggests a climatic control of organic C and N stocks

in Antarctica.

2. Cryoturbation is an important mechanism for SOM stabilization by favoring organo-mineral
interactions. The MAOM fraction in turbic soils increases up to four times the organic C and N
stocks in subsurface horizons than in horizons of soils not undergoing cryoturbation. Among the
profiles subjected to cryoturbation, the oldest (P11) has the lowest C-MAOM contents, this
indicates that in the long term, this mechanism may undergo changes allowing degradation of this
more stable SOM. Thus, future studies should explore the persistence of SOM preservation
mechanisms by cryoturbation and their implications on long-term organic C and N stocks in this

environment.

3. Isotopic C and N signatures identified three sources of SOM: i) a Pre-LGM endolithic-derived
organic matter. It registers the initial colonization of the Maritime Antarctica in ancient
deglaciation - the first recorded in Maritime Antarctica to this day; b) a Holocene
marine/lacustrine-derived organic matter on low and high platforms. Chronology and topography
of these areas suggest that the Holocene degradation of permafrost favors hydrophilic vegetation
occupation, and; c) a limited ornithic contribution in sandy soils on raised beaches. The
persistence of the ornithic signal in the highest raised beaches indicates the Byers Peninsula as

one of the first bird-occupied areas in the Maritime Antarctica.

4. Pre-LGM soils formed on rocky crests are proxies of pre-Holocene environments. Subaerial
endolithic SOM in upper platforms that we report in this study have a great potential to provide
insights into early principles of organo-mineral interactions and soil production from hard rocks

in Antarctica.
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Abstract

The life forms in the Antarctic biome have evolved influenced by extremely low temperatures, low
availability of water, low C and N contents, freeze-thaw cycles, low radiation in winter, and high UV
radiation in summer. Despite all the existing restricted conditions, recent studies using microbial DNA
sequencing technologies have shown the magnitude of the microbial diversity in the Antarctic continent.
The present study aimed to characterize and compare bacterial and fungal diversity using metabarcoding in
surface and subsurface soil samples from characteristic and representative profiles of the Byers Peninsula,
Maritime Antarctica. The intracellular DNA from living cells was used. The later steps of DNA extraction
steps were performed using Nucleospin Soil® (Macherey-Nagel) according to the manufacturer’s protocol.
The bacterial and fungal communities were accessed by amplifying the sequences of the chromosomal
coding for the bacterial V3-V4 region of 16S rRNA and fungal internal transcribed spacer 1 (ITS1). '“C
dating method was applied to the soil organic matter of six selected soil profiles. To assess the influence of
abiotic factors that influence and control microbial community analyses of physical, chemical, and SOM-
associated attributes of Byers Peninsula soils were carried out. The 14,048 bacterial ASVs were distributed
in 11 phyla, 132 classes, 309 orders, 485 families, and 864 genera. Almost all samples presented 50% of
their sequences assigned to Actinobacteriota and Proteobacteria phylas. Regarding the fungal community,
the 1,619 ASVs were assigned to 7 phyla, 21 orders, 46 classes, 71 families, and 104 genera.
Mortierellomycota, Ascomycota, and Basidiomycota are the main phyla found. Although we used the most
updated database, up to 6% of the bacterial phyla and 40% of fungal phyla were not identified due to the
limitation of microbial databases. Overall, the species diversity of bacteria was much higher than that of

fungi in all the profiles evaluated. The Late Holocene soil profile, described in the youngest level of raised
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beaches, hosts the highest bacterial and fungal diversity. The distance from the glacier seems less relevant
to fungal and bacterial communities than the '*C age of soil organic matter. In contrast to the distance from
the glacier among the collection points, the moisture regime was a crucial factor in the behavior observed
among the microbial indices analyzed. The fungal community composition is statistically correlated to
nutrient availability, soil reactivity and soil organic matter composition. On the other hand, the bacteria
community composition was not correlated with soil attributes. We observed a substantial bacterial and
fungal diversity in the soils evaluated in this study. The fungal community depended more on the soil
reservoir of nitrogen and carbon. The results found in our research can act as a base for future research to
elucidate more the microbial role in these soils and the potential use of these microorganisms in

biotechnological issues.

Keywords: Microbial indexes, microbial DNA sequencing technologies, metabarcoding, bacterial V3-V4

region, fungal internal transcribed spacer 1 (ITS1), soil features, soil surface horizons, ASPA N° 126

1. Introduction

The life forms in the Antarctic biome have evolved influenced by extreme low temperatures, low
water available, low C and N contents, freeze-thaw cycles, low radiation in winter, and high UV radiation
in summer '. Biota is restricted to small invertebrates, microorganisms, an abundant flora of mosses and
lichens, and three flowering species: Deschampsia antarctica Desv. (Poaceae), Colobanthus quitensis
(Kunth) Bartl (Caryophyllaceae), and Poa annua L. (Poaceae), accidentally introduced in the 1980s 2.
Despite all the existing restricted conditions, recent studies have shown the magnitude of the microbial
diversity in the Antarctic continent **,

The continent of Antarctica plays a fundamental role in the energy balance of the Earth, mainly
related to atmospheric and climatic dynamics °. The ice-free areas represent less than 1% of the continent
67 and are considered oases in this cold desert, once they host a large part of the continent's biodiversity ®.
Maritime Antarctica is the hottest and wettest region in Antarctica. Liquid annual precipitation between
350 and 500 mm, average monthly temperatures > 0°C during the austral summer, and rarely < -12 °C in
the winter °, favor bird nidification, mammal occupation of the coast, and denser vegetation cover '°.

Maritime Antarctica has experienced intense climate change in recent decades ', leading to changes
in this environment, such as reduced glacier ice volume, glacial retreat, increased plant populations, and
microbial activity '2. Considered the westernmost portion of Peninsular Antarctica, this has less severe
climatic conditions '*. The deglaciation process in this region began at least 10 ky BP ago, at the beginning

14,15

of the Holocene , enabling the appearance of large portions of ice-free areas and their colonization.
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Among these areas, the Byers Peninsula stands out, where, besides being the largest ice-free area in
Maritime Antarctica ', it is considered to have the highest biodiversity in terms of flora and fauna '’.

Although most of the continent is dominated by ice-covered glaciers, there has been a significant
retreat in the last decades due to climate change '®. Global climate changes have influenced vegetation
expansion, biological activity, and soil chemical and physical attributes in these periglacial landscapes '*2°.
Microbial diversity and functions in Maritime Antarctica soils are influenced and dictated by a wide range
of abiotic factors (temperature, water availability, pH, C and N contents, nutrient balance, texture, among
other physical and chemical soil attributes) !, with temperature and moisture being considered the most
critical variables 21?2, These factors together influence the chemical composition of these environments and
reflect on the availability of nutrients essential for the establishment and development of microbial
communities >,

The microbiota plays a crucial role in soil formation and biogeochemical cycles °, contributing to
the weathering of minerals in soils **. Bacterial and fungal species, considered the main biochemical
engineers of soil, are responsible for organic matter decomposition and nutrient cycling, regulating 90% of
energy flow, mainly through catabolic reactions leading to C decomposition, transformation and
mineralization, and nutrient cycling 2*. They can also act as biological regulators and ecosystem engineers,
physically altering soil and regulating resource availability for other species **. The interaction between
biotic and abiotic processes remains one of the fundamental issues in research and the understanding of
ecosystem dynamics and is strictly associated with the initial development of soils under adverse
environmental conditions, such as in Antarctica ?°. Therefore, studies combining data on microbial
communities and soil characteristics are essential to obtain a global view of its interactions.

We use molecular techniques to characterize the soil microbial diversity in the Byers Peninsula,
Maritime Antarctica. Few studies have applied metabarcoding approaches to characterize fungal
communities in this environment *’. So, the present study aimed to characterize and compare bacterial and
fungal diversity using metabarcoding in surface (nine profiles) and subsurface (three profiles) soil samples
from characteristic and representative profiles (low and high platforms and raised beachs) of the Byers
Peninsula, Maritime Antarctica. Using samples from different locations makes it possible to observe better
the effects of abiotic variables that influence dynamics in this environment. Furthermore, to gain insight
into the abiotic factors that influence and control community diversity, structure, and composition,
microbial profiles have been associated with medium-term microenvironmental variables and soil chemical

properties 2.
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2. Material and Methods
2.1. Study site and soil sampling

The Byers Peninsula (BP), with about 60 km?, is the most extensive ice-free area in Maritime
Antarctica (Figure 1) - located at the western end of Livingston Island between the Bransfield Strait and
the Drake Passage (between the respective latitudes and longitudes, 62° 34' — 62° 41' S and 60° 56' - 61°
12' W). It was designated an Antarctic Specially Protected Area (ASPA N° 126) due to its identification as
a habitat of global importance since it is home to breeding colonies of terns (Sterna vittata), seagulls (Larus
dominicanus), penguins (Pygoscelis antarctica and Pygoscelis papua), petrels (Oceanites oceanicus,
Fregetta tropica, Daption capense and Macronectes giganteus), from cormorants (Phalacrocorax
atriceps), skuas (Stercorarius antarcticus) and Antarctic doves (Chionis albus) and intense occupation by

sea elephants (Mirounga leonina).
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Figure 1. Location of the study area. a) South Shetlands Islands (SSI). b) Location of Livingston Island
between the South Shetlands. c) Byers Peninsula and its main location points (Ray Promontory, Chester

Cone, Cierro Negro, and Rotch Dome Glacier).
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Thirteen soil profiles were sampled to represent the plant diversity, geomorphological, geological,
and distance from water bodies and the glacier. The soil profiles (Figure 1) were described, collected, and
classified according to the Soil Taxonomy (ST) and the World Reference Base (WRB) (Supplementary
Material 1 and 2), classifying soils using diagnostic horizons, properties, and materials. Although these
systems are based on genetic principles, the approaches used to emphasize the role of soil processes in soil

taxonomic systems %,

2.2. Soil physical, chemical, and SOM analysis

The samples were air dried and sieved through a 2 mm sieve before physic and chemical analyses
¥, Coarse and fine sand, silt, and clay were determined by the sieve-pipette method after dispersion with
0.1 M NaOH. Soil pH was measured with a glass electrode in a 1:2.5 suspension v/v soil and deionized
water (H.O pH). The potential acidity (H + Al) was extracted by 1 M ammonium acetate solution at pH 7.
The contents of exchangeable Ca**, Mg>* and AI** were determined in a 1 M KCl extract. Exchangeable
K* and Na* were determined after Melhich-1 extraction. From these results, the sum of bases (SB), base
saturation (V), aluminum saturation (m), equivalent cation exchange capacity (ECEC), and total cation
exchange capacity (CEC) were calculated.

A Mehlich-1 extraction solution determined the available phosphorus content (P). The P adsorption
capacity of the soil was determined after stirring for 1 hour with 2.5 g of soil in 0.01 M CaCl, containing
60 mg of P L'!. The suspension was filtered, and the remaining P in solution (Prem) was determined by
photocolorimetry .

The C and N contents, 8"°C and 8'°N ratio isotopes were determined in the physical size-
fractionated particles of soil organic matter (SOM): a) particulate organic matter (POM), and; b) mineral-
associated organic matter (MAOM) *!. Such determinations were performed on all soil horizons and plant
materials. They were made using an isotope ratio mass spectrometer (IRMS) Flash EA - Delta V at the
Center for Stable Isotopes Prof. Dr. Carlos Ducatti - UNESP. Based on these determinations and the
determination of soil density, it was possible to calculate the stocks by fractions and total. The soil density
was calculated according to the formula: Soil density = (total porosity/ particle density) + 1. Particle density
was determined after drying a quantity of soil to 105°C and then dividing the mass by the volume of the
particles, excluding spaces among them .

The biochemical composition of the SOM fractions (POM and MAOM), as well as the plant
materials, was evaluated using an off-line TMAH -mediated thermochemolysis procedure as described in
Chefetz et al. (2000) and Del Rio et al. (1998).

The deepest horizons of six soil profiles were dated by the '“C method. The soil profiles were

selected to represent geomorphological, geological, and vegetable diversity, as well different distances from
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the glacier. The samples were physically pretreated to remove vegetal fragments. After that, non-
hydrolysable carbon was isolated with two h treatments with HCI 1.0 mol L™! at 90 °C until the supernatant
was clear or up to 5 times. To measure the radiocarbon content in the samples, dating by Accelerator Mass
Spectrometry (AMS) was performed by BETA ANALYTIC Laboratory. Calibration of radiocarbon age
expressed in years before the present (BP) was performed using the High Probability Density Band Method
(HPD): SHCAL13 3%,

2.3. DNA extraction, PCR, and sequencing

Eight grams of soil were used for DNA extraction. The intracellular DNA from living cells was
separated from the extracellular DNA from dead cells to avoid overestimating diversity *°. The cell lysis
was performed in a Precellys 24 High-Powered Bead Mill Homogenizer (Bertin technologies) for 50 s at
4000 rpm. The later DNA extraction steps were performed using Nucleospin Soil® (Macherey-Nagel)
according to the manufacturer’s protocol. The quality of DNA extraction was evaluated by electrophoresis
in 0.8 % agarose gel stained with Ethidium Bromide under UV light.

The bacterial and fungal communities were accessed by amplifying the sequences of the
chromosomal sequence coding for the bacterial V3-V4 region of 16S rRNA and the fungal internal
transcribed spacer 1 (ITS1). For that, the pair of primers 341F(5’-CCTAYGGGRBGCASCAG-3")/ 806R
(5-GGACTACNNGGGTATCTAAT-3") %7 and ITSIF(5’-CTTGGTCATTTAGAGGAAGTAA-
3°)ITS2(5’-GCTGCGTTCTTCATCGATGC-3’) were used. The PCR libraries were quantified and pooled
according to ref Veloso et al. (2020). The sequencing of the 16S and ITS1 libraries was performed in
separate runs using the NovaSeq 6000 platform.

2.4. Bioinformatic analyses of bacterial V3-V4 region and fungal ITSI region

All raw reads were demultiplexed using giime2 *. The denoising and removal of chimeras were
performed using the plugin DADA?2 “°, where all reads with two or more expected errors were removed.
All high-quality ASVs of 16S and ITS markers were annotated using the SILVA 138 #! and UNITE #?
databases. All downstream analyses were performed in the software R version 4.1.2 (2021-11-01) using the
package phyloseq v. 1.36.0 ** and 3.3.5.9000.

We built a Principal Coordinate Analysis (PcoA) to access the microbial beta-diversity based on
Bray-Curtis dissimilarities between samples. The alpha indexes (Richness, evenness, dominance, and
diversity) were calculated using the package microbiome available for R *. The Spearman’s correlation
index among these alpha indexes and soil features was calculated to evaluate the relations between these
two compartments. Spearman's correlation, a non-parametric correlation measure, was used to evaluate

monotonic reactions, whether linear or non-linear.
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3. Results

3.1 Soil properties and classification

Samples from nine geographically distinct soil profiles were analyzed, having representatives from
high (P3, P4, P10) and low platforms (P2, P5, P6, P11) and raised beaches (P7, P9). Among these profiles,
three were classified as Cryosols (P2, P3, P10), three as Gleysols (P4, PS5, P7), one as Leptosol (P6), one as
Arenosol (P9), and one Cambisol (P11). Among the Cryosols, permafrost occurred on high and low
platforms, with varying depths (60; 10 and 50 cm deep, respectively). The Gleysols presented poorly
drained conditions, with a water layer visible from 10 cm depth in P7, 35 cm in P4, and 45 cm in P5. The
Leptosol presented a well-drained condition despite the lithic contact at 20 cm depth. The Arenosol,
described in the lowest marine terrace, showed intercalated depositions of clay and sand layers from 80 cm
depth onwards, indicating different deposition phases.

The altitude range is 15 to 140 m.a.s.l., with the lowest altitude found on the marine terrace (P9)
and the highest altitude on the high platform (P4). The surface horizon analyzed in these profiles also
presented a variation in thickness ranging from 10 to 35 cm. The horizons and layers are dominantly yellow.
The colors ranged from 5Y 6/4 to 10YR 3/2.

These surface horizons presented a weak to moderate subangular block structure for most samples,
except in P6, which presented a moderate granular-type structure.

Sand and silt are the main particles. The sand content ranged from 20.3 to 97.9 %. Silt had contents
ranging from 1.3 to 62.4 %. The clay content varies between 0.7 and 17.4 %.

The pH was moderately acidic to medium alkalinity (6.04 to 7.74), showing increased pH with
increasing depth. The H* is the main source of acidity, and Al** is virtually absent, except in the surface
horizon of a well-drained soil in raised beaches. The base saturation (V) of these soils characterized their
eutrophication and demonstrated their incipient degree of weathering, with values ranging from 77.9 to
97.5%, represented mainly by the Ca** and Mg?* contents.

As for the isotopic signatures of the SOM fractions analyzed in the studied samples, the 3'°C values
in the POM fraction presented a variation of 5.64%o, with observed values ranging between -27.19 and -
21.55%o. In the MAOM fraction, the variation was smaller, 5.19%o, with observed values between -26.55
and -21.36%o. As for the isotopic signature of 3'°N, the variations in the fraction were higher, showing
higher enrichment in >N of these samples. In the POM fraction, the 3'°N presented a variation of 17.94%,
with observed values ranging between -0.23 and 17.71%o. In the MAOM, the variation was slightly smaller,
16.67%o, with observed values ranging among the samples from -0.36 to 16.31%o. The samples examined
were characterized by low TOC (0.3 t0 9.9 g kg!) and low total nitrogen content (0 to 1.4 g kg!), which is

quite common for Antarctic soils 4. This high variation was reflected in the C/N ratio, which, even with
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low values, varied between 4 and 15. The biochemical composition of the SOM in these samples was
dominated almost exclusively by aliphatic compounds. Among these aliphatic compounds, the greatest
dominant are lipid compounds of both plant and animal origin (cutin, suberin, microbial activity markers,
bioactive and other lipids).

The dating performed on some of the soils studied, showed significant variation in ages between
the '“C dated (Figure S1). The profile with the oldest carbon is located on one of the highest platforms of
the peninsula, P4, with contribution records from before the last glacial maximum (LGM), at 31,690 cal yr
BP. One of the lower platforms (P11), showed C dated to the post-LGM period and the beginning of
deglaciation of some areas, of 12,030 cal yr BP. The youngest profile was associated with the first raised
beach level studied (P7), with only 1,220 cal yr BP. The other profiles (P3, P6, and P10) showed ages of
3,490, 3,290 and 2,350 cal yr BP, respectively, being placed in a context of climatic optimum for the

Maritime Antarctic region, post-LGM and deglaciation of large tracts of land.

3.2 Microbial taxa

In total, 2,388,951 prokaryotic 16S rRNA reads (27,864 ASVs) and 586,478 fungal ITS region
(1,619 ASVs) reads were obtained from 12 and 10 samples, respectively. After filtering, denoising, and
removing the chimeric sequences, 1,554,745 16S and 559,393 ITS sequences were retained. The sampling
effort was measured by the Zhang-Huang’s estimator (Table S1), which showed that it was sufficient (above
0.99) to carry on the downstream analysis.

The 14,048 bacterial ASVs were distributed in 11 phyla, 132 classes, 309 orders, 485 families, and
864 genera. Almost all samples presented 50% of their sequences assigned to bacteria of phyla
Actinobacteriota and Proteobacteria (Figure 2A), except for the sample collected in the surface horizon of
soil profile on the highest altitude (P3H1), which presented Chloroflexi as the most abundant. Regarding
the fungal community, the 1,619 ASVs were assigned to 7 phyla, 21 orders, 46 classes, 71 families, and
104 genera. The composition of fungal phyla varied more between the samples than the bacterial one
(Figure 2B). The three main phyla found were Mortierellomycota, Ascomycota, and Basidiomycota. Many
sequences could not be identified, ranging from 1.4 to 6.1% in the bacterial phylum, and from 1.3 to 39.6%
in the fungal phylum (gray bars in Figure 2a and b, respectively), although we used the most recent database

for fungi 6.
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(A) Bacterial phyla (B) Fungal phyla
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Figure 2. Relative abundance of taxonomic composition at the phylum level in nine soil profiles from

Livingston Island. All fungal and the ten most abundant bacterial phyla are shown.

The ten most abundant organisms of the phylum bacteria were: Gemmatimonadaceae (2.16 to
17.33%); Micrococcaceae (0.18 to 32.30%); Polaromonas (0.057 to 18.56%); Gaiellales (0.67 to 5.73%);
Pseudomonas (0.31 t0 9.48%); Ellin6067 (0.24 to 7.76%); P2-11E (0.64 to 8.90%); Gaiella (0.18 to 8.81%);
MB-A2-108 (0.22 to 6.96%) and Pseudarthrobacter (0.20 to 6.81%), and these were identified to the level
of class (1), order (2), family (2), genus (6). For fungi, the most abundant were: Mortierella antarctica (0.35
to 91.82); Aspergillus sydowii (0.16 to 67.13%); Verrucaria alpicola (0.40 to 39.02%); Mortierella (0.50
to 38.56%); Chaetomiaceae (0.17 to 35.58%); Mrakia frigida (0.06 to 19.37%); Acremonium biseptum
(0.05 t0 28.12%); Mortierella basiparvispora (0.16 to 19.93%); Phenoliferia psychrophila (0.11 to 21.91%)
and one fungus that could not be identified either at the phylum level (1.45 to 39.47%), and these were

identified down to the genus (2) and species (7) level.
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Figure 4. Ten most abundant fungal genera per sample. When the identification of the genus (G) was not

possible, the name of the family (F), Order (O), class (C), or phylum (P) was given instead.

3.3 Microbial diversity

The Principal Coordinate Analyses (PcoA) indicated that each profile has a distinct microbial

community. Most bacteria and fungi were found exclusively in one or two samples (Figure S2), i.e. most

ASVs are not shared among many samples, showing that each soil has its typical microbial community.

The alpha diversity metric also varied among the samples (Figure SC and 5D). Bacterial diversity

among surface horizons ranged from 5.41 in the soil profile embedded in a high platform with lichen Usnea

auranteaco-atra dominance (P10; 2,350 cal. yr BP) to 7.15 in the youngest soil (P7H1; 1220 cal. yr BP).

The highest bacterial alpha diversity (7.15) was observed in the raised beach (P7), which also presented the
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highest richness (3279) and evenness (0.88). On the other hand, the sample with the lowest richness index
was P2H1, 1691. The youngest-dated soil (P7) showed the highest values for the bacterial alpha metric
(Figure 5). The profiles with intermediate ages (2.3 to 12 cal ky BP; Figure S1) showed large oscillations
between these values, not showing a pattern. The oldest profile (P4) showed values near and below the
youngest profile. Among the subsurface samples analyzed, P3H2 showed the highest richness and diversity
(1773 and 5.39, respectively), while PAH2 showed the lowest values for the same microbial indices (1441
and 4.1, respectively). Overall, the diversity of bacteria was much higher than that of fungi in all the profiles
evaluated. Fungal diversity ranged from 0.61 on the surface of the most clayey profile (P2H1) to 3.9 on the
surface of the youngest profile (P7H1).

The lowest fungal community richness was found on the surface horizon of the P11 profile, 79
(located near the glacier, 2.12 km). The profile with the highest fungal richness index (261) was the oldest
(P4H1; 31,690 cal. yr BP), followed by the youngest profile (P7; 259). Interestingly, as observed for the
bacterial community, the surface of the P7 profile showed high values for all alpha metric indexes (richness,
evenness, and diversity; Figure 5). Despite showing lower richness than the P4 profile, the P7 profile
showed higher diversity, since the diversity index takes into account the evenness and richness indices.
Regarding the distance between the collected profiles and the glacier, no distribution pattern was observed
between the alpha metric indices for the fungal and bacterial communities (Figure S1). As for the
association between the ages of the dated profiles and the alpha metric indices, the oscillations of diversity
and richness values were higher in the fungal community, but the pattern behavior was not so distinct from

the bacterial community, differing more in terms of richness than diversity (Figure S1).
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Figure 5. (A) Bacterial and (B) fungal beta-diversities in nine profiles sampled in the Byers Peninsula. The
beta-diversity was accessed by building a principal component analysis (PcoA) based on Bray-Curtis
distance of Hellinger transformed data. The percent of explanation for each axis is reported between
parentheses. (C and D) Observed richness, Pielous’ evenness, and diversity of Shannon for each

profile/depth. The calculations for alpha-metrics used absolute counts of the rarefied abundance table.

Bacterial diversity and richness decrease with increasing depth. The lowest diversity and richness
were observed in the subsurface horizon of the oldest profile (P4H2; 4.1 and 1441, respectively).

The linear distance between the sites and the modern glacier limit is not associated with the
abundance and alpha diversity of microorganisms. Unlike the influence associated with the distance from
the glacier among the collection points, the moisture regime was a crucial factor in the behavior observed
among the microbial indices analyzed. Most of the profiles presented water in the subsurface, either in the

form of W layer (water sheet) formed by snowmelt and/or degradation of permafrost, as P4, P5 and P7, or
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the presence of permafrost itself, as P2, P3 and P10. It was noticeable that in the profiles with the presence
of the water layer active the highest diversities of both bacteria and fungi occur (6.42 to 7.15 and 2.47 to
3.9, respectively), as well as the highest richnesses of these organisms (2,259 to 3,279 and 148 to 261,
respectively). The profiles with permafrost or without the presence of water, showed close diversity and
richness index values. The soils without the presence of water being higher for diversity of both organisms

and for richness of bacteria.

3.4 Correlation analyses between physical-chemical and organic features of soil and microbial
indexes

The fungal community is more correlated (23 significant correlations) with soil properties than the
bacterial community (no significant correlation) (Figure 6). The fungal community composition is
correlated to nutrient availability, soil reactivity and composition of soil organic matter. On the other hand,
the bacteria community composition was not show to be correlated (-0.5 > p <0.5) with any of the soil

attributes.
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Figure 6. Correlation between soil features and microbial indexes. The value inside each tile represents the Spearman’s correlation. All tiles with

black outlines represent a significant correlation (p-value < 0.1)
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The Redundancy Analysis (RDA, Figure 7) was done in order to verify which variables of the
organic and physicochemical fractions most explain the variation in the bacterial and fungal communities.
It is a canonical analysis where the dependent data matrix used contained the microbial sequence abundance
data and the independent matrix contained the soil analysis data. For this, we used the first two axes (PC,
and PC,) due to them having the two largest gradients of microbial variation. The vectors of soil variables
most parallel to each axis (PC; = X or PC, = Y) are the variables most correlated to microbial variation on
each axis.

The Redundancy Analysis (RDA; figure 7) confirmed the results found in the correlation analysis
among alpha metrics (richness, evenness, and diversity) and the soil factors. We found that while the
bacterial beta-diversity is distributed more along the second component, the distribution of fungal beta-
diversity occurs more along the first axis (PC;), the axis that displays more variance in the beta-diversity,
associated with the N isotopic fractionation and leaching.

Comparing graphs A and B (figure 7), we see that the arrows representing the variables associated
with SOM are more parallel to Y (PC») in graph A (bacteria) and the X axis (PC;) in graph B (fungi).
Therefore, the larger gradient observed in fungi (the distribution of points on the PC; axis) correlates with
the availability of these stocks of C, N, etc. This behavior makes sense since these organisms are all
heterotrophic, and dependent on already pre-fixed carbon and nitrogen. On the other hand, these same
variables are also related to the gradient of bacteria (Figure 7a), but on the second axis (PC,), representing
only the second largest variation in the bacterial community. Therefore, although they are important in the
microbial community distribution, they are not related to the greatest variation gradient.

There is a clear distinction in PC; (Figure 7c¢) between bases and acids which occupy CEC. The
base saturation decreases by leaching and/or by incorporation of SOM and deprotonated H* from organic
clays; consequently, the content of acid in CEC increases. For the fungal community (Figure 7d), PC;

showed a greater association with soil acidity and salinity.
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Figure 7: Redundancy Analysis (RDA) of bacterial (A, C) and fungal (B, D) communities and variables of
the soil organic fraction (A, B) and physicochemical fraction (C, D). The numbers between parentheses

display the percent of total variance explained by the axis.
4. Discussion

The Livingston Island provides an exceptional opportunity to understand better the

interrelationships between biotic and abiotic factors acting on soil development and microbiological
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properties in the absence of higher (vascular) plants. Although there are other studies about the bacterial
and fungal composition *’ present in soils of this island, to the best of our knowledge, this was only the
second to study *® at the same time both microbial communities. In view of the important role of the soil
microbial community as the main actor in the biogeochemical cycling of these soils, in the present study
provides information on the state of soil development and microbial community structure in the soils of the
largest ice-free and most vegetation-covered area of maritime Antarctica, Byers Peninsula.

Previous studies indicated that the soil microbial community structure is influenced by local
chemical and physical parameters, especially pH **, grain size distribution, and soil moisture >'. In Byers
Peninsula, the Spearman’s correlation showed a significant correlation of the microbial indexes with
nutrient availability and composition of soil organic matter. In addition to correlation, redundancy analysis
also showed that fungi depend more on soil organic composition than bacteria. Being basically
heterotrophic organisms, these microorganisms cannot make their own food and require an external source

5233 Tn contrast, bacteria such as cyanobacteria can synthesize their food

to supply their nutritional needs
33, In addition, fungal biomass and activity are directly related to coarser soil fractions, unlike bacterial
biomass and activity, which is more associated with finer fractions . The texture of the studied soils was
coarser, with abundant gravel in all profiles. Because of this, it is recognized that soil environmental factors
change more rapidly in larger spaces than in smaller spaces, the greater association between the microbial
indices associated with fungal communities and soil properties may be explainable.

Despite the importance attributed in several studies to pH as a critical factor for microbial
communities and their growth 338, this predictor alone cannot play such an important role in shaping soil
microbial diversity, with the ecological stability of the site playing a key role in the selection and
maintenance of these communities . The inexpressive correlation of pH with the microbial indices
(diversity, evenness, richness) can be attributed to the fact that the pH values in the studied samples did not
show significant variation, and the microbiological compositions are very varied between samples, resulting
in the non-correlation between this attribute and the microbial indices’'. The small variation in pH values

6061 " since there is no

may be attributed to the buffering of soil acidity by the high saturation by salts
presence of carbonates in the area and the base saturation ranged between 77.9 and 97.5%, reducing the
relevance of this attribute in the correlation with microbial indices. Therefore, other physicochemical
features of soil can be driving the microbial communities in these soils 2.

By evaluating the alpha-metrics, it was possible to observe the existing relationship between the
microbial indices (diversity and richness of fungi and bacteria) and the dating done on the studied profiles.
These data showed that the youngest dated profile (P7, 1,220 cal. yr BP) and the oldest (P4, 31,690 cal. yr

BP) showed the highest values for the two microbial indices for both organisms. On the other hand, the

profiles with intermediate ages (P10, 2,350; P6, 3,290; P3, 3,490 and P11, 12,030 cal. yr BP) showed greater
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variability of these indices, without a pattern being seen as a function of age. This behavior can be explained
through ecological niche theory %%, Younger areas show many empty niches, which favor colonization by
several organisms and result in a high diversity and richness. The intermediate areas between the dating
have already undergone specific selections, culminating in specific niches due to resource competition,
occurring in both selection and substitution of species, which results in high variability of diversity and
richness indices, not allowing a standard behavior due to the instability of these environments. Finally, the
older profile, having already gone through these selections, is possible in conditions of successional
equilibrium close to a climax between organisms and specific niches selected and stable, thus allowing the
observation of the high richness and diversity of fungi and bacteria.

In the present study, it was possible to observe a direct relationship between moisture regime in the
studied profiles and microbial diversity and richness. The profiles with the presence of liquid water in the
subsurface showed superior values compared to those with only the permafrost or those without water layer.
Water is a limiting factor for microbial activity, where its absence or even soil rewetting processes affect
the survival of certain microorganisms . The absence of water is common in the soils of polar deserts .
Lack of water in soil can cause the death of many bacteria ¢, although these organisms are more drought
resistant than most fungi . In wet permafrost-affected soils, on the other hand, rewetting of soil surface is
common due to snowmelt and/or thawing of active layer in summer. High liquid available can provide
favorable conditions for abrupt bacterial population growth compared to environments without the presence
of water ® This abrupt increase in soil rewetting conditions, a typical process that occurs in Maritime
Antarctic soils, can cause variations among microbial diversity and richness indices, due to the
reorganization of the microbiome as a function of resources such as moisture regime and nutrient
availability. This can cause competition, alteration, and substitution in these communities, resulting in
instability of this environment, which is reflected in the large variety of these indices among the bacterial

and fungal communities in the soils of the Byers Peninsula, Maritime Antarctica.

4.1 Bacterial taxonomy and diversity

Although extreme climatic conditions on the Antarctic continent, studies focused on soil
environments showed high bacterial diversity, with a high proportion of sequences that were only distinctly
related to known sequences, indicating the existence of new species or genera >'7°7, In this study, we
identified the dominant bacterial groups in a wide variety of soils on Livingston Island (Maritime
Antarctica).

In the present study, the phyla Proteobacteria and Actinobacteriota were the most abundant. Among
these, Actinobacteriota (13.63 to 47.1%), Proteobacteria (11.86 to 34%), Gemmatimonadata (3.68 to
20.51%), Chloroflexi (1.56 to 22.11%), Acidobacteriota (1.44 to 11.53%), and Bacteroidota (2.17 to
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10.27%) are commonly found in temperate soils and are among the nine most abundant phylum described

26,7778 and also dominate microbial communities observed in Antarctic habitats '"7*-8!. The bacterial

in soils
sequences detected in this study reveal a complex microbial community structure in different mineral soils
under Antarctic Maritime climatic conditions >!. Most of these bacterial sequences were detected with a
high proportion of sequences that could not be affiliated with known genera identified in libraries. This is
consistent with studies in other Antarctic soil environments 3707274,

The members of the phylum Proteobacteria constitute an average of 39% of soil bacterial
communities, and its major members are classified into the classes Alphaproteobacteria,
Betaproteobacteria, Gammaproteobacteria, and Deltaproteobacteria ”’. The class Gammaproteobacteria
was the most abundant, with the genera Polaromonas, Pseudomonas, and Ellin6067 as the main
representatives.

The genus Polaromonas has been reported to have an interrelationship with microbial aging of
Antarctic soils 282, Its highest abundance was registered in the Pleistocene '“C-dated horizon, the
subsurface horizon of P4 associated with endolithic communities from the early colonization of these soils
83, In addition to bacteria of the genus Polaromas, another genus associated with soil microbial weathering
was the genus Massilia 3¢, which is in higher proportions in P6. Profile P6 had the highest organic C content,
while profile P4 had the highest N content in its surface horizon, and these organisms may be associated
with this C and N abundance. The second most representative bacterial genus was Pseudomonas. This genus
has been described previously in exploratory work in Antarctica, where they have been associated with the
degradation of polycyclic aromatic hydrocarbon and alkane compounds in soils 3336, The members of the
genus Ellin6067, most abundant in profile P11 and P6, among the representatives of the class
Gammaproteobacteria are functional microorganisms directly associated with the nitrogen cycle ¥’. This
clade associated with the genus Nitrosospira significantly contributes to ammonia-oxidizing bacteria,
which can be found both in water and in epilithic biofilms ¥, In both profiles, the remarkable
characteristic is the absence of permafrost and water layer, and this genus may be more associated with dry
environments ¥. In addition, the highest diversity of mosses and lichens was observed and identified in
these two profiles among the soils studied.

The phylum Actinobacteriota constitutes, on average, 13% of the soil bacterial communities ’. In
the analyzed samples, their abundance from 15.1 to 46.9%, mainly represented by the classes
Actinobacteria (0.12% to 32.30%), Thermoleophilia (0.18% to 8.81%), and MB-A2-108 (0.13% to 7%).
The predominance of this phylum is commonly reported in water *° and soil °'*> of Antarctica and was
already reported as capable of surviving frozen for long periods (thousand to millions of years). The
ubiquitous presence of these bacteria in the samples may be due to their high metabolic versatility, which

allows them to be present in a wide range of very distinct soil types °°, contributing to carbon cycling and
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performing an essential role in carbon cycling ** and nitrogen fixation *>°. The species associated with the
class Thermoleophilia are abundant and diverse, which play an essential role in geochemical cycling *’. The
main families found in this study were Solirubrobacteraceae, Gaiellaceae, and several uncultured taxa. The
family Solirubrobacteraceae, which was most representative within the class Thermoleophilia, is distributed
in six genera from six families, which were subsequently isolated from agricultural soils, activated sludge,
and rhizospheric soil 8. For these genera, identification at the species level was not possible to better
visualize the genomic diversity of the Thermoleophilia class. However, representatives of these two
cultured families may be able to fix CO; via the Calvin-Benson-Bassham (CBB) cycle and possess genes
for n-alkane degradation, as main representatives Gaiella occulta and Solirubrobacter soli °*. The taxa

100,]0]’ was

MB-A2-108, normally found associated with low soil organic carbon (SOC) environments

present in all samples, where in general all showed low SOC contents.

4.2 Fungal taxonomy and diversity

Bacterial and fungal communities are key players in cycling the main elements of life: carbon,
nitrogen, and phosphorus . To date, about 1,000 fungal species have been described through macro- and/or
micromorphology of colonies and fruiting bodies and DNA sequencing of mycelia of culturable fungi %%,
Our study used DNA sequencing with amplification of the ITS1 region to identify fungal representatives
in Byers Peninsula soils. The wide variety of species recorded suggests that fungi make up the most diverse
biota in Antarctic soils. The additional taxa identified through molecular research suggest an even greater
diversity than estimated. However, fungi are commonly associated with higher organisms, and this diversity
is still limited by the absence of large terrestrial animals and the limitation of higher plants, particularly
those with woody components 2,

The fungal community was dominated by Mortierellomycota (0.63% to 94.38%), Ascomycota
(3.17 % to 89.67%), Basidiomycota (0.48% to 31.29%), and Chytridiomycota (0.13% to 16.28%). The
pattern of dominance observed in the fungal community structure of the Byers Peninsula soils indicates that
a succession of species has already taken place. In environments newly colonized by fungi, the dominance
of individuals of the genera Oomycota, Chytridiomycota, and Mucoromycota is usually observed, which in
short precede saprophytic and pathogenic representatives, mainly from the phylum Ascomycota, and later
colonization by the phylum Basidiomycota '°. This dominance behavior was also observed in other studies
conducted in Antarctica, both in soils %’ and lake sediments '®, both located in the Maritime Antarctic, thus
indicating the dominance of these groups in the region's soils.

Mortierellomycota, had identification of 11 cultivated species (Mortierella antarctica, M.
basiparvispora, M. elongatula, M. alliacea, M. hyalina, M. polygonia, M. rishikesha, M. kuhlmanii, M.

bainieri, M. alpina) and three uncultured. The genus Mortierella has representative taxa that are commonly
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found in Antarctica and abundant in associations with plants 1°1% lichens 7, and soil '°1%. The species
M. antarctica is considered endemic to the continent of Antarctica '%°. Species in the genus Mortirrella are
characterized by producing bioactive fatty acids '*°. For example, M. alpina produces high levels of
polyunsaturated fatty acids with antioxidant and antibacterial activities such as y-(gamma)linolenic acid
and arachidonic acid ''°, and M. parvispora produces arachidonic acid and di-homo-y-linolenic acid ..
The second most abundant phylum (Ascomycota) identified 68 cultivated and 67 uncultured
species. The most representative genera were Aspergillus (0.22% to 73.98%), Verrucaria (0.16% to
39.85%), Acremomium (0.06% to 28.12%), Cladosporium (0.08% to 12%), Pseudogymnoascus (0.16% to
6.11%), Epicoccum (0.22% to 6.45%), and Antarctomyces (0.08% to 7.55%). While the Verrucaria genus
comprises species that are usually found in the form of lichens, which are known as primary colonizers of
soil in harsh conditions, the genus Aspergillus is comprised by well-known for their capacity to perform

phosphate solubilization soils ''?

, enabling the use of this element for other organisms in soils where the
scarcity of this nutrient occurs.

In the phylum Basidiomycota, 21 species were identified and 23 uncultured, among these, the most
expressive genera in the samples were Mrakia (0.13% to 19.37%), Phenoliferia (0.05% to 22.12%),
Leucosporidium (0.18% to 12.26%), Mastigobasidium (0.70% to 1.57%), and Dioszegia (0.06% to 1.99%).
Mrakia and Leucosporidium are responsible for producing extracelular enzymes like pectinases that enable
the organic matter decomposition ''*!!4, Basidiomycetes are key players in producing cold-adapted
enzymes for the organic matter decomposition, therefore their presence on this island enables the co-
occurrence of other microorganisms. The phylum Basidiomycota is an essential decomposer fungi, where
they strongly influence the rates and patterns of C release to the atmosphere, as well as the mineralization
and immobilization of nutrients such as N and P in their biomass ''>. In the present study, the highest
abundances of this phylum were associated with environments with higher C contents and higher plant
density, dominated mainly by mosses and lichens (P3, P6, P7). Individuals belonging to this phylum can
be isolated from soil, mosses, lichens, and even in the dung of penguins, petrels, and skuas '"°.

Among the most abundant phyla, the Chytridiomycota was thelowest representativeness, where
only one individual was identified to species level (Paranamyces uniporus) and five other species
uncultured. As for the initial colonizers, especially representatives of the Chytridiomycota phylum, these
were more abundant in profile P4, which presented pre-LGM '*C dating data *. The *C dating, the isotopic
signature reminiscent of trace contributions from endolithic communities %, and the relative abundance of
individuals of the phylum Chytridiomycota, considered one of the initial colonizers of environments,
indicate that in this profile, the significant contribution of the fungal community to the microbial biomass.
Furthermore, it was possible to observe that in the older profile, the abundance of fungi in succession to the

initial colonizers was lower and there was a high abundance of taxa that were not amenable to identification
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even with the use of current libraries. This may indicate that there is an even greater diversity of these
organisms, which may be associated with early colonizers that have not yet been sequenced or new species
of niche-specific fungi that have also not been identified.

Livingston Island is unique among the ecosystems of the South Shetland Islands. Although it has
suffered from human interference associated with fishing and hunting, it has been little affected by tourism
or research stations in recent decades. The retreat of the Rotch Dome glacier on the Byers Peninsula has
provided a diverse and complex setting in terms of biogeochemical processes and agents (climate, fauna,
flora, and microbiota) for the development of this environment. Thus, the Byers Peninsula is a highly
suitable site for comparative studies with the rest of the Antarctic maritime region. It has a wide variety of
freshwater bodies, which has made it a reference site for limnological studies, being considered the most
important limnological site in the South Shetland Islands Archipelago (ISS) and the most vulnerable to

human interference !'6!7.116-119

. The Byers Peninsula is one of the most important areas from a
geomorphological point of view '?, Fluvial, periglacial, and cryogenic processes are dominant and decisive
in soil formation in this environment, where Lithosols dominate, with widely distributed and discontinuous
permafrost; Cryosols and Leptsols are also abundant '?!. The diverse vegetation dominated by lichens,

mosses, and two species with flowers 122123

, and the favorable edaphoclimatic conditions for breeding and
nesting of several mammals and birds, increase the importance of this environment considered a specially
protected Antarctic area (ASPA No. 126) ', Given this, the microbial communities that act in this
environment play a key role in maintaining ecosystem services, favoring the balance. Thus, more studies
are still needed to better visualize the size of the microbial communities in Antarctic soils in general, given
that these are more diverse than previously imagined, and this study further assisted in this visualization.
However, the high abundance of taxa that have not been identified even with the help of the most up-to-

date identification libraries needs to be further explored.

5. Conclusion

Despite the limitations in the databases, we observed a substantial diversity of bacteria and fungi
in the soils evaluated in this study. These limitations found, reflect in the still underestimated microbial
richness for the Antarctic environment.

The fungal community depend more on the soil reservoir of nitrogen and carbon, and some bacteria
may act as key drivers for the input of carbon and nitrogen in these soils.

Permafrost represents a limitation for the microbial communities, directly affecting the diversity
and richness of bacteria and fungi. In this regard, the conditions present in soils with permafrost limit the

establishment of these communities more than the presence of water in liquid form (which by the results

77



exposed above allowed greater diversity and richness of bacteria and fungi) or the absence of water itself
in the soil profile.

The behavior of the microbial communities, as a function of the ages observed for the soils studied,
show a pattern of succession among these organisms from the colonization of more recent areas to the oldest
areas that are already in a climax condition with their communities selected and well established.

Based on the large number of taxa that could not be identified, especially for fungi, it is of utmost
importance further studies aimed at the replication of these organisms in laboratory conditions and their
sequencing for better identification of these genera and species, which may be directly associated with the

biogeochemical cycles that govern the various processes occurring in the soils of this environment.
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Abstract

The current knowledge state about the quality and SOM stocks in the polar regions still presents poorly
constrained estimates. Understanding the SOM dynamics in Antarctica is fundamental for a better
understanding of the functioning of terrestrial ecosystems and analysis of the possible impacts of global
climate change. Our objective was to investigate the molecular organization of SOM, from several
selected soils of the Byers Peninsula, Maritime Antarctica; to assess the potential vulnerability of soil
organic matter to possible mineralization processes and to estimate the C and N stocks in these soils
and their possible sources of input into this system. Thirteen soil profiles were dug, described and
classified. Soil chemical and physical attributes were determined. The C and N contents and stocks,
8"3C and 8"°N ratio isotopes were determined in the SOM physical size-fractionated particles. The plant
species present in each site was identified and listed according to the specific literature for Antarctic
vegetation. The most abundant species from each site were also collected to analyze their elemental
composition and their isotopic signatures. The biochemical composition of the SOM fractions (POM
and MAOM) as well as the plant materials was evaluated using an off-line TMAH -mediated
thermochemolysis procedure. Investigation by *C NMR CP/MAS was performed on global samples.
In general, C and N stocks decreased with increasing soil depth for most of the profiles studied. The
exception to this behavior was observed in profiles P1, P2, P3, P5 and P8. The profiles that presented
the greatest C and N stocks were those associated with low and high platforms, with emphasis on soils
with more pronounced evidence of cryoturbation. For all samples analyzed, the isotopic signatures of
both §'*C and §"°N showed overlaps for both fractions of the MOS as well as in the plant materials. The
isotopic signatures analyzed in the MAOM fraction, identified the contribution of marine organic

materials (P1, P2, P5 and P12), ornithogenic organic materials (P7, P8, P9 and P13), and a signature
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associated with endolithic organic matter in P4, the profile with the oldest record ever dated to Maritime
Antarctica. The dominance of the compounds identified in the plant materials was lipid compounds,
similar to the pattern observed for the SOM fractions. The presence of lignin-derived compounds was
observed only in the Deschampsia antarctica grass with a relative abundance of 6.5%. Evaluating the
structure of the carbon chains of the compounds identified in the SOM fractions, in general, there is a
predominance in all profiles of aliphatic compounds (60% to 95% of relative abundance in MAOM
fraction and 51% to 96% in the POM fraction). The predominance in all profiles is of compounds of
lipid origin in both fractions (POM - 39.02 to 91.07% and MAOM - 40.39 to 96%). All analyzed
samples by 3C NMR-CP/MAS showed what the most abundant groups were alkyl C and aryl C groups,
whose proportions ranged from 27 to 46%, and 32 to 46% respectively. The O-alkyl C and carbonyl C
groups contributed in smaller proportions to the SOMur composition, between 13 and 35% and 6 and
22%, respectively. Byers Peninsula soils showed a diverse and varied biochemical nature of SOM,
resulting in varying levels of C and N as well as their constituents, showing a large contribution of lipid
compounds derived from both plant and animal sources, these being dominated by long chain
hydrocarbons reflecting the hydrophobicity of this organic matter. Differences of SOM content indicate
that deglaciation has led to the loss of a large portion of the labile organic matter and suggest that the
residual organic matter acts to stabilize hydrolytic enzyme activities. The stabilizing action implies a
saving in enzyme synthesis and to a certain extent should mitigate the biochemical degradation
associated with the loss of soil organic matter. The largest C and N pools were recorded on the high and
low platforms and in the organo-mineral association fraction, where not all Cryosols followed a pattern
of increase in depth. The isotopic signatures found in the SOM fractions of the Byers Peninsula soils
revealed a wide variation of potential C sources in these soils, these being reflective of the colonization
of these areas and landscape development/transformation, indicating different geological stages of SOM

accumulation in this area.

Keywords: off-line TMAH -mediated thermochemolysis, *C NMR CP/MAS, SOM fractions, C and

N stocks, 8"*C and 3"°N isotopic signatures.

1. Introduction

The accelerated warming observed in the last 50 years for the Maritime Antarctica region will
have widespread effects on this region and its other polar ecosystems (Turner et al., 2014).
Consequently, it is expected that the increase in air temperature resulting from global warming will
strongly affect the expansion of vegetation and the colonization of ice-free areas, biological activity,
the physical and chemical attributes of the soil, as well as the dynamics of soil organic matter (SOM)
in these periglacial environments (Amesbury et al., 2017; Charman et al., 2018; Schaefer et al., 2017;
Thomazini et al., 2016). This expansion tends to favor SOM mineralization and consequent carbon (C)

losses from these ecosystems, where the SOM composition is less resistant to microbial degradation
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when compared to SOM from other global regions (Carvalho et al., 2013). Due to this possible
degradation of SOM, polar SOM represents a vulnerable reservoir of organic carbon, susceptible to
being remobilized under increasing temperatures (Abakumov, 2017).

Understanding the SOM dynamics in Antarctica is fundamental for a better understanding of
the functioning of terrestrial ecosystems and analysis of the possible impacts of global climate change
(Beyer et al., 2004; Michel et al., 2006; Simas et al., 2006). Accurate knowledge of their spatial
distribution is needed, both in terms of quantity and quality (i.e. biodegradability capacity, biochemical
and molecular composition, and degree of humification) (Abakumov, 2017; Fritz et al., 2015).
Information on the nature and SOM dynamics in Maritime Antarctica is still incipient, making it
necessary to know its elemental and biochemical constitution (C, N, P, S, lignin, tannins, polyphenols,
lipids), its origin, and composition of physical fractions of SOM, for a better understanding of the
mechanisms and processes of formation and estabilization of organic matter in this environment.
Through this understanding, it will be possible to prospect for future scenarios regarding C stocks in
this environment, as well as C emissions into the atmosphere.

The current knowledge state about the quality and SOM stocks in the polar regions still presents
poorly constrained estimates (Hugelius et al., 2014). In specific for Antarctica this is due to the high
content of the coarse soil fractions and the high variability of carbon content in the fine soil (Abakumov,
2017). Such uncertainties for SOM storage in polar environments become even more important for
SOM quality (Abakumov and Mukhametova, 2014; Mishra et al., 2013). In previous investigations of
the structure and molecular composition of organic matter in soils from East Antarctic by 3C-NMR
methods, it was shown that in the most common organomineral soils aliphatic carbon prevails over
aromatic, due to the nature of the non-ligniferous material as precursor (Calace et al., 1995). Later it
was shown that this feature is typical for many soils from different Antarctic soils (Abakumov, 2010)
and even soils, formed on penguin rocks shows the same trends of prevalence of aliphatic compounds
from aromatic ones (Abakumov and Fattakhova, 2015).

Our objective was to investigate the molecular organization of SOM, from several selected soils
from the Byers Peninsula (Livingston Island - Maritime Antarctica); to assess the potential vulnerability
of soil organic matter to possible mineralization processes and to estimate the C and N stocks in these
soils and their possible sources of input into this system. This was addressed through a) the
quantification of SOM, and b) the characterization of SOM quality through elemental analysis, isotope
ratio mass spectrometry, solid-state *C-NMR spectroscopy, and gas chromatography coupled to mass

spectrometry.
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2. Material and Methods
2.1. Study area

Detailed information on the description and characterization of the study area (location, climatic
condition, geomorphological characterization) can be found elsewhere (da Silva et al., 2022). Briefly,
the study area is considered one of the largest ice-free areas in Maritime Antarctica. It is located in one
of Antarctica's Specially Protected Areas (ASPA No. 126) (Oliva et al., 2016). The Byers Peninsula is
subject to a polar oceanic climate regime (Barsch et al., 1985; Lopez-Martinez et al., 1996), and has a
mutually varied and diverse vegetation and flora in terms of numbers of species already described
(Benayas et al., 2013). In addition, it presents a diverse geology formed basically by pyritized andesite
(Juro-Cretaceous), Pre-Holocene marine sediments, basalt, andesite, and volcanic (igneous) rocks

(Juro-Cretaceous).

2.2. Selection, description and classification of soil profiles and plant materials

Aiming for greater geoenvironmental representativeness (altitude, presence of patterned soils,
presence and absence of vegetation), thirteen soil profiles (Fig. 1) were dug, described and classified
according to Soil Taxonomy (ST) and World Reference Base (WRB). At the study and comparison
level, these profiles were grouped into: acid sulfated soil (P1), high platforms (P3, P4, P10), low
platforms (P2, P5, P6, P11, P12), and high beaches (P7, P8, P9, P13). Detailed information about the
profiles (general description of pedons; chemical, morphological and physical properties of soils) can

be found elsewhere (da Silva et al., 2022).
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Figure 1. Location of Byers Peninsula in the South Shetlands and distribution of soil profiles collected

in Byers Peninsula, Livingston Island, Maritime Antarctica (da Silva et al., 2022).

The plant species present in each site was identified and listed according to the specific literature
for Antarctic vegetation, such as Ochyra (1998), Ochyra et al. (2008) and Putzke and Pereira (2001) for
mosses and Olech (2004), @vstedal and Smith (2001) and Redén (1985) for lichens (Table S1). The
most abundant species from each site were also collected to analyze their elemental composition and

their isotopic signatures (Table 1).
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Table 1. Plant species identified and collected on soils from the Byers Peninsula, Antarctic Maritime

Soil d13C
Coordinates Dominant Species Group Identification C (%) N (%) 3N (%)  C/N Ratio
profile (%o0)
62° 38 50.90” S Hymenoloma grimmiaceum (Mill. Hal.)
P2 Moss HG 3.19 -25.01 0.17 -0.49 19.14
61°04° 58.54” W Ochyra
62° 38’ 13.6” S
P3 Usnea aurantiaco-atra (Jacq.) Bory Lichen UA 40.89 -21.49 0.74 -11.05 55.37
61°04° 56.3” W
62°38°229” S
P4 Sanionia uncinata (Hedw.) Loeske Moss SU 13.13 -25.12 0.60 -2.28 21.79
61°07° 28.7”" W
62°38”35.5”S
P6 Sanionia Geroge-uncinata Moss SGU 23.81 -25.04 1.43 7.41 16.69
61°03° 51" W
62°39°21.4” S Brachythecium austrosalebrosum (Miill.
P7 Moss BA 19.73 -21.42 0.79 -0.79 25.12
61°03°254” W Hall.) Paris
62°39°21.4” S
P7 Warnstorfia sarmentosa (Wahlenb.) Hedenis Moss WS 28.09 -23.80 1.22 0.40 23.05
61°03° 254" W
62°39°324” S ,
P9 Deschampsia antarctica E. Desv. Grassy DA 26.57 -27.91 1.72 31.66 15.41
61°03°39.2” W
62°39° 124”8
P11 Polytrichum juniperinum Moss PJ 7.15 -27.17 0.35 -2.52 20.67
61°00° 15.1” W
62°40° 16.4” S
P12 Andreaea gainii Cardot Moss AG 20.02 -23.95 0.99 -2.59 20.14
61°06°40.1” W
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2.3. Soil organic matter analysis

Contents and stocks of C and N, 5"°C and 6" N in the SOM fractions

The C and N contents, §'°C and 8"°N ratio isotopes were determined in the SOM physical size-
fractionated particles: a) particulate organic matter (POM), and; b) mineral-associated organic matter
(MAOM) (Cambardella and Elliott, 1992). The fractions were separated and quantified after dispersion
for 16 h in sodium hexametaphosphate solution (5 g L) and sieving on 50 um mesh. Such
determinations were procedure in all soil horizons and the plant materials to assess their contribution to
the C and N stocks in soils of Byers Peninsula and identify the link between the isotopic signatures of
plant and soil SOM. All these determinations were made using an Isotope Ratio Mass Spectrometer
(IRMS) Flash EA - Delta V in the Centro de Isétopos Estdveis Prof. Dr. Carlos Ducatti - UNESP. The
weighted 8'°C and 8"°N mean of SOM was calculated for samples according to mass and signature of
each physical fraction.

Once carbonates are absent in Byers Peninsula, total organic C (TOC) and total N (TN) were
determined from the sum of the values present in the physical fractions in each horizon. Based on these
data, it was possible to calculate the average stock of C and N present in the soils (in the horizons and
profile by summing all horzons), using the following equation:

S=(CorN)x*t=xDs

Where S is the stock of C or N in Mg ha'!; C and N is the content of these elements in the SOM
fractions, in g kg™!; ¢ is the thickness of the soil layer, in cm, and Ds is the density of the soil in g cm™.
Once soils are gravelly and collecting undisturbed samples with the volumetric ring is virtually
impossible, we measured total porosity in undisturbed samples collected by micromorphological
analysis (Fitzpatrick, 1984). Particle density was determined after drying a quantity of soil to 105 °C
and then dividing the mass by the volume of the particles, excluding spaces among them (Teixeira et
al., 2017). The soil density was calculated according to the formula: Soil density = (total

porosity/particle density) + 1.

Biochemical composition of MOS fractions and plant materials

The biochemical composition of the SOM fractions (POM and MAOM) as well as the plant
materials was evaluated using an off-line TMAH -mediated thermochemolysis procedure as described
in Chefetz et al. (2000) and Del Rio et al. (1998).

The samples were weighed (2 mg, 100 mg and 200 mg for the vegetable residues, MAOM and
POM fractions respectively) and placed in tubes (snap glass vials), to which 200 pL of
tetramethylammonium hydroxide - TMAH (25% in methanol - m/v) was added. The TMAH was
evaporated under continuous nitrogen flow for 30 min at a temperature of 38 °C, after complete

evaporation the vials were sealed. The sealed vials were then placed in a muffle furnace at 300 °C for
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30 min. After cooling to room temperature, the tubes were opened and all internal surfaces washed with
dichloromethane - DCM (3 x 1 mL). The extracts were combined and to these were added 50 ul of
internal standard (methyl nonadecanoate -19:0), then dried again under a stream of nitrogen. The
samples were then diluted with a known volume of DCM (100 pL).

Subsequently, the TMAH thermochemolysis products were analyzed by gas chromatography-
mass spectrometry on a Shimadzu QP 2010-SE GC-MS equipped with a Rtx-5MS column (30 m length;
0.25 mm inner diameter (ID); 0.25 pum film thickness). He Ultrapure was the carrier gas used at a flow
rate of 3 mL min!, the ion source temperature was set to 200 °C, the interface temperature to 290 °C,
and the oven temperature was increased from 60 °C to 300 °C at a rate of 15 °C min™' up to 150 °C and
then at a rate of 4 °C min up to 300 °C, with initial analysis time at 3.50 min and final time at 48.5
min. The pyrolytic compounds were identified by their mass spectra and relative retention times. Most
peaks were identified by comparison with the NIST library and some were confirmed by comparison
with authentic standards.

The origin of the compounds was classified and categorized as compounds derived from
carbohydrates, nitrogenous compounds (proteins, amino acids, and N-bearing), lipids (cutin, suberin,
bioactive, microbial activity markers - MAM, and other lipids), lignin derivatives, and others. In
addition to this characterization, the compounds were categorized as to the structure of their carbon
chains, classifying them as alicyclic (aliphatic compounds that present rings, saturated or unsaturated,
without the presence of benzene rings), the other aliphatic (compounds that present open carbonic chain,
containing or not unsaturation), aromatics (compounds that present at least one benzene ring in their
structure, as well as those also classified as heterocyclic or mononuclear aromatics, which are cyclic
compounds containing, in the ring, one or more atoms other than carbon; in the present study, these
were identified mainly in the nitrogen compounds). The ratio of aliphatic to aromatic chain compounds

(Al/Ar) was determined by the ratio of the relative abundance of these compounds.

Evaluation of the molecular structure of SOM by ?C NMR CP/MAS

The evaluation of the SOM molecular structure in Byers Peninsula soils was performed in 13
samples from 8 representative profiles (P2, P3, P4, P6, P7, P10, P11 and P12). These samples were
selected based on their highest C-MOAM content and on their different pedogenic environments. Prior
to the analyses of solid-state '*C nuclear magnetic resonance spectroscopy ("C NMR CP/MAS ) the
soil samples were treated with 10% (w/w) hydrofluoric acid (HF) solution to concentrate C and remove
paramagnetic matter (Gongalves et al., 2003).

Three 10 g subsamples of each selected soil horizon were treated with 30 ml of 10% (w/w) HF
solution under mechanical shaken for 2 h. The suspension was centrifuged (10 min at 3000 rpm at 15
°C) and the supernatant was removed and discarded. This procedure was repeated five times. The

material remaining in the tube (SOMmur) was washed with 40 mL of deionized water three times to
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remove residual HF and then freeze-dried. After drying, the samples were macerated in agate mortar.
Mass recovery of samples after pre-treatment with HF 10% ranged from 4.5 to 13.31%.

The C and N contents were determined in the samples after treatment with 10% HF solution
(SOM#pr) in an elemental analyzer (Perkin Elmer 2400). The C/Nyr ratio (w/w) and the R-factor (CNur/
C/N i) were calculated. The C enrichment after HF treatment (Cg) was calculated by the ratio Cur/C
soil, Where C content of the bulk soil samples was estimated from the sum between the contents of the
SOM fractions, taking into account their masses and proportions.

Investigation by *C NMR CP/MAS was performed on global samples of P2H2, P2H3, P4H1
and P4AH2. NMR analysis of other representative samples from the studied area will still be carried out.

The *C NMR analyses were performed in an Agilent spectrometer (Agilent Technologies,
model DD2) operating at a resonance frequency of 125.7 MHz. The CPMAS (Cross Polarization magic
angle spinning) procedure was used with a rotational speed of 10 kHz and a contact time for cross
polarization of 1 ms. On average, 50,000 scans were accumulated and a line magnification between 250
and 400 Hz was applied. Chemical shifts were reported with respect to tetramethylsilane (O ppm), which
was adjusted with glycine (carboxyl C = 176.08 ppm). Chemical shifts of the '*C NMR spectra were
performed according to Knicker (2011), as follows: 0 - 45 ppm, alkyl C; 45 - 60 ppm, N/O-alkyl C; 60
- 110 ppm, O-alkyl C; 110 - 160 ppm, aryl C; and 160 - 220 ppm, carboxyl/carbonyl C. The
contributions of the various C groups to the total C were calculated using MestreNova 8.1 by integrating
the respective area and relating it to the total area of the spectrum. From these data, the following ratios
were calculated: alkyl C/O-alkyl C (0-45 ppm/45-110 ppm) (Baldock et al., 1997); and alkyl C/aryl C
(0-110 ppm/110-160 ppm).

2.4 Data Analysis

Statistical analyses were performed using the geostatistical software R (R Core Team, 2019).
Principal Component Analysis (PCA) was performed using the stats package. For Spearman's
correlation applied the corrplot package, where statistically significant from Student's t-test were
considered probability values of 5% or less (p < 0.05). PCA's were performed to explore general trends
in soil attributes (chemical and physical parameters) and to assess which major variables associated

with SOM could be grouped according to soil groups.

3. Results
3.1 C and N stocks in the soil profiles

In general, C and N stocks decreased with increasing soil depth for most of the profiles studied.
The exception to this behavior was observed in profiles P1, P2, P3, P5 and P8. P1, despite the high
acidity, provided C and N accumulation at soil depth. P2, P3 and PS5, both cryoturbated soils and with

high C and N stocks, showed this tendency to increase in soil depth. P8, despite being a marine terrace
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with intermediate formation time in the sequence of the studied profiles, drew attention to its stocks due
to the abrupt increase of almost 10 times between the superficial horizon and the deepest one.

The global C and N stocks in soil profile showed great variation as a function of profile
positioning in the landscape, ranging from 5.08 (from 0 to 50 cm depth) to 109.21 Mg ha™! (from 0 to
105 c¢cm depth) and from 0.21 (from 0 to 50 cm depth) to 12.52 Mg ha! (from O to 70 cm depth),
respectively (Table S1). The profiles that presented the greatest C and N stocks were those associated
with low (P2 — Fig. 2) and high platforms (P3, P4, P10 — Fig. 3), with emphasis on soils with more
pronounced evidence of cryoturbation (patterned ground), respectively 109.21; 101.10; 41.85 and 53.04
Mg ha'! of C and 8.31; 12.52; 6.16 and 4.15 Mg ha! of N.

Stocks in P2 (Mg ha™) Stocks in P5 (Mg ha') Stocks in P6 (Mg ha™)
0.8 1.6 2.4 3.2 10.0 20.0 30.0 40.0 0.1 0.20.3040520 30 40 5.0 0005101520140 16.0 18.0
0-10 0-10 0-10 -
’é 10-40 +
S
s 10-30
o
5}
A 40-60
60-105+ - 30-45+ 1 10-20 -
Stocks in P11 (Mg ha’l) Stocks in P12 (Mg ha’l)
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Figure 2. C and N stock (Mg ha™) in the different soil depth to the low platforms (P2, P5, P6, P11, P12).
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g
[a}
10-70 4 20-35 4 30-50 4
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Figure 3. C and N stock (Mg ha™) in the different soil depth to the high platforms (P3, P4, P10).
The profiles corresponding to the marine terraces (P7, P8, P9 and P13 — Fig. 4) presented in

general the lowest C and N stocks. P1 (Fig. 5), even though it is inserted in a desert sidewalk under an

acid-sulfate soil patch, still showed considerable C and N stock values, higher than those observed for

the marine terraces.
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Figure 4. C and N stock (Mg ha™) in the different soil depth to the raised beaches (P7, P8, P9, P13).

Assessing the stocks at the SOM fraction level (Table S1), the MAOM showed the highest
contribution to total stocks by profile, contributing on average 60.25% of the total C stock and 82.09%
of the N stock, with C stocks ranging from 2.43 to 70.15 Mg ha™!, and N stocks from 0.21 to 7.53 Mg
ha!. The POM fraction showed an average contribution of 39.75% and 17.91% to C and N stocks,
respectively, with C stocks ranging from 1.44 to 39.06 Mg ha™!, and from 0 to 4.99 Mg ha™' of N.
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Figure 5. C and N stock (Mg ha™) in the acid-sulfated soil (P1).

3.2 Characterization of plant materials regarding their isotopic signature and their C and N
contents

The analyzed plant materials (mosses, lichen and grasses) presented C contents ranging from
31.9 to 408.9 g kg! and N from 1.67 to 17.2 g kg™ (Table 1). The highest TOC content observed was
associated with the lichen Usnea aurantiaco-atra (UA) and the highest TN content was associated with
the grass present on the Peninsula, Deschampsia antarctica (DA). The C/N ratio of these plant
organisms showed great amplitude due to the high variation in C and N contents, where the lichen UA
showed the highest C/N ratio 55.37 and the grass the lowest ratio of 15.41 (Table 1). Among the lichen
and mosses these values were highly variable due to large fluctuations in N content.

The 8"*C isotopic signature of these materials showed an oscillation of up to 6.5%o among these
materials, with 8'3C values ranging from -27.9 to -21.4%o, characterizing this isotopic signature similar
to that of plant materials with a Cs photosynthetic pathway (Table 1). Except for Brachytecium
austrosalebrosum (BA), the other mosses and the grass showed slightly more negative §'3C than the
lichen.

Compared to the relatively narrow range for the observations made of §'°C values, the §'N
isotopic composition of the Byers Peninsula plant organisms ranged more widely between -11 to
31.7%o, showing a range of up to 42.7%o indicating a greater enrichment of this compartment. Mosses,
due to the larger number of organisms examined, showed a range between -2.59 and 7.41%o. The lichen

(UA) showed the most depleted in N (-11.1%o), while the grass (DA) was the most enriched (31.7%o).
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3.3 Isotopic composition of SOM fractions

The isotopic composition of organic matter from Byers Peninsula soils was analyzed and
contrasted with patterns observed for local vegetation (Table 2) to identify primary sources of C and N
input to the soil. In general, the '3C and §'°N signatures in the POM and MAOM fractions showed
overlap with those observed in the analyzed plant materials, where mainly the 8'3C signals also
characterized the signature of materials with Cs; photosynthetic cycle, indicating possible trace
contributions of these materials as primary sources of C and N in this environment. Only the topmost
P13 sample skewed this pattern somewhat, with 3'*C values below -20%o somewhat resembling the
contribution of C4 photosynthetic cycle material.

In the POM fraction, the §'°C isotopic signatures ranged from -27.36 to -17.44%o, with a
variation of up to 6.19%o in P13, this being observed with increasing soil depth. The POM fraction of
P2 and P4 profile were more depleted in '*C with the most negative 8'3C values, -27,36 e -27.19%o
respectively, also presenting two of the highest POM C stocks of the analyzed soils (Table S1). On the
other hand, the most *C-enriched profile was P13 with §'3C of -17.44%o (mean profile -20.53%o =+ 3.09).
The 3'°N signatures were less expressive in the POM fraction, where due to the low N contents in this
fraction for most of the profiles (raised beaches (P7, P8, P9, P13) and three low platforms (P5, P11,
P12) with N contents below detectable - <0.001%), it made it impossible to identify the signature of
most of the soil samples studied. However, the values obtained in the samples of this fraction ranged
from -0.23 to 18.43%0 at POM. The P1 profile presented the greatest variation with increasing soil
depth, where the values decreased up to 11.64%o; in this same profile, the largest 3'N signature
(18.43%0) was observed, this being observed at surface. The most depleted profile in "N was P6 (-
0.23%o).

The MAOM fraction, presented isotopic signal of 8"°C ranging from -27.73 to -19.98%., with
variation within the profiles much lower than that observed in the POM (3.55%0) which was observed
in the P2 profile. MAOM was also more distinct from POM in terms of the pattern of '*C depletion with
increasing depth. The profile with the most depleted '*C signature was P1. The most enriched profile,
as in the POM fraction, was P13. The 3"°N signatures showed a smaller oscillation than in the POM
fraction, with values ranging from -0.87%o in the most *N-impoverished profile (P10) to 16.31%o in the
most enriched profile (P9). In profiles P2, P4, P§, P9, P11 and P12 it was also observed that there was

an enrichment of '*C from the POM fraction to the MAOM, with §'3C values becoming less negative.
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Table 2. Isotopic composition of SOM fractions and C and N levels

Sample tlljg(irzlg:s C% 5013C C - N 3N N - C/N C% 8 5C C - N 3N N - C/N

(cm) (%0) (mggsoil') % (%0) (mggsoil') Ratio (%0) (mggsoil') % (%0) (mggsoil') Ratio

Particulate organic matter (POM) Mineral-Associated Organic Matter (MAOM)

P1HI1 0-10 0.17 -26.25 1.33 0.02 1843 0.12 11.28 | 0.29 -27.73 0.68 0.04 3.89 0.08 8.05
P1H2 10-43  0.17 -26.54 1.05 0.01 8.98 0.09 12.15 | 0.17 -27.29 0.65 0.02 5.95 0.09 7.52
P1H3 43-80  0.09 -26.60 0.52 0.01 6.79 0.08 6.28 | 0.18 -26.96 0.79 0.02 5.24 0.11 7.39
P1H4 80-115 0.12 -26.88 0.99 0.02 7.95 0.13 7.58 1022 -27.11 0.34 0.03 391 0.04 8.14
P2H1 0-10 048 -26.27 3.18 0.04 3.84 0.27 11.67 | 0.86 -23.02 2.88 0.08 1.93 0.28 10.12
P2H2 10-40  0.59 -26.36 1.76 0.04 5.57 0.12 15.07 | 0.70 -25.31 491 0.04 4.87 0.31 15.64
P2H3 40-60 045 -26.39 1.91 0.03 4.67 0.14 13.54 | 0.87 -23.36 4.94 0.07 3.59 0.39 12.60
P2H4  60-105 0.58 -27.36 2.16 0.05 4.89 0.18 11.72 | 042 -26.57 2.66 0.03 5.26 0.21 12.80
P3HI 0-10 0.15 -25.68 1.32 0.05 17.71 0.43 3.05 | 2.14 -26.12 2.45 0.30 4.19 0.34 7.15
P3H2 10-70  0.50 -24.39 3.40 0.07 6.44 0.45 7.60 | 2.04 -25.70 6.50 0.23  1.00 0.73 8.94
P4H1 0-20 0.78 -27.03 5.76 0.11 4.18 0.80 7.21 | 1.17 -26.38 3.02 0.18 2.85 0.46 6.57
P4H2 20-35 091 -27.19 6.62 0.14 3.98 1.01 6.58 | 1.01 -26.04 2.77 0.15 4.38 0.42 6.55
P5H1 0-10 0.04 -25.77 0.19 0.00 0.00 0.00 0.00 | 0.27 -26.55 1.49 0.02 2.04 0.14 10.74
P5H2 10-30  0.04 -25.84 0.23 0.00 0.00 0.00 0.00 | 0.26 -26.23 1.27 0.02 191 0.10 12.25
P5H3 30-45  0.05 -25.70 0.21 0.00 0.00 0.00 0.00 | 0.20 -26.62 1.18 0.02 2.80 0.10 12.19
P6H1 0-10 0.45 -21.99 2.58 0.04 -0.23 0.22 11.69 | 1.63 -22.72 6.99 0.19 -0.08 0.79 8.80
P6H2 1020  0.25 -23.11 0.81 0.02 041 0.05 16.45 | 1.20 -24.22 8.10 0.12 0.05 0.79 10.22
P7H1 0-10 0.13 -21.55 1.17 0.00 0.00 0.00 0.00 | 1.75 -21.36 1.88 0.19 3.64 0.21 9.15
P8HI 0-15 0.04 -24.32 0.41 0.00 0.00 0.00 0.00 | 0.75 -24.26 0.45 0.11 13.84 0.06 7.08
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P8H2 15-20  0.04 -24.08 0.37 0.00 0.00 0.00 0.00 | 0.41 -22.96 0.17 0.05 1297 0.02 8.83
P8H3 20-45  0.05 -24.24 0.51 0.00 0.00 0.00 0.00 | 0.42 -20.81 0.18 0.04 11.17 0.02 9.53
P8H4 45-65 0.04 -24.54 0.39 0.00 0.00 0.00 0.00 | 035 -22.06 0.12 0.03 11.36 0.01 11.11
P8HS5 65-70  0.05 -24.30 0.43 0.00 0.00 0.00 0.00 | 030 -21.84 0.16 0.03 11.37 0.01 12.06
P8H6 70-90  0.05 -24.28 0.45 0.00 0.00 0.00 0.00 | 0.30 -21.47 0.13 0.03 11.87 0.01 11.62
PSH7 90-95  0.05 -24.58 0.49 0.00 0.00 0.00 0.00 | 0.28 -21.98 0.17 0.02 12.29 0.01 13.37
PSH8  95-115 0.04 -24.59 0.38 0.00 0.00 0.00 0.00 | 0.27 -21.20 0.12 0.02 13.13 0.01 11.50
PSH9  115-205 0.07 -23.19 0.66 0.00 0.00 0.00 0.00 | 0.96 -20.73 0.57 0.12 11.10 0.07 8.34
P9H1 0-35 0.04 -25.31 0.41 0.00 0.00 0.00 0.00 | 1.06 -24.73 0.37 0.17 16.31 0.06 6.25
P9H2 35-50  0.04 -27.20 0.42 0.00 0.00 0.00 0.00 | 0.40 -22.23 0.15 0.04 1143 0.02 9.21
P9H3 50-80  0.03 -24.94 0.31 0.00 0.00 0.00 0.00 | 0.19 -23.21 0.17 0.01 10.64 0.01 12.77
P9H4 80-115 0.04 -24.85 0.34 0.00 0.00 0.00 0.00 | 0.54 -23.12 0.29 0.05 6.90 0.03 10.17
POH5 115-130 0.05 -24.57 0.46 0.00 0.00 0.00 0.00 | 0.52 -23.76 0.35 0.05 6.89 0.03 11.04
P10H1 0-30 0.26 -23.75 1.53 0.01 1.53 0.08 19.80 | 1.09 -26.41 4.48 0.10 -0.36 0.41 10.94
P1IOH2  30-50 032 -23.25 2.11 0.02 0.98 0.11 19.42 | 1.02 -23.98 342 0.09 -0.87 0.30 11.38
P11H1 0-23 0.12 -23.12 0.91 0.00 0.00 0.00 0.00 | 0.83 -22.05 1.82 0.08 0.94 0.18 10.21
P11H2  23-60 0.03 -24.81 0.14 0.00 0.00 0.00 0.00 | 0.03 -23.39 0.19 0.00 0.00 0.00 0.00
P11H3 60-80  0.03 -24.66 0.14 0.00 0.00 0.00 0.00 | 0.03 -23.66 0.17 0.00 0.00 0.00 0.00
P12H1 0-35 0.05 -24.44 0.26 0.00 0.00 0.00 0.00 | 0.49 -23.48 2.12 0.05 3.76 0.23 9.26
P12H2  35-50 0.09 -23.95 0.38 0.00 0.00 0.00 0.00 | 0.28 -23.01 1.59 0.02 4.78 0.14 11.49
P12H3 50-70  0.06 -25.32 0.13 0.00 0.00 0.00 0.00 | 0.06 -23.89 0.48 0.00 0.00 0.00 0.00
P13H1 0-30 0.03 -17.44 0.27 0.00 0.00 0.00 0.00 | 0.17 -19.98 0.28 0.01 5.95 0.02 11.74
PI3H2  30-50 0.03 -23.62 0.24 0.00 0.00 0.00 0.00 | 0.18 -20.28 0.16 0.01 4.53 0.01 12.18
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For all samples analyzed, the isotopic signatures of both §'°C and 8N showed overlaps for
both fractions of the MOS as well as in the plant materials. However, the 3'°N values were broader,
indicating a higher enrichment of '"N. In addition to the large oscillation in the signatures between the
fractions, they showed a very diverse pattern in depth in the profiles. In view of this, the weighted
average of the 5'*C and 8"°N signatures in the MAOM fraction (most stable fraction) was applied to the
signature of the surface horizons for the identification of the main sources of this SOM. The isotopic
signatures analyzed in the MAOM fraction, as described in da Silva et al. (2022) identified the
contribution of marine organic materials (P1, P2, P5 and P12), ornithogenic organic materials (P7, P8,
P9 and P13), and a signature associated with endolithic organic matter in P4, the profile with the oldest

record ever dated to Maritime Antarctica.

3.4 Biochemical composition of plant materials and SOM fractions as determined by

Thermochemolysis TMAH off-line

The evaluation of the biochemical composition of SOM fractions and plant materials by off-
line thermochemolysis allowed the identification of 231 compounds (Table S2): 2 lignin-derived
compounds (p-hydroxyphenyl - P17&P18 and Guiacyl - G17&G18 structure), 7 amino acids, 2 proteins,
20 other nitrogen compounds, 7 carbohydrates, 9 cutin, 2 suberin, 4 MAM’s, 54 bioactive compounds,
30 other lipid compounds, and 94 other compounds that did not fit the previous classifications.

The plant materials studied presented a diversity of origin of the compounds (Figure 6a), similar
to what was observed in the SOM fractions. The dominance of the compounds identified in the plant
materials was also lipid compounds (bioactive, cutin, suberin and other lipids), similar to the behavior
observed for the SOM fractions. The presence of lignin-derived compounds was observed only in the
Deschampsia antarctica (DA) grass with a relative abundance of 6.5%. Amino acids were more
abundant in some mosses, especially in Sanionia George-uncinata (SGU) with 7%, and in DA with
3.1%. N-bearing compounds were more abundant in the mosses Polytrichum juniperinum (PJ) with
11.9%. Carbohydrates were less abundant only when compared to lipid compounds, being more
abundant in the grass DA with 51% and in the lichen Usnea auranteaco-ater (UA) with 22.8%. Among
the lipid compounds, suberin was the least abundant, being identified only in the grass DA, with 3.8%
relative abundance. Cutin was most abundant in the mosses with Andreaea gainii (AG) and
Hymenoloma grimmiaceum (HG) standing out, with 24.5 and 20.5%, respectively. Bioactive
compounds were generally abundant in almost all materials analyzed, with the lowest abundance

observed for DA, possibly associated with secondary metabolites of these plant organisms.
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Figure 6 Relative abundance of the origin of the compounds (%) present in the plant material (a), and

relative abundance carbon chains (%) of compounds (b)

As for the distribution of carbon chains in the plant organisms, the aliphatic chains were also
more abundant as observed in the fractions with relative abundance ranging from 77.12 to 93.8% in the
mosses, the lichen with 81.5%, and the grass with only 43.5%. The grass showed a high abundance of
allicyclic chains (44.7%). Among the mosses, this type of structure was quite variable, not establishing
a pattern for this type of chain. As for the aromatic chain compounds, despite the low representation,
they presented a relative abundance ranging from 5.8 to 12.4%. The highest abundance of aromatic
compounds was observed in the lichen, in sequence similar content was observed in the grass (DA) and
in the AG moss, with 11.8%.

Evaluating the structure of the carbon chains of the compounds identified in the SOM fractions,
in general, there is a predominance in all profiles of aliphatic compounds (60% to 95% of relative
abundance in MAOM fraction and 51% to 96% in the POM fraction). In the MAOM fraction, the
aliphatic compounds presented an increase of the relative abundance with the depth of the soils, whereas
for the POM fraction a predominance of behavior was not observed with the increase of the depth. As
for the aromaticity of the carbonic chains of the identified compounds in MAOM, in general, there was
a tendency to decrease with the increase of the soil depth, in POM the behavior was contrary. The
compounds with alicyclic chains were more restricted and less abundant when compared to the aliphatic
and aromatic ones, however, in the profiles that these were present, their abundance was more notable

at the surface.
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The POM fraction showed less variation of origin/derivation of compounds, where, besides
lipids (cutin, suberin, MAM, bioactive and other lipids) presented traces of contribution of compounds
derived from carbohydrates. The MAOM fraction, showed greater diversity of origin of compounds,
with emphasis on the presence of nitrogen compounds (0.45 to 32.43%) and lignin derivatives
(P17&P18 - 0.83 to 1.41%) which were identified only in this fraction. This lignin fragment
characterizes a lignin of the non-woody type.

The predominance in all profiles is of compounds of lipid origin in both fractions (POM - 39.02
to 91.07% and MAOM - 40.39 to 96%). Among the lipid compounds, bioactive and MAM were the
most representative in both fractions of the studied profiles. The range of bioactive compounds
identified was associated with hydrocarbons, which generally present antimicrobial activity or
derivatives of secondary metabolites whether of animal or plant origin. As for the MAMs, they were
concentrated in two main markers among the fatty acids, palmitic acid (C16 - represented in our results
by n-hexadecanoic acid) and stearic acid (C18 - represented by octadecanoic acid) and their derivatives
(Hexadecanoic acid, ethyl ester - palmitic acid methyl ester; and Methyl stearate - methylated stearic
acid) which are used as proxies for microbial activity (Tadini et al., 2022).

The high platforms and low platforms with the presence of patterned soils showed higher
diversity of compounds in the MAOM fraction when compared to the raised beaches and the acidic
sulfate soil (Figure 7c and 8c). Among these profiles, P3, especially in depth, was the most diverse in
terms of biochemical composition in the MAOM fraction. This profile is located in an area of
occurrence of the lichen UA and the mosses Sanionia uncinata (SU) and Andreaea gainii (AG)
possessing a tundra physiognomy (see Supplementary Material 1 in da Silva et al. (2022)). The P4
profile stood out in terms of its abundance of bioactive compounds, especially in the MAOM fraction
on the surface, at 59%. P10, in turn, was the profile that presented the highest diversity of nitrogen
compounds in subsurface (N-bearing = 32.43 %), being this profile inserted in a lichen (UA) and moss
(BA) dominance area. The PS5 profile, in the MAOM fraction of the studied profiles, was the only one
that presented traces of lignin-derived compounds, and this was identified only in the subsurface. The
POM fraction of these soils showed low diversity of compounds (Figure 7a and 8a), derived almost

majorly from total lipids, with an emphasis on MAM's and bioactive compounds.
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Figure 7. Relative abundance of the origin of the compounds (%) present in the POM (a) and MAOM
(c) fractions; and relative abundance carbon chains of the compounds (%) in the POM (b) and MAOM
(d) fractions of the high platforms

The carbon chains of the compounds identified in both fractions in the high platforms showed
a high degree of aliphaticity and low aromaticity (Figure 7b and d), but the proportion of aromatic
compounds from the high platforms in the MAOM fraction was the highest among all soil groups
studied, especially the superficial horizons of profiles P4 and P10 with 31.64 and 39.41% of aromatic
composition, indicating a more resistant and more stable SOM in the higher points of the Peninsula. In

the MAOM the aliphatic/aromatic (Al/Ar) ratio was 3.7 and in the POM 8.3, with more than 75% of
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the MOS constitution in these profiles aliphatic. In the lower platforms the degree of aliphaticity and
aromaticity showed a similar pattern to the upper platforms (Figure 8b and d), but the Al/Ar ratio was
inverse between the fractions, where in the MAOM it was 7.9 and in the POM 4.2. As for the compounds

with alicyclic chains they were more abundant in the MAOM fraction in both high and low platforms.
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In the raised beaches, the diversity of origin of the compounds was higher in MAOM than in
POM, with emphasis on the abundance of nitrogen compounds present only in the samples of the
MAOM fraction of these profiles (Figure 9c). In the MOP fraction, in addition to the absence of
nitrogen, lignin-derived and carbohydrate-derived compounds, the lipid proportion was absent of cutin-
and suberin-derived compounds, being dominated only by other lipid compounds possibly of animal
origin, MAM's and bioactives (Figure 9a). In the raised beaches the abundance of the carbon chains
(Figure 9b and d) showed a very similar behavior to the lower platforms, where in this group of soils,
the aliphatic chain compounds were more abundant in the MAOM with an average of 88.82%, and in
the POM presented the highest average for the aromatic compounds with an average abundance of

20.64%. The Al/Ar ratio in MAOM was 8.2 and in POM 3.8.
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Figure 9. Relative abundance of the origin of the compounds (%) present in the POM (a) and MAOM
(c) fractions; and relative abundance carbon chains (%) of the POM (b) and MAOM (d) fractions of the

raised beaches

The sulfate acid soil profile (Figure 10) presented the biochemically poorest SOM, especially
when compared to the MAOM fraction of the other soil groups described above. The MAOM fraction
(Figure 10c), presented only MAM's compounds with an increasing increase in subsurface (from O to
17%), being that in the superficial horizon it was not detected the presence of these compounds in this
fraction, bioactive compounds were more abundant along the profile and other lipids, being also
observed traces of compounds derived from carbohydrates in the most subsurface soil layer. In the POM
(Figure 10a), the diversity of compounds was similar, but in smaller proportions and without the
presence of carbohydrates. The aromaticity of the compounds in the POM fraction of P1 (Figure 10b)
was the lowest observed, with a mean value for the profile of 8.86%. Aliphatic compounds were
represented by more than 90% of the compounds identified in the fraction, resulting in an Al/Ar ratio

of 10.3. In the MAOM fraction this ratio was only 6.2.
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Figure 10. Relative abundance of the origin of the compounds (%) present in the POM (a) and
MAOM (c) fractions; and relative abundance carbon chains (%) of the POM (b) and MAOM (d)

fractions of the sulfated soil

3.5 Elemental composition after 10% HF solution pretreatment

After concentration of SOM by HF solution, the C and N contents ranged from 7.7 to 18.3%
and 0.56 to 1.5%, respectively (Table 3). These results represent a significant increase of up to 27.3 and
34.6-fold for C and N, respectively, over the initial contents in the soil samples. The increase in C and
N contents results from the dissolution and removal of the mineral fraction by the HF solution. The C/N
ratio after HF either decreased (P2H2) or increased in comparison to the C/N of the bulk sample (Table
3), showing that enrichment in C and in N was not uniform among the analyzed samples. The R-factor

of samples P2H3, P4AH1 and P4H2 was greater than 1, indicating a preferential loss of N-bearing
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compounds during HF treatment, whereas R-factor of 0.8 in P2H2 indicates a preferential loss of C-

rich compounds.

Table 3. C and N contents, C/N ratio (w/w), R-factor and Cg (%) of the samples concentrated with 10%

HF solution.

Samples Cur (%) Nur (%) C/Nyr R-factor Ck (%)
P2H2 18,3 1,49 12,3 0.8 27.31
P2H3 12,11 0,73 16,6 1.3 17.81
P4H1 7,69 0,61 12,6 1.9 8.74
P4H2 10,08 0,56 18,0 2.7 10.72

3.6 Molecular composition investigated by >C NMR CP/MAS spectroscopy

Information about SOM molecular structure was provided by *C NMR spectra from two
profiles of the Peninsula, P2 being representative of the low platforms and P4 representative of the high
platforms (Figure 12a, b).

All analyzed samples showed the same *C NMR-CP/MAS spectra pattern (Figure 12) where
the most abundant groups were alkyl C (0-45 ppm) and aryl C (110-160 ppm) groups (Table 4), whose
proportions ranged from 27 to 46%, and 32 to 46% respectively. The O-alkyl C and carbonyl C groups
contributed in smaller proportions to the SOMur composition, between 13 and 35% and 6 and 22%,
respectively. A low proportion of O-alkyl groups was expected as shown by the thermochemolysis
results (Figures 7a and c; Figures and 8a and c). However, the comparatively high proportion of aryl C
and, consequently lower proportion of alkyl C obtained from the '*C NMR spectra, disagrees with the
data from Figures 7b, 7d, 8b and 8d.

Table 4. Distribution and proportion of main functional groups determined by *C NMR-CP/MAS
and ratios Alkyl/Aryl (Al/Ar) and Alkyl/O-Alkyl (A/O-A) of the 10% HF-treated samples

Functional groups Alkyl O-alkyl Aryl Carbonyl/carboxyl
Chemical shift range (ppm)  0-45 45-110 110-160 160-220
Samples % Al/Ar  A/O-A
P2H2 46,1 13,8 35,9 22,1 1.7 3.3
P2H3 27,0 35,6 32,9 6,7 1.9 0,7
P4H1 33,3 22,0 39,0 8,0 1.4 1,5
P4H2 28,7 17,8 46,0 12,6 1.0 1,6
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Figure 12. °C NMR CP/MAS spectra of the SOM samples from profiles P2 (a) and P4 (b), treated
with 10% HF solution.
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The pattern of variation of functional groups differed between the two profiles, with the
exception of alkyl C groups, whose proportion decreased with depth in both sites (Figure 12, table 3).
Sample P2H2 (Figure 12) was dominated by alkyl C groups (0-45 ppm), indicating the abundance of
lipids in the sample. Some signals (45-110 ppm) can be attributed to cellulose since cellulose may be
present in these soils associated with the cell wall of fungi, as the plant diversity is restricted to only the
grass Deschampsia antarctica and Colobanthus quitensis in maritime Antarctica. The immediately
underlying horizon (P2H3) showed a smaller proportion of alkyl C and a greater proportion of O-alkyl
C. In low platform soils the subsuperficial horizons are more prone to microbial activity than in the
surface resulting in a SOM richer in microbial-derived structures (e.g. carbohydrates) in detriment of
alkyl C.

The spectra of the P4 profile (Figure 12b) were also dominated by both hydrophobic groups
(alkyl C and Aryl-C). However, in P the decrease in the alkyl C proportion was accompanied by a
decrease in O-alkyl C and an increase in C aryl and C carbonyl. The greater proportion of O-alkyls
(carbohydrates/cellulose) and lower aryl C in the most superficial horizon (P4H1) indicates the higher
lability of the SOM of this horizon and lower humification when compared to the SOM of the subsurface
horizon (P4H2).

The aromatic signal band (160-110 ppm) in both soils does not resemble lignin due to the
absence of the methoxyl group at 55Sppm. This distinct pattern between the two soils was also confirmed
by the alkyl C / aryl C ratio that showed a pattern of increase in P2 and decrease in P4 with depth. The
alkyl C/O-alkyl C ratio also varied significantly among the samples examined, suggesting that the
humification processes in the low platform soils (P2) and high platform soils (P4) are distinct from one
another. In the low platform (P2), the index was much higher in P2H2 than in the subsequent horizon,
reflecting greater progress in decomposition and humification in this horizon. On the high platform
(P4), the behavior was the opposite, with a higher index in the subsurface, despite the small difference

between the indices of the two horizons studied.

3.7 Principal Component and Correlation Analysis

Due to the great divergence in terms of contribution of the variables studied, three principal
component analyses (PCAs) were performed to analyze the behavior of the variables related to the
physical and chemical attributes of the soils (Figure 13), the biochemical composition of the SOM
(Figure 14) and as to the stocks of C and N and the isotopic signatures of the samples studied as a
function of the SOM fractions (Figure 15). For both PCAs the first two principal components (PC) were
used which recorded the highest eigenvalues. The other PCs returned eigenvalues below 1.0 and hardly
explained more variance than any of the original variables considered alone, so they were excluded

from further interpretation.
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In the first PCA (Figure 13) the eigenvalues above 1 of dimensions 1 and 2 together explained
67.8% of the variance. The remaining dimensions had eigenvalues below 1 and were excluded from the
subsequent analysis. In the second PCA (Figure 14) the eigenvalues of dimensions 1 and 2 together
explained 51.2% of the variance. In the third PCA (Figure 15) the eigenvalues of the first two
dimensions explained 79.3% of the variance. Spearman's correlation analysis (Figure S1, S2a and b)
was used in function of the variables studied in the PCA's, as a complementary tool to elucidate the
results present in them. Both PCA's allowed for a grouping of characteristic variables for the groups of
soils studied.

As for the physical and chemical attributes (Figure 13), the differentiation between soil groups
and their association with specific attributes was more noticeable. The sulfate profile, P1, located in the
desert floor, showed association mainly between the variables associated with the potential acidity of
the soil (H+Al) and with the S and B, presenting a positive correlation between them. The high and low

platforms showed a more comprehensive association of attributes, where the silt and clay fractions were
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positively correlated, the cation exchange capacity was strongly influenced by the high Ca content,
resulting in a positive correlation between these, and the P content in these profiles correlated positively
with the Ca, Mn, and Zn content. As for the terraces, the variables associated with this environment
were very specific and of great relevance for the characterization of this environment, these being the
K content and high percentage of sand, a characteristic feature of marine terraces.

Regarding the biochemical composition of the SOM, analyzing the behavior of the aliphatic
chain compounds among the soil groups showed that the more coastal profiles, represented by the raised
beaches (P8, P9 and P13) and two low platforms (P11 and P12) presented the MAOM fraction more
aliphatic and rich in oxygenated aliphatic compounds, which reflects the susceptibility of this SOM. In
addition, these profiles stood out for the higher contribution of aromatic compounds in the POM
fraction. On the other hand, the highest aliphatic contributions in the POM fraction and aromatic
contributions in the MAOM fraction were associated with two high platforms (P4 and P10) and the acid
sulfate soil profile (P1). The P3 profile showed great differentiation from the others and almost all of
the contribution of alicyclic, nitrogenous, and carbohydrate compounds.

The total C and N stocks, as well as the stocks in the POM and MAOM fractions, showed a
greater association with the profiles of the high and low platforms (Figure 15). The correlation between
the total C and N stocks and between the C and N stocks in the fractions was greater than 50% for all
(Figure S2b), showing the high correlation between C and N in the studied samples. In the MAOM
fraction, the C and N stocks showed relatively higher values than in the POM fraction, in terms of
contribution to the total stocks, thus the stocks in the MAOM fraction showed a high positive correlation
with the total stocks of C and N. The §'3C showed a high association with one of the raised beaches
(P13), because this profile was observed the greatest variation (%o) of 8'*C in the POM fraction, as well
as the highest values of 3'°C in both fractions (-17.44 %o in POM and -19.98 %o in MAOM), fully
distinguishing between the isotopic signature of this profile with the others. In the MAOM fraction,
8'°N showed a greater association with raised beaches, due to the higher values observed in this group
of soils, showing greater enrichment than in the other areas. The 3'°N in the POM fraction was more
associated with the acid-sulfated soil profile (P1) and the highest platform (P3), where the highest values

of 3N signature were observed.
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4. Discussion
4.1 C and N in the soil profiles

The South Shetlands Islands and the Antarctic Peninsula have the highest stock of soil organic
carbon (SOC) in the entire Antarctic continent, with estimated C stock of 600 Mt (Bockheim et al.,
2013; Bockheim and Haus, 2014; Claridge et al., 2000) possibly due less severe climate conditions.
This enabled an old colonization of large ice-free areas by seabirds and mammals (Emslie et al., 2020;
Liu et al., 2005), and incorporation of organic C in Antarctic soils (Beyer, 2000; Beyer et al., 2000;
Bockheim and Haus, 2014; Park et al., 2007). In the present study, there was a large variation in C and
N stocks as a function of the positioning of the profiles in the landscape, this being a typical pattern for
soils from polar environments (Lupachev et al., 2017; Zubrzycki et al., 2014).

More than 80% of the C and N stocks were associated with the most stable SOM fraction
(MAOM). High stocks in the MAOM fraction were most significant in patterned ground soils associated

with higher altitudes on the Peninsula. The higher preservation of these stocks in patterned soil
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environments may be associated with cryoturbation. A process typical of cryogenic soils that allows
more contact between fine solid-mineral soil particles with organic material, cryoturbed soils favor
more stability of SOM and increased stocks at depth (Oliva and Ruiz-Fernandez, 2015; Simas et al.,
2008; Thomazini et al., 2020). This process implies reduced access by microorganisms to SOM,
reducing the decomposition rate and increasing SOM stabilization in periglacial environments (Diochon
et al., 2013; Ping et al., 2015).

Among the Cryosols, three profiles followed the pattern proposed in the literature of showing
increased C and N stocks at depth (P1, P2 and P3). The other three Cryosols did not show this pattern
(P10, P12 and P13), indicating that more factors besides cryoturbation may influence the stocks at depth
in polar environments. The P1 profile, representative of acidic sulfate soils, has as a striking
characteristic the high acidity and low N content, which makes it less favorable to microbial activity
(Pires et al., 2017; Thomazini et al., 2015) resulting the accumulation of C and N at depth and the
preservation of these stocks. The P2 profile, low platform developed on convex slope in a field of soils
with a striated pattern formed through the periglacial solifluction process, can favor besides the
formation of deeper soils, the increase of C stocks at depth, this being dependent on the vegetation at
the surface (Frojd et al., 2022). Moreover, this profile presented the highest clay content among the
soils studied, which favors greater interaction between the organic fraction of the soil with the mineral
fraction, enabling greater stability of the SOM through the organo-mineral association. P3,
representative of the high platforms, among the Cryosols that showed increased C and N stocks at depth
was the shallowest soil, possessing great abundance of vegetation on the surface, significant clay
content and permafrost activity from 10 cm depth, this set of factors being favorable to the accumulation
and increments of SOM at soil depth.

Organo-mineral association has received increasing attention for its the persistence in terrestrial
ecosystems (Almeida et al., 2018; Kleber et al., 2015), resulting in considerable C stocks in Antarctic
soils. In addition, the turnover of C present in organo-mineral associations is much longer than that of
C associated with POM, free or occluded OM, ranging from decades to millennia (Kleber et al., 2015),
helping to explain the permanence of C in these soils, despite the low input at the present time.

In addition to the physical protection provided to the SOM by the mineral fraction through the
cryoturbation process, most of the C and N stocks in the soils of the Maritime Antarctic result from a
primary production by fauna, microorganisms, algae and mainly by the abundant plant organisms in
this environment. Among the plant organisms, lichens and mosses stand out for their high abundance
in this environment, characterizing tundra-like environments. The lichen studied, UA, presents in its
composition 40.9% of C, while the most abundant mosses in C content, AG and SU, presented 13.1 and
20.0% of C respectively. The high platforms that presented the greatest stocks of C and N are associated
with this vegetation, corroborating previous studies, which also observed higher TOC and NT contents

in areas colonized by lichens and mosses (Cannone et al., 2008; Otero et al., 2013).
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The raised beaches had the lowest total stocks, possibly due to the coarser sandy texture of these
soils, reducing the organo-mineral interaction, resulting in SOM migration in depth, since increases in
clay in soil can result in reduced soil C loss, favoring an increase in the C stock (Dieckow et al., 2009;
Plante et al., 2006). Other possible factors that explain the low C and N stock in the raised beaches may
be associated with the difficulty of establishing plant species, due to the high salinity of these soils, and
associated with this, the trampling and crawling of animals in these areas which are of larger
agglomerations. Despite the lower C and N stocks, the POM fraction stood out over the MAOM in the
raised beaches and acid-sulfated soils.

Following a pattern of low values observed for C/N ratios in Antarctic soils (Day et al., 2008),
the C/N ratio of the SOM fractions in the studied profiles (Table S3, da Silva et al., 2022) was slightly
low. This indicates that the SOM of these soils is more or less transformed compared to hystic materials
of Cryosols embedded in areas dominated by mosses and plant litter (Lupachev et al., 2017). The highest
C/N ratios were associated with the POM fraction, with values closer to the plant organisms studied,

reflecting the primary contribution of the existing vegetation in these areas to the SOM.

4.2 Isotopic composition of the source materials and SOM fractions

Based on the observed 8'°C values of the mosses, lichen and grasses studied, the Byers
Peninsula is dominated by organisms with a typical signature of terrestrial plants using the Cs
photosynthetic pathway, similar to observations made previously (Galimov, 2000; Hopkins et al., 2009;
Lee et al., 2009; Park et al., 2007) with values ranging from -27.9 to -21.4%o. Most species of mosses
and lichens have C/N ratios greater than 33 and grasses typically have a C/N ratio greater than 15, fitting
these into the characteristic terrestrial vegetation classification (Lee et al., 2009). However, in the
present study, the lichen Usnea auranteaco-atra showed a C/N ratio greater than 55 showing more
depleted in °N, the grass Deschampsia antarctica showed more depleted in '*C with a C/N ratio of 15,
and the mosses showed the most diverse pattern from that portrayed in the literature, ranging from 16.7
to 25.1. The most striking feature in the distribution of 3'°C values is the specificity among species.
Each taxonomic group has different values and within the group itself there are also distinct values,
demonstrating the control of each species over the isotopic signature of 3'*C, and this specificity may
also be influenced by the different water utilization efficiency in the polar environment (Galimov, 2000;
Lee et al., 2009).

The 3N values showed a wide variation among the organisms studied (A8'N > 42%o), and
this can be attributed to the influence of nitrogen uptake derived from animals (Lee et al., 2009),
precipitation, soil (Ellis et al., 2004), windborne particles (Bokhorst et al., 2007), or even through
parasitic associations among organisms, such as the case of lichens that develop on mosses (Gamann
and Ott, 2000). Most of the §'°N values of the studied materials are shown to be strongly depleted in
5N, which may reflect the assimilation of depleted >N sources, such as soil nitrate that can be easily

depleted in the soils of several Antarctic regions (Michalski et al., 2005; Savarino et al., 2007).

122



The observed §"°C values in the Byers Peninsula SOM fractions were very similar to those
observed in the analyzed plant organisms, showing that the SOM of these soils has main derivation
from Antarctic Cs plants. This derivation is mainly associated with lichens, mosses, and algae, and may
or may not have the contribution of fresh Antarctic animal droppings (Liu et al., 2006). In general,
profiles P1 and P4 were the most depleted in '*C in both fractions, indicating a contribution from an
impoverished source, associating with endolithic communities or impoverished mosses (Burkins et al.,
2000; Hopkins et al., 2009). In the case of profile P4, this endolitic contribution was also confirmed by
the antiquity of the C dated in this soil (da Silva et al., 2022), with pre-LGM record, indicating the
beginning of colonization of these areas. The relative increase in the observed values of §'*C from the
POM to the MAOM fraction in most of the studied profiles (P2, P4, P8, P9, P11 and P12), brings great
indication of microbial contribution, where the enrichment of '*C occurs due to microbial discrimination
during decomposition/humification of SOM (Acton et al., 2013; Gautam et al., 2017; Sarangi et al.,
2021).

Due to the significant overlap of '°C values even among distinct SOM sources, it becomes
challenging to use isolated 8'*C values for the identification of possible contributing sources for SOM
in this environment (Liu et al., 2006). Given this, for the identification of possible contributing sources
for SOM fractions in Byers Peninsula soils, the isotopic signature of 6'°N was used as a complementary
tool. Although the use of §'°N is not common for identifying SOM sources (Burkins et al., 2000),
previous studies have observed marked contrasts in 3'°N values, with soils from high altitudes
possessing signatures associated with endolithic autotrophs, and low altitudes indicating signs of
lacustrine/marine organisms (Barrett et al., 2006; Burkins et al., 2000). However, our data were
contrasting to this observed pattern. Most of the soils embedded in the lower platforms showed a
signature similar to that of organic matter of marine origin. The raised beaches showed a signature
indicating ornithogenic contribution, consisting of colonization of these areas by penguins among other
birds. Despite the uncertain isotopic composition in the raised platforms, oscillating between organic
matter of lacustrine or marine origin, paleolimnological and geomorphological evidence rules out the
possibility of marine contribution since the melting of most areas of the Byers Peninsula occurred at

approximately 7.5 cal. kyr BP (Oliva et al., 2016).

4.3 Quality of SOM and plant materials

The quality of SOM is assigned based on its biochemical composition and the mineralization
rate of its constituents. High quality SOM is characterized by a high mineralization rate, low amounts
of recalcitrant compounds such as lignin and phenols, low C/N ratio and a high concentration of more
labile compounds of microbial origin such as lipids, pepitides, carbohydrates and sugars in general,
leading to a faster and more efficient accumulation of MAOM. Low-quality SOM, on the other hand,
has a lower mineralization rate, due to the presence of larger amounts of aromatic compounds, and high

C/N ratios, which will directly influence the slow decomposition rate of these organic materials
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(Coérdova et al., 2018; Cotrufo et al., 2013). SOM in Antarctic soils is generally of high quality,
exhibiting intermediate to low C/N ratio values (Beyer et al., 2000; Carvalho et al., 2013) and low
proportions of aromatic chains.

In the present study, the C/N ratio values in both fractions of the SOM, presented oscillations
of the values in depth along the profiles. Considering that all samples are submitted to the same climatic
condition and with poor vegetation cover (basically dominated by Deschampsia antarctica Desv.,
mosses and lichens), the differences found in the C/N ratios within the same profile and comparatively
among them, can be attributed to the different soil moisture conditions (Carvalho et al., 2013). High
C/N ratio is usually related to low decomposition of the SOM (Carvalho et al., 2013; Silva and
Mendonga, 2007). In the studied samples the highest C/N ratio of 19 was observed in the POM fraction,
whereas in the MAOM the values were not greater than 15. The values observed for the SOM fractions
denote higher lability, and easy degradability by soil microorganisms, thus reflecting in the
susceptibility of the C reservoirs in the marine Antarctic soils to mineralization and higher C-CO,
emissions to the atmosphere. Thus, the quality of mainly the POM, can be used in several studies as
proxies of resistance to degradation, and its correlation with the production and emission of C-COs,
since this fraction is directly associated and closer to the materials that compose it.

Based on thermochemolysis, the SOM of the studied soils is dominated by aliphatic fragments.
The biochemical composition revealed by thermochemolysis analysis showed between 60 and 95%
abundance of aliphatic compounds in the fractions and on NMR between 46.5 and 62.6% in the samples
analyzed. Similar previous observations have been made elsewhere on Livingston Island in the
evaluation of humic acids with aliphatic fragments ranging between 65 and 69%, this predominance
being caused by low lignin contents (Abakumov et al., 2022). This dominance can be associated with
the abundance of mosses and lichens in this environment, where these organisms lead to the formation
of aliphatic structural fragments.

As a highlight among the aliphatic chains observed in this study is the abundance of Alkyl C,
both in the biochemical composition of the fractions and expressed in the NMR results. These long-
chain hydrocarbons without the presence of oxygen in their structure are derived from plant
biopolymers, such as cutin and wax, and microbial metabolites, and their hydrophobicity is directly
related to the formation of more stable SOM (Savarese et al., 2021; Zhang et al., 2019). Thus, it is
believed that the preservation of alkyl compounds in soil, may lead to the accumulation of SOM, based
on a C sequestration mechanism in the progressively larger hydrophobic domains of SOM (Jandl et al.,
2012; Piccolo et al., 2018; Spaccini et al., 2002). Given the above, it can be inferred as a possible
hypothesis for the accumulation and maintenance of SOM in the soils of Byers Peninsula the abundant
presence of these compounds (alkyl C), since in addition to the aromaticity present in both fractions of
SOM, the contribution of alkyl C compounds was significantly higher than that of more labile

compounds such as carbohydrates and nitrogen compounds.
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The alkyl C/O-alkyl C ratio was used because it provides a better understanding of the extent
of the decomposition process, a purpose for which this index was proposed (Baldock et al., 1997), and
has since been used successfully in both temperate and tropical soils (Dick et al., 2005; Gongalves et
al., 2003; Hofle et al., 2013). However, the studied soils differ greatly in pedogenetic conditions,
vegetation (table 1) and microbial diversity (Silva et al in plero) from the mentioned environments;
thus, the use of this ratio for the same purpose should be taken with extreme caution.

The low proportion of O-Alkyl C compounds in the samples analyzed by NMR and the low
proportion of oxygen-containing compounds identified by thermochemolysis, demonstrates the low
oxidation state of the SOM in these soils, this being possibly caused by the humification processes of
this SOM. As the predominance in these areas is of lower plant organisms, the precursors of
humification of this SOM are formed from the dominant organisms, mosses and lichens; which have
almost no aromatic structures, consisting basically of carbohydrates and proteins (Abakumov et al.,
2022). This explains the presence of carbohydrates and amino acids/proteins in almost all the studied
profiles, being due to the contribution of these organisms indicating their primary contribution to the
biochemical composition of the SOM.

D. antarctica stands out among the contributions of carbohydrates to the SOM in the Byers
Peninsula soils. D. antarctica has more than 49% of carbohydrates, but in the soils where it is present,
there is no contribution to the SOM fractions. This demonstrates the low contribution of this vegetation
to the local SOM. Concomitantly to what has been described, studies have shown that greenhouse gas
emissions in areas where D. antarctica occurs are in order of magnitude of 514% higher in these
maritime areas (La Scala et al., 2010). This can be explained by the biochemical composition of this
plant, which helps to understand the low contribution of D. antarctica to SOM and the high CO- fluxes
in the areas where they are located, due to the high percentage of carbohydrates present in its
composition, where these compounds have short persistence in the soil due to its rapid mineralization
by microorganisms (Otto and Simpson, 2006). On the other hand, this information reinforces the direct
contribution of mosses and lichens with carbohydrates to the SOM fractions. In addition, plant-derived
carbohydrates can be synthesized by microorganisms into new carbohydrates of microbial origin
(Lowe, 1978), indicating that this contribution can be associated with the vegetation present in the area
and also with microbial synthesis.

Referring to the higher proportion of aryl C than alkyl C in the NMR spectra diverging from
the data obtained by thermochemolysis, two possible facts may account for the conflicting results
obtained from the two analytical techniques, which might be contributing simultaneously to the results.
Firstly, the TMAH-thermochemolise may have not attacked all the aromatic compounds, especially if
there are polymerized structures, leading to an underestimation of their abundance (Higuchi, 2004;
Khatami et al., 2019; Waggoner et al., 2015). Secondly, the loss of SOM during HF treatment (already
mentioned by the discussion of the C/N ratio), occurred mainly with hydrophilic structures adsorbed on

the MOAM (Chabbi et al., 2009; Rumpel et al., 2006), leading to a relative enrichment of aromatic
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structures. In spite of these possible process, the *C NMR data reflects the composition of at least a
considerable part of the SOM and are, therefore, reliable.

The vegetation of the studied area is almost exclusively non-ligniferous and such an expressive
occurrence of aromatics groups in the composition of SOM from Antarctic soils was, initially, not
expected. A possible source for the aryl groups in the SOM of P2 and P4 is the aerial transport of black-
carbon-like material from forest fires in South America as proved by (Antony et al., 2014) while
studying the molecular composition of dissolved organic matter (DOM) in East Antarctica. The authors
were able to connect the presence of aromatic terrestrial material (tannin and lignin) and condensed
aromatics in DOM to the air mass transport from Southern America over to their studied area transects.

Nevertheless, an in situ synthesis of aryl structures should also be considered. The formation of
aromatic structures in DOM from East Antarctica was accomplished by photo-biochemical processes
evidencing the interaction between light and microbes in the humification of Antarctic SOM (Antony
et al., 2018). Accordingly, the photochemical-mediated processes dominate during Antarctic summer,
which last on average 3 months (Bafién et al., 2013), whereas during winter microbial processes govern
the DOM formation. Humification process with the formation of aromatic compounds in Antarctic
SOM has been also verified (Abakumov and Alekseev, 2018; Beyer et al., 1995).

On the surface soils of the Byers Peninsula, as well as the Maritime Antarctic in general, it is
notable the presence of plant communities whether isolated or associated (Pereira and Putzke, 2013),
colonizing the most diverse environments in this ecosystem, being their distribution influenced by
microclimatic conditions, position in the landscape, soil moisture, soil chemical characteristics and
surface types (Francelino et al., 2011; Thomazini et al., 2016; Victoria et al., 2013). Thus, these factors
in addition to influencing the establishment of these plant communities, associated with microbial
activity in these soils, develop an important role in the dynamics of decomposition of plant residues and
their contribution to the SOM in this environment. In turn, the contribution of these plant materials to
the SOM, is directly associated with its composition/quality.

The biochemical characterization of the most abundant plant materials on the surface of the
soils studied showed that the predominant composition of most of them (mosses and lichens), is
associated with lipid and carbohydrate compounds. These compounds present in their composition O-
alkyl chains, which indicates greater lability and easy access to decomposer microorganisms, especially
in the early stages of decomposition, being accessed by these microorganisms in sequence the Alkyl C
fraction (Bonanomi et al., 2013; Otto and Simpson, 2006; Zhang et al., 2013). In view of the above, it
can be inferred that the contribution of these plant organisms to the SOM in Antarctic soils may be low
due to the lability of their constituents, but due to the low microbial activity and the climatic conditions
that dominate this environment, they favor relative accumulation and contribution to SOM stocks.

Besides the extreme climatic conditions in the Antarctic environment, another factor to which
attention should be paid regarding the accumulation/degradation of SOM in this environment is the

microbial activity in the soil, which is strongly influenced by microclimatic conditions, such as soil
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temperature variation and water regime, which directly affect primary production and C uptake
(Thomazini et al., 2016). Even with increasing temperatures and consequent glacier retreat and exposure
of soils to plant and microbial colonization, microbial activity in this environment is still limited mainly
due to climatic conditions. Analyzing the relative abundance of MAM's, the low expressivity and
presence of these organisms in the soils of BP was remarkable. Given the presence of these markers in
the samples studied, the distribution pattern indicates an activity, even if low, in the subsurface,
contradictory to the pattern normally observed in soils of tropical and temperate regions, where in these
environments the highest activity reported is associated with the surface of the soils (Stone et al., 2014).

Due to the absence of higher plants the precursors of SOM humification on the Byers Peninsula
is directly associated with mosses and lichens, these organisms being poor in aromatic structures and
lignin, the latter being the main precursor compound of humification from higher plants (Karmanov et
al., 2015; Semenov et al., 2009). Despite the low proportion of aromatic fragments (5.8 to 12.5% -
Figure 11b) and absence of lignin-derived compounds, mosses and lichens may contain up to 10%
tannins and flavanoids in their biochemical composition, thus contributing to the aromaticity of the
SOM (Abakumov et al., 2022) of the studied profiles. Other studies have already arrived at higher
values of these compounds in the biochemical composition of mosses and lichens, the former being low
in lignin containing up to 20% tannins and flavonoids, and lichens contain up to 2% tannins and
flavonoids and up to 10% lignin (Orlov, 1990). In the present study, no lignin fragments were observed
in the mosses or lichens analyzed.

The only plant organism that presented fragments derived from lignin in its composition was
the grass D. antarctica, however, even the areas where this vegetation is dominant, it was not observed
participation of these aromatic fragments in the SOM fractions of these soils. Only profile P5 presented
fragments derived from lignin (P17&P18), and this contribution possibly came from the unidentified
crustose lichen that was on the surface of this profile, colonizing the rocky fragments.

The high diversity of biotic and abiotic factors acting in maritime Antarctica directly affects the
accumulation, transformation, and stabilization of SOM. Due to the greater presence of ecological
niches, greater plant diversity with the presence of vascular plants, and the marked action of avifauna,
these factors differentiate the processes involved in the redistribution of SOM between Maritime and
Continental Antarctica, in addition to the humidity factor (in the form of net precipitation) being a key

factor in the most active humification processes in the soils studied (Abakumov et al., 2022).

5. Conclusion

Byers Peninsula soils showed a diverse and varied biochemical nature of SOM, resulting in
varying levels of C and N as well as their constituents, showing a large contribution of lipid compounds
derived from both plant and animal sources, these being dominated by long chain hydrocarbons

reflecting the hydrophobicity of this organic matter.
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Differences of SOM content indicate that deglaciation has led to the loss of a large portion of
the labile organic matter and suggest that the residual organic matter acts to stabilize hydrolytic enzyme
activities. The stabilizing action implies a saving in enzyme synthesis and to a certain extent should
mitigate the biochemical degradation associated with the loss of soil organic matter.

The largest C and N pools were recorded on the high and low platforms and in the organo-
mineral association fraction, where not all Cryosols followed a pattern of increase in depth. The isotopic
signatures found in the SOM fractions of the Byers Peninsula soils revealed a wide variation of potential
C sources in these soils, these being reflective of the colonization of these areas and landscape

development/transformation, indicating different geological stages of SOM accumulation in this area.
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FINAL CONSIDERATIONS

The Holocene paleoclimatic history of the South Shetland Islands is controversial and
incomplete, and continued research is necessary. The first record of pre-LGM SOC in the Byers
Peninsula adds an urgent need to improve the geochronology of this area and assist in interpreting the
paleoenvironmental stages experienced, not only in Maritime Antarctica but also in the Peninsular
Antarctica and the Weddell Sea sectors. Future studies with higher sample size should be executed to
perform more robust statistical analysis. A higher number of samples in the same geomorphological
and pedological contexts could clarify the SOC stock diversity into same soil group and identify a

typical isotopic signal for each age group.

Livingston Island is unique among the ecosystems of the South Shetland Islands. Although it
has suffered from human interference associated with fishing and hunting, in recent decades, it has been
little affected by tourism or research stations. The retreat of the Rotch Dome glacier on the Byers
Peninsula has provided a diverse and complex setting in terms of biogeochemical processes and agents
(climate, fauna, flora, and microbiota) for the development of this environment. Thus, the Byers
Peninsula is a highly suitable site for comparative studies with the rest of the Antarctic maritime region.
Given this, the microbial communities that act in this environment play a key role in maintaining
ecosystem services, favoring the balance. Thus, more studies are still needed to better visualize the size
of the microbial communities in Antarctic soils in general, given that these are more diverse than
previously imagined, and this study further assisted in this visualization. However, the high abundance
of taxa that have not been identified even with the help of the most up-to-date identification libraries

needs to be further explored.

The high diversity of biotic and abiotic factors acting in maritime Antarctica directly affects the
accumulation, transformation, and stabilization of SOM. Due to the greater presence of ecological
niches, greater plant diversity with the presence of vascular plants, and the marked action of avifauna,
these factors differentiate the processes involved in the redistribution of SOM between Maritime and
Continental Antarctica, in addition to the humidity factor (in the form of net precipitation) being a key

factor in the most active humification processes in the soils studied (Abakumov et al., 2022).
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APPENDIX A. SUPPLEMENTARY DATA (PAPER 1)

Table S1. General description of pedons

_ o ) Altitude o
Pedon  Soil Classification ST/WRB Coordinates' General description
(m.a.s.l.)
) ) Soil developed on a convex slope in a field of mudboils. Soil derived from Juro-
“Sulfuric” Typic Haploturbels/ c ised andesite. D . " . "
01Q » retaceous pyritized andesite. Desert gravel pavement with a rust varnish on the
Cambic Turbic Cryosol 62738 36.10” S . _ S ) )
1 o ) 71 surface. Well-drained soil. No plant cover. Periglacial landscape in undulating
(Pantoorthodistric, Loamic, 1005720 507" W _ _ .
) o _ ) : relief. Presence of a sulfated horizon throughout the profile and permafrost from
Ochric, Pantosulfidic, Epiyermic) )
60 cm in depth.
] ] Soil developed on convex slope in a field of soils with a striated pattern. Soil
Aquic  Haploturbels/ Cambic
_ ) derived from pre-Holocene marine sedimentary rock and colluvium, with a parental
Endoreductaquic Turbic Cryosol 50 37 50 907 §
) . ) material discontinuity at 105 cm. Periglacial landscape in undulating relief. Well-
2 (Geoabruptic, Pantohypereutric, 71 drained soil. Predom ' by S L
o NA* » rained soil. Predominant vegetation cover by Sanionia uncinata, Leptogium
Clayic, Ochric, Clayinovic, 61°04” 58.54” W
- puberulum, Hymenoloma grimmiaceum, and tundra phytophysiognomy.
Endorapitic)
Permafrost from 60 cm deep.
“Leptic” Skeleptic Typic Soil developed on middle third of concave/convex slope in field of polygonal soils.
3 Haploturbels/ Hyperskeletic 62°38” 13.6” S 61° 140  Soil derived from Juro-Cretaceous basalt. Periglacial landscape in undulating
Leptic Turbic Cryosol 04’ 56.3” W

(Hypereutric, Clayic, Ochric)

relief. Well-drained soil. Predominant vegetation cover on coarse gravel attached

to the edges of the polygons. Occurrence of Usnea aurantiacoater, Sanionia
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uncinata, Andreaea gainii, and tundra phytophysiognomy. Permafrost from 10 cm

deep.

Typic Endoaquents/
Pantohypereutric ~ Reductigleyic 62° 38’ 22.9” S 61°
Endoreductic Gleysol 07> 28.7” W

(Endoclayic, Ochric, Skeletic)

106

Soil developed on the upper plateau. Soil derived from sedimentary rock of pre-
Holocene marine origin. Periglacial landscape in flat to gently undulating relief.
Poorly drained soil with water depth from 35 cm in depth. Periglacial landscape in
undulating to heavily undulating relief. Occurrence of Sanonia uncinata,
Leptogium puberulum, Lecida seatrapha, Bractecium austrosalebrosum, and

Hennediela heinni.

Typic Cryaquents/ Orthodystric
P yad Y 62°38’22.9°S 61°

EndoReductic Gleysol (Loamic,
04’ 21.8 W

Ochric, Skeletic, Turbic)

114

Soil developed on interior of a rectilinear plateau in a field of polygonal soils. Soil
derived from Juro-Cretaceous andesite. Periglacial landscape in smooth wavy to
wavy relief. Poorly drained soil, with water depth from 45 cm. Predominant
vegetation cover on coarse gravel attached to the edges of the polygons. Occurrence

of Leptogium puberulum, and unidentified lichen crustosus.

Lythic Cryorthents/ Oligoeutric
62° 38 35.57 S 61°

Cambic Umbric Leptosol (Clayic,
03’ 51" W

Humic, Skeletic, Epiturbic)

120

Soil developed on straight top of a slope and wavy to heavily undulating regional
relief. Soil derived from Juro-Cretaceous basalt. Periglacial landscape in flat to
gently undulating relief. Well-drained soil, with lytic contact from 20 cm deep.
Occurrence of Usnea auranteacoater, Sanionia george-uncinata, Andreae gainni,
Himontornia lugubris, Ocholecria frigida, Ocholecria antarctica, Andreae
depressinervis, Microglaena antarctica, Placopsis contortuplicata, Cephaloziela

varians, Lecida siatrapha, Hennediela heinni, Xanthoria candelaria, Prasiola

141



crispa, Verrucaria racovigzae, Coloplaca athalina, Bartramia platens, and

Cistocolio niger.

Typic Cryaquents/

Pantohyperdystric Fluvic

62°39°21.4”S 61°

Soil developed on coastal shore at the highest raised beaches level. Soil derived
from pre-Holocene marine sediment. Periglacial landscape in flat to gently

undulating relief. Poorly drained soil. Occurrence of Sanionia uncinata, Bartramia

Someriumbric Subaquatic Gleysol 51
) ) o 03’254 W platens, Bryn pseudotrichetum, Wanstorfia sarmentosa, Leptogium puberulum,
(Pantoarenic, Humic, Limnic,
) Deschampsia antarctica, Hennediela heinni, Bractecium austrosalebrosum, and
Pantonechic)
cistocoleo niger.
Soil developed on coastal coast at the intermediate level of raised beaches. Soil
Typic Cryopsamments/ derived from pre-Holocene marine sediment. Periglacial landscape in flat to gently
Pantohyperdystric Protic 62° 39’ 23.7” S 61° - undulating relief. Well-drained soil. Occurrence of Sanionia uncinata, Bartramia
Akrofluvic  Arenosol  (Ochric, 03> 33.6” W platens, Bryn pseudotrichetum, Wanstorfia sarmentosa, Leptogium puberulum,
Pantonechic, Endoraptic) Deschampsia antarctica, Hennediela heinni, Bractecium austrosalebrosum, and
cistocoleo niger.
) Soil developed on coastal coast at the lowest level of raised beaches. Soil derived
Typic Cryopsamments/
) ] 62°39°32.4” S from pre-Holocene marine sediment. Periglacial landscape in flat to gently
Pantoorthodystric Protic )
15 undulating relief. Lines of rounded quartz pebbles at 35 and 50 cm depth. Clay and
Akrofluvic  Arenosol (Ochric, 61° 03’ 39.2” W

Pantonechic, Raptic)

sandy sheets interspersed from 80 cm in depth. Well-drained soil. Occurrence of

Deschampsia antarctica.
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Soil developed on convex hill top in a field of polygonal soils. Soil derived from

Glacic  Haploturbels/ Cambic _ o ) )
o o Juro-Cretaceous igneous rock. Periglacial landscape in flat to gently undulating
Epiturbic Amphiglacic Cryosol 62° 38’ 38.9” S 61° _ _ ) ) )
10 . ) 132 relief. Poorly drained soil. Permafrost from 50 cm deep. Predominant vegetation
(Pantohypereutric, Clayic, 04’ 24.5” W
Humic) cover on coarse gravel attached to the edges of the polygons. Occurrence of Usnea
umic
aurantiacoater and Bractecium austrosalebrosum.
Soil developed on a cliff in a field of polygonal soils. Soil derived from Juro-
) Cretaceous basalt. Periglacial landscape in undulating to heavily undulating relief.
Humic Eutrocryepts/ ) ) )
_ ) Fragmentary lytic contact from 80 cm depth. Predominant vegetation cover on
Pantohypereutric Endoleptic 62°39° 12.4” S 61°
11 _ _ _ 123 coarse gravel attached to the edges of the polygons. Occurrence of Deschampsia
Cambisol (Clayic, Humic, 00’ 15.1” W
Epiturbic) antarctica, Sanionia uncinata, Syntrichia filaris, Leptogium puberulum,
piturbic
Politrichium alpino, Hennediela heinni, Bracterium austrosalebrosum, Sanionia
george-uncinata, Cistocolio niger and Psoroma hypnorum.
Soil developed on a rectilinear plateau in a field of polygonal soils. Soil derived
from Juro-Cretaceous igneous rocks. Periglacial landscape in flat to gently
undulating relief. Permafrost from 70 cm and fragmentary lithic contact. Soil with
Typic Haploturbels/ Pantocambic clay plume migrating from the subsurface horizon to the surface horizon.
12 Endoleptic  Turbic  Cryosol 62°4016.4” S 61° 32 Predominant vegetation cover on coarse gravel attached to the edges of the

(Pantohypereutric, Clayic, Humic, 06’ 40.1” W

Skeletic)

polygons. Occurrence of Usnea auranteacoater, Sanionia uncinata, Sanionia
george-uncinata, Andreae gainni, Deschampsia antarctica, Himenthoria lugubris,
Cladonea regalis, Cistocoleo niger, Ocholecria frigida, Psoroma hypnorum,
Placopsis contortuplicata, Politrichum alpino, Bractecium austrosalebrosum,

Andreae depressinervis, Hypnum Revolution, Cladonia metacolarifera, Psoroma
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cynamomeum, Stereocalum glabrum, Caloplata atalina and Rizocarpum

geograficum.
‘Glacic’ Typic Cryopsamments/ Soil developed on a raised beaches arched, discontinuous, and not reported in
Endoreductaquic Endoglacic s . . previous studies. Soil derived from Holocene marine sediment. Rock fragments
13 Cryosol (Pantoorthodystric, 62739 ’30'3 sl 74 arrested and rounded on the surface and rounded on the subsurface, demarcating
Pantoarenic, Orthofluvic, Ochric, TOTW an area of glacier accumulation. Paraglacial landscape in wavy concave relief.
Pantonechic, Raptic) Poorly drained soil with ice below 50 cm deep. No plant cover.

""World Geodetic System (WGS 1984).
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Table S2. Morphological properties of soils

Horizon Depth ( d]ias(zﬁlnc(:r??;s, Moist (gizrél:,tl;fge, Consistence (dry, rpoist, Nodules  Rock fragmen?s (%, Temgerature
(cm) topography) color type) wetter, cementation) color roundness, size) (°O)

P1 - “Sulfuric” Typic Haploturbels/ Cambic Turbic Cryosols (Pantoorthodistric, Loamic, Ochric, Pantosulfidic, Epiyermic)

Ajji 0-10 C-S 5YR 5/8 1, f, sbk -, FR, ss, po, NC 30, VA, f 6.7

Bcij 10-43 C-S 10R 3/3 1, £, sbk -, FR, so, po, NC 10R 3/6 80, VA, m 4.6

Bij 43-80 C-S 7.5YR 5/4 1, £, sbk -, FR, so, po, NC 10, VA, f 3.0

Ccrjf 80-115+ 10R 4/8 0, -, sbk/gr -, L, so, po, NC 10R 3/6 -, VA, m 0.3

P2 - Aquic Haploturbels/ Cambic Endoreductaquic Turbic Cryosols (Geoabruptic, Pantohypereutric, Clayic, Ochric, Clayinovic, Endorapitic)

Ajj 0-10 C-S 2.5Y 3/2 2, f, sbk -, FR, ss, ps, NC 10, VA, f 7.9

Bi; 10-40 C-S 5Y 3/1 2, 1, sbk -, FR, vs, ps, NC 5, AN, f 4.7

Bi» 40-60 A-S 5Y 4/2 2, m, sbk -, FR, s, ps, NC 10, VA, m 34

2Crf 60-105+ GLEY1 0,-,m -, FR, s, po, NC 60, AN, f 0.1

2.5/N

P3 - “Leptic” Skeleptic Typic Haploturbels/ Hyperskeletic Leptic Turbic Cryosols (Hypereutric, Clayic, Ochric)

Ajj 0-10 C-S 10YR 3/1 1, f, sbk -, -, 80, po, NC 40, VA, f/m 6.7

Crf 10-70 C-S 10YR 3/2 1, £, sbk -, -, 80, po, NC 90, VA, f/m/c 0.3

R 70+ -

P4 - Typic Endoaquents/ Pantohypereutric Reductigleyic Endoreductic Gleysols (Endoclayic, Ochric, Skeletic)

A 0-20 C-S 5Y 2/1 1, f, sbk -, -, 80, po, NC 60, VA, f/m 5.0
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C 20-35 C-S 5Y 3/2 L, £, sbk -, -8, ps, NC 35, VA f 33
' 35+ -
P5 —Typic Cryaquents/ Orthodystric EndoReductic Gleysols (Loamic, Ochirc, Skeletic, Turbic)

Ajj 0-10 C-S 5Y 6/4 2, f, sbk -, -, 88, po, NC 15, VA, f/m 4.8
Ci 10-30 C-S 5Y 5/3 1, £, sbk -, -, 80, po, NC 40, VA, m 2.7
C 30-45+ 5Y 472 1, £, sbk -, -, 80, po, NC 20, VA, f/m 1.2
P6 - Lythic Cryorthents/ Oligoeutric Cambic Umbric Leptosol (Clayic, Humic, Skeletic, Epiturbic)

A 0-10 C-S 5Y 2/2 2,f, gr -, - 88, ps, NC 30, VA, m 3.6
Bi 10-20 A-W 5Y 3/2 1, f, sbk - -8, p, NC 5, AN, f 4.0
R 20+ -
P7 - Typic Cryaquents/ Pantohyperdystric Fluvic Someriumbric Subaquatic Gleysol (Pantoarenic, Humic, Limnic, Pantonechic)

A 0-10 - 5Y 2/2 1, f, sbk -, -, 80, po, NC 30, VA, f/m 4.0
Y 10+ -
P8 - Typic Cryopsamments/ Pantohyperdystric Protic Akrofluvic Arenosol (Ochric, Pantonechic, Endoraptic)

A 0-15 A-S 5Y 3/1 0, -, sg -, -, 80, po, NC 5, VA, vi/f -
Ci 15-20 A-S 5Y 3/1 0, -, sg -, -, 80, po, NC 30, RO, vi/f -
C, 20-45 A-S 5Y 4/3 0, -, sg -, -, 50, po, NC 25, RO, vi/f/m -
Cs 45-65 A-S 5Y 3/2 0, -, sg -, -, 50, po, NC <5, RO, vf -
Cy 65-70 A-S 5Y 4/2 0, -, sg -, -, 50, po, NC 30, RO, vi/f/m -
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Cs
Cs
G
Cs
R

70-90 A-S 5Y 4/2
90-95 A-S 5Y 4/4
95-115 C-S 5Y 3/2
115-205 A-S 5Y 3/2
205+

0, -, sg
0, -, sg
0, -, sg
0, -, sg

-, -, 50, po, NC
-, -, S0, po, NC
-, -, S0, po, NC

-, -, 50, po, NC

<L, RO, vf
50, RO, vf/f/m

30, RO, vi/f
20, RO, vi/f/m

P9 - Typic Cryopsamments/ Pantoorthodystric Protic Akrofluvic Arenosol (Ochric, Pantonechic, Raptic)

A 0-35 C-S 5Y 2/1 0, -, sg -, -, 80, po, NC 10, VA, vi/f 8.5
2Cy 35-50 C-S 5Y 3/1 0, -, sg -, -, 80, po, NC 50, VA, vi/f/m 52
3C2 50-80 C-S 5Y 4/4 0, -, sg -, -, 80, po, NC 45, VA, f/m 5.1
4C; 80-115 C-S 5Y 4/1 0, -, sg -, -, 80, po, NC <1, VA, vf 4.2
4C, 115-130 A-S 5Y 2/1 0, -, sg -, -, 80, po, NC 20, VA, vi/f 39
R 130+ -
P10 - Glacic Haploturbels/ Cambic Epiturbic Amphiglacic Cryosol (Pantohypereutric, Clayic, Humic)

Ajj 0-30 C-S 5Y 4/4 1, f, sbk -, -, 50, ps, NC 30, VA, f/m 1.6
Cf 30-50 A-S 5Y 2/1 1, f, sbk -, -, 80, ps, NC 5, AN, m 0.6
P11 - Humic Eutrocryepts/ Pantohypereutric Endoleptic Cambisol (Clayic, Humic, Epiturbic)

Ajj 0-23 C-S S5YR 3/4 2, £, sbk -, -, 80, po, NC 30, VA, m 8.1
Bi 23-60 G-S 7.5YR 4/4 2, f, sbk -, -, Vs, ps, NC 60, VA, co 2.8
C 60-80 C-S 7.5YR 3/2 2, f, sbk -, -, Vs, ps, NC 30, VA, m 1.7
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R 80+ -

P12 - Typic Haploturbels/ Pantocambic Endoleptic Turbic Cryosol (Pantohypereutric, Clayic, Humic, Skeletic)

Ajj 0-35 (25-45) A-W 7.5YR3/2 2, f, sbk -, -, 80, po, NC 10, VA, f/m 3.7
Cjj 35-50 C-S 10G 7/6 0,-, m -, -, vs,p, NC >1, VA, f 2.6
C 50-70 C-S 10G 5/6 0,-, m -, -, vs, p, NC 0,-- 1.5
Rf 70+ 0.4

P13 - “Glacic’ Typic Cryopsamments/ Endoreductaquic Endoglacic Cryosol (Pantoorthodystric, Pantoarenic, Orthofluvic, Ochric, Pantonechic, Raptic)

A 0-30 C-S 5Y 2/1 0, -, sg -, -, 80, po, NC 30, RO, f/m 4.8

Cf 30-50 A-S 5Y 372 0,-,sg -, -, S0, po, NC 60, RO, f/m/co 0.3

Distinctness: A=abrupt, C=clear. Topography: S=smooth, W=wavy. Structure: Grade: O=structureless, 1=weak, 2=moderate. Size: f=fine, m=medium. Type:
gr=granular, m=massive, sbk= subangular block, sg=single grain. /=principal structure parting to secondary one. Redoximorphic features: Kind: FSN=ironstone.
Quantity: f=few, m=many. Size: 2=medium, 3=coarse, 4=very coarse. Contrast: P=prominent. State: D=dry. Hardness: I=indurated. Boundary: S=sharp.
Consistence: Dry: EH=extreme hard, EF=extreme firm, HA=hard, L= loose, S=soft, SH=slightly hard. Moist: FR= friable, L=loose. Wetter: so=nonsticky, vs=
very sticky, ss= slightly sticky, s=moderately sticky, p=moderately plastic, po=nonplastic, ps= slightly plastic. Cementation: NC= non-cemented. Rock

fragments: VA=very angular, AN=angular, RO=rounded. Size: co=coarse, f=fine, very fine= vf, m= medium.
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Table S3. Isotopic composition of SOM fractions and C and N levels

s13C C 8 BN N C/N dBC C 3N N C/N |88BC 38BN
Sample C% N % C % N %
%) (mg g soil") (%)  (mggsoil!) Ratio (%)  (mg g soil) (%) (mggsoil)) Ratio | (%) (%)
Particulate organic matter (POM) Mineral-Associated Organic Matter (MAOM) erg:r::d
PIHI  0.17 -26.25 1.33 0.02 18.43 0.12 11.28 | 0.29 -27.73 0.68 0.04 3.89 0.08 8.05 | -26.8 124
PIH2 0.17 -26.54 1.05 0.01 8.98 0.09 12.15 | 0.17 -27.29 0.65 0.02 595 0.09 752 | -26.8 1.5
PIH3  0.09 -26.60 0.52 0.01 6.79 0.08 6.28 | 0.18 -26.96 0.79 0.02 524 0.11 7.39 | -26.8 59
PIH4 0.12 -26.88 0.99 0.02 7.95 0.13 7.58 | 022 -27.11 0.34 0.03 391 0.04 8.14 | -269 7.0
P2HI 048 -26.27 3.18 0.04 3.84 0.27 11.67 | 0.86 -23.02 2.88 0.08 193 0.28 10.12 | -247 29
P2H2  0.59 -26.36 1.76 0.04 5.57 0.12 15.07 | 0.70 -25.31 491 0.04 487 0.31 15.64 | -25.6 5.1
P2H3 045 -26.39 1.91 0.03 4.67 0.14 13.54 | 0.87 -23.36 4.94 0.07 3.59 0.39 12.60 | -242 39
P2H4  0.58 -27.36 2.16 0.05 4.89 0.18 11.72 | 042 -26.57 2.66 0.03 5.26 0.21 12.80 | -26.9 5.1
P3HI  0.15 -25.68 1.32 0.05 17.71 0.43 3.05 | 2.14 -26.12 2.45 030 4.19 0.34 7.15 | -26.0 11.7
P3H2 0.50 -24.39 3.40 0.07 6.44 0.45 7.60 | 2.04 -25.70 6.50 023  1.00 0.73 894 | -252 3.1
P4H1 0.78 -27.03 5.76 0.11 4.18 0.80 721 | 1.17 -26.38 3.02 0.18 2.85 0.46 6.57 | -26.8 3.7
P4H2 091 -27.19 6.62 0.14 3.98 1.01 6.58 | 1.01 -26.04 2.77 0.15 438 0.42 6.55 | -26.8 4.1
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PSHI  0.04 -25.77 0.19 <DL 0.00 0.00 0.00 | 0.27 -26.55 1.49 0.02 2.04 0.14 10.74 | -26.5 2.0
PSH2 0.04 -25.84 0.23 <DL 0.00 0.00 0.00 | 0.26 -26.23 1.27 0.02 191 0.10 12.25 | 262 19

PSH3  0.05 -25.70 0.21 <DL 0.00 0.00 0.00 | 0.20 -26.62 1.18 0.02 2.80 0.10 1219 | -26.5 2.8

P6HI 045 -21.99 2.58 0.04 -0.23 0.22 11.69 | 1.63 -22.72 6.99 0.19 -0.08 0.79 8.80 | -225 -0.1
P6H2  0.25 -23.11 0.81 0.02 0.41 0.05 1645 | 1.20 -24.22 8.10 0.12  0.05 0.79 10.22 | -24.1 0.1

P7H1  0.13 -21.55 1.17 <DL 0.00 0.00 0.00 | 1.75 -21.36 1.88 0.19 3.64 0.21 9.15 | -214 3.6

PSH1  0.04 -24.32 0.41 <DL 0.00 0.00 0.00 | 0.75 -24.26 0.45 0.11 13.84 0.06 7.08 |-243 138
PSH2  0.04 -24.08 0.37 <DL 0.00 0.00 0.00 | 041 -22.96 0.17 0.05 1297 0.02 8.83 | -23.7 13.0
PSH3 0.05 -24.24 0.51 <DL 0.00 0.00 0.00 | 0.42 -20.81 0.18 0.04 11.17 0.02 9.53 | -234 112
P8H4  0.04 -24.54 0.39 <DL 0.00 0.00 0.00 | 035 -22.06 0.12 0.03 11.36 0.01 11.11 | -239 114
PSH5 0.05 -24.30 0.43 <DL 0.00 0.00 0.00 | 030 -21.84 0.16 0.03 11.37 0.01 12.06 | -23.6 114
P8SH6  0.05 -24.28 0.45 <DL 0.00 0.00 0.00 | 0.30 -21.47 0.13 0.03 11.87 0.01 11.62 | -23.7 119
PSH7  0.05 -24.58 0.49 <DL 0.00 0.00 0.00 | 0.28 -21.98 0.17 0.02 1229 0.01 13.37 | -23.9 123
PSH8  0.04 -24.59 0.38 <DL 0.00 0.00 0.00 | 027 -21.20 0.12 0.02 13.13 0.01 11.50 | -23.8 13.1
PSHY9  0.07 -23.19 0.66 <DL 0.00 0.00 0.00 | 0.96 -20.73 0.57 0.12 11.10 0.07 834 | -22.0 11.1
POHI  0.04 -25.31 0.41 <DL 0.00 0.00 0.00 | 1.06 -24.73 0.37 0.17 16.31 0.06 6.25 | -25.0 163
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POH2  0.04 -27.20 0.42 <DL 0.00 0.00 0.00 | 0.40 -22.23 0.15 0.04 1143 0.02 921 |-259 114
POH3  0.03 -24.94 0.31 <DL 0.00 0.00 0.00 | 0.19 -23.21 0.17 0.01 10.64 0.01 12.77 | 243 10.6
POH4  0.04 -24.85 0.34 <DL 0.00 0.00 0.00 | 0.54 -23.12 0.29 0.05 6.90 0.03 1017 | -24.1 6.9
POHS  0.05 -24.57 0.46 <DL 0.00 0.00 0.00 | 0.52 -23.76 0.35 0.05 6.89 0.03 11.04 | -242 6.9
PIOH1 0.26 -23.75 1.53 0.01 1.53 0.08 19.80 | 1.09 -26.41 4.48 0.10 -0.36 0.41 1094 | -2577 -0.1
PIOH2 0.32 -23.25 2.11 0.02 0.98 0.11 1942 | 1.02 -23.98 342 0.09 -0.87 0.30 11.38 | -23.7 -04
P11H1 0.12 -23.12 0.91 <DL 0.00 0.00 0.00 | 0.83 -22.05 1.82 0.08 094 0.18 10.21 | -224 0.9
PI1H2 0.03 -24.81 0.14 <DL 0.00 0.00 0.00 | 0.03 -23.39 0.19 <DL 0.00 0.00 0.00 | -240 0.0
P11H3 0.03 -24.66 0.14 <DL 0.00 0.00 0.00 | 0.03 -23.66 0.17 <DL 0.00 0.00 0.00 | -241 0.0
P12H1 0.05 -24.44 0.26 <DL 0.00 0.00 0.00 | 0.49 -23.48 2.12 0.05 3.76 0.23 926 | -23.6 3.8
P12H2 0.09 -23.95 0.38 <DL 0.00 0.00 0.00 | 0.28 -23.01 1.59 0.02 4.78 0.14 11.49 | -23.2 428
PI12H3 0.06 -25.32 0.13 <DL 0.00 0.00 0.00 | 0.06 -23.89 0.48 <DL  0.00 0.00 0.00 | -242 0.0
PI3H1 0.03 -17.44 0.27 <DL 0.00 0.00 0.00 | 0.17 -19.98 0.28 0.01 5.95 0.02 11.74 | -188 6.0
PI3H2 0.03 -23.62 0.24 <DL 0.00 0.00 0.00 | 0.18 -20.28 0.16 0.01 4.53 0.01 12.18 | -22.3 45

* <DL — below detection limit
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Table S4. Physical properties of soil profiles sampled on the Byers Peninsula, Livingston Island.

Profile Depth (cm) Cs® FS® Sand Silt Clay Textural Class CDW¢ PD¢ SD¢  Gravel
kg/kg % kg/kg g/lem®  g/lem® %
P1 - “Sulfuric” Typic Haploturbels/ Cambic Turbic Cryosols (Pantoorthodistric, Loamic, Ochric, Pantosulfidic, Epiyermic)
Ajjj 0-10 0.61 0.091 70.1 17.3 12.5 sandy loam 0.056 2.67 1.62  39.72
Bcij 10-43 0.497 0.052 54.9 16.2 28.9 sandy clay loam 0.003 2.67 1.62 040
Bij 43-80 0.742 0.049 79.1 10.7 10.1 sandy loam 0.199 2.63 1.61 16.66
Cerjf 80-115+ 0.626 0.027 65.3 31.1 3.6 sandy loam 0.009 2.7 1.63 4091
P2 - Aquic Haploturbels/ Cambic Endoreductaquic Turbic Cryosols (Geoabruptic, Pantohypereutric, Clayic, Ochric, Clayinovic,
Endorapitic)
Ajj 0-10 0.138 0.065 20.3 62.4 17.3 silt loam 0.003 241 1.76 2131
Bi; 10-40 0.165 0.076 24.1 41 34.9 clay loam 0.179 2.5 1.79 44.44
Bi» 40-60 0.194 0.116 31 41.5 27.5 clay loam 0.111 2.41 1.76  34.08
2Crf 60-105+ 0.132 0.061 19.3 48 32.6 silty clay loam 0.134 2.47 1.78  23.25
P3 - “Leptic” Skeleptic Typic Haploturbels/ Hyperskeletic Leptic Turbic Cryosols (Hypereutric, Clayic, Ochric)
Ajj 0-10 0.727 0.054 78.1 4.5 17.4 sandy loam 0.002 2.78 1.60 1.92
Crf 10-70 0.421 0.199 62 27.5 10.5 sandy loam 0.004 2.63 1.60 59.54
P4 - Typic Endoaquents/ Pantohypereutric Reductigleyic Endoreductic Gleysols (Endoclayic, Ochric)
A 0-20 0.663 0.07 73.3 16.3 10.3 sandy loam 0.052 2.67 1.32  48.88
C 20-35 0.608 0.07 67.8 16.1 16.1 sandy loam 0.112 2.67 1.32 53.78
P5 —Typic Cryaquents/ Orthodystric EndoReductic Gleysols (Loamic, Ochirc, Turbic)
Ajj 0-10 0.396 0.131 52.7 43.2 4.1 sandy loam 0.033 2.47 148 45.52
Ci 10-30 0.385 0.126 51.1 39.2 9.7 loam 0.044 2.53 1.49  60.18
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G 30-45+ 0.548 0.162 71 13.4 15.6 sandy loam 0.2 2.63 1.51  56.50
P6 - Lythic Cryorthents/ Oligoeutric Cambic Umbric Leptosol (Clayic, Humic, Epiturbic)
A 0-10 0.332 0.322 65.4 19.4 15.2 sandy loam 0.013 2.56 1.64  25.39
Bi 10-20 0.301 0.074 37.5 50.2 12.3 silt loam 0.054 2.44 1.61 47.14
P7 - Typic Cryaquents/ Pantohyperdystric Fluvic Someriumbric Subaquatic Gleysol (Pantoarenic, Humic, Limnic, Pantonechic)
A 0-10 0.784 0.078 86.2 7.2 6.6 loamy sand 0.003 2.7 1.81  26.96
P8 - Typic Cryopsamments/ Pantohyperdystric Protic Akrofluvic Arenosol (Ochric, Pantonechic, Endoraptic)
A 0-15 0.887 0.015 90.2 6.6 32 sand 0.018 2.7 1.84 2458
C 15-20 0.961 0.011 97.2 1.7 1.2 sand 0.001 2.78 1.87  0.00
C 20-45 0.98 0.008 98.8 0.5 0.7 sand 0.005 2.7 1.84  7.07
G 45-65 0.87 0.008 87.8 2.5 9.6 loamy sand 0.01 2.7 1.84  4.69
Cy 65-70 0.82 0.009 82.9 1.5 15.6 sandy loam 0.005 2.7 1.84  7.88
Cs 70-90 0.866 0.025 89.1 10.2 0.8 sand 0.003 2.7 1.84  2.63
Cs 90-95 0.965 0.012 97.7 1.3 1 sand 0.004 2.67 1.83  13.97
G 95-115 0.978 0.009 98.7 0.4 0.8 sand 0.007 2.7 1.84  0.31
Cs 115-205 0.9 0.062 96.2 0.5 33 sand 0.004 2.6 1.81  26.61
P9 - Typic Cryopsamments/ Pantoorthodystric Protic Akrofluvic Arenosol (Ochric, Pantonechic, Raptic)
A 0-35 0.967 0.012 97.9 1.3 0.7 sand 0.006 2.74 1.54 17.05
2C, 35-50 0.974 0.013 98.7 0.6 0.6 sand 0.004 2.74 1.54 36.78
3C 50-80 0.967 0.021 98.8 0.4 0.8 sand 0.003 2.7 1.54 25.13
4Cs 80-115 0.961 0.02 98.1 1.4 0.5 sand 0.003 2.74 1.54  2.67
4Cy 115-130 0.969 0.019 98.8 0.4 0.7 sand 0.059 2.74 1.54 520

P10 - Glacic Haploturbels/ Cambic Epiturbic Amphiglacic Cryosol (Pantohypereutric, Clayic, Humic)
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Ajj 0-30 0.578 0.253 83.1 11.7 53 loamy sand 0.032 247 1.80  57.84
Cf 30-50 0.638 0.275 91.3 3.9 4.7 sand 0.041 2.63 1.85 46.97
P11 - Humic Eutrocryepts/ Pantohypereutric Endoleptic Cambisol (Clayic, Humic, Epiturbic)
Ajj 0-23 0.622 0.149 77.1 18.4 4.5 loamy sand 0.037 2.67 1.59 3454
Bi 23-60 0.302 0.151 45.3 41.2 13.5 loam 0.126 2.53 1.56  45.47
C 60-80 0.275 0.119 394 31.6 29 clay loam 0.109 2.63 1.58  46.08
P12 - Typic Haploturbels/ Pantocambic Endoleptic Turbic Cryosol (Pantohypereutric, Clayic, Humic)
Ajj 0-35 0.494 0.124 61.8 25.1 13.1 sandy loam 0.031 2.67 1.36  36.58
Cjj 35-50 0.246 0.099 34.5 43.8 21.7 loam 0.075 2.35 132 44.40
C 50-70 0.209 0.066 27.5 37.5 35 clay loam 0.117 2.44 1.33  56.94
P13 - ‘Glacic’ Typic Cryopsamments/ Endoreductaquic Endoglacic Cryosol (Pantoorthodystric, Pantoarenic, Orthofluvic, Ochric,
Pantonechic, Raptic)
A 0-30 0.757 0.122 87.9 3.6 8.6 loamy sand 0.004 2.67 2.07  23.39
Cf 30-50 0.766 0.089 85.5 6.1 8.4 loamy sand 0.004 2.67 2.07 50.23

“Coarse sand; °Fine sand; °Clay dispersed in water; ‘Particle density; °Soil density
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Table S5. Chemical analysis of soil profiles sampled on the Byers Peninsula, Livingston Island.

Profile Depth pH pH P K* Na* Ca** Mg* AP H+Al BS ECEC CEC V m ISNa S P-Rem Cu Mn Fe Zn
cm H.0 KCl - (mg dm3) —---- e (cmolc/dmB) —m--mmmmmmmmmememeee e (%) ---- (mg/dm?) mgL! - (mg/dm?) -----
P1 - “Sulfuric” Typic Haploturbels/ Cambic Turbic Cryosols (Pantoorthodistric, Loamic, Ochric, Pantosulfidic, Epiyermic)
Ajjj  0-10 5.00 3.67 3.8 62 16785 7.16 1.85 14.50 18.8 990 2440 2870 35 59 2 1644 39 0.60 11.5 1235 0.96
Bcij 10-43 4.14 332 09 40 15792 520 0.3 14.31 20.6 6.52 20.83 2712 24 69 2 403.0 3.0 0.81 8.6 213.0 144
Bij 43-80 392 325 33 24 136.08 21.29 0.28 10.80 16.5 2222 33.02 3872 57 33 2 7452 118 0.51 3.8 1786  1.62
Cerjf 181(;_+ 369 325 15 22 15593 29.64 0.51 12.55 189 3088 4343 4978 62 29 1 7616 183 0.76 7.3 2374 142
P2 - Aquic Haploturbels/ Cambic Endoreductaquic Turbic Cryosols (Geoabruptic, Pantohypereutric, Clayic, Ochric, Clayinovic, Endorapitic)
Ajj 0-10 690 5.12 557 138 17778 12.76 10.10  <0.1 1.1 2399 2399 2509 96 0 3 7.6 30.2 1.54 534 227.6  4.46
Bir 1040 7.34 545 1442 138 17579 1893 12.02 <0.1 0.3 32.07 3207 3237 99 0 2 29 34.6 1.09 66.9 207.8  5.37
Bi2 40-60 7.72 5.82 946 130 169.83 20.26 9.20 <0.1 0.3 30.53 30.53 30.83 99 0 2 0.3 324 1.97 59.9 2359  6.26
2Crf 12(; 759 6.10 953.8 48 140.05 31.95 9.71 <0.1 0.5 4240 4240 4290 99 0 1 0.0 252 1.18 152.9 1129 2382
P3 - “Leptic” Skeleptic Typic Haploturbels/ Hyperskeletic Leptic Turbic Cryosols (Hypereutric, Clayic, Ochric)

Ajj 0-10 691 491 1330 94 15792 505 144 <0.1 2.1 742 742 952 78 0o 7 16.9 28.2 1.91 71.0 2122 149
Crf 10-70 7.26 5.53 1093 134 200.66 5.70 3.01 <0.1 2.1 993 993 1203 83 0o 7 0.0 200  3.55 40.0 2662 2.28
P4 - Typic Endoaquents/ Pantohypereutric Reductigleyic Endoreductic Gleysols (Endoclayic, Ochric)

A 0-20 7.18 569 1321 82 134.09 1196 6.79 <0.1 0.5 19.56 19.56 20.06 98 0 3 6.3 37.0 1.75 110.3 363.6  6.34

C 20-35 7.69 595 199.7 126 132.10 11.30 5.86 <0.1 0.5 18.06 18.06 18.56 97 0 3 4.1 35.0 1.40 101.9 264.8  7.89
P5 —Typic Cryaquents/ Orthodystric EndoReductic Gleysols (Loamic, Ochirc, Turbic)

Ajj 0-10 737 5.12 264 138 22449 10.02 10.08 <0.1 0.6 2143 2143 2203 97 0o 4 0.0 32.0 1.00 412 262.0 545

Ci 10-30  7.47 5.19 272 110 204.63 857 10.13  <0.1 0.5 19.89 19.89 2039 98 0o 4 2.7 36.1 0.92 315 2474 5.10

C. 3045+ 8.00 583 248 90 200.66 8.44 8.49 <0.1 0.3 18.03 18.03 18.33 98 0 5 4.1 36.9 1.14 259 2823 4.10

P6 - Oligoeutric Cambic Umbric Leptosol (Clayic, Humic, Epiturbic)/ Lythic Cryorthents
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A 0-10 733 520 223 219 29995 560 833 <0.1 2.1 1580 1580 1790 88 0o 7 0.0 23.1 2.65 54.8 270.8  2.60
Bi 1020 7.74 5.62 299 259 315.84 10.10 13.63 <0.1 1.3 2577 2577 2707 95 0 5 0.0 25.6 3.34 209 1769  3.47
P7 - Pantohyperdystric Fluvic Someriumbric Subaquatic Gleysol (Pantoarenic, Humic, Limnic, Pantonechic)/ Typic Cryaquents
A 0-10 7.48 524 58.0 153 23243 379 4.10 <0.1 1.0 929 929 1029 90 0 10 185 394 1.72 25.8 1520 122
P8 - Pantohyperdystric Protic Akrofluvic Arenosol (Ochric, Pantonechic, Endoraptic)/ Typic Cryopsamments
A 0-15 6.85 440 51.7 211 18175 4.03 3.24 0.19 1.4 860 879 10.00 86 2 8 20.1 41.0 1.02 12.8 1547 143
Ci 15-20 7.14 435 542 311 204.63 7.20 542 0.19 1.0 1431 1450 1531 94 1 6 7.6 454 1.66 15.2 171.0  1.30
C: 2045 726 440 62.1 588 21655 539 9.28 <0.1 0.8 17.12  17.12  17.92 6 0 5 7.0 46.1 2.56 18.3 174.3 1.39
Cs  45-65 695 4.60 660 347 200.66 883 5.97 <0.1 0.8 16.56 1656 17.36 95 0 5 9.4 415 2.58 16.9 172.5 1.27
Cs  65-70 7.15 4.62 60.7 327 20463 9.04 579 <0.1 1.0 16.56 1656 17.56 94 0 5 8.3 42.8 2.57 18.6 174.5 1.34
Cs 7090 7.24 459 721 351 204.63 9.83 7.58 <0.1 0.8 19.20 1920 20.00 96 0 4 5.6 414 2.99 25.7 163.5 1.43
Ce 9095 7.6 459 712 387 200.66 6.72 7.54 <0.1 0.8 16.12 16.12 1692 95 0 5 6.3 44.8 3.00 27.1 155.5 1.37
Cz  95-115 721 4.62 700 508 20463 575 952 <0.1 0.6 1746 1746 18.06 97 0 4 6.1 444 2.86 220 155.5 1.27
Cs 121055_ 6.66 424 385 159 189.69 4.18 3.90 0.58 22 931 989 1151 81 6 7 20.1 35.5 0.81 54 103.3 1.06
P9 - Pantoorthodystric Protic Akrofluvic Arenosol (Ochric, Pantonechic, Raptic)/ Typic Cryopsamments
A 0-35 6.04 373 47.1 307 134.09 222 292 0.78 1.8 6.51 729 831 78 117 21.8 45.6 1.62 15.2 110.8 1.28
2C; 3550 6.79 397 572 307 24038 1.04 541 0.19 1.0 828 847 9.28 89 2 11 220 46.5 2.45 114 128.0 1.21
3C2  50-80 7.32 399 647 371 67045 172 292 0.19 0.8 851 870  9.31 91 2 31 220 49.8 2.53 104 1179  1.20
4C;  80-115 7.51 425 792 379 74988 144 2.62 <0.1 0.8 829 829 9.09 91 0 36 116 48.9 247 9.4 125.1 1.45
4Cy 111350_ 7.71 452 884 387 799.53 128 245 <0.1 0.8 820 820  9.00 91 0 39 130 440 229 13.7 1212 1.21
P10 - Cambic Epiturbic Amphiglacic Cryosol (Pantohypereutric, Clayic, Humic)/ Glacic Haploturbels
Ajj 0-30 758 539 471 84 581.09 9.05 8.61 <0.1 1.0 2040 2040 2140 95 0 12 0.0 30.9 1.89 39.0 251.0 477
Cf 30-50 791 582 476 78 591.02 880 7.84 <0.1 0.3 19.41 1941 1971 99 0 13 29 38.2 2.02 50.2 2594  4.60
P11 - Pantohypereutric Endoleptic Cambisol (Clayic, Humic, Epiturbic)/ Humic Eutrocryepts
Ajj 0-23 748 5.18 479 122 144.02 6.50 7.77 <0.1 1.0 1521 1521 1621 94 0 4 10.1 334 3.06 114 2927  1.63
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Bi  23-60 791 535 1727 32 18572 1345 1592 <0.1 0.2 3026 3026 3046 99 0. 3 32 433 2.68 19.5 1702 1.17
C 60-80 8.29 5.84 206.0 46 21655 1337 14.16 <0.1 <0.1 2859 2859 2859 100 O 3 25 457  4.64 314 2430 134
P12 - Pantocambic Endoleptic Turbic Cryosol (Pantohypereutric, Clayic, Humic)/ Typic Haploturbels
Ajj 0-35 756 5.17 30.8 161 29598 6.46 9.01 <0.1 1.0 17.17 1717 18.17 95 0o 7 7.0 356 099 15.1 1752 240
Cjj 3550 797 555 458 157 630.73 14.50 1844  <0.1 0.3 36.08 36.08 3638 99 0 8 0.5 39.1 1.18 24.0 1682  3.03
C 50-70 7.82 5.63 89.5 110 315.84 1583 21.05 <0.1 <0.1 3854 3854 3854 100 0 4 25 46.8 0.35 60.6 130.7 322
P13 - Endoreductaquic Endoglacic Cryosol (Pantoorthodystric, Pantoarenic, Orthofluvic, Ochric, Pantonechic, Raptic)/ ‘Glacic’ Typic Cryopsamments
A 0-30 7.89 637 509 82 146.00 393 0.95 <0.1 <0.1 573 573 573 100 0 11 227 522 3.39 43.1 3044 1.57
Cf 30-50 7.76 6.10 444 86 15792 4.01 1.61 <0.1 <0.1 6.53  6.53 653 100 O 11 251 51.2 2.79 422 292.1 1.53
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Supplementary Text 1.

The differences between soil groups are noticeable (Figure 4a). The sulfated soil located in the desert
pavement (P1) showed an association mainly between the variables associated with potential soil acidity (H +
Al and AI**) and with S and B, with these showing a positive correlation with each other. The soil profiles with
pattern showed a broader association of attributes, where the silt and clay fractions were positively correlated,
the cation exchange capacity is strongly influenced by the high contents of Ca, resulting in a positive correlation
between these, and the P contents in these profiles positively correlated with Ca, Mn and Zn contents. The
profiles inserted in the high platforms of Byers Peninsula, together with those associated with fields of soils
with patterns in these high environments, showed a mixed association between attributes associated with soils
with pattern and variables such as Fe contents, base saturation (V), and at pH in H,O, these last two attributes
being positively correlated and strongly influenced by Mg contents. As for the terraces, the variables associated
with this environment were very specific and of great relevance for the characterization of this environment,
these being the contents of K, Na, and a high percentage of sand, a striking feature of marine terraces. In
addition to these variables, the marine terraces were associated with the contents of Cu and P-rem.

Both total stocks and SOM fractions showed a negative correlation with P-rem. In turn, they showed a
positive correlation with Mn, except for N stock MAOM (Supplementary Material Figure S1). Once total
stocks of C and N are correlated, as well C and N stocks in the plysical fractions, these nutrients are derived
from the same source.

The C stock showed to be positively correlated with Zn, due to the correlation of this element with the
C stock in the POM and MAOM fractions. The N stock was positively correlated with Fe due to the positive
correlation of this element with the N stock in the POM fraction. In the MAOM fraction, the C and N stocks
showed relatively higher values than in the POM fraction, in terms of contribution to the total stocks, thus the

stocks in the MAOM fraction showed a high positive correlation with the total stocks of C and N.
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Figure S1. Spearman correlation data. Correlation between chemical, physical soil attributes and SOM. Where,
the positive correlation is indicated in blue color and negative correlations in red color. Cells with X, indicate

that the correlation was not significant at 5% probability.
Supplementary Text 2.

The total C and N stocks and the stocks in the POM and MAOM fractions showed a high association
with the profiles of the high and low platforms, as well as the clay, silt, Mn, Zn, and P contents (Figure S2).
The 8"3C and P-rem values showed a high association with one of the raised beaches (P13), because of its high
levels of P-rem, and 8'3C. The 8'"N of MAOM fraction showed a high association with raised beaches due to

the higher values observed in this group of soils, showing high enrichment than in the other areas. The §'°N in
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the POM fraction was more associated with the acid-sulfated soil profile (P1) and the highest platform (P3),

where the highest values of §'°N signature were observed.
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APPENDIX B. SUPPLEMENTARY DATA (PAPER 2)

Table S1. Overview of sequencing number before and after each step of analyses.

Marker Sample Zhang- Input Filtered Percentage of Denoised Merged Percentage of Non Percentage of
Huang’s  reads reads input that reads reads input reads chimeric input reads
1D coverage passed in that were that are non
filter merged chimeric
16S P10 1 207356 189571 91.4 %2 182725 153943 74.24 127711 61.59
16S P11 1 219482 200134 91.18 193611 169978 77.45 155002 70.62
16S P2H1 1 197912 181046 91.48 177275 162696 82.21 149483 75.53
16S P3H1 1 184968 172343 93.17 167398 147478 79.73 127174 68.75
16S P3H2 1 195159 176069 90.22 170324 147193 75.42 123801 63.44
16S P4H1 1 186894 168641 90.23 161315 128680 68.85 107491 57.51
16S P4H2 1 198430 179438 90.43 174024 156487 78.86 136803 68.94
16S P5SH1 1 200398 183163 91.4 177564 152286 75.99 130543 65.14
16S P6H1 1 208608 189329 90.76 180989 147062 70.5 121541 58.26
16S P6H2 1 183759 165250 89.93 159826 136177 74.11 115860 63.05
16S P7H1 1 202260 184813 91.37 177301 148346 73.34 128722 63.64
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APPENDIX C. SUPPLEMENTARY DATA (PAPER 3)

Table S1. C and N stocks in the SOM fractions, total and percentage representativity of the fractions to the total stocks

C-POM stock N- POM stock C- MAOM stock N- MAOM stock Total C stock Total N stock % total C stock

% total N stock

Profiles --- ---- Mg hal------- ---- ---- POM | MAOM | POM | MAOM
P1 17.32 2.02 12.56 1.66 29.89 3.68 5796 42.04 5496 45.04
P2 39.06 3.08 70.15 5.23 109.21 8.31 35776 6424 37.04 6296
P3 34.76 4.99 66.34 7.53 101.10 12.52 3438 6562 39.84 60.16
P4 28.36 4.11 13.48 2.06 41.85 6.16 67.78 3222  66.65 33.35
P5 1.44 0.00 8.66 0.73 10.09 0.73 1425  85.75 0.00  100.00
P6 5.53 0.44 24.49 2.58 30.02 3.02 18.43  81.57 14.61 8539
P7 2.11 0.00 341 0.37 5.53 0.37 38.27 61.73 0.00  100.00
P8 19.84 0.00 13.15 1.53 32.99 1.53 60.15  39.85 0.00  100.00
P9 7.58 0.00 5.50 0.65 13.08 0.65 57.96  42.04 0.00  100.00
P10 16.11 0.82 36.93 3.33 53.04 4.15 3038 69.62 19.79  80.21
P11 4.57 0.00 8.33 0.65 12.90 0.65 3543  64.57 0.00  100.00
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P12 2.35 0.00 14.51 1.36 16.86 1.36 1391  86.09 0.00  100.00

P13 2.65 0.00 243 0.21 5.08 0.21 5212 47.88 0.00  100.00
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Table S2. List of organic compounds by the functional group with their respective stoichiometry in the POM and MAOM fraction

Lignin Stoichiometry Carbon Chain Present fraction
2-Propenoic acid, 3-(3,4-dimethoxyphenyl)-, methyl ester Ci2H1404 Aromatic Vegetable
2-Propenoic acid, 3-(4-methoxyphenyl)-, methyl ester, (E)- Ci3H2603 Aromatic MAOM/Vegetable
Amino acid

2,4(1H,3H)-Pyrimidinedione, 1,3,5-trimethyl- C7H10N2O> Alicyclic MAOM
2,4(1H,3H)-Pyrimidinedione, 1,3-dimethyl- CsHsN,O» Alicyclic MAOM
2,5-Pyrrolidinedione, 1-methyl- CsH/NO; Alicyclic MAOM
2-Pyrrolidone-5-carboxylic acid, N-methyl, methyl ester C7H11NO3 Alicyclic MAOM/Vegetable
Caffeine CsH10N4O2 Aromatic MAOM
9H-Purin-6-amine, N,N,9-trimethyl- CsH1Ns Aromatic MAOM
DL-Proline, 5-oxo-, methyl ester CsHoNO; Aliphatic MAOM
Protein

1H-Isoindole-1,3(2H)-dione, 2-methyl- CoH7NO, Aromatic MAOM
5,10-Diethoxy-2,3,7,8-tetrahydro-1H,6H-dipyrrolo[1,2-a:1',2'-d|pyrazine C14H2N>0, Aromatic MAOM
N-bearing

(Dimethylamino)ethyl methacrylate CsHisNO» Aliphatic MAOM
13-Docosenamide, (Z)- Cx»H4NO Aliphatic MAOM
1-Methyl-2-piperidinemethanol C7HsNO Alicyclic MAOM
2(1H)-Pyridinone, 3,6-dimethyl- C;HoNO Alicyclic MAOM
3-Oxo0-1,4-diazabicyclo[3.2.2]nonane C7H12N,O Alicyclic MAOM
Formamide, N,N-dibutyl- CoHoNO Aliphatic MAOM
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1-Heptadecanamine, N,N-dimethyl- CioH4IN Aliphatic Vegetable

1-Nonadecanamine, N,N-dimethyl- C21HasN Aliphatic Vegetable
1-Dodecanamine, N,N-dimethyl- C14H31IN Aliphatic MAOM
1-Heptadecanamine, N,N-dimethyl- CI19H41N Aliphatic MAOM/Vegetable
1-Nonadecanamine, N,N-dimethyl- C21H45N Aliphatic MAOM/POM
1-Methyldodecylamine C13H29N Aliphatic MAOM
1-Pentadecanamine, N,N-dimethyl- C17H37N Aliphatic MAOM
1-Tetradecanamine, N,N-dimethyl- C16H35N Aliphatic MAOM
1-Tridecanamine, N,N-dimethyl- C15H33N Aliphatic MAOM
2(1H)-Pyridinone, 3,6-dimethyl- C7HONO Alicyclic MAOM
2-Pentanamine, 2,4,4-trimethyl- C8HIO9N Aliphatic MAOM
Benzedrex C10H21N Alicyclic MAOM
N,1-Dimethylhexylamine C8HI19N Aliphatic MAOM
N-Dodecylmethylamine C13H29N Aliphatic MAOM
Carbohydrate

1,4-Dioxaspiro[2.4]heptan-5-one, 7,7-dimethyl- C7H1003 Alicyclic MAOM/POM
1-Hexadecanol CisH340 Alicyclic MAOM
2,3,4-Trimethyl-d-xylose CsHi60 Alicyclic MAOM
2,3,4-Trimethyllevoglucosan CoH 605 Alicyclic MAOM/POM
.alpha.-D-Glucopyranoside, phenyl 2,3,4,6-tetra-O-methyl- Ci6H2406 Alicyclic Vegetable
1,2,3,4-Tetramethylmannose Ci0H2006 Aliphatic Vegetable
1,2,4-Trimethoxybenzene CoH1203 Aromatic Vegetable
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Cutin

Octadecanoic acid, butyl ester C»Hu0; Aliphatic MAOM/Vegetable
Tetracosanoic acid, methyl ester C25Hs00; Aliphatic MAOM/Vegetable
Pentacosane CxsHso Aliphatic POM/Vegetable
8,11-Octadecadienoic acid, methyl ester CioH340, Aliphatic Vegetable
9-Hexadecenoic acid, methyl ester, (Z)- Ci7H3,0; Aliphatic Vegetable
9-Octadecenoic acid, methyl ester, (E)- Ci9H360; Aliphatic Vegetable
Nonanedioic acid, dimethyl ester C11H2004 Aliphatic Vegetable
Octadecanoic acid Ci3H360: Aliphatic Vegetable
Octadecanoic acid, butyl ester C»Hu0; Aliphatic Vegetable
Suberin

1-Docosanol, methyl ether CxHs0 Aliphatic MAOM/POM/Vegetable
Hexacosanoic acid, methyl ester C»7Hs40; Aliphatic MAOM/Vegetable
MAM

Hexadecanoic acid, ethyl ester Ci3H360: Aliphatic MAOM
Methyl stearate Ci9H330; Aliphatic MAOM
n-Hexadecanoic acid Ci6H3,0, Aliphatic MAOM/POM
Octadecanoic acid Ci3H360: Aliphatic MAOM/POM
Bioactive

1,2-Benzenedicarboxylic acid, bis(2-methylpropyl) ester Ci6H204 Aromatic MAOM/POM/Vegetable
1-Heptadecene C17H34 Aliphatic MAOM
1-Nonadecene C19H38 Aliphatic MAOM
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2-methylhexacosane

2-methyloctacosane
2-Isopropyl-5-methyl-1-heptanol
2-Propenoic acid, tridecyl ester
7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-2,8-dione
Benzene, (1,3,3-trimethylnonyl)-
Benzeneacetic acid, 2-tetradecyl ester
Butane, 1-isothiocyanato-

Diphenyl sulfone
E-11,13-Tetradecadien-1-ol
Heptafluorobutyric acid, n-octadecyl ester
Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl)ethyl ester
Hexadecanoic acid, butyl ester
n-Heptadecanol-1

Nonahexacontanoic acid

Nonanal

Nonane, 5-butyl-

Tetradecanal

Undecanal, 2-methyl-
10-Methylnonadecane

1-Pentadecene

1-Undecene

C27H56
C29H60
CiH240
Ci6H300:
C17H240;
C18H30
C22H3602
C5HONS
Ci2H1002S
Ci4H260
CxHj37F,0;
Ci9H3304
C20H4002
C24Hs500
CooHi3502
CoH 50
C13H28
Ci4sH20
Ci2H20
CaoHao
CisHso
CiHaz

Aliphatic
Aliphatic
Aliphatic
Aliphatic
Alicyclic
Aromatic
Aromatic
Aliphatic
Aromatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic

MAOM
MAOM
MAOM/POM
MAOM
MAOM/POM
MAOM
MAOM
MAOM
MAOM
MAOM
MAOM
MAOM/POM
MAOM/Vegetable
MAOM
MAOM
MAOM/POM
MAOM
MAOM/POM
MAOM
POM
POM
POM
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2-methyltetracosane
3,7,11,15-Tetramethyl-2-hexadecen-1-ol
Decane, 5-ethyl-5-methyl-

Decane, 6-ethyl-2-methyl-
Dichloroacetic acid, 4-hexadecyl ester
Dodecane, 2,6,11-trimethyl-

Eicosane, 2,4-dimethyl-

Eicosane, 10-methyl-

Heneicosane

Heptadecane

Heptadecane, 2,6,10,14-tetramethyl-
Heptadecane, 2,6,10,15-tetramethyl-
Hexacosane

Hexadecane

Hexadecane, 2,6,10,14-tetramethyl-
Hexadecane, 2,6,11,15-tetramethyl-
Nonacosane

Nonadecane

Octadecane

Octadecane, 5-methyl-

Oxalic acid, 6-ethyloct-3-yl hexyl ester
Oxalic acid, bis(6-ethyloct-3-yl) ester

CasHso
CaoHaoO
CisHos
CisHos
CisH34CLO:
CisHs.
Ca2Hae
C21H44
Co1Husy
Ci7H36
Co1Husy
Co1Husy
CaeHsa
CieHas
CaoHaz
CaoHaz
CaoHeo
CioHao
CisHss
CioHao
CisH3404
C22Ha204

Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic

MAOM/POM
POM
POM
POM
POM
POM
POM

MAOM
POM/Vegetable
POM/Vegetable

POM
POM
POM
POM
POM
POM
POM/Vegetable
POM
POM
POM
POM
POM
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Pentadecane, 8-hexyl- C21Hus Aliphatic POM
Tetracosane Ca4Hso Aliphatic POM/Vegetable
Tetradecane, 2,6,10-trimethyl- Ci7H36 Aliphatic POM
Tridecanal Ci3H260 Aliphatic POM
Tridecanol, 2-ethyl-2-methyl- Ci6H340 Aliphatic POM
Tetratriacontane C34H70 Aliphatic MAOM
Hexadecanoic acid, methyl ester Ci7H340; Aliphatic Vegetable
Other lipids

1-Decanol, 2-hexyl- Ci6H340 Aliphatic MAOM/POM
1-Dodecanol Ci2H260 Aliphatic MAOM/POM/Vegetable
1-Dodecanol, 2-hexyl- CisH3s0 Aliphatic MAOM
1-Octanol, 2-butyl- Ci2H260 Aliphatic MAOM
1-Tetradecanol Ci4H300 Aliphatic MAOM
2-Propenoic acid, pentadecyl ester Ci3H340; Aliphatic MAOM
9-Octadecenoic acid (Z)-, octadecyl ester C36H700: Aliphatic MAOM
Docosanoic acid, methyl ester C2Hu0: Aliphatic MAOM/Vegetable
Dodecanal Ci2H240 Aliphatic MAOM/POM/Vegetable
Heptadecanoic acid, 16-methyl-, methyl ester Ci9H330; Aliphatic MAOM
Hexadecanal Ci6H3,0 Aliphatic MAOM/POM
Methyl 18-methylnonadecanoate C21H40, Aliphatic MAOM
Octadecanoic acid, 2-hydroxy-1,3-propanediyl ester C39H7605 Aliphatic MAOM
Octadecanoic acid, 2-methylpropyl ester CHuO: Aliphatic MAOM
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Octadecanoic acid, 2-propenyl ester C21H400; Aliphatic MAOM
Pentadecanal- Ci5H300 Aliphatic MAOM
Pentatriacontane C35H72 Aliphatic MAOM
Squalene C30H50 Aliphatic MAOM
Z-2-Dodecenol Ci12H240 Aliphatic MAOM
1-Tetradecene CisHas Aliphatic POM
2-Nonen-1-ol CoHi50 Aliphatic POM
Decane, 3,7-dimethyl- Ci2Hoe Aliphatic POM
Dodecane Ci2Has Aliphatic POM
Eicosane CooHa4 Aliphatic POM/Vegetable
Octacosane CasHss Aliphatic POM
Tetradecane CisHso Aliphatic POM
Tetrapentacontane Cs4Hio Aliphatic POM
Tridecanoic acid Ci3H260: Aliphatic POM
Cyclobutanecarboxylic acid, dodecyl ester Ci17H3,0, Alicyclic Vegetable
Formic acid, decyl ester C11H2,0, Aliphatic Vegetable
Others

1-Hexanol, 5-methyl-2-(1-methylethyl)- C10H220 Aliphatic MAOM
1-Octadecanesulphonyl chloride C18H37C102S Aliphatic MAOM
2-Ethyl-1-dodecanol C14H300 Aliphatic MAOM
3-Chloropropionic acid, 4-hexadecyl ester C19H37C102 Aliphatic MAOM
Benzaldehyde, 2,4-dimethyl- C9H100 Aromatic MAOM/POM
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Chloroacetic acid, pentadecyl ester
Decane, 1,1'-oxybis-

Hexadecanal, 2-methyl-
Octadecanal

Phenol, 2,4-bis(1,1-dimethylethyl)-
Phenol, 4,6-di(1,1-dimethylethyl)-2-methyl-
Propanoic acid, 3,3'-thiobis-, didodecyl ester
Sulfurous acid, hexyl octyl ester
1,1:3',1"-Terphenyl, 5'-phenyl-
1,1'-Biphenyl, 2,2',5,5'-tetramethyl-
1-Bromoeicosane
1-Chloroeicosane
1-Chloroundecane

1-Decene

1-Dodecene

1-Tridecene

1-Eicosene

1-Hexacosene

2-Bromo dodecane
2-Bromotetradecane
2-Trifluoroacetoxytetradecane

3-Hexadecene, (Z)-

C17H33Cl02
C20H420
C17H340
C18H360
C14H220
C15H240

C30H5804S
C14H3003S
C24H18
CI16H18
C20H41Br
C20H41Cl1
C11H23Cl
C10H20
C12H24
C13H26
C20H40
C26H52
C12H25Br
C14H29Br
C18H33F302
C16H32

Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aromatic
Aromatic
Aliphatic
Aliphatic
Aromatic
Aromatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic

MAOM
MAOM
MAOM
MAOM

MAOM/POM/Vegetable

MAOM
MAOM
MAOM
POM
MAOM
MAOM
POM
POM
POM
POM/Vegetable
POM
MAOM
MAOM
POM
POM
POM
POM
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3-Tetradecene, (E)-
3-Tetradecene, (Z7)-
5,5-Diethylheptadecane
5,5-Diethylpentadecane
5-Dodecene, (E)-
6,6-Diethylhoctadecane
7-Hexadecene, (Z)-
6,6-Diethylhexadecane
8-Heptadecene

Behenyl chloride
Benzene, (1-butylheptyl)-
Benzene, (1-butyloctyl)-
Benzene, (1-ethyldecyl)-
Benzene, (1-ethylnonyl)-
Benzene, (1-ethyloctyl)-

Benzene, (1-methyldecyl)-
Benzene, (1-methylnonyl)-
Benzene, (1-methylundecyl)-
Benzene, (1-pentylheptyl)-

Benzene, (1-pentylhexyl)-

Benzene, (1-propylheptadecyl)-
Benzene, (1-propylnonyl)-

C14H28
C14H28
C21H44
C19H40
C12H24
C22H46
C16H32
C20H42
C17H34
C22H45C1
C17H28
C18H30
C18H30
C17H28
C16H26
C17H28
C16H26
C18H30
C18H30
C17H28
C26H46
C18H30

Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aromatic
Aromatic
Aromatic
Aromatic
Aromatic
Aromatic
Aromatic
Aromatic
Aromatic
Aromatic
Aromatic

Aromatic

POM
POM/Vegetable
POM
POM
MAOM
MAOM
MAOM
POM
POM
POM
POM
POM
POM
POM
POM
POM
POM
POM
POM
POM
POM
POM
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Benzene, (1-propyloctyl)-
Benzene, 1,3-dichloro-
Cyclopropane, nonyl-
Decane, 1-i0do-

Decane, 2,3,4-trimethyl-
Decane, 2,3,5,8-tetramethyl-
Decane, 2,3,5-trimethyl-
Dodecane, 1-chloro-
Dodecane, 1-iodo-
Dodecane, 2-methyl-
Dodecane, 4,6-dimethyl-
Dodecane, 4-methyl-
Dotriacontane
Heptacosane, 1-chloro-
Heptadecane, 8-methyl-
Hexadecanal, 2-methyl-
Hexadecane, 1,16-dichloro-
Hexadecane, 1-chloro-
Hexadecane, 1-iodo-
Hexatriacontane
Hexadecane, 2-methyl-

Nonane, 2-methyl-5-propyl-

C17H28
C6HA4CI2
C12H24
CI10H21I
C13H28
C14H30
C13H28
C12H25C1
C12H251
C13H28
C14H30
C13H28
C32H66
C27H55C1
C18H38
C17H340
C16H32CI2
C16H33Cl1
C16H331
C36H74
C17H36
C13H28

Aromatic
Aromatic
Alicyclic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic

POM
POM
POM
POM/Vegetable
POM
POM
POM
POM
POM
POM
POM/Vegetable
POM
POM
POM
POM
MAOM
MAOM
POM
POM
MAOM
POM
POM
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Nonane, 3-methyl-5-propyl-
Nonane, 5-(1-methylpropyl)-
Nonane, 5-methyl-5-propyl-
Octadecane, 1-chloro-
Pentadecane

Sulfurous acid, hexyl octyl ester
Tetracontane

Tetradecane, 1-chloro-
Tetradecane, 4-methyl-
Tetradecane, 5-methyl-
Tetrapentacontane, 1,54-dibromo-
Tetratetracontane

Triacontane, 1-bromo-
Tridecane, 1-iodo-

Tridecane

Tridecane, 4,8-dimethyl-
Undecane, 3,8-dimethyl-
Undecane, 3-ethyl-

Undecane, 3-methyl-
2,4,6-Trimethoxyacetophenone
3-Octadecene, (E)-

Benzoic acid, 3,5-dimethoxy-, methyl ester

C13H28
C13H28
C13H28
C18H37Cl
C15H32
C14H3003S
C40HS82
C14H29C1
C15H32
C15H32
C54H108Br2
C44H90
C30H61Br
C14H291
C13H28
C15H32
C13H28
C13H28
C13H28
C11H1404
C18H36
C10H1204

Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aliphatic
Aromatic
Aliphatic

Aromatic

POM
POM
POM
POM
POM
POM
POM
POM
POM
POM
POM
POM
MAOM
MAOM
POM
POM
POM
POM
POM
Vegetable
Vegetable
Vegetable
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Tetradecane C14H30 Aliphatic Vegetable
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Figure S1. Spearman correlation data between chemical and physical soil attributes. Where, positive correlation is indicated in red color and negative correlations

in Blue color. Cells with values above 0.5 or less than -0.5, indicate that the correlation was significant at 5% probability.
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Figure S2. Spearman correlation data. a) Correlation between SOM biochemical composition variables, b) Correlation between C and N stocks and the isotopic
signatures of SOM fractions. Where, positive correlation is indicated in blue color and negative correlations in red color. Cells with X, indicate that the correlation

was not significant at 5% probability.
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