INTRODUCTION

In general, Antarctic soils are poorly developed
due to the cold and dry climate (Campbell &
Claridge 1987), with physical, chemical, and
morphological properties strongly related to
the parent material (Simas et al. 2008). Seabird
influence is one of the main factors driving
chemical weathering and pedogenesis on the
continent (Balks et al. 2013), leading to the
formation of some of the Antarctica’s most
developed soils, known as ornithogenic soils
(Simas et al. 2007). Ornithogenesis is more
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Abstract: Understanding the influence of soil-forming factors and processes in
ornithogenic soils is important to predict impacts of climate change on Antarctic
ecosystems. Herein, we analyzed the soil-landscape interplays and development
of ornithogenic soils at Harmony Point (HP), Nelson Island. We collected, described,
and classified 24 soil profiles, combined with vegetation and landforms descriptions.
Geoprocessing techniques were employed for mapping. Soil physical, chemical,
geochemical,and mineralogical analyses were applied. Patterned ground, “Ornithogenic”/
Typic Gelorthent, and moss carpets were the dominant landform, soil and vegetation
classes, respectively. Soils from rocky outcrops were more structured, acidic, with higher
organic carbon, organometallic complexes, and secondary phosphate minerals, due to
former bird influence. Soils from cryoplanated platforms presented higher water pH,
base saturation, clay content, and secondary silicate minerals. Soils from marine terraces
presented high exchangeable bases, phosphorous, and amorphous phosphate minerals.
Soil chemical weathering is enhanced by ornithogenesis and widespread in HP. Besides
ornithogenesis, organic matter accumulation, cryoturbation, and cryoclastic processes
are also important to pedogenesis of ornithogenic soils. The soils of the cryoplanated
platforms exhibited a gradient of pedogenetic development corresponding to increasing
biota influence and distance from glacier. In contrast, soils of rocky outcrops were more
developed even close to the glacier, due to ornithogenesis.

Key words: cryosols, cryoturbation, pedogenesis, phosphatization.

evident in the wetter and warmer maritime
Antarctic (MA) region, where ornithogenic soils
are widespread in active or abandoned bird
colonies along the coastal zone (Tatur & Myrcha
1984, Tatur 1989). Ornithogenesis also extends
indirectly to areas adjacent to colonies through
subsurface and surface lateral flow, which helps
to magnify bird impacts (Tatur 2002). Although
ornithogenesis is best expressed under
the influence of penguins due to the larger
population size (Simas et al. 2007), flying birds
are also capable of influencing soil formation
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near their nesting sites (Abakumov et al. 2021a,
b, Lopes et al. 2022, Rodrigues et al. 2021b).
Ornithogenic soils are influenced by the
deposition and microbial decomposition of
P-rich guano, whose leachate interacts with
the mineral substrate to produce intense
geochemical and mineralogical changes through
the phosphatization process (Rodrigues et
al. 2021a, b, Simas et al. 2007, Tatur & Myrcha
1984). One of these changes is the progressive
acidification of the soil as result of secondary
processes such as nitrification (Myrcha et al.
1985). Phosphatization is also responsible for
the dissolution of primary aluminosilicates and
the formation of non-crystalline and crystalline
phosphates precipitated from reactions between
P leachates and weathering products (Haus
et al. 2016, Tatur & Barczuk 1985, Tatur & Keck
1990). The newly formed phosphates, in turn,
affect many morphological and physicochemical
properties of soils such as color, texture,
structure and surface charge.
Fromabiogeochemical perspective, Antarctic
ornithogenic soils act as a temporary reservoir
of nutrients. During the breeding season,
seabirds transfer large amounts of nutrients
from the sea to the land by depositing excreta
rich in C, P, N and trace metals such as Cu, Zn, Cr
and Hg (Castro et al. 2021, 2022, Tatur & Myrcha
1984). Seabird populations in Antarctica and the
Southern Ocean account for 80% of the total N
and P excreted by seabirds worldwide (470 and
79 Gg y’, respectively) (Otero et al. 2018). Some
Cand N is volatilized by bacterial mineralization
(Pietr et al. 1983), releasing ammonia and
greenhouse gases (Ferrari et al. 2022); (Zhu et al.
2009, 2011). Most of the nutrients are removed
by drainage, lateral leakage, or wind erosion and
can re-enter the ocean through eutrophication
of coastal waters. The higher annual losses are
associated primarily with N, although in soils with
permafrost, P losses can increase substantially
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due to rapid soil P saturation (Otero et al. 2018).
In turn, phosphatization is activated only by the
smallest fraction of P that remains in the soil,
which can be more than 10% under favorable
conditions (Pereira et al. 2013).

Ornithogenesis is the predominant factor in
increasing soil carbon stocks in MA, especially
in abandoned sites where the dense vegetation
cover favors the accumulation of organic matter
and the formation of deep organic horizons
(Tatur1989, Taturetal.1997). The organic matterin
these soils consists mainly of readily degradable
compounds (Michel et al. 2006), making them a
potential source of CO, prior to climate change
scenarios (Convey & Peck 2019). Ornithogenesis
also models vegetative biodiversity by creating
favorable microenvironments for plant
colonization and diversification (Ferrari et al.
2021, Schmitz et al. 2020a) and favors specialized
soil microorganisms adapted to the unique
chemical properties of ornithogenic soils
(Ramirez-Fernandez et al. 2019).

In addition to the influence of birds, other
factors play an important role in pedogenesis
in MA, such as parent material (Moura et al.
2014, Navas et al. 2008), geomorphic processes
(Francelino et al. 2011, Gonzalez-Guzman et al.
2017), and vegetation (Otero et al. 2013, Poelking
et al. 2015). However, few studies have focused
on how the interactions of these soil-forming
factors directly influence the development
of ornithogenic soils. Previous studies in the
southern sector of Harmony Point (HP) have
shown that the ornithogenic influence is
extensive and increased chemical weathering
and soil development (Rodrigues et al. 2019).
Here, our main objective was to examine the
soil-landscape interactions, particularly in
relation to relief, parent material and vegetation,
and how they influence the development of
ornithogenic soils at the northern sector of HP,
Nelson Island. For this purpose, we combined a
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set of spatial, physical, chemical, geochemical,
and mineralogical data to understand the
effects of the soil forming factors and identify
the pedogenetic processes interacting with the
phosphatization to form the ornithogenic soils
of HP.

MATERIALS AND METHODS

Study area

Nelson Island is in the South Shetland Islands
(SSI), one of the archipelagos of the MA, and
presents a total area of 165 km?, with only
5% of the area ice-free. HP is located at the
northwestern part of Nelson Island (59°12'46.68"
W and 62°17'36.456" S), with an area of 4 km?
(Figure 1). According to the Bellingshausen
meteorological station, located at Fildes
Peninsula (15 km of distance) in King George
Island, in the last 54 years the mean annual
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temperature of the region was -2.25 °C and
the mean summer temperature was 112 °C
(BAS 2020). The mean annual precipitation in
Bellingshausen is around 817 mm, with rainy
summers and the climate of the SSI is defined
as mild, maritime climate (Turner & Pendlebury
2004).

The geology of HP is mainly characterized
by Paleocene-Eocene basaltic andesites,
pyroclastic rocks, as breccias and lapillistones,
and microgabbro intrusions (Smellie et al. 1984).
As the others ice-free areas of SSI, HP presents
raised marine terraces as the result of the glacio-
isostatic uplift after the Late Glacial Maximum
(LGM) during Holocene, approximately 9 ka BP
(Hjort et al. 1998, John & Sugden 1971). The LGM
is also evidenced in the area by the presence
of drifts, striated rocks, and erratic blocks. The
upper platforms are marked by the presence of
large patterned ground fields (Rodrigues et al.
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Figure 1. Location map of the study area: northern sector of Harmony Point, Nelson Island, Maritime Antarctica.
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2019), evidencing the stability of the periglacial
landscape.

Due to its biological diversity and
ecological significance, HP is an Antarctic
Specially Protected Area (ASPA 133). HP presents
breeding colonies of 12 bird’'s species, such
as chinstrap penguins (Pygoscelis antarctica),
gentoo penguins (Pygoscelis papua), giant
petrels (Macronectes gianteus), kelp gulls
(Larus dominicanus), brown skuas (Catharacta
antarctica) and south polar skuas (Catharacta
maccormicki). There are also mammal species
like the Weddell seals (Leptonychotes weddelli),
the Antarctic fur seals (Arctocephalus gazella)
and the southern elephant seal (Mirounga
leonina) (ATCM XXXV 2012). The vegetation of HP
is very abundant and diverse, presenting many
species of wide mosses usually associated with
lichens or macroalgae, mainly in the protected
and moister sites, whereas crustose lichens
predominate in the exposed dryer areas.

Fieldwork and mappings

Soil sampling occurred during the 2019 summer
season, from January to February. We collected
samples of 24 soil profiles and described their
morphological features. The soils were classified
according to the Soil Taxonomy (SSS 2014) and
the World Reference Base for Soil Resources
(IUSS Working Group WRB 2014) systems.
Landforms were identified according to previous
geomorphological studies in MA (Francelino et
al. 2011, Lopez-Martinez et al. 2012, Michel et al.
2014, Oliva & Ruiz-Fernandez 2017, Rodrigues
et al. 2019, Pallas et al. 1995). The vegetation
description was performed in the field around
each soil profile described, referring to
specialized classification guides for MA (Ochyra
et al. 2008, Olech 2004, Putzke & Pereira 2001).
We conducted an aerial imaging over the
study area using a remotely piloted aircraft
(RPA) DJI Phantom 4. The images were processed
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using the Agisoft® Metashape software and
an orthomosaic of the aerial images with
approximately 0.05 m spatial resolution was
generated. Soil and geomorphological maps
were generated by photointerpretation over the
orthomosaic. We considered the Soil Taxonomy
classes for the soil mapping. The vegetation
map was obtained with the image’s visible
bands and the Green-Red Vegetation Index
(GRVI) (Tucker 1978), besides applying a semi-
automated classification, associating object-
oriented techniques (segmentation) followed by
labelling the segments by visual interpretation.
The vegetation classes were adapted from the
subformation classes proposed by Longton
(1988), which were based on growth form of the
community dominants. The final 1:10.000 maps
were created using the ESRI® ArcGIS software
tools.

Physical, chemical, and mineralogical soil
analyses

Soil samples were air dried and sieved using a 2
mm sieve. Physical and chemical analysis were
performed following procedures recommended
bytheBrazilian Agricultural Research Corporation
- EMBRAPA (Teixeira et al. 2017). Soil fractions
were extracted by mechanical dispersion of soil
samples in distilled water, sieving and weighting
of the coarse sand (0.2 — 2 mm) and fine sand
(0.05 - 0.2 mm), and sedimentation of the silt
fraction (0.002 - 0.05 mm) followed by siphoning
of clay (< 0.002 mm).

Soil pH was determined in H,0 and KCL 1
mol L' in a relation soil-liquid of 1:2.5. Available
P K, Na, Cu, Mn, Fe and Zn were extracted using
Mehlich-1 (HCL 0.05 mol L' and H,SO, 0.0125
mol L"), and determined by photocolorimetry
(P), flame emission (K and Na) and atomic
absorption spectroscopy (micronutrients).
Available S were extracted by a Ca(H,PO,),
solution in acetic acid 2 mol L' and determined
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by photocolorimetry. Exchangeable Ca”, Mg”
and Al ions were extracted by KCl 1 mol L'
solution and determined by atomic absorption
spectroscopy (Ca”, Mg”) and titration (Al*).
The potential acidity (H+Al) was obtained by
Ca(CH,C00,) 0.5 mol L solution buffered at pH
7 and titration. The capacity of soil to adsorb
P (P-rem) were obtained by a CaCl, 0.01 mol L
solution and measured by photocolorimetry.
From those elements we calculated the base
sum (BS = Ca”™ + Mg” + K’ + Na’), effective cation
exchange capacity (eCEC = BS + Al*), potential
cation exchange capacity (pCEC = BS + H + Al),
percentage of base sum (PBS = BS/pCEC * 100),
aluminum saturarion (Al_, = Al**/eCEC*100) and
sodium saturation (NaSl = Na/eCEC*100).

Total Organic Carbon (TOC) and total
Nitrogen (TN) were obtained by wet combustion
methods (Yeomans & Bremner 1988, Kjeldahl
1883), respectively. Total P (TP) were obtained by
a sequential extraction of concentrated H,SO,,
H,0, 40% and concentrated HF (Bowman 1989)
and determined by inductively coupled plasma
optical emission spectrometry (ICP-OES). We
also quantified different fractions of pedogenic
Fe and Al: total pedogenic Fe and Al (Fe, and
Al,) extracted by Dithionite-Citrate-Bicarbonate
(DCB) (Mehra & Jackson 1960), Fe and Al
associated to non-crystalline forms (Fe_ and
Al,) extracted by Ammonium Oxalate (McKeague
& Day 1966) and Fe and Al forms bounded to
soil organic matter (Fep and Alp) extracted with
sodium pyrophosphate at pH 10 (Dahlgren 1994).
The extractions content was determined by
atomic absorption spectroscopy.

Contents of Al, Ca, Fe, K, Mg, Na, Si, Ti, P, S,
Zn, Cu, Co and Mn were obtained by a semi-
quantitative analysis using the micro energy
dispersive X-Ray fluorescence (p-XRF - 1300
Shimadzu). Samples were passed through a 200-
mesh sieve and pressed with a hydraulic press to
produce 2 mm soil pellets. The p- XRF, equipped
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with a X-ray tube and a Si detector, was calibrated
using the certified reference material Soil
Montana Il (SRM 2711a). Mineralogical analysis
was performed over oriented clay samples and
non-oriented silt and sand samples using X-ray
diffraction (XRD), with the PANalytical/X PertPro
Diffractometer, of CoKa radiation in a 4 — 50°
20 range. In addition, clay samples were treated
with MgCL, 0.5 mol L, 10% glycerol solvation and
KClL 1 mol L" saturation at 25, 350 and 550 °C.

Statistical analysis

The soils were divided into three groups
according to the representative landscape units
of the north of HP: i) soils of the rocky outcrops
(SRO); ii) soils of the platforms (SP); and iii) and
soils of the marine terraces (SMT). Using the
stats and rstatix packages in the software R, we
performed the non-parametric Kruskal-Walliss
and the post-hoc Dunn's tests to compare
the significance of the differences between
these soil groups. We also applied a Principal
Component Analysis (PCA), using the FactoMineR
package, to identify similarity patterns between
physical and chemical data of selected soil
samples. Finally, we use the Spearman’s rank
correlation coefficient to identify the strength
of the associations between some chemical soil
attributes. The significance of these results was
estimated considering a 95% confidence interval
(p value < 0.05) from Student’s t test.

RESULTS
Environmental features and mapping

Geomorphology

Three main landscape units were observed at
the northern sector of HP: (i) the coastal area, (ii)
the periglacial area, (iii) and the paraglacial area,
considering the main landforms and associated
processes. A talus slope marks the transition
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between the coastal and the higher (periglacial
and paraglacial) areas and is strongly dissected
by drainage channels and nivation niches. In the
higher areas, the landscape follows a gradient
of soil development related to the time of
exposure to non-glacial processes.

The coastal landforms cover 26% (39 ha) of
the total mapped area (150 ha) (Figure 2). The
coastal environment is composed of beaches,
marine terraces, rocky cliffs and volcanic stacks
(Figure 3a). The Drake passage coastline has
very jagged edges, due to the stormy erosive
action of the gales and waves, which lead to the
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formation of narrow, poorly developed beaches
and very eroded rocky cliffs and volcanic stacks,
which are widely colonized by penguins (Figure
3b). The marine terraces are cut off by drainage
channels and present many rock fragments from
the volcanic stacks’ erosion. They are the result
of the glacio-isostatic uplift occurred in the SSI
during the Holocene (John & Sugden 1971). In
HP, there are three different levels of marine
terraces (first level ranges from 2 = 5 m, the
second one from 5 - 7 and the third one from
7 - 10 m above sea level), limited by sand ridges
representing each uplift pulse (Figure 3c).
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Figure 2. Geomorphological map of the northern sector of Harmony Point.
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The transition zone from the coastal
environment of the marine terraces to the
periglacial areas is irregular, with steep or gentle
convex slopes dissected by drainage channels
and depressions where snow accumulates.
Along the transition zone there are numerous
rocky outcrops corresponding to ancient
volcanic plugs, formerly occupied by penguins
and petrels nests, which still occur sporadically.
In general, the northern side of such outcrops,
facing the Drake sea, is more eroded than the
southern side, due to the influence of strong
winds from the Drake Passage.

The periglacial environment of HP is
composed by flat to wavy cryoplanated
platforms, patterned ground, rocky outcrops,

a b
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convex slopes hill, waterlogged depressions,
talus slopes, thermokarsts and lakes. The
periglacial landforms cover 45% (67 ha) of the
mapped area, being the predominant landscape
unit of the northern sector of HP (Figure 2). We
observed two levels of platforms (Figure 3d) in
HP, corroborating to Rodrigues et al. (2019), being
the upper platform located approximately at 35
- 45 m and the lower one from 25 -35m a.s.l. The
origin of these platforms in the SSI is related to
marine erosion along successive fluctuations of
the sea-level during the last interglacial period
(Barsch & Mausbacher 1986, John & Sugden 1971).
These platforms correspond to ancient drifts
formed due to the glacier overrunning during
the LGM, as evidenced by striated pavements,

Figure 3. Main landforms of the
northern sector of Harmony
Point. a) Rocky cliffs and volcanic
stacks; b) Rocky cliffs with
penguin rookeries; c) Three
uplifted marine terrace levels;
d) Talus slopes in the transition
between the coastal and the
paraglacial environments; e)
Patterned ground on the high
platform; f) Rocky outcrops with
giant petrels’ nest; g) Rocky
outcrops with pre-weathered
material, releasing rounded
corestones; h) Convex slope
hills with present ornithogenic
influence; i) Striated patterned
ground in the paraglacial area.
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and degraded “Roche moutonnée” (Rodrigues
et al. 2019). After a long time of exposure,
periglacial processes have been active in these
platforms, with mainly permafrost and cryonival
related processes.

The patterned ground represents the
maximum level of periglacialism at HP, indicating
a long time of exposure and the occurrence of
processes associated to the freeze-thaw soil
processes, such as frost heaving and sorting.
They predominate over the upper platform,
occupying 13% (20 ha) of the total area. In the
northern sector of HP, soils with circular patterns
predominate in flat areas, and transitional forms
(labyrinthine to elongated) tending to striated
occur in slightly sloping areas where gelifluction
is more active (Figure 3e).

The rocky outcrops occur predominantly as
residuals on the platforms and represent 6.6%
(10 ha) of the total area (Figure 3f). This landform
is composed by plugs of andesitic basalts, which
are very resistant to weathering, in comparison
of the other rocks presented in the area. The
rocky outcrops of HP can be characterized as
“roche mountonée” (Rodrigues et al. 2019). It is
common to find rocky outcrops with preserved
crests, which are largely occupied by giant
petrels nests. In the surrounding areas of the
rocky outcrops debris accumulates, presenting
large and angular rock fragments that occurs
in situ. Some outcrops present rounded blocks
in subsurface (corestones), resulting from the
action of paleoweathering on the edges of rock
fragments (Figure 3g). In the interior of the
platforms there are hills with convex slopes
(Figure 3h) developed from ancient rocky
outcrops. These landforms are more developed,
due to the longer exposure to weathering
processes such as eolian, pluvial, and
gravitational processes, but mostly periglacial
ones (cryoturbation, nivation, frost creep), which
favor the formation of a smooth wavy relief.
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Currently, the chemical weathering of the rocky
outcrops is intensified by the phosphatization
process due to guano deposition in closed
fractures and microdepressions, as observed in
other SSlI areas (Lopes et al. 2022).

The paraglacial areas represent a more
unstable landscape, transitioning from glacial
to non-glacial conditions (Ballantyne 2013,
Slaymaker 2011). They are younger than the
periglacial areas and non-glacial processes,
such as fluvial, lacustrine, gravitational and
aeolian, predominate. The paraglacial areas of
the northern sector of HP encompasses 13%
(19 ha) of the mapped area and are located
closer to the glacier (Figure 2). These areas are
characterized by the presence of proglacial lakes
and a drainage system of meltwater, responsible
for sediment transport to the low coastal areas.
Less developed periglacial landforms can be
found in gently sloping areas, in the transition to
the periglacial areas, such as non-sorted steps,
forming a striated pattern on the ground (Figure
3i).

The waterlogged depressions and lakes
encompass 9.9% (15 ha) of the total area. They are
formed by drainage incisions of glacial waters,
mainly in the depressions closer to the glacier,
and by snow melting during summer, forming
seasonal water regime channels (Francelino et al.
2011). The origin of the waterlogged depressions
and lakes are also related to solifluction and
permafrost degradation, which is evidenced by
the occurrence of thermokarsts. These features
correspond to shallow depressions common
in areas of attenuation and inactivity of thaw-
freeze processes (Lopez-Martinez et al. 2012).

Soil classes

The soil classes mapping comprises 69% (104
ha) of the total area, excepting those where
soil development was absent, such as glacier,
beaches, volcanic stacks, some paraglacial areas
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and water bodies (Figure 4). The “Ornithogenic”/
Typic Gelorthent mapping unit is the most
representative in the northern sector of HP
(Figure 5a), covering 13% (19 ha) of the total
area, and predominates in the rocky outcrops
and hills of the platforms, and in the third level
of the marine terraces. The Typic Aquiturbel
was the second largest unit, covering 8.7% (13
ha) of the total area, and predominates in the
patterned ground area. The Typic Gelaguent unit
covers 7.3% (11 ha) of the total area and prevails
in the waterlogged depressions.

The Entisol (Regosol and Leptosol on WRB/
FAO) was the most frequent soil order in HP,
covering 36% (54 ha) of the total area (Figure
4) and it occurs in most landforms, as marine
terraces, talus slope, flat platforms, rocky
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outcrops, hills, and waterlogged depressions
(Table I). This soil order represents the soils
with the least pedogenetic development in
HP, due to the parent material resistance to
weathering, water saturation and sand content.
The Entisols are distributed according to areas
where permafrost is sporadic or absent, such
as the coastal areas with < 25 m of altitude,
and discontinuous, as the surfaces of 25 - 80
m (Balks et al. 2013, Lopez-Martinez et al. 2012,
Bockheim et al. 2015). The Gelorthent suborder
was found on the rocky outcrops, due to the lithic
contact within 20 cm soil depth. The Gelaquent
suborder was mainly in the marine terraces and
waterlogged depressions areas where the water
table is closer to the surface. The Cryopsamment
suborder was identified in the second level
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Figure 4. Soil class map of the northern sector of Harmony Point, Nelson Island, Maritime Antarctica.
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marine terrace, due to the typical sandy texture
of marine depositional environments.

The Gelisols (Cryosols on WRB/FAQ) cover
20% (29.5 ha) of the total area (Figure 4) and are
characterized by presenting permafrost within
the first 100 cm soil depth, or gelic materials
(cryoturbation) within the first 100 cm and
permafrost in 200 cm from soil surface (SSS
1999). In HP, they occur between 22 - 56 m of
altitude, in the rocky outcrops and patterned
ground, and in some paraglacial areas. The Histel

} e A o
Figure 5. Most representative soil classes and
morphological features indicating the ornithogenic
influence in the soils of the northern sector of
Harmony Point. a) “Ornithogenic” Gelorthent (P20) in a
rocky outcrop; b) “Ornithogenic” Humigelept (P5) at a
rocky outcrop; ¢) Typic Aquiturbel (P12) in a patterned
ground area; d) Feathers, whitish gravel surfaces and
Prasiola crispa vegetation cover; e) Phosphatic vein
within the P22 soil profile.

ORNITHOGENESIS AND SOIL-LANDSCAPE INTERPLAYS

suborder are represented by the Fibristel great
group (Folic Cryosols on WRB/FAO), which are
soils that have more fibric materials than other
kind of organic material. The Turbel suborder
(Turbic Cryosols on WRB/FAO) presented
cryoturbation evidence such as cryoturbated
soils (patterned ground), irregular and/or broken
horizons, organic matter accumulation on top of
permafrost table, oriented rock fragments, frost
heaving and solifluction (Bockheim & Tarnocai
1998). The great groups were Aquiturbels
(present aquic conditions and redox depletions,
Figure 5c), Umbriturbels (Umbric epipedon) and
Haploturbels.

The Inceptisols (Cambisols on WRB/
FAO) cover only 4% (6 ha) of the total area
(Figure 4) and they occur mainly in the rocky
outcrops’ debris slopes and in convex slopes
hill (Figure 5b). This soil order represents soils
with a cambic horizon within the first 100 cm
soil depth, with a minimum thickness of 15 cm
(SSS 2014). Although in a global pattern they
are considered an incipient developed soil, in
HP the Inceptsols are the soils with the most
pedogenetic development despite of the cold
climatic conditions, due to the great time of
exposure to weathering processes after the LGM,
ornithogenesis and greater vegetation cover.
The Inceptisols of the northern sector of HP
were identified as Humigelepts (Dystric Skelectic
Cambisol on the WRB/FAQ), due to the presence
of organic and/or umbric horizons.

From the 24 collected soil profiles, 17
presented ornithogenic influence (Table I). The
evidence of ornithogenic influence were fresh
guano, nesting pebbles, feathers, eggshells,
phosphatic veins (accumulation of phosphatic
material within the soil profile), whitish horizons
or rock surfaces (Figure 5d and 5e). From the
17 ornithogenic soils, seven corresponded to
Entisols, five to Gelisols and five to Inceptisols.
Most of the ornithogenic soils are in the rocky
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Table I. Altitude, landforms, soil classes and ornithogenic influence type.

Profile

19

20

22

14

16

15

24

13

18

10-0*

10-B*

10-C*

9-0*

9-B*

9-C*

1-B*

n-C*

12-B*

12-C*

21

23

* 0 corresponds to the outer part of the patterned ground, B represents the border, and C the inner part.

Altitude

(m)

30
39
39
43

23

27

35

I

56

22
39

38

37

45

37

40

59

61

28

34

WRB-FAO Class

Dystric Cambic Folic Leptosol (Ornithic, Turbic)
Cambic Lithic Leptosol (Loamic, Ornithic)
Dystric Skeletic Leptosol (Humic, Ornithic)

Leptic Folic Regosol (Loamic, Ornithic)

Dystric Skelectic Regosols (Loamic, Humic, Ornithic)

Dystric Skeletic Regosol (Arenic, Humic, Ornithic)
Dystric Skelectic Regosol (Loamic, Humic)

Eutric Stagnic Regosol (Arenic, Humic, Ornithic)

Eutric Skelectic Stagnic Regosol (Arenic, Humic,
Ornithic)

Skeletic Stagnic Regosol (Gelistagnic, Humic)
Eutric Arenosol (Humic)

Spodic Folic Leptic Cryosol (Dystric, Ornithic)

Cambic Folic Cryosol (Dystric, Ornithic)
Histic Leptic Cryosol (Dystric, Ornithic)
Skelectic Turbic Cryosol (Dystric, Humic, Ornithic)
Hyperskeletic Turbic Cryosol (Dystric, Ornithic)
Cambic Turbic Cryosol (Dystric, Humic, Ornithic)
Hyperskeletic Turbic Cryosol (Dystric, Humic)
Hyperskelectic Turbic Cryosol (Dystric, Humic)
Skeletic Turbic Cryosol (Dystric, Humic)

Skeletic Turbic Cryosol (Dystric, Humic)
Reductaquic Turbic Cryosol (Dystric)
Hyperskelectic Turbic Cryosol (Eutric, Humic)
Turbic Cryosol (Eutric, Humic)

Hyperskelectic Turbic Cryosol (Dystric, Loamic)

Dystric Skeletic Cambisol (Humic, Ornithic)

Folic Leptic Cambisol (Ornithic)

Dystric Skeletic Cambisol (Loamic, Ornithic)

Dystric Skelectic Cambisol (Humic, Ornithic)
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Soil Taxonomy Class Landform

. . Rocky outcrops
“Ornithogenic” Y P

Gelorthents

Second level of marine
terrace

Typic Gelorthent Talus slope

“Ornithogenic”
Gelaquents

First level of marine terrace

Typic Gelaquent Waterlogged depression

Second level of marine

Typic Cryopsamment
P yop terrace

“Ornithogenic”

L Rocky out
Fibristels Ocky outerops

“Ornithogenic”
Umbriturbels

Typic Umbriturbels Patterned ground

Aquic Haploturbels

Typic Aquiturbels

Typic Haploturbel

Paraglacial areas near the
glacier

“Ornithogenic”

A Rocky outcrops
Humigelepts y outcrop
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Ornithogenic influence

Present penguin rookery
Present petrel nest
Abandoned gull nest
Present petrel nest
Present penguin rookery
Present penguin rookery

Non-ornithogenic

Third level of marine terrace Abandoned penguin rookery

Present penguin rookery

Non-ornithogenic

Non-ornithogenic

Present petrel nest

Present petrel nest

Abandoned penguin rookery

Present petrel nest

Present penguin rookery

Non-ornithogenic

Non-ornithogenic

Non-ornithogenic

Non-ornithogenic

Present petrel nest

Abandoned gull nest

Abandoned penguin rookery

Present penguin rookery
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outcrop slopes, between 22 - 61 m of altitude. In
those areas we found present and abandoned
nest sites of penguins, kelp gulls and, mostly,
petrels. In the upper platform we found one
present penguin rookery close to a patterned
ground soil profile. Three soils of marine terraces
at 2 — 12 m of altitude were under present day
penguin rookeries.

Vegetation classes

The cryptogamic vegetation of HP represents
13.3% (19.7 ha) of the total area (Figure 6) and
corresponds to the polar tundra, composed

ORNITHOGENESIS AND SOIL-LANDSCAPE INTERPLAYS

mainly by bryophytes, lichens and alga
species. The vegetated area predominates in
the periglacial areas, along the flat platforms,
patterned ground and rocky outcrops slopes,
which have more than 20% of their areas
covered by vegetation (Table I1). The waterlogged
depressions, talus slope and paraglacial areas
are moderately covered by vegetation (10 — 15%),
and the marine terraces, and volcanic stacks are
the lesser vegetated areas (< 10%) (Table 11).
The moss carpet subformation is the most
extensive vegetation class, covering 7% (11 ha)
of the total area. In the northern sector of HP,

384500 385000 385500 386000 38650
g i Legend
§ oS e  Soil profile
Qrﬁ’ |:| Study area
0@*"’ Water bodies (5 ha)

3091600

3091200

3090800

|lha Rei George .

3090400

i ” Il llha Nelson
i Ilha Robert

N Datum: WGS 1984

0 01 02 0.4
— — KT

Glacier and snow (33 ha)
Penguin rookeries (2 ha)
[T Rock and exposed soil (88 ha)

Vegetation classes

[T Lichens (0.14 ha)

Macroalgae and cyanobacteria
(1.17 ha)

Lichens, carpets and short moss
- turfs (7.7 ha)

- Moss carpets (10.7 ha)

Figure 6. Vegetation class map of the northern sector of Harmony Point, Nelson Island, Maritime Antarctica.
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this subformation forms extensive carpets of
irregular to undulated surface and occurs in
dry or humid and stable slopes (rocky outcrops
slopes, Figure 7a) and in hydromorphic flat
areas, where water accumulates (flat platforms,
waterlogged depressions and marine terraces,
Figure 7b, Table 1ll), as also observed by
Poelking et al. (2015). In the rocky outcrops,
the Sanionia uncinata (Hedw.) Loeske, and
Sanionia georgicouncinata (Mill. Hal.) Ochyra
& Hedenas predominates often intercalated
with turfs of Polytrichastrum alpinum (Hedw.)
G.L. Smith and Polytrichum juniperinum Hedw.
In the waterlogged depressions predominates
the Sanionia - Warnstorfia association and
cyanobacteria often occurs. In marine terraces
this subformation occur on more stable volcanic
stacks, around channels, and lakes. Some lichens
occur in more exposed areas, and musciculous
and ornithocoprophilous lichens occur in
areas with ornithogenic influence, where the
ornithocoprophilous green algae Prasiola crispa
(Lightfoot) Meneghini also occur.

The lichens, carpets, and short moss turf
subformation represents 5% (7,72 ha) of the total
area (Figure 6). This community corresponds to
short, undulated or discrete moss turfs that

ORNITHOGENESIS AND SOIL-LANDSCAPE INTERPLAYS

predominates on protected and humid sites,
such as rock crevices of the rocky outcrops
and talus slope, and rocky, high, and flat
terrains, like the flat platforms and paraglacial
areas (Tables Il and IIl). In the patterned
ground areas (Figure 7c and 7d), the Sanionia
- Andreaea association predominates, with
S. georgicouncinata occurring in more humid
areas than the S. uncinata. In the dryer areas
of the borders of the patterned ground and
top of rocky outcrops Andreaea gainii Cardot
predominates, often along with musciculous
lichens. In the rocky outcrops and talus slopes,
the Sanionia — Andreaea occur associated with
some P. alpinum and Bryum archangelicum
Bruch & Schimp. turfs, and many fruticose
lichens of the genus Cladonia and Ochrolechia,
besides ornithocoprophilous lichens.

The lichens subformation predominates
in the coastal areas and covers only 0.1%
(014 ha) of the total area (Figure 6 and table
). This subformation corresponds mainly to
crustose lichens, also occurring foliose and
fruticose lichens and some moss species (Figure
7e). On the cliffs facing the sea (Figure 7f and
table I11), the halophilic lichen Verrucaria spp.
predominates, due to its salt tolerance. It is also

Table Il. Percentage of area of the vegetation classes for each landform of the northern sector of Harmony Point.

Landforms/Vegetation classes | Lichens Lid‘ﬁ:‘:;scat‘;[:?ts € cgnrgseis “ﬁ;;?:;ﬁife?ﬂ.d Total zgg::ation
%

Paraglacial areas 0 78 55 0 133
Waterlogged depressions 0 1.5 134 0.2 15.1
Talus slope 01 8.7 4.6 0.2 13.6
Rocky cliffs and volcanics stacks 0.5 0 1.2 0.5 2.2
Rock outcrops 0.2 6.7 18 1.8 26.7
Plataforms 0 9.7 15.5 22 274
Patterned groud 0 16.3 6.1 1.0 234
Marine terraces 03 0 81 1.5 99
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€20230722 13| 34



IORRANA F. SACRAMENTO et al.

found in the talus slope, waterlogged areas, and
rocky outcrops of interior areas, evidencing the
sea spray influence. The Caloplaca - RusavsRkia
(Xanthoria) association predominates in the
coastal cliffs and volcanic stacks under guano
influence and in the ornithogenic sites of the
interior area. P. crispa also occur in ornithogenic
areas, mainly in its lichenized form as Mastodia
tesselata Hook. f. & Harv.

The macroalgae and cyanobacteria
subformation represent less than 1%

Figure 7. The vegetation classes of the northern
sector of Harmony Point. a) Moss carpet on rock
outcrop slopes; b) Moss carpet around waterlogged
depressions; ¢) Lichens, carpets, and moss turfs on
patterned ground; d) Community mainly composed
of A. gainii associated with crustose and musciculous
lichens, turfs of P. alpinum and U. antarctica; e) C.
regalis (yellow) and macroalgae P. crispa (green);

f) Association of Caloplaca - RusavskRia lichens on
coastal rocky cliffs under the influence of Pygoscelis
antarctica penguins. g) P. crispa in an area under
ornithogenic influence of penguins; h) Cyanobacteria
Nostoc ssp. in waterlogged depression.

ORNITHOGENESIS AND SOIL-LANDSCAPE INTERPLAYS

(approximately 1 ha) of the total area (Figure 6)
and it predominates in the ornithogenic areas,
such as rocky outcrops, convex slopes hill,
patterned ground, and marine terraces (Tables
[l 'and I11). The P. crispa (Figure 7g) predominates
over areas of present penguin occupation, in
the border of the rookeries where trampling is
absent, and adjacent areas where the guano
leachate reaches. M. tesselata is also found
in these areas. The cyanobacteria Nostoc spp.
(Figure 7h) and its lichenized form, Leptogium
puberulum Hue, are found in saturated areas
close to waterbodies.

Soil characterization

Applying the Kruskal-Wallis's test and the
post-hoc Dunn’s test (Table V) for the physical
attributes, we verify that only the difference in
the gravel content was not statistically significant
among the soil groups, and the differences in
the coarse sand and silt contents were very
significant (p < 0.001), indicating that the SRO
and SMT groups were the most statistically
different. In relation to the chemical attributes,
the contents of K, Na, Ca”™, Mg”, Fe, Cu, Mn, as
well as Ca0, Na,0, P,0,, TiO,, Fe, Al, and Al
were not significantly different among the soil
groups. On the other hand, the water pH, pCEC,
H+AL, TOC, TN, ALQ,, SiO, showed great statistical
differences (p < 0.001) mainly among the SRO
and SP groups.

PCA graphs were created indicating the most
significant physical and chemical attributes
of each soil group. The first two Principal
Components (PC) presented eigenvalues above
1 and were selected for explaining the most
part of the dataset variance. In relation to the
physical attributes (Figure 8), PC1 explained
51.8% of the total dataset variance and is
influenced by gravel, coarse sand, and silt. The
PC2 explained 27.2% of the total dataset variance
and is influenced by fine sand and clay. The
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Table lll. Representative species of the vegetation subformations of the northern sector of Harmony Point, Nelson
Island, maritime Antarctica.

Subformation

Lichens

Macroalgae and
cyanobacteria

Lichens, carpets
and moss turfs

Moss carpets

Landforms and soil profiles

Vertical and horizontal faces of

rocky cliffs and volcanic stacks;

Debris on ornithogenic and/or

hydromorphic soils of marine

terraces and depressions (P4,
P13, P14, P24):

Rock outcrops and talus slope

facing the coast (P8 and P16).

Macroalgae on the rock cliffs
and rock outcrops under active
ornithogenic influence (P1, P10,

P14, P20, P22) and to a lesser

extent in areas of inactive
ornithogenic influence (P3,

P5, P18, P23); Cyanobacteria

in channels and waterlogged

depressions.

Cryoturbated soils with
dominance of patterned ground
(P9, P10); Dry to slightly wet
rocky outcrops (P1, P16, P19 and
P21).

Soils on stable rocky
outcrops slopes and well-
drained environments, dry to
slightly moist, and carpets in
waterlogged depressions (P2, P3,
P5, P7 P8, P18, P23 and P24).

Species

Crustose lichens: Verrucaria sp., Acarospora macrocyclus Vain.
Foliose lichens: Rusavskia elegans (L.) S.Y. Kondr. & Kdrnefelt,
Mastodia tesselata Hook. f. & Harv.) Hook. f. & Harv.
Fruticose lichens:

Caloplaca regalis (Vain.) Zahlbr, C. cinericola (Hue) Darb and
Lecania brialmontii (va). Zahlbr and Polycauliona candelaria
(L.) Frédén, Arup, & S@chtin.

Algae: Prasiola crispa (Lightfoot) Meneghini
Cyanobacteria: Nostoc spp.
Lichens: M. tesselata and Leptogium puberulum Hue

Mosses: Sanionia uncinata (Hedw.) Loeske, S.
georgicouncinata J. Putzke & A. B. Pereira, Andreaea gainii
Cardot, A. depressinervis Cardot, Bryum archangelicum
Bruch & Schimp., Polytrichastrum alpinum (Hedw.) G.L.
Sm., Hennediella heimii (Hedw.) R.H. Zander and Ceratodon
purpureus Hedw. Brid;

Lichens: Cladonia borealis S. Stenroos, C. rangiferina (L.)
Weber ex F.H. Wigg,, C. metacoralifera Asahina, Ochrolechia
frigida (Sw.) Lynge, Usnea antarctica Du Rietz, Buellia
latemarginata Darb. and Cystocoleus niger Har.

Mosses: S. uncinata, S. georgicouncinata, P. alpinum,
Polytrichastrum juniperinum Hedw., Warnstorfia
fontinaliopsis (Mull. Hal.) Ochyra, W. sarmentosa (Wahlenb.)
Hedenas, B. archangelicum, Andreaea gainii and Hennediella
heimii;

Lichens C. borealis, C. rangiferina, C. metacorallifera,

B. latemarginata, Verrucaria spp., Cystocoleus niger, A.
macrocyclus, C. regalis, Rinodina petermannii (Hue) Darb,,
Psoroma hypnorum.

SMT soils are mainly represented by gravel and
coarse sand; the SP soils by clay, coarse sand,
and gravel; and the SRO soils by fine sand and
silt. The PC1 of the chemical attributes (Figure
9) explained 50.7% of the dataset variance and
is influenced by H+Al, TOC, TN, and pCEC. The
PC2 explained 27.7% of the total variance and
is influenced by BS, PBS, and pH H,O. The SRO
group was more influenced by the H+AL, TOC, TN,
pCEC and BS content. On the other hand, the SP

An Acad Bras Cienc (2023) 95(Suppl. 3)

and SMT were more explained by PBS and pH
H,O. The contribution of the available P was not
significant for explaining the dataset variance
between the soil groups once it presents high
values for most of the samples.

Two main soil groups were possible to
identify through the Spearman correlation
matrix using the chemical variables (Figure 10).
One group is related to the soils that presented
a predominance of primary aluminosilicate and
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Table IV. Kruskal-Wallis’ and Dunn'’s tests of the physical and chemical attributes of the soils of rocky outcrops
(SRO), soils of the platforms (SP) and soils of marine terraces (SMT) from the northern sector of Harmony Point.

Attributes SRO SP SMT

CF % ns
cs? % b a a ok
FS? % b a a **
Silt % a a b o
Clay % a a b *x
pH H,0 b a b ol
P mg kg’ ab a b *

K mg kg’ ns
Na mg kg ns
ca” cmol_ kg’ ns
Mg” cmol_ kg’ ns
AP cmol_ kg’ a b ab *
H+AL cmol, kg b a a xx
pCEC cmol_ kg’ b a a ok
PBS % b a ab **
TOC % b a a el
N % b a a o
Cu mg kg’ ns

1 CF - coarse fraction; CS - coarse sand; and FS - fine sand.

Attributes SRO SP SMT
Mn mg kg’ ns
Fe mg kg’ ns
Zn mg kg’ b a ab *
ALO, % b a ab Frx
Ca0o % ns
K,0 % b a ab >
MgO % b a ab h
Na,O % ns
Sio, % b a ab Frx
TiO, % ns
PO, % ns
SO, % b a ab >
Fe, % ns
Al % ns
Fe, % b a ab >
Al % ns
Fe, % b a ab *x
Al % b a ab *

* p value <0.05; ** p value <0.01; *** p value <0.001; ns: p value > 0.05 (no significant).

ferromagnesian minerals, as evidenced by the
strong positive correlation (> 0.5) among pH H,0,
PBS, K0, Si02, ALO,, Fe,0, and TiO,. This group
can be represented by the soils of the platforms
(SP group). The second group is more related to
soils that presented high organic matter content
and ornithogenesis, as evidenced by strong
positive correlations among TOC, TN, P.O,, SO,
Al,, and Fe,. Strong negative correlations (< -0.5)
between MgQO, Fe,O,, SiO,, ALO, and AL, Fe,, P,O,,
TN, TOC, and SO,, highlight the relevance of the
biological influence over these soils. This group
corresponds to the soils of the rocky outcrops
(SRO group) and the marine terrace (SMT group)

due to the significant ornithogenic influence.

An Acad Bras Cienc (2023) 95(Suppl. 3)

Soils of the rocRy outcrops

This group represents the soils of the slopes
of the rocky outcrops and encompasses the
“Ornithogenic” Fibristels (1, 7, 8 and 18 soil
profiles); the “Ornithogenic” Humigelepts (5, 6,
21 and 23 soil profiles), and the “Ornithogenic”
Gelorthents (2, 3, 19, 20 and 22 soil profiles). The
ornithogenic influence from present penguin
rookeries were verified on profiles 2, 3 22 and
23 (Table 1); and from abandoned penguin
rookeries on profiles 8 and 21. Present petrel
nest influence were found on profiles 1,3, 5,7 18
and 20. Abandoned kelp gull nest were identified
on profiles 6 and 19.

The mean soil depth was the highest among
the other groups (Table V). The soil structure
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was mainly moderate medium granular. The
main textural classes were sandy loam and
sandy clay loam, due to the highest fine sand
and silt contents, and second highest clay
content. These soils presented a predominant
dark brown color, the lowest mean pH values,
and the highest mean Al*, H+AL Al_, TOC and
TN contents compared with the other groups,
which is mainly associated with a significant
organic matter contribution and weathering of
primary minerals. The SRO group also presented
the highest mean BS content, such as Na, Ca”
and Mg”, indicating nutrient accumulation
by ornithogenic influence. However, the
exchangeable P was the lowest among the
groups, due to a weak to moderate ornithogenic
influence mainly promoted by giant petrels.
The PBS content was also the lowest, with soils
predominantly dystrophic, which is explained
by predominance of H+Al in the soil exchange
complex.

ORNITHOGENESIS AND SOIL-LANDSCAPE INTERPLAYS

The mineralogy of the coarse sand, fine sand
and silt fractions were dominated by plagioclase,
K-feldspar, and quartz. Apatite was also found
in these fractions, which may exist with organic
matter detritus, silicate minerals, and bone
fragments (Tatur & Barczuk 1985, Almeida et
al. 2021). The mineralogy of the clay fraction
(Figure 11a) is mainly composed by phosphate
minerals such as apatite, leucophosphite,
struvite, minyulite and taranakite. These
minerals indicate a highly phosphatized horizon,
once their formation is related to precipitation
of phosphate minerals from ornithogenic
soil solutions that percolate through the soil
(Almeida et al. 2021, Myrcha et al. 1985). Mica,
plagioclase, K-feldspar and pyroxene were also
identified in the clay fraction, due to cryoclastic
process.

The strong correlation among Fe,, Al,, and
P,0, (Figure 10) corroborates with the existence
of secondary Al and Fe phosphate minerals in
the SRO. This group presented high contents of

PC2 (27.2%)
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Figure 8. Principal component analysis of the physical soil attributes of the northern sector of Harmony Point.
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Figure 9. Principal component analysis of the chemical soil attributes of the northern sector of Harmony Point.

Fe and Al dithionite, oxalate, and pyrophosphate
(Table VI), but the pyrophosphate values were
higher than the oxalate, which indicates a
predominance of organometallic compounds in
the non-crystalline fraction of these soils, and,
consequently, showing the important of the
organic matter accumulation as a pedogenetic
process. The P3 Bi horizon presented the highest
content of Fe, and K,0 (Table VII), high P,0, and
low Fe_/Fe, ratio, evidencing the presence of
crystalline leucophosphite. The P8 Bi1 and Bi2
horizons presented high contents of CaO and
P.,O,, indicating the presence of apatite. High
values of ALO,, and P,0, corroborates with the
presence of taranakite in the P22 phosphatic
vein.

Soils of the platforms

This group encompasses the soil profiles of the
talus slope (P16 - Typic Gelorthent), located in
the transition between the marine terraces and
the platforms; of the patterned ground (P9 and

P12 - Typic Haploturbel, P10 - “Ornithogenic”
Umbriturbel, P11 Border — Aquic Haploturbel
and P11 Center - Typic Aquiturbel), located in the
periglacial areas; the waterlogged depression
(P24 - Typic Gelaquents), in the upper platform;
and paraglacial areas (P17 - Typic Haploturbel),
close to the glacier. Only the P10 presented
ornithogenic influence from an adjacent active
penguin rookery.

The predominant soil structure is weak
medium subangular blocky (Table V). Soil color
is mostly brown (10YR 3/2), with some samples
presenting greyish colors (hue 2,5Y), due to
favorable hydromorphic conditions and the
presence of phosphate minerals. The main soil
texture classes were sandy loam and sandy clay
loam. The soils presented the highest gravel
(mean 57%) and clay content (mean 20%), which
is mainly related to the accumulation of gravels
in the borders of the patterned ground and of
fine materials (silt and clay) in the center, due
to the cryoturbation influence, which favors the
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pH H,0 1
K,0 1 0.58"
ALO, Spearman correlation coefficient 1 066* 064
Sio, ( 1 094° 052° 06

4 05 0 05 1
Fe,O, i o7t*  077* o061 048
TiO, 1 055° 031 035 019 043"
MgO 1 0.1 041* 076" 064 003 03
Ca0 1 017 -012 011 006 0.1 021  0.31

Fed 1 016 = -0.64" 0.1 0.06  -045° -0.39* 007 -0.29
Ald 1 0.74* -017 | -073° 016 -0.15 = -0.62° -046* -0.09 -0.34
TP 1 07* 065° 020 | -088° -02 03  -066° -055° 007 -023
P,0, 1 099* 072° o068° 03 | -089° 015 -027 -067° -055° 006 -0.24
N 1 0.55* 056% 047° 032 025 068 -029  -0.78° 09° -091° -052* -062°
TOC 1 0.94° 048 049* 051" o020 026 -061° -03 = -08° -09° -092° 061" -069
SO, | 1 085* 085" o078° 08° 062" 041" 011 083" -031 -068* -092° -08" -032 -043
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Figure 10. Spearmen correlation of the chemical soil attributes of the northern sector of Harmony Point. *p < 0.05.

sorting and frost heave processes. The highest
clay contents (approximately 31%) were found in
the P10 BC and P11 AC/Cg horizons in the center
of the patterned ground.

The SP presented the highest mean water
pH content (Table V) among the groups and the
highest value (6.79) among all soil samples at
the surficial horizon of the P12 profile (Table
VIII). This corroborates with the PBS content of
that same horizon which reached the highest
value (approximately 83%) among all soil
samples. The available Fe mean values were the
highest, which is related to a prevalent reducing
condition, due to hydromorphism. The mean Cu
content was the highest due to the ornithogenic
influence on P10. Among the Turbel soils of the
SP group, the P9 presented the highest values
of TOC and TN (16 and 2.06 dag kg™ respectively),
due to the organic matter contribution by
vegetation cover. The P10 presented the highest
available P (10686.6 mg kg™), Cu (551 mg kg™), Mn
(524 mgkg"), Zn (944 mg kg") and S (73.8 mg kg™)
contents due to an intense active ornithogenic
influence (Table VIII). Added to that, the flat
relief of the patterned ground area favor the

An Acad Bras Cienc (2023) 95(Suppl. 3)

accumulation of nutrients and water, enhancing
the weathering processes of the parent material.
The P11 and P12 presented only crustose lichens
and very few mosses, once it is located in the
transition from the paraglacial to periglacial
environment and were characterized by higher
water pH values and high clay content, due to
the clayey and silty origin of glacial deposits.
The P17, located in the paraglacial area, showed
lower values (Table VIII) due to the absence
of vegetation and ornithogenic influence, and
the more recent exposition to non-glacial
conditions.

Plagioclase, K-feldspars, pyroxene, and
quartz were the main minerals found at the
coarse sand, fine sand, and silt fractions of the
ornithogenic soil of the patterned ground (P10).
The clay fraction presented an assemblage of
phosphatic minerals, such as leucophosphite,
minyulite, taranakite and vivianite. Permanently
wet and acidified conditions in subsurface, at
the top of permafrost, favors the occurrence of
vivianite (Myrcha etal. 1985). High contents of K,0,
ALO, and Fe,0, (Table VII) indicate the presence
of these minerals. Lower values of Fe and Al
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Table V. Mean and standard deviation (SD) of the main morphological, physical, and chemical variables of the soils
of rocky outcrops (SRO), soils of the platforms (SP) and soils of marine terraces (SMT) from the northern sector of

Harmony Point.

Variables SRO SP
Unit n* Mean SD n* Mean SD
Color 10YR 3/3 10YR 3/2
Texture Sandy clay loam Sandy loam
Structure Moderate medium Weak medium
granular subangular blocky
Depth cm 29 52 19.34 30 46.2 15.54
CF* % 29 40 29.84 30 57 23.84
cs* % 29 29.17 9.62 30 39.27 10.42
FS* % 29 23.8 8.09 30 17.6 8.26
Silt % 29 27.65 71 30 22.97 6.53
Clay % 29 19.62 498 30 20.5 542
pH H,0 47 4.46 0.39 31 524 0.71
pH KCl 47 3.64 0.38 31 4.03 0.51
P mg kg’ 47 971.76 1163.55 31 1041.27 2087.87
K mgkg' | 47 17757 79.31 31 16419 89.76
Na mg kg’ 47 340.27 152.02 31 27213 119.98
ca” cmolc kg’ | 47 6.64 5.59 31 474 514
Mg* cmolc kg’ | 47 276 3.65 31 1.92 144
Al cmolc kg’ | 47 2.71 138 31 219 2.05
H+AL cmolc kg’ | 47 32.04 10.78 31 15.78 9.79
BS cmolc kg’ | 47 11.34 9.35 31 8.27 6.77
.CEC cmolc kg’ | 47 14.04 8.61 31 10.45 7.7
pCEC cmolc kg | 47 43.37 14.81 31 24.05 10.53
PBS % 47 23.79 14.61 31 35.77 21.58
Al % 47 28.8 18.98 31 2498 17.54
Na-Sl % 47 3.49 115 31 544 2.55
TOC dag kg’ 47 16.22 10.33 31 6.41 8.28
N dagkg' | 47 1.38 0.6 31 0.66 0.57
P-Rem mg L 47 16.64 13.75 31 1719 .21
Cu mg kg’ 47 .7 11.08 31 13.73 14.52
Mn mgkg' | 47 9.04 173 31 15 15.33
Fe mg kg’ 47 368.55 190.73 31 400.21 190.3
Zn mgkg' | 47 11.38 18.02 31 13.53 27.04
S mg kg | 35 34.51 32.66 30 13.7 18.90

* CF - coarse fraction; CS - coarse sand; FS - fine sand; n - number of samples.
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SMT
Mean SD
5Y 4/1
Sandy loam

Weak medium granular
and single grains

441
48
59

15.5
125
129
4.87
4.01

1843.5
143

326.41

598
165
133
11.05
942
10.75
2047
46.76
19.08
85
332
048
3196
12.84
2247
321.06
19.70
81.94
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30.64
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10.35
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0.77
0.81
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40.6
114.96
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1.46
1.51
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6.96
599
8.34
24.53
22.36
598
2.58
0.36
11.97
6.59
25.82
143.42
24.76
122.80
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were predominant, suggesting the presence of
more crystalline phosphate minerals.

The non-ornithogenic soils of the patterned
ground and the soil of the paraglacial area (P11,
P12 and P17) presented the lowest contents of
PO, and SO,, and the highest contents of ALO,,
Si0,, Fe,0, and MgO (Table VII), indicating the
predominance of silicate and ferromagnesian
minerals. The mineralogy of these soils,
originated from easily weatherable volcanic
tuffs, presented chlorite, K-feldspar, plagioclase,
pyroxene, amphibole, magnetite and quartz in
the coarse sand, fine sand, and silt fractions.
Treatments with Mg and K-saturation, glycerol
solvation and heating of the clay samples
confirmed the presence of chlorite, mica, hydroxy
interlayered smectite and kaolinite (Figure 12).
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Figure 11. XRD pattern of clay fraction of a) an
ornithogenic soil of a rocky outcrop (P3 Bi); and b) a
non-ornithogenic soil of a patterned ground (P12 OA
Edge and P12 Cg Center). Am - amphibole, Ap: apatite,
Chl - chlorite; HIS - Hydroxy interlayered smectite, Ko
- kaolinite, K-feld - K feldspar, Lc - Leucophosphite,
Mc - Mica, Mt - magnetite, Pg - plagioclase, Px -
pyroxene, Qz — quartz; and St - Struvite; d in nm.
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These minerals have already been reported at
MA soils (Simas et al. 2006, Jeong & Yoon 2001).
Kaolinite was confirmed with the disappearing
of the 1.02 nm peak at 550 °C, as Simas et al.
(2006) has also found in sulfate soils of MA. High
contents of Si0, and AL O, (Table VII) corroborate
the presence of kaolinite. K-feldspar, plagioclase,
amphibole, and quartz were also found in the
clay fraction (Figure 11b). Weatherable primary
minerals in clay fraction are common in soils
of Antarctica due to the dominance of physical
weathering, related to cryogenic processes
(Mendonca et al. 2013, Navas et al. 2008).

Soils of the marine terraces

This group encompasses the soils of the
marine terraces, located in the first level (P15
- “Ornithogenic” Gelaquent); the second level
(P4 - “Ornithogenic” Gelorthent and P14 -
“Ornithogenic” Gelaquent, respectively); and
the third level (P13 - Typic Cryopsamment). The
penguin rookeries predominate in the marine
terraces, where we found present (P14 and P15)
and past (P4) penguin influence.

The soils are shallow, presenting an average
depth of 44 cm (Table V). The predominant color
is dark grey (5Y 4/1), indicating hydromorphic
conditions and organic matter influence. The soil
structure varies between weak medium granular
and single grains. The coarse sand content
presents the highest values (mean 59%) and a
high content of gravels and pebbles are found in
the lowest levels (P14 and P15) marine terraces.
Sand, pebbles, and gravels are characteristic of
this environment, due to fluvioglacial deposition,
marine action, and physical weathering of the
volcanic stacks.

The SMT group presented intermediate
acidity, with pH in water values ranging from
3.9 to 5.8. The PBS mean value was the highest
(46.76%) and most soil profiles (P4, P13 and
P15) were eutrophic, with PBS value reaching

An Acad Bras Cienc (2023) 95(Suppl. 3) 20230722 21| 34



IORRANA F. SACRAMENTO et al.

ORNITHOGENESIS AND SOIL-LANDSCAPE INTERPLAYS

Table VI. Fe and Al contents extracted by DCB, amonium oxalate and sodium pirofosfate methods of selected soil
samples and mean and standard deviation (SD) for each soil group (soil of the rocky outcrops - SRO, soils of the

platforms - SP, and soils of marine terraces - SMT).

Sample Fe, Fe,
P3A 1.2 0.9
P3Bi 2.7 1.3
P6A 1.8 14

P6BI1 2.4 21
P6BI2 23 2.0
P8BIjj1 1.7 1.0
P8Bijj2 1.8 12
P8BCjj 2.5 19
P10Ajj2-0* 1.8 1.0
P10Ajj1-E* 13 0.9
P10Bifjj-E* 2.2 1.0
P10Ajj1-C* 1.8 12
P10Bijj-C* 2.2 1]
P10BCfjj-C* 2.1 1]
P11ACjj2/Cgjj-C* 14 09
P11Cgjj-C* 0.6 0.5
P120Ajj-B* 0.6 0.6
P12Cgjj-C* 0.8 0.7
P12BCjj-C* 13 1.0
P14A 1.2 1.0
P14C2 25 2.6
P17A 0.9 0.9
P17AC 2.4 2.3
P19A 1.8 13
P20A 1.8 11
P20BI 2.2 12
P22A 2.2 13

n* 12 12
SRO Mean 2.0 14
SD 0.4 0.4

n* 13 13
SP Mean 15 1.0
SD 0.6 0.4

n* 2 2
SMT Mean 1.8 1.8

SD 0.9 11

Fe, Al, Al AL Fe /Fe, | Al /AL,
dag kg
14 0.6 0.5 11 0.8 0.7
1.7 1.6 1.4 1.8 0.5 0.9
2.5 1.4 1.2 2.5 0.8 0.9
3.5 1.7 1.4 3.2 0.9 0.8
3.5 1.5 1.3 2.7 0.9 0.9
0.9 0.8 0.4 0.9 0.6 0.5
1.0 1.0 0.8 0.9 0.7 0.8
1.2 1.2 0.8 1.0 0.8 0.7
1.0 1.0 0.7 1.0 0.5 0.7
0.9 0.8 0.7 1.0 0.7 1.0
1.0 1.6 1.2 1.0 0.4 0.8
0.8 1.5 1.7 11 0.6 1.1
0.8 1.9 21 1.2 0.5 1.1
0.9 1.8 1.5 1.2 0.5 0.8
0.6 0.2 0.5 0.8 0.6 2.2
0.4 0.2 0.3 0.7 0.8 1.3
0.4 0.3 0.4 0.3 1.0 1.3
0.5 0.4 0.5 0.3 0.9 1.2
0.7 0.5 0.7 0.4 0.8 1.3
1.6 0.3 0.4 0.8 0.9 1.4
3.3 1.6 1.6 2.7 1. 1.0
1.0 0.4 0.5 0.9 0.9 1.0
2.6 0.8 0.7 12 1.0 0.9
1.4 1.2 1.0 1.6 0.7 0.8
2.1 1.9 1.5 31 0.6 0.8
1.5 2.3 1.8 2.7 0.6 0.8
1.8 1.2 0.8 1.0 0.6 0.6
12 12 12 12 12 12
19 1.4 11 19 0.7 0.8
0.9 0.5 0.4 0.9 0.1 0.1
13 13 13 13 13 13
0.9 0.9 0.9 0.9 0.7 1.1
0.6 0.6 0.6 0.3 0.2 0.4
2 2 2 2 2 2
2.5 1.0 1.0 17 1.0 1.2
1.2 0.9 0.8 1.3 0.1 0.2

*Parts of the patterned ground: O - Outer; B - border; C - center; n — number of samples.

81% at the P13 AC horizon. Na-Sl and available
S presented the highest mean values (8.5%
and 91.94 mg kg™ respectively), due to saline
spray and eolian deposition and/or inundation
by seawater (Prietzel et al. 2019). Available P,
P-Rem, and Zn presented the highest mean
contents (1843.5 mg kg, 31.96 mg L' and 19.7
mg kg respectively) among the groups mainly

at the surface of most soil profiles, due to the
current ornithogenic input (Rodrigues et al.
2021b). Besides the dense vegetation cover,
the TOC values were the lowest (3.32 dag kg"),
due to lower clay contents. P14 presented high
Fe /Fe, Fe, and /-\lp, indicating the presence
of amorphous minerals and organometallic
complexes of Fe and Al (Table VI).
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Table VII. Mean and standard deviation (SD) results of the FRX analysis for selected soil samples.

Sample P,0, Ca0 | Mgo K,0 Si0, = ALO, Fe0, TiO, SO,
%

P3A 1.28 2.75 0.63 0.22 1745 397 418 0.83 0.56
P3Bi 6.58 2.68 015 1.25 211 744 5.81 0.89 0.47
P6A 2.39 242 0.58 0.21 1814 6.07 446 0.85 0.42
P6BI1 3.53 2.31 0.56 0.24 19.65 6.85 518 0.96 0.37
P6BI2 3.34 31 0.52 0.29 2516 7.79 597 11 0.28
P8BIjj1 9 10.75 017 0.43 137 3.29 3.37 0.35 117
P8Bijj2 10.09 1216 0.2 0.45 12.34 344 32 0.37 115
P8BCjj 10.71 11.94 0.06 0.61 1742 4.79 5.05 0.54 0.8
P10Ajj2-0* 3.33 2.52 0.61 0.86 30.96 8.54 514 0.72 0.36
P10Ajj1-E* 2.03 2.4 0.64 0.91 2917 993 531 0.66 0.32
P10Bif}j-E* 8.27 3.01 0.45 1.39 29.76 10.96 7 1.04 0.35
P10Ajj1-C* 7.89 5.32 0.42 117 29.06 9.94 5.82 0.87 0.42
P10Bijj-C* 9.2 5.02 0.21 144 24.38 9.75 5.74 0.96 0.46
P10BCf)j-C* 6.84 3.75 0.33 1.05 2779 9.87 6.27 1.07 0.36
P11ACjj2/ Cgjj-C* 0.32 3.54 1.99 1.8 3927 | 15.61 6.28 0.7 0.01
P11Cgjj-C* 0.37 3.59 213 0.97 47.72 1414 6.01 0.67 0.03
P120Ajj-E* 0.44 3.78 148 0.64 4398 1112 5.66 0.93 0.03
P12Cgjj 0.47 34 1.36 0.67 42.35 12.22 5.63 0.76 0.03
P12BCjj 0.68 3.63 1.24 0.5 3612 10.65 5.87 0.93 0.05
P14A 146 3.46 149 0.41 35.04 94 5.67 0.72 0.25
P14C2 523 3.09 0.75 0.5 273 916 615 0.55 0.34
P17A 1.29 4.35 0.88 0.72 39.59 10.82 6.68 1.24 011
P17AC 2.59 3.08 0.75 0.72 35.29 9.79 612 0.83 0
P19A 1.47 29 0.52 0.36 22.31 7.84 5.53 0.95 0.36
P20A 3.49 1.88 0.44 018 9.72 4.53 3.35 0.53 0.63
P20Bi 8.92 6.93 011 0.45 19.31 7.2 4.86 0.64 0.63
P22A 5.38 2.53 011 0.85 26.47 8.3 5.37 0.8 0.35

n* 12 12 12 12 12 12 12 12 12
SRO Mean 5.34 5.01 0.32 0.46 18.79 6.00 4.82 0.76 0.60
SD 3.35 3.97 0.22 0.30 4.82 1.78 1.04 0.25 0.29

n* 13 13 13 13 13 13 13 13 13
SP Mean 3.36 3.65 0.96 0.99 35.03 11.03 5.96 0.88 0.20
SD 3.4 0.86 0.63 0.38 716 1.94 0.52 018 017

n* 2 2 2 2 2 2 2 2 2
SMT Mean 3.35 3.28 112 0.46 3117 9.28 591 0.64 0.30
SD 2.67 0.26 0.52 0.06 5.47 017 0.34 012 0.06

*Parts of the patterned ground: O - Outer; E - edge; C - center; n - number of samples
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Table VIII. Selected physical and chemical attributes of the soils of the patterned ground area, northern sector of

Harmony Point, Nelson Island.

Sample Depth CS FS Silt | Clay pHH,0 P AP
cm dag kg mg kg’
POA1-0O* 0-18 34 29.6 20.8 15.6 444 11009 315
POA2-O* 18-40 @ 539 12.2 12.3 21.6 5.05 222 2.86
POAC-E* 0-40 60 13.8 109 15.3 475 | 1784 @ 2.66
POA1-C* 0-10 21.6 40.5 214 16.5 444 1047 | 3.05
P9A2-C* 10-35 © 377 253 209 161 502 | 1208 @ 256
PoCjj-C* 35-45 1 471 12.8 213 18.8 51 4909 @ 276
P100-0* 0-6 404 203 15.4 23.8 Lb 5101 2.86
P10A2-0* | 23-41 | 495 13.7 17.5 19.2 4.87 10686.6 0.39
P10A1-E* 6-23 54.7 12.8 14 18.5 448 | 4422 0 246
P10A2-E* | 23-41 = 421 183 21 18.6 51 5614 @ 167
P10Bi-E* 52+ 30.2 104 316 277 565 | 7968 @ 128
P10A1-C* 0-6 393 8.7 26.2 25.8 5 4301.8 1 1.08
P10AB-C* 6-21 35.6 14.5 245 254 558 | 3394 128
P10Bi-C* 21-53 30 9.7 283 319 566 34953 0.69
P10BCjj-C* | 53-77 | 36.5 12.6 304 20.5 582 1900.5 0.69
P1MAC-E* 0-20 = 387 129 271 213 538 | 2174 217
P11Cg-E* | 20-40 @ 413 19 219 179 537 | 1482 @ 148
P11ACT-C* 0-10 37 12 277 233 562 | 1897 @ 3.05
PT1AC2-C* | 10-20 = 382 141 242 23.5 5.6 188.8 | 1.58
P11AC/Cg-C* | 10-40 | 29.5 9.7 29.2 316 518 416 | 10.64
P11Cg-C* | 20-40 @ 361 1.5 271 253 537 1623 @ 335
P120A-E* 0-30 = 559 154 12.5 16.2 5.8 155.6 0.3
P12Cg-C* 0-25 29.7 16.6 282 25.5 6.79 | 2589 0
P12AC-C* 0-25 ' 308 22.2 285 18.5 6.7 195.9 0
P12BC-C* 0-25 24 20.2 35.6 20.2 6.64 | 1871 0
P17A 0-42 41.6 315 14.5 124 535 | 3552 118
P17AC 42-60 @ 509 17.6 232 83 544 | 3882 138

SB | pCEC v TOC NT Cu Mn Fe Zn S

kg % dag kg™ mg kg”

438 | 2698 | 162 1597 @ 1.00 292 2.6 4432 118 | 411
344 0 2604 0 132 | 1130 @ 079 519 21 5745 0.85 @ 21
338 | 1768 191 4.09 0.38 212 21 4875 0.8 21
397 | 2767 | 143 | 1559 | 126 374 19 5294 119 1 56.2
3.61 2811 12.8 | 1247 | 2.06 4.37 17 6276 @ 077 | 69
3.08 | 2158 | 143 491 0.39 798 35 880.5 043 | 0.8
826 | 3196 | 258 | 1169 @ 146 598 51 2614 |+ 5.03 305
21.67 | 38.07 @ 569 6.62 133 1194 | 344 26.6 58 738
8.08 | 2788 29 779 0.96 8.92 9.8 3125 6.03 | 74
YAl 2711 26.2 9.55 097 | 1894 | 348 | 336.6 @ 1337 @ 37
544 | 1714 | 317 | 265 | 073 | 1741 | 227 | 3587 | 1292 | 08
868 | 2448 | 355 421 0.64 53.7 373 2378 | 944 155
731 20.81 351 3.66 0.57 551 483 | 2793 | 769 | 36
9.21 21M 43.6 343 0.72 512 52.4 183 834 1 0.8
974 | 2094 | 46.5 234 0.53 | 3071 26.1 276.2 451 6.4
519 | 15.09 | 344 273 0.24 9.78 49 516.2 = 0.88 | 0.8
518 | 1448 | 358 273 0.28 749 6.9 516.8 @ 0.83 | 31
879 1969 @ 446 195 023 | 1375 82 4211 1.34 2
6.61 18.01 @ 36.7 3M 030 | 15.02 9 668 071 25
34.85 | 4765 731 0.23 0.02 233 10 100.7 © 1.85 1193
735 | 1355 | 542 0.39 0.04 8.29 2 1779 091 154
5.05 9.45 534 117 0.10 4.03 15 2816 @ 097 89
1747 21.07 = 829 0.93 0.09 6.21 22 351.8 1 098 08
1614 | 2034 | 794 | 148 | 015 | 142 | 289 | 4466 @ 118 | 12
1437 | 1907 | 754 | 172 | 016 | 787 | 337 | 4268 124 08
2.06 | 10.66 @ 193 2.34 0.27 4.69 2.8 3887 071 | 95
323 | 16,53 @ 19.6 2.02 0.26 717 29 6373 | 057 | 54

*Parts of the patterned ground: O - Outer; E - edge; C - center of the pattern.

DISCUSSION

Pedogeoenvironmental relationships

Due to the proximity to the ocean, penguins
and other marine animals use the coastal
environment for reproduction. Radiocarbon
dating of the marine terraces of different parts
of the SSI (Barsch & Mausbacher 1986, Del
Valle et al. 2002, Hall 2010, Hallet 2013, John &
Sugden 1971, Simms et al. 2011, Tatur et al. 1997),
showed that the marine terraces lower than 6
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m of altitude are no older than 802 years BP
and the marine terraces of 8-12 m of altitude
have, approximately, 1100 to 2050 years BP.
This indicates a recent occupation of these
environments by the fauna, especially the
penguins. In the northern sector of HP, penguin
rookeries predominate in the volcanic stacks on
marine terraces and close to the coastal cliffs.
The soils of the marine terraces (SMT group)
showed clear signs of the influence of penguin
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Figure 12. XRD patterns from the P12 Cg horizon of the
center of the patterned ground. Chl - chlorite; HIS -
hidroxy interlayered smectite; Ko - kaolinite; K-feld -
K feldspar; Qz - quartz; and Sm - smectite; d in nm.

guano, which is rich in P and bases (K, Ca* and
Mg™). The high Na-SI content of these soils are
explained by the saline spray, which contribute
to the soil eutrophication as also identified
in other marine terraces areas in the SSI
(Gonzalez-Guzman et al. 2017). The mineralogy
of P14 corroborates with the recent ornithogenic
influence, with a dominance of poorly crystalline
phosphate minerals. Despite the abundant
vegetation cover, with the predominance of
moss carpets, the average TOC content of
these soils was the lowest, due to the high
sand content. The high contents of gravel and
coarse sand in these soils indicate deposition
by fluvial processes and influence of the parent
material on pedogenesis, since andesitic basalt
is more resistant to physical weathering than
the volcanic tuffs, for example, also found in
the area (Rodrigues et al. 2019). The repeated
presence of rolled pebbles along the profile
indicates past marine influence caused by the
abrasive action of waves.

The influence of winds in coastal and
transitional environments is evidenced by
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ventifacts on rocks and the prevalence of
crustose lichensfoundindrierenvironments.The
stability evidenced in lee-facing rocky outcrops
in these environments favored vegetation and
soil development. P8, located on a rocky outcrop
talus in the transition zone, corresponded to the
Fibristel soil class and had a dense vegetation
cover (moss carpet subformation), with finds
of former penguin rookeries (pebbles and
feathers). The pedogenetic development of this
soil was evidenced by high clay content, low pH,
and contents of available and total P increasing
at depth, as well as Fe, which indicates the
presence of very crystalline Fe-phosphate
minerals. TOC content at the surface is high and
increases in the horizons above the permafrost
due to cryoturbation.

The presence of biological activity is
an important factor that contributes to the
establishment of the periglacial environment,
once it promotes stability and chemical
transformations to the unconsolidated material,
and, consequently, favors the development
of pedogenetic processes (Abakumov 2018,
Machado et al. 2019). The cryoplanation
platforms of the northern portion of HP had
a large area of patterned ground. Patterned
ground is the main evidence of cryoturbation in
Antarctic soils (Balks et al. 2013, Simas et al. 2015)
and have already been extensively mapped in
the SSI (Francelino et al. 2011, Lopez-Martinez et
al. 2012, Michel et al. 2014, Rodrigues et al. 2019).
In patterned ground area more distant from the
glacier, located in the periglacial environment,
the importance of the biological factor on soil
development and landscape stabilization is
clear. In this area, the patterned ground showed
well-defined circles, due to the flat relief, and
availability of water and fine material; and a
well-established vegetation, which indicates a
longer exposure time to periglacial processes
and biological influence. In the transition
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to the paraglacial environment, the shapes
of the patterns were not well defined, and
the vegetation cover was minimal, becoming
absent closer to the glacier. In these areas,
the steepest slope favored the occurrence of
striated pavements, due to solifluction and frost
creep processes, and less differentiation of the
soil fraction in the formation of the pattern,
indicating incipient sorting process.

The soils of rocky outcrops (SRO soil group)
of the periglacial areas showed the highest
degree of pedogenetic development. Most of
these rocky outcrops showed, both past and
present, ornithogenic influence from penguins,
giant petrels, and kelp gulls, which favored
soil development. These sites are considered
hotspots of nutrient and vegetation micro-oasis
in Antarctica ecosystems (Lopes et al. 2022). The
chemical and mineralogical transformations
in soil promoted by guano decomposition are
responsible to accelerate chemical weathering
of the rock material, increasing the concentration
of P, Ca, K, and organic matter in soil, which
favors the vegetation colonization (Schmitz et al.
2020a, b, 2022). Most of the ornithogenic rocky
outcrops presented a dense vegetation cover,
predominated by mosses. The vegetation cover
promotes more stability to the outcrop slope,
preventing erosion and gravitational process,
which favor pedogenesis and determine soil
attributes and functioning (Duran et al. 2021).
In the rocky outcrops, weathering occurs in
the rock crevices, where water and guano
accumulates and where there is the existence of
a pre-weathered saprolite. The water available
by the active layer dynamic in the rocky outcrop
Gelisols favors fungal diversity and distribution
(Da Silva et al. 2020), which helps enhance
weathering and, consequently, pedogenesis in
the rock crevices. As a result, the rocky outcrops
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soils were more acidic, dystrophic, and presented
crystalline secondary phosphate minerals, which
indicate a long period of pedogenesis.

The rocky outcrops are very important for
bird colonization in Antarctic coastal areas
(Lopes et al. 2022). Currently, in the coastal areas
of HP, the rocky outcrops, also called volcanic
stacks, are occupied by penguins’ colonies, and
in the interior by flying birds, especially giant
petrels. The abandoned penguin rookeries of
the interior and transition area of the platforms
are mainly explained by the glacio-isostatic
uplift of the SSI. The penguins abandoned these
sites when rocky outcrops became inaccessible
(too steep) after glacio-isostatic raising (Tatur
et al. 1997). So, it is possible that many rocky
outcrops of the high platforms may also have
been occupied by penguins when these areas
were closer to the coast. In recent decades,
the growing glacial retreat, linked to climate
change, has exposed new areas, which impacts
local ecosystems, and makes these locations
available for penguin occupation (Pudetko et
al. 2018). The Humigelepts (P5, P6, P21 and P23)
were considered the most developed soils of the
northern sector of HP and all of them presented
past and/or present ornithogenic influence. The
P21 and P23 are in an area of hills, considered
as more developed rocky outcrops, in the high
platform closetothetransitiontalus slope. These
soils presented past and present ornithogenic
influence of penguins, respectively. The P5 and
P6 are influenced, respectively, by present petrel
and abandoned gull nests. Despite being closer
to the glacier, these areas corresponded to high
rocky outcrops, which are much used for flying
birds for nesting and protection. In this regard,
there is a close relation among landforms,
time and ornithogenic activity, which directly
influence the soil development.
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Main soil forming processes

The major pedogenetic processes identified
in the soils of the northern sector of HP were
phosphatization, organic matter accumulation,
and cryoturbation. Phosphatization is a
pedogenetic process that has been widely
described in the Maritime Antarctic (Abakumov
et al. 2021b, Michel et al. 2006, Rodrigues et al.
2021b, Schaefer et al. 2008, Simas et al. 2007, Tatur
& Myrcha 1984). The large availability of water on
the islands in this region is an important factor
in this process, favoring reactions between the
N- and P-rich penguin guano and the rocky
substrate. According to Schaefer et al. (2008),
phosphatization in the fractures and cleavages
of the large rocks occurs through the reaction
between the soil solution (rich in guano
leachates) and the rock. This removes Si from
the structure of the rock minerals and causes
P to react with Al and Fe, producing various
forms of amorphous and crystalline phosphate
minerals.

Atthe northern portion of HP, itwas observed
that in areas of current guano deposition, the
soil surface layers presented higher values of
pH, PBS, and available P due to direct nutrient
input. As guano decomposes, its products are
leached laterally and vertically along the soil
profile. Soils of guano leachates influence had
considerable PBS contents, higher available P
content at depth, and high acidity, resulting in
the formation of amorphous and/or crystalline
phosphate minerals. Lopes et al. (2021) also
identified the importance of seabirds activity
in promoting sea-land bio-transfer of nutrients,
which favors soil fertilization and water
ornitheutrophication. During mineralization
of guano, the ammonium (NH*) present in
guano, can be converted to nitrate through the
nitrification process which strongly contributes
to soil acidification (Myrcha et al. 1985, Otero et
al. 2018).
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Vegetation was abundant in the north of HP
andistheprimarysourceoforganiccarbonuptake
into the soils. Organic matter accumulation is
also an important process of soil formation
in the maritime Antarctic (Bockheim 2015).
Organic matter accumulation is favored by low
temperatures, which retard the decomposition
rate of organic matter by saprophytic
microorganisms and favor melanization, that
corresponds to the darkening of soil horizons
due to organic matter accumulation (Bockheim
& Ugolini 1990). As highlighted by Garrido-
Benavent et al. (2020), the development of soil
and the colonization of cryptogamic organismsin
polar regions are facilitated by bacterial, fungal,
and algal communities, which act as pioneers
in the primary succession process. In general,
the surface horizons identified at HP were thick
and the colors ranged from dark brown to black,
exhibiting accumulation of organic matter in a
varied degree of decomposition. The profiles
with organic horizons corresponded to folic or
folistic horizons (according to WRB/FAO and Soil
Taxonomy, respectively) and were classified as
Fibristels, due to the domain of fibric organic
material, little humified. The mineral horizons
that presented a supply of organic matter,
corresponded to umbric horizons, since the
drainage restriction for these horizons occurs
seasonally and has short duration. The soil
profiles with umbric horizons were classified as
Umbriturbels. Most of the soil profiles obtained
a humic qualifier, according to the WRB/FAO,
due to the considerable TOC content.

Organic matter was fundamental in
promoting the soil development in the northern
sector of HP. Such development was observed
through the formation of blocks and granules
structures, promoted by the aggregation
provided by the organic matter; the greater
active, exchangeable and, mainly, potential
acidity, indicating a greater buffering capacity
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of the soils; and higher levels of micronutrients.
Organic matter also contributed to the formation
of Fe and Al organometallic complexes, as
pointed out by the pyrophosphate results for
the rocky outcrops ornithogenic soils. This
means that most of the non-crystalline mineral
fraction of ornithogenic soils corresponds to
organometallic complexes, as also pointed out
by Simas et al. (2007) and Rodrigues et al. (2019).
Besides that, vegetation also influences the
thermal regime of the soils. Vegetation cover has
a greater thermal insulating capacity, attributed
to a longer duration of the snowpack, preventing
temperatures change near the soil for long
periods, which influence the thaw and freezing
cycles of the active layer and, consequently, in
the cryoturbation process (Schaefer et al. 2017).
In areas with sparse vegetation cover, such as the
James Ross Island, the heat transport between
air and ground is fast, favoring the cooling of
the ground (AmbroZova et al. 2020). Andrade
et al. (2018) identified a relation between
solar radiation and vegetation distribution at
the Fildes Peninsula and Ardley Island, and
suggested that mosses demand more solar
radiation than lichens.

Cryoturbation is a pedogenetic process
widely found in Antarctic soils affected by
permafrost (Bockheim & Tarnocai 1998). At
the northern portion of HP, nine of the 24
profiles collected showed permafrost, at an
average depth of 36 cm, as also identified by
Rodrigues et al. (2019). Organic soils affected
by permafrost were classified as Fibristels
and patterned ground soils were classified as
Umbriturbels, Haploturbels and Aquiturbels.
Among the evidences of cryoturbation, we found
accumulation of organic matter in permafrost,
oriented stones, irregular horizons and migration
of thinner material in depth. This last evidence
corresponds to the process called pervection,
which is associated with sorting, resulting in
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the accumulation of fine material (silt and clay)
at depth and segregation of coarse material
(coarse fraction, sand) at surface.

Fibristels showed less evidence of
cryoturbation, which is related to the
accumulation of organic matter in the surface
layers, promoting damping of movements
caused by cryoturbation. In contrast, the
patterned ground soils showed clear evidence
of this process since they are typical features of
cryoturbation. We observed that the location of
the patterned ground soils at flat areas favors
the accumulation of water and, consequently,
increases the cryoturbation process. Likewise,
the higher content of fine material contributed
to the formation of the patterns. The presence
of primary minerals in the clay fraction in the
maritime Antarctic soil are commonly explained
by cryoclasty, due to daily freeze-and-thaw
cycles (Balks et al. 2013). P9 stoods out for the
greater contribution of organic matter instead
of clay to the formation of the pattern, and
P10 presented a strong ornithogenic influence,
whose secondary phosphate minerals were the
main contributors to the high clay content of the
soil. P11 and P12 presented higher clay content,
which were composed by ferromagnesian
minerals and phyllosilicates, such as chlorite,
smectite, hidroxy-interlayered smectite, and
kaolinite. P17 was the only soil with a striated
pattern, resulting from the solifluction process.

The occurrence of chlorite, smectite, and
kaolinite was noted elsewhere in MA. Some
studies (Jeong & Yoon 2001, Lee et al. 2004)
associate the origin of chlorite with rocks
that have undergone weak metamorphism
and the origin of smectite and kaolinite
with paleohydrothermalism associated with
magmatic intrusions and subsequent volcanism.
Blume et al. (2002) noted corroded surfaces of
pyroxenes, mica, and feldspars, and the presence
of illite and smectite in the clay fraction in
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several soils on King George Island, which they
linked to the occurrence of chemical weathering
promoted by water availability during hot
summer and acidification promoted by organic
matter and guano mineralization. Other authors
(Lopes et al. 2019, Simas et al. 2006, Siqueira et
al. 2022) linked the greater chemical weathering
in MA to the sulfurization process that occurs in
sulphate acidic soils where kaolinite also occurs.
It is possible that the origin of chlorite and
kaolinite in the northern sector of HP is related
to paleohydrothermalism of volcanoclastic
rocks, and the origin of smectite with hydroxy
interlayers is related to chemical weathering of
smectites from pre-weathered saprolite caused
by polymerization of A’ forms in soil from
aluminosilicates such as plagioclase (Simas et
al. 2006).

The saprolite observed in rock crevices of
the rocky outcrops was formed during a warmer
and wetter past climate, which persisted until
the Paleogene period (Le Roux 2012). The
transition of Antarctica continent to a polar
condition occurred in the Miocene epoch
(Armienti & Baroni 1999, Le Roux 2012). The
presence of a mixed assemblage of subtropical
and cold-temperate plant species, such as
Nothofagus (Bastos et al. 2013, Le Roux 2012), in
Antarctica suggests sufficient soil development
to support this vegetation. This, in turn, implies
pre-weathering of the paleo-saprolite, whose
location in the rock crevices preserved it from
erosion. Further studies are necessary to better
understand the characteristics of this paleo-
saprolite and its connection to soil evolution in
the Antarctic environment.

ORNITHOGENESIS AND SOIL-LANDSCAPE INTERPLAYS

CONCLUSIONS

The northern sector of HP presented a wide
variety of landscape features, and the general
occurrence of ornithogenesis. Among the
mapped landforms, the patterned ground
occupied the largest area, while “Ornithogenic”/
Typical Gelorthents was the most dominant soil
and the moss carpets was the predominant
vegetation type. All soils of the rocky outcrops
presented ornithogenic influence and varied
between Gelisols, Entisols and Inceptsols. Soils
of the cryoplanated platforms were mostly
classified as Gelisols, whereas soils of the
marine terraces were mainly Entisols.

The ornithogenic influence is the main
contrasting factor of soils from the northern
sector of HP, but vegetation cover, landforms,
maritime climate and geology play an important
role on conducing pedogenesis. Despite the
intense current ornithogenic influence, soils of
the marine terraces were the least developed,
due to the youthfulness and lack of structure.
Soils of the rocky outcrops were the most
developed ones, even those closer to the glacier
margin. This is justified due to the long-term
phosphatization, and a pre-weathered saprolite
between rock crevices, where moisture is
high and the vegetation development greater,
enhancing pedogenesis. The mineralogical
composition of the clay fraction of these soils
were predominantly composed by amorphous
and crystalline phosphate minerals, as much
as organo-metallic complexes. Soils of the
platforms, represented mainly by the soils
of patterned ground, presented a gradual
pedogenetic development, conditioned by the
influence of organisms and distance from the
glacier, which indicates advanced periglacialism
processes (mainly cryoturbation and cryoclasty).
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