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SOIL SCIENCE

Pedodiversity and ornithogenesis of a tiny
Antarctic Island (Half Moon): landform-
geology-vegetation interrelationships
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SCHAEFER

Abstract: The harsh Antarctic climate limits soil formation and the development of
terrestrial ecosystems, with most biological activity concentrated in the short summer
season in ice-free areas. There, penguins play a crucial role in nutrient transport from
marine to terrestrial environments, significantly impacting soil properties through guano
deposition. This study focuses on characterizing the ornithogenic soils of Half Moon
Island in Maritime Antarctica, examining how lithology, vegetation, and geomorphology
influence their formation and distribution. Fieldwork conducted during the 2014/2015
austral summer included excavating and sampling 21 soil profiles. Soils were analyzed
for physical and chemical properties and classified. Half Moon Island’s soils are
predominantly Cryosols and Leptosols, characterized by little development, high
gravel content (skeletic), and significant cryoturbation. High variability in soil chemical
properties was observed, with principal component analysis highlighting distinct
clusters based on landscape position, geology, vegetation and ornithogenic influence.
The findings underscore the diverse pedoenvironments of Half Moon Island, shaped
by past and present ornithogenic activity and post-glacial geomorphological processes.
This research highlights the soil variability in Antarctic environments and the significant

ecological importance of seabird colonies on small, isolated islands.

Key words: climate change, cryosols, pedogenesis, phosphatization.

INTRODUCTION

The harsh climate of Antarctica restricts soil
genesis and the development of life forms in
terrestrial environments (Campbell & Claridge
1987). Biological activity is restricted to short
summers and ice-free areas, limited to islands,
coastalregions, cliffs,and exposed ridges (Convey
et al. 2008). Coastal stretches emerged after
the Last Glacial Maximum (LGM), during global
Holocene deglaciation (10 ka), and subsequent
glacial-isostatic land uplift, increased the area
accessible to marine vertebrates, particularly
penguins and seals (Tatur 2002). This process

accelerated in the last 6 ka when wide raised
beaches and terraces formed at the base of
early Holocene cliffs (Fretwell et al. 2010). Thus,
the first marine animals breeding grounds often
shifted to these seaward beaches, resulting that
earlier higher sites, located on the steep Early
Holocene cliffs, were abandoned (Tatur et al.
1997, Tatur 2002).

Penguins are important seabirds for
the transport of nutrients from the sea to
terrestrial ecosystems in Antarctica, since they
form large colonies and use the same area for
breeding for centuries (Santamans et al. 2017).
In addition, penguins feed almost exclusively
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in the marine environment, but deposit many
droppings, feathers bones, and eggshells in
terrestrial environments (Perfetti-Bolano et al.
2018). According to Simas et al. (2007), guano
accumulation in penguin rookeries represents
the most abundant source of organic matter in
the Antarctic terrestrial ecosystem, reaching 10
kg of guano per m’ peryear (Myrcha & Tatur 1991).
Penguin colonies are generally located in well-
drained and elevated sites, not far (maximum
350 m) from the coast and up to 60 m high in
altitude (Santora et al. 2020).

Other birds (gulls, skuas, and petrels) nestin
more central ice-free areas. Dense populations
of penguins, giant petrels, and sea gulls entering
new areas often limit the vegetation growth
due to nutrient excess and toxicity. However,
the vegetation around the nests of other flying
birds (small petrels, Antarctic terns), or around
individual skua nests is not affected, but greatly
fertilized (Tatur 2002). With the abandonment
and/or displacement of penguin colonies,
due to climatic changes or uplift by post-LGM
glacio-isostasy, the former penguin rookeries
are colonized by varying cryptogamic plant
communities, as the soils at these sites are very
fertile (Ferrari et al. 2021, Schmitz et al. 2020).

Antarctic soils are generally poorly
developed, unstable, and strongly influenced by
freeze-thaw cycles; usually have low clay and
organic matter contents, and high gravel and
pebble contents (Convey et al. 2008, Pereira
et al. 2013, Daher et al. 2019, Lopes et al. 2019).
Among the main soil types in Antarctica,
ornithogenic soils are characterized by their
unique properties, which are directly related
to the higher degree of weathering of these
soils, influenced by the deposition of guano
from seabirds, rich in phosphorus, nitrogen
and nutrients (Michel et al. 2006, Simas et al.
2007, Poggere et al. 2016, Schaefer et al. 2017,
Daher et al. 2019). Phosphatization is the most
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important pedogenic process in these Antarctic
soils, associated with intense geochemical
transformations and the precipitation of
a new assembly of phosphate minerals
(Rodrigues et al. 2021, Sacramento et al. 2023).
The ornithogenic soils are also enriched with
organic matter, especially at the abandoned
sites, constituting pools of soil carbon stocks in
Antarctic ecosystems (Michel et al. 2006).

The aim of this work was to present the
main soils and their distribution in a tiny island
(Half Moon Island - HMI), in Maritime Antarctica,
aiming to understand how the substrates,
geomorphology and vegetation influence the soil
distribution and ornithogenesis. Our hypothesis
is that HMI, despite its very small size, has a
large pedological diversity that is related to
the interplay of past and present ornithogenic
influence, combined with landscape evolution,
particularly post-LGM glacial glacio-isostatic
events, and vegetation development.

MATERIALS AND METHODS
Study area

With an area of approximately 1.6 km?, Half Moon
Island (62°35'42.94" S 59°55'8.41" W) is a small
island inthe McFarlane Strait between Greenwich
Island (to the northeast) and Livingston Island
(to the southwest) (Figure 1a), which is part
of the South Shetland archipelago, Maritime
Antarctica. The fieldwork was conducted during
the 33rd Brazilian Antarctic Operation, in the
austral summer of 2014/2015. The island takes
its name from its crescent moon shape. It is
home to the Argentinian Camara Base, which
was built in 1951/1952. The average annual air
temperature on Half Moon Island ranged from
-311°Cto -110 °C between 2015 and 2018, with a
minimum of -17.93 °C and a maximum of 12.81°C
during this period (Schaefer et al. 2023).
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Figure 1. a) The location of Half Moon Island in McFarlane Strait, b) Plant community map with the 21 sampled
profiles on Half Moon Island (adapted from Schmitz et al. 2018), c) Geological map of the island, showing the
locations of the 21 sampled profiles (adapted from Smellie et al. 1984), d) Altitude map of the island, showing the

locations of the 21 sampled soil profiles.

Half Moon Island possesses colonies of
almost all representative Antarctic birds, in
addition to colonies of seals resting in the
area. Birds were counted on this island in some
previous studies. According to Esponda et al.
(2000), there were 10 breeding species on Half

An Acad Bras Cienc (2024) 96(Suppl. 2)

Moon Island in the Antarctic summer of 1995/96:
chinstrap penguins (Pygoscelis antarctica), Cape
petrels (Daption capense), Wilson's storm petrels
(Oceanites oceanicus), black-bellied storm
petrels (Fregetta tropica), Antarctic cormorants
(Leucocarbo bransfieldensis), Subantarctic
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skuas (Catharacta antarctica), South Polar skuas
(C. maccormicki), kelp gulls (Larus dominicanus),
Antarctic terns (Sterna vittata), and snowy
sheathbills (Chionis alba).

The number of vegetation species recorded
amounted to 38 bryophytes, 59 lichens, only one
flowering plant (Deschampsia antarctica Desv.),
and two macroscopic terrestrial algae (Schmitz
et al. 2018). Five types of plant communities were
classified on the island, covering about 12.5% of
the island: fruticose lichen and moss cushion,
moss carpet, muscicolous lichen, crustose
lichen, and moss turf (Figure 1b) (Schmitz et
al. 2018, 2021). The fruticose lichen community
has the greatest coverage. The crustose lichen
community was the most diverse, and the moss
carpet was the community with the greatest
richness. Species of the genus Sanionia spp
were the most abundant on the island (Schmitz
et al. 2018, 2021).

Thelandscape of HalfMoonIsland consists of
two clear divisions. The first is the compartment
of hills, which consists of the remains of uplifted
marine platforms bordered by scree slopes and
scarps (Lopez-Martinez et al. 2012). The slopes
are the result of intense glacial erosion of the
platforms during the LGM. After deglaciation, the
hills developed into small islands from the pre-
Holocene which were connected by tombolos
during marine accumulation in the Holocene.
These tombolos gave rise to the second marine
compartment of HMI, consisting mainly of
highly stepped plains of marine terraces with
maximum height of 18 m, that were uplifted
during the successive Holocene glacio-isostatic
pulses (Serrano & Lopez-Martinez 1997).

There are three large hills on Half Moon
Island. Gabriel Hill (101 m a.s.l) is the highest
point followed by Xenia Hill (= 90 m.a.s.l) and
La Morenita Hill (= 85m a.s.l. behind Camara
Base) (Figure 1d) (Schmitz et al. 2018). Penguin
colonies are concentrated on Baliza Point and
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are frequently visited by tourists in summer.
According to Smellie et al. (1984) the geology
of the island is diverse and consists of andesite
intrusions in the north (Gabriel and Xenia
Hills) and tonalite intrusions in the south at
La Morenita Hill (Figure 1c). Gabbro also occurs
in HMI at Baliza Point, where it locally intrudes
andesitic lavas (Serrano & Lopez-Martinez 1997).

The geomorphology of Half Moon Island is
characterized by the predominance of coastal
forms and processes. There are many raised and
stepped beaches, that extend from sea level
to an altitude of 18 m, as well as erosional sea
platforms, that range from 18 to 90 m in height
(Serrano & Lopez-Martinez 1997).

Glacial landforms and deposits are divided
in to: Ice and snow, ice scarp, cirques, till,
moraine ridge and diffluence; Periglacial and
nival landforms and deposits: nivation niche,
patterned ground, stone stripes, cracking
stone, solifluction lobes, debris slopes and
debris cone; Marine landforms and deposits.
Landforms changed according to elevation:
between 0 and 20 m a.s.l. raised beaches, cliffs,
till, glacial deposits, and debris slopes and cones
were most common; between 20 and 80 m a.s.l
nivation niches, patterned ground, stone stripes,
gelifluction sheets, and lobes were predominant;
at higher elevations debris lobes and debris
talus, associated with the resistance of andesite
intrusions predominated (saddleback ridge,
Lopez-Martinez et al. 2012).

Soil characterization

Twenty-one profiles distributed throughout
HMI were excavated and sampled to the lithic
contact or permafrost (Table 1), representing
different degrees of ornithogenesis and various
types of vegetation cover on the island (Figure
2). The morphology of the profile was described,
and samples of soil horizons were sampled
according to Bockheim et al. (2006). Soils were
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Table I. Location, soil classification (WRB and Soil Taxonomy), landforms, geology, ornithogenic influence, and
vegetation type of the 21 soil profiles (P) sampled on Half Moon Island.

P

10

"

Elev
m a.s.l

83

1

76

100

90

65

40

90

80

64

70

Geographic
position

62°35'3.30" S
59°5428.90"W

62°35317" S
59°54'33.3"W

62°35'3.65"S
59°54'31.92"W

62°35'15.78"S
59°55'39.78"W

62°35'15.8"S
59°55'35.7" W

62°35'15.30" S
59°5515.30"W

62°35'42.94"S
59°55'8.41"W

62°35'4.70"S
59°55'0.60"W

62°35'05.6" S
59°55'04.3"W

62°35'05.6" S
59°55'04.3"W

62°3511.6" S
59°55'07.8" W

Classification
WRB-FAO

Turbic Leptic

Umbric Skeletic Psammoturbels

Cryosol (Arenic
Humic Ornithic)

Reductaquic
Leptic Skeletic
Cryosol (Arenic
Humic Ornithic)

Turbic Leptic

Umbric Skeletic/ Umbriturbels

Cryosol (Arenic
Humic)

Turbic Leptic
Cryosol (Arenic,
Humic)

Turbic Leptic
Cryosol (Arenic
Humic Ornithic)

Turbic Leptic
Cryosol (Arenic)

Turbic Leptic
Umbric Cryosol
(Arenic Humic)

Turbic Leptic
Umbric Cryosol
(Arenic Humic)

Turbic
Reductaquic
Leptic Mollic

Cryosol (Arenic

Humic)

Turbic Cryosol
(Dystric Arenic
Ornithic)

Turbic Leptic
Cryosol (Arenic
Humic)
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Soil Taxonomy

Umbriturbels

Umbriturbels

Psammoturbels

Umbriturbels

Psammoturbels

Umbriturbels

Umbriturbels

Psammoturbels

Umbriturbels

Psammoturbels

Umbriturbels

Umbriturbels

Psammoturbels

Umbriturbels

Umbriturbels

Landforms

Upper
platforms and
slopes

Upper
platforms and
patterned
ground

Upper
platforms and
gelifluction
lobes

Crest ridge

Upper
platforms and
gelifluction
lobes

Stone stripes

Debris slope
and cone

Middle
platforms and
scarps

Upper
platforms and
slopes

Upper
platforms and
slopes

Upper
platforms and
slopes

€20240581

Geology

Andesite

Andesite

Andesite

Andesite

Andesite

Andesite

Tonalite

Andesite

Andesite

Andesite

Andesite

5120

Ornithogenic Vegetation

influence

Former,
moderate

Former very
strong

No or former
weak

No or former
weak

No or former
weak

Former
strong

Former,
moderate

No or former
weak

No or former
weak

Former
strong

Former very
strong

type

Moss carpet

Moss carpet

Musciculous
lichens

Moss carpet

Moss turf

Unvegetated

Moss carpet

Musciculous
lichens

Moss carpet

Fruticose
lichens Usnea

Moss carpet
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Table I. Continuation.

12

13

14

15

16

17

18

19

20

21

12

4

12

67

73

85

62°35'40.0"S
59°53'45.6"W

62°35'41.8"S
59°53'481"W

62°35'43.73"S
59°53'5219"W

62°3523.8"S
59°55'18.3"W

62°35'45.8" S
59°54'08.4" W

62°35'43.6"S
059°54'551"W

62°34'58.70"S
59°54'57.80"W

62°35'12.0"S
59°55'04.0"W

62°3511.8"S
59°55'04.7"W

62°35'45.9"S
59°55'08.8"W

Skeletic
Leptosol
(Arenic Gelic
Ornithic)

Eutric Skeletic Typic Gelorthent

Leptosol
(Arenic Gelic)

Skeletic
Leptosol
(Arenic Gelic
Ornithic)

Turbic Skeletic
Cryosol
(Arenic Eutric
Patterned)

Eutric Leptosol
(arenic Gelic)

Skeletic
Leptosol
(Arenic Gelic)

Eutric Leptosol
(Siltic Gelic)

Turbic Umbric
Cryosol (Arenic
Ornithic)

Skeletic Turbic
Cryosol (Arenic)

Turbic Leptic
Umbric Skeletic
Cryosol (Arenic

Humic)

Ornithogenic

Lithic Gelorthent

+ Lithic
Gelorthent

Ornithogenic
+ Typic
Gelorthent +
beach gravels

Ornithogenic

Lithic Gelorthent

+ Lithic
Gelorthent

Typic
Psammoturbels
+ Lithic
Umbriturbels

Lithic Gelorthent

+ Typic
Gelorthent +
beach gravels

Lithic Gelorthent

+ Typic
Gelorthent +
beach gravels

Typic
Psammoturbels
+ Lithic
Umbriturbels

Typic
Psammoturbels
+ Lithic
Umbriturbels

Lithic
Umbriturbels
+ Lithic
Aquiturbels

Typic
Psammoturbels
+ Lithic
Umbriturbels

classified according to the World Reference Base
for Soil Resources (IUSS Working Group WRB
2015) and the Soil Taxonomy (SSS, 2014). All soil
samples were analyzed in the laboratories of
the Soil Department of the Federal University of
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Talus stacks

Marine terraces

Talus stacks

Marine terraces

Marine terraces

Marine terraces

Marine
terraces-
Present day
and Holocene
beaches

Upper
platforms and
slopes

Stone stripes

Upper
platforms and
slopes
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Gabbro

Marine
sediments

Gabbro
with
Marine
sediments

Andesite
with
Marine
sediments

Tonalite
with
Marine
sediments

Marine
sediments

Marine
sediments

Andesite

Andesite

Tonalite

Current
strong

Current
strong

Current
moderate

Former,
moderate

Former
strong

Former
strong

No or former
weak

No or former
weak

No or former
weak

Current Skua

Unvegetated

Unvegetated
scarse
Prasiola
crispa

’

Unvegetated

Unvegetated

Unvegetated

Unvegetated

Unvegetated

Moss carpet

Unvegetated

Fruticose
lichens -
Usnea

Vicosa, according to standard protocols (Teixeira
et al. 2017). Regarding soil chemistry, the
following parameters were evaluated: available
P; exchangeable K, Ca”, Na, Mg”, Al*, Fe, Cu,
Mn, Zn; exchangeable acidity (H + Al); pH (H,0);

€20240581
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Figure 2. Representative soil profiles and landscapes illustrating different degrees of ornithogenesis and
vegetation types: (a) current strong, unvegetated (P12); (b) current weak: unvegetated (P14, above), fruticose
lichens Usnea community (P21, below); (c) former weak to moderate: moss turf community (P4); (d) former strong:

moss carpet community (P11, above; P2, below).

organic matter (OM); bases sum (BS); effective
cation exchange capacity (CECeff); potential
effective cation exchange capacity (CEC_T);
bases saturation percentage (PSB); Al saturation
(Al_sat); and remaining phosphorus (P_rem).

Soil texture was analyzed by mechanical
dispersion of <2 mm samples in distilled water,
sieving and weighting of the coarse and fine
sand, and sedimentation of the silt fraction
followed by siphoning of the < 2 pm fraction
(Gee & Bauder 1986). The soil textural classes
were determined using a soil textural chart
(Sand 0.05- < 2 mm, silt 0.002- < 0.05 mm, and
clay < 0.002 mm). Due to the limited sample size,
physical analyses could not be carried out for all
environments, so they were not included in the
statistical analyses.

Soil mapping

After describing and classifying the soil profiles,
the soil classes of Half Moon Island were
mapped. A semi-automatic method was used
for this. The first step was to automatically
delineate the mapping units using the SAGA
tool TPI Based Landform Classification which is
included in the software QGIS (QGIS 2024) and
defines relief units based on the Topographic
Position Index algorithm. The use of this tool is
strongly based on the assumption that the soil-
landscape relationship has a decisive influence
on the distribution of soils at the local scale in
Antarctica (Francelino et al. 2011, Schaefer et al.
2015). The second step was to classify the created
landscape units, defining simple or composite
mapping units depending on the distribution of
soil profiles used as reference.
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Statistical Analyses

The chemical soil properties were summarized
using a principal component analysis (PCA) of
the correlation matrix with the ‘FactoMineR’
package (Husson et al. 2017). This analysis
aimed to reduce the number of redundant soil
properties and identify patterns of similarity
for four parameters: landscape units, geology,
vegetation, and ornithogenesis. All analyses
were performed using R software (version 4.4.0)
(R Core Team 2023).

RESULTS
General soil characteristics

The soils of Half Moon Island were shallow
skeletal (gravelly, cobbly, and dominated
by coarse grain) and poorly developed. Soil
structure ranged from moderate to weak,
subangular to granular structure, or single
grain. Granular structures occurred on gabbro
and tonalite intrusions, while the subangular
structure and single grain were related to
andesite and andesitic lavas and lapilli stones,
the former being closely associated with higher
organic matter content and cryoturbation
processes. The 21 pedons could be classified as
Cryosols and Leptosols based on the presence
of permafrost, continuous lithic contact within
25 c¢m depth, or less than 20% fine earth (by
volume) (Table 1). The soils were mostly arenic,
and cryoturbated; organic matter and buried
ornithogenic horizons were common.

These cryosols could be classified as turbic,
leptic, skeletic, and, most frequently, reductaquic
umbric or mollic (P1, P2, P3, P4, P5, P6, P7, P8, P9,
P10, P11, P15, P19 and P21). Summer temperatures
close to 0 °C were detected, together with
cryoturbation during sampling, and the location
in the landscape and periglacial features
confirms the presence of permafrost (1USS
Working Group WRB 2015). These cryosols were

ORNITHOGENIC SOILS OF HALF MOON ISLAND

located at the top of Tombolo, which connects
the two rock promontories, at the highest parts
of the landscape: Gabriel Hill, Xenia Hill, and La
Morenita Hill. They occurred at sites dominated
by periglacial and nival landforms and deposits.
Leptosols (gelic) were all skeletic, often with
arenic and ornithic characteristics (P12, P13,
P14, P16, P17, P18 and P20); they occurred mainly
on present-day and Holocene beaches at the
coastal zone, always below 20 m a.s.l, with the
main landforms including tills, stone stripes,
and rock glaciers. Soils formed from andesite
intrusions and andesitic lavas as well as lapilli
stones and tonalite tended to be coarser, while
those formed from gabbro intrusions have a
higher silt content.

The chemical properties of the soil
greatly varied in the 21 areas (Table I1). Many
areas showed strong ornithogenic influence
(including the pedons at higher elevations)
and had high acidity and very high available P
values (183 to 8483 mg/dm?3), with the exception
of environments 15 (P= 641 mg/dm3) and
18 (P= 135.7 mg/dm?3), which had a very low
ornithogenic influence (Table 11). P10 had high
values for several attributes, including P, Ca, Mg,
BS, and t, and the lowest for Zn (0.64 mg/dm3).
P11 had the greatest variation in phosphorus (P)
between horizons, with a significant increase
in depth (183 to 9638 mg/dm®). P12, located in
the current penguin rookery, showed elevated
levels of P (median = 8.368 mg/dm’), potassium
(K = ~3487 mg/dm’) and sodium (Na median =
4176 mg/dm?) in all horizons, along with the
lowest organic matter (OM) content (~0.1 dag/
kg). P14 is located near an active penguin
rookery and had low values for K, Ca*, Mg”, BS,
and CECeff, probably due to intense leaching
by acidification, in contrast to high value of Zn
(9.33 mg/dm3). P16 had the most acidic soil, with
the lowest pH (3.7) and the highest H + Al value
(43.7) a depth of 15-20 cm. The organic matter
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CEC_T

Dim2 (24.8%)

Dim1 (47.1%)

CEC_T

Dim2 (24.8%)

25
Dim1 (47.1%)

content was high, especially in the range of P1-
P5, with values above 6 (dag/kg) and up to 36.5
(dag/kg), while low values were recorded in P15
and P18 (0.34 dag/kg). Base sum (BS) and the
total cation exchange capacity (CEC_T) varied
between the profiles, with values ranging from
1.5to 471 (cmol/dm3) and 3.5 to 52.7 (cmol/dm?3),
respectively. The soils differed according to the
percentage of base saturation (PSB), with P1,
P2, P3, P4, P5, P7, P8, P11, P14, P17, and P21 being
dystrophic (PSB < 50%) and P6, P9, P12, P15, P18,
P19, and P20 being eutrophic (PSB > 50%).

Soil chemical pattern

Principal component analysis (PCA) revealed a
high variability of soil chemical properties in the

An Acad Bras Cienc (2024) 96(Suppl. 2)

PSB

PSB

ORNITHOGENIC SOILS OF HALF MOON ISLAND

R12

Figure 3. Principal component
analysis (PCA) of soil chemical
properties from Half Moon
Island profiles. a) profiles
grouped by landscape units b)
profiles grouped by geology
types.

Groups

% NORTHEN HILL
ROOKERY
SOUTHERN HILL

MARINE TERRACES

Groups

(@] AnoesiTE
A

GABBRO

MARINE SEDIMENTS
TONALITE

analyzed profiles on Half Moon Island (Figures 3
and 4). The first two axes of the PCA explained
71.9% of the variability in the soil profiles. Thus,
the first axis (47.1%) was positively correlated with
magnesium (Mg, r = 0.89), base saturation (BS, r
= 0.88), and sodium (Na, r = 0.75), and negatively
correlated with potential acidity (H+Al, r = -0.80),
aluminum saturation (Al sat, r = -0.68), and
organic carbon (COT, r = -0.63). The second axis
of the PCA (24.8%) is positively correlated with
the total cation exchange capacity (CEC_T, r =
0.77).

Profile P12 is located in an active penguin
rookery and formed an isolated group from
the other profiles due to its distinct and
unique chemical characteristics, exhibiting

€20240581 12120
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CEC_T

Dim2 (24.8%)

Dim1 (47.1%)

W.

Dim2 (24.8%)

00 25
Dim1 (47.1%)

25

eutrophic soils, very high levels of phosphorus
(P) and sodium (Na), and high values of CEC_T.
In addition, due to the intense activity and
trampling by penguins, vegetation cannot
develop, and the gabbro geology differs from
the rest of the island’s sites.

In the PCA of the landscape units (Figure
3a), the profiles were grouped into four clusters:
marine terraces, Northern Hill, Penguin rookery,
and Southern Hill. Profiles P7 and P21 in La
Morenita (Southern Hill) were grouped together
because they had high potential acidity (H +
Al) and similar values for soil organic carbon
content (COT) and aluminum saturation (Al
sat). The profiles in the marine terraces (P13,
P14, P15, P17, and P18) show similar values for

PSB

PSB

ORNITHOGENIC SOILS OF HALF MOON ISLAND

Figure 4. Principal component
analysis (PCA) of soil chemical
properties from Half Moon
Island profiles. a) profiles
grouped by vegetation b)
profiles grouped by degrees
of ornithogenesis.

Groups

% ROOKERY

UNVEGETATED
|| veceraten

Groups

% CURRENT STRONG

CURRENT WEAK TO MODERATE

FORMER STRONG
FORMER WEAK TO MODERATE

micronutrients, such as manganese (Mn), which
increase with depth, and low organic matter
content which decreases with the depth of the
profiles. The profiles in the Northern Hills (Xenia
P1, P2, P3, P8, P9, P10, P11, P19, P20, and Gabriel
P4, P5, and P6) were grouped together and show
high values of organic matter (OM).

In the PCA of the geology of Half Moon
Island (Figure 3b), the profiles were grouped
into four clusters: three geological formations
(andesite, gabbro, and tonalite), and the marine
sediments that make up the present beaches.
The distribution of the groups among the
geological types reflects the distribution among
the landscape units. Gabbro rock is restricted to
Baliza Point, and only occur in P12. La Morenita

An Acad Bras Cienc (2024) 96(Suppl. 2) €20240581 13 | 20
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Hill is predominantly composed of tonalitic
rocks and hosts the P7 and P21 profiles. In
contrast, Xenia and Gabriel Hills (to the North)
are predominantly andesite and host the P1, P2,
P3, P8, P9, P10, P11, P19 and P20 profiles, as well
as the P4, P5, P6 profiles.

In the PCA of the vegetation (Figure 4a),
the profiles were divided into three groups:
vegetated, unvegetated, and the currently active
penguin rookery (P12). The vegetated profiles
(P1, P2, P3, P4, P5, P7, P8, P9, P10, P11, and P20) are
covered with mosses or lichens and/or mixed
communities of both. The vegetated areas are
mainly located in the higher parts, of the Xenia,
Gabriel, and La Morenita Hills. The unvegetated
profiles from the higher elevations (P6 and P20)
are located in stone stripes, where constant
cryoturbation prevents the establishment of
vegetation.

The PCA of ornithogenesis revealed four
different degrees of ornithogenic influence on
Half Moon Island (Figure 4b). The classification
was based on the observation of the presence
of flying birds and penguins at the sampled sites
and on the phosphorus (P) content, analyzing all
horizons of the sampled profiles. Current strong
(P12 and P13): profiles located in and around the
currently active penguin rookery, respectively.
Current weak to moderate: Encompassing P14,
located near a currently active penguin rookery
at Baliza Point, and P21 near skua nests on La
Morenita Hill. Former strong (P2, P6, P10, P11,
and P17): occur in the upper areas, especially
on the upper platforms and slopes of Xenia and
Gabriel Hills, which are no longer accessible to
penguins. Former weak to moderate: Profiles
located on present-day beaches (P18) and
uplifted marine terraces (P15) show a weak
ornithogenic influence in the surface horizons,
with a tendency towards an increased influence
in the deeper horizons. P7, classified with a
moderate degree of influence, is located on

ORNITHOGENIC SOILS OF HALF MOON ISLAND

debris slopes and cones on the ascent of La
Morenita, displaying a similar trend of increasing
phosphorus (P) content with depth. This pattern
is also observed in profiles P1, P3, P4, P5, P8, P9,
P19, and P20, which are located in the higher
areas of Xenia and Gabriel Hills.

Soil map classification

The digital soil mapping, which combines
landscape aspects with the described soil types,
resulted in nine different soil classes (Figure
5). These classes had different percentages of
coverage on the ice-free areas, with the class
“Lithic Gelorthent + Typic Gelorthent + beach
gravels (Skeletic Leptic Regosol + Skeletic
Regosol)” covering the most of the island, with
32.4%, followed by “Typic Gelorthent (Skeletic
Regosol)” with 18.3%, both of which are mainly
located in areas of marine landforms and
deposits where present-day and Holocene
beaches occur. At 12.4%, “Lithic Umbriturbels
+ Lithic Aquiturbels (Umbric Leptic Cryosol +
Reductaquic Leptic Cryosol)” covers most of the
upper platforms and scarps, which also include
periglacial and nival landforms and deposits, as
well as patterned ground, nivation niches, and
solifluction lobes. The soils classified as “Lithic
Gelorthent (Skeletic Leptosol)” account for 11.2%
and occur mainly on hill slopes in areas with
periglacial and nival landforms and deposits,
such as debris slopes and cones. With a total of
10.5%, the soils “Typic Psammoturbels + Lithic
Umbriturbels (Turbic Cryosol (Arenic) + Umbric
Leptic Cryosol)” occupied the areas above 70
m a.s.l. of Hills Gabriel, Xenia, and La Morenita,
and above 40 m a.s.l. in Baliza Point. The “Typic
Psammoturbels + Lithic Umbriturbels (Turbic
Skeletic Cryosol (Arenosol) + Umbric Leptic
Cryosol)” soils (in light blue) covered 6.3% of the
area and are located on the central tombolo (40
m a.s..), which connects the hills in the north
with the southern part of the island. The soils

An Acad Bras Cienc (2024) 96(Suppl. 2) 20240581 14 | 20
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ORNITHOGENIC SOILS OF HALF MOON ISLAND
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Figure 5. Soil classification map of Half Moon Island, featuring the locations of the 21 sampled profiles.

with the strongest ornithogenic influence are
classified as “Ornithogenic Typic Gelorthent +
Typic Gelorthent (Skeletic Regosol (Ornithic)
+ Skeletic Regosol)” and “Ornithogenic Lithic
Gelorthent + Lithic Gelorthent (Skeletic Leptosol
(Ornithic) + Skeletic Leptosol)” with 6.8% and 0.9%

An Acad Bras Cienc (2024) 96(Suppl. 2) €20240581

respectively and are restricted to the present-
day and Holocene beaches of Baliza Point.
Finally, we have the class Lithic Umbriturbels
(Umbric Leptic Cryosol), which accounts for 0.8%
of the soil coverage on Half Moon Island.
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DISCUSSION

Previous studies have shown that Half Moon
Island has a clear gradient in terms of relief
(Serrano & Lopez-Martinez 1997, Lopez-Martinez
et al. 2012), vegetation establishment (Schmitz
et al. 2018, 2021), and geology (Smellie et al.
1984). In addition, the soils of HMI are strongly
influenced by the intense activity of seabirds
that inhabit the island (Esponda et al. 2000), as
well as a milder climate compared to continental
Antarctica, similar to other islands in the South
Shetland archipelago. Our results shed light
on the factors for the formation of the islands,
their ornithogenic status and the development
of vegetation influenced by the geology and
geomorphologic evolution of the HMI since
the last glacial period (LGM). Before the glacio
isostatic uplift, the penguin colonies colonised
areas that are now inaccessible to them due to
the elevation of the platforms . Since itis a small
island and the hills have no current tombolo
connections, much of the area was used by
penguins for nesting. A strong ornithogenesis
can therefore be observed, which is due to the
earlier colonisation of these areas, which are
now elevated. The current colonisation takes
place on current and Holocene beaches to which
the penguins have easy access.

According to Massone et al. (1996) the
widespread presence of raised geomorphological
features of marine origin on HMI allows us to
infer its Quaternary evolution, which is closely
linkedto glacial and interglacial events. The
Quaternary evolution of HMI can be divided into
four stages: glacial 1, interglacial, glacial 2 and
postglacial, which can be correlatedwith existing
regional schemes for the South Shetland Islands.
During glacial 1the island was covered by ice and
connected to the other islands. Several marine
erosional surfaces which today lie between 100
and 45 m were formed during the interglacial.
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During the subsequent local glaciation (Late
Pleistocene), the ice formed a platform that later
controlled the sedimentation of a tombolo. The
postglacial period is characterized by a relative
decline in sea level, interrupted by three stadial
intervals. The first, 9000-7000 years BP, formed a
gravel beach at 18 m above sea level and created
a tombolo in the central area of the island. The
second, during the 13th century, formed gravel
beaches at 6 m, and the last (during the 18th
century) formed a gravel beach at 3 m which
generated another tombolo to the south of the
island.

Fretwell et al. (2010) build a polynomial
model showing a regional uplift of 18 to 20
m since the formation of the highest beach,
equating to a longterm average of 2.8 mm of
uplift per year. The change during the Holocene
is controlled primarily by variations in glacio-
isostacy rather than tectonic activity. The centre
of uplift is located in the English Strait between
Greenwich Island and Robert Island. The main
axis of uplift runs along the axis of the island
chain.

Bertola & Isla (1996) describe Half Moon
Island’s coastline as predominantly composed
of gravel beaches with diverse profiles and
compositions. The formation and evolution of
these beaches are linked to sea level changes
during the Holocene, which have been further
influenced by contemporary wind and wave
dynamics. Fossil beaches are the result of
episodic events that led to the accumulation of
gravel at higher-than-usual levels. The net gravel
transportand volumetric balance for the island’s
entire shoreline were calculated, showing an
annual transport of 13,200 m3 of gravel. This
transport is affected by wave action, coastal
and tidal currents, differences in pavement
compaction, and the residence time of icebergs
and pack ice. Beaches in the southern part of
the island exhibit less dynamic behavior than
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those in the northern part. Material movement
around the island follows a clockwise direction
(Mekhova et al. 2023). High beach levels are
explained not only by sea level fluctuations but
also by neotectonic activity, tsunamis caused
by underwater slumps, glacier collapses, and
“jokulhlaups” associated with the nearby active
volcano of Deception Island.

Serrano & Lopez-Martinez (1997) highlight
marine landforms as the defining features of
the island. The island’s current configuration
resulted from the merging of three small islands
during the Quaternary period, connected by two
tombolos. They identify three primary groups of
marine landforms and deposits: upper platforms
(70-90 m), middle platforms (approximately
40 m), and lower raised beaches (less than 18
m). The upper and middle platforms date back
to the pre-Holocene, while the lower raised
beaches are from the Holocene. Glacial activity
has modified the upper areas, and periglacial
landforms have recently formed in deglaciated
regions. Two residual ice masses, remnants of
a former glacial dome situated on the platform
between Xenia and Gabriel Hills, remain. This
glacier left deposits, tills,and moraines, probably
from the Little Ice Age readvance.

Periglacial landforms and processes are
currently significant, with both active and
inherited features. Seven types of periglacial
landforms have been identified on beaches
and marine platforms, all located above 10
m a.s.l., with patterned ground extensively
developed above 18 m a.s.l. Currently, periglacial
processes have reduced activity. The island’s
geomorphological evolution can be described in
several phases. Initially, general erosion shaped
the upper platforms. This was followed by further
erosion, resulting in the existence of several
small islands, all occurring in the pre-Holocene.
During the Holocene, an accumulation phase
led to the formation of the tombolo connecting
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Xenia-Gabriel and La Morenita. Subsequent
uplift created up to 14 levels of raised beaches
and formed the tombolo between La Morenita
and Baliza Point.

Based on regional chronology by other
researchers, the accumulation phase is
estimated to have occurred 5000-6000 years BP,
and the Baliza Point connection around 1900-
2200 years BP. In recent times, glaciers in the
upper areas have advanced, occurring 800-
500 years BP, along with increased periglacial
activity in the lower areas (Fretwell et al. 2010).
During the Little Ice Age, the Equilibrium Line
Altitude (ELA) was at 70-90 m a.s.l, but it has
since risen above 90 m. Currently, glaciers are
retreating from their previous positions.

CONCLUSIONS

The landscape evolution of Half Moon Island
has played a significant role in soil formation
and ornithogenesis, driving the establishment
of plant communities. Before the glacio-isostatic
uplift, penguin colonies inhabited high areas,
now inaccessible due to the glacial rebound.
This paleo-occupation resulted in pronounced
ornithogenesis in these elevated regions, and
greater vegetation growth.

On Half Moon Island, we identified four
degrees of ornithogenic influence: current
strong: Found in and around the active penguin
rookery; current weak to moderate: located at
the surroundings of the active penguin rookery;
former strong: paleo penguin rookeries at the
upper areas, particularly Xenia and Gabriel Hills;
former weak to moderate: located on present-
day beaches and uplifted marine terraces (Late
Holocene).

Nine different soil classes occur on this
tiny island, each one possessing unique
characteristics and distribution across Half Moon
Island. They include Lithic Gelorthent, Typic
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Gelorthent, Skeletic Leptic Regosol, Skeletic
Regosol, Umbric Leptic Cryosol, Reductaquic
Leptic Cryosol, Skeletic Leptosol, Turbic Cryosol,
Umbric Leptic Cryosol, and Arenic Leptosol.

The high pedodiversity results from the
complex geological and ecological history of Half
Moon Island, showcasing the intricate interplay
between natural processes, ornithogenic
activity, and environmental factors that shaped
the Maritime Antarctica.
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