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The behavior and influence mechanisms of trace elements in Antarctic
ecosystems are particularly complex and important. This study aims to assess
the ecological risk to the Fildes Peninsula by systematically analyzing the
distribution of trace elements, and provides a scientific basis for the protection
of the Antarctic ecosystem. Trace element concentrations in the soils of the
Fildes Peninsula are highest for Fe, Al, and Mg, with notable differences in
distribution due to varying topographies and landscapes. Principal component
analysis reveals strong correlations among Zn, Fe, Mn, Co, and Cu, and distinct
patterns for Na, Ca, As, and Cr. Moss demonstrates a high enrichment capacity
for Cu and Zn, often accumulating them to higher levels than soil, with significant
spatial variation observed. The bioaccumulation factors (BAF) for K and Ag
exceed 1 at all 12 stations, indicating a high capacity for bioaccumulation. Over
half of the stations show BAF values greater than 1 for Na, Ca, and Cd, while the
other trace elements have BAF values greater than 1 at only limited stations. The
geo-accumulation index (/geo) Shows most trace elements in the Fildes Peninsula
soils are unpolluted, with Mg, Mn, Cr, and Ni concentrations varying between
unpolluted and moderate pollution, and all potential ecological risk index (PERI)
values under 150 indicating low ecological risk.
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1 Introduction

Trace elements are those that are present at extremely low
concentrations in the environment but are essential to the
functioning of living organisms and ecosystems (Pan and Wang,
2012). These elements may enter the environment either through
natural processes, such as rock weathering, volcanic eruptions or
through anthropogenic activities, such as industrial emissions,
agricultural activities, and global atmospheric and marine
pollution transmission (Ali et al., 2019). Despite their low
concentrations in the environment, trace elements may be
progressively transferred to all trophic levels of the ecosystem
through bioaccumulation and trophic transfer, with profound
effects on organism health and ecosystem function (DeForest and
Meyer, 2015; Majer et al., 2014; Wang, 2013). Total mercury (THg)
and methylmercury (MeHg) were found to biomagnify through the
Arctic marine food web (Campbell et al, 2005), and Hg
biomagnification through food webs was highest in cold and low
productivity systems (Lavoie et al., 2013). Arsenic could also show
biomagnification potential in particular coast ecosystems (Du et al.,
2021; Huang, 2016).

With global environmental change and the gradual expansion
of human activities into the most remote parts of the Earth,
Antarctica, as the most pristine continent on Earth and
undisturbed by large-scale direct human interference, has become
an important area for studying the transport, deposition and
bioaccumulation of global pollutants in extreme environments
(Fastelli and Renzi, 2019; Perfetti-Bolafio et al., 2022; Thompson
etal, 2011; Trevizani et al., 2022; Waller et al., 2017). Over the past
few decades, the Antarctic ecosystems has been dramatically altered
by human activities, including pollutant transport, scientific
research, fishing and tourism (Pritchard et al, 2012; Tin et al,
2009; Vaughan et al., 2003). In the Antarctic region, the behavior of
trace elements is particularly complex and important (Gran-
Scheuch et al., 2020; Koppel et al., 2020). On the one hand,
Antarctica is far from major industrial areas, and natural inputs
of pollutants (volcanic activity, wind erosion, dust, etc.) are limited.
On the other hand, extreme climatic conditions, such as low
temperatures, high wind speeds, prolonged ice and snow cover,
and unique light patterns, allow pollutants to persist significantly
longer in the Antarctic ecosystem, and their migration and
transformation paths in the environment may differ from those in
other regions (Szopinska et al., 2018). These characteristics make
the study of trace element ecotoxicology a very challenging in the
field of environmental science.

In recent years, with the intensification of global climate change
and the expansion of human activities, the Antarctic region has
faced increasing environmental pressure (Chu et al, 2019; Joju
et al, 2024; Xu et al., 2020). Under the long-term global
transmission of atmospheric and marine pollution, trace elements
may gradually accumulate in the Antarctic ecosystem, thus posing a
threat to local biodiversity and ecosystem stability (Signa et al,
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2019; Yin et al., 2006). In addition, as glaciers melt due to a warming
climate, they may further release pollutants deposited in ice,
increasing the potential threat of trace elements to the Antarctic
ecosystem. Studies have reported elevated trace elements
concentrations in the Antarctic environment due to human
activity, which could pose a threat to the Antarctic flora and
fauna (Lu et al., 2012; Padeiro et al., 2016).

Mosses constitute one of the main plant groups in the extremely
cold environment of Antarctica. They are adapted to extremely low
temperatures and arid environments and can survive in harsh
conditions (Fabri-Jr et al., 2018). These mosses help maintain soil
structure and stability, providing habitats for other organisms
(Bhakta et al., 2022; Fabri-Jr et al.,, 2018). Their growth patterns
and chemical composition can reflect past climate conditions,
helping scientists understand the impact of climate change on
polar ecosystems (Bhakta et al., 2022). Moss can absorb nutrients
and water directly from the environment and is a good way to
reflect the contamination of trace elements in the environment.
Antarctica is one of the most protected ecological areas on Earth
and is extremely sensitive to environmental changes (Ogaki et al.,
2020). As an important part of the ecosystem, the health of mosses
is directly related to the stability of the entire Antarctic ecosystem
(Carvallo et al., 2021). Higher trace element contents of Cd, Hg and
As were found in bryophytes (Bhakta et al., 2022). Ornithogenic
soils, along with moss samples, have proven to be effective
bioindicators for environmental monitoring in Antarctica,
particularly in regions where human activities may contribute
significantly to potential contamination (Alekseev and
Abakumov, 2021).

The Fildes Peninsula is located southwest of King George Island
in Antarctica, and several national scientific research stations on the
island. This area provides an ideal natural laboratory for the study
of trace elements in the polar environment because of its unique
geographical location, complex climate characteristics and fragile
ecosystems. The aim of this study was to character the distribution,
transfer and bioaccumulation of trace elements in both
environment and moss from the Antarctic ecosystem, as well as
their potential ecological risks.

2 Materials and methods
2.1 Sampling sites

The Fildes Peninsula is the largest ice-free area on King George
Island. The lack of sunshine, short growing season and other factors
severely limit the growth of land plants here, so there are almost no
higher plants on the peninsula. The relatively warm and humid
climate makes the terrestrial vegetation mainly composed of moss
and lichen, and the moss is mainly distributed in the coastal areas
with flat terrain, weak freeze-thaw effects and relatively stable
surfaces. There are seal colonies on the western side of the
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Map of sample stations on the Fildes Peninsula, Antarctic. The solid black circle indicates that the moss samples were collected at the station. The

red crosses indicate that the soil samples were collected at this station.

peninsula, and Adderley Island on the eastern side of the peninsula
is home to the largest penguin colony in the South Shetland Islands
(Celis et al., 2023). Moss from 35 stations, soil samples from 21
stations were collected in January 2023; these samples were roughly
evenly distributed in Fildes Peninsula (Figure 1).

2.2 Sampling

Moss was collected via polythene spades. After being brought
back to the laboratory using polyethylene sealing bags, the moss
samples were carefully shaken to remove adhering materials, and
then rinsed with distilled water to remove small sediment particles.
Each moss sample was sealed in a sterile and sealed plastic bag.
Moss samples were finally freeze-dried, ground with a mortar, and
sieved with nylon filters for trace element analysis.

Soil was collected from the top layer using a shovel. Soil samples
were freeze-dried at -80°C, with debris such as gravel removed. The
samples were ground using an agate mortar and pestle, then sieved
through a 160-mesh nylon sieve (with an approximate aperture of
0.01 mm). About 30 g of the prepared sample was quartered and
bagged for storage in a -20°C refrigerator as the sample to be tested.

2.3 Trace element analysis

Approximately 0.2 g of dry moss sample was weighed and
transferred to a polytetrafluoroethylene digestion tank. First, 2 mL
of hydrogen peroxide (Merck) were added and allowed to stand
overnight for pre-digestion to prevent excessive reaction. Following
this, 5 mL nitric acid (Merck) were added. The digestion process
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was carried out using a microwave oven (Milestone Ethos 1600). All
analyses were performed in triplicate. Quality control was ensured
by analyzing a standard material for kelp composition
(GBWO08517). 0.5 g soil sample was accurately weighed and
placed in a polytetrafluoroethylene digestion tank of a microwave
digester. To the tank, 6 mL nitric acid, 2 mL perchloric acid, and 2
mL of hydrofluoric acid were added. The mixture was subjected to
closed digestion in the CEM microwave system at 200°C for 1 h.
After digestion, the sample was cooled to room temperature and
then opened. Next, 5 mL boric acid were added to the digested
solution to neutralized any residual hydrofluoric acid. The solution
was then heated and concentrated to about 1 mL. The contents of
digestion tank were rinsed with ultra—pure water. The solution was
transferred to a 25 mL tube, and then store it at room temperature
until measurement. Quality control was conducted using the
certified reference material of offshore marine sediment
(GBWO07314). The concentrations of trace elements (Na, Mg, Al,
K, Ca, Mn, Fe, Cr, Co, Ni, Cu, Zn, As, Se, Ag, Cd and Pb) were
determined using inductively coupled plasma mass spectrometry
(ICP-MS, Agilent 7900). Internal standards (i.e., 8¢, 74Ge, °In,
and **Bi) were selected to correct the sensitivity drift and matrix
effects. The quality control samples were analyzed every 20 samples.
The measured recovery rate of trace elements for the certified
reference was 92.4~109.3%.

2.4 Risk assessment
The bioaccumulation factor (BAF) is used to measure the

bioaccumulation capacity of trace elements in moss from soils via

the following equation:
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where C, is the trace element concentration of moss (lg/g) and
Cs is the trace element concentration of soils (ug/g). BAF > 1
indicates that the moss has a relatively high bioaccumulation
capacity. Conversely, BAF < 1 indicates that the moss has a weak
ability to accumulate trace elements or that it may have a strong
ability to exclude trace elements.

Geo-accumulation index (Ig,) is widely used in the evaluation
of trace element pollution in soils. The index determines the level of
trace element pollution in soils by comparing the concentrations of
trace elements in actual soils with their geological background
values. It was computed via the following equation:

I, =1 &
w0 =082\ T5% ¢,

where Cs and C, are the concentrations of trace elements
obtained from field measurements and their associated
background concentrations (ug/g), respectively. I, <0 indicates
unpolluted; 0< I, <1 indicates unpolluted to moderate pollution;
and 1< I, <2 indicates moderate pollution. The background
concentrations in the soils from the Fildes Peninsula were
determined via the data of Lu et al. (2012).

The potential ecological risk index (PERI) is a comprehensive
indicator used to assess the potential harm to ecosystems from trace
element pollution in sediments or soils. PERI not only considers the
degree of contamination of trace elements, but also combines the
toxicity and environmental sensitivity of trace elements, which is a
relatively comprehensive ecological risk assessment tool. Its
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calculation equation is as follows:

Mmziazéﬁxq
i=1 i=1
where Cfi is the contamination factor for i, E, is the potential
ecological risk factor for each trace element, and T,i is the toxic-
response factor of trace element i. The T,i values for Cr, Ni, Cu, Zn,
As, Cd and Pb are 2, 5, 5, 1, 10, 30 and 5, respectively
(Hakanson, 1980).

2.5 Statistical analysis

Statistical analysis was performed via SPSS 20.0. The
distribution of trace element in the Fildes Peninsula was
performed via surfer. Principal component analysis (PCA) is a
dimensionality reduction technique used to identify the main
source of trace elements in a variable in a soil or moss sample.

3 Results and discussion

3.1 Trace element analysis of soils in the
Fildes Peninsula

The trace element concentrations of the soils from the Fildes
Peninsula in descending order are Fe, Al, Mg, Ca, Na, K, Mn, Cu,
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Zn, Co, Cr, Ni, As, Se, Pb, Cd, and Ag (Figure 2). Na, Ca and Al had
high values on the west coast (Supplementary Figure S1). The
topography of the Fildes Peninsula is complex, and different
topographies and landscapes (such as hillsides, plains, lakes, river
valleys, etc.) have different effects on the accumulation and
migration of trace elements. Soils in valley areas (S13~S18)
present relatively high concentrations of trace elements probably
due to pooling and sedimentation effects. The trace element
concentrations of soils in this study were not significantly higher
than the previous studies (Supplementary Table S2).

Principal component analysis (PCA) of the trace elements in the
soils from the Fildes Peninsula (Figure 3) revealed that the X-axis
explained 46.2% of the total variation, which represented the
maximum variation in the trace elements in the soil samples. The
Y-axis explains 20.1% of the total variation. There can be strong
correlations between Zn, Fe, Mn, Co, and Cu. Stations of S13, S14
and S21 have similar trace element compositions mentioned above.
Al Fe, and Mn are shown to be crustal-derived, and Na, Mg, K, and
Ca originated depends on the distance from the sea identified by
Antarctic snows (Boutron and Martin, 1980). S16 and S17 are
relatively independent, indicating that their trace element
characteristics are significantly different from those of the other
samples and that they may have higher Cu concentrations. As and
Cr have different distribution trends, as do Ni and Ag. Na and Ca
are different from those of the other elements, and S19 and S20 may
be rich in Na and Al. S03 is further removed from the other samples,
which indicates a unique trace element composition compared with
that of the other samples. The distributions of Cr, Cu, and Zn are
linked to weathering processes, while the distributions of As and Pb
are related to vehicle usage and unloading activities at the wharfs on
Mirror Peninsula (Xu et al., 2020).

10.3389/fmars.2024.1485062

Trace elements generally show significant spatial differences in
the soils of the Fildes Peninsula (Slukovskii and Guzeva, 2024). Trace
elements tend to be found in soils near areas of intense human
activity, such as research stations, airports and fuel storage facilities
(Chu et al., 2019). There are several research stations on the Fildes
Peninsula (such as the Great Wall Station, Bellings-Goggin Station,
etc.), and these research stations and their ancillary facilities (such as
fuel storage and power generation equipment) are among the main
sources of trace element pollution. Scientific research activities,
vehicle emissions, and improper waste disposal all increase the
concentrations of trace elements in the soil. The highest levels of
trace elements were found for Cr, Cu, Ni and Zn, which were well
above baseline levels at two sites located near previously identified
contamination sources in the Fildes Peninsula (Pereira et al., 2017).
Historical issues such as past fuel use (such as leaded gasoline), waste,
and improper wastewater treatment can also lead to the accumulation
of trace elements in the soil. Long-distance air pollutants (such as
industrial emissions and trace element particles from fuel
combustion) can fall on the Fildes Peninsula through atmospheric
sedimentation (Reindl et al,, 2024). The presence of penguins
increases Cu concentrations in Antarctic soils (Perfetti-Bolano
et al,, 2018). Seabirds can also biotransport Cu, Pb, and Zn from
the ocean to the Antarctic continent, and Cu is the trace metal most
biotransported by seabirds (Castro et al., 2021). Although Antarctica
is far from pollution sources, wind and air currents can carry
pollutants to the region, leading to local enrichment of trace
elements in the soil. The Ardley Cove area on the Fildes Peninsula,
Antarctica, has significant human impact with contamination
hotspots for Zn, Pb, Cd, Cr, and Nj, as confirmed by enrichment
factors and sequential extractions, highlighting the need for
contamination control and remediation (Padeiro et al., 2016).
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Principal component analysis (PCA) of trace elements in soils from the Fildes Peninsula.
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3.2 Trace element analysis of mosses on
the Fildes Peninsula

Moss has a strong enrichment capacity for some trace elements,
especially Cu and Zn (Figure 2), which may be enriched to a greater
degree in moss than in soil. Like the distribution of trace elements in
soil, the concentration of trace elements in moss also shows
significant spatial differences. The distribution trend of Mg, Mn,
Fe, Co, Cu, Zn and Se was similar, which the highest concentration
in the middle (M32~M35) and the lower on both sides. The
concentrations of Pb in moss are high among fuel storage
facilities areas. Figure 4 shows the results of the principal
component analysis of trace elements in mosses on the Fildes
Peninsula. The X-axis explains 80.9% of the total variation. Y-
axis, explaining 5.8% of the total variation. There may be a
correlation between K and Ag, indicating that these elements are
enriched together in the same or similar samples. Cd has a uniquely
high concentration associated with the first principal component
direction. M02 and M09 have a higher Cd concentration in these
samples. The more likely sources of Cd appear to be marine
aerosols, seabird guano, and volcanic emissions (Bargagli et al.,
1998). Na and Ca have different distributions than most other trace
elements. Fuel combustion, accidental oil spills, waste incineration
and sewage disposal are amongst the primary sources of heavy
metal contaminants in Antarctica, besides natural sources such as
animal excrements and volcanism (Chu et al.,, 2019). The
distributions of Al, Mg, Fe, Cu, Zn, Mn, Ni, Cr, Se, As, Pb and
other trace elements are similar (Supplementary Figure S2),
indicating that these trace elements are enriched in some samples.
In addition to atmospheric deposition, the primary pathway for
metals to enter mosses is likely through evapotranspiration at their
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from the Fildes Peninsula.
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surface, which facilitates the upward migration of ions and their
subsequent bioaccumulation (Bargagli et al., 1998).

Moss samples and corresponding soil samples were collected
simultaneously at 12 stations. The bioaccumulation factor of
the moss samples (Figure 5) revealed that the BAFs of K and Ag
at all 12 stations were greater than 1, which indicates a high
bioaccumulation capacity. Mosses typically have a high surface
area and an abundance of adsorption sites, so they can efficiently
adsorb and accumulate trace elements from the environment. More
than half of the stations have BAF values of Na, Ca, and Cd greater
than 1, and the other trace elements have BAF values greater than 1
at only a few stations. The metal bioaccumulation in the mosses is
mainly influenced by the altitude, urban emissions and the species
specific accumulation capacities of the different sampled moss
species (Holy et al., 2009). The concentrations of Cr, Cu, Ni, Zn,
and V in soil, lichens, and moss at Fildes Peninsula, Antarctica, may
be elevated due to intense human activities, including fossil fuel use
and scientific station operations (Fabri-Jr et al., 2018). The soil pH,
redox state and soil mineral composition may affect the availability
of trace elements and the enrichment efficiency of moss (Lazo et al.,
2018; Wang et al., 2019). Despite most contamination being in
anthropogenically affected areas, elevated soil pollution indices
in natural soils were also linked to higher element accumulation
in guano-derived and moss materials (Alekseev and Abakumov,
2021). Stations away from human activity, on the other hand, may
mainly reflect natural background levels and therefore have a lower
BAF (Liu et al., 2018). Different stations may have difterent types of
mosses or different physiological states, although mosses that look
the same may have different abilities to absorb and accumulate trace
elements due to different growth conditions. In addition,
physiological characteristics such as the growth density and
health status of moss also affect the BAF. In general, the
differences in BAF among different stations provide a better way
to understand trace element pollution in the Antarctic region and
help further explore the sources, transmission routes and ecological
impacts of pollution.

3.3 Trace element risk assessment

The geo-accumulation index indicated that most trace elements
were unpolluted in the Fildes Peninsula (Figure 6). The Mg
concentration was between unpolluted and moderate pollution.
The Mn, Cr, and Ni concentrations at some stations were also
between unpolluted and moderate pollution. The PERIs of all the
stations were less than 150, which means that the trace element
concentrations in the soils posed a low ecological risk. Trace
element levels in the South Ocean ecosystem of Antarctica over
the past 1500 years have revealed a sharp increase in lead since the
late 1800s due to industrial contamination, followed by a
subsequent decline after the 1980s from reduced leaded gasoline
use, whereas copper levels vary with weathering and climate, and
cadmium, arsenic, and zinc show no clear temporal trends (Yin
et al., 2006). Metal concentrations analysis of surface soils on the
Fildes Peninsula, King George Island, Antarctica, revealed
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Geo-accumulation index of soils on the Fildes Peninsula, Antarctic

significant anthropogenic contamination with lead, cadmium, and
mercury, while showing lower magnesium and nickel levels but
higher copper levels than those in adjacent areas, on the basis of
cumulative frequency, enrichment factors, and principal
component analysis (Lu et al., 2012). Using the geo-accumulation
index, all the pristine soils of the King George and Elephant Islands
and ornithogenic soils of the Fildes Peninsula were classified as
unpolluted, and the human-affected soils were identified mainly as
moderately polluted (Abakumov et al., 2017).

4 Conclusion

This research explores the presence of trace elements and their
potential ecological impacts in the Fildes Peninsula, Antarctica. Fe,
Al, and Mg are the most abundant trace elements, with their
distribution affected by the area’s diverse topographies and

Frontiers in Marine Science

microenvironments. Principal component analysis highlights
significant correlations between Zn, Fe, Mn, Co, and Cu, while
some stations, like S16 and S17, exhibit distinctive trace element
profiles, including elevated Cu levels. Additionally, variations in
trace element patterns are observed for Na, Ca, As, and Cr across
different locations.

Moss in the studied area exhibits a remarkable ability to enrich
trace elements, especially Cu and Zn, often accumulating them at
concentrations exceeding those in the soil. This enrichment exhibits
significant spatial variability. Principal component analysis reveals a
strong association between K and Ag, elevated Cd levels in specific
samples, and generally consistent enrichment trends for numerous
trace elements. Furthermore, bioaccumulation factors for K and Ag
surpass 1 at all 12 stations, indicating a high capacity for
bioaccumulation in moss.

According to the geo-accumulation index, most trace elements
in the soils of the Fildes Peninsula are not polluted, with Mg, Mn,
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Cr, and Ni showing concentrations that range from unpolluted to
moderately polluted. Additionally, all PERI values are below 150,
reflecting a low level of ecological risk across the area.
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