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Abstract: Human- and animal-impacted sites in Antarctica can be contaminated with heavy metals, as
well as areas influenced by underlying geology and naturally occurring minerals. The present study
examined the relationship between heavy metal presence and soil microalgal occurrence across a
range of human-impacted and undisturbed locations on Signy Island. Microalgae were identified
based on cultures that developed after inoculation into an enriched medium. Twenty-nine microalgae
representing Cyanobacteria, Bacillariophyta, Chlorophyta and Tribophyta were identified. High levels
of As, Ca, Cd, Cu and Zn were detected in Gourlay Peninsula and North Point, both locations
hosting dense penguin rookeries. Samples from Berntsen Point, the location of most intense human
activity both today and historically, contained high levels of Pb. The contamination factor and
pollution load index confirmed that the former locations were polluted by Cd, Cu and Zn, with these
being of marine biogenic origin. Variation in the microalgal community was significantly correlated
with concentrations of Mn, Ca, Mg, Fe, Zn, Cd, Co, Cr and Cu. However, the overall proportion of
the total variation contributed by all metals was low (16.11%). Other factors not measured in this
study are likely to underlie the majority of the observed variation in microalgal community
composition between sampling locations.
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Introduction

Human activities in Antarctica can cause both immediate
and cumulative impacts on the environment (Naveen
1996, Convey 2020). Coastal areas in particular have
suffered the impacts of the establishment of national
scientific research stations since the mid-twentieth
century, on both the Antarctic Peninsula and
Continental Antarctic (Vodopivez et al. 2015), as well as
from the earlier marine exploitation industries targeting
seals and whales in the Scotia Arc archipelagos and the
sub-Antarctic islands (Convey & Lebouvier 2009).
Increasing research activities in Antarctica, especially
after the International Geophysical Year (1958–1959),
have led to a range of impacts, including anthropogenic
contamination in the environment, particularly in the
limited available ice-free areas (Santos et al. 2005,

Brooks et al. 2019). More recently, Antarctic tourism,
predominantly based on cruise ships, has shown
exponential growth since the late 1970s, when there were
only a few hundred visitors each year (Naveen 1996), to
a total of 56 168 tourists in the 2018/2019 summer (https://
iaato.org/wp-content/uploads/2020/03/IP140-IAATO-
Overview-of-Antarctic-Tourism-2018-19-Season-and-
Preliminary-Estimates-for-2019-20-Season.pdf). Although
there is currently a hiatus in both national research activity
and tourism in Antarctica resulting from the COVID-19
pandemic, leading to a temporary reduction in pressure on
the Antarctic environment, both are expected to recover in
future years (Hughes & Convey 2020).
Human activities can contaminate soils with heavy

metals. However, as heavy metals are also natural
components of the Earth's crust, it can be difficult to
distinguish between their natural and anthropogenic
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sources. The main natural sources of such metals in
Antarctica are rock and soil dust, volcanic emissions,
sea spray, marine biogenic activity and atmospheric
aerosols (Bockheim 2015). Anthropogenic chemical
contamination is typically associated with historic and
currently occupied research stations, field camps, former
industrial sites and other regularly used locations.
Elevated levels of heavy metals including lead (Pb),
chromium (Cr), arsenic (As), zinc (Zn), cadmium (Cd),
copper (Cu), mercury (Hg) and nickel (Ni) are
commonly found at contaminated sites (Cabrita et al.
2017). Soils are the major sink for heavy metals released
by human activity into the environment. For instance,
they may be contaminated by solid waste, fuel residues
and domestic wastewater (de Lima Neto et al. 2017).
Batteries, rubbish and buildings are point sources of
metals (Pb, Zn and Cu) in soils, while burning fuel can
lead to widespread contamination by Pb, as documented
in the McMurdo Sound region of Victoria Land
(Claridge et al. 1995). Metals do not undergo microbial
or chemical degradation and, in the absence of leaching,
they can persist for very long periods after their
introduction (Wuana & Okieimen 2011). However,
changes in their bioavailability and chemical forms can
occur (Wuana & Okieimen 2011). Heavy metal
contamination may, therefore, threaten the soil ecosystem.
Zhao & Xu (2000) reported that the contents of Cr, Cu,
Mn, Ni, Pb and Zn in lichens close to a power generation
station and fuel storage depot in Fildes Peninsula,
King George Island (South Shetland Islands), were
considerably higher than in lichens from a more distant
control site, with Pb content being ∼30 times greater.
Heavy metals include both biologically essential and

non-essential elements. Exposure to all heavy metals at
high concentrations is toxic to microalgae, although the
extent of toxicity and the level at which an element
shows toxic effects differ between essential and
non-essential metals. Low amounts of essential metals
are required for the normal growth of microalgae, but at
higher levels these metals can become toxic, with the
boundary between deficiency and toxicity being
extremely narrow (Clemens 2006). For instance, Afkar
et al. (2010) reported that a lower concentration of three
tested metals (1 × 10-9 M Cu, Co or Zn) had a
stimulatory effect on the biomass yield of Chlorella
vulgaris cultured at 22°C for 7 days, while higher
concentrations exerted inhibitory effects (1 × 10-8 to
1 × 10-6 M). Total protein and carbohydrate contents
and the total free amino acids in C. vulgaris gradually
decreased with increasing metal concentration in the
medium. The adverse impacts of heavy metals on algae
may cascade through food webs to affect organisms at
higher trophic levels, consequently disrupting food
chains. Biomagnification through accumulation may also
occur (Chu et al. 2019a).

Antarctic ecosystems are particularly sensitive to
anthropogenic modifications (Santos et al. 2005). Ice-free
land occupies ∼0.2–0.4% of the continent's area, and
most human activities are concentrated in these areas,
leading inevitably to conflict or competition with the
native terrestrial ecosystems as well as with the
concentrations of marine vertebrates that often breed
there (Santos et al. 2005, Tin et al. 2009). A local decline
in the lichen community has been documented in a
permanent monitoring plot close to Svea Station in
Dronning Maud Land, Continental Antarctica, over a
10 year period (Johansson & Thor 2008). Increased
growth of the native nitrophilous alga Prasiola crispa
around Syowa Station, East Antarctica, due to soil
eutrophication influenced by human activities has also
been reported (Ohtani et al. 2000). The diversity and
importance of microalgae in Antarctic terrestrial and
freshwater ecosystems have long been appreciated.
Signy Island (60°43'S, 45°38'W), a small island in the

South Orkney Islands, lies in the South Atlantic sector
of the Southern Ocean 600 km north-east of the
northern extremity of the Antarctic Peninsula (Broady
1979). It is composed of regionally metamorphosed

Fig. 1. Sampling locations on Signy Island. The five sampling
locations, namely Berntsen Point, Gourlay Peninsula, Jane
Col, North Point and Pumphouse Lake, are represented by
yellow circles and the location of Signy research station on
Berntsen Point is represented by a red triangle.
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sediments, mainly quartz-mica schists, with subordinate
amphibolites and marbles. Some local soils are derived
from in situ weathering of schist and marble, but most of
the island's mineral soil is of local glacial origin.
Solifluction processes play a major part in soil formation
(Holdgate et al. 1967).
While several earlier studies reported aspects of the

distribution of algae on Signy Island (Broady 1979,
1996, Hawes 1983, Davey 1991), there have been no
recent studies on the taxonomy of the island's algae or
on the influence of trace elements on microalgal
occurrence. The influences of moisture, nutrient
availability, pH and salinity on algal community
composition and distribution in the island's terrestrial
habitats have been recognized (Arnold et al. 2003).
Broady (1979) differentiated between subaerial and
aerial habitats in his assessment of factors influencing
algal distribution on the island. Davey (1991)
investigated the influence of seasonal variation in
irradiance, soil temperature, snow/ice cover and soil
water content on algal communities. The present study
set out to examine the relationship between heavy metal
presence and algal occurrence across a range of
human-impacted and natural environmental locations
on Signy Island.

Materials and methods

Study area

Signy Island has a total surface area of ∼20 km2, with a
longest axis (from north to south) of 8 km, a maximum
width of 5 km and a highest elevation of 280 m. The
northern point of Signy Island is separated by 1.5 km
from the much larger and more heavily glaciated
Coronation Island, the largest island of the South
Orkney group. Soil samples were collected between
January and April 2015 from a range of differently
impacted sites. Soil surface samples (0 to 5–8 cm depth)
of ∼50 g were collected using sterile 50 ml Falcon tubes
and immediately sealed with Parafilm before being
transported to the laboratory at the British Antarctic
Survey (BAS) research station on Signy Island. A total

of 175 soil samples were obtained from five sampling
locations (35 samples from each location), namely
Berntsen Point, Gourlay Peninsula, Jane Col, North
Point and Pumphouse Lake (Fig. 1).
A general description of the five sampling locations is

given in Table I. Berntsen Point is a low-altitude
vegetated fellfield area where the BAS and predecessor
organizations have maintained a research station since
the mid-1940s, on a site previously occupied by a small
whaling station constructed in the 1920s. Gourlay
Peninsula and North Point host large penguin rookeries,
with the former also hosting elephant and fur seals and
the latter other breeding seabird species. Jane Col is a
higher-altitude location typified by largely bare ground.
A fuel store (coal), pumphouse and pipeline constructed
to supply water for the whaling station were located
close to the shoreline of Pumphouse Lake, and corroded
metal engine parts and traces of coal remain visible
around the lake. These sites represent human impact
(past and ongoing for Pumphouse Lake and Berntsen
Point, respectively), intense animal impact (Gourlay
Peninsula and North Point) and minimal impact (Jane
Col). Soil surface temperatures recorded at the time of
collection ranged between 2°C and 5°C, as is typical of
summer soil temperatures across the Maritime Antarctic
(Convey et al. 2018).

Culturing of microalgae from Signy Island

The soil samples collected on Signy Island were stored
frozen (-80°C) on station and during transport from
Signy Island to the BAS in Cambridge, UK
(∼2 months). The samples were then transported by air
to Malaysia under dry ice.
In the laboratory, ∼0.5 g of each soil sample was

transferred into one well of a 24 well plate, using a total
of eight plates to cover all of the soil samples. These
were grown in Bold's Basal Medium (BBM) at 4 ± 2°C
illuminated with fluorescent light at 42 μmol/m2/s in a
12:12 h light-dark cycle for 3–4 weeks. Microalgae that
grew in the wells were examined using light microscopy
and identified based on morphological features as

Table I. General description of the sampling locations on Signy Island.

Study
station

Berntsen Point Gourlay Peninsula Jane Col North Point Pumphouse Lake

GPS
location

S60°42.442'
W45°35.547'

S60°43.854'
W45°35.297'

S60°41.861'
W45°37.760'

S60°40.495'
W45°37.484'

S60°42.033'
W45°36.748'

Elevation 28m 22m 159m 14m 31m
Description Vegetated fellfield, location of

research station
Penguin rookeries Bare

ground
Penguin
rookeries

Abandoned
pumphouse, coal store and
pipeline (whaling era)

Impact High human impact High animal
impact

Low human and
animal impact

High animal
impact

Low present human impact
(historical activities)
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described by Broady (1976), Broady et al. (1984), Broady
& Ingerfeld (1993) andOhtani et al. (2000). The diacritical
characteristics used for algal identification are given in
Supplemental Table S1.

Metal analyses

The labile or bioavailable forms of metals from the soil
samples were quantified using inductively coupled plasma
mass spectrometry (ICP-MS). A total of 174 soil samples
from the five sampling locations were examined, with one
being unsuitable for analysis as it contained a single piece
of rock. All plasticware used was acid washed in 20% (v/v)
analytical reagent (AR)-grade HNO3 (65% w/w;
EMSURE®) and then soaked for > 24 h and triple rinsed
in deionized water (611 DI Sartorius Arium, Millipore
Molsheim, France) before use. The 1 M HCl solution was
prepared from AR-grade concentrated HCl (37% w/w;
EMSURE®). Deionized water with a resistivity of
≥ 18 MΩ cm-1 was used to prepare all standard and
sample solutions (Snape et al. 2004).
Metal ions were extracted using HCl (Santos et al.

2005). Each soil sample (1 g) was extracted using 20 ml
of 1 M HCl (i.e. 1:20 w/v) for 4 h on an orbital platform
shaker. The sample was then centrifuged (3000 × g,
10 min) and the supernatant was filtered through a
0.45 μm nylon syringe filter (Sartorius) and stored in a
50 ml plastic centrifuge tube until analysis. The samples
were analysed using ICP-MS (Perkin-Elmer-SCIEX,
Thornhill, ON, Canada) for a suite of 14 elements,
namely Al, As, Ca, Cd, Co, Cr, Cu, Fe, Hg, Mg, Mn,
Ni, Pb and Zn (Snape et al. 2004).
A multi-elemental calibration standard stock solution

(Pure Plus, PerkinElmer) with the elements to be
analysed was prepared with the following concentrations:
0, 5, 10, 50, 100 and 200 ppb. A test solution containing
200 ppb of yttrium (Y) and lanthanum (La) was used
as an internal standard to correct for instrumental drift
and possible matrix effects. All of the solutions were
dissolved in 2% (v/v) HNO3 (Ródenas de la Rocha et al.
2009). High-purity argon gas (> 99.996%) was used as a
plasma source. The data obtained were analysed using
ELAN® version 3.4 software (PerkinElmer).

Statistical analyses

Differences between the microalgal communities obtained
from the five sampling locations were determined
using permutational multivariate analysis of variance
(PERMANOVA). Before calculating the similarity
matrix, the microalgal occurrence data were expressed as
presence or absence. A non-metric multidimensional
scaling (nMDS) ordination of a zero-adjusted Bray-
Curtis similarity matrix (dummy variable with value 1
was added) was performed to identify groups of samples

with similar taxonomic compositions (Clarke &
Warwick 2001). Similarity percentages (SIMPER)
analysis was used to calculate the contribution of the
individual microalgae to site similarity or dissimilarity,
based on the Bray-Curtis dissimilarity metric, with the
cut-off set at 70% for low contributions (Lone et al. 2021).
Differences in soil metal contents between the five

sampling locations were analysed using one-way analysis
of variance (ANOVA). Where significant, the analysis
was followed with post hoc multiple comparisons using
the Student-Newman-Keuls (S-N-K) test. The Levene
test was used to check for homogeneity of variance
before ANOVA was performed. Where the data violated
the requirement for homogeneity of variance, a non-
parametric Kruskal-Wallis test was performed instead of
ANOVA. P< 0.05 was considered statistically significant.
A principle component analysis (PCA) was performed

on the heavy metal data to identify any patterns in the
occurrence of the targeted metals in the 174 soil
samples. The raw concentration data were normalized,
except for the Cd and Hg data, which were log
(x + 1)-transformed to generate a normal distribution,
before performing the PCA (Sun et al. 2019).
Relationships between the occurrence of the different
metals in the soil samples were analysed using Pearson's
correlation coefficient (de Lima Neto et al. 2017).
The contamination factor (CF) and pollution load

index (PLI) are widely used to evaluate the degree
of heavy metal pollution in soils (Bhuiyan et al.
2010). The CF is the ratio estimated by dividing the
concentration of each metal in the soil by the baseline or
background value. For the purpose of this study,
the metal concentrations in the soil samples from
Jane Col (the site least impacted from any source) was
taken as the background value. The extent of
contamination was categorized as follows: CF < 1 = low
contamination, 1≥CF≥ 3 =moderate contamination,
3≥CF≥ 6 = considerable contamination and CF > 6 =
very high contamination (Harikumar & Jisha 2010).
The PLI is an empirical index that provides a simple

comparative means for assessing the level of heavy metal
pollution. The PLI is expressed as:

PLI =
����������������������������
(CF1 × CF2 . . .× CFn

n
√

Where n is the number of metals studied and CF is the
contamination factor calculated for each metal as
described above. PLI < 1 indicates no pollution, PLI = 1
indicates baseline levels of pollutants are present and PLI
> 1 indicates significant pollution (Tomlinson et al. 1980).
The relationship between microalgal communities

and heavy metal presence was investigated using
distance-based linear modelling (DistLM) (Anderson
et al. 2008).
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The ANOVA, post hoc (S-N-K), Levene and Kruskal-
Wallis tests and Pearson's correlation coefficient assessments
were performed using SPSS v.25 (IBM Corporation). All

PERMANOVA, nMDS, SIMPER, PCA and DistLM
analyses (Clarke & Gorley 2015) were performed using
PRIMERv.7 (PRIMER-e Ltd, Plymouth, UK).

Table II. The number (n) and frequency (F ) of observations of each algal taxon identified in cultures from each of the five sampling locations on Signy
Island.

Taxon Berntsen
Point

Gourlay
Peninsula

Jane Col North Point Pumphouse
Lake

n F (%) n F (%) n F (%) n F (%) n F (%)

BACILLARIOPHYTA
Naviculaceae
Navicula mutica Kützing 0 0 4 11 0 0 8 23 1 3
Navicula sp. 0 0 0 0 0 0 3 9 0 0
Pinnulariaceae
Pinnularia notata (Peragallo & Heribaud) Mills 0 0 0 0 0 0 6 17 0 0
Pinnularia sp. 1 3 0 0 0 0 3 9 0 0

CHLOROPHYTA
Chaetophoraceae
Desmococcus olivaceus (Persoon ex Acharius) Laundon 10 29 12 34 7 20 14 40 25 71
Desmococcus endolithicus Broady & Ingerfeld 0 0 1 3 1 3 0 0 0 0
Chlamyodomadaceae
Chlamydomonas sp. 5 14 1 3 2 6 2 6 3 9
Chloromonas sp. 5 14 2 6 3 9 2 6 2 6
Chlorococcaceae
Tetracystis sp. 0 0 0 0 1 3 0 0 0 0
Chlorellaceae
Chlorella sp. 1 0 0 0 0 0 0 6 17 0 0
Chlorella sp. 2 0 0 4 11 0 0 3 9 1 3
Chlorella reisiglii Watanabe 0 0 0 0 1 3 0 0 0 0
Chlorella vulgaris Beijerinck 6 17 7 20 0 0 4 11 5 14
Coccomyxaceae
Coccomyxa gloeobotrydiformis Reisigl 1 3 0 0 7 20 0 0 1 3
Klebsormidiaceae
Klebsormidium flaccidum (Kützing) Silva, Mattox & Blackwell 1 3 3 9 1 3 6 17 0 0
Koliellaceae
Koliella sp. 0 0 0 0 1 3 0 0 0 0
Oocystaceae
Pseudococcomyxa sp. 1 3 0 0 0 0 0 0 0 0
Prasiolaceae
Stichococcus sp. 1 2 6 0 0 4 11 1 3 0 0
Stichococcus sp. 2 0 0 0 0 0 0 1 3 0 0
Ulotrichaceae
Ulothrix sp. 4 11 2 6 0 0 1 3 0 0

CYANOBACTERIA
Microcystaceae
Gloeocapsa sp. 0 0 2 6 0 0 0 0 0 0
Nostocaceae
Nostoc commune Vaucher ex Bornet & Flahault 0 0 0 0 0 0 0 0 3 9
Oscillatoriaceae
Oscillatoria amphibia Agardh ex Gomont 1 3 4 11 0 0 6 17 0 0
Oscillatoria boryana Kützing 1 3 15 43 0 0 16 46 15 43
Oscillatoria raciborskii Woloszynska 6 17 9 26 0 0 12 34 7 20
Phormidium autumnale Gomont 0 0 3 9 0 0 3 9 4 11
Pseudanabaenaceae
Pseudanabaena sp. 2 6 0 0 1 3 11 31 0 0

TRIBOPHYTA
Botrydiopsidaceae
Botrydiopsis constricta Broady 17 49 2 6 3 9 4 11 0 0
Gloeobotrydaceae
Gloeobotrys sp. 0 0 0 0 1 3 0 0 0 0
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Results

Microalgal community composition and diversity

A total of 29 taxa of microalgae were identified in cultures
derived from the 175 soil samples collected from Signy
Island (Table II). The light micrographs of microalgae
are presented in Supplemental Figs S1–S4. The majority
of these were Chlorophyta, followed by Cyanobacteria.
The greatest algal diversity was recorded from North
Point (20 taxa), while Pumphouse Lake had the lowest
(11 taxa). Representatives of Bacillariophyta, Chlorophyta,
Cyanobacteria and Tribophyta were cultured from soil
samples from Berntsen Point, Gourlay Peninsula and
North Point. Bacillariophyta were not obtained from
Jane Col and Tribophyta were not obtained from
Pumphouse Lake. The highest diversity of Chlorophyta
was present in samples from Jane Col and North Point
(10 taxa), while the highest diversity of cyanobacteria
was obtained from Gourlay Peninsula and North Point
(5 taxa). Generally, there was a low diversity of
Bacillariophyta at most sampling locations except North
Point (4 taxa).

The most widespread species was Desmococcus olivaceus,
whichwas obtained from68 samples.Amaximumof 11 taxa
were obtained from a single sample. Pseudococcomyxa sp.
was only recorded from Berntsen Point, Gloeocapsa sp.
only from Gourlay Peninsula and Nostoc commune only
from Pumphouse Lake. Four taxa were obtained only from
Jane Col (Tetracystis sp., Chlorella reisiglii, Koliella sp. and
Gloeobotrys sp.), and four were only obtained from North
Point (Navicula sp., Pinnularia notata, Chlorella sp. 1 and
Stichococcus sp. 2). Botrydiopsis constricta was the
dominant species at Berntsen Point, while Oscillatoria
boryana was dominant in both animal-impacted sites
(Gourlay Peninsula and North Point). Desmococcus
olivaceus was dominant at Pumphouse Lake.
PERMANOVA confirmed that the microalgal

community composition differed significantly (F=8.110,
P= 0.001) between the five sampling locations
(Supplemental Table S2). The nMDS ordination presented
in Fig. 2 illustrates the differences in microalgal community
composition across the five sampling locations. The
ordination indicates differences between the sites, although

Fig. 2. Non-metric multidimensional scaling ordination (nMDS) for microalgal occurrence associated with the five sampling locations
on Signy Island: Berntsen Point (BP), Gourlay Peninsula (GP), Jane Col (JC), North Point (NP) and Pumphouse Lake (PL).
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distinct groups were not formed, and some sampling
locations clustered together.
SIMPER was applied to compare the information

obtained from nMDS and to help identify the algal

groups underlying differences between the sampling
locations. The SIMPER results (Supplemental Table S3)
indicated that the maximum average dissimilarity
(96.00%) was found between Gourlay Peninsula and
Jane Col, with the top three algal contributors being
O. boryana (17.63%), D. olivaceus (15.80%) and
Coccomyxa gloeobotrydiformis (8.44%). Jane Col and
North Point exhibited the next greatest average
dissimilarity (94.65%), with the top three contributors
being O. boryana (14.01%), D. olivaceus (13.85%) and
Oscillatoria raciborskii (9.10%). Within each sampling
location (Table III), the highest average similarity of
algae community was observed at Pumphouse Lake
(SIMPER average similarity = 38.01%), with the top
contributor being D. olivaceus (75.44%). This species
was also a major contributor to the within-group
similarity at all five sampling locations, contributing
20.25–75.44%.

Soil heavy metal contents

The bioavailable concentrations of 14 heavy metals
(Al, As, Ca, Cd, Co, Cr, Cu, Fe, Hg, Mg, Mn, Ni, Pb
and Zn) in the Signy Island soils sampled are presented

Table III. Average abundance and similarity values of algae within each
sampling site on Signy Island.

Algae Average
abundance

Average
similarity

Contribution
(%)

Berntsen Point average similarity: 18.94
Botrydiopsis constricta 0.49 10.62 56.09
Desmococcus olivaceus 0.29 3.83 20.25
Gourlay Peninsula average similarity: 16.43
Oscillatoria boryana 0.43 8.53 51.94
Desmococcus olivaceus 0.34 3.41 20.75
Jane Col average similarity: 7.54
Desmococcus olivaceus 0.20 3.22 42.72
Coccomyxa
gloeobotrydiformis

0.20 2.62 34.73

North Point average similarity: 21.32
Oscillatoria boryana 0.46 6.64 31.15
Desmococcus olivaceus 0.40 5.33 25.02
Oscillatoria raciborskii 0.34 2.98 13.96
Pumphouse Lake average similarity: 38.01
Desmococcus olivaceus 0.71 28.67 75.44

Table IV.Metal contents (μg g-1 dry mass) of soil samples from the five sampling locations on Signy Island. Both full range and mean ± SD are presented
for each location.

Metal Berntsen Point Gourlay Peninsula Jane Col North Point Pumphouse Lake

Al 864–9774
3739a± 2252

1071–14 886
3584a± 2476

1828–8613
5174b± 1972

581–10 156
4876ab± 2387

1207–11 507
6775c± 2335

As 0.02–2.53
0.71a± 0.65

0.23–8.73
2.11b± 1.74

0.03–2.48
0.69a± 0.72

0–8.62
1.00a± 1.79

0.05–1.15
0.30a± 0.30

Ca 147–1269
718a± 306

1225–52 872
27 168b± 12 839

579–2069
1303a± 365

1672–44 607
10 843c± 10 686

1528–49 829
5635d± 8633

Cd 0–0.04
0.01a± 0.01

0–0.43
0.11b± 0.10

0–0.01
0.002a± 0.003

0–0.63
0.05a± 0.12

0–0.07
0.01a± 0.02

Co 0.04–1.68
0.49a± 0.36

0.04–1.04
0.29a± 0.21

0.31–5.01
1.14b± 1.19

0.17–3.31
0.96b± 0.77

0.43–4.18
1.24b± 1.18

Cr 1.25–19.33
3.06a± 3.21

1.23–28.98
4.82a± 5.04

0.94–36.22
11.00b± 10.98

0.84–12.13
4.57a± 3.22

0.87–8.46
2.68a± 2.28

Cu 0.50–16.54
2.86a± 3.28

2.69–287
135b± 71.99

0.22–23.48
4.83a± 6.43

0.76–259
26.28a± 59.53

0.34–26.32
2.28a± 4.62

Fe 2602–14 786
6402a± 2645

2194–47 487
7764a± 7865

2264–12 085
6263a± 2301

899–14 993
7132a± 3423

2214–19 612
10 780b± 4376

Hg 0–0.05
0.01a± 0.01

0–0.01
0.000b± 0.001

0–0.01
0.001b± 0.001

0–0.01
0.001b± 0.002

0 – 0.003
0.000b± 0.001

Mg 114–3087
987a± 664

236–21 336
5721b± 5509

1377–6527
3364c± 1310

894–17 258
3767c± 3440

1166–6897
3815c± 1457

Mn 0.86–36.57
13.36a± 9.30

0.68–41.88
21.51a± 10.76

3.31–278
70.88b± 68.14

15.04–482
68.11b± 79.49

43.56–295
165c± 54.78

Ni 0.08–9.87
1.78ab± 1.93

0.07–3.00
0.95a± 0.65

0.60–13.91
3.49c± 3.77

0.83–9.08
2.51bc± 2.06

0.80–8.53
2.31bc± 2.13

Pb 0.34–128
14.78a± 23.91

0–2.26
0.40b± 0.42

0.32–1.76
1.04b± 0.37

0.10–4.21
1.97b± 1.13

0.29–211
8.91ab± 35.76

Zn 0.26–30.34
4.40a± 6.97

1.91–339
179b± 88.77

0.96–16.52
3.43a± 3.56

0.82–230
52.21c± 74.14

0.47–27.72
3.28a± 5.16

a,b,c,d Significant differences between mean values. Sites with different letters are significantly different (P< 0.05).
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in Table IV. The metal concentrations varied spatially and
differed significantly (ANOVA, all P < 0.05) between
sampling sites, although there was little evidence of
consistent patterns across the different metals between
the sites. The most abundant bioavailable metals were
Al, Ca and Fe. The Al, Fe and Mn levels were
significantly higher at Pumphouse Lake compared to the
other sites. High levels of As, Ca, Cd, Cu and Zn were
detected at the strongly animal-impacted locations of
Gourlay Peninsula and North Point, with those at
Gourlay Peninsula being significantly higher than at the
other sampling sites. The highest Cr and Ni levels were

found in samples from Jane Col. Co levels were lower at
Berntsen Point and Gourlay Peninsula compared to the
other sampling sites, while Hg and Pb levels were higher
at Berntsen Point than elsewhere. Thirteen of the
35 samples obtained from Berntsen Point contained high
levels of Pb (12.270–127.643 μg/g), with these specific
samples obtained from areas near to the storage hut of
the research station. The Pb content of samples from
Pumphouse Lake was generally low, with the exception
of a single sample that contained 211.054 μg/g. This
sample had no visible association with any evidence of
human contamination, but its Pb content was the

Fig. 3. Biplot of the first two principal components (PC1 and PC2) in the principal component analysis of metal ion concentration data
in 174 soil samples collected from five sampling locations on Signy Island: Berntsen Point (BP), Gourlay Peninsula (GP), Jane Col
(JC), North Point (NP) and Pumphouse Lake (PL). The vector length and direction reflect the importance of the contribution of each
variable to each of the two axes. The Pearson correlation matrix was calculated for the 14 metal ion concentrations from the 174 soil
samples (Table V). Thirty-eight of the 91 correlations were statistically significant at P< 0.01 and 10 of the correlations were
statistically significant at P< 0.05. There were strong positive correlations of: Al with Fe; Cu with As, Ca, Cd and Zn; As with Cd; Ca
with Zn; and Cowith Ni. Negative correlations were statistically significant in 14 of 91 instances at P< 0.01 and 10 of 91 instances at
P< 0.05.
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highest recorded in any sample. The highest levels of Mg
were detected at Gourlay Peninsula and the lowest at
Berntsen Point, while the highest Mn level was obtained
from Pumphouse Lake.
PCA was used to analyse the patterns in the metal ion

concentration data across the 174 soil samples (Fig. 3).
The first two principal components (PCs) explained 34.4%
and 17.2% of the total variance. Three main groups of
metal ions could be identified: 1) Al and Fe, 2) As, Ca,
Cd, Cu, Mg and Zn and 3) Hg and Pb. Most of the
Gourlay Peninsula samples and some North Point
samples had a strongly negative value on PC1, while
Berntsen Point, Jane Col and Pumphouse Lake samples

had positive values on PC1. Pumphouse Lake and Jane
Col samples had strongly negative values on PC2.
PERMANOVA indicated that the differences in metal
contents between sampling locations were statistically
significant (F= 17.333,P= 0.001) (Supplemental Table S4).
The average CF values calculated from the 35 samples

obtained at each of the four more impacted sampling
locations and the baseline location at Jane Col are listed
in Table VI. The CF values for Pb were relatively high at
Berntsen Point and Pumphouse Lake, while Cd, Cu and
Zn values were high at Gourlay Peninsula and North
Point. The mean CF values for the metal ions at the
human-impacted Berntsen Point decreased in the order
Pb > Hg > Cd > Zn > As > Fe > Al > Cu > Ca > Ni >
Co > Mg > Cr > Mn. At the animal-impacted Gourlay
Peninsula the order was Cd > Zn > Cu > Ca > As >
Mg > Fe > Al > Cr > Pb > Hg > Mn > Ni > Co.
The PLI values from both the animal-impacted

locations of Gourlay Peninsula (1.67) and North Point
(1.31) confirmed that the sites are polluted (Fig. 4). The
relatively low PLI values of Berntsen Point (0.66) and
Pumphouse Lake (0.93) suggest that these locations are
less polluted overall or unpolluted.

Relationship between microalgal communities and soil
heavy metal contents

DistLM was used to calculate correlations and the
explanatory contribution between each heavy metal and
variation in microalgal communities across the five
sampling locations (Table VII). Nine of the 14 metals had
a significant influence on microalgal community
variation, in the decreasing order Mn > Ca > Mg > Fe >
Zn > Cd > Co > Cr > Cu. However, while significant,
each of the ions individually only contributed 1.32–2.46%
of the microalgal community variation, and the total
variation explained by all metal ions was 16.11%.

Table V. Pearson correlation matrix for heavy metal concentrations in soils from Signy Island, Antarctica.

Al As Ca Cd Co Cr Cu Fe Hg Mg Mn Ni Pb Zn

Al 1
As -0.433** 1
Ca -0.240** 0.578** 1
Cd -0.304** 0.758** 0.643** 1
Co 0.224** 0.026 -0.223** -0.204** 1
Cr 0.051 0.128 -0.089 -0.077 0.454** 1
Cu -0.363** 0.716** 0.847** 0.733** -0.210** -0.043 1
Fe 0.702** -0.244** -0.127 -0.174* 0.125 -0.006 -0.227** 1
Hg -0.049 -0.009 -0.151* -0.100 0.058 -0.012 -0.120 -0.021 1
Mg 0.042 0.556** 0.612** 0.612** -0.037 0.062 0.641** -0.042 -0.150* 1
Mn 0.413** -0.222** -0.066 -0.175* 0.341** 0.142 -0.254** 0.281** -0.126 0.107 1
Ni 0.107 0.128 -0.200** -0.158* 0.888** 0.565** -0.159* 0.018 0.078 -0.040 0.196** 1
Pb -0.086 -0.064 -0.135 -0.067 0.005 -0.084 -0.098 0.070 0.114 -0.151* -0.072 0.147 1
Zn -0.301** 0.601** 0.882** 0.602** -0.201** -0.042 0.884** -0.175* -0.119 0.478** -0.178* -0.159* -0.109 1

*P < 0.05, **P < 0.01.

Table VI.Mean (and SD) contamination factors of the studiedmetal ions
in soil samples from the four human-impacted or animal-impacted sites
on Signy Island, calculated relative to the baseline minimally impacted
location at Jane Col.

Berntsen Point Gourlay
Peninsula

North Point Pumphouse
Lake

Mean SD Mean SD Mean SD Mean SD

Al 0.72a 0.44 0.69a 0.48 0.94a 0.46 1.31b 0.45
As 1.03a 0.95 3.06b 2.52 1.45a 2.60 0.43a 0.44
Ca 0.55a 0.24 20.85b 9.86 8.32c 8.20 4.33d 6.63
Cd 5.19a 5.78 66.18b 60.73 27.53a 72.49 6.29a 12.74
Co 0.43a 0.32 0.25a 0.19 0.85b 0.68 1.09b 1.04
Cr 0.28a 0.29 0.44a 0.46 0.42a 0.29 0.24a 0.21
Cu 0.59a 0.68 28.02b 14.90 5.44a 12.32 0.47a 0.96
Fe 1.02a 0.42 1.24a 1.26 1.14a 0.55 1.72b 0.70
Hg 6.13a 12.20 0.33b 1.41 1.13b 2.23 0.42b 1.14
Mg 0.29a 0.20 1.70b 1.64 1.12c 1.02 1.13c 0.43
Mn 0.19a 0.13 0.30a 0.15 0.96b 1.12 2.33c 0.77
Ni 0.51ab 0.55 0.27a 0.19 0.72b 0.59 0.66b 0.61
Pb 13.97a 22.60 0.38b 0.40 1.86b 1.07 8.42ab 33.80
Zn 1.28a 2.03 52.28b 25.89 15.23c 21.62 0.96a 1.50

a,b,c,d Significant differences between mean values. Sites with different
letters are significantly different (P< 0.05).
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Discussion

This is the first study to report heavymetal contents and their
relationship with microalgal community composition in
soils from locations with different levels of human or
marine vertebrate impact on Signy Island in the Maritime
Antarctic. A total of 29 microalgal taxa, representing
Bacillariophyta, Chlorophyta, Cyanobacteria and
Tribophyta, were recorded in cultures derived from a total
of 175 soil samples collected from five distinct locations on
Signy Island. The most common microalgae found were

D. olivaceus, Chlamydomonas sp. and Chloromonas sp.,
with D. olivaceus being the most abundant species.
Desmococcus olivaceus is a common Antarctic soil alga
that is present in both the Maritime Antarctic and
Continental Antarctic (Broady & Ingerfeld 1993, Broady
2005). The species is distributed globally and is commonly
found on various surfaces such as rocks, soil and tree
trunks, including polluted habitats (Laundon 1985), and it
has been described as 'the commonest green alga in the
world'.
In this study, only one type of culture medium was used,

and we recognize the potential role of the selectivity of the
culture medium for particular taxa in influencing the
diversity found. The abundance of green microalgae in
this study could indicate the optimal growth conditions
provided by BBM media for these species. Broady (1979)
used three techniques to examine the distribution of
microalgae from Signy Island (direct microscopic
examination, moist plate enrichment culture and culture
in mineral salts medium) and suggested that, to obtain
the most complete assessment of diversity, all three
methods should ideally be used. We also recognize that
algae that are difficult or impossible to grow in any given
culture medium will not be identified.
Diatoms (Bacillariophyta) are one of the most abundant

algal groups in Antarctic and sub-Antarctic regions. In the
present study, the diatoms recorded were members of the
genera Navicula and Pinnularia, with two representatives
of each genus. These genera are commonly reported in
soils, freshwaters and saline lakes in the sub-Antarctic
and Antarctic (Sabbe et al. 2003, Van de Vijver 2008,
Zidarova et al. 2016). The most abundant diatom genus
found in the present study was Navicula, which was
particularly prominent in the animal-impacted locations

Fig. 4. Pollution load index of heavy metals in soil samples from Signy Island. Error bars indicate standard deviation.

Table VII. Correlations between heavy metal levels and variation in
microalgal community composition across the five sampling locations
on Signy Island. Data were assessed by marginal tests using
distance-based linear modelling, and the significance of the
relationship (P) and the proportion of the variability in the multivariate
dataset explained by each metal are presented.

Variable P Proportion (%)

Al 0.09 1.08
As 0.088 1.04
Ca 0.002** 2.42
Log(Cd + 1) 0.028* 1.45
Co 0.031* 1.38
Cr 0.04* 1.33
Cu 0.046* 1.32
Fe 0.002** 1.90
Log(Hg + 1) 0.149 0.90
Mg 0.003** 2.21
Mn 0.001*** 2.46
Ni 0.209 0.84
Pb 0.08 1.05
Zn 0.009** 1.63

*P < 0.05, **P < 0.01, ***P < 0.001.
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of Gourlay Peninsula and North Point. In comparison
with some other studies from Signy Island, this study
reported a low number of diatom taxa. For instance,
Broady (1979) reported 30 terrestrial diatom taxa, of
which 28 were identified using direct microscopic
examination, a more appropriate technique for the
identification of diatoms as compared to culturing in
BBM. The 12 soil diatom taxa reported by Mataloni
et al. (2000) were similarly mainly detected via direct
microscopic examination. The BBM growth medium
used in this study does not contain silicon (Si), which is
an essential inorganic nutrient required for diatom
growth (Gilpin et al. 2004); hence, the low number of
diatoms could also be attributed to this limiting factor.
Cyanobacteria are present in most soil habitats

globally. Oscillatoria sp., Phormidium autumnale and
Pseudanabaena sp. identified in this study have been
recorded previously from Signy Island (Davey & Rothery
1993, Chong et al. 2010). Nostoc commune and
Phormidium sp. also occur across many different climate
zones globally (Wynn-Williams 1996, Rahmonov et al.
2015). Davey & Clarke (1991) reported that
representatives of Nostoc and Phormidium dominated
frost-sorted soil polygons at Jane Col, but these taxa
were not identified from the samples from Jane Col in
the current study. Davey & Clarke (1991) used direct
microscopic examination for the identification of algae
and reported that incubation of soil samples in growth
media led to little change in the diversity of soil flora
detected, but that the coverage of most taxa declined
during the period of incubation. Fifteen species of
cyanobacteria were reported by Mataloni et al. (2000),
also via direct microscopic examination. It is recognized
that many cyanobacteria are difficult to culture (Broady
1996), while culture-based approaches are also limited
by the high degree of phenotypic difference between
cyanobacteria in the cultured and free-living states
(Velichko et al. 2021). The only cyanobacteria detected
at Jane Col was Pseudanabaena sp., again differing from
the study of Davey & Rothery (1993), which reported
five cyanobacterial taxa from this location.
PERMANOVA and nMDS analysis indicated that

the microalgal communities across all five sampling
locations on Signy Island were significantly different.
The SIMPER results indicated that the highest average
dissimilarity was found between the animal-impacted
sites (Gourlay Peninsula and North Point) and the
minimally impacted Jane Col, with the main
contributors being O. boryana and D. olivaceus. Jane Col
consists mostly of bare soil and rock surfaces and is
minimally impacted compared to the other sampling
locations. The microalgal community at Jane Col may
consist of taxa that can grow well under typical fellfield
conditions and are able to survive desiccation (Davey &
Clarke 1991). Despite this, many other members of the

microalgal community at this site were shared with the
other sampling locations.
Analysis of the soil metal contents showed that high

levels of As, Ca, Cd, Cu and Zn were detected in both of
the animal-impacted areas at Gourlay Peninsula and
North Point. The levels detected at Gourlay Peninsula
were the highest amongst the sampling sites. Most of
the samples from Gourlay Peninsula contained high
levels of Cu (88.57%), with a maximum concentration of
286.63 μg/g. A high Cu content was also detected in
several samples from North Point (31.43%). The CF
values for Cu at Gourlay Peninsula and North Point
were high, with CF values of 28.02 and 5.44,
respectively, indicating polluting levels of Cu. Chong
et al. (2009) reported similar levels of Cu in Gourlay
Peninsula soil samples (188 μg/g). High contents of
metals have been reported elsewhere in studies of
animal-impacted sites in Antarctica. For instance,
Espejo et al. (2014) found high Cu, Zn and Pb levels
(up to 287, 380 and 2.9 μg/g, respectively) in the guano
of two species of penguin from different locations on the
Antarctic Peninsula. Similarly, on Deception Island
(South Shetland Islands), soils from penguin rookeries
contained higher levels of Cu, Cd and Zn than their
non-ornithogenic counterparts (Santamans et al. 2017).
Higher levels of Cu, Cd and Zn in the animal-impacted
sites and significant positive Pearson correlations between
Cu and Zn (r= 0.884), Cd and Cu (r= 0.733) and Cd
and Zn (r= 0.602) can be attributed to their common
ornithogenic source (Chu et al. 2019b). However, it is also
appropriate to note that the geology of Signy Island
includes copper-bearing minerals, whose presence is
apparent through copper staining of rock outcrops. Areas
near the coast in Antarctica have also been reported to
contain high levels of Cu. For instance, in Potter Cove,
King George Island, this has been associated with
transfer from surface marine sediments, which are known
to contain high levels of Cu (Andrade et al. 2001).
High Pb levels were detected in the long-term

human-impacted location of Berntsen Point. Thirteen of
the 35 samples from this location contained notably high
levels of Pb (12.3–127.6 μg/g), in particular the soils
sampled close to the storage hut of the research station.
The CF value for Pb in Berntsen Point was also relatively
high (14.0). Potential anthropogenic sources of Pb
include fuel and paint contamination (Santos et al.
2005). Although the Pumphouse Lake sampling location
also has an older history of human impact, Pb levels here
were generally low, with the exception of a single sample,
which gave the highest level of all samples (211.1 μg/g).
This individual instance of locally enriched levels in
Pumphouse Lake soil could derive from previous burning
of coal and the low mobility of these metal ions and their
persistence in the Antarctic terrestrial environment
(Claridge et al. 1995, Tin et al. 2009).
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In the PCA, the first two PCs explained a total of 51.6%
of the variation in the metal data from 174 soil samples
collected from five sampling locations (PC1 = 34.4%,
PC2 = 17.2%). Three main groups of variables were
identified: 1) Al and Fe, probably of geogenic origin, 2)
As, Ca, Cd, Cu, Mg and Zn, likely to have mixed
marine-geogenic and marine vertebrate origins, and 3)
Hg and Pb, probably from anthropogenic sources. Most
of the Gourlay Peninsula samples and some from North
Point were located at highly negative values on PC1,
indicating that the soils at these sites were strongly
influenced by the second group of metal ions, probably
associated with marine vertebrates. The human-impacted
Berntsen Point samples were mainly influenced by Pb
and Hg, which is consistent with an interpretation of
probable anthropogenic input.
Correlation analysis revealed that levels of 17 pairs of

metals showed strong positive correlation, perhaps
indicating a common source, mutual dependence or
identical behaviour (Li et al. 2013). The correlations
between metals were consistent with the results obtained
from PCA. According to the Pearson correlation matrix,
Al and Fe, as well as As, Ca, Cd, Cu, Mg and Zn,
showed significant strong positive correlations with each
other. This supports the associations between metals,
indicating their common origin (Bhuiyan et al. 2010). In
particular, levels of As, Cd, Cu and Zn were generally
highly correlated with each other. Santamans et al.
(2017) reported similar findings in soil samples linked to
penguin rookeries in the South Shetland Islands and
Antarctic Peninsula, again consistent with these metal
ions having a marine biogenic origin.
Metal ion levels measured in this study were generally

consistent with the data reported by Chong et al. (2010),
who also found the highest Cu content in the
animal-impacted sites of Gourlay Peninsula and North
Point and the highest Pb content at Berntsen Point. Chong
et al. (2010) also reported that the most abundant trace
element detected in Signy Island soil was Fe, consistent
with the geology of the island. The PLI confirmed that the
sites most affected by metal ion pollution were the
animal-impacted sites of Gourlay Peninsula and North
Point, with the human-impacted sites at Berntsen Point
and Pumphouse Lake showing lower levels of pollution.
This is perhaps unsurprising given the size of the
vertebrate populations and the physical extent of their
influence on Signy Island relative to the small size and
extent of the research and former whaling industry
presence on the island and their relatively short duration.
Direct relationships between microalgae and in situ

metal contaminants have rarely been investigated. In
contrast, multiple studies have addressed relationships
between metal ions and bacterial or fungal variables
such as total biomass or total biodiversity (Gillan et al.
2005, Chen et al. 2014). The DistLM analysis performed

in the current study showed that levels of Mn, Ca, Mg,
Fe, Zn, Cd, Co, Cr and Cu were significantly correlated
with variation in microalgal community composition on
Signy Island, although the metals individually
contributed a very small proportion (1.32–2.46%) of this
variation. Gourmelon et al. (2016), also using DistLM
analysis, reported that soil bacterial and fungal
communities in New Caledonia were significantly
influenced by Zn, Fe, Mn and Mg. Cd, Pb, Mg and Zn
were negatively and significantly correlated with soil
bacterial communities in the abandoned mining town of
Picher, Oklahoma (Beattie et al. 2018), while heavy
metals (As, Cd, Cr, Co and Pb) also showed a negative
correlation with microalgal diversity in sewage
wastewater in a study in India (Renuka et al. 2014). In a
non-microbial study, the benthic marine faunal
community composition close to Casey Station, East
Antarctica, was found to have differences correlated with
the levels of Cd, Cu, Pb, Sn and Zn (Stark et al. 2003).
Overall, a significant if relatively small fraction (16.11%)

of the variation in microalgal community composition
on Signy Island was explained by the combined metal
ion concentrations, with Mn, Ca, Mg, Fe and Zn having
the strongest influence. These metals are all essential
metals known to be involved in key cellular processes in
microalgae. For instance, Mn is involved in the
thylakoidal water-splitting oxygen-evolving complex, Ca
acts as an intracellular messenger, Mg is required in
chlorophyll production, Zn is required in carboxysomal
carbonic anhydrase and Fe is required as a redox cofactor
in biological processes (Cavet et al. 2003).
Multiple environmental factors other than metals are

also likely to contribute to the observed variations in
microalgal communities, such as nutrient conditions,
pH and temperature. Wynn-Williams (1990) suggested
carbon as the limiting factor for algal colonization of
frost-sorted soil at Jane Col. Moisture availability was
suggested to be the primary factor limiting Antarctic
terrestrial life by Kennedy (1993), and more generally
the primary controlling factor of Antarctic terrestrial
biodiversity by Convey et al. (2014). Ecophysiological
strategies can also play a key role. For instance,
dehydration resistance is possibly more important that
cold resistance to survival in Antarctica (Kennedy 1993).
Chong et al. (2009) previously argued that pH,
conductivity and Cu and Pb contents had strong
influences on soil prokaryote biodiversity on Signy Island.

Conclusions

A total of 29microalgal taxa, representing Cyanobacteria,
Bacillariophyta, Chlorophyta and Tribophyta, were
recorded in cultures derived from 175 soil samples
collected on Signy Island, South Orkney Islands. High
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levels of As, Ca, Cd, Cu and Zn were detected in
animal-impacted areas at both Gourlay Peninsula and
North Point, while high Pb levels were detected in the
human-impacted location of Berntsen Point. A
significant though relatively low fraction (16.11%) of the
variation in microalgal community composition was
explained by the combined metal concentrations. Mn,
Ca, Mg, Fe and Zn had the strongest influence on
microalgal communities on Signy Island.

Acknowledgements

We are grateful to LauraGerrish of the BASMapping and
Geographic Information Centre (MAGIC) for producing
Fig. 1. We thank two anonymous reviewers for their
constructive comments.

Financial support

The funding support from the Ministry of Science,
Technology and Innovation (MOSTI), Malaysia, under
the Antarctica Flagship Programme (Sub-Project 4:
FP1213E036), is gratefully acknowledged. Peter Convey
is supported by NERC core funding to the BAS
'Biodiversity, Evolution and Adaptation' Team. Nguk-
Ling Dang is a scholarship recipient of the Public
Service Department (JPA) of Malaysia.

Dedication

This paper is dedicated to Prof Wan-Loy Chu (deceased)
for his devotion to algal research and his selflessness,
which will always be remembered.

Author contributions

N-LD,W-LC, K-SIY, Y-YK, S-MP and PC conceived the
study. N-LD performed the algal culturing and chemical
measurements, analysed the data and wrote the first
draft of the manuscript. W-LC identified microalgae
based on light micrographs. K-KC collected samples,
measured parameters on site and wrote part of the
'Materials and methods' section. All authors edited the
final version of the manuscript.

Supplemental material

Four supplemental figures and four supplemental tables
will be found at https://doi.org/10.1017/S0954102021000390.

References

AFKAR, E., ABABNA, H. & FATHI, A. 2010. Toxicological response of the
green alga Chlorella vulgaris, to some heavy metals. American Journal
of Environmental Sciences, 6, 230.

ANDERSON, M.J., GORLEY, R.N. & CLARKE, K.S. 2008. PERMANOVA+
for PRIMER: guide to software and statistical methods. Plymouth:
PRIMER-e, 214 pp.

ANDRADE, S., POBLET, A., SCAGLIOLA, M., VODOPIVEZ, C., CURTOSI, A.,
PUCCI, A. & MARCOVECCHIO, J. 2001. Distribution of heavy metals
in surface sediments from an Antarctic marine ecosystem.
Environmental Monitoring and Assessment, 66, 147–158.

ARNOLD, R., CONVEY, P., HUGHES, K. & WYNN-WILLIAMS, D. 2003.
Seasonal periodicity of physical factors, inorganic nutrients and
microalgae in Antarctic fellfields. Polar Biology, 26, 396–403.

BEATTIE, R.E., HENKE,W., CAMPA,M.F., HAZEN, T.C.,MCALILEY, L.R. &
CAMPBELL, J.H. 2018. Variation in microbial community structure
correlates with heavy-metal contamination in soils decades after
mining ceased. Soil Biology and Biochemistry, 126, 57–63.

BHUIYAN,M.A., PARVEZ, L., ISLAM,M.,DAMPARE, S.B. & SUZUKI, S. 2010.
Heavy metal pollution of coal mine-affected agricultural soils in the
northern part of Bangladesh. Journal of Hazardous Materials, 173,
384–392.

BOCKHEIM, J.G. 2015. The soils of Antarctica. New York: Springer
International Publishing, 322 pp.

BROADY, P.A. 1976. Six new species of terrestrial algae from Signy Island,
South Orkney Islands, Antarctica. British Phycological Journal, 11,
387–405.

BROADY, P.A. 1979. The terrestrial algae of Signy Island, South Orkney
Islands. BAS Scientific Reports, 98, 1–117.

BROADY, P.A. 1996. Diversity, distribution and dispersal of Antarctic
terrestrial algae. Biodiversity & Conservation, 5, 1307–1335.

BROADY, P.A. 2005. The distribution of terrestrial and hydro-terrestrial
algal associations at three contrasting locations in southern Victoria
Land, Antarctica. Algological Studies, 118, 95–112.

BROADY, P.A. & INGERFELD, M. 1993. Three new species and a new record
of Chaetophoracean (Chlorophyta) algae from terrestrial habitats in
Antarctica. European Journal of Phycology, 28, 25–31.

BROADY, P., GARRICK, R. & ANDERSON, G. 1984. Culture studies on the
morphology of ten strains of Antarctic Oscillatoriaceae
(Cyanobacteria). Polar Biology, 2, 233–244.

BROOKS, S.T., JABOUR, J., VAN DEN HOFF, J. & BERGSTROM, D.M. 2019.
Our footprint on Antarctica competes with nature for rare ice-free
land. Nature Sustainability, 2, 185–190.

CABRITA, M.T., PADEIRO, A., AMARO, E., DOS SANTOS, M.C., LEPPE, M.,
VERKULICH, S., et al. 2017. Evaluating trace element bioavailability
and potential transfer into marine food chains using immobilised
diatom model species Phaeodactylum tricornutum, on King George
Island, Antarctica. Marine Pollution Bulletin, 121, 192–200.

CAVET, J.S., BORRELLY, G.P. & ROBINSON, N.J. 2003. Zn, Cu and Co in
cyanobacteria: selective control of metal availability. FEMS
Microbiology Reviews, 27, 165–181.

CHEN, J., HE, F., ZHANG, X., SUN, X., ZHENG, J. & ZHENG, J. 2014. Heavy
metal pollution decreases microbial abundance, diversity and activity
within particle-size fractions of a paddy soil. FEMS Microbiology
Ecology, 87, 164–181.

CHONG, C.W., DUNN, M.J., CONVEY, P., TAN, G.A., WONG, R.C. & TAN,
I.K. 2009. Environmental influences on bacterial diversity of soils on
Signy Island, Maritime Antarctic. Polar Biology, 32, 1571–1582.

CHONG, C.W., PEARCE, D.A., CONVEY, P., TAN, G.A., WONG, R.C. & TAN,
I.K. 2010. High levels of spatial heterogeneity in the biodiversityof soil
prokaryotes on Signy Island, Antarctica. Soil Biology and
Biochemistry, 42, 601–610.

CHU, W.-L., DANG, N.-L., KOK, Y.-Y., YAP, K.-S.I., PHANG, S.-M. &
CONVEY, P. 2019a. Heavy metal pollution in Antarctica and its
potential impacts on algae. Polar Science, 20, 75–83.

CHU, Z., YANG, Z., WANG, Y., SUN, L., YANG, W., YANG, L. & GAO, Y.
2019b. Assessment of heavy metal contamination from penguins and
anthropogenic activities on Fildes Peninsula and Ardley Island,
Antarctic. Science of the Total Environment, 646, 951–957.

657INFLUENCE OF HEAVY METALS ON THE OCCURRENCE OF SOIL MICROALGAE

https://doi.org/10.1017/S0954102021000390 Published online by Cambridge University Press

https://doi.org/10.1017/S0954102021000390
https://doi.org/10.1017/S0954102021000390
https://doi.org/10.1017/S0954102021000390


CLARIDGE, G.G.C., CAMPBELL, I.B., POWELL, H.K.J., AMIN, Z.H. &
BALKS, M.R. 1995. Heavy metal contamination in some soils of the
McMurdo Sound region, Antarctica. Antarctic Science, 7, 9–14.

CLARKE, K. & GORLEY, R. 2015. Getting started with PRIMER v7.
Plymouth: PRIMER-e, 20 pp.

CLARKE, K.R. & WARWICK, R.M. 2001. Change in marine communities:
an approach to statistical analysis and interpretation. Plymouth:
PRIMER-e, 176 pp.

CLEMENS, S. 2006. Evolution and function of phytochelatin synthases.
Journal of Plant Physiology, 163, 319–332.

CONVEY, P. 2020. The price of cumulative human activities in the
Antarctic. Antarctic Science, 32, 425.

CONVEY, P. & LEBOUVIER, M. 2009. Environmental change and human
impacts on terrestrial ecosystems of the sub-Antarctic islands
between their discovery and the mid-twentieth century. Papers and
Proceedings of the Royal Society of Tasmania, 143, 33–44.

CONVEY, P., COULSON, S., WORLAND, M. & SJÖBLOM, A. 2018. The
importance of understanding annual and shorter-term temperature
patterns and variation in the surface levels of polar soils for
terrestrial biota. Polar Biology, 41, 1587–1605.

CONVEY, P., CHOWN, S.L., CLARKE, A., BARNES, D.K., BOKHORST, S.,
CUMMINGS, V., et al. 2014. The spatial structure of Antarctic
biodiversity. Ecological Monographs, 84, 203–244.

DAVEY,M.C. 1991. The seasonal periodicityof algae on Antarctic fellfield
soils. Ecography, 14, 112–120.

DAVEY, M. & CLARKE, K. 1991. The spatial distribution of microalgae on
Antarctic fellfield soils. Antarctic Science, 3, 257–263.

DAVEY, M.C. & ROTHERY, P. 1993. Primary colonization by microalgae in
relation to spatial variation in edaphic factors on Antarctic fellfield
soils. Journal of Ecology, 8, 335–343.

DE LIMA NETO, E., GUERRA, M.B.B., THOMAZINI, A., DAHER, M.,
DE ANDRADE, A.M. & SCHAEFER, C.E.G.R. 2017. Soil
contamination by toxic metals near an Antarctic refuge in Robert
Island, Maritime Antarctica: a monitoring strategy. Water, Air, &
Soil Pollution, 228, 66.

ESPEJO, W., CELIS, J.E., GONZÁLEZ-ACUÑA, D., JARA, S. & BARRA, R.
2014. Concentration of trace metals in excrements of two species of
penguins from different locations of the Antarctic Peninsula. Polar
Biology, 37, 675–683.

GILLAN, D.C., DANIS, B., PERNET, P., JOLY, G. &DUBOIS, P. 2005. Structure
of sediment-associated microbial communities along a heavy-metal
contamination gradient in the marine environment. Applied and
Environmental Microbiology, 71, 679–690.

GILPIN, L.C., DAVIDSON, K. &ROBERTS, E. 2004. The influence of changes
in nitrogen: silicon ratios on diatom growth dynamics. Journal of Sea
Research, 51, 21–35.

GOURMELON, V., MAGGIA, L., POWELL, J.R., GIGANTE, S., HORTAL, S.,
GUEUNIER, C., et al. 2016. Environmental and geographical
factors structure soil microbial diversity in New Caledonian ultramafic
substrates: a metagenomic approach. PLoS One, 11, e0167405.

HARIKUMAR, P. & JISHA, T. 2010. Distribution pattern of trace metal
pollutants in the sediments of an urban wetland in the southwest
coast of India. International Journal of Engineering Science and
Technology 2, 840–850.

HAWES, I. 1983. Nutrients and their effects on phytoplankton
populations in lakes on Signy Island, Antarctica. Polar Biology, 2,
115–126.

HOLDGATE, M., ALLEN, S. & CHAMBERS, M. 1967. A preliminary
investigation of the soils of Signy Island, South Orkney Islands. BAS
Bulletin, No. 12, 53–71.

HUGHES, K.A. & CONVEY, P. 2020. Implications of the COVID-19
pandemic for Antarctica. Antarctic Science, 32, 426–439.

JOHANSSON, P. & THOR, G. 2008. Lichen species density and abundance
over ten years in permanent plots in inland Dronning Maud Land,
Antarctica. Antarctic Science, 20, 115–121.

KENNEDY, A.D. 1993.Water as a limiting factor in theAntarctic terrestrial
environment: a biogeographical synthesis. Arctic and Alpine Research,
25, 308–315.

LAUNDON, J.R. 1985. Desmococcus olivaceus – the name of the common
subaerial green alga. Taxon, 34, 671–672.

LI, F., HUANG, J., ZENG, G., YUAN, X., LI, X., LIANG, J., et al. 2013.
Spatial risk assessment and sources identification of heavy metals in
surface sediments from the Dongting Lake, Middle China. Journal
of Geochemical Exploration, 132, 75–83.

LONE, S.A., HAMID, A. & BHAT, S.U. 2021. Algal community dynamics
and underlying driving factors in some crenic habitats of Kashmir
Himalaya. Water, Air, & Soil Pollution, 232, 104.

MATALONI, G., TELL, G. & WYNN-WILLIAMS, D. 2000. Structure and
diversity of soil algal communities from Cierva Point (Antarctic
Peninsula). Polar Biology, 23, 205–211.

NAVEEN, R. 1996. Human activity and disturbance: building an Antarctic
site inventory. Foundations for Ecological Research West of the
Antarctic Peninsula, 70, 389–400.

OHTANI, S., SUYAMA, K., YAMAMOTO, H., ARIDOMI, Y., ITOHM, R. &
FUKUOKA, Y. 2000. Distribution of soil algae at the monitoring sites
in the vicinity of Syowa Station between austral summers of 1992/
1993 and 1997/1998. Polar Bioscience, 13, 113–132.

RAHMONOV, O., CABALA, J., BEDNAREK, R., ROZEK, D. & FLORKIEWICZ, A.
2015. Role of soil algae on the initial stages of soil formation in
sandypollutedareas.EcologicalChemistryandEngineeringS,22, 675–690.

RENUKA, N., SOOD, A., PRASANNA, R. & AHLUWALIA, A.S. 2014. Influence
of seasonal variation in water quality on the microalgal diversity
of sewage wastewater. South African Journal of Botany, 90, 137–145.

RÓDENAS DE LA ROCHA, S., SÁNCHEZ-MUNIZ, F.J., GÓMEZ-JUARISTI, M. &
MARÍN, M.T.L. 2009. Trace elements determination in edible seaweeds
by an optimized and validated ICP-MS method. Journal of Food
Composition and Analysis, 22, 330–336.

SABBE, K., VERLEYEN, E., HODGSON, D., VANHOUTTE, K. &VYVERMAN,W.
2003. Benthic diatom flora of freshwater and saline lakes in the
Larsemann Hills and Rauer Islands, East Antarctica. Antarctic
Science, 15, 227–248.

SANTAMANS, A.C., BOLUDA, R., PICAZO, A., GIL, C., RAMOS-MIRAS, J.,
TEJEDO, P., et al. 2017. Soil features in rookeries of Antarctic
penguins reveal sea to land biotransport of chemical pollutants.
PLoS One, 12, e0181901.

SANTOS, I.R., SILVA-FILHO, E.V., SCHAEFER, C.E., ALBUQUERQUE-FILHO,
M.R. & CAMPOS, L.S. 2005. Heavy metal contamination in coastal
sediments and soils near the Brazilian Antarctic Station, King
George Island. Marine Pollution Bulletin, 50, 185–194.

SNAPE, I., SCOULLER, R., STARK, S., STARK, J., RIDDLE, M. & GORE, D.
2004. Characterisation of the dilute HCl extraction method for the
identification of metal contamination in Antarctic marine sediments.
Chemosphere, 57, 491–504.

STARK, J.S., RIDDLE, M.J., SNAPE, I. & SCOULLER, R.C. 2003. Human
impacts in Antartic marine soft-sediment assemblages: correlations
between multivariate biological patterns and environmental variables
at Casey Station. Estuarine, Coastal and Shelf Science, 56, 717–734.

SUN, W., SKIDMORE, A.K., WANG, T. & ZHANG, X. 2019. Heavy metal
pollution at mine sites estimated from reflectance spectroscopy following
correction for skewed data. Environmental Pollution, 252, 1117–1124.

TIN, T., FLEMING, Z.L., HUGHES, K.A., AINLEY, D., CONVEY, P.,
MORENO, C., et al. 2009. Impacts of local human activities on the
Antarctic environment. Antarctic Science, 21, 3–33.

TOMLINSON, D., WILSON, J., HARRIS, C. & JEFFREY, D. 1980. Problems in
the assessment of heavy-metal levels in estuaries and the formation of a
pollution index. Helgoländer Meeresuntersuchungen, 33, 566–575.

VAN DE VIJVER, B. 2008. Pinnularia obaesa sp. nov. and
P. australorabenhorstii sp. nov., two new large Pinnularia (sect.
Distantes) from the Antarctic King George Island (South Shetland
Islands). Diatom Research, 23, 221–232.

658 NGUK‐LING DANG et al.

https://doi.org/10.1017/S0954102021000390 Published online by Cambridge University Press

https://doi.org/10.1017/S0954102021000390


VELICHKO, N., SMIRNOVA, S., AVERINA, S. & PINEVICH, A. 2021. A surveyof
Antarctic cyanobacteria. Hydrobiologia, 848, 2627–2652.

VODOPIVEZ, C., CURTOSI, A., VILLAAMIL, E., SMICHOWSKI, P.,
PELLETIER, E. & MAC CORMACK, W.P. 2015. Heavy metals in
sediments and soft tissues of the Antarctic clam Laternula
elliptica: more evidence as a possible biomonitor of coastal
marine pollution at high latitudes? Science of the Total
Environment, 502, 375–384.

WUANA, R.A. & OKIEIMEN, F.E. 2011. Heavy metals in contaminated
soils: a review of sources, chemistry, risks and best available
strategies for remediation. ISRN Ecology, 2011, 1–20.

WYNN-WILLIAMS, D. 1996. Antarctic microbial diversity: the basis of polar
ecosystem processes. Biodiversity & Conservation, 5, 1271–1293.

WYNN-WILLIAMS, D.D. 1990. Microbial colonization processes in
Antarctic fellfield soils - an experimental overview. Proceedings of
the NIPR Symposium on Polar Biology, 3, 164–178.

ZHAO, Y. & XU, C. 2000. Human impacts on the terrestrial ecosystem of
Fildes Peninsula of King George Island, Antarctica. Journal of
Environmental Sciences, 12, 12–17.

ZIDAROVA, R., KOPALOVÁ, K. & VAN DE VIJVER, B. 2016. Ten new
Bacillariophyta species from James Ross Island and the South Shetland
Islands (Maritime Antarctic Region). Phytotaxa, 272, 37–62.

659INFLUENCE OF HEAVY METALS ON THE OCCURRENCE OF SOIL MICROALGAE

https://doi.org/10.1017/S0954102021000390 Published online by Cambridge University Press

https://doi.org/10.1017/S0954102021000390

	Influence of heavy metals on the occurrence of Antarctic soil microalgae
	Abstract
	Introduction
	Materials and methods
	Study area
	Culturing of microalgae from Signy Island
	Metal analyses
	Statistical analyses

	Results
	Microalgal community composition and diversity
	Soil heavy metal contents
	Relationship between microalgal communities and soil heavy metal contents

	Discussion
	Conclusions
	Acknowledgements
	References


