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Distribution of trace elements 
in benthic infralittoral organisms 
from the western Antarctic 
Peninsula reveals no latitudinal 
gradient of pollution
Paula De Castro‑Fernández*, Luis Cardona & Conxita Avila

Antarctica is considered one of the most pristine regions on Earth, but evidences of global and local 
anthropogenic pollution exist. Chromium (Cr), lead (Pb) and mercury (Hg) are bioaccumulated and 
sometimes biomagnified through the trophic web. We aim to determine whether a latitudinal gradient 
of these trace elements exists in benthic organisms along the rocky shores of the Antarctic Peninsula 
and the South Shetland Islands. Levels of Cr, Pb, and Hg were measured by ICP‑MS in two macroalgae 
(Palmaria decipiens and Desmarestia anceps or Desmarestia menziesii), one gastropod (Nacella 
concinna), two starfishes (Odontaster validus and Diplasterias brucei), and suspended particulate 
organic matter (SPOM) from five sampling sites ranging in latitude from 62°11′17″S to 67°33′47″S. 
Levels of trace elements differed among sites and species, but no latitudinal gradient was observed 
for these pollutants. Levels of Hg and Pb in animals were consistent with biomagnifications along the 
food web, as were higher is starfish than in limpets. However, macroalgae and SPOM are unlikely to 
be the main primary producers supporting those consumers, as Hg levels in macroalgae and Pb levels 
in SPOM were much higher than in animals. The levels of trace elements detected were similar or 
higher than in other Antarctic places and other regions of the world, thus indicating that the Antarctic 
Peninsula area is as polluted as the rest of the world.

Trace elements current average concentration is less than about 100 parts per million atoms (ppma) or less than 
100 μg  g−11. They occur naturally in the earth crust, being present in soil parent materials and in the surface soil 
in variable  proportions2–4, but human activities, mainly mining, metal processing, fossil fuel combustion, use 
of pesticides, and waste disposal have introduced high quantities of them in the environment, thus resulting in 
significant pollution  levels2,3,5–7.

Antarctica is thought to be one of the last untouched and wild areas on Earth, since its remote location and 
the only recent, scarce, and highly seasonal human  presence8. Nevertheless, there has been evidence of diverse 
anthropogenic impacts for a long  time9,10. Anthropogenic trace element pollution in Antarctica may either be the 
result of global pollution or be produced  locally11,12. The arrival with marine currents is largely constrained by 
the broad belt of the Southern Ocean’s water, namely the Antarctic Circumpolar Current, constituting a barrier 
to this  transport13. Thus, trace elements from other continents, primarily those in the Southern Hemisphere, are 
mainly transported with air masses that move towards Antarctica in what is called the long-range atmospheric 
transport (LRAT)13–16.

Recently, more attention has been paid to the contaminants emitted locally in Antarctica as a result of increas-
ing human  activity17. As early as 1987, it was determined that four-fifths of total Pb in Antarctic air at that time 
had an anthropogenic  origin18. Later, it was observed that levels of some trace elements (such as Pb and Zn) in 
the atmosphere over the Antarctic Peninsula were higher than it would be expected due to aerosol  contribution19. 
Anthropogenic local pollution could be an explanation and local contamination caused by research stations and 
their associated activities, such as ship operations, sewage production, fuel consumption, and waste disposal, are 
the major sources of local contamination, as well as the developing tourism  industry16,20,21. The Antarctic Penin-
sula and the South Shetland Islands are the most vulnerable regions to local pollution because they concentrate 
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most of the human activity in the  continent8,12,22–24. Accordingly, Jerez et al.25 reported a latitudinal gradient in 
the levels of Pb, Cr, Al, and Mn in feathers of Adélie penguins Pygoscelis adeliae nesting along the Antarctic Pen-
insula. However, such pattern might not exist for species inhabiting shallow benthic habitats, more influenced by 
local processes. Currently, there is a wealth of studies reporting the levels of trace elements in Antarctic, benthic 
 organisms11,26–29, but we are not aware of any study addressing the existence of a latitudinal gradient in the levels 
of any trace element in benthic species.

Mercury (Hg) and lead (Pb) are non-essential elements that are toxic even at low  concentrations30. They may 
displace other elements that act as enzymes cofactors and therefore diminish or block physiological  processes31. 
Chromium (Cr) is an essential trace nutrient element that can be toxic at high  concentrations32, for example 
causing impairment of photosynthetic energetic pathway processes, blocking cell division or inhibiting enzyme 
activity in microalgal  cells33. Hg, Pb and Cr are among the most relevant anthropogenic trace pollutants in Ant-
arctica. Indeed, Pb and Hg are considered priority pollutants and Hg is also classified as a priority hazardous 
substance by the regulation in  force34. Hence, it is important to monitor the concentration of these—and other—
elements at different sites in Antarctica as they are highly related to human  activities25,35. Furthermore, assessing 
the concentrations and effects of trace elements on Antarctic marine organisms could contribute to prevent the 
loss of ecosystem services that Antarctic biodiversity  provide36. The choice of these elements is further justified 
since most invertebrates are not capable of regulating their body  concentrations37–39. Therefore, the levels of these 
elements in the organisms represent or correlate to the levels in the environment. Hg is particularly interesting 
because it biomagnifies through the food chain and may be therefore useful as trophic  tracer40.

Sediment conditions usually represent the average state of the system as they have high physicochemi-
cal  stability41,42. They can act as trace elements or pollutants reservoirs, offering a history of pollution of the 
 environment43–45. Also, trace elements concentration in water masses could be extrapolated from sediments 
 analysis23. Therefore, determining trace element contamination in sediments could provide information about 
marine environment conditions and represent average water  quality46. Nevertheless, some studies concluded that 
measuring the concentration of a chemical in the organism is more useful to predict the effects of the substance in 
the organism, i.e. toxicity, than analyzing environmental levels such as sediment or water concentration. Marine 
organisms incorporate trace elements from the environment and accumulate some of them in their soft tissues, 
where levels of contaminants are several orders of magnitude above the environmental  levels20. One advantage 
of using body concentration as an indicator of bioavailability is that environmental chemical conditions, such as 
salinity, pH, or temperature, as well as the chemical state of the element, which may affect the element toxicity, 
can be  avoided47. Besides, this measure integrates the accumulation of the chemical due to exposures that may be 
intermittent, from different origins and different  compartments48. However, the element must not be regulated 
by the organism for body concentration to be a good indicator of toxic effects. Thus, the level of the element in 
the organism must increase with increasing environmental  concentrations24.

In addition to bioaccumulation, some elements biomagnify trough the food chains, i.e., they are transferred 
to higher trophic levels via dietary  uptake49. As a consequence, organisms at higher trophic levels have higher 
body levels of those elements than their prey, which makes them useful as trophic tracers. It should be noted, 
however, that Antarctic benthic animals rely on a diversity of primary producers, including sympagic algae, 
microphytobenthos, macroalgae, and  phytoplankton50–54, although phytoplankton dynamics plays a major role 
in structuring the benthic marine food web of the  region55.

The main aim of this study is to assess and compare the levels of the three trace elements (Cr, Pb, and Hg) 
in suspended particulate organic matter and five benthic species from shallow, sheltered rocky bottom ecosys-
tems along a latitudinal gradient along the South Shetland Islands and the western Antarctic Peninsula to test 
the hypothesis that the pollution levels decrease southward in parallel to human activity. The selected species 
included three primary producers, one herbivore and two  carnivores55.

Materials and methods
Study area. Five sites along the South Shetland Islands and the Antarctic Peninsula were chosen for the 
study: Fildes Bay (King George Island), Hope Bay, Cierva Cove, Paradise Bay, and Rothera Point (Fig. 1). These 
locations cover a latitude from 62°12′7″S in Fildes Bay to 67°34′30″S in Rothera Point, and hence most of the 
Antarctic Peninsula latitudinal extension. They provide a large enough extension to test the existence of a lati-
tudinal gradient in trace elements pollution. All stations are located in closed and sheltered coastal zones and 
hence comprise highly sensitive local conditions. Furthermore, all the selected locations are situated near human 
facilities, mainly research  stations56, which are the most likely sources of local pollution.

Species selection and sampling. Subtidal, sheltered rocky bottoms around Antarctica share a similar 
community, dominated by the canopy forming brown macroalgae Desmarestia anceps and Desmarestia men-
ziesii and a dense undergrowth of the red macroalga Palmaria decipiens57. Desmarestia menziesii is usually the 
dominant species just below the heavy scour area, being eventually replaced at greater depths by Desmarestia 
anceps57. However, there are locations where only one of these two Desmarestia species are  present57. The starfish 
Odontaster validus is also widespread around the whole  continent58 and the starfish Diplasterias brucei is also 
thought to be circumantarctic, although detailed information is  missing58. Both are very abundant in shallow 
kelp forests off the western Antarctic Peninsula. Finally, the limpet Nacella concinna is restricted to the western 
Antarctic  Peninsula59, where it is one of the most conspicuous gastropods from the shallow kelp forests. Stable 
isotope analysis has confirmed that Nacella concinna is an herbivore and the two starfish species are  carnivores55.

Five specimens of each of species were collected at five different sites along the South Shetland Islands and 
the western Antarctic Peninsula during the DISTANTCOM cruise (CTM2013-42667/ANT) from February 12th 
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to February 22nd, 2016 (Table 1). A sample size of five or less is extensively used to determine the concentration 
of trace elements in marine  communities20,26,27,29,60.

Benthic organisms were collected by SCUBA diving at depths between 10 and 15 m. Organisms were detached 
from the rocky bottom by hand or with the aid of a knife and were placed in 1 L clean plastic containers. Sus-
pended particulate organic matter (SPOM) was also collected at the five sampling sites, as sinking phytoplankton 
plays major structuring the food web of shallow kelp  forests55. SPOM was collected with a 50 μm mesh size 
plankton net towed horizontally at 5 m depth at low speed (1.85–3.7 km/h). Each SPOM sample is the result of 
towing the plankton net for 4–10 min, depending on plankton density at each site.

Sample processing. Subsamples of Suspended Particulate Organic Matter (SPOM) were visually checked 
under an optical microscope immediately after collection to assess the dominant groups. They consisted in 
diatoms (Ochrophyta) and dinoflagellates (Myzozoa) in all cases. All samples were frozen at − 20 °C and once 
in the laboratory at the University of Barcelona (UB), they were thawed on ice and processed prior to analytical 

Figure 1.  Study area and location of the sampling sites. The map was created using the Free and Open Source 
QGIS 3.16 software (http:// www. qgis. org/) and the Quantarctica 3.2 project (https:// www. npolar. no/ quant arcti 
ca/).

Table 1.  Taxa, number and sites of collection of the samples. SPOM Suspended Particulate Organic Matter.

Phylum Species

Location

Fildes Bay Hope Bay Cierva Cove Paradise Bay Rothera Point

62°11′17.3″S 63°22′18.4″S 64°05′26.3″S 64°53′43.7″S 67°33′47″S

58°52′16.8″W 56°58′55.7″W 60°59′06.7″W 62°55′48″W 68°10′01.6″W

Several (SPOM) 5 5 5 5 5

Ochrophyta

Desmarestia anceps Montagne, 
1842 0 5 5 5 5

Desmarestia menziesii J.Agardh, 
1848 5 0 0 0 0

Rhodophyta Palmaria decipiens (Reinsch) 
R.W.Ricker, 1987 5 5 5 5 5

Mollusca Nacella concinna (Strebel, 1908) 5 5 5 5 5

Echinodermata
Diplasterias brucei (Koehler, 
1907) 5 5 5 5 5

Odontaster validus Koehler, 1906 5 5 5 5 5

http://www.qgis.org/
https://www.npolar.no/quantarctica/
https://www.npolar.no/quantarctica/
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determinations. Two ml of concentrated phytoplankton were collected and a 2 × 2 cm fragment of epibiont-free 
blade of the macroalgae was selected. Limpets were dissected and the gut and its contents removed. Limpet 
radulas and shells were also discarded. For starfishes, only 1 to 3 arms were sampled to analyze each specimen, 
after discarding the gut. For trace elements determination, we followed the protocol established in the Scien-
tific and Technological Centers of the UB (CCiTUB, http:// www. ccit. ub. edu/ EN/), standardized and validated 
in previous  works60–65. In these works, the entire analytical procedure was validated by analysing one or more 
blanks, replicates and one certified reference material for every batch of samples. Replicates were found to differ 
below 10% and the recovery percentage fell between 90 and 100%60–65. Samples were dried for 24 h at 60 °C and 
then homogenized to powder using a ceramic mortar and pestle. 100 mg dw of each homogenized sample were 
digested with a 2:1  HNO3 (69–70% Baker Instra—Analyzed Reagent) and  H2O2 (30% Suprapur Merck) solution 
in Teflon vessels previously cleaned with  HNO3 under pressure at 90 °C for 24 h. For this, 2 mLof  HNO3 and 
1 mL of  H2O2 were used. The digested solution was diluted with 20 mL of ultrapure water  (HNO3:H2O 1:10). Cr, 
Pb, and Hg were determined in the diluted digested solution by ICP-MS (PerkinElmer NexION 350D). Three 
digestion blanks were prepared in each sample digestion series (25 samples) to assess contamination during the 
analytical procedure.

Data analysis. General linear models (GLM) were used to assess differences in the levels of Cr, Pb, and Hg 
across species and sites. Previous research has suggested that Odontaster validus and Diplasterias brucei fed on 
Nacella concinna55,66. In order to check this hypothesis and assess the existence of a significant biomagnification 
pattern, general linear models were performed for each trace element including only these three animal species. 
A multivariate cluster analysis, using the squared Euclidean distance as a metric and UPGMA as the clustering 
method, was performed to assess whether the distinct groups of samples recovered according to their levels of 
Cr, Pb and Hg matched any latitudinal pattern. Furthermore, Principal Component Analysis (PCA) was per-
formed to assess the hypothesis that geographically close sampling sites would lay closer in the space defined 
by the levels of Cr, Pb and Hg in the five benthic species. The main objective of PCA was to characterize each 
sampling site by projecting the data in a much smaller sub set of new variables called principal components. To 
do so, we characterized the benthic community from each sampling site using eighteen variables, corresponding 
to the levels of each trace element in each species. All the variables were standardized prior to analysis. These 
new variables extracted by PCA are linear combinations of the initial variables, but highlight the variance within 
a data set and remove the redundancies, and are orthogonal. Only principal components with an eigenvalue 
higher than 1 are considered for further  analysis67–69. General linear models were performed using SPSS Statis-
tics v23 (IBM Corporation) and Principal Component Analysis was performed using PRIMER v7 (PRIMER-e).

Results
Levels of Cr, Hg, and Pb in all the studied species were measured at the five sites (Figs. 2 and 3). The data values 
represented in Figs. 2 and 3 are provided in Supplementary Table 1. Cr and Pb levels were positively correlated 
when the whole data set was considered (Pearson correlation; r = 0.464, p < 0.001), but were uncorrelated with 
the level of Hg (Pearson correlation; Hg vs. Cr p = 0.138; Hg vs. Pb p = 0.339).

Species differed significantly in levels of Cr, Pb, and Hg. Site had a significant effect on Cr and Hg and was in 
the verge of significance for Pb (Suppl. Tables 2–4). The interaction term was always significant, thus revealing 
idiosyncratic variations among species across sites.

The levels of trace elements in primary producers (SPOM, Desmarestia spp. and Palmaria decipiens) were 
usually higher than in the animal species from the same sampling site, with SPOM and Palmaria decipiens values 
being higher than those of Desmarestia spp. (Figs. 2 and 3). This difference was even larger in the case of the 
Hg values of macroalgae and those of animals (Fig. 2B). SPOM was highly enriched in Pb (Fig. 3), with values 
ranging from 1.85 to 537.08 ng  g−1, therefore multiplying the highest value of the other species by a factor of 25. 
At the same time, SPOM had in general lower Hg values than the sampled species, while both macroalgae (Pal-
maria decipiens and Desmarestia spp.) had higher values than the other species, as highlighted before (Fig. 2B).

Regarding the levels of Cr and Pb in consumers, they varied widely across species and zones, as there was a 
significant (species × site) term in both models (Suppl. Tables 5 and 6). On the contrary, the interaction term 
of the general linear model for Hg was not significant (Suppl. Table 7), thus revealing that the same pattern was 
observed in the three animal species across sites, despite differences in the baseline levels among sites. The starfish 
species had higher levels of Hg than the limpet at all the sites studied. This corroborates that both starfishes are 
at a higher trophic level than the limpet.

Cluster analysis revealed no latitudinal pattern for any species, as groups always included samples from distant 
sampling sites (Suppl. Fig. 1–6). For instance, most samples of SPOM, Desmarestia spp. and Nacella concinna 
from the five sampling sites clustered together, and samples of Palmaria decipiens from Paradise Bay clustered 
with samples from distant Fildes Bay and Hope Bay, but not with those from nearby Cierva Cove, which in turn 
clustered with those from distant Rothera Point. Regarding Diplasterias brucei and Odontaster validus, samples 
were split in three and four major groups respectively, all them including samples from at least three sites and 
most including samples from the two most distant sites (Fildes Bay and Rothera Point).

PCA yielded four principal components with eigenvalues higher than 1 and PC 1, PC 2 and PC 3 explained 
87.5% of the variance (Fig. 4). High scores of the first component (PC 1) corresponded to high levels of Cr, Pb, 
and Hg in SPOM and Palmaria decipiens and low levels of these trace elements in Desmarestia spp. and the animal 
species (Nacella concinna, Diplasterias brucei, and Odontaster validus) (Table 2). Contrarily, high scores of the 
second component (PC 2) were associated to high levels of of Cr and Hg in the animal species and low Pb levels 
in Nacella concinna, Diplasterias brucei and both macroalgae (Table 2). High scores of the third component (PC 
3) corresponded to high levels of Hg in Desmarestia spp. (Table 2). Sampling sites were distributed independently 

http://www.ccit.ub.edu/EN/
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Figure 2.  Concentration of Cr and Hg in the different sites and species studied along the Antarctic Peninsula. 
(A) Cr, values expressed as μg g-1 of dry weight. The values of Cr for the primary producers were much higher 
than the animal species, so they were represented separately and scale changed accordingly. (B) Hg, values 
expressed as ng  g-1 of dry weight. Discontinuous Y-axis was used to facilitate visualization. Central lines show 
the mean, boxes extend to the 25th and 75th percentile, whiskers extend to 1.5 × IQR, dots and asterisks are 
outliers. SPOM Suspended Particulate Organic Matter, Ds Desmarestia spp., Pd Palmaria decipiens, Nc Nacella 
concinna, Db Diplasterias brucei, Ov Odontaster validus. The images of species were drawn by the authors of this 
article.
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from latitude in the space delimited by PC 1 and PC 2 axes. Certainly, Rothera Point and Paradise Bay had similar 
PC 2 scores and the same was true for Cierva Cove and Hope Bay, thus supporting the existence of a latitudinal 
gradient along that axis. However, the northernmost site, Fildes Bay, had intermediate values.

Cierva Cove and Paradise Bay sampling sites opposed to Rothera Point, Hope Bay and, to a less extent, Fildes 
Bay along PC 1, and Paradise Bay and Rothera Point opposed to Cierva Cove, Hope Bay and, to a less extent, 
Fildes Bay in relation to PC 2 (Fig. 4). Fildes Bay and Rothera Point were at opposite ends of PC 3 axis. However, 
Hope Bay and Paradise Bay had similar PC 3 scores and Cierva Cove was the closest site to Rothera Point along 
PC 3 axis (Fig. 4). Thus, concentrations of Cr, Pb, and Hg in Desmarestia spp. and the three animal species were 
significantly higher for specimens from Cierva Cove and Paradise Bay, while in Rothera Point, Hope Bay, and 
Fildes Bay, higher levels of these three trace elements were found in SPOM and Palmaria decipiens. In Paradise 
Bay and Rothera Point, the levels of Pb in Nacella concinna, Diplasterias brucei, and the two macroalgae were 
higher than in the other sites. On the other hand, Cierva Cove, Hope Bay, and Fildes Bay showed higher concen-
trations of Hg and Cr in the animal species than the other sampling zones. Importantly, there was no latitudinal 
gradient in the ordination of the five sampling sites along any of the two axes.

Discussion
Levels of Cr, Pb, and Hg in primary producers and consumers from five sampling sites along a latitudinal gradient 
in the South Shetland Islands and the Antarctic Peninsula revealed no clear latitudinal trend. Instead, the levels of 
each trace element varied idiosyncratically, as revealed by the significant interaction (species × site) in GLMs. As 
the species analyzed here belong to the same food  web50–55, the most plausible explanation to these idiosyncratic 
changes in trace element burden is that local processes are more relevant for benthic communities than any lati-
tudinal gradient of human disturbance or natural transport of pollutants from areas at lower latitude. Certainly, a 
latitudinal gradient has been previously reported for the levels of trace elements in the feathers of  penguins25, but 
this are pelagic, highly mobile predators, foraging at a much broader scale. On the contrary, the benthic species 

Figure 3.  Concentration of Pb in the different sites and species studied. The values of Pb for the SPOM 
were in different magnitude order than the benthic species, so they were represented separately and scale 
changed accordingly. Values are expressed as μg  g−1 of dry weight. Discontinuous Y-axes were used to facilitate 
visualization. Central lines show the mean, boxes extend to the 25th and 75th percentile, whiskers extend to 
1.5 × IQR, dots and asterisks are outliers. SPOM Suspended Particulate Organic Matter, Ds Desmarestia spp., Pd 
Palmaria decipiens, Nc Nacella concinna, Db Diplasterias brucei, Ov Odontaster validus. The images of species 
were drawn by the authors of this article.



7

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16266  | https://doi.org/10.1038/s41598-021-95681-5

www.nature.com/scientificreports/

sampled here were sessile (macroalgae) or had a limited mobility (limpets and starfishes) and hence they seem 
to be more sensitive to local differences in trace element pollution than to any latitudinal gradient.

Primary producers exhibited the highest levels of trace elements, particularly Cr and Pb, probably because of 
accumulation mechanisms typical of micro- and  macroalgae70. Alternatively, Farías et al.71 argued that high levels 
of Cr and Pb in some species may be the consequence of not completely removing fine particulate matter during 
washing of the specimens after collecting them, although we do not believe this is the case in our study. Even 

Figure 4.  Principal Component Analysis (PCA) score plots. (A) PC 1 vs. PC 2. (B) PC 1 vs. PC 3. (C) PC 2 vs. 
PC 3.
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though the trace element content differs among species from the same  habitat72,73, it has been widely reported that 
macroalgae concentrate trace elements in their tissues, with concentration factors respect to sea water content as 
high as 10,000 for Ti and with values of up to 500 for Cr in brown algae, as an  example20,72. Trace elements can be 
accumulated in different extra- and intracellular  compartments73–77. Both micro- and macroalgae take up trace 
elements and other elements basically through two mechanisms: by attaching them to its cellular surface in a 
process called biosorption, which is reversible, and by irreversibly binding additional elements after biosorption, 
often through diffusion to the cytoplasm and binding to proteins or other intracellular  structures70. Regarding 
SPOM, its enrichment in trace elements had been reported  previously78. Diatoms silicic frustule turns to be a 
highly adsorptive surface that is implicated in the removal of trace element ions from the water  column79. The 
attachment of Cr and Pb to diatoms surface would explain the high values reported for these trace elements 
in the SPOM, since diatoms are the dominant taxa in phytoplankton communities of the inshore waters of the 
Western Antarctic Peninsula during the summer  season80–83.

The range and mean values of concentrations of the three elements in our species, together with levels 
recorded in the literature for the same species from other places in the Antarctic continent are compared here 
(Table 3). Cr, Pb and Hg levels obtained in the present study can be also compared to those reported in the litera-
ture from other regions of the world (Table 4) showing that trace element pollution in Antarctica is biologically 
relevant. Taxonomically related and/or ecologically similar species were selected for this comparison. When the 
same genus was not available, similar feeding strategy or same taxonomic group species were chosen. Particu-
larly, trace element levels in SPOM were quite striking, as highlighted before. The values obtained in the present 
study were higher than those in the literature, except for mean Hg content compared to other Antarctic sites, 
similar but slightly lower than that of the SPOM of Terra Nova  Bay84. Mean Cr content in our SPOM samples 
was an order of magnitude higher than that reported for the White Sea and the World Ocean. SPOM’s Pb mean 
level (57.57 μg  g−1 dw) was also an order of magnitude higher than the maximum value reported previously in 
Antarctica and still higher than the mean value reported for the White Sea (36.05 μg  g−1 dw), and much higher 
than the mean Pb value for the world ocean (8.70 μg  g−1 dw)85.

Regarding the red algae Palmaria decipiens, the mean Cr content doubled the recorded in other works and 
the range obtained in this study was broad (Table 4). Pb content in the specimens collected in this study are from 
one to two orders of magnitude higher than samples of edible red algae Palmaria palmata cultivated in Asia and 
in the European  Union86, and with a lower mean value, even though still within the same range of values, than 
those of Palmaria palmata sold in  Italy87. The mean Pb content in the Antarctic red algae was higher than that 
of two other different Rodophyceae collected in India and Oman, the latter considered a relatively not impacted 
place (Table 4).

For Cr, the mean content in Desmarestia spp. (2.4 μg  g−1 dw) fell between the mean value in Runcie and 
 Riddle88 (1.70 μg  g−1 dw) and that in Farías et al.71 (3.25 μg  g−1 dw), and was slightly lower than that reported in 
Trevizani et al.28 near Comandante Ferraz station, in King Geoge Island (South Shetland Islands) (9.33 μg  g−1 
dw). Cr range values in Desmarestia spp. and other Phaeophyceae from such different sites as Australia, Svalbard 
Islands, and Scotland fell within the same range (Table 4). Regarding Pb, the range of values in Desmarestia 

Table 2.  PCA component matrix. Values represent the contribution of each variable to PC 1 and PC 2. SPOM 
Suspended Particulate Organic Matter, Ds Desmarestia spp., Pd Palmaria decipiens, Nc Nacella concinna, Db 
Diplasterias brucei, Ov Odontaster validus.

Variable

Component

1 2 3

Cr SPOM 0.920 − 0.068 − 0.248

Pb SPOM 0.763 − 0.335 − 0.243

Hg SPOM 0.897 − 0.183 − 0.223

Cr Ds − 0.690 − 0.510 0.368

Pb Ds − 0.840 0.050 − 0.256

Hg Ds − 0.020 − 0.072 0.981

Cr Pd 0.837 0.211 0.346

Pb Pd 0.427 − 0.604 − 0.103

Hg Pd 0.595 − 0.011 0.330

Cr Nc 0.446 0.734 0.253

Pb Nc − 0.029 − 0.770 0.461

Hg Nc − 0.268 0.862 − 0.097

Cr Db − 0.339 0.897 0.001

Pb Db − 0.585 − 0.651 0.401

Hg Db − 0.501 0.731 0.412

Cr Ov 0.907 0.380 0.075

Pb Ov − 0.806 − 0.051 − 0.013

Hg Ov 0.045 0.943 0.230
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anceps and Desmarestia menziesii was similar to that of Desmarestia aculeata collected in the Svalbard Islands and 
Padina tenuis, another brown algae collected in Australian waters (Table 4). The mean Pb content in Desmarestia 
spp. from the present study was ten times higher than that of the brown algae Nizamuddinia zanardinii from 
a site in southern  Oman89, suggesting the South Shetland Islands and the Antarctic Peninsula are impacted by 
anthropogenic pollution. On the other hand, the values measured in other brown algae were higher than those 
presented in this study. The maximum value in Padina tetrastromatica from Australia more than doubles the 
highest concentration in Antarctic Desmarestia spp. and Fucus serratus. Pb minimum value was similar to the 
highest value obtained in this study.

The Cr mean value for Nacella concinna fell between the mean values reported in Potter  Cove90 and Admiralty 
 Bay28, both in King George Island (South Shetland Islands), even though the maximum level obtained in our 
study exceeded the highest value reported in the literature. Pb mean level in Nacella concinna was slightly lower 
than that reported for the same species in Potter  Cove90 and also fell below that reported in Marian Cove (King 
George Island)91 (Table 3). Other limpet species in Southern Oman and the Spanish Mediterranean coast had 
slightly higher levels of Pb than those reported in the present study (Table 4), although the maximum value here 

Table 3.  Trace elements concentrations (Cr, Pb, Hg) of the studied species in Antarctica. Data are given as 
mean ± SD, when possible. QLM: Quantification Limit of the Method.

Sample

Cr (μg  g−1 dw) Pb (μg  g−1 dw) Hg (ng  g−1 dw)

Locality ReferenceRange Mean ± SD Range Mean ± SD Range Mean ± SD

Suspended Particulate Organic 
Matter 1.05–32.98 10.28 ± 9.51 1.85–537.08 57.57 ± 109.48 15.12–107.26 33.49 ± 21.82 South Shetland Islands and 

Antarctic Peninsula Present study

Diatom Phaeodactylum tricor-
nutum – – – 6.3 ± 0.20 – – Bellingshausen Dome, King 

George Island
102

Phytoplankton – – – 5.7 – – Offshore waters, Maxwell Bay, 
King George Island

102

Nano and micro-phytoplankton – – – 0.13 ± 0.01 – – Terra Nova Bay, Ross Sea 103

Particulate Organic Matter – – – – 28.00–47.00 39.00 Terra Nova Bay, Ross Sea 84

Desmarestia anceps/ D. 
menziesii 0.46–6.11 2.45 ± 1.63 0.56–4.22 1.78 ± 1.05 47.60–498.08 136.81 ± 90.57 South Shetland Islands and 

Antarctic Peninsula Present study

Desmarestia anceps – – – – – 32.60 Admiralty Bay, King George 
Island

11

Desmarestia anceps – 3.25 ± 0.19 –  < 0.60 – – Potter Cove, King George Island 71

Desmarestia anceps – 1.70 ± 0.80 – 9.40 ± 7.60 – – East Antarctica 88

Desmarestia anceps – 3.25 – 0.82 – < QLM Ullman Point, Admiralty Bay, 
King George Island

28

Desmarestia menziesii – 9.33 ± 2.69 – < QLM – < QLM Ferraz, Admiralty Bay, King 
George Island

28

Desmarestia menziesii – 3 – 4.41 – < QLM Botany Point, Admiralty Bay, 
King George Island

28

Palmaria decipiens 0.14–14.41 5.39 ± 4.52 0.47–5.34 2.44 ± 4.08 10.17–1194.20 411.89 ± 330.98 South Shetland Islands and 
Antarctic Peninsula Present study

Palmaria decipiens – – – – – 20.40 Admiralty Bay, King George 
Island

11

Palmaria decipiens – 2.05 ± 0.10 – < 0.60 – – Potter Cove, King George Island 71

Palmaria decipiens – 2.80 ± 0.30 – 2.30 ± 0.70 – – East Antarctica 88

Nacella concinna 0.26–3.85 1.56 ± 1.03 0.14–0.62 0.34 ± 0.14 9.66–224.55 43.55 ± 44.62 South Shetland Islands and 
Antarctic Peninsula Present study

Nacella concinna – 2.16 ± 0.58 – 1.42 ± 0.39 – – Marian Cove, King George 
Island

91

Nacella concinna –  < 0.01 – 0.45 ± 0.06 – – Potter Cove, King George Island 90

Nacella concinna – – – – – 26.10 Admiralty Bay, King George 
Island

11

Nacella concinna – 2.57 – < QLM – < QLM Ferraz, Admiralty Bay, King 
George Island

28

Diplasterias brucei 0.28–1.10 0.78 ± 0.36 0.14–0.64 0.33 ± 0.13 45.92–150.13 82.95 ± 28.1 South Shetland Islands and 
Antarctic Peninsula Present study

Odontaster validus 0.29–0.98 0.74 ± 0.29 0.21–1.68 0.55 ± 0.36 19.95–192.42 76.47 ± 47.4 South Shetland Islands and 
Antarctic Peninsula Present study

Odontaster validus (arms) – 0.74 ± 0.05 – 0.17 ± 0.03 – – Cape Evans, Ross Sea 97

Odontaster validus (arms) – 0.70 ± 0.05 – 0.13 ± 0.03 – – Terra Nova Bay, Ross Sea 97

Odontaster validus (arms) – – – 0.51 ± 0.22 – – Terra Nova Bay, Ross Sea 104

Odontaster validus (arms) – – – – – 40.00 ± 10.00 Terra Nova Bay, Ross Sea 101

Odontaster validus (arms) – – – – 60.00–220.00 110.00 Terra Nova Bay, Ross Sea 84

Odontaster validus (integument) – – – 0.60 ± 0.28 – – Port Foster, Deception Island 99
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is higher than the average there. Hg mean value reported here for Nacella concinna almost doubles that reported 
for the same species in King George Island and that reported for the limpet Cellana rota from southern Oman.

There were no previous data for Cr, Pb, and Hg levels in Diplasterias brucei in the literature. Both asteroids, 
Diplasterias brucei and Odontaster validus, are carnivores consuming other invertebrates, such as molluscs, 
crustaceans, ostracods, and sponges. Odontaster validus is known to exploit further feeding  modes92–96. The 
concentrations of trace elements were of the same order of magnitude in both starfish species. Both species had 
similar Cr content than that measured in Odontaster validus in other studies from two areas in the Ross  Sea97. Cr 
mean content in both starfish was similar to the Cr content in Echinaster sepositus from Saronikos gulf, Greece, 
and half the mean value of Marthasterias glacialis collected in the same  site98. Pb values reported in the present 
study for the starfishes were more than twice the Pb concentration in Odontaster validus reported by Grotti 
et al.97 (Table 3) and were very similar to those reported for the same species in Deception Island (South Shetland 
Islands)99 and for the common starfish Asterias rubens in the Belgian  coast100. The Hg mean levels reported in our 
study fell between the levels reported for Odontaster validus of Terra Nova Bay in Dalla Riva et al.101 (40.00 ng  g−1) 
and Bargagli et al.84 (110.00 ng  g−1 dw). Hg concentrations were the same as those of Astropecten aurentiacus 

Table 4.  Trace elements concentrations of studied species and similar species from other regions of the world. 
Data are given as mean ± SD, when possible.

Sample

Cr (μg  g−1 dw) Pb (μg  g−1 dw) Hg (ng  g−1 dw)

Locality ReferenceRange Mean ± SD Range Mean ± SD Range Mean ± SD

Suspended Particulate Organic 
Matter 1.05–32.98 10.28 ± 9.51 1.85–537.08 57.57 ± 109.48 15.12–107.26 33.49 ± 21.82 South Shetland Islands and 

Antarctic Peninsula Present study

Plankton – 1.38 – 36.05 – 2.50 White Sea 106

Plankton – 1.80 – 8.70 – 30.00 World Ocean 85

Desmarestia anceps/ D. 
menziesii 0.46–6.11 2.45 ± 1.63 0.56–4.22 1.78 ± 1.05 47.60–498.08 136.81 ± 90.57 South Shetland Islands and 

Antarctic Peninsula Present study

Desmarestia aculeata 0.56–2.40 – 0.08–1.60 –– – – Spitsbergen, Svalbard Islands 113

Padina tenuis 1.40–10.00 – 0.10–6.20 – – – Townsville coastal waters, 
Queensland, Australia

114

Padina tetrastromatica 1.60–9.90 – 1.10–10.20 – – – Townsville coastal waters, 
Queensland, Australia

114

Nizamuddinia zanardinii – – – 0.17 – 6.00 Dhofar, southern Oman (rela-
tively unspoiled)

89

Fucus serratus 0.70–2.60 – 4.00–21.00 – – – Scotland 72

Stypocaulon scoparium – – – – 100.00–200.00 – Port-Cros Bay, France 115

Stypocaulon scoparium – – – – – 30.00 Port-Cros National Park, 
France

115

Palmaria decipiens 0.14–14.41 5.39 ± 4.52 0.47–5.34 2.44 ± 4.08 10.17–1194.20 411.89 ± 330.98 South Shetland Islands and 
Antarctic Peninsula Present study

Palmaria palmata – 0.16 ± 0.15 – 0.04 ± 0.00 – – Asia (China, Japan, South 
Korea)

86

Palmaria palmata – 0.08 ± 0.05 – 0.05 ± 0.03 – – European Union 86

Palmaria palmata – – – 4.40 ± 0.30 – – Purchased in Italy 87

Gracilaria longissima 0.90 ± 0.10 – 0.90 ± 0.40 – – Gulf of Kutch, India 116

Gelidium sp. – – – 1.41 – 8.00 Dhofar, southern Oman (rela-
tively unspoiled)

89

Nacella concinna 0.26–3.85 1.56 ± 1.03 0.14–0.62 0.34 ± 0.14 9.66–224.55 43.55 ± 44.62 South Shetland Islands and 
Antarctic Peninsula Present study

Patella caerulea – – 0.67–1.29 0.98 – – Spanish Mediterranean coast 117

Cellana rota – – – 0.45 – 21.00 Dhofar, southern Oman (rela-
tively unspoiled)

89

Diplasterias brucei 0.28–1.10 0.78 ± 0.36 0.14–0.64 0.33 ± 0.13 45.92–150.13 82.95 ± 28.1 South Shetland Islands and 
Antarctic Peninsula Present study

Odontaster validus 0.29–0.98 0.74 ± 0.29 0.21–1.68 0.55 ± 0.36 19.95–192.42 76.47 ± 47.4 South Shetland Islands and 
Antarctic Peninsula Present study

Echinaster sepositus – – – – 930.00–1620.00 – Port-Cros Bay, France 115

Echinaster sepositus – – – – – 100.00 Port-Cros National Park 115

Echinaster sepositus – 0.83 – – – – Saronikos gulf, Greece 98

Marthasterias glacialis – – – – – 210.00 Port-Cros Bay, France 115

Marthasterias glacialis – 1.64 – – – – Saronikos gulf, Greece 98

Astropecten aurentiacus – – – – – 80.00 Port-Cros Bay, France 115

Asterias rubens (oral body wall) – – – 0.85 ± 0.63 – – Belgian coast (polluted) 100

Asterias rubens (aboral body 
wall) – – – 0.36 ± 0.19 – – Belgian coast (polluted) 100
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in Port-Cros Bay (France), but lower than those measured in Echinaster sepositus in Port-Cros National Park 
(France), where low pollution is assumed, and Marthasterias glacialis in Port-Cros Bay (France) (Table 4).

In general, Cr, Pb, and Hg levels obtained here fell in the range of or were higher than those measured in 
other sites around Antarctica, which indicates the reliability of the results in this study. The Cr levels in SPOM 
and Palmaria decipiens levels were around 2 to 10 times higher than those of related species, suggesting trace 
element levels in Antarctic biota are not negligible, but rather concerning. Regarding Pb, it seems to act as an 
indicator of the human presence in Antarctica. The mean values obtained in the present study for the primary 
producers were higher than those recorded for primary producers at three different sites in King George Island, 
which Curtosi et al.90 declared practically unaffected by pollution, and Terra Nova Bay in the Ross Sea, more 
remote and less exposed to human local activity than the Antarctic  Peninsula84. In Terra Nova Bay, however, 
there are several research facilities, namely the stations McMurdo, Scott Base, Mario Zucchelli, Gondwana, and 
Jang  Bogo56 and previous reports of contamination  exist105. For the three animal species, values of Pb are either 
similar or slightly lower than those measured in ecologically comparable species from other coastal regions of 
the world. In general, Hg levels in our studied species were higher than those reported for the same species in 
the literature and for other species from other regions of the world (Tables 3 and 4). Specifically, all the Hg con-
centrations measured by Santos et al.11 in Admiralty Bay, King George Island, were lower than those reported 
in the present study. Santos et al.11 reported very low levels of trace elements, i.e. close to natural levels. The Hg 
value reported for the World Ocean was reported to be doubtful in Demina and  Nemirovskaya106 since it is an 
order of magnitude higher than that measured in the White Sea in the mentioned study. The authors attributed 
this to the utilization of different procedures for sample preparation and analyses.

Although there is a large diversity of macroalgae in shallow rocky bottoms around  Antarctica57,107, they are 
minor contributors to the carbon pool fueling the food  web50,51,54 because most of them are chemically defended 
from herbivores through phlorotannins and other natural  products96,108–112. This may explain why the levels of 
trace elements in limpets and starfish are much lower than in macroalgae, assuming that they lack mechanisms 
to remove these trace elements, i.e. detoxification. Phytoplankton is often considered to be the primary source 
of carbon for shallow Antarctic food  webs50–54. The levels of Hg in SPOM reported in this study are consistent 
with this hypothesis, as they are lower than those observed in consumers from the same site. However, Pb lev-
els in SPOM were much higher than in limpets and starfish. As Pb is known to biomagnify, these results may 
suggest limited reliance of the three consumers on SPOM. However, SPOM could be a relevant food source if 
the Pb trapped in diatom  frustules79 is not absorbed by consumers relying on SPOM. Nevertheless, previous 
research based on stable isotopes of C has shown that encrusting corallinaceous algae are a major dietary item 
for  limpets55, but unfortunately, we had not enough material to analyze Hg levels in encrusting algae. In any case, 
the Hg content of the two starfish was higher than that of the limpet, a result consistent with their higher trophic 
 position54 and demonstrative of the Hg biomagnification along Antarctic food webs.

Conclusions
A latitudinal Cr, Pb and Hg pollution gradient along the South Shetland Islands and the Antarctic Peninsula was 
not observed in the studied representative benthic species, possibly because the sampling sites were sheltered 
coastal zones more influenced by local factors than by processes operating at broader geographic scales. This 
gradient may still exist, however, and further research is needed to prove it.

Differences in concentration among sites and species were found for the three trace elements studied. Nev-
ertheless, the existence of more globally polluted sites could not be demonstrated, as each species responded 
independently at each sampling site. The primary producers included in this study have a higher trace element 
content than the selected animal species, suggesting that neither the particulate organic matter nor the dominant 
macroalgae in this community are the food web carbon source. This supports our previous results on trophic 
analysis of this community, revealing encrusting corallinaceous algae as the most likely carbon source for the 
limpet Nacella concinna. In agreement with previous research, the starfishes Odontaster validus and Diplasterias 
brucei, top predators in the community, may be feeding on the limpet Nacella concinna.

In general, Cr, Pb and Hg levels fell in the range of or were higher than those measured in other Antarctic 
places. Remarkably, trace element concentrations reported in this study are in general comparable to those of 
taxonomically or ecologically similar species from other coastal regions of the world, thus indicating that at 
least the Antarctic Peninsula and South Shetland Islands are not so pristine and unspoiled as it may be gener-
ally considered but they are as polluted as the rest of the world. Therefore, monitoring pollution levels in these 
regions is an important and urgent task to be done.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author on 
reasonable request.

Received: 3 March 2021; Accepted: 23 July 2021

References
 1. IUPAC. Compendium of Chemical Terminology, 2nd ed. (the ‘Gold Book’). Compiled by McNaught, A. D. & Wilkinson, A. 

(Blackwell Scientific Publications, 1997).
 2. Bolan, N. S., Adriano, D. C. & Naidu, R. Role of phosphorus in (im)mobilization and bioavailability of heavy metals in the soil-

plant system. In Reviews of Environmental Contamination and Toxicology Vol. 177 (ed. Ware, G. W.) 1–44 (Springer, 2003).
 3. Marcovecchio, J., Botté, S., Domini, C. & Freije, R. Heavy metals, major metals, trace elements. In Handbook of Water Analysis 

(eds Nollet, L. M. L. & De Gelder, L. S. P.) 379–428 (CRC Press, 2013).



12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:16266  | https://doi.org/10.1038/s41598-021-95681-5

www.nature.com/scientificreports/

 4. Wedepohl, H. K. The composition of the continental crust. Geochim. Cosmochim. Acta 59, 1217–1232 (1995).
 5. Santos, I. R., Silva-Filho, E. V., Schaefer, C. E. G. R., Albuquerque-Filho, M. R. & Campos, L. S. Heavy metal contamination in 

coastal sediments and soils near the Brazilian Antarctic Station, King George Island. Mar. Pollut. Bull. 50, 185–194 (2005).
 6. Khan, S., Cao, Q., Zheng, Y. M., Huang, Y. Z. & Zhu, Y. G. Health risks of heavy metals in contaminated soils and food crops 

irrigated with wastewater in Beijing, China. Environ. Pollut. 152, 686–692 (2008).
 7. Kabata-Pendias, A. Trace elements in soils and plants, 4th ed. (CRC Press, 2010).
 8. Waller, C. L. et al. Microplastics in the Antarctic marine system: An emerging area of research. Sci. Total Environ. 598, 220–227 

(2017).
 9. Bargagli, R. Environmental contamination in Antarctic ecosystems. Sci. Total Environ. 400, 212–226 (2008).
 10. Lenihan, H. S., Oliver, J. S., Oakden, J. M. & Stephenson, M. D. Intense and localized benthic marine pollution around McMurdo 

Station, Antarctica. Mar. Pollut. Bull. 21, 422–430 (1990).
 11. Santos, I. R. et al. Baseline mercury and zinc concentrations in terrestrial and coastal organisms of Admiralty Bay, Antarctica. 

Environ. Pollut. 140, 304–311 (2006).
 12. Tin, T. et al. Impacts of local human activities on the Antarctic environment. Antarct. Sci. 21, 3–33 (2009).
 13. Corsolini, S. Industrial contaminants in Antarctic biota. J. Chromatogr. A 1216, 598–612 (2009).
 14. Bargagli, R., Agnorelli, C., Borghini, F. & Monaci, F. Enhanced deposition and bioaccumulation of mercury in antarctic terrestrial 

ecosystems facing a coastal polynya. Environ. Sci. Technol. 39, 8150–8155 (2005).
 15. Planchon, F. A. M. et al. Changes in heavy metals in Antarctic snow from Coats Land since the mid-19th to the late-20th century. 

Earth Planet. Sci. Lett. 200, 207–222 (2002).
 16. Szopińska, M., Namieśnik, J. & Polkowska, Ż How important is research on pollution levels in Antarctica? Historical approach, 

difficulties and current trends. In Reviews of Environmental Contamination and Toxicology Vol. 239 (ed. de Voogt, P.) 79–156 
(Springer, 2017).

 17. Bengtson Nash, S. et al. Contaminant profiles of air and soil around Casey station, Antarctica; discerning local and distant 
contaminant sources. In 21st Society for Environmental Toxicology and Chemistry (SETAC) Europe Annual Meeting Proceedings 
(2011).

 18. Boutron, C. F. & Patterson, C. C. Relative levels of natural and anthropogenic lead in recent Antarctic snow. J. Geophys. Res. 92, 
8454–8464 (1987).

 19. Dick, A. L. Concentrations and sources of metals in the Antarctic Peninsula aerosol. Geochim. Cosmochim. Acta 55, 1827–1836 
(1991).

 20. de Moreno, J. E. A., Gerpe, M. S., Moreno, V. J. & Vodopivez, C. Heavy metals in Antarctic organisms. Polar Biol. 17, 131–140 
(1997).

 21. Kennicutt, I. M. C. et al. Human contamination of the marine environment-arthur harbor and mcmurdo sound, Antarctica. 
Environ. Sci. Technol. 29, 1279–1287 (1995).

 22. Hughes, K. A. & Ashton, G. V. Breaking the ice: The introduction of biofouling organisms to Antarctica on vessel hulls. Aquat. 
Conserv. Mar. Freshw. Ecosyst. 27, 158–164 (2017).

 23. Aston, S. R. & Thornton, I. Regional geochemical data in relation to seasonal variations in water quality. Sci. Total Environ. 7, 
247–260 (1977).

 24. Norwood, W. P., Borgmann, U. & Dixon, D. G. Saturation models of arsenic, cobalt, chromium and manganese bioaccumulation 
by Hyalella azteca. Environ. Pollut. 143, 519–528 (2006).

 25. Jerez, S. et al. Concentration of trace elements in feathers of three Antarctic penguins: Geographical and interspecific differences. 
Environ. Pollut. 159, 2412–2419 (2011).

 26. Negri, A., Burns, K., Boyle, S., Brinkman, D. & Webster, N. Contamination in sediments, bivalves and sponges of McMurdo 
Sound, Antarctica. Environ. Pollut. 143, 456–467 (2006).

 27. Trevizani, T. H. et al. Bioaccumulation of heavy metals in marine organisms and sediments from Admiralty Bay, King George 
Island, Antarctica. Mar. Pollut. Bull. 106, 366–371 (2016).

 28. Trevizani, T. H., Petti, M. A. V., Ribeiro, A. P., Corbisier, T. N. & Figueira, R. C. L. Heavy metal concentrations in the benthic 
trophic web of Martel Inlet, Admiralty Bay (King George Island, Antarctica). Mar. Pollut. Bull. 130, 198–205 (2018).

 29. Cipro, C. V. Z., Montone, R. C. & Bustamante, P. Mercury in the ecosystem of Admiralty Bay, King George Island, Antarctica: 
Occurrence and trophic distribution. Mar. Pollut. Bull. 114, 564–570 (2017).

 30. de Oliveira, M. F. et al. Evidence of metabolic microevolution of the limpet Nacella concinna to naturally high heavy metal levels 
in Antarctica. Ecotoxicol. Environ. Saf. 135, 1–9 (2017).

 31. Torres, M. A. et al. Biochemical biomarkers in algae and marine pollution: A review. Ecotoxicol. Environ. Saf. 71, 1–15 (2008).
 32. Neff, J. M. Bioaccumulation in Marine Organisms. Effect of Contaminants from Oil Well Produced Water. Organic Geochemistry 

(Elsevier, 2002).
 33. Wong, P. T. & Trevors, J. T. Chromium toxicity to algae and bacteria. In Chromium in the Natural and Human Environments 

(eds Nriagu, J. O. & Nieboer, E.) 305–315 (Wiley, 1988).
 34. Community, E. Directive 2000/60/EC of the European Parliament and of the Council of 23 October 2000 establishing a frame-

work for Community action in the field of water policy. Off. J. Eur. Parliam. L327, 1–82 (2000).
 35. Driscoll, C. T., Mason, R. P., Chan, H. M., Jacob, D. J. & Pirrone, N. Mercury as a global pollutant: Sources, pathways, and effects. 

Environ. Sci. Technol. 47, 4967–4983 (2013).
 36. Pertierra, L. R. et al. Ecosystem services in Antarctica: Global assessment of the current state, future challenges and managing 

opportunities. Ecosyst. Serv. 49, 101299 (2021).
 37. Pringle, B. H., Hissong, D. E., Katz, E. L. & Mulawka, S. T. Trace metal accumulation by estuarine mollusks. J. Sanit. Eng. Div. 

Proc. Amer. Soc. Civ. Eng. 94, 455–475 (1968).
 38. Amiard, J. C., Amiard-Triquet, C., Berthet, B. & Metayer, C. Comparative study of the patterns of bioaccumulation of essential 

(Cu, Zn) and non-essential (Cd, Pb) trace metals in various estuarine and coastal organisms. J. Exp. Mar. Bio. Ecol. 106, 73–89 
(1987).

 39. Borgmann, U., Norwood, W. P. & Clarke, C. Accumulation, regulation and toxicity of copper, zinc, lead and mercury in Hyalella 
azteca. Hydrobiologia 259, 79–89 (1993).

 40. Windom, H. & Kendall, D. R. Accumulation and biotransformation of mercury in coastal and marine biota. In The Biogeochem-
istry of Mercury in the Environment (ed. Nriagu, J. O.) 303–323 (Elsevier/North-Holland Biomedical Press, 1979).

 41. Turner, S. J. et al. Are soft-sediment communities stable? An example from a windy harbour. Mar. Ecol. Prog. Ser. 120, 219–230 
(1995).

 42. Caccia, V. G., Millero, F. J. & Palanques, A. The distribution of trace metals in Florida Bay sediments. Mar. Pollut. Bull. 46, 
1420–1433 (2003).

 43. Gibbs, R. J. Transport phases of transition metals in the Amazon and Yukon Rivers. Bull. Geol. Soc. Am. 88, 829–843 (1977).
 44. Jain, C. K. & Sharma, M. K. Distribution of trace metals in the Hindon River system, India. J. Hydrol. 253, 81–90 (2001).
 45. Filgueiras, A. V., Lavilla, I. & Bendicho, C. Chemical sequential extraction for metal partitioning in environmental solid samples. 

J. Environ. Monit. 4, 823–857 (2002).
 46. Salomons, W. & Förstner, U. Metals in the Hydrocycle (Springer, 1984).



13

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16266  | https://doi.org/10.1038/s41598-021-95681-5

www.nature.com/scientificreports/

 47. Niimi, A. J. & Kissoon, G. P. Evaluation of the critical body burden concept based on inorganic and organic mercury toxicity to 
rainbow trout (Oncorhynchus mykiss). Arch. Environ. Contam. Toxicol. 26, 169–178 (1994).

 48. Landrum, P. F., Lydy, M. J. & Lee, H. Toxicokinetics in aquatic systems: Model comparisons and use in hazard assessment. 
Environ. Toxicol. Chem. 11, 1709–1725 (1992).

 49. Wiener, J. G. et al. Monitoring and evaluating trends in methylmercury accumulation in aquatic biota. In Ecosystem Responses 
to Mercury Contamination: Indicators of Change (eds Harris, R. et al.) 87–122 (CRC Press & SETAC Press, 2007).

 50. Dunton, K. H. δ15N and δ13C measurements of Antarctic Peninsula fauna: Trophic relationships and assimilation of benthic 
seaweeds. Am. Zool. 41, 99–112 (2001).

 51. Corbisier, T. N., Petti, M. A. V., Skowronski, R. S. P. & Brito, T. A. S. Trophic relationships in the nearshore zone of Martel Inlet 
(King George Island, Antarctica): δ13C stable-isotope analysis. Polar Biol. 27, 75–82 (2004).

 52. Norkko, A. et al. Trophic structure of coastal Antarctic food webs associated with changes in sea ice and food supply. Ecology 
88, 2810–2820 (2007).

 53. Michel, L. N. et al. Increased sea ice cover alters food web structure in East Antarctica. Sci. Rep. 9, 1–11 (2019).
 54. Zenteno, L. et al. Unraveling the multiple bottom-up supplies of an Antarctic nearshore benthic community. Prog. Oceanogr. 

174, 55–63 (2019).
 55. Cardona, L., Lloret-Lloret, E., Moles, J. & Avila, C. Latitudinal changes in the trophic structure of benthic coastal food webs in 

the Antarctic Peninsula. Mar. Environ. Res. 167, 105290 (2021).
 56. COMNAP. Antarctic Station Catalogue (COMNAP Secretariat, 2017).
 57. Wiencke, C., Amsler, C. & Clayton, M. Macroalgae. In Biogeographic Atlas of the Southern Ocean (eds De Broyer, C. et al.) 66–73 

(Scientific Committee on Antarctic Research, 2014).
 58. Danis, B., Griffiths, H. J. & Jangoux, M. Asteroidea. In Biogeographic Atlas of the Southern Ocean (eds De Broyer, C. et al.) 200–207 

(Scientific Committee on Antarctic Research, 2014).
 59. Schiaparelli, S. & Linse, K. Gastropoda. In Biogeographic Atlas of the Southern Ocean (eds De Broyer, C. et al.) 122–125 (Scientific 

Committee on Antarctic Research, 2014).
 60. Borrell, A., Tornero, V., Bhattacharjee, D. & Aguilar, A. Trace element accumulation and trophic relationships in aquatic organ-

isms of the Sundarbans mangrove ecosystem (Bangladesh). Sci. Total Environ. 545–546, 414–423 (2016).
 61. Torres, J., Eira, C., Miquel, J. & Feliu, C. Heavy metal accumulation by intestinal helminths of vertebrates. Recent Adv. Pharm. 

Sci. II(661), 169–181 (2012).
 62. Vighi, M., Borrell, A. & Aguilar, A. Bone as a surrogate tissue to monitor metals in baleen whales. Chemosphere 171, 81–88 

(2017).
 63. Borrell, A., Aguilar, A., Tornero, V. & Drago, M. Concentrations of mercury in tissues of striped dolphins suggest decline of 

pollution in Mediterranean open waters. Chemosphere 107, 319–323 (2014).
 64. Borrell, A., Clusa, M., Aguilar, A. & Drago, M. Use of epidermis for the monitoring of tissular trace elements in Mediterranean 

striped dolphins (Stenella coeruleoalba). Chemosphere 122, 288–294 (2015).
 65. Maceda-Veiga, A., Monroy, M., Navarro, E., Viscor, G. & de Sostoa, A. Metal concentrations and pathological responses of wild 

native fish exposed to sewage discharge in a Mediterranean river. Sci. Total Environ. 449, 9–19 (2013).
 66. Suda, C. N. K. et al. The biology and ecology of the Antarctic limpet Nacella concinna. Polar Biol. 38, 1949–1969 (2015).
 67. Škrbić, B., Crossed, D. & Signurišić-Mladenović, N. Distribution of heavy elements in urban and rural surface soils: The Novi 

Sad city and the surrounding settlements. Serbia. Environ. Monit. Assess. 185, 457–471 (2013).
 68. Škrbić, B. D., Buljovčić, M., Jovanović, G. & Antić, I. Seasonal, spatial variations and risk assessment of heavy elements in street 

dust from Novi Sad, Serbia. Chemosphere 205, 452–462 (2018).
 69. Škrbić, B., Durišić-Mladenović, N. & Cvejanov, J. Principal component analysis of trace elements in Serbian wheat. J. Agric. Food 

Chem. 53, 2171–2175 (2005).
 70. Wilde, E. W. & Benemann, J. R. Bioremoval of heavy metals by the use of microalgae. Biotechnol. Adv. 11, 781–812 (1993).
 71. Farías, S., Arisnabarreta, S. P., Vodopivez, C. & Smichowski, P. Levels of essential and potentially toxic trace metals in Antarctic 

macro algae. Spectrochim. Acta B 57, 2133–2140 (2002).
 72. Black, W. A. P. & Mitchell, R. L. Trace elements in the common algae and in sea water. J. Mar. Biol. Assoc. UK 30, 1–10 (1952).
 73. Lignell, A., Roomans, G. M. & Pedersen, M. Localization of absorbed cadmium in Fucus vesiculosus L. by X-ray microanalysis. 

Z. Pflanzenphysiol. 105, 103–109 (1982).
 74. Ragan, M. A., Smidsrød, O. & Larsen, B. Chelation of divalent metal ions by brown algal polyphenols. Mar. Chem. 7, 265–271 

(1979).
 75. Talarico, L. Fine structure and X-ray microanalysis of a red macrophyte cultured under cadmium stress. Environ. Pollut. 120, 

813–821 (2002).
 76. Vasconcelos, M. T. S. D. & Leal, M. F. C. Seasonal variability in the kinetics of Cu, Pb, Cd and Hg accumulation by macroalgae. 

Mar. Chem. 74, 65–85 (2001).
 77. Pellegrini, L., Delivopoulos, S. G. & Pellegrini, M. Arsenic-induced ultrastructural changes in the vegetative cells of Cystoseira 

barbata forma repens Zinova et Kalugina (Fucophyceae, Fucales). Bot. Mar. 33, 229–234 (1990).
 78. Deheyn, D. D., Gendreau, P., Baldwin, R. J. & Latz, M. I. Evidence for enhanced bioavailability of trace elements in the marine 

ecosystem of Deception Island, a volcano in Antarctica. Mar. Environ. Res. 60, 1–33 (2005).
 79. Exley, C. Silicon in life: A bioinorganic solution to bioorganic essentiality. J. Inorg. Biochem. 69, 139–144 (1998).
 80. Costa, R. R. et al. Dynamics of an intense diatom bloom in the Northern Antarctic Peninsula, February 2016. Limnol. Oceanogr. 

65, 2056–2075 (2020).
 81. Mendes, C. R. B. et al. Dynamics of phytoplankton communities during late summer around the tip of the Antarctic Peninsula. 

Deep. Res. I 65, 1–14 (2012).
 82. Ducklow, H. W. et al. Marine pelagic ecosystems: The West Antarctic Peninsula. Philos. Trans. R. Soc. B. 362, 67–94 (2007).
 83. Prezelin, B. B., Hofmann, E. E., Mengelt, C. & Klinck, J. M. The linkage between Upper Circumpolar Deep Water (UCDW) and 

phytoplankton assemblages on the west Antarctic Peninsula continental shelf. J. Mar. Res. 58, 165–202 (2000).
 84. Bargagli, R., Monaci, F. & Cateni, D. Marine coastal food web. Mar. Ecol. Prog. Ser. 169, 65–76 (1998).
 85. Collier, R. & Edmond, J. The trace element geochemistry of marine biogenic particulate matter. Prog. Oceanogr. 13, 113–199 

(1984).
 86. Rubio, C. et al. Metals in edible seaweed. Chemosphere 173, 572–579 (2017).
 87. Desideri, D. et al. Essential and toxic elements in seaweeds for human consumption. J. Toxicol. Environ. Health A 79, 112–122 

(2016).
 88. Runcie, J. W. & Riddle, M. J. Metal concentrations in macroalgae from East Antarctica. Mar. Pollut. Bull. 49, 1114–1119 (2004).
 89. Fowler, S. W., Villeneuve, J. P., Wyse, E., Jupp, B. & de Mora, S. Temporal survey of petroleum hydrocarbons, organochlorinated 

compounds and heavy metals in benthic marine organisms from Dhofar, southern Oman. Mar. Pollut. Bull. 54, 357–367 (2007).
 90. Curtosi, A., Pelletier, E., Vodopivez, C., St Louis, R. & MacCormack, W. P. Presence and distribution of persistent toxic substances 

in sediments and marine organisms of Potter Cove, Antarctica. Arch. Environ. Contam. Toxicol. 59, 582–592 (2010).
 91. Ahn, I. Y., Kim, K. W. & Choi, H. J. A baseline study on metal concentrations in the Antarctic limpet Nacella concinna (Gas-

tropoda: Patellidae) on King George Island: Variations with sex and body parts. Mar. Pollut. Bull. 44, 424–431 (2002).



14

Vol:.(1234567890)

Scientific Reports |        (2021) 11:16266  | https://doi.org/10.1038/s41598-021-95681-5

www.nature.com/scientificreports/

 92. Dayton, P. K., Robilliard, G. A., Paine, R. T. & Dayton, L. B. Biological accommodation in the benthic community at McMurdo 
Sound, Antarctica. Ecol. Monogr. 44, 105–128 (1974).

 93. Pearse, J. S. Reproductive periodicities in several contrasting populations of Odontaster validus Koehler, a common Antarcti-
casteroid. Antarct. Res. Ser. 5, 39–85 (1965).

 94. Peckham, V. Year-round SCUBA diving in the Antarctic. Polar Rec. 12, 143–146 (1964).
 95. Smale, D. A., Barnes, D. K. A., Fraser, K. P. P., Mann, P. J. & Brown, M. P. Scavenging in Antarctica: Intense variation between 

sites and seasons in shallow benthic necrophagy. J. Exp. Mar. Bio. Ecol. 349, 405–417 (2007).
 96. Mcclintock, J. B. Trophic biology of antarctic shallow-water echinoderms. Mar. Ecol. Prog. Ser. 111, 191–202 (1994).
 97. Grotti, M. et al. Natural variability and distribution of trace elements in marine organisms from Antarctic coastal environments. 

Antarct. Sci. 20, 39–51 (2008).
 98. Papadopoulou, C., Kanias, G. D. & Moraitopoulou-Kassimati, E. Stable elements of radioecological importance in certain 

echinoderm species. Mar. Pollut. Bull. 7, 143–144 (1976).
 99. Di Giglio, S. et al. Effects of ocean acidification on acid-base physiology, skeleton properties, and metal contamination in two 

echinoderms from vent sites in Deception Island, Antarctica. Sci. Total Environ. 765, 142669 (2020).
 100. Danis, B. et al. Contaminant levels in sediments and asteroids (Asterias rubens L., Echinodermata) from the Belgian coast and 

Scheldt estuary: Polychlorinated biphenyls and heavy metals. Sci. Total Environ. 333, 149–165 (2004).
 101. Riva, S. D., Abelmoschi, M. L., Magi, E. & Soggia, F. The utilization of the Antarctic environmental specimen bank (BCAA) in 

monitoring Cd and Hg in an Antarctic coastal area in Terra Nova Bay (Ross Sea: Northern Victoria Land). Chemosphere 56, 
59–69 (2004).

 102. Cabrita, M. T. et al. Evaluating trace element bioavailability and potential transfer into marine food chains using immobilised 
diatom model species Phaeodactylum tricornutum, on King George Island, Antartica. Mar. Pollut. Bull. 121, 192–200 (2017).

 103. Truzzi, C. et al. Separation of micro-phytoplankton from inorganic particulate in Antarctic seawater (Ross Sea) for the deter-
mination of Cd, Pb and Cu: Optimization of the analytical methodology. Anal. Methods 7, 5490–5496 (2015).

 104. Bargagli, R. Trace metals in Antarctic organisms and the development of circumpolar biomonitoring networks. in Reviews of 
Environmetal Contamination and Toxicology (ed. Ware, G. W.) vol. 171, 53–110 (2001).

 105. Focardi, S., Bargagli, R. & Corsolini, S. Isomer-specific analysis and toxic potential evaluation of polychlorinated biphenyls in 
Antarctic fish, seabirds and Weddell seals from Terra Nova Bay (Ross Sea). Antarct. Sci. 7, 31–35 (1995).

 106. Demina, L. L. & Nemirovskaya, I. A. Spatial distribution of microelements in the seston of the White Sea. Oceanology 47, 360–372 
(2007).

 107. Wiencke, C. & Amsler, C. D. Seaweeds and their communities in polar regions. In Seaweed Biology (eds Wiencke, C. & Bischof, 
K.) 265–291 (Springer, 2012).

 108. Fairhead, V. A., Amsler, C. D., Mcclintock, J. B. & Baker, B. J. Within-thallus variation in chemical and physical defences in two 
species of ecologically dominant brown macroalgae from the Antarctic Peninsula. Oceanology 322, 1–12 (2005).

 109. Amsler, C. D. Algal chemical ecology: Algal Chemical Ecology (Springer, 2008).
 110. Amsler, C. D., Mcclintock, J. B. & Baker, B. J. Chemical mediation of mutualistic interactions between macroalgae and mesograz-

ers structure unique coastal communities along the western Antarctic Peninsula. J. Phycol. 50, 1–10 (2014).
 111. Aumack, C. F., Amsler, C. D., McClintock, J. B. & Baker, B. J. Chemically mediated resistance to mesoherbivory in finely branched 

macroalgae along the western Antarctic Peninsula. Eur. J. Phycol. 45, 19–26 (2010).
 112. Núñez-Pons, L., Rodríguez-Arias, M., Gómez-Garreta, A., Ribera-Siguán, A. & Avila, C. Feeding deterrency in Antarctic marine 

organisms: Bioassays with the omnivore amphipod Cheirimedon femoratus. Eur. J. Phycol. 462, 163–174 (2012).
 113. Ahn, I. Y., Chung, K. H. & Choi, H. J. Influence of glacial runoff on baseline metal accumulation in the Antarctic limpet Nacella 

concinna from King George Island. Mar. Pollut. Bull. 49, 119–127 (2004).
 114. Burdon-Jones, C., Denton, G. R. W., Jones, G. B. & McPhie, K. A. Regional and seasonal variations of trace metals in tropical 

phaeophyceae from North Queensland. Mar. Environ. Res. 7, 13–30 (1982).
 115. Augier, H., Gilles, G., Leal Nascimento, M. & Ramonda, G. Évolution de la contamination de la flore et de la faune marines 

benthiques de la Baie de Port-Cros de 1976 à 1981. Trav. Sci. Parc Natl. Port-Cros 10, 37–50 (1984).
 116. Chakraborty, S., Bhattacharya, T., Singh, G. & Maity, J. P. Benthic macroalgae as biological indicators of heavy metal pollution 

in the marine environments: A biomonitoring approach for pollution assessment. Ecotoxicol. Environ. Saf. 100, 61–68 (2014).
 117. Pastor, A. et al. Levels of heavy metals in some marine organisms from the western Mediterranean area (Spain). Mar. Pollut. 

Bull. 28, 50–53 (1994).

Acknowledgements
This work was performed under the projects DISTANTCOM (CTM2013-42667/ANT) and BLUEBIO (CTM2016-
78901/ANT). We would like to thank the researchers who participated in the DISTANTCOM cruise for their 
help in collecting samples. Thanks are also due to all the technicians at the Unit of Metal Analysis of the Scientific 
and Technological Centers (CCiT) of the University of Barcelona, specially P. Menéndez, M. Romero, and R. 
Martínez. Thanks are also due to A. Gómez-Garreta, J. Rull-Lluch, and R. Martín-Martín for the macroalgae 
identification, E. Lloret-Lloret for helping with the sample processing, and F. Saporiti for the constant advice 
and support in the laboratory. This is an AntIcon (SCAR) contribution. P. D. acknowledges financial support 
from an FPU Grant (2016-02877) of the MEFP (Spain). We acknowledge the QGIS Development Team and the 
Norwegian Polar Institute’s Quantarctica package.

Author contributions
L.C. and C.A. designed the research and conducted the fieldwork. P.D. performed laboratory analyses, analyzed 
the data and wrote the first draft of the manuscript. L.C. supervised the project, contributed to data analysis, and 
reviewed and edited the manuscript. C.A. reviewed and edited the manuscript, administrated the project and 
acquired the funds. All authors contributed to the writing of the final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 95681-5.

Correspondence and requests for materials should be addressed to P.D.-F.

https://doi.org/10.1038/s41598-021-95681-5
https://doi.org/10.1038/s41598-021-95681-5


15

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16266  | https://doi.org/10.1038/s41598-021-95681-5

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Distribution of trace elements in benthic infralittoral organisms from the western Antarctic Peninsula reveals no latitudinal gradient of pollution
	Materials and methods
	Study area. 
	Species selection and sampling. 
	Sample processing. 
	Data analysis. 

	Results
	Discussion
	Conclusions
	References
	Acknowledgements


