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Abstract
The presence of marine vertebrates in reproductive colonies contributes to the input of organic matter into the local environment and it is believed that trace
elements are subsequently remobilized from the excreta of these animals. In this study, we investigate the in�uence of marine vertebrates on trace elements
levels (As, Cd, Co, Cu, Fe, Li, Lu, Mg, Mn, Ni, Pb, Sb, Sc, Se, Sm, Sn, Sr, Tb, U and Zn) and soil organic matter (SOM) content from �ve locations with and without
marine vertebrate in�uence in Admiralty Bay, King George Island, South Shetland Islands. Soils were acid digested using microwave, elements were quanti�ed
using inductively coupled plasma mass spectrometry and SOM was calculated by loss-on-ignition. The non-in�uenced and vertebrate-in�uenced soils had
similar concentrations of most of trace elements assessed, however we observed a signi�cant increase in SOM that was positively correlated with the
concentrations of As, Cd, Se, Sr and Zn. Although marine vertebrates do not appear to signi�cantly in�uence trace element concentrations in the soils
examined here, this conclusion is based on a limited overall sample size and there is evident input of organic matter linked with increased concentrations of
elements correlated with SOM, indicating a possible ornithogenic in�uence. Contrasting our results with other studies, we conclude that soil elemental levels
are an interplay between local geology, vertebrate diet and colony size. Further studies with increased sample size are required to obtain a better
understanding of marine vertebrate in�uence on trace element levels in Antarctic soils.

1. Introduction
King George Island, the largest island in the South Shetland Islands archipelago north-west of the Antarctic Peninsula, hosts important breeding areas for
seabirds and marine mammals, such as penguins (Pygoscelis antarcticus, P. papua and P. adeliae), imperial shag (Leucocarbo atriceps), southern giant petrel
(Macronectes giganteus), skuas (Stercorarius maccormicki and S. antarcticus) and southern elephant seal (Mirounga leonina) with colonies of different sizes
and population densities (Salwicka and Sierakowski 1998; Shirihai 2008).

While these marine vertebrates in detail occupy different positions in the trophic chain, they generally represent higher trophic levels, where they are
susceptible to high levels of contaminant accumulation (Hazen et al. 2019). The main route by which contaminants enter these organisms is through feeding
(Burger and Gochfeld 2004; Bargagli 2008; Ramos and González-Solís 2012; Hazen et al. 2019). Once ingested, contaminants can be absorbed by the
gastrointestinal tract, transferred to the blood stream and stored in internal tissues, while any that are not absorbed are eliminated through the excreta (Yin et
al. 2008; Pacyna et al. 2019). Absorbed contaminants may also eventually be released into the environment through moulted fur and feathers, egg shells and
the decay of carcasses. In and near dense bird colonies, the accumulation and local dispersal of guano leads to the formation of ornithogenic soils,
representing an abundant source of organic matter, nutrients and contaminants to the Antarctic terrestrial ecosystem (Michel et al. 2006; Yin et al. 2008;
Bokhorst et al. 2019a; Castro et al. 2021). Marine vertebrates can also act as vectors remobilizing nutrients, organic matter and contaminants in the terrestrial
environment. They can eliminate trace elements thought faeces and feathers, effectively transporting these elements between regions, in this case from the
marine to the terrestrial environment (Espejo et al. 2017). These contaminants and trace elements can accumulate in the soil (Cipro et al. 2018), where their
behavior can be further affected by associated organic matter content (Alekseev and Abakumov 2020).

Various studies have reported contamination of Antarctic soils by anthropogenic pollution from both global (e.g. atmospheric currents) and local sources (e.g.
research stations and logistic operations) (Santos et al. 2005; Amaro et al. 2015; Bueno et al. 2018; Potapowicz et al. 2019; Tapia et al. 2021). Previous
studies have also con�rmed the �ow of marine-derived nutrients via marine vertebrates into the terrestrial food web in Antarctica, enriching plants and
increasing invertebrate biomass (Bargagli 2005; Bokhorst et al. 2007, 2019a, b; Zwolicki et al. 2015; Bokhorst and Convey 2016). However, how the elemental
concentration of soil ecosystems in Antarctica is shaped by marine vertebrates and how this process is controlled by different vertebrate species is still poorly
recognised (Liu et al. 2013). The current study documents evidence of trace element and organic matter input or remobilization by marine vertebrates to soils
in terrestrial ecosystems in Admiralty Bay, King George Island. We assume that different marine vertebrate species may differentially impact on elemental
concentrations in soils at their breeding sites. For this purpose, soils from marine vertebrate colonies and non-in�uenced areas were collected and quanti�ed
to assess organic matter content and concentrations of 20 potentially toxic elements.

2. Materials And Methods

2.1. Study area and sample collection
Fieldwork took place during the austral summers of 2012/2013 and 2013/2014. In order to estimate how different vertebrates in�uence elemental
concentrations of soils, we sampled in the vicinity of colonies of vertebrates that differ in behavior, diet and breeding sites (sea shore, inland rocks). Samples
of vertebrate-in�uenced soil, each consisting of about 25 cm3, were collected using a plastic spoon within breeding colonies of the following Antarctic species
(Figs. 1, 2): imperial shag (Leucocarbo atriceps; n = 8; Shag Island, feeding mostly on �sh and octopods), southern giant petrel (Macronectes giganteus; n = 9;
Vauréal Peak, scavenger, feeding on penguins and seals carcasses), brown skua (Stercorarius antarcticus; n = 2; Keller Peninsula, Comandante Ferraz Station,
Brazil, feeding on penguin chicks, eggs, �shes and molluscs), chinstrap penguin (Pygoscelis antarcticus; n = 8; Thomas Point, Henryk Arctowski Station,
Poland, feeding on crustacean Euphausia superba), and southern elephant seal (Mirounga leonina; n = 3, Thomas Point, feeding on �sh and squid) (Shirihai
2008). In addition, soils not under the direct in�uence of marine vertebrate concentrations were collected at Crepin Point (n = 3; Machu Picchu Scienti�c Base,
Peru). Collected soils were immediately placed in ziplock plastic bags and kept frozen until analysis.

2.2. Trace element quanti�cation
Before commencing analyses, soils were defrosted at room temperature for 12 h, dried at 50 ºC for 48 h and passed through a 0.75 mm mesh sieve to remove
stones, gravel and other impurities. About 200 mg of each soil sample was extracted with 5 mL of HNO3 (65%; Sigma-Aldrich, USA) using a microwave oven
(Mars 6, CEM Corporation, Austria). Samples were made up with Milli-Q water (Direct-Q system, Millipore, Germany) to 10 mL and then one aliquot was diluted
25 times. Quanti�cation of 20 elements (As, Cd, Co, Cu, Fe, Li, Lu, Mg, Mn, Ni, Sb, Sc, Sr, Sm, Tb, Pb, U, Zn) was performed using inductively coupled plasma
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mass spectrometry (ICP-MS, PlasmaQuant® MS Q, Analytik Jena, Germany). For multi-elemental determination the conditions used were: nebulizer gas �ow
1.05 L min− 1, auxiliary gas �ow 1.5 L min− 1, plasma gas �ow 9.0 L min− 1, Radio Frequency (RF) power 1.35 kW; the signal was measured in 20 scans and 5
replicates. Mass interference was reduced using the integrated Collision Reaction Cell (iCRC) working sequentially in three modes, with hydrogen as reaction
gas, helium as collision gas, and without gas addition.

2.3. Organic matter quanti�cation
Soil organic matter (SOM) content was determined by loss-on-ignition. About 3 g of each dried sample was weighed and then heated in a mu�e furnace at
550°C for 4 h. SOM content was calculated by the mass difference before and after ignition and expressed as percentage weight loss.

2.4 Quality assurance/quality control (QA/QC)
For quality control, analytical reagent blanks (n = 2) and certi�ed reference materials (IAEA 405: estuarine sediments from the International Atomic Energy
Agency, n = 2) were submitted to the same procedures as the collected soil samples. Germanium, rhodium, scandium and iridium were used as internal
standards. Following accepted international QA/QC criteria, the analyses were considered valid when reference materials gave recovery values between 80
and 120%.

2.5. Statistical analyses
Statistical analyses were performed using the software GraphPad Prism 5.0 (GraphPad Software Inc®). Due to the low sample numbers available from some
sampling locations, non-parametric tests were performed in these cases. In these cases, interspeci�c differences in the trace element concentrations in soils
associated with different marine vertebrates were investigated using Kruskal-Wallis analysis of variance and, when signi�cant, Dunn`s multiple comparison
post-hoc test was used to compare the sum of ranks between groups. When groups with sample size > 7 (i.e., imperial shag, chinstrap penguin, southern giant
petrel) conformed to a normal distribution in the Shapiro-Wilk test, a one-way analysis of variance (ANOVA) was performed to investigate interspeci�c
differences between these three groups. A signi�cance level of p < 0.05 was adopted for all tests.

3. Results
Table 1 and Fig. 3 summarize the trace element concentrations measured in marine vertebrate-in�uenced and non-in�uenced soils sampled on King George
Island. Non-in�uenced soils had similar trace element concentrations when compared with vertebrate-in�uenced soils ones for the majority of elements
analysed. Statistically signi�cant differences in concentrations were only observed for Sn, lower than non-in�uenced soils in southern giant petrel colonies,
and Li, Lu, Mb and Tb, higher in soils from imperial shag colonies than in non-in�uenced soils. Soils collected in the imperial shag breeding colony recorded
lower Co, Fe, Lu and Sc concentrations than those from both southern elephant seal and southern giant petrel colonies (Dunn’s Test, all p < 0.05), lower levels
of Mn, Li and Sm than the southern elephant seal colony soils (Dunn’s Test, both p < 0.05), lower levels of Ni, Cu, Sr, U than southern giant petrel colony soils
(Dunn’s Test, all p < 0.05) and lower levels of Cu, Mn and Sc when compared to chinstrap penguin colony soil (Dunn’s Test, p < 0.05). In contrast, imperial shag
colony soil had higher levels of As compared to brown skua colony soil and Zn compared southern giant petrel colony soil (Dunn’s Test, all p < 0.05).
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Table 1
Trace element concentrations and organic matter contents of marine vertebrate-in�uenced and non-in�uenced soils sampled in Admiralty Bay, King G

Soils n SOM   As Cd Co Cu Fe Li Lu Mg Mn Ni Pb Sb Sc Se

Non-
in�uenced

(control
samples)

3 8 Mean 3.39 0.70 10.7 114 24191 9.26 0.63 9035 488 8.86 3.44 1.57 15.2 18.3

SD 3.26 0.63 1.42 95.2 3430 1.52 0.04 1345 80.5 3.27 0.56 0.02 1.6 24.7

Median 1.90 0.38 9.91 66.7 23632 9.38 0.62 8879 530 7.09 3.53 1.56 15.6 18.3

Min 1.15 0.30 9.80 51.6 21075 7.68 0.60 7775 395 6.87 2.83 1.55 13.5 0.86

Max 7.13 1.43 12.3 223 27866 10.7 0.67 10451 539 12.64 3.95 1.58 16.5 35.7

Brown skua

(Stercorarius
antarcticus)

2 17 Mean 1.47 1.20 10.3 79.5 32106 2.61 0.60 9574 207 5.24 1.06 1.59 11.2 14.6

SD 0.54 0.64 0.56 11.7 2079 0.66 0.03 1006 6.30 0.25 0.25 0.04 0.53 5.40

Median 1.47 1.20 10.3 79.5 32106 2.61 0.60 9574 207 5.24 1.06 1.59 11.2 14.6

Min 1.09 0.75 9.94 71.3 30635 2.14 0.58 8863 202 5.06 0.88 1.56 10.9 10.8

Max 1.86 1.65 10.7 87.8 33576 3.08 0.63 10286 211 5.42 1.23 1.62 11.6 18.4

Imperial shag

(Leucocarbo
atriceps)

7 36 Mean 9.13 1.46 0.96 44.5 3379 2.93 0.50 14354 100 3.04 1.16 1.76 8.36 36.3

SD 4.58 0.55 0.82 23.0 1241 1.19 0.01 8364 47 2.62 3.03 0.49 0.37 8.39

Median 10.1 1.44 1.28 47.3 3803 3.21 0.50 15373 111 4.18 0.15 1.58 8.52 35.3

Min 7.46 1.34 0.44 30.7 2930 2.37 0.49 4972 77.8 2.20 0.04 1.56 7.94 27.5

Max 14.2 2.15 1.93 77.2 4600 4.19 0.51 26402 162 5.26 8.66 2.98 8.85 49.1

Chinstrap
penguin

(Pygoscelis
antarcticus)

8 28 Mean 5.41 2.33 6.07 204 15649 5.20 0.56 17487 345 7.98 1.88 1.63 14.3 68.0

SD 3.33 1.59 3.97 104 9369 1.52 0.07 12926 178 3.47 1.50 0.04 5.48 53.7

Median 4.64 2.28 9.19 206 23654 5.91 0.56 16050 376 8.37 2.64 1.60 14.1 47.7

Min 2.16 0.34 1.84 52.2 6075 2.96 0.50 4731 171 3.88 0.38 1.56 9.51 3.48

Max 17.8 4.00 24.1 331 45988 18.0 0.65 37205 901 14.87 6.55 1.69 24.8 135

Southern
giant-petrel

(Macronectes
giganteus

9 14 Mean 3.93 1.43 9.83 96.8 25135 5.43 0.59 8473 311 14.50 3.05 1.59 15.1 15.4

SD 2.86 1.18 1.57 12.1 4217 1.33 0.02 1651 51.5 8.97 0.46 0.04 3.09 5.45

Median 3.14 0.92 10.3 100 24029 5.25 0.58 8327 306 11.9 2.91 1.58 13.6 15.8

Min 1.31 0.56 7.81 72.7 20485 3.63 0.56 6410 246 5.35 2.52 1.54 12.8 6.5

Max 10.5 3.91 12.4 114 34765 7.99 0.62 11006 417 30.1 3.91 1.66 22.4 21.6

Southern
elephant seal

(Mirounga
leonine)

3 16 Mean 4.11 0.57 14.4 84.1 29814 11.8 0.69 9828 1012 4.15 3.88 1.56 21.8 6.11*

SD 2.25 0.28 3.78 17.3 5930 6.79 0.07 2771 390 4.56 0.64 0.01 0.76  

Median 3.60 0.42 14.0 87.3 27445 8.28 0.70 9198 1221 2.86 3.74 1.55 21.6  

Min 2.16 0.40 10.8 65.4 25435 7.48 0.61 7426 562 0.37 3.33 1.55 21.1  

Max 6.57 0.89 18.3 99.5 36562 19.6 0.75 12860 1252 9.22 4.57 1.57 22.6  

When comparing imperial shag, southern giant petrel and chinstrap penguin soils using ANOVA, the �rst species showed lower concentrations of the elements
Co, Mn, Cu, Fe and Sm (Tukey's Test, all p < 0.05), with the southern giant petrel and the chinstrap penguin soils not presenting signi�cantly different
concentrations of these elements. Imperial shag soil had lower levels of Ni than southern giant petrel and Li than chinstrap penguin soils (Tukey's Test, both p 
< 0.05). Southern giant petrel soil had higher levels of Sr than the imperial shag and chinstrap penguin soils (Tukey's Test, both p < 0.05).

The highest SOM content was recorded in the shag colony soil samples, with content decreasing in the rank order imperial shag > chinstrap penguin > brown
skua > southern elephant seal > southern giant petrel > non-in�uenced soils (Table 1). Signi�cant positive correlations were detected between SOM and levels
of As, Cd, Mg, Se, Sr and Zn and negative correlations with levels of Co, Cu, Fe, Li, Mn, Ni, Pb, Sc, Sm and Tb (Fig. 4).

4. Discussion
A number of studies have previously con�rmed the transfer of organic matter, nutrients and trace elements into terrestrial ecosystems by marine vertebrates,
especially seabirds, through their faeces in different parts of Antarctica (Santamans et al. 2017; Castro et al. 2022). These faecal inputs result in deposition
and accumulation of potentially toxic elements such as As, Cd, Cu, Se and Zn in soils on the Antarctic Peninsula, which could lead to negative impacts on
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organisms and the environment. Although this study identi�ed few statistically signi�cant differences between non-in�uenced soils when compared with
vertebrate-in�uenced soils, this may in part be a function of the different climates, geological heterogeneity of the areas, size colonies or even. relatively low
sample sizes available, as visual inspection of the data obtained (Fig. 3) did suggest differences in the distribution of elements in the different soils.

Some studies have con�rmed the transfer of elements from the sea to terrestrial ecosystems by marine vertebrates, whilst others have shown no or opposite
trends. For example, Cipro et al. (2018) con�rmed that seabirds input Cd, Hg and probably As, Se and Zn to their colonies. Sparaventi et al. (2021) highlighted
that the high density of penguins in colonies and, consequently, the large amount of faeces released may contribute considerable amounts of trace elements.
However, studies also identify no consistent pattern of change in concentrations of trace elements as a result of marine vertebrate in�uence (Nie et al. 2014;
Abakumov et al. 2017; Santamans et al. 2017; Espejo et al. 2017; Abakumov 2018; Cipro et al. 2018; Bokhorst et al. 2019b, a; Alekseev and Abakumov 2020,
2021; Sparaventi et al. 2021; Castro et al. 2021, 2022). Our data are consistent with interpretations of Liu et al. (2013) and Cipro et al. (2018), who suggested
that there may be selective enrichment of elements such as As, Cd, Cu, P, S, Se and Zn associated with the presence of seabirds. Soils from imperial shag and
chinstrap penguin colonies had the highest concentrations of As, Se, Mg, Sr and Zn which are the elements positively correlated with SOM, as well as
appearing to be directly proportional to colony size and density.

The data obtained in the present study indicate that soils obtained from a location not under the direct in�uence of marine vertebrates had trace element
concentrations that were generally quite similar to those of soils obtained from many of the marine vertebrate colonies sampled. However, it is important to
emphasize that the general lack of signi�cance may be a consequence of the relatively small sample sizes for most groups. But also should be considered
that the abundance of species in the breeding colonies is also an important factor, since the greater the number of individuals, the greater the collective
potential to in�uence elemental concentrations.

In a few cases, the non-in�uenced soils recorded higher contents of some trace elements than did vertebrate-in�uenced soils, as was the case with Mn, Li and
Tb contents being higher than in shag colony soils. Similarly, Castro et al. (2021) reported higher amounts of Mn, Ba, Co, Cr, Ni, and Sr in non-in�uenced soils
when compared with ornithogenic soils, linking the dynamics of these elements to the parent material. Cipro et al. (2018) also reported higher levels of Co, Cr,
Ni and Pb in control sites, hypothesizing that these elements are likely to be derived from sources other than colonies. It is also appropriate to note that wind
can help to disperse elements from ornithogenic soils to other areas (Schmale et al. 2013), including to locations where there is no presence of marine
vertebrates.

Comparing the in�uence of different vertebrate species on colony soils, there is a suggestion in our data of different processes taking place in the soils of
imperial shag colonies, in�uencing the concentrations of some trace elements. The shag colony soils had the highest percentage SOM content and
consequently higher concentrations of some elements that are positively related to SOM (i.e. As, Sr and Zn). However, soils of this species also had lower
concentrations of several trace elements in comparison with soils from colonies of other marine vertebrate species. This may suggest that the form or
properties of shag colony locations may differ from the other species, with consequential in�uences on trace element concentrations. Breeding colonies of
this species characteristically have a thick layer of guano, indicating the scale of contribution to input of organic matter (Cipro et al. 2018). However, no
studies have yet attempted to compare rates at which different trace elements may be leached away from colonies of different vertebrate species. For
instance, it is plausible that the presence of guano changes the pH of the soil (making it more acidic), in turn leading to release of elements from adjacent
rocks which are then leached from the soils to the marine ecosystem. Moreover, the differences in the diet of speci�c marine vertebrate species and potential
of prey and predator species to bioaccumulate trace elements cannot be ruled out, since dietary differences between these species can lead to different
absorption and consequent elimination of trace elements to the environment.

Studies of Antarctic soils have previously reported correlations between trace element levels and organic matter content (e.g., Espejo et al., 2017), supporting
that organic matter may play a role in either remobilization or retention of speci�c elements in soils. Here, we observed positive correlations between SOM and
As, Cd, Mg, Se, Sr and Zn. Alekseev and Abakumov (2020) reported positive correlations between total organic carbon and As and Hg content while Castro et
al. (2021) reported positive correlations between carbon and Zn, Cu and Pb contents, indicating the enrichment of these trace elements due to the presence of
seabirds. Alternatively, negative correlations may be due to a dilution effect as suggested by Nie et al. (2014) for rare earth elements in ornithogenic
sediments. Furthermore, SOM modi�es soil characteristics, which could increase leaching of some trace elements over time (Castro et al. 2021).

Conclusions
The data obtained in the current study indicate that, despite contributing considerable input of organic matter to soils around their breeding colonies in
Admiralty Bay, marine vertebrates do not generally signi�cantly increase the concentrations of a range of trace elements in these soils. However, the positive
relationships identi�ed between SOM and As, Cd, Se, Sr and Zn may be indicative of ornithogenic in�uence. Soils not in�uenced by marine vertebrate colonies
had a lower organic matter content but broadly similar concentrations of most trace elements to those under vertebrate in�uence. Species that typically breed
in dense and large colonies (shags and penguins) were associated with the highest concentrations of SOM and, consequently, higher concentrations of
elements associated with SOM. We did not identify any evidence of consistent relationships between marine vertebrate diet and the concentration of elements
in the soils of their breeding areas. However, some of the food sources (e.g. crustaceans, �sh, penguins) may themselves be characterised by different
patterns of bioaccumulation of trace elements which could, in turn, become visible in differences between speci�c elements in colonies and vertebrate
species. Both signi�cant positive and negative correlations were found between SOM content and different trace elements, indicative of both vertebrate
enrichment and differential leaching occurring. These are indicative that the concentrations of trace elements and organic matter in Antarctic soils are an
interplay between local geology, vertebrate diet and colony size. Further studies of interactions between trace elements and organic matter are clearly required
in the Antarctic region.

Declarations



Page 6/9

Acknowledgements
This study was supported by the Conselho Nacional de Desenvolvimento Cientí�co e Tecnológico (CNPq/MCTIC: 557049/2009-1) and the HighChem -
interdisciplinary and international doctoral studies with elements of support for intersectoral cooperation (POWR.03.02.00-00-I020/17). Peter Convey is
supported by NERC core funding to the BAS ‘Biodiversity, Evolution and Adaptation’ Team. We thank the Brazilian Antarctic Program (PROANTAR) and the
Secretaria da Comissão Interministerial para os Recursos do Mar (SECIRM/ Brazilian Navy) for logistical support. We also thank researchers from the
“Pinguins and Skuas” Project who participated in the �eldwork.

References
1. Abakumov E (2018) Content of available forms of nitrogen, potassium and phosphorus in ornithogenic and other soils of the Fildes Peninsula (King

George Island, Western Antarctica). Biol Commun 63:109–116. https://doi.org/10.21638/spbu03.2018.203

2. Abakumov E, Lupachev A, Andreev M (2017) Trace element content in soils of the King George and Elephant islands, maritime Antarctica. Chem Ecol
33:856–868. https://doi.org/10.1080/02757540.2017.1384821

3. Alekseev I, Abakumov E (2020) The content and distribution of trace elements and polycyclic aromatic hydrocarbons in soils of Maritime Antarctica.
Environ Monit Assess 192:. https://doi.org/10.1007/s10661-020-08618-2

4. Alekseev I, Abakumov E (2021) Content of Trace Elements in Soils of Eastern Antarctica: Variability Across Landscapes. Arch Environ Contam Toxicol
80:368–388. https://doi.org/10.1007/s00244-021-00808-4

5. Amaro E, Padeiro A, Mão de Ferro A, et al (2015) Assessing trace element contamination in Fildes Peninsula (King George Island) and Ardley Island,
Antarctic. Mar Pollut Bull 97:523–527. https://doi.org/10.1016/j.marpolbul.2015.05.018

�. Bargagli R (2008) Environmental contamination in Antarctic ecosystems. Sci Total Environ 400:212–226. https://doi.org/10.1016/j.scitotenv.2008.06.062

7. Bargagli R (2005) Antarctic Ecosystems: Environmental Contamination, Climate Change, and Human Impact. Springer-Verlag, Berlin

�. Bokhorst S, Convey P (2016) Impact of marine vertebrates on Antarctic terrestrial micro-arthropods. Antarct Sci 28:175–186.
https://doi.org/10.1017/S0954102015000607

9. Bokhorst S, Convey P, Aerts R (2019a) Nitrogen Inputs by Marine Vertebrates Drive Abundance and Richness in Antarctic Terrestrial Ecosystems. Curr Biol
29:1721–1727.e3. https://doi.org/10.1016/j.cub.2019.04.038

10. Bokhorst S, Huiskes A, Convey P, Aerts R (2007) External nutrient inputs into terrestrial ecosystems of the Falkland Islands and the Maritime Antarctic
region. Polar Biol 30:1315–1321. https://doi.org/10.1007/s00300-007-0292-0

11. Bokhorst S, Van Logtestijn R, Convey P, Aerts R (2019b) Nitrogen isotope fractionation explains the 15N enrichment of Antarctic cryptogams by volatilized
ammonia from penguin and seal colonies. Polar Res 38:1–9. https://doi.org/10.33265/polar.v38.3355

12. Bueno C, Kandratavicius N, Venturini N, et al (2018) An Evaluation of Trace Metal Concentration in Terrestrial and Aquatic Environments near Artigas
Antarctic Scienti�c Base (King George Island, Maritime Antarctica). Water Air Soil Pollut 229:1–11. https://doi.org/10.1007/s11270-018-4045-1

13. Burger J, Gochfeld M (2004) Marine birds as sentinels of environmental pollution. Ecohealth 1:825–33. https://doi.org/10.1007/s10393-004-0096-4

14. Castro MF, Meier M, Neves JCL, et al (2022) In�uence of different seabird species on trace metals content in Antarctic soils. An Acad Bras Cienc 94:1–16.
https://doi.org/10.1590/0001-3765202220210623

15. Castro MF, Neves JCL, Francelino MR, et al (2021) Seabirds enrich Antarctic soil with trace metals in organic fractions. Sci Total Environ 785:.
https://doi.org/10.1016/j.scitotenv.2021.147271

1�. Cipro CVZ, Bustamante P, Petry M V., Montone RC (2018) Seabird colonies as relevant sources of pollutants in Antarctic ecosystems: Part 1 - Trace
elements. Chemosphere 204:535–547. https://doi.org/10.1016/j.chemosphere.2018.02.048

17. Espejo W, Celis JE, Sandoval M, et al (2017) The Impact of Penguins on the Content of Trace Elements and Nutrients in Coastal Soils of North Western
Chile and the Antarctic Peninsula Area. Water Air Soil Pollut 228:. https://doi.org/10.1007/s11270-017-3303-y

1�. Hazen EL, Abrahms B, Brodie S, et al (2019) Marine top predators as climate and ecosystem sentinels. Front Ecol Environ 17:565–574.
https://doi.org/10.1002/fee.2125

19. Liu X, Nie Y, Sun L, Emslie SD (2013) Eco-environmental implications of elemental and carbon isotope distributions in ornithogenic sediments from the
ross sea region, Antarctica. Geochim Cosmochim Acta 117:99–114. https://doi.org/10.1016/j.gca.2013.04.013

20. Michel RFM, Schaefer CEGR, Dias LE, et al (2006) Ornithogenic Gelisols (Cryosols) from Maritime Antarctica. Soil Sci Soc Am J 70:1370–1376.
https://doi.org/10.2136/sssaj2005.0178

21. Nie Y, Liu X, Emslie SD (2014) Distribution and sources of rare earth elements in ornithogenic sediments from the Ross Sea region, Antarctica. Microchem
J 114:247–260. https://doi.org/10.1016/j.microc.2014.01.010

22. Pacyna AD, Frankowski M, Kozioł K, et al (2019) Evaluation of the use of reindeer droppings for monitoring essential and non-essential elements in the
polar terrestrial environment. Sci Total Environ 658:1209–1218. https://doi.org/10.1016/j.scitotenv.2018.12.232

23. Potapowicz J, Szumińska D, Szopińska M, Polkowska Ż (2019) The in�uence of global climate change on the environmental fate of anthropogenic
pollution released from the permafrost: Part I. Case study of Antarctica. Sci Total Environ 651:1534–1548.
https://doi.org/10.1016/j.scitotenv.2018.09.168

24. Ramos R, González-Solís J (2012) Trace me if you can: The use of intrinsic biogeochemical markers in marine top predators. Front Ecol Environ 10:258–
266. https://doi.org/10.1890/110140



Page 7/9

25. Salwicka K, Sierakowski K (1998) Seasonal numbers of �ve species of seals in Admiralty Bay (South Shetland Islands, Antarctica). Polish Polar Res
19:235–247

2�. Santamans AC, Boluda R, Picazo A, et al (2017) Soil features in rookeries of Antarctic penguins reveal sea to land biotransport of chemical pollutants.
PLoS One 12:1–26. https://doi.org/10.1371/journal.pone.0181901

27. Santos IR, Silva-Filho E V., Schaefer CEGRGR, et al (2005) Heavy metal contamination in coastal sediments and soils near the Brazilian Antarctic Station,
King George Island. Mar Pollut Bull 50:185–94. https://doi.org/10.1016/j.marpolbul.2004.10.009

2�. Schmale J, Schneider J, Nemitz E, et al (2013) Sub-Antarctic marine aerosol: Dominant contributions from biogenic sources. Atmos Chem Phys 13:8669–
8694. https://doi.org/10.5194/acp-13-8669-2013

29. Shirihai H (2008) The Complete Guide to Antarctic Wildlife: Birds and Marine Mammals of the Antarctic Continent and the Southern Ocean, 2nd edn.
Princeton University Press, Princeton, New Jersey

30. Sparaventi E, Rodríguez-Romero A, Barbosa A, et al (2021) Trace elements in Antarctic penguins and the potential role of guano as source of recycled
metals in the Southern Ocean. Chemosphere 285:. https://doi.org/10.1016/j.chemosphere.2021.131423

31. Tapia J, Molina-Montenegro M, Sandoval C, et al (2021) Human activity in antarctica: Effects on metallic trace elements (mtes) in plants and soils. Plants
10:1–17. https://doi.org/10.3390/plants10122593

32. Yin X, Xia L, Sun L, et al (2008) Animal excrement: A potential biomonitor of heavy metal contamination in the marine environment. Sci Total Environ
399:179–185. https://doi.org/10.1016/j.scitotenv.2008.03.005

33. Zwolicki A, Barcikowski M, Barcikowski A, et al (2015) Seabird colony effects on soil properties and vegetation zonation patterns on King George Island,
Maritime Antarctic. Polar Biol 38:1645–1655. https://doi.org/10.1007/s00300-015-1730-z

Figures

Figure 1

Study area. A) Antarctic continent with the northern Antarctic Peninsula shown in the circle; B) Antarctic Peninsula with South Shetland Islands and King
George Island shown in the circle; C) King George Island. Sample collection points in Admiralty Bay at 1) Llano Point, 2) Thomas Point, 3) Crepin Point, 4)
Keller Peninsula and 5) Shag Island
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Figure 2

Areas not in�uenced and under the in�uence of marine vertebrates: a) non-in�uenced area; breeding colonies of b) brown skua; c) southern giant petrel; d)
imperial shag; e) chinstrap penguin; f) southern elephant seal

Figure 3
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Mean element concentrations (mg.kg-1) with standard deviation of marine vertebrate-in�uenced and non-in�uenced soils sampled in Admiralty Bay, King
George Island, South Shetland Islands.

Figure 4

Relationships between trace element concentrations and soil organic matter (SOM) content in marine vertebrate-in�uenced and non-in�uenced soils from
Admiralty Bay, King George Island, South Shetland Islands.


