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-Introduction

As presented in part 1 of our work (Cipro et al., 2018a), "global distillation", the mechanism by which contaminants volatilise in warmer locations with subsequent atmospheric long-range transport and condensation in colder regions is majorly held responsible as the main, or even the only pollutant input process in Polar environments, whilst the biologically mediated transport is frequently not taken into account [START_REF] Blais | Arctic Seabirds Transport Marine-Derived Contaminants[END_REF][START_REF] Blais | Biologically Mediated Transport of Contaminants to Aquatic Systems Critical Review Biologically Mediated Transport of Contaminants to[END_REF]. However, literature presents evidences suggesting the role of seabird colonies as relevant secondary sources at the local or regional level for both organic and inorganic contaminants (Cipro et al., 2018a[START_REF] Cipro | Organic pollutants and their correlation with stable isotopes in vegetation from King George Island, Antarctica[END_REF][START_REF] Roosens | Penguin colonies as secondary sources of contamination with persistent organic pollutants[END_REF]. The particular fact that several species of seabirds assemble in colonies containing a large number of individuals (penguins, for instance, may form colonies of hundreds of thousands of individuals, e.g., [START_REF] Ballance | An energetic correlate between colony size and foraging effort in seabirds, an example of the adélie penguin pygoscelis adeliae[END_REF] excreting on land, notably during the reproductive season, results in a substantial input regarding the terrestrial ecosystems in and around such colonies. This input from seabird colonies added to the organic matter deriving from eggs [START_REF] Brasso | Penguin eggshell membranes reflect homogeneity of mercury in the marine food web surrounding the Antarctic Peninsula[END_REF], bird tissues and prey present in these structures [START_REF] Emslie | Ornithogenic soils and the paleoecology of pygoscelid penguins in antarctica[END_REF] represent the major source of nutrients for Antarctic terrestrial ecosystems [START_REF] Smykla | Zonation of Vegetation Related to Penguin Rookeries on King George Island , Maritime Antarctic[END_REF]. This is verified for both extant and abandoned colonies [START_REF] Liu | δ13C and δ15N in the ornithogenic sediments from the Antarctic maritime as palaeoecological proxies during the past 2000 yr[END_REF][START_REF] Outridge | Seabird transfer of nutrients and trace elements from the north water polynya to land during the midholocene warm period, carey islands, northwest Greenland[END_REF][START_REF] Tatur | Formation of abandoned penguin rookery ecosystems in the maritime Antarctic[END_REF]. The availability of the nutrients resulting from this input induces a pattern of green algae/cyanobacteria, Antarctic hair-grass, mosses and lichens, in this order, as the distance to the colony increases [START_REF] Smykla | Zonation of Vegetation Related to Penguin Rookeries on King George Island , Maritime Antarctic[END_REF]. In this regard, water availability also plays an important role considering the differences in water dependency from these organisms but also seasonal melting and runoff water are known to have a key influence in marine primary production [START_REF] Anderson | Nutrient fluxes from water to land: seabirds affect plant nutrient status on Gulf of California islands[END_REF] and in carrying organic contaminants (Cipro et al., 2017b) to be absorbed by marine life (Cipro et al., 2018b). This introduction of nutrients brings contaminants along, not only by a direct influence of the excretion [START_REF] Rudolph | Persistent organic pollutants and porphyrins biomarkers in penguin faeces from Kopaitic Island and Antarctic Peninsula[END_REF], but also through cycles of resuspension and redeposition, for instance.

The suitability of the matrixes for this objective (the assessment of seabird colonies as secondary contaminants sources) is largely confirmed by literature (e.g. [START_REF] Borghini | Organochlorine pollutants in soils and mosses from Victoria Land (Antarctica)[END_REF][START_REF] Cocks | On the uptake of ornithogenic products by plants on the inland mountains of Dronning Maud Land, Antarctica, using stable isotopes[END_REF][START_REF] Negoita | Distribution of polychlorinated biphenyls (PCBs) and organochlorine pesticides in soils from the East Antarctic coast[END_REF][START_REF] Tarcau | Organochlorine pesticides in soil, moss and tree-bark from North-Eastern Romania[END_REF]. However, differently from the trace elements presented in the first part of the present study (Cipro et al. 2018a), the Persistent Organic Pollutants (POPs) analysed in this second part do not present natural environmental sources, but only anthropic ones. Due to their physico-chemical properties (mainly stability, lipophilicity and vapour pressure), POPs 1) are transported through long distances through the atmospheric pathway; 2) undergo an increase of their concentrations during the lives of the organisms (i.e. bioaccumulation process) and also according to their trophic position (i.e. biomagnification process). The cold conditions of Antarctic environments favour the persistency of these compounds with respect to temperate and tropic environments, particularly because of the seasonal storage and consumption of lipids in these environments [START_REF] Cipro | Persistent organic pollutants in bird, fish and invertebrate samples from King George Island, Antarctica[END_REF][START_REF] Loganathan | Time perspectives of organochlorine contamination in the global environment[END_REF].

Taking all the previous considerations into account, in an analogous manner to the first part of the study, the work had as an aim, to assess seabird colonies as secondary sources of selected POPs using both soil and vegetation as indicators in several Antarctic terrestrial ecosystems considering geographical variation, distance to the colonies and the use of different seabird species with different feeding ecology strategies.

-Material and methods

-Sampling

Since this is a two parts study, the present work was performed with the same samples used in the first one (Cipro et al., 2018a). Samples of lichen (n=55), mosses (n=58) and soils (n=37), were collected in 13 locations within the South Shetlands Archipelago in the austral summers of 2013-14 and 2014-15 during cruises of the Brazilian Antarctic Programme and divided in two types: "colony" (within the colony itself for soil and within the colony or bordering such colony for vegetation) and "control" (at least 150m away from the respectively closest colony. Lichens and soil were collected in higher elevations than the colony, whereas mosses, due to their water-dependency, were collected in lower sites. All samples for POP analyses were collected with steel gear (spoons and tweezers) previously rinsed with n-hexane.

All samples for stable isotope analysis (SIA) were collected with plastic gear (spoons and tweezers) firstly rinsed in an acid bath (35 mL L -1 nitric acid, 50 mL L -1 hydrochloric acid), then further rinsed with Milli-Q water. Soil samples were dug no deeper than 5cm. They were chosen at the field mainly by their availability, avoiding fresh faeces, which could mask the results for the formed ornithogenic soil. Samples were collected in triplicates whenever possible.

In some cases, samples were collected in more than one spot in each area of interest, which was described by the "main location" and "specific location" labels. Thus, the comparison between control and colony sites was made within the same specific location, when available, otherwise the closest control sample within the same main location was adopted.

Once collected, samples for POPs analyses were stored in previously combusted aluminium foil and samples for SIA were stored in hermetically sealed plastic bags. They were frozen aboard (-20°C) and kept frozen until arrival at the Marine Organic Chemistry Laboratory (LabQOM, University of São Paulo/Brazil), where all POPs analyses were performed and, also, where the SIA samples underwent lyophilisation. Vegetation species were identified by Prof.

Jair Putzke (Universidade Federal do Pampa, São Gabriel, Brazil). SIA samples were then sent to the University of La Rochelle, France, where they were ground to a fine powder in a ceramic mortar before analyses. Soil samples were sifted (1mm mesh) after freeze-drying in order to remove larger rock fragments and debris. Soil samples were not ground in any part of the process whatsoever in order to assure that only the granulometry of choice underwent analyses.

-Analyses

Analyses for POPs were performed for three classes of contaminants: polychlorinated biphenyls (PCBs), organochlorine pesticides (OCPs) and polybrominated diphenyl ethers (PBDEs).

Sample extraction followed a previously described method [START_REF] Cipro | Persistent organic pollutants in bird, fish and invertebrate samples from King George Island, Antarctica[END_REF], which resulted from an adaptation from literature [START_REF] Loganathan | Time perspectives of organochlorine contamination in the global environment[END_REF]. Briefly, wet samples (10g for vegetation and colony soil, 20g for control soil) were manually ground with anhydrous Na2SO4 and surrogate (PCB 103) was added before extraction in a Soxhlet apparatus for 8 hours with 80ml of n-hexane and methylene chloride (1:1, v/v). During the extraction, metallic copper was added to the flasks in order to retain sulphur. The extract was then concentrated to 1ml and cleaned up in a column filled (from top to bottom) with 16g alumina and 8g silica gel (both 5% deactivated with water). A second rotoevaporation (up to 900 l) followed and finally, internal standard (100ng of TCMX, used to estimate surrogate recovery) was added to the purified extract prior to injection in the gas chromatograph. The same extract is used for all POPs analyses.

PCBs and PBDEs analyses were performed in an Agilent 6890 Plus attached to the MS 5973N Mass Selective Detector (GC/MS) in SIM (selective ion monitoring) mode, with a HP-5MS column (30mx250 mx0.25 m, internally coated with 5% phenyl-95% dimethylpolysiloxane). Helium was used as carrier gas at a constant flow (1.1 mL min -1 ).

Injection volume was 1 L in splitless mode. Injector, interface and ion source operated at 280°C, 280°C and 300°C respectively. The oven ramp was programmed as follows: 75°C for 3 minutes, then rising at 15°C min -1 up to 150°C, then rising at 2°C min -1 up to 260°C, then rising at 20°C min -1 up to 300°C and remaining as so for 10 minutes for a total run time of 75 minutes.

The analysed PCBs congeners were the IUPAC # 8,18,28,31,33,44,49,52,56/60,66,70,74,77,81,87,95,97,101,105,114,118,123,126,128,132,138,141,149,153,156,157,158,167,169,170,174,177,180,183,187,189,194,195,201,203,206 and 209. In turn, the analysed PBDEs congeners were the IUPAC# 28, 47, 99, 100, 153, 154 and183. OCPs analyses were run in a gas chromatograph equipped with an electron capture detector (GC-ECD, Agilent Technologies, model 6890N). Hydrogen was used as carrier gas at a constant pressure (13.0 psi). The injector operated in splitless mode and was kept at 300°C.

The capillary column used was the same HP-5MS. The detector operated at 320°C using N 2 as makeup gas at a flow rate of 60mL min -1 . The oven was programmed as follows: starting at 60°C, then rising at 5°C min -1 up to 150°C, remaining as so for 6 minutes, then rising at 1°C min -1 up to 200°C, then rising at 18°C min -1 up to 300°C remaining as so until a final run time of 90 minutes. The compounds analysed were the HCB (hexachlorobenzene), DDTs (Dichlorodiphenyltrichloroethane DDT, Dichlorodiphenyldichloroethylene DDE and Dichlorodiphenyldichloroethane DDD in op' and pp' configurations), HCHs (Hexachlorocyclohexane in α, β, γ, and δ isomers), chlordanes (αand γ-chlordane, oxichlordane, heptachlor, and heptachlor epoxide), mirex, metoxychlor, endosulfan and drins (aldrin, dieldrin, isodrin and endrin). OCPs quantifications were performed in GC-ECD only after confirmation in GC/MS, which decreased the number of detected compounds, as further discussed.

Method detection limits (MDLs) were calculated as being three times the standard deviation after seven blank replicates. Spiked matrices were recovered within the acceptance ranges (i.e. 40-130% for at least 80% of the spiked analytes) suggested by QA/QC standards [START_REF] Wade | Use of standards and reference materials in the measurement of chlorinated hydrocarbon residues[END_REF]. Method validation was performed using NIST SRM 1945. Blanks were included in every analytical batch (usually 10-12 samples) and all data were blanksubtracted. Average surrogate recovery was 93.27%.

SIA was performed as described in the first part of this work (Cipro et al., 2018a), with the same restrictions, especially the decarbonation of soil samples. Due to the negligible lipid content and influence in the results verified during previous studies (Cipro et al., 2017a[START_REF] Cipro | Organic pollutants and their correlation with stable isotopes in vegetation from King George Island, Antarctica[END_REF], samples have not undergone delipidation. Soil samples, however, have undergone a decarbonation procedure to avoid the interference of carbonates, which are depleted in 13 C and could represent a bias in data interpretation. The decarbonation was as follows: up to 100mg of ground sample were put in a glass vial, 1mL of HCl 0.1N were added and the vial was placed in a microwave bath, observing bubble formation as an indicator of carbonates digestion. After one minute, 100µl of the same acid was added to verify that no more bubble formation was shown. If that was the case, this first step was repeated many times as needed. Next, the vials were put in a 60°C dry bath (Techne) coupled to an evaporation system consisting of tubes gently blowing filtered analytical quality compressed air into the vials overnight in order to evaporate the liquid acidic phase. The following day, samples were recovered with 1mL of Milli-Q water, homogenised in a microwave bath for 1 minute, frozen and finally lyophilised.

SIA themselves were performed as follows: an aliquot of ground prepared sample (0.8 up to 1.5 mg for vegetation, 1.5 to 8 mg for colony soil, 8 to 16 mg for control soil) was encapsulated in tin cups and injected in a Thermo Scientific Delta V AdvantageConFlo IV interface (NoBlank and SmartEA) coupled to a Thermo ScientificFlash EA1112 Elemental Analyser. Pee Dee Belemnite and atmospheric nitrogen were used as standards for calculation of δ 13 C and δ 15 N, respectively. Based on replicate measurements of internal laboratory standards, experimental precision is of ±0.15‰ and ±0.20‰ for δ 13 C and δ 15 N, respectively.

-Statistics

Statistics were performed using Microsoft Excel, Minitab 18 and Statsoft Statistica 10 and 13. Before analyses, data were checked for normality of distribution and homogeneity of variances using Shapiro-Wilk and Brown-Forsythe tests, respectively. Statistically significant results are set at =0.05 unless stated otherwise. Differences of colony and control datasets were assessed by means of t-tests and Pearson/Spearman correlations are chosen due to their linear/monotonic nature and not necessarily to parametric/non-parametric analyses.

Normal distribution and log-link function generalized linear models (GLM) were built as follows: POPs concentrations as the dependent variable; matrix, main location, specific location, colony species and matrix species as categorical factors; δ 13 C, δ 15 N, %C and %N as continuous predictors. Biologically relevant models were constructed incorporating the different variables and their interactions taking the care of removing continuous variables that were significantly correlated before model building in each dataset and its subsets as well.

Model selection was based on Akaïke's Information Criteria adjusted for small sample sizes (AICc). The model with the lowest AICc value was considered to be the most accurate. Models with AICc values differing by less than 2 have a similar level of support in the data, and the model including the least number of parameters can be regarded as the most accurate, according to the principle of parsimony [START_REF] Burnham | Model Selection and Multimodel Inference[END_REF]. Overall model support was assessed using Akaike weights (wi), following [START_REF] Johnson | Model selection in ecology and evolution[END_REF]. Residual (R 2 adj)

analyses should be restricted to description and not be used in model selection [START_REF] Burnham | Model Selection and Multimodel Inference[END_REF]. Only models with AICc values differing by less than 10 are presented.

-Results and discussion

The most present compounds in both vegetation and soil samples were HCB and PCBs. Nevertheless, the full dataset is present as supplementary material (Table S1).

Regarding the concentrations presented in Table 1, some patterns appear. In a general way, for control samples, lichens and mosses presented similar PCBs concentrations and both were one order of magnitude above those found in control soil. Considering colony samples, the pattern is somewhat similar: lichens presenting concentrations slightly higher than mosses and both one order of magnitude higher than soil in average again. Therefore, the main difference in PCBs distribution between colony and control samples would be a relative increase in lichens concentration in colony samples, meaning that, proportionally, most of the input derived from the colony ends up absorbed by this matrix, possibly by volatilisation and/or resuspension. HCB, in turn, presented mean concentrations in control samples in mosses around 50% higher than those found in lichens; which in turn presented values that were double those found in soil, all of them within the same order of magnitude. In colony samples, however, HCB presented overall concentrations in soil samples one order of magnitude above those found in mosses (with the exception of P. papua from Hannah Point likely due to some local effect such as water percolation); and mosses, on the other hand, presented concentrations one order of magnitude higher than lichens. This leads to the conclusion that firstly, HCB is proportionally more excreted than PCBs. Moreover, HCB dominated seabird profiles are reported by literature [START_REF] Carravieri | Wandering Albatrosses Document Latitudinal Variations in the Transfer of Persistent Organic Pollutants and Mercury to Southern Ocean Predators[END_REF] and, in this regard, similar data from chicks [START_REF] Carravieri | From Antarctica to the subtropics: Contrasted geographical concentrations of selenium, mercury, and persistent organic pollutants in skua chicks (Catharacta spp.)[END_REF] evidentiate this phenomenon since most of their POPs burden comes from what is not accumulated by the mother. In addition to that, several previous works demonstrate proportionally lighter profiles in excreta [START_REF] Roosens | Penguin colonies as secondary sources of contamination with persistent organic pollutants[END_REF][START_REF] Rudolph | Persistent organic pollutants and porphyrins biomarkers in penguin faeces from Kopaitic Island and Antarctic Peninsula[END_REF]. Another consideration is yet to be made: the very high levels found in the P. atriceps soil colony samples is likely due to the fact that they form dense colonies in high and dry spots, so very little water percolation occurs when compared to penguin colonies for instance.

Secondly, volatilisation and/or resuspension play a proportionally lesser role in this case when compared to PCBs, likely due to a higher water solubility (therefore a lower Kow of HCB than most PCBs) of the former regarding the latter and also due to a higher water dependency of mosses compared to lichens (see [START_REF] Cipro | Organic pollutants and their correlation with stable isotopes in vegetation from King George Island, Antarctica[END_REF]. This interpretation, however, hangs on the lack of data concerning the absorption mechanism of POPs in mosses. Simple diffusion can explain our results, but there is probably some non-linearity in the absorption process. The results for the even more water soluble HCHs could enlighten this issue, but unfortunately they have remained under the method detection level.

In order to go deeper in the understanding of POPs occurrence and dynamics, correlation analyses and PCA have been performed. Spearman correlation results are presented in Table 2, whereas PCA is presented as supplementary material (Fig. S1).

Lichen in control sites presented two significant correlations for POPs. Firstly, a positive one of PCBs and %N, meaning that a common source is possibly shared, likely atmospheric deposition from long range transport [START_REF] Montone | PCBs and chlorinated pesticides (DDTs, HCHs and HCB) in the atmosphere of the southwest Atlantic and Antarctic oceans[END_REF][START_REF] Montone | PCBs in the atmosphere of King George Island, Antarctica[END_REF], even if the role of colonies as sources via resuspension/volatilisation cannot be discarded at this point. A negative correlation for HCB and %C was also found for this subgroup, leading to two possible, nonmutually excluding hypotheses: the range of the resuspended/volatilised HCB from sources is greater than that of organic carbon and also that some organic matter decomposition process might play a role as hypothesized in the previous work (Cipro et al., 2018a). This would mean that HCB might be liberated in the atmosphere but the organic carbon might be trapped by some previous step of its biogeochemical cycle. Lichen in colony sites, however, presented several significant correlations. PCBs correlated positively with %C and negatively with δ 15 N whereas HCB presented the same ones and also a negative correlation with %N. The first two ones can be explained by the decomposition of the animal derived organic matter. The kinetic fractionations during the decomposition of deposited urea and uric acid lead to the formation of starkly 15 N-depleted highly volatile ammonia whereas the remaining ammonium, much less volatile, is conversely 15 N-enriched [START_REF] Heaton | Isotopic studies of nitrogen pollution in the hydrosphere and atmosphere: a review[END_REF]. Therefore it results that vegetation around the excrement zone are more exposed to 15 N-enriched inorganic nitrogen whereas upland sites are more exposed to 15 N-depleted nitrogen (Cipro et al., 2018a[START_REF] Cipro | Organic pollutants and their correlation with stable isotopes in vegetation from King George Island, Antarctica[END_REF], as indicated by the results found. Moreover, and as a consequence of the previous statement, animal-derived nitrogen uptake is associated with large δ 15 N ranges, with typical values ranging between 6 and 26‰ (e.g. [START_REF] Cipro | Organic pollutants and their correlation with stable isotopes in vegetation from King George Island, Antarctica[END_REF][START_REF] Cocks | On the uptake of ornithogenic products by plants on the inland mountains of Dronning Maud Land, Antarctica, using stable isotopes[END_REF][START_REF] Erskine | Subantarctic Macquarie Island -a model ecosystem for studying animal-derived nitrogen sources using 15 N natural abundance[END_REF][START_REF] Mizutani | Nitrogen and carbon isotope ratios in seabird rookeries and their ecological implications[END_REF]. The negative correlation between HCB and %N is likely explained in an analogous manner to the previous negative correlation between this contaminant and %C in control sites, i.e. the contaminant might be released to the atmosphere but this time, we hypothesise that the nitrogen might be trapped by some previous step of its biogeochemical cycle. Some of these same patterns were found for SIA and trace elements, particularly the more volatile Hg in the previous study (Cipro et al., 2018a).

Moss in control sites presented no significant correlation for any of the contaminants.

In colony sites, however, a negative correlation between PCBs and %N and a positive one between HCB and δ 13 C were detected. The first one, besides the previously discussed occurrence in lichens, was also found in several of the trace elements (Co, Fe, Mn, Ni, Pb, and V) analysed in the first part of the study (Cipro et al., 2018a). Some of these, particularly Mn and Pb, have already been reported with comparatively higher concentrations in Gentoo penguins (Pygoscelis papua) faeces [START_REF] Celis | Trace Element Concentrations in Biotic Matrices of Gentoo Penguins (Pygoscelis Papua) and Coastal Soils from Different Locations of the Antarctic Peninsula[END_REF] and, therefore, might confirm the role of colonies as secondary sources for PCBs in an analogous manner. The correlation between HCB and δ 13 C is at a first glance, somewhat contrary to the previous literature that suggests lower δ 13 C values are related to moister habitats and marine influence [START_REF] Cipro | Organic pollutants and their correlation with stable isotopes in vegetation from King George Island, Antarctica[END_REF][START_REF] Huiskes | Stable isotope ratios as a tool for assessing changes in carbon and nutrient sources in Antarctic terrestrial ecosystems[END_REF][START_REF] Lee | Carbon and nitrogen isotope composition of vegetation on King George Island, maritime Antarctic[END_REF], since mosses are more water dependant than lichens, negative correlations were to be expected. However, this intra-group correlation means that the samples in dryer locations are more exposed to HCB, which is consistent with its comparatively higher volatility.

Soil presented no significant correlations for any of the contaminants in the present study neither for control nor for colony sites.

PCA results (Fig S1, supplementary material) reinforce the previously discussed correlations on the subsets of samples. Nevertheless, when the broader data is taken into account two interesting trends show up: the pattern for all lichen samples taken together resembles closely that for its control sites, whereas the pattern for all moss samples taken together resembles even more closely that for its colony sites. This likely means that the mechanisms for POPs exposure in control sites are more representative for the entirety of the lichens, i.e., long-range atmospheric transport is probably the major force in this case. Mosses, on the other hand, that presented patterns for the whole dataset even closer to the ones regarding colony samples, allow an analogous interpretation: the input via water from colony percolation, as hypothesised in previous works (Cipro et al., 2018b[START_REF] Cipro | Organic pollutants and their correlation with stable isotopes in vegetation from King George Island, Antarctica[END_REF] would be the more relevant specific exposure phenomenon. This similarity does not occur for soil samples, likely meaning that specific mechanisms at the local scale regulate each one of the situations.

-PCBs chlorination level

The average relative chlorination number of the PBCs found in the matrixes is shown in Figure 1.

In all cases, the profile from the control sites was lighter than the one from colony sites, meaning that lower molecular weight congeners are more subject to undergo a transport process via resuspension/volatilisation. Yet, the results show congeners with 5 and 4 chlorine substitutions as the most frequent, in this order, except for lichen from control sites, when this order was inverted; These results reinforce the hypothesis that the exposure to PCBs only occur through atmospheric deposition due to the lack of a true root system to absorb compounds from the substratum [START_REF] Liu | Response of stable carbon isotope in epilithic mosses to atmospheric nitrogen deposition[END_REF].

Moreover, the comparison with the data from King George Island only, in a study in which the samples were collected further away from any interference of seabird colonies [START_REF] Cipro | Organic pollutants and their correlation with stable isotopes in vegetation from King George Island, Antarctica[END_REF], shows PCBs profiles in vegetation even lighter than the ones from the present study, reinforcing the fact that heavier congeners are less mobile regarding both primary (see von [START_REF] Von Waldow | Quantifying remoteness from emission sources of persistent organic pollutants on a global scale[END_REF] and secondary sources: as one moves away from colonies, the profiles become proportionally lighter due to a lesser input of heavier congeners and also from a higher input of lighter ones. Because heavier congeners are more environmentally persistent [START_REF] Fuoco | Polychlorobiphenyls in Antarctic matrices[END_REF], this has also to be taken into account when considering this proportionally heavier profiles from colonies. The overall profiles for both vegetation subgroups come in close agreement with previous literature, particularly for snow samples (Cipro et al., 2017b), subject to a much similar input mechanism from the atmosphere.

Soil samples, however, concentrated roughly 90% of their congeners in tetra and penta chlorinated congeners, with the latter representing around 75%. This distribution is corroborated by literature [START_REF] Roosens | Penguin colonies as secondary sources of contamination with persistent organic pollutants[END_REF] where pentachlorinated congeners also prevailed. This distribution is due to the fact that most of the more persistent PCBs sit in the interval from 4 to 6 chlorine substitutions. As the authors state, the profiles were dominated by comparatively heavier congeners indicating penguins as the main source rather than long range atmospheric deposition, in which case a lighter profile would be expected .

-Factors influencing PCBs and HCB concentrations

In order to evaluate the relative importance of the categorical variables (main location, specific location, colony species and matrix species), GLM models were built and model selection was based upon AICc as previously explained. Results are presented in Table 3.

No model building was possible for the soil colony subgroup neither for PCBs nor for HCB due to the number of samples under the method detection limit paired with the other variables being taken into account.

The results come partially in agreement with the first part of the study. In a general way, models with less factors were more present among the most accurate in the present study, with models presenting only one factor being the most accurate in almost half of the cases. Specific

Location and %C were the most present factor in the chosen models, whereas for trace elements Specific Location and Matrix Species seem to play a more important role. This means that for POPs, due to the comparatively higher tendency to volatilise/resuspend in regard to trace elements, the organic matter concentration, Matrix Species seem to have a less important role than the sheer quantity of organic matter, except for lichens. This also comes in agreement with previous works suggesting that a migration into the liquid phase is likely to precede the absorption of POPs by more water-dependent organisms (Cipro et al., 2018b[START_REF] Cipro | Organic pollutants and their correlation with stable isotopes in vegetation from King George Island, Antarctica[END_REF] when compared to lichens that will not interact with the substratum and absorb contaminants directly from the atmosphere [START_REF] Yogui | Polybrominated diphenyl ether flame retardants in lichens and mosses from King George Island, maritime Antarctica[END_REF].

-Control sites versus colony sites

Firstly, Tukey HSD/ANOVA tests were performed in order to understand whether some control sites with apparently abnormal concentrations were really not grouped with their counterparts, confirming some hypothesised local sources other than the colonies. Even with apparent huge disparities among the data subsets, the only case when the homogenous groups after the post-hoc test indicated a separation was for PCBs in lichens from Deception Island.

Indeed, this site presented the highest concentrations for PCBs from control sites in both lichen and mosses, but was the least contaminated control soil dataset. This pattern, however, is not repeated for HCB. These results for vegetation are much higher than those found in previous literature [START_REF] Cabrerizo | Influence of organic matter content and human activities on the occurrence of organic pollutants in antarctic soils, lichens, grass, and mosses[END_REF], which presented levels of PCBs in locations closer to ancient stations (such as our location) higher than those found in the vicinity of more recent ones. This means that ancient contamination and eventual spillages might have not yet been completely revolatilised in a homogenous manner as the authors hypothesise [START_REF] Cabrerizo | Influence of organic matter content and human activities on the occurrence of organic pollutants in antarctic soils, lichens, grass, and mosses[END_REF], at least not in our area of sampling within Deception Island, different from theirs. In other words, if a seabird colony can act as a relevant secondary source, an abandoned station also can. Yet, we hereby hypothesise another factor, which is the local volcanic activity via fumaroles, increasing the temperature in some zones, favouring the revolatilisation of PCBs and thus, the exposure of vegetation to them.

Following, the results for the t-tests of colony sites compared to the closest control site are presented in Table 4.

Lichens presented significant differences in POPs concentrations between control and colony sites in two occasions: for PCBs from a chinstrap penguin Pygoscelis antarcticus colony from Half Moon Island and for HCB from an Antarctic tern Sterna vittata colony from Penguin Island. In both cases there has been also a significant difference in the organic matter content, corroborating the statement that the role of nutrient source is not separated from the role of contaminants source.

Mosses, on the other hand, did not present any significant difference in POPs concentrations. Despite some huge differences found, they were not statistically significant likely due to the relatively high standard deviation in these cases. Moreover, in some cases the control sites did not overcome the method detection limits and the proper comparison was not possible.

Soil samples, however, presented significant differences in one occasion: Adélie penguin Pygoscelis adeliae colony samples from Turret Point, King George Island, in similar conditions to the ones previously discussed for lichens: significant differences in organic matter content and also SIA indicating that the nutrient and contaminants sources are indeed the same one. Again, the same issues are repeated: some samples presented elevated standard deviations suggesting higher levels than the control sites, but not in a statistically significant manner.

Comparing the matrixes among them and also with the first part of the study (Cipro et al., 2018a), some trends seem clear. Firstly, the accumulation of contaminants is correlated to the contents of organic matter and SIA results, but in different ways. In lichens, %N seems to be the common factor for the most contaminated samples, whereas in mosses the response is somewhat mixed but δ 13 C seems to correlate in the cases when differences from control to colony sites were the highest for both POPs and trace elements. Soil, in turn, presented %C clearly as the common factor for the highest differences in both studies. However, the interpretation for these specific cases is rather limited and has to be taken with caution. However, it is not possible to affirm that because one proxy correlates to a significant difference, then a high level for such proxy will imply a significant difference in POPs levels between control and colony sites.

All of that considered, a broader, more robust approach for interpreting both POPs and trace elements datasets is clearly given by AICc.

-Conclusions

Seabird colonies act as secondary sources of PCBs and likely of HCB as well. The role of colonies as secondary HCB source is not demonstrated as clear as for PCBs, particularly for lichens, likely due to two reasons. Given the comparatively higher HCB volatility, the 150m distance adopted in order to qualify a site as control might not be fully adequate for this analysis and could be reviewed in the future. The second reason is that some control sites have again presented somewhat high concentrations likely due to local sources other than the colonies themselves. For the other matrixes, especially soil, the role of such colonies as relevant secondary seems clearly demonstrated. Soil seemed the most adequate matrix to study this phenomenon and further more detailed research is needed on the vegetation due to specific uptake mechanisms that could not be deeply taken into account, particularly for lichens. Finally, future studies on population parameters and dynamics could clarify some of the interspecific differences found. 

Table 1 .

 1 Mean ± standard deviation results for POPs concentrations in (ng g -1 ww), SIA (‰) and C and N content (%) separated by location, colony species and matrix species. Colony species marked with an * indicate very sparse colonies.

Figure 1 .

 1 Figure 1. Relative average PCBs chlorination number in the sampled matrixes.

  

  

  

  

  

  

  None of the PBDEs nor HCHs has overcome the MDL in none of the samples. Due to a methodology modification regarding a previous work (direct GC-ECD quantification in[START_REF] Cipro | Organic pollutants and their correlation with stable isotopes in vegetation from King George Island, Antarctica[END_REF] versus ECD quantification after GC-MS confirmation in the present study), the remaining POPs could be detected and quantified in only a small fraction of the samples and unfortunately do not allow further discussion: chlordanes were present in detectable amounts in only 5 samples, DDTs in 4, Drins in 4 and mirex in 5 from a total of 150 samples. Therefore, Table1presents the data for HCB, PCBs, SIA and centesimal composition for C and N.
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Table 2. Significant Spearman correlations among the studied variables.

Table 3 Parameters composition and relative weights (wi) for the most accurate model for each of the subsets according to AICc.