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Propositions

1. Ecotoxicological risks of persistent organic pollutants for the Antarctic marine benthic
ecosystems are limited.
(this thesis)

2. Seasonality is an essential factor when establishing long-term temporal trends of
concentrations of Persistent Organic Pollutants in the Antarctic ecosystems.
(this thesis)
3. Environmental omics must be an integral part of education in environmental sciences.
4. In-silico models should be built based on empirical knowledge and not compete with it.

5. Neither panic nor ignorance, but awareness will help fighting COVID-19.

6. Higher taxing of airplane fuel is essential for controlling climate change.

Propositions belonging to the thesis, entitled

“Quantification and modelling of Fluxes of persistent organic pollutants
(POPs) to Antarctic marine benthic organisms (FluxPOPs)”.

Artem Krasnobaev
Wageningen, 12 March 2020
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Chapter 1

GENERAL INTRODUCTION

Antarctica is the coldest, the driest and the most remote place on the planet. Having been
separated from other landmasses for more than 30 million years', it was discovered by
humans only in the 18" century®. Antarctica boasts no state-like entities, no permanent
settlements and the first human birth there happened only in 19782 The total population
of Antarctica, composed of scientists and tourists, reaches up to 5000 people in summer
and even less in winter, making its population density 0.0035 people per square kilometre,
which is 140000 times lower than the population density of the Netherlands®. Nevertheless,
Antarctica experiences an anthropogenic burden, which may endanger its unique pristine

ecosystems".

One way of manifestation of this anthropogenic burden is contamination of Antarctic
ecosystems with Persistent Organic Pollutants (POPs). POPs are a big group of contaminates,
which includes substances like polychlorinated biphenyls (PCBs), polybrominated diphenyl
ethers (PBDEs) and organochlorine pesticides (OCPs)°. These substances are able to cause
considerable harm to reproductive, developmental, behavioural, neurologic, endocrine, and

immunologic systems of animals and humans®.

Contamination of Antarctica with POPs concerns every type of local ecosystems : ter-

8

restrial’, pelagic marine ® and benthic marine’The reason for contamination by POPs

being so extensive lies in their physico-chemical properties. The chemical structure of
POPs makes the majority of them remarkably stable, highly non-polar and lipophilic'®'.
They thus exhibit a high potential for bioaccumulation in organisms and biomagnification
in food webs, creating potential risks for animal life'?. In polar ecosystems the rates of
these processes are especially high, because of the constantly high energy demands of local
species”. For example, polar zooplankton accumulates PCBs on average 10 times more

potent than its counterpart from temperate waters'“.

Transport of POPs to Antarctica
There are 2 pathways via which POPs can enter the Antarctic environment. The most

straightforward one is via direct contamination through navigational, shipping or tourist

4,15-17

activities, or activities at research stations . Some cases of local contamination, such as the

pollution of McMurdo sound by logistical actions and waste dumping, caused unprecedented
concentrations of POPs in all compartments of the local Antarctic marine ecosystem (e.g.
550 ng/g lipid weight (lw) in benthic urchin and 1800 ng/g lw in pelagic cod)'®®. Since
then, better understanding and implementation of new protocols and guidelines have led to

15,20

a successful mitigation of risks associated with direct contamination?’, albeit such events

may still occur as results of accidents™?'.



However, a by far more important pathway is the secondary contamination of Antarctic by
Long Range Atmospheric Transport (LRAT) of POPs, which occurs due to a biogeochemical

process, known as “global distillation” or “grasshopper effect”>%.

The core concept of this process is that after the initial release of POPs in temperate and
tropical regions, the more volatile POPs may enter the gas phase by volatizing from soils,
vegetation and bodies of water into the atmosphere. Due to their chemical stability they
persist in the atmosphere and may travel long distances with the global atmospheric
currents before being re-deposited. This re-deposition happens more at colder locations
due to reduced vapor pressure and Henry’s law constant when reduction in temperature
become large enough. This results in a directed transport of the chemicals from warmer to
cooler climates (“cold trap effect”). Thus, Antarctic air masses serve as excellent enhancers
of such re-deposition. Because global distillation is a relatively slow process that relies on
successive cycles of evaporation and condensation cycles, it only effects persistent volatile
chemicals, normally ones with log partition coefficients for air/water >-2 and octanol/air
<7 — such as POPs?%232>26,

Just as all marine ecosystems, the polar ones have been associated with high risks for
contamination with POPs*%. Such ecosystems become a sink for POPs firstly due to a lot
of precipitation and thus LRAT inputs occurring at the coastal regions of the continent®.
Secondly this happens due to local biogeochemical processes that enhance the fluxes of
POPs in water®. Indeed, while dry and wet deposition of POPs with precipitation occurs
in other parts of the world, the unique sea-ice regime creates very specific accumulation
dynamics of these chemicals. At the beginning POPs become trapped in the forming ice
around the continent. Their concentrations are then magnified by their further influx
with snow, which deposits over the ice during winter. The melting of the ice in spring
leads to a dramatic temporary increase in concentrations of POP. Then subsequent large
phytoplankton blooms occur, which are theorised to drive fluxes of POPs towards the
bottom of the coastal seas (i.e. benthic parts of the ecosystems). Because concentrations of
POPs in the marine ecosystems reflect the prevailing seasonal dynamics of the Antarctic,
they are recognised as an important indicator of the general state of environmental burden

in the region, and require close research and monitoring?'.

Temporal trends of POPs in Antarctica

Generally, the overall trends in POPs contamination of the Antarctic pelagic ecosystems
by LRAT mirrors the history of usage and regulation of these chemicals worldwide®*32,
Having been discovered in 1940s, PCBs and OCPs saw a major increase in production after
the second world war. At this time these POPs were started to be universally applied on a
large scale mainly in agriculture (pest control) and as industrial mixes (lame retardants,

conductors)***. The first reports of POPs in Antarctic marine ecosystems date back to

v—
o
Q
a
«

-=

O




Chapter 1

the early 1960s, when DDE was discovered in penguins (93 ng/g lipid weight (Iw)) and
seals (20 ng/g Iw)*. The first PCBs were discovered there a bit later in 1970, but in higher
concentrations (373 ng/g Iw in snow petrels)*”. At the same time, the probable importance
of the LRAT was acknowledged and the first concerns over possible future contamination

scenarios and their consequences were raised?®.

After this initial discovery, multiple reports have been conducted over the following decades
looking at the POPs contamination in various parts of the polar marine environment, such
as fish (notothenia, 200 ng/g lw of PCB in 1972)¥, flying birds (giant petrel blubber, 150
ng/g lw of DDE in 1974%°) and seals (grey seal blubber, 6000 ng/g Iw of DDT in 1967)* in
efforts to continuously monitor the contamination. Public attention led to introduction of
strict regulations and selective bans on production of POPs, for example the 1972 US ban
on DDT production*? and the 1979 US ban on PCB production®. This started to occur
worldwide first on the national (late 1970s) and then on the international levels®>*4. These
efforts pinnacled in 2001 by signing the Stockholm convention by the majority of the UN
members, which prohibited usage of the most dangerous POPs- the so called “dirty dozen”,
mainly comprised of PCBs and OCPs, while other POPs (e.g. PBDEs) were added later

on®.

Around the 1980s the concentrations of PCBs and OCPs saw their maximum. The highest
values discovered for PCBs were 5150 ng/g lw in chinstrap penguins in 19784, for DDE —
468 ng/g lw in adelie penguins in 1983%, and for HCB - 547 ng/g lw in adelie penguins in
1983%. Afterwards, likely due to successful implementation of the regulations, the gradual
decline of these compounds started, reaching 21 ng/g Iw for PCBs in chinstrap penguins in
2003/2004°, for DDE - 62 ng/g Iw in adelie penguins in 2003/2004%, and for HCB - 153
ng/g Iw in adelie penguins in 2003/2004°. Similarly the concentrations of POPs in the air
declined over the same time period, demonstrating lower LRAT inputs®.

Unlike PCBs and OCPs, PBDEs are considered to be a relatively new POPs®. They first
were detected in the environment in 2000, but their concentration trends even in the
Antarctic biota remain uncertain, although they are theorised to follow the ones of PCBs
and OCPs*. Such uncertainty and the very fact of their presence in Antarctica signify the
necessity of establishing concentrations of existing POPs in Antarctica in light of possibly

new emerging chemicals.

However, these trends were observed only for samples collected from organisms feeding
on diet items from the pelagic part of the Antarctic marine ecosystems, while the trends
in the benthic marine ecosystem remained less straightforward *°'. Benthic marine
ecosystems are effectively considered to be ultimate sinks of POPs and thus may present
an important compartment in characterization of global cycles of pollutants®. Studies

10



indicate that benthic species can be used as indicators of the general environmental health
of ecosystems due to their high trophic diversity, relatively long life-span, and sedentary
lifestyles of the species®®. A such, benthic species are wildly employed in polar and subpolar
ecosystems as bioindicator of contamination with POPs, both in terms of establishing
absolute concentrations of these chemical compounds and in investigation of toxicological

stresses> >,

POPs in benthic ecosystems of Antarctica: the unknown

The benthic ecosystems of Antarctica are extraordinary not only because of their isolation,
but also because these Antarctic species often occupy a unique physiological and ecological
position, created by the extreme conditions of the continent®”®. However, while existing
systematic studies on POP levels in benthic ecosystems in the Artic currently report

60 such trends have not been properly established in the

increasing concentrations
Antartic’, as the characterization of POPs in benthic ecosystems in Antarctica has been

unsystematic and showing conflicting resules™.

Researching benthic ecosystems for POPs in Antarctica has always been a very challenging
task. The multiple logistical constrains brought by the remoteness and lack of infrastructure
increase the costs and practical challenges associated with the field work. The difficult
and rapidly changing weather conditions make systematic sampling highly difficult®'.
Moreover, because the concentrations of POPs are quite low in comparison to those found
in routinely performed studies in industry and the matrix of samples may have a specific
(lipid) composition®, analysis of samples becomes a major challenge and requires tailored-
made solutions. Yet, because data are sparse, it is crucial to clearly report all the employed
techniques and related measures of quality assurance and control in order to allow for future
data comparability’*>%. These difficulties leave a certain number of research questions
regarding POPs in benthic ecosystems still unanswered.

First and foremost, it is essential to gain knowledge of major environmental processes
that control distribution of POPs, their kinetics and their dependence on the physico-
chemical properties of these compounds. This is essential to improve the understanding of
the mechanisms leading to different time trends in the pelagic and benthic systems of the
Antarctic marine environment. The biogeochemical drivers involved in the environmental
fate of POPs in Antarctica are complex and very specific for the region®*®. First, the
atmospheric distribution of POPs is quite special due to extremely cold air masses, which
control deposition of POPs with LRAT and thus initial inputs to pelagic and thus benthic
ecosystems**®. Second, the functioning of these marine ecosystems in general is highly
unique due to a number of unparalleled environmental features, such as long periods of
sea ice cover, high intensity of plankton blooms and a large biomass of benthic ecosystems

and characteristics of local biota (e.g. rapid changes in metabolism and lipid content)**-%.

11
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Chapter 1

Together with more abiotic processes, such as atmosphere-sea water exchange (including

7073 and snow amplification’”, they create a complex

sea ice-trapping of contaminants
functioning system of fluxes of POPs. Currently this is less understood and modelled than
in temperate climate zones, but even the available information on Antarctica deals chiefly

with the pelagic ecosystems7°.

Transparent and high-quality reports on POP concentrations are essential to enhance
understanding of global cycles of POPs that can be confidently used in future studies®.
Moreover, data are needed on a long-term perspective to establish a proposed comprehensive
monitoring system. Its purpose would be the discovery of more detailed insights in the
local kinetics and environmental fate of PODPs, creating compressive time profiles of these
compounds. Although such monitoring has been successfully implemented on national

and international levels’”7®

, creating it in Antarctica is a difficult task, not only because
of the practical challenges, but also because it would require a major international input.
Because the time trends in the concentrations of POPs in pelagic and benthic ecosystems
differ, it is crucial to estimate concentrations of POPs in each of them both separately, and
as an interconnected environmental entity. In addition, sound estimation of POP levels
in the benthic ecosystems would allow for a comprehensive estimation of effectiveness of

international protocols””.

Another research question relates to the lack of knowledge about the possible toxicological
effects of POPs specifically on the Antarctic marine life’®. It has been theorized that
Antarctic species may be exceptionally vulnerable to POPs because they may be lacking
detoxification mechanisms similar to those of temperate and tropical counterparts®® and are
very susceptible to small variations of surrounding environmental conditions®>*!. However,
till this date toxicological studies on Antarctic (benthic) marine animals have been chiefly

limited to the exposure to heavy metals®-4

, and only one series of studies was conducted
on exposure to POPs, in particular of krill to DDE®-%. These studies indicated a slow rate
of bioconcentration of DDE and a potential sensitivity of krill to this POP, especially to
chronic exposure®”®®. However, the toxicological response of the short-term exposure was
comparable to the one of similar temperate species: Antarctic krill larvae demonstrated
an LC100 of 11 mmol/kg Iw®* with the reference LC100 values for temperate species
being 4-40 mmol/kg Iw***°. Because there have been no further studies on other (benthic)
invertebrates or other POPs, toxicological assessment of these compounds in Antarctica

gains major importance.

Last but not the least, the effects of the climate change onto the local distribution of
POPs in the Antarctic marine ecosystems remain relatively unknown?®'. However, because

t91

Antarctica is the region of the world, which experiences climate change the most”, climate

change will most certainly directly or indirectly affect POPs and their fluxes in the local

12



benthic ecosystems”“. Firstly, it may lead to an additional re-release of POPs from melting
glaciers”, although this is debatable’®. Secondly, it may alter the biogeochemical processes
and thus influence distribution of POPs on a local or even global scale. While the exact
effects of the climate change on sea ice dynamics, algal blooms and primary productivity
and thus the carbon cycle in the Southern Ocean are not understood completely™, it
has been theorised that the resulting surge in organic carbon will lead to higher fluxes
from the pelagic ecosystems to the benthic ones”. Thirdly, increased temperatures in the
temperate and tropical areas, where the initial release of POPs takes place, will promote
their accessibility to LRAT®” and thus intensify their input to Antarctic environment.
Likewise, increased temperatures may result in an intensified scavenging of POPs from the
atmospheric phase, although this may be balanced by the increased rates of degradation
of these compounds®. Finally, the increased temperature stresses are likely to lower the
toxicological resilience of local species to POPs™, which would endanger existing food
webs and ecosystems®. All in all, climate change becomes an additional dimension, which
increases the complexity of the previously stated research questions.

All in all, we hypothesize that, although low, the concentrations of PCBs, OCPs and
PBDEs in the Antarctic benthic ecosystems are increasing, which is in contrast to the
Antarctic pelagic ecosystems where concentrations of these compounds experience a
decline. Therefore, the aim of this thesis was to establish and to characterize concentrations
of multiple POPs (PCBs, OCPs and PBDEs) in the related elements of the pelagic and
benthic compartments of Antarctic marine ecosystems and understand the biogeochemical
processes that control distribution of POPs over these compartments. As an integral part of
this research, toxicological risks on a benthic invertebrate species were investigated through
an exposure experiment on living local animals, the first one concerning Antarctic benthic
invertebrates. The field phase of the project was conducted at the Rothera research station
of the British Antarctic Survey, located on the Adelaide Island near the coast of the Western
Antarctic Peninsula (Lat. 67°35’8”S, Long. 68°7°59”W).

Outline of the thesis
Background information, main hypothesis and an outline of this thesis are provided in the
present Chapter 1.

The examination of concentrations of POPs in 2 species of Antarctic birds migrating to the
Latin America mainland is described in Chapter 2. The data in this chapter are compared
to previous studies estimating POPs in these species and are presented in the light of their
ecology. Tthe study adds and compares data to a large (for Antarctic standards) available
pool of measurements from previous articles. Based on this, spatio-temporal aspects of
the distribution of POPs can be linked to their local dynamics in the Antarctic marine
ecosystem.

13
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Chapter 1

The concentrations of POPs in the particle matter of the water of the coastal Antarctic
ecosystems is described in chapter 3. While such reports are very scarce in general, this is
the first attempt to do so over the course of the whole austral spring and summer. Thus, the
seasonal variation of the POP concentrations is closely examined for the first time. Another
novelty of this chapter is that the water has been sampled not just at the surface, but also at
the depth of 20 meters. The data are put into the context of the long-term oceanographic
monitoring programme around Rothera (RATS). This allows for a deeper understanding
of the drivers of the seasonal dynamics of PODPs in the water, which can be used to forecast
potential future trends related to climate change

Chapter 4 boasts the first compressive characterization of POPs in Antarctic marine
invertebrates. Because invertebrates are considered to be good bioindicators of pollution
by POPs, it provides a sound indication of the environmental burden of the Antarctic
marine ecosystems. The chapter uses various statistical methods for investigation of synergy
between traits (e.g. diets and dermis) of the animals and physico-chemical characteristics of
POPs in order to facilitate understanding of patterns in POP concentrations. Additionally,
this chapter evaluates possible contamination of the ecosystem by a local source — Rothera

research station.

Toxicological effects of PCBs on an Antarctic invertebrate species are examined in chapter
5. 'This toxicological experiment was conducted with limpets in order to discover if they
can be possible markers for exposure to PCBs of the Antarctic marine ecosystems. Both
relatively simple analytical approaches (bioassays) and more complex ones (NMR) were
employed. The chapter deals with these novel challenges and roadmaps future toxicological
research in Antarctica.

Chapter 6 discusses the results of the previous chapters, while also providing future

research perspectives. The final chapter, chapter 7, provides a concluding summary of the
results delivered in this thesis.
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ABSTRACT

Carcasses of South polar skuas (Catharacta maccormicki) and kelp gulls (Larus dominicanus)
were opportunistically collected in the vicinity of Rothera Research station (67°35°8”S and
68°7°59”W) during the 2016/2017 austral summer. Samples of their tissues (muscle, liver
and subcutaneous fat) were analysed for persistent organic pollutants (POPs) to assess their
current burden in the two species. Organochlorine pesticides (OCPs) showed the highest
concentrations, notably for pp-DDE (2-62 pg/g Iw) and HCB (0.1-3.2 pg/g Iw). The
Polychlorinated biphenyls (PCBs)-profiles demonstrated a clear dominance of hexa- and
hepta-CBs, while concentrations of polybrominated diphenyl ethers (PBDEs) remained
relatively low. The levels of some POPs (e.g. HCB) were lower than in past studies on
similar species, however others were within the previous range (PCBs) or even higher than
previous reported values (DDE, HCH). This may imply continuous accumulation of the
latter in the Antarctic and South American environments. Although no major interspecific
differences in the absolute levels of POPs were detected, their profiles varied, being likely
related to specific feeding and migration patterns of each species. The current study provides
important baseline data for future monitoring of POPs in Antarctica.
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INTRODUCTION

Persistent Organic Pollutants (POPs) encompass a group of contaminates including
polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs) and
organochlorine pesticides (OCPs)'. POPs have been demonstrated to potentially affect
reproductive, developmental, neurologic, endocrine, and immunologic systems of animals
and humans®. Despite these risks being known since the 1960s, only in 2001 international
agreement was achieved on the ban, restricted use or reduction of hazardous POPs by
the Stockholm convention®®. POPs are known to accumulate in multiple compartments
of ecosystems all around the world"“. Even the remote continent of Antarctica has been
established as an environmental sink for POPs>°. Because of a unique combination of
relative volacility and environmental persistence some POPs are able to reach the Antarctic
continent via long-range atmospheric transport process and the cold condenser effect’.
Therefore more volatile POPs can reach high concentrations in Antarctic apex predators,
including marine birds®. In addition, the birds also migrating North of the Antarctic
convergence are exposed to relatively higher amounts of other POPs in their wintering

-1 In this manner birds that migrate into and out of Antarctica may be exposed

grounds
to a wide spectrum of POPs, with both Antarctic as well as more Northetly signatures'.
This has been shown for Skua (Stercorarius maccormicki) >~ However, little information
is available on the exposure of related migrating species, one of them being the Kelp gull

(Larus dominicanus).

South polar skuas (Catharacta maccormicki) and kelp gulls (Larus dominicanus) are two
species of migratory seabirds that nest around the whole Antarctic continent, including
the Western Antarctic Peninsula during austral summer. The south polar skua (widely
hybridised with the brown skua - Stercorarius antarcticus') may be found almost everywhere
around Antarctica, but in the same time can commence a trans-equatorial migration
when foraging'?°. The exact patterns of its migration have been investigated in detail*.
Kelp gulls are less inclined towards very long haul migration than skuas, but can move
all around the Sub-Antarctic islands and South America?>?. These reports indicate that
Skuas and kelp gulls demonstrate consistent migration patterns on both populational and
individual scales?*. They have both been shown to be highly affected by global climate
change®, and established migration routes are therefore likely to change, or even cease to
exist?. Skuas and kelp gulls are predominantly opportunistic omnivore avian predators and
scavengers in the marine food chain of the Southern Ocean. Their diet composition may
shift dramatically when travelling from Antarctica to South America: as they move north
the amount of krill and marine fish and invertebrates gradually decreases, being substituted
with terrestrial insects and even garbage?”?. Skuas also very often predate on other bird

27,28

species””?®, while kelp gulls may forage on live whales® and seal pups® in Antarctica and on

rodents in South America®. Both species may also exhibit cannibalistic behaviour towards
both chicks and adults?”32.
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Chapter 2

The first research on POPs concentrations in migratory birds in the Antarctic dates back
to the 1960s*, however the data is often incomplete or sporadic (see Appendix Table 1
for details). For permanent Antarctic species, concentrations of POPs have been shown
to be declining over the last decade, but it remains unknown whether this also applies to
migratory species reaching Antarctica®. Since the 1990s explicit studies were performed
to compare POPs in the migratory Antarctic birds to the native Antarctic non-flying birds
(mainly Adélie penguins) ¥, These studies reported that levels of POPs in the former
are almost 2 times higher than in the latter. However, direct comparisons between birds
of different migratory routes are lacking. Skuas and Giant Petrels continue to be the
most well-researched species among the Antarctic marine predators on the topic of POPs

13,15,17.35,30,38-40 \while information on others is more limited®4"42.

contamination
In the current study we report a wide range of POPs in different tissues of opportunistically
obtained skua and kelp gull specimen. To our best knowledge this is the first article to do
so in various tissues of kelp gulls. The data will provide important insights to the task of
monitoring of POPs in Antarctic birds.

MATERIAL AND METHODS

Sample collection and preparation

Three corpses of (Catharacta maccormicki) and kelp gulls (Larus dominicanus) were
opportunistically collected on Rothera Point (67°35°8”S, 68°7°59”W, fig. 1) and nearby
islands in Ryder Bay during the austral summer of 2016-2017. Only adult birds found
dead were collected, with the main cause of death determined to be collisions with masts
or buildings. The corpses were stored and transported at -20°C until further analysis
in the laboratory in the Netherlands. During necropsies, samples of liver, muscle and
subcutaneous fat were collected where possible, and stored in hexane pre-cleaned 60ml
amber glass vials. Due to scavengers, birds were found in different physical states, and
therefore, it was not possible to sample all the targeted organs in each specimen.

Chemical analysis

The whole procedure is based on the EN 15741:2009 % method with some adjustments
during the extraction step (details in Appendix 2A). In short, the procedure was as follows:
After homogenization, 2 to 6g of sample was transferred into hexane pre-cleaned 60ml
amber glass tubes, and spiked with C | standards. MiliQ water was added until the total
sample volume was 13ml. After this 10ml of ethyl acetate was added, and the mixture was
vigorously shaken in an overhead shaker for at least 10 minutes. This was followed by the
addition of a mix of 2g of sodium chloride and 4g of magnesium sulphate. The samples
were then centrifuged for at least 10 minutes at 350G. The ethyl acetate supernatant was
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Figure 1. Location of Rothera research station on the Antarctic continent (left) and on Adelaide Island

(right).

then transferred into a Turbovap® tube, and the procedure was repeated 2 times, starting
from the addition of 10ml of ethyl acetate, so that the total extract volume at the end of the
process was 30ml. The samples were then concentrated to 1ml, and carefully transferred
to new pre-cleaned 60ml amber glass tubes. 27ml of hexane and 10g of 40% acidic silica
were added to each sample and left overnight. The hexane fraction was then transferred to
a hexane pre-cleaned Turbovap® tube, and evaporated to 1ml, after which the sample was
passed through a clean-up column which consisted of 1g of activated silica and 8g of 40%
acidic silica. The sample was eluted with 25ml of hexane and subsequently by a mixture of
18ml hexane and 12ml dichloromethane. The resulting solvent mixture was evaporated in
a Turbovap® to 1ml, and a solvent exchange to iso-octane was performed. The resulting 1ml
of extract in iso-octane was then stored at -20°C until measurements of PCBs, PBDEs and
OCPs were made.

Table 1 presents the full list of POPs analysed in this study.

PCBs and PBDES were quantified by a Magnetic Sector Autospec GC-HRMS from Waters
(Manchester, UK) equipped with an Agilent 6890 GC (Santa Clara, USA). Because of
practical constraints OCPs were measured by an Agilent 7010B Triple Quadrupole coupled
with an Agilent 7890 GC (Santa Clara, USA). A DB-5MS 60m x 0.25mm x 0.25um
fused silica capillary column (Agilent J&W, Folson, USA) was used for PCB analysis,
while a CL-Pesticide 30m x 0.25mm x 0.25um column (Restek, Bellefonte, USA) was
ficted for the analysis of PBDEs and OCPs. The measurements were conducted at RIKILT
laboratories in Wageningen, the Netherlands. For further details on the GC-methods see
Appendix 2B. Limits of quantification (LOQ) were set for each individual compound
as the lowest quantifiable standard, while the limit of detection (LOD) was calculated
as 3 times the concentration of the compound in the extract of the corresponding blank
sample. Concentrations in samples were not adjusted for blanks nor corrected for recovery
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Table 1. Chemical compounds analysed in the current study.

PCBs PBDEs OCPs

rcg28 BDE-47 Hees

rcgs2 BDE-66 HCH-oo

rce1or BDE-85 HCHy

rcgos BDE-99 HCHBE
rce14 BDE-100 HCHS$
rcg11ig BDE-138 Heptachlor
rcg123 BDE-153 op-DDE
rcg1zg BDE-154 trans-Chlordape
rcgis3 BDE-183 cis-Chlordapne
rcetse pp-bDE
rcgis7 Endosulfan-o.
rcpie7 op-bbO
rcg1go o op-DODT
PCB 189 ppTDE(DDD)

pp-DDT

rates, however all values are reported in Appendix 2C. The lipid content was determined
gravimetrically on a fraction of each sample after extraction.

QA/QC

Each measurement batch contained 7 tissue samples, a procedural blank and sample of a
certified reference material (SRM 1947, National Institute of Standards and Technology).
The samples were considered valid if the recoveries of all internal standards were 50%-
150% and the difference between measured and estimated SRM concentrations was <50%.

The detailed QA data is shown in Appendix 3.

Data treatment

The low number (1-3 per specific tissues per specimen) of samples did not allow for a
comprehensive interpretation of results based on statistical tests. Therefore, further analysis
and discussion chiefly refer to the obtained values mostly in a descriptive manner. The only
exception are the samples of muscles, where 3 samples were collected for both skuas and
gulls, allowed a Mann—Whitney—Wilcoxon (MW W) test to be conducted on them using
the Real Statistics© package in Microsoft Excel. The results of the test are presented in
Appendix 4.

The mean values were calculated in cases when more than one sample was available per

specific tissue in a species. The standard deviation (SD) values were calculated only for

instances with 3 samples present.
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Figure 2. Concentrations (mean and standard deviations back-transformed from log-transformed data)
of PCBs in muscles, livers and subcutaneous fat of skuas (blue bars) and kelp gulls (orange bars and dots
(in cases where only 1 sample was available)). Note that log scale is used ubiquitously.

RESULTS AND DISCUSSION

Concentrations of POPs across different tissues in a single organism may be similar due
to lipid-mediated exchange of contaminants between tissues. In the current study there
were higher concentrations of PCBs and OCPs in muscles and livers of skuas than in fat*.
Although similar patterns were reported for non-Antarctic birds®*, the most probable
explanations are that the bird specimens were found in different stages of decomposition
and natural variability'.

PCBs

Concentrations of PCBs (fig.2) are generally higher in subcutaneous fat and livers than in
muscles for both species. The patterns of individual congeners, nevertheless, appear quite
similar with a predominance of hexa- and hepta-CBs, i.e. PCB 153, PCB 180 and PCB
138. Among tri-, tetra- and hepta-CBs the highest concentrations are attributed to PCB
118. The predominance of hexa- and hepta-CBs in both skuas and gulls agrees with many
preceding studies for various Antarctic marine birds (including skuas) ">, although
this may not observed for penguins®. This outcome may arise from characteristics of the

metabolism of PCBs by avian species, which allows them to eliminate lower chlorinated
PCBs faster than the higher chlorinated ones 345,

Although PCB concentrations in this study are higher than those reported recently for

Antarctic seabirds'>!>173>384142 and are comparable to the ones from 15-20 years ago®*,

Antarctic birds are known to demonstrate high individual variability in their PCB
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contents'’, which also varies with their seasonal breeding activities®. From the current
samples, no indications of their reproductive condition could be acquired, so it was not
feasible to account for such seasonal variability. Neither was it possible to find significant
differences between concentrations of PCBs in skuas and kelp gulls. Therefore, although
PCBs levels in the current study may indicate that concentrations may be stable over
time, more detailed information is needed to account for different factors affecting the

uncertainty when comparing between studies.

OCPs

OCPs are arbitrary the most abundant group of POPs among the individual compounds
and congeners analysed (fig. 3), possibly due to their application method which involves
their dispersion over large areas and therefore an increased tendency for the long-range

%053 indicate that despite multiple

atmospheric transfer®?. In addition, recent reports
legislative restrictions, several OCPs (e.g. HCB) are still being produced and/or sold
(sometimes as by-products) in South America, which facilitates their continuous intake

into environments which the collected birds were very likely to have visited °.

The profile of OCPs is quite similar among species: the highest concentrations measured
were for p,p-DDE, followed by HCB, p,p-DDT, p,p-DDD, oxychlordane and HCB-.
Concentrations of other pesticides are low.

The overall burden of total DDTs (DDTs, DDEs and DDDy) is higher than reported in
recent studies for skua eggs, but is similar to an earlier report for different tissues of adult
skuas®. Furthermore, the DDT and especially the DDE concentrations in the both species
of the current study are higher than found in penguins’*~°. This may demonstrate that
exposure to DDT is a continuing issue for the former during their winter migrations. Blood
samples of giant petrels and skuas were yet reported to have lower DDT concentrations, and

this may result from their different migration patterns and/or site-specific variations'>*>>.

HCB is the second most abundant OCP. The concentrations of HCB were higher in this
study than for eggs of Antarctic flying birds (including skuas) recently reported (possibly
due to the absence of potential for HCB to accumulate in eggs)”, but are yet consistent
with reported values for blood of giant petrels*”. Compared to Antarctic non-flying birds,

HCB levels reported here were similar for kelp gulls, and were higher for skuas'>#.

The chlordane group (Oxychlordane, trans-Chlordane, cis-Chlordane, Heptachlor

and Heptachlor epoxide) is mainly represented by Oxychlordane, a metabolite of other

chlordanes®®, while their concentrations are higher than those found in other studies®>#2.

The HCH group is chiefly represented by 3- and y- stereoisomers, which are the mostly

used isomers®.
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Figure 3. Concentrations (mean and standard deviations back-transformed from log-transformed data)
of OCPs in muscles, livers and subcutaneous fat of skuas (blue bars) and kelp gulls (orange bars and dots
(in cases where only 1 sample was available)). Note that log scale is used ubiquitously.

There were no significant differences between concentrations of OCPs in skuas and kelp
gulls.

PBDEs

The concentrations of PBDE: (fig. 4) are low compared to other POPs. They are comparable,
however, to previous studies for eggs of skuas'”*%, but lower than the ones reported in blood
of giant petrels and prions. This can be explained by the different migration behaviour'” —
petrels and prions tend to travel less further North and therefore are less directly exposed to
industrial chemcials'**?. Composition of congeners is similar in all tissues of both species:
the highest values are attributed to BDE-47 followed by BDE-153, BDE-154, BDE-99, and
BDE-100. While levels of other congeners are minimal, they exhibit high variability as seen
in their large standard deviations. The presence of PBDE-183 in quantifiable concentrations
has been suggested to occur due to direct exposure to decaBDEs in Antarctica, and may be
an indicator of emerging pollution of local seas by microplastics*?

The MWW test demonstrated significant differences between PBDE concentrations in
muscles of skuas and kelp gulls, which was the only instance when significant differences
were found in this study. Because skuas tend to travel longer distances than gulls?*>%,
concentrations of PBDEs in the former can be expected to be higher.

The second explanation may arise from different feeding habits of the two birds species
during their stay in South America. Skuas are more likely to forage on landfills and therefore
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Figure 4. Concentrations (mean and standard deviations back-transformed from log-transformed data) of
PBDEs in muscles, livers and subcutaneous fat of skuas (blue bars) and kelp gulls (orange bars and dots
(in cases where only 1 sample was available)). Note that log scale is used ubiquitously.

to be exposed to industrial chemicals (such as PBDEs), while kelp gulls prefer to forage in

agricultural areas?>"¢0-¢!

However, due to low concentrations of PBDEs in the muscles of the gulls their comparison
to the ones of skuas should be regarded with caution.

CONCLUSIONS

Despite limitations imposed by the low number and heterogeneity of the samples collected,
the present study provides an important baseline for any future evaluation of trends of
POPs in Antarctic marine avian predators, near the Antarctic Peninsula and the Southern
regions of South America. The concentrations of PCBs, OCPs and PBDEs were generally in
good agreement with similar earlier reports. This study confirms that skuas and kelp gulls
are still subjected to direct exposure to POPs, whose concentration patterns are linked not
only to environmental levels in the areas the birds are visiting, but also to the characteristic
ecological traits of each species.
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ABSTRACT

Concentrations of different Persistent Organic Pollutants (POPs) - polychlorinated
biphenyls (PCBs), organochloride pesticides (OCPs) and polybrominated diphenyl ethers
(PBDEs) were measured in particulate matter < 2.7 pm present in marine water collected
in Rothera Bay (Western Antarctic Peninsula) at 15 timepoints during the austral summer
of 2016-2017. For all compounds the maximum concentrations were found at the start
of the summer season after ice melt and during the phytoplankton bloom. Afterwards,
the concentrations gradually decreased following the mixing of the water column and
sedimentation of the particulate organic matter. Total concentrations of PCBs and OCPs
were similar to those previously reported for Antarctica. PBDEs were detected for the first
time in Antarctic waters and their concentrations were higher than in previous studies in
the Arctic. The most abundant PCB congener was PCB-28, while the most abundant OCP
was HCH-alpha. Unlike PCBs, the major PBDEs present were heavier congeners. Overall,
the dynamics of POPs in the water column of Ryder Bay are driven mostly by melting of
sea ice and snow early in the season, and by primary production and related sedimentation
later in the season. The physico-chemical properties of compounds shape their individual
responses to these drivers.
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INTRODUCTION

Persistent organic pollutants (POPs) are a group of chemicals which among others
include polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs)
and organochloride pesticides (OCPs)'. These compounds are resistant to environmental
degradation and may be transported via the atmosphere into remote areas of the world,
such as the Western Antarctic Peninsula (WAP)?. Characterization and quantification of
POPs in these remote areas is of major importance for estimation of risks related to global
pollution by these compounds and the potential effect of climate change on their global
distribution®?.

Coastal marine ecosystems play a pivotal role in the assessment of the possible consequences
of POP levels in Antarctica, as these ecosystems support high levels of endemic species,
while being a potential sink for environmental contaminants>. Yet, comprehensive data
on concentrations of POPs in the lower trophic levels of such ecosystems is still lacking®.
The main reasons for that are the logistical difficulties of sampling large amounts of water
in very remote locations and subsequent chemical analysis of the samples, which normally
have extremely low concentrations of POPs®.

The first detection of POPs in Antarctic marine water dates back to 1981 when OCPs and
PCBs were measured around the coast of Showa station (Queen Maud Land)’. Since then
a number of studies have been conducted in East®''and in West>!>""7Antarctica, that have
reported overall declining trends of concentrations of POPs in pelagic waters, although the
sparsity of data reduces confidence in this conclusion®.

On the other hand, only a few studies have focused on POPs in the particulate phase of
Antarctic marine water>'®", despite its importance as a first step in the biomagnification
chain of POPs in trophic webs and therefore crucial role in the environmental fate and
associated modelling of POPs***?!, All studies showed a high variability of concentrations
and highlighted a strong need for further research, with the aim of establishing the
drivers of behaviour and fluctuations of concentrations of POPs in the particulate phase.
Unfortunately, the studies were often done with a disregard for seasonal variation and little
concern for other local environmental parameters (e.g. algae blooms), which may likely
affect POP concentrations??. Besides natural drivers, Antarctic research stations can be a
local source of POPs pollution?, which are likely to impact local concentrations of POPs

in the coastal seas®>%.

To gain more insights in the dynamics of concentrations of POPs in the coastal Antarctic

ecosystems, the currentstudy was designed to identify trends during an initial spring plankton

bloom and an austral summer in concentrations of various POPs in the particulate phase
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collected from local water by filtration, to quantify the influence of local environmental
biological, physical and chemical factors and to assess potential contamination due to local

research activities.

The study was conducted at Rothera research station of the British Antarctic Survey, which
brings benefits from the Rothera Time Series (RaT'S)” — a long term programme recording
local oceanographic and biological data, when interpreting the data. This allowed for the
inclusion of oceanographic parameters potentially driving time dependent changes in

concentrations of POPs in the Antarctic inshore marine environment.

MATERIALS AND METHODS

Field sampling

The samples of water and phytoplankton were collected between January and April of
2017 (the 2017 austral summer) in Ryder Bay near Rothera research station (67°34°06”S
68°07°33”W), Adelaide Island (fig. 1, left). This season was characterized by 2 conspicuous
abnormalities at its start: the exceptionally late, but rapid melting of the sea ice (around the
3rd of January) and a large algae bloom (3rd of January till 10¢h of January). The rest of
the season was relatively uneventful. The autumn sea-ice formation did not happen until
the end of sampling. The main sampling site (67°31’S 68°15"W) was located in the close
proximity of the Sheldon Glacier (fig. 1, right), while an auxiliary site, which was used
during bad weather conditions was located approximately 2.5km further east, closer to
Rothera. Both sites were in the direct proximity of the RaTS station (67°31’S 68°14'W).
Due to clockwise water currents in the Ryder Bay, the sampling area was perceived not
to be affected by downstream local sources of POPs, such as the research station and
transportation activities. Overall, 15 samples were taken at Im depth and 7 at 20m depth.
To investigate the influence of the station on local contaminant patterns, 3 additional
samples were collected from the station water supply system, which uses local marine water

from the South Cove (sampling site 3)(fig. 1).

Our sampling system, designed and built by the Technical Development Studio of
Wageningen University, used a sucking pump to filter water from specific depths through
glass fibre (GF) General Electric Whatman™ GFD and GFF (0.7 pm) 142mm filters via
3 separate channels. Various measures were undertaken to minimise background levels
during sampling. The system was built only from high-grade steel and Teflon®, it was
thoroughly cleaned with water and hexane before and after sampling, and the system was
designed so that water flowed through the filters before going through the pump. The GF
filters were per-ashed at 450°C for 12 hours immediately prior to the on-site sampling. After
sampling the filters were packed into aluminium foil (which had been pre-ashed at 450°C
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Figure 1. Location of the Rothera Station on the Western Antarctic Peninsula (left) and locations of the
sampling sites in the Ryder Bay (1 — main sampling site, 2 — auxiliary sampling site, 3 — station sampling
site).

for 18 hours and then cleaned with hexane), and then promptly stored at -20°C and shipped
to the Netherlands.

To account for background levels, field blanks (n=4) were created at different time points
during the season. A field blank would undergo exactly the same routine as a regular sample
except for not being subjected to water flow during the on-site sampling.

Chemical analysis

A detailed description of analytical procedures can be found in Appendix 1. All solvents and
other chemicals used in the current study were of the highest analytical grade. Glassware
and metal hardware used in the analysis were thoroughly pre-cleaned with acetone and
twice with hexane. Extractions were performed on a Dionex 350 Automated Solvent
Extractor (ASE) machine. Four to eight individual filters (respective GFD and GFF) were
pooled into a single sample (per time point and location) to analyse the chemicals filtered
from a total volume of at least 450L sea water. Samples were placed into a 100ml ASE steel
cell and spiked with "*C standards for each analysed compound. The extraction consisted
of 1 cycle of 100% acetone, 1 cycle of 75% acetone and 25% hexane and 3 cycles of 50%
acetone and 50% hexane. The duration of each cycle was 150 minutes at 100°C and at
10MPa. Then a liquid-liquid extraction with hexane was conducted twice for the extracts
from the first 2 cycles. Afterwards, the combined extracts were concentrated to 1ml in a
Turbovap® apparatus, and 0.1ml of this material was used for quantification of extractable
mactter. The rest of the sample was then transported onto a clean-up column, which was
packed with 2.5 g of activated silica and some glass wool, which were twice pre-eluted
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with 10ml and 15ml of hexane respectively. After the sample was added the column was
eluted consecutively with 18ml hexane and 12ml dichloromethane. The resulting solvent
mixture was evaporated in a Turbovap® to 0.5ml, and a solvent exchange to iso-octane was
performed. The final 0.5ml of extract in iso-octane was stored at -20°C until analysis.

PCBs and PBDEs were quantified using a Magnetic Sector Autospec GC-HRMS from
Waters (Manchester, UK) equipped with an Agilent 6890 GC (Santa Clara, USA). OCPs
were measured by an Agilent 7010B Triple Quadrupole coupled with an Agilent 7890 GC
(Santa Clara, USA). DB-5MS 60m x 0.25mm x 0.25um fused silica capillary column from
Agilent J&W (Folson, USA) was used for PCB analysis, while CL-Pesticide 30m x 0.25mm
x 0.25um from Restek (Bellefonte, USA) was applied for the analysis of PBDEs and OCPs.
Measurements were conducted at WEFSR laboratories in Wageningen, the Netherlands. For
further details on the GC-methods see Appendix 1.

Limits of quantification (LOQ) were calculated as 2 times the concentration of the
compound in the extract of the corresponding blank sample. The content of extractable
matter (predominantly lipid content) of each sample was determined gravimetrically.

For quality assurance (QA) and quality control (QC), procedural and field blanks were
analysed for at least every 10 actual samples. Furthermore, each analysed '>C compound
had a corresponding *C compound as an internal standard for concentration correction.

Further data on LOQs and QA/QC can be found in the Appendix 2.

Data Analysis

The concentrations in the samples were corrected for the field blanks and for recovery rates
of the C standards. Results are expressed on a pg/L basis. The reason for not expressing
them on an extractible matter (lipid basis) was the high variance of the obtained lipid
values. Most likely, this was due to random presence of other organisms (e.g. copepods).
For comparison with other studies, the values were adjusted by the lipid content reported
in the literature or, in case of their absence, by the mean extractable matter values from the

current study.

The RaTS data included measurements of mixed layer depth (MLD), water temperature,
density, salinity, chlorophyll content and photosynthetically active radiation (PAR) at the
depths of Im and 20m. If the RaT§S data were not available for the day of POPs sampling,
the data from the previous or the following day were used.
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Because of the time-dependency of the data, the values (both POPs and RATS) presented in
this article were calculated as rolling (moving) averages with the window of 2 observations.
Exceptions are specifically stressed. The first value of the rolling average was assumed to be
equal to the first observation.

RESULTS AND DISCUSSION

Detailed information on concentrations of POPs in individual samples can be found in
Appendix 3.

Concentrations of POPs in the samples from the station saltwater supply system, which
originated from 1 m depth of South Cove (fig 1, location 3) were not different from the
concentrations in the samples collected farther away from the station in the Ryder Bay (figl,
locations 1 and 2). Therefore, all samples were combined in the further discussions on POP
concentrations at 1 meter depth.

The austral season of 2016/2017 was a fairly usual season in terms oceanographic dynamics,
except for a very late (first days of January) melting of the sea-ice cover. The season
experienced 2 algae blooms. While the later one from the end-January was present on
the RATS data (fig. 2), it was not possible to characterise the earlier one (before the 5 of

January) due to unnavigable sea conditions*°.

PCBs
PCB concentrations showed high variability during the season. Figure 2 demonstrates the
rolling average of the sum of concentration of PCBs and chlorophyll at 1m depth.

The highest concentrations of approximately 100 pg/L of PCBs were detected at the start of
the sampling season when the sea ice showed a very rapid melt (around the 5% of January)
and an algae bloom started to occur. The melting sea ice created a stratification of the
water column which can be traced from the salinity gradients (Fig. 3), keeping the released
PCBs in the top layer of the water column, which was heavily affected by the melt and run-
off water. This stratification disappeared over time, increasing the mixed layer depth and
diluting the PCBs originating from the melted sea ice. The decrease of PCB concentrations
was also enhanced by their removal by the sedimentation with organic matter (biological
pump)?.Then the PCB concentrations stabilised until the 25" of January.

As from the 17 of January another algal bloom started to develop, reaching peak around

the 30" of January and declining again after the 4" of February”. During the build of this
bloom and further on, PCB concentrations remained declining till the end of the season.
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Figure 2. Rolling average of sum of concentrations of PCB congeners (blue line) (log scale) in pg/L. and

chlorophyll in mg/m? (dashed orange line) at 1m depth, and chlorophyll in mg/m?® (dashed green line) at
20m depth
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Figure 3. Density of water in PSU at different depths as a proxy for the estimation of water column
stratification.

This decline can be caused by the elimination of PCBs from the upper water layer, namely
by sedimentation with the algae, as well as by gradual dilution and dispersion over time.
The elimination happened because of the build-up of the biomass and the adsorption of the
PCBs to this biomass, while the air-water exchange was not able to compensate the mass
balance through atmospheric inputs”’. However, this decline in concentrations of PCBs
during the second bloom was not as rapid as the initial one, because no surplus PCBs were
available for sedimentation this time, as had been previously from the ice and snow melt.
Thus, the current data suggest that the biological processes (i.c. algae bloom) had lesser
effect on the dynamics of POPs in the particulate phase of water, than the abiotic ones (i.e.
ice and snow melting, and mixing), which is in agreement with a previous study on seasonal
POPs dynamics in the Baltic Sea?.
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Figure 4. Contributions of different PCB congeners (%) to the overall sum of concentrations of PCBs at
1m depth.

The absolute concentrations of PCBs in the current study were approximately 10 times
higher than in the Indian sector of the Sothern ocean in 1991”. Yet, they were similar to
the concentrations detected around the WAP in 2008 both in terms of absolute values
and in the decreasing trend towards the end of the season’. However, in the current study
the PCB concentrations associated with the beginning of the season were almost 10 times
higher than those reported in the 2008 article’, which may arise from a longer duration of
the ice coverage, more intensive sedimentation in the current study® or simply because the
previous study might have missed the peak concentrations immediately after the ice melt.
The relative concentrations of PCB congeners at 1m depth are presented in figure 4.

With a notable exception of the very first sample, the profile of PCB congeners remained
relatively similar throughout the season. The most abundant congener was PCB-28, which
contributed 58-100% to the overall concentrations, which is explained by the relative
low hydrophobicity of this congener. It was followed by PCB-153 (0-20%), PCB-138,
PCB-180 and PCB-118 (0-10%), with occasional inputs of other congeners. The change
in composition at the start of the season may be related to the higher hydrophobicity of
the heavier PCB congeners, which promotes their faster adsorption to organic matter and
consecutive sedimentation.
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Figure 5. Rolling average of sum of concentrations of PCB congeners (blue line) in pg/L (log scale) and
chlorophyll in mg/m? (dashed red line) at 20m depth. Note that the timeframe is different to figure 4.

These results were in contrast to the earlier research from 1991, where only heavy PCB
congeners were detected”, while they were in a very good agreement with a more recent
study from 2013, conducted around WAP®. Note that the latter study also indicated
presence of some heavier PCBs (e.g. PCB-187), not analysed in the current study’.

Concentrations of PCBs at 20m depth did not change much over the period from the 6
of February to the 30" of March, with a minimum from the 7* of February until the 7
of March. This was in good agreement with previous modelling studies®, which predicted
relatively stable concentrations of POPs (figure 5) in particular matter at 20m depth. The
slightly increased PCB concentrations around the 6™ of February and from the beginning
of March onwards may be attributed to increased downward vertical fluxes of PCBs with
settling organic matter related to the algal bloom?'.

The relative concentrations of PCBs at 20m depth are shown in figure 6. Their profile
resembles the relative concentrations at 1m, with PCB-28 still being the most prevalent
congener. A previous study in the Artic*? found a shift towards heavier PCBs at 500m
depth, which, however, was not observed at 20m depth in the current study (the MLD was
located at depth of 2-13m for all data points).

Over almost the whole season the absolute PCB concentrations at 1m depth were
significantly higher than those at 20m, as they only reached similar values at the point
of the last measurement on the 30" of March. Because of the MLD depth, the water
layer at 1m served as the initial recipient compartment where the PCB inputs from the
atmosphere (including ice and snow) start coagulation before settling down, while the
20m depth layer represents a transient medium, through which particles pass on their way
to the seafloor®.
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Figure 6. Contributions of different PCB congeners (%) to the overall sum of concentrations of PCBs at
20m depth.

OCPs

The most abundant OCP (and furthermore, POP) was HCH-alpha (Appendix 3), which
was, relatively to other POPs, present at high levels (50-100 pg/L) at the depth of 1m at the
beginning of the season (the 5 of January till the 10™ January).

Previous studies demonstrated the presence of HCH-alpha in Antarctic phytoplankton
around the WAP in 2004"® and 2013’ but in 10-100 times lower concentrations. On the
other hand, HCH-alpha concentrations in this study were lower than both the historical

and recent reports for the Artic®*%.

The most likely reason for these rather high in
comparison to other OCPs concentrations of HCH-alpha was the relatively low Kow value
of the compound (Appendix 4) which would make it likely to partition to the water phase
and thus be less prone to sedimentation with organic matter (biological pump?®). The sharp
decline in concentrations after the 10® of January may have been related to the earlier
mixing of the surface water. More complexity may have also been brought by microbial
activity — an important driver of HCH-alpha kinetics in the environment®®?’, although this

may be of less importance in the colder conditions of the Antarctic.

Among other detected OCPs were heptachlor, HCB, trans-Chlordane, Aldrin and pp-
DDE (Appendix 3). Their concentrations (0-4 pg/L) were much lower than of HCH-alpha,
and they steadily declined towards the end of the season. The absence of HCH-gamma in
contrast to relative high HCH-alpha concentrations can be explained by the high activity of
the biological pump during the algae bloom, which depleted HCH-gamma more intensively
than HCH-alpha due to a slightly higher hydrophobicity of the former”.
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When compared to the previous research, the OCP concentrations in the current study,
including HCH-alpha, were 10-20 times lower than those reported in 1991 from sites
around Dronning Maud land"”, but HCH-gamma concentrations in particular were similar
to the ones measured around Anvers Island (Palmer station) and the WAP in 2006 and
2013 respectively™'®. Generally, the concentrations of OCPs followed the same trend as the
concentrations of PCBs. Because the majority of OCPs are less hydrophobic than PCBs,
the decrease in the concentrations after the bloom may be expected to have been less rapid.
However, apart from HCH-alpha, the concentrations of OCPs were lower than of PCBs,
which may be related to lower atmospheric inputs of OPCs when compared to PCBs.

Most observations of concentrations of the OCPs at the depth of 20m were below detection
limits (Appendix 3), which confirmed the previously established low potential of OCPs to
be transported down the water column, related to their relatively low Kow?.

Because sampling in this study was conducted in the vicinity of a melting glacier (the
Sheldon Glacier), the almost complete absence of DDT-group congeners, indicating influx
of non-degraded DDTs, strikingly contradicts the previous theory that glaciers are an
important secondary source of DDTs into the Antarctic environment®¥.

PBDEs

Figure 7 presents, to the best knowledge of the authors, the first report of PBDEs identified
in Antarctic waters. The concentrations were relatively low and dropped down to the
detection limits by the end of the season.

Over the season concentrations of PBDEs followed a pattern similar to PCBs and OCPs,
having the highest values (10 pg/L) after the melting of the sea ice and then gradually
declining. As the Kow values of the majority of PBDEs are higher than of PCBs and OCPs,
their sedimentation occurred faster, and the values of around 0.1 pg/L were already reached
in the end of January. At the 20m depth PBDEs were detected only sporadically in the
samples at concentrations of around 0.1 pg/L (Appendix 3).

A study in 2011 from the Artic conducted at the end of summer® showed PBDE
concentrations similar to the ones found at the end of the season in the current study,
although concentrations of PBDEs in Antarctic pelagic biota are generally known to be
lower than in the Artic*!.

Figure 8 illustrates relative concentrations of PBDE:s.
While the exact PBDE congener composition varied between samples, overall there was a

dominance of heavier PBDEs (BDE-85, BDE-99, BDE-119, BDE-154). This was generally

48



100 10

8
10 o
— - - [52]
2 o _--" °E
%) ] _ o~ %)
o I} \ - 4 €
- -
0,1 ! ="
! P — T = i et === - 2
e 4 -9
0,01 %o~ — — —o® 0
5-1 10-1 15-1 20-1 25-1 30-1 4-2 92 14-2 19-2 242 1-3 63 11-3 16-3 21-3 26-3
date

Figure 7. Rolling average of sum of concentrations of PBDE congeners (blue line) (log scale) in pg/L

and chlorophyll in mg/m?* (dashed red line) at 1m depth (only including samples with concentrations of
PBDEs above LOD).
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Figure 8. Contributions of different PBDE congeners (%) to the overall sum of PBDEs at 1m depth (only
including samples with concentrations of PBDEs above LOD).

in a good agreement with previous research from the Artic*’, with a notable exception of
presence of BDE-119 in the current study. However, these patterns differ from the ones of
PCBs in the current study, which showed a predominance of lighter congeners. Presence of
BDE-99 and BDE1-54 can be likely explained by their abundancy in technical mixtures
of PBDEs**. BDE-119 and BDE-85 may originate from degradation of BDE-209***4, and
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thus may provide an indirect evidence of presence of BDE-209 in the Southern Ocean.
At the same time, the absence of lighter PBDEs can be explained by their high (relative to
PCBs) hydrophobicity (Appendix 5) and therefore higher chance of being removed from
the upper layers of water by the biological pump?.

The current study for the first time comprehensively examined the seasonal change
in concentrations of POPs in the Antarctic coastal marine environment. Due to their
depletion at the beginning of the season following oceanographic (chiefly abiotic) and algae
dynamics, the concentrations demonstrated considerable fluctuation when compared to the
similar research in the polar marine ecosystems around Erope®®. It was shown that POPs
were received by the upper layers of the Antarctic marine waters from the melting sea ice.
After this POPs with relatively high Kow were effectively transported to deeper layers with
algae towards the benthic ecosystem. This would indicate that the Antarctic pelagic marine
ecosystem is a transient compartment for POPs, while the benthic ecosystem is likely the

final sink.

The variable kinetics make interpretation of long-term data difficult, and thus suggest
that other environmental endpoints (e.g. birds or benthic animals) should be included
in considerations for this task. Additionally, it creates difficulties with comparisons with
historic data sets as these may be collected at different times of year and therefore under
different phases within the seasonal oceanographic cycle. However, investigation of the
concentrations of POPs in the particulate phase of seawater is absolutely essential for
modelling of environmental transport and evaluation of the toxicological effects of these

compounds.
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APPENDIX 1. CHEMICAL ANALYSIS

Appendix 1A. Complete extraction and clean-up procedure.

1.
2.
3.

e

®

10.
11.
12.
13.

14.
15.
16.
17.
18.

19.

20.
21.

22.

23.

24.
25.
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Weigh 3 gram + 1mg of sample in a 60 ml glass tube.

Add internal standards.

Add as much NanoQ water as needed to reach the total volume of 13 ml (=
13-0.8*weight of the sample).

Vortex or shake vigorously to mix the water and the sample.

Add 10 ml Ethyl Acetate, vortex and mix head-over-head for 10 minutes.

Add a homogenised mixture of 2 gram Sodium chloride and 4 gram Magnesium
sulphate, and shake vigorously for at least 2 minutes. If no liquid phase is visible, add
1 ml of methanol.

Centrifuge for 10 minutes at 1500 rpm.

Repeat steps 5-7 two times.

Transfer the Ethyl Acetate phase to a pre-cleaned Turbovap® glass tube, evaporate in a
Turbovap® Evaporator at 40°C and 0.8 Bar to the volume of 1 ml.

Take a fraction of the sample (0.1 or 0.2 ml) for lipid analysis.

Add 3 ml of hexane.

Transfer the Hexane/Ethyl Acetate mixture to a pre-rinsed 60 ml brown glass tube.
Rinse the Turbovap® glass tube three more times with 9 ml of Hexane and transfer
the solvent to the 60 ml brown glass tube.

Mix in a pre-rinsed Erlenmeyer flask 60 gram activated silica with 40 gram of
concentrated Sulphuric acid (i.e. to get 40% H,SO,).

Add 10 gram of the 40% acid silica to the 60 ml tube and mix, repeat mixing 3 times
with intervals of 10 minutes.

Leave the samples stand overnight.

Centrifuge for 10 minutes at 1500 rpm.

Transfer the Hexane into a pre-cleaned Turbovap® tube.

Add 10 ml of Hexane to the 60 ml tube (with the solid phase of the sample in it) and
mix.

Repeat steps 17 -19 two times.

Evaporate Hexane phase of the sample in the Turbovap® at 40°C and 0.8 Bar to the
volume of 1 ml.

Prepare a clean-up column by filling a glass column with glass wool stopper, 1 gram
conditioned silica and 8 grams of 40% acid silica (prepared in the step 14).

Elute the column firstly with 10 ml of Hexane, wait 5 minutes, and add another 15
ml of Hexane.

Discard these Hexane fractions.

Place a clean Turbovap® tube under the column and add the 1ml extract of the sample
onto the column.



26.
27.
28.
29.

30.

31.
32.

Rinse the initial Turbovap® tube two times with 1 ml of Hexane and add these
fractions onto the column.

Leave the column for 15 minutes.

Eluate first with 18 ml of Hexane and then with 12 ml Dichloromethane.
Evaporate Hexane/Dichloromethane mix in Turbovap® at 40°C and 0.8 Bar to the
volume of 1 ml.

Rinse the walls of the Turbovap® tube twice carefully with 0.5 ml of Iso-Octane and
thoroughly mix.

Evaporate again in the Turbovap® at 40°C and 0.8 Bar to a volume of 1 ml.

Store the sample in an amber glass vial at -20°C.
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Appendix 1B. Instrumental settings for analysis of POPs

PCBs
The GC method for PCB analysis was adapted without changes from:

Guillaume ten Dam, Pussente I.C., Scholl G., Eppe G., Schaechtele A., van Leeuwen S.
The performance of atmospheric pressure gas chromatography—tandem mass spectrometry
compared to gas chromatography—high resolution mass spectrometry for the analysis of
polychlorinated dioxins and polychlorinated biphenyls in food and feed samples. journal of
Chromatography A. Volume 1477, Pages 76-90.

PBDEs
The GC method for PBDE analysis was designed at RIKILT specifically for usage on an
HRMS system.

The PBDE:s included in this study are BDE-47, -66, -85, -99, -100, -138, -153, -154, and 183.
PBDEs were quantified by a magnetic sector Autospec high resolution mass spectrometer
(HRMS) from Waters (Manchester, UK) equipped with an Agilent 6890 gas chromatograph
(GC) (Santa Clara, USA). The GC was equipped with a programmed temperature vaporiser
(PTV injector, Gerstel, Miilheim an der Ruhr, Germany) which allowed injection of 10
ul extract. A CL-Pesticide 30m x 0.25mm i.d. x 0.25um film thickness analytical column
(Restek, Bellefonte, USA) was fitted for the separation. The HRMS is operated in the EI+
mode, at 35 eV. The source temperature is 260°C. Resolution is set at 10000 + 1000 at 10%
peak height. The photomultiplier gain is set at 350 V. The ions monitored and GC-settings
are specified in below tables.
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Table 1. Settings GC for PBDE analysis.

Parameter

Setting Unit

Solvent vent

Time at final temperature
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Table 2. Data acquisition methods for the HRMS for PBDE analysis.

Group 1 (TBDE) BDE-47, -66

Window 15.5-19 min

Mass Time (ms) Delay (ms) LM
4837131 80 20 e
4857111 80 L0 e
4929696 80 10 N e
4957533 80 L0 e
497.7513 80 10

Group 2 (PeBDE) BDE-85, -99, -100

Window 19-21.3min

Mass Time (ms) Delay (ms) LM
563.6215 80 0
565.6195 80 0o
566.9664 80 10
575.6618 80 10

577.6598 80 10

Group 3 (HxBDE) BDE-138, 153, 154

Window 21.3-23.7min

Mass Time (ms) Delay (ms) LM
641.5320 80 20
643.5300 80 10
6535723 80 L e
.654.9601 80 10 A
655.5703 80 10

Group 4 (HpBDE) BDE-183

Window 24.2-26.5min

Mass Time (ms) Delay (ms) LM
7214405 0 0
7234385 0 o
730.9537 80 10 A
7334808 80 L0 e
735.4788 80 10

*LM: Lock Mass
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OCPs

The OCPCB’s were quantified with a triple quad mass spectrometer (Agilent 7010B)
equipped with an Agilent 7890B gas chromatograph and an Agilent 7693 autosampler, all
from Agilent technologies (Santa Clara, USA). The GC was equipped with a programmed
temperature vaporizer (PTV injector) which allowed injection of 5 pl extract. A A CL-
Pesticide 30m x 0.25mm i.d. x 0.25um film thickness analytical column (Restek, Bellefonte,
USA) was fitted for the separation. The MS was operated in the EI+ mode. The source
temperature is 250°C, gainfactor 5V, with an signal limiter of 1.0E08. The ions monitored
and GC-settings are specified below

Table 3. Settings GC for OCP analysis.

Parameter Setting Unit

Solvent vent
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APPENDIX 2. QUALITY ANALYSIS/QUALITY CONTROL

Appendix 2A. Limits of quantification

Compound ng/ml

PCB 123 0000
PCB 118 0.071
PCB 114 0000
PCB 105 0.129

PCB 167 0.004

PCB 156 0000
PCB 157 0000
PCB 189 0000
PCB 28 0.163
PCB 52 032
PCB 101 0.074 @
PCB 153 12
PCB 138 0.107
PCB 180 0.047 @
HCB 0.247

HCH alpha 8.558

HCH gamma 0220
Heptachlor 098
Aldrin co20
Oxychlordane 0.117

DDE o,p’ 0.102

Chlordane trans- (gamma) 0.076

DDE p,p’ 0073
BDE-17 0000
BDE-28 o008
BDE-75 0000
BDE-49 o000
BDE-71 0000
BDE-47 0095
BDE-66 0000
BDE-77 0000
BDE-100 0.015
BDE-119 0186
BDE-99 0.058
BDE-85 0.398
BDE-154 0000
BDE-153 0.000

BDE-138 0.000

BDE-183 0000
BDE-190 0.128
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Appendix 2B. Average recovery rates of internal 13C standards

Compound Median recovery rate
13C-PCB-123 5
13C-PCB-118 95%

13C-PCB-114 9%
13C-PCB-105 9400
13C-PCB-167 94%
13C-PCB-156 %%
13C-PCB-157 58%

13C-PCB-189 7
13C-PCB-028 0%
13C-PCB-052 8900
13C-PCB-101 L G
13C-PCB-153 90% §
13C-PCB-138 84% g
13C-PCB-180 81 5
HCB 13C6 54%
HCH alpha- 13C6 H% oo
HCH gamma- 13C6 5600
Heptachlor 13C10 %
Aldrin 13C12 530
Oxychlordane 13C10 1019
DDE o,p> 13C12 20%
Chlordane trans- (gamma) 13C10  71%
DDE p,p- 13C12 74%

13C-BDE-17 65%

13C-BDE-28 65%

13C-BDE-75 32
13C-BDE-49 520
13C-BDE-71 52%
13C-BDE-47 52%
13C-BDE-66 52
13C-BDE-77 4%
13C-BDE-100 3%
13C-BDE-119 2%
13C-BDE-99 3%
13C-BDE-85 38300
13C-BDE-154 28%
13C-BDE-153 34%
13C-BDE-138 32
13C-BDE-183 3300
13C-BDE-190 33%
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APPENDIX 3. CONCENTRATION OF POPS IN INDIVIDUAL
SAMPLES

All data is presented in pg/L. Only samples with at least one measurement higher than
LOQ are included. “AS” stands for a sample from the aquarium supply.

3.1A PCBs, 1m depth

5/1 6/1 7/1 17/1 18/1 21/1
1.01 <LOQ <LOQ <LOQ <LOQ <LOQ
PCB118 10.4 0.411 <LOQ 0.199 <LOQ <LOQ
PCB114 0.33 <LOQ <LOQ <LOQ <LOQ 0.020
PCB 105 4.03 <LOQ <LOQ <LOQ <LOQ <LOQ
PCB 167 3.10 <LOQ 0.016 <LOQ <LOQ <LOQ
PCB 156 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
PCBIS7 | 40Q  <l0Q  «0Q <«0Q <0qQ  a0Q
PCB 189 0.08 <LOQ <LOQ <LOQ <LOQ <LOQ
PCB28 16.05 4.73 1.40 2.67 3.02 3.59
PCB52 8.41 1.27 <LOQ <LOQ <LOQ <LOQ
PCB 101 14.58 <LOQ <LOQ <LOQ <LOQ 0.67
PCB 153 12.86 <LOQ <LOQ 0.711 <LOQ 1.12
15.38 <LOQ <LOQ <LOQ <LOQ 0.633
5.32 0.290 <LOQ 0.234 <LOQ 0.418
AS
24/1 28/1 30/1 3/2 6/2 12/2
<LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
0.027 <LOQ <LOQ 0.095 <LOQ <LOQ
<LOQ 0.009 <LOQ <LOQ <LOQ <LOQ
<LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
0.020 <LOQ <LOQ <LOQ <LOQ <LOQ
<LOQ <LOQ <LOQ <LOQ <LOQ 0.086
<LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
<LOQ <LOQ 0.003 <LOQ <LOQ <LOQ
0.501 2.67 0.573 0.598 2.21 0.591
<LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
<LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
0.082 0.301 <LOQ <LOQ 0.102 0.096
0.062 0.228 <LOQ <LOQ 0.148 <LOQ
PCB 180 0.056 0.173 0.111 <LOQ 0.044 0.057
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3.1B PCBs, 20m depth

.................. 6/2 712 12/2 16/2 713 13/3

PCB123  <10Q = <LOQ . 0006 . <LOQ . 0.008 0.008

PCB 118 <LOQ <LOQ <LOQ <LOQ <LOQ 0.149

PCB14  <1OQ = <LOQ = 0008 = <LOQ . 0010 . <LOQ

PCB 105 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

PCB 167 <LOQ <LOQ <LOQ 0.003 <LOQ 0.041

PCB156  <LOQ  <LO0Q | <L0Q  <L0Q | <0Q = <0Q

PCB 157 155 <L0Q | <10Q | <0Q | <10Q = <L0Q

PCB 189 <LOQ 0.08 <LOQ <LOQ 0.00 <LOQ

PCB28 0.317 0.600 0458 . <LOQ 0654 1.70

PCB52  <LOQ  <LOQ | <L0Q  <LOQ . <LOQ 0410

PCB 101 <LOQ <LOQ <LOQ <LOQ <LOQ 0.299

PCB 153 <LOQ <LOQ 0.103 <LOQ <LOQ 0.415

PCB138  <LOQ  <LOQ . <LOQ 0053 = <L0Q 0220

PCB 180 <LOQ <LOQ 0.056 0.035 <LOQ 0.166

3.2A OCPs, 1m depth
6l 7 N 1811 21/1
<LOQ <L0Q 0.931 <10Q 1.03
<L0Q <10Q 598 <L0Q 98.3
174 <L0Q <L0Q <L0Q 0.739
391 <10Q 129 209 <LOQ
0.150 0.157 0941 <L0Q <LOQ
<L0Q <10Q 145 <LOQ 0.34
<LOQ <LOQ <LOQ <LOQ 0.65

AS AS
23/1 30/1 3/2 6/2 12/2 6/3 30/3

HCB 0.769 <LOQ 0.475 <LOQ 0.134 0.336 <LOQ

HCH alpha <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

HCH gamma <LOQ 0.447 0.296 0.173 <LOQ <LOQ <LOQ

Heptachlor <LOQ <LOQ <LOQ <LOQ 0.277 0.572 0.121

Aldrin <LOQ | 0.103 0022 = <LOQ = <LOQ | <LOQ | 0011

Chlordane trans : <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

DDE p,p’ <LOQ 0.12 0.12 d0Q | <L0Q | <l0Q = <LOQ
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3.2B OCPs, 20m depth

...... 3/2 6/2 12/2 6/3 . 30/4
HCB 0.475 <LOQ 0.134 0336 <LOQ
'HCH alpha <LOQ <LOQ <LOQ <LoQ <LOQ
'HCH gamma 0.296 0.173 <LOQ <LoQ <LOQ
‘Heprachlor <LOQ <LOQ 0.277 0572 & 0.121
Aldrin 0.022 <LOQ <LOQ <10Q 0.011
‘Oxychlordane <LOQ 0.119 <LOQ <LoQ <LOQ
DDE o,p <LOQ <LOQ <LOQ <LoQ <LOQ
‘Chlordane trans <LOQ <LOQ <LOQ <LoQ <LOQ
DDE p,p 0.119 <LOQ <LOQ <LOQ <LOQ
3.3A PBDEs, 1m depth
AS
5 211 231 241 281 30/3
BDE-17 <LoQ ~0.053 ~0.045 ~0.003 <LOQ <LOQ
BDE-28 <LOQ ~0.050 ~0.052 <LOQ <LOQ <LOQ
BDE-75 ~0.075 0155 0127 ~0.009 ~0.056 <LOQ
BDE-49 - 0.089 0.186 - 0.023 0017 <L0Q 0.006
BDE-71 <LoQ <LoQ 0.025 ~0.018 <LOQ 0.007
BDE-47 <LOQ <LOQ 254 <LOQ <LOQ <LOQ
BDE-66 <LOQ - 0.079 <L0Q 0013 <L0Q 0.003
BDE-77 <LoQ <LOQ <LOQ <LOQ <LOQ <LOQ
BDE-100 <LOQ <LOQ 0353 ~0.033 <LOQ <LOQ
BDE-119 476 150 274 <LOQ <LOQ <LOQ
BDE-99 <LOQ <LOQ - 2.05 0131 <LOQ <LOQ
BDE-85 558 <LOQ - 2.03 <LOQ <LOQ <LOQ
BDE-154 <LOQ <LOQ ~0.026 ~0.031 <LOQ 0.021
BDE-153 <L0Q <L0Q <L0Q £ 0.038 <LOQ 0.023
BDE-138 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
BDE-183 ~0.027 <LOQ ~0.100 <LOQ <LOQ <LOQ
BDE-190 2.335 <LOQ <LOQ <LOQ <LOQ <LOQ
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3.3B PBDEs, 20m depth

""" 13/3 30/3
BDE:IZ 0."(')“1‘2 <LOQ
BDE-28 <LOQ <LOQ
BDE-75 <LOQ 0.006
BDE'-‘?? <LOQ <LOQ
BDE-71 <LOQ <LOQ
BDE-47 <LOQ <LOQ
BDE-66 <LOQ <LOQ
BDE-77 <LOQ <LOQ
BDEﬁlQO 0082 <LOQ
BDE-119 <LOQ 0.612
BDEi?? <LOQ <LOQ
BDE-85 <LOQ <LOQ
BDE-154 <LOQ <LOQ
BDE-153 <LOQ <LOQ
BDE-138 <LOQ <LOQ
BDE-183 0.044 <LOQ
BDE-190 <LOQ <LOQ
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APPENDIX 4. PHYSICO-CHEMICAL PROPERTIES OF MEASURED
POPS

All data is taken from EPI Web suit version 4.11

US EPA. [2019]. Estimation Programs Interface Suite™ for Microsoft” Windows, v 4.11].
United States Environmental Protection Agency, Washington, DC, USA.

4.1 PCBs
Water solubility Henry’s Law constant
kow koa (m/gl) (atm m3/mol) Vapor pressure PA
PCB28 56 84 0.3407000 0.000200 0.300000

PCB189 7.77 11.54 0.0002842 0.000138 0.000461
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4.2 OCPs

kow koa Water solubility Henry’s Law constant Vapor pressure PA
(m/gl) (atm m3/mol)

550  7.38 0.1922000 0.001700 0.267000
3.81 7.61 4.0440000 0.000005 0.034400
3.80 8.8 40440000 0.000005 0.034400
370  7.85 4.0440000 0.000005 0.034400
4.14 8.84 4.0440000 0.000005 0.034400
527 7.64 0.0952600 0.000294 0.265000
3.01  8.08 0.0141500 0.000044 2.150000
548 839 0.0451200 0.000000 0.014900
6.00  8.87 0.0129900 0.000049 0.008410
3.62  8.64 14870000 0.000065 0.000507
6.00 892 0.0129900 0.000049 0.008410
6.35 9.29 0.0061200 0.000025 0.002200
570 9.68 0.0265300 0.000042 0.003440
520 813 0.1455000 0.000010 0.038900
550  10.10 0.0676400 0.000007 0.001230
6.35  9.66 0.0061200 0.000025 0.002200
679 945 0.0091710 0.000007 0.001680
619 9.80 0.0073070 0.000008 0.000143
5.87 9.35 0.0902400 0.000008 0.000845
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4.3. PBDEs
kow koa Water solubility Henry’s Law constant Vapor pressure PA
(m/gl) (atm m3/mol)
494 7.66 14480000 0.000117 0.200000
5.83 8.64 0.0882600 0.000049 0.032000
574 930
594 950 0.0264200 0.000020 0.001220
6.81 10.53 0.0014610 0.000008 0.000211
677 10.82 0.0014610 0.000008 0.000815
761 10.87 0.0002802 0.000008 0.000815
7.66 1166 0.0000786 0.000004 0.000035
BDE 99 6.84 11.31 0.0003940 0.000004 0.000004
724 1113 0.000002
855 1327 0.0000041 0.000001 0.000019
790  11.82 0.000007
855 1327 0.0000041 0.000001 0.000025
BDE 183 944 14.55 0.0000002 0.000001 0.000004
BDE 190 9.44 1455 0.0000002 0.000001 0.000003
BDE 209 12.11 18.42 0.0000000 0.000000 0.000001
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ABSTRACT

Pollutant levels in polar regions are gaining progressively more attention from the science
community. This is especially so for pollutants that persist in the environment and can
reach polar latitudes via a wide range of routes, such as some persistent organic pollutants
(POPs). In this study samples of Antarctic marine benthic organisms were analysed for
legacy and emerging POPs (polychlorinated biphenyls, polybrominated diphenyl ethers
and organochlorine pesticides) to comprehensively assess their current POP concentrations
and infer the potential sources of the pollutants. Specimens of 5 benthic invertebrate
species were collected at 2 distinct locations near Rothera research station on the Antarctic
Peninsula (67°35’8”S and 68°7°59”W). Any impact of the nearby Rothera Station as a local
source of pollution appeared to be negligible. The most abundant chemicals detected were
HCB and BDE-209. The highest concentrations detected were in limpets and sea urchins,
followed by sea stars, ascidians and sea cucumbers. The relative congener patterns of PCBs
and PBDEs were similar in all species. Some chemicals (e.g. Heptachlor, Oxychlordane and
Mirex) were detected in the Antarctic invertebrates for the first time. Statistical analyses
revealed that the distribution of the POPs was not only driven by the feeding traits of the
species, but also by the physico-chemical properties of the specific compounds
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INTRODUCTION

Persistent Organic Pollutants (POPs) are a large group of contaminants characterized
by long environmental half-lives and high potential for accumulation in food webs and
organisms'. The more volatile POPs have the ability to be re-dispersed into the atmosphere
after application®. Driven by Long Range Atmospheric Transport (LRAT) such more or
less volatile POPs can travel away from the industrialised and inhabited regions of release
and be deposited in remote areas, including the marine ecosystems of Antarctica®. .

Concentrations of POPs in Antarctic pelagic ecosystems have been studied well enough
to create a comprehensive time series in different components of these ecosystems e.g. in
birds’, mammals®, pelagic fish”® and water’.

Yet the concentrations and fluxes of POPs in Antarctic benthic marine ecosystems are still
poorly described™®!" due to two major challenges Firstly, there are logistical problems
associated with the remoteness of the locations and the resources needed for the collection
of samples (often including ship cruises or SCUBA diving support). Secondly, chemical
analysis of Antarctic benthic samples is often demanding as the concentrations of POPs are

usually much lower than in temperate and tropical areas of the world'>".

Invertebrates are by far the most dominant macrofauna of the Antarctic marine benthic
ecosystems in terms of both species number and biomass'* and can serve as important
bioindicators of POPs because of their trophic diversity, slow growth rates, long life spans
and low mobility of adult animals'. Moreover, sessile benthic organisms may provide the

potential to identify local sources of POPs, such as research stations®” and touristic ships'®".

A few reports on POPs in various Antarctic benthic species exist, for instance around
Dumont d’Urville station (Adelie Land)'®, Davis station (Princess Elizabeth Land)"” and
Zucchelli station (Terra Nova bay)*®. Unfortunately, the contribution of invertebrate
samples to these studies was small, the proximity to the research stations as a potential
contamination source was not always taken into account , and all of these studies were

conducted in the Eastern Antarctica®'.

Because the Western Antarctic Peninsula (WAP) has experienced some of the fastest rates
of climate change, the composition and abundance of species in benthic ecosystems is
likely to alter’ . Given their complexity and diversity, this could also lead to changes in
biomagnification across the entire food web. Moreover, while temporal trends in the studies
of pelagic ecosystems demonstrated a clear decline in concentrations of POPs, such trends
are less clear in benthic ecosystems, which makes future predictions even more difficult®.
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For a better understanding of the accumulation patterns of POPs in benthic organisms
and systems it is essential to analyse those accumulation patterns with information on
species traits and properties of POPs together with details on the collection locations
(proximity of nearby stations, shipping activities etc.). To gain such insights, a study was
conducted with the aim of performing a comprehensive characterization of POPs in a
range of benthic invertebrate species from the WAP, representing different trophic levels,
collected from different locations around Rothera research station. Therefore this study not
only quantifies current levels of POPs, but is also an important step in monitoring global
chemical pollutant cycles?.

MATERIALS AND METHODS.

Sample collection

Samples of various Antarctic benthic invertebrate species, selected on the basis of diversity
in physiology and feeding traits (table 1, Appendix 1D), were collected in the beginning
of February of 2017 at depths of 10-30 meters in the north-eastern part of Ryder Bay (fig.
1), next to the coast of Adelaide Island. Previous studies suggest that it is unlikely for an
Antarctic station to serve as a source of POPs for areas located farther than 3km distance®.
Thus, 2 distinct collection sites were established: site “Islands” was identified as a rarely
visited area of background contamination at least 5km away from the station (i.e. with
POPs intake exclusively from LRAT), while the site “Station” was the area near the station,
with potential for POPs contamination from local sources,. All samples were collected by
SCUBA divers, packed into aluminium foil (which was first furnaced at 450°C for 12 hours
and then cleaned with hexane), and stored in an freezer at -20°C until further analysis was
carried out in the Netherlands.

Chemical analysis
All solvents and other chemicals used in the current study were of highest analytical grade.
Glassware and metal hardware used were thoroughly pre-cleaned, twice with hexane and

twice with ethyl acetate.

Individual specimens (3 to 5) of limpets, sea urchins and sea stars were pooled to ensure
sufficient sample volumes for later analyses. Sea cucumbers and ascidians were large enough
to be analysed individually. All samples were freeze-dried at -50°C for at least 48 hours and
homogenised into a fine powder.

All samples were analysed for polychlorinated biphenyls (PCBs; PCB 28, 52, 101, 105,
114, 118, 123, 138, 153, 156, 157, 167, 180, 189), polybrominated diphenyl ethers (PBDEs;
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Table 1. Overview of collected samples after pooling. An “-“indicates that samples of the species were

not collected at the location.

Total Total
number at site number at site
Latin name Common name Predominant feeding behaviour “Islands” “Station”
Heterocucumis steineniSea cucumber  Sediment/Suspension feeder” 12 16
Cnemidocarpa Ascidian Filter/ Suspension feeder® 15 14
perrucosa (sea squir) .
Odontaster validus Seastar Carnivore” } 6 } 5
Nacella concinna Limpet Grazer” ) - ) 7
Sterechinus newmayeri ~ Sea urchin Omnivore* 5 -

South Georgia
h
o Signy
0 500 1,000
jom! S
onnelly
& Island Y
/L / 68°10

Figure 1. Map of north-eastern part of Ryder Bay with sampling locations. Site “Islands™ (A) will
principally only receive POPs by LRAT, while site “Station” (B) has potential for additional contamination
from the research station and air and shipping activities.

PBDE 17, 28, 47, 49, 66, 71, 75, 77, 85, 99, 100, 119, 138, 153, 154, 183, 190, 209) and
organochlorine pesticides (OCPs; HCB, HCH-alpha, HCH-beta, HCH-gamma, HCH-
epsilon, Heptachlor, Oxychlordane, Heptachlor epoxide-alpha, heptachlor epoxide-beta,
trans-Chlordane, cis-Chlordane, Endosulfan-alpha, Endosulfan-beta, o,p-DDE, p,p-
DDE, o0,p-DDD, p,p-DDE, Mirex).
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Chapter 4

The complete extraction and clean-up procedure is described step-by-step in the Appendix
1A. For extraction, 15ml (corresponding to 3-7g dry weight) of homogenised and freeze-
dried sample was transferred into 60ml amber glass tubes, and spiked with *C PCB and
BC PBDEI138 standards obtained from LGC Standards (Teddington, UK). Distilled water
was added until the total mass of the sample was 13g, and the sample was shaken for 3
minutes. These mass and volume values were essential to establish a balance between the
sample intake and instrumental capacities of the extraction equipment. After this, 10ml
of ethyl acetate was added and the mixture was vigorously shaken again in an overhead
shaker for at least 10 minutes. This was followed by an addition of a mix of 2g of sodium
chloride and 4g of magnesium sulphate. The samples were then centrifuged for at least
10 minutes at 350g. The ethyl acetate supernatant was transferred into a Turbovap® tube
and the procedure was repeated twice, starting from the addition of another 10ml of ethyl
acetate. Therefore, the total volume of the extract obtained was approximately 30ml. The
samples were concentrated in a Turbovap® apparatus to 1ml, of which 0.1ml of was used
for later lipid quantification, which was done gravimetrically. The rest of the extract was
transferred quantitatively to a 60ml amber glass vial. Each tube was washed 3 times with
9ml of hexane each time, and this was combined with the extract in the 60ml vials. Ten
g of 40% acidic silica was added to each sample and the sample was left overnight. After
this, the hexane fraction of the sample was transferred to a new Turbovap® tube, which was
followed by 2 cycles of washing with 10ml of hexane, centrifugation for 10 minutes at 350g
and transferring the hexane phase to the Turbovap® tube. The samples were concentrated
down to 1ml in a Turbovap® and brought onto a clean-up silica column, which was packed
with 1g of activated silica and 8g of 40% acidic silica, which were twice pre-eluted with
10ml and 15ml of hexane respectively. The sample was eluted consecutively with 18ml
hexane and 12ml dichloromethane. The resulting solvent mixture was evaporated in a
Turbovap® to 0.5ml, and a solvent exchange to iso-octane was performed. The final 0.5ml
of extract in iso-octane was stored at -20°C until measurements were made. Some OCPs
(e.g. dieldrin and endrin) degrade under acidic conditions (i.e. acidic silica) used in this
clean-up approach and are therefore not reported in this study.

PCBs and PBDEs were quantified using a Magnetic Sector Autospec GC-HRMS from
Waters (Manchester, UK) equipped with an Agilent 6890 GC (Santa Clara, USA). OCPs
were measured by an Agilent 7010B Triple Quadrupole coupled with an Agilent 7890 GC
(Santa Clara, USA). DB-5MS 60m x 0.25mm x 0.25um fused silica capillary column
from Agilent J&W (Folson, USA) was used for PCB analysis, while CL-Pesticide 30m x
0.25mm x 0.25um from Restek (Bellefonte, USA) was fitted for the analysis of PBDEs and
OCPs. Measurements were conducted at the Wageningen Food Safety Research (WESR)
laboratories in Wageningen, the Netherlands. For further details on the GC-methods see
Appendix 1B.
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For Quality Assurance/Quality Control (QA/QC) (Appendix 2), each measurement batch
contained 10 samples, a procedural blank and a sample of a certified reference material
(SRM 1947 Lake Michigan fish tissue, National Institute of Standards and Technology).
For extra QC the samples were spiked with *C-labeled PCBs (all analysed congeners) and
BC-PBDE-138.

Limits of quantification (LOQ) were calculated as 2 times the concentration of the
compound in the extract of the corresponding blank sample. The concentrations in
the samples were adjusted for blanks, while the recovery rates (Appendix 2) were used
exclusively for QC (i.e. they were not used for adjustment).

Data analysis
All data analysis was completed using Jypiter Notebook with Python 3 and Canoco 5
software. The values below detection limits were not considered in the statistical analysis

and set to zero when calculating total concentrations.

The detailed description of statistical methods is presented in the Appendix 3. Mann—
Whitney—Wilcoxon (MWW) (another name - Mann—Whitney U) test was used to assess
whether differences between samples were significant (o = 0.05), which was Bonferonni-
adjusted when exploring site-specific differences (see Appendix 3 for rationale). Principal
component analysis (PCA) and its derivative double constrained principal component
analysis (dc-PCA) were used to investigate accumulation patterns among species and to
identify which physico-chemical properties of POPs control their accumulation patterns®.
The values of these physico-chemical properties of the different POPs values are presented
in Appendix 5.

All results in the current study are expressed as picogram per gram lipid (pg/g Lw). For
comparison with other studies, where concentrations were expressed on wet or dry weight
basis, the data were adjusted to lipid weight basis using average lipid contents of the species
determined gravimetrically in the current study.

RESULTS AND DISCUSSION

The results for concentrations of PCBs, PBDEs and OCPs in individual samples can be
found in Appendices 4A, 4B and 4C respectively. The lipid content of the samples did not
show any interspecific differences (Appendix 1).
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Chapter 4

Rothera station as a possible source of POPs pollution.

There were no significant differences between samples collected near Rothera station (site
“Station”) and the islands in Ryder bay (site “Islands”) (MWW test with Bonferonni
correction; Appendix 3). This is in contrast to previous research in Antarctica around
McMurdo station which identified differential PBDE and PCB congener patterns
(linked to the composition of industrial mixtures such as Arochlor) as clear signs of local
contamination®. Results indicate that Rothera station and associated operations have
not resulted in a significant release of the POPs studied. Since there were no statistically
significant differences between the locations, all the datasets were merged and used together

for further statistical analyses and discussion of species-specific accumulation patterns.

Species specific concentrations

PCBs
The total PCB concentrations in the different species are presented in figure 2

Opverall, the results show that PCB concentrations vary significantly among species in the
current study. Sea cucumbers had the lowest PCB concentrations, which were significantly
lower than in all other species. The concentrations in ascidians were higher than in the sea
cucumbers, but their variance was higher because of 3 noticeable outliers. Concentrations
in the sea stars were similar to the ascidians, while limpets had significantly higher PCB
concentrations than the sea stars. The concentrations in urchins were not significantly

different from the limpets but had a larger variance.

The concentrations measured in the current study were all well below concentrations found
in the same or similar species in previous studies in Antarctica: PCB concentrations in the
limpets were up to 30 times lower than values reported in the same species from Princess
Elizabeth Land in 2018Y, and in urchins they were up to 30 or even 60 times lower than
from Adélie Land'® in 2009 and Princess Elizabeth Land" in 1995, respectively.

There may be several reasons for the consistently low PCB concentrations. First, the
benthic invertebrates near Rothera may simply not have been exposed to PCBs as those
from other studies. Second, concentrations in the other studies may have been influenced
by unrecognized local inputs of PCBs. For example, an earlier report® indicated an order
of magnitude difference in PCB concentrations found in the same benthic invertebrate
species, collected at the same sampling site, but at different timepoints during the season

with the elevated concentrations corresponding to the periods of increased station activity.

Concentrations in the sea stars O. Validus of the current study were approximately 2 times
lower than previously found in the sea stars Saliasterias brachiata from Adélie Land in
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Figure 2. Boxplot of total concentrations of PCBs in pg/g Lw. The “n” quoted above denotes the
number of pooled samples analysed. The mid-line of each plot indicates the median value, the box —
the interquartile (25%-75%) range and the whiskers - the 95% percentile. Black dots are the original
data with black square crosses representing outliers. The plots with the same grey letter indicate no
statistically significant differences.

2013". The most likely explanation lies in a different feeding behaviour: while the former is

a carnivore, the latter is a necrophagous®®

The relative concentrations of the individual PCB congeners were similar across the species
(Appendix 4A). These outcomes followed previous findings®®, which quantified penta- and
hexa- CBs to account for approximately 60% of all PCB concentrations. However, there
was a slight disagreement with a smaller study on sea stars and sea urchins'®, which showed
a predominance of penta-CBs.

PBDEs

Concentrations of PBDEs in limpets were significantly higher (Fig. 3) than in sea cucumbers,
ascidians and sea stars, while he differences between sea urchins and all the other species
were not significant, possibly due to the low number of samples (n=3). This is different
to the trends seen for PCBs (Fig. 1), which however, is in close agreement with recent
experimental work on accumulation patterns of PCBs and PBDE:s in invertebrates with
different feeding behaviour, which found that concentrations of PCBs tended to increase
more rapidly with increasing trophic level than PBDEs*.
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Figure 3. Boxplot of total concentrations of PBDEs in pg/g Lw. The “n” quoted above denotes the
number of pooled samples analysed. The mid-line of each plot indicates the median value, the box —
the interquartile (25%-75%) range and the whiskers - the 95% percentile. Black dots are the original
data with black square crosses representing outliers. The plots with the same grey letter indicate no
statistically significant differences.

BDE-209 accounted for more than 90% of the total PBDE concentrations for all species
(Appendix 4B). Although other PBDE congeners showed much lower concentrations, their
accumulation pattern is similar to BDE-209 (Appendix 4B).

Because BDE-209 may dibrominate into more toxic congeners during LRAT and in the
environment®?, its accumulation in benthic animals deserves a closer attention. Owerall,
there is alot of conflicting information about BDE-209 in the Antarctic environment. While
some studies in biota were not able to detect it all**“!, it was the predominant congener in
long-term air monitoring®?. Historically, BDE-209 input in Antarctica was attributed to
local activities®, however the fact that its high concentrations were currently found in an
area with very little or no human activity (site “Islands”) provides evidence that atmospheric
inputs also play an important role in fluxes of BDE-209 in Antarctica. Such predominance
of BDE-209 over other congeners in sea stars and urchins was also previously reported
in Adélie Land in 2013' , and that showed similar total PBDEs concentrations. A study
from McMurdo Sound in 2008 stressed the contribution of BDE-209 to the overall PBDE
burden, but the total concentrations were up to 5 times higher® than those here. Results
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from our and other studies indicate that BDE-209 may be released in the Antarctic marine
system by atmospheric deposition, resulting from LRAT, without the need for local sources.

Previous efforts were dedicated to determining the general temporal trends of PBDEs in
different parts of Antarctic ecosystems, which demonstrated that in constrast to decreasing
trends in the Arctic, the PBDE concentrations in Antarctica are remaining constant’'.
However, not all of those articles reported BDE-209, therefore potentially missing the
most important congener. The concentrations in the current study were comparable to
those found 10 years before'®, which would support the general consensus of the combined
studies that, even when BDE-209 is accounted for , the total PBDE concentrations did not
seem to change over time in the Antarctic system.

OCPs

In all the species studied the most prevalent OCP was HCB, which can be expected for the
Antarctic biota due to its high atmospheric mobility and its preferential condensation in cold
regions”*. Moreover, HCB is known to accumulate in invertebrates*. The concentrations
of HCB did not differ significantly among the species (Fig. 5). This is in good agreement
with previous research, which indicated a lack of HCB biomagnification across marine
species in different trophic levels from Antarctica®. Generally, the currently measured
HCB concentrations were 10-30 times lower in comparison to HCB levels in invertebrates
measured in 1993 at Terra Nova Bay*, which implies a decrease in HCB concentrations
over time. On the other hand, a more recent study in Adélie Land from 2013 was not able
to detect any HCB in invertebrates at all'®. The explanation likely lies in the more frequent
snowfalls around the WAP*~° which could have amplified HCB in the current study®.

The second most abundant OCP was p,p-DDE. There were no statistically significant
differences in its concentrations among species except for the sea cucumbers, which
contained significantly more p,p-DDE than the other species (Fig. 5 and Appendix 3).
The p,p-DDE  concentrations were similar to those reported in a previous study from
1993 on bivalves in Terra Nova Bay*‘. p,p-DDE concentrations measured in the Artic in
2000 were 10-20 higher in waved whelks® than in the invertebrates in the current study.
Interestingly, no p,p-DDT could be detected in any of the current species, which may
signify its complete transformation into p,p-DDE. This would indicate no recent inputs of
p,p-DDT into the local marine environment of Ryder Bay. This may imply a very limited
input of p,p-DDT from glacial run-off’*, as has been suggested as a contemporary source of
OCPs into Antarctic ecosystems, although its actual extent is debated® and thus supported
by the current study.

HCB and p,p-DDE were followed by the chlordane (mainly cis-chlordane) and HCH
(mainly HCH-beta) groups, Heptachlor, Mirex and Endosulfan. It is the first time these
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Figure 5. OCP concentrations in five antarctic benthic species in pg/g Lw. The mid-line of each plot
indicates the median value, the box shows the interquartile range and the whiskers are the 95% percentile
range. The blank spaces indicate no data, as all measurements were below detection limit.
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Figure 6. Bi-plot of de-PCA relating concentrations of POPs (green arrows) and species (red dots) (A1
=0.19 and A2 = 0.06).

compounds were measured in Antarctic invertebrates and their concentrations were lower
than those reported in the Artic®. Overall, there were few interspecific differences in OCP
concentrations (Appendix 3). A notable exception were heptachlor and oxychlordane,
which were detected at significantly higher concentrations in sea cucumbers than in other
species, which may result from them being suspension feeders.

Drivers of species specific accumulation

A dc-PCA was performed on the data on measured concentrations of POPs to extract
insights of the interspecific accumulation patterns (Fig. 6) and to link them with the
biological traits of the species and physico-chemical properties of the compounds (Fig. 8).
The eigenvalue of axis 1 was 0.194 (Statistics pseudo Fpmb: 3.1, p = 0.002) and the one for
axis 2 was 0.056 (statistics of combined axes: pseudo Fpmb: 5.9, p = 0.002). This dc-PCA
indicates that limpets contained relatively high concentrations of higher halogenated PCBs
and PBDEs, while ascidians and cucumbers accumulated more OCPs (especially HCB),

with sea stars and urchins being in between.
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Figure 7. Bi-plot of de-PCA relating species (red dots) and properties of POPs (blue arrows) (A1 = 0.059
and A2 = 0.020).

The dc-PCA on the data, constrained by physico-chemical properties of POPs (Kow, Koa,
Henry’s constant, water solubility and vapour pressure) (fig. 7) indicates that these properties
were significantly related to the concentrations of POPs (pseudo Fpmb: 2.7, p =0.008).

Limpets contained more POPs with higher Kow and Koa (Appendix 5), which was likely
related to the grazing feeding behaviour of this species, as POPs with high Kow can be
expected to accumulate in the lipophilic particles limpets feed on®?. Furthermore, it may be
related to the fact that limpets may have limited dermal exchange with the water because
of their shell. This may limit the uptake of more water soluble POPs, i.c. the ones with
lower Kow. Ascidians and sea cucumbers contained more compounds that were relatively
water soluble, which corresponded to their greater surface area of exposed soft tissue and
their respective filter and suspension feeding modes. Finally, sea stars and urchins occupied
(again) somewhat a middle ground. This was possibly related to their respective predatory

313 which includes diet items exposed to either foodborne

and omnivorous behaviour

POPs (with high Kow) or waterborne POPs (with low Kow). This mechanism is supported
by previous attempts to explain differences in uptake between species '. The structure
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of dermis can be another factor controlling bioconcentration of POPs: the softer dermis of

sea cucumbers®® and ascidians® may lead to more intensive accumulation of POPs in these
species, when compared to sea urchins, whose dermis is harder®5%%.

Opverall, specific feeding behaviour and the dermis of the species, and Kow and Koa of
particular POPs influence the concentration of these compounds in examined animals.
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ABSTRACT

A toxicodynamic experiment was conducted with Antarctic benthic invertebrate limpet
(Nacella concinna) to establish potential biomarkers of exposure and effect and to assess
current risks of Polychlorinated Biphenyls (PCBs) to this Antarctic benthic species. Animals
were exposed to different water-borne concentrations of a mixture of PCBs during a period
of 4 weeks. The results obtained revealed an accumulation of these compounds in the
limpet tissue with increasing water-borne concentrations. Ethoxyresorufin-O-deethylase
(EROD) analyses of the limpet hepatopancreas showed low enzyme activities in control
animals, which decreased with increasing concentrations of PCBs. Nuclear magnetic
resonance (NMR) measurements of endogenous lipid metabolites revealed negative
associations between PCBs and major lipids in V. concinna,. Overall, this study for the first
time established effects of exposure of an Antarctic marine benthic species to PCBs.
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INTRODUCTION

Polychlorinated biphenyls (PCBs) are a group of organochloride compounds, which was
one of the earliest to be recognised as Persistent Organic Pollutants (POPs) because of the
persistence and harmful effects of these chemicals on the environment'. In the 1970s the
presence of PCBs was even reported in Antarctica, a remote and perceived to be pristine
area 2. Although over the last decades the concentrations of PCBs in the Antarctic pelagic
ecosystems have decreased and are low in comparison to temperate areas, future trends
in exposure and toxicological risks of these compounds to local marine (both pelagic and
benthic) ecosystems are not fully understood®.

Because Antarctic organisms are highly endemic, often show extreme metabolic profiles
and lipid composition*’, and live under extreme conditions, it has been speculated that
Antarctic marine animals may be more sensitive to POPs, including PCBs, when compared
to species from temperate and tropical areas®. Invertebrate species have been recognised
as bioindicators of PCBs in temperate®® and also Arctic’ regions due their high trophic
diversity, relatively long lifespan and sedentary lifestyle with respect to benthic species'.
To this date, only one series of studies was conducted on hazards of POPs for Antarctic

invertebrates "'

. Effects of either food-born or water-boon DDE exposure on krill
(Euphausia superba) and krill larvae were examined and no significant differences between
Antarctic and related temperate species could be established. While those studies identified

12,14

and quantified major toxicological pathways it remains unclear whether those result

apply also to other Antarctic species.

When examining toxicological effects of PCBs in Antarctic marine ecosystems several
PCB-related factors should be considered. First, Antarctica is the continent that experiences
the most drastic effects of the global warming, which may place additional stress on already
vulnerable local ecosystems, potentially making them more vulnerable to PCB exposure®.
Second, comprehensive information on concentrations of PCBs and other persistent
chemicals in some parts of these ecosystems is still lacking, which does not allow for a proper
estimation of current exposure levels'®". Third, the growing tourist industry and potential
re-mobilization of old PCB storages may lead to increase of these levels**’. Therefore, it
is important to determine reliable indicator organisms and appropriate biomarkers that
would help to provide insights on ecotoxicological risks of PCBs in Antarctica. It has been
established that biochemical responses of invertebrates to exposure to PCBs may result in
disrupted lipid metabolism, increased oxidative stress and induction of Aryl hydrocarbon
Receptor (AhR) mediated effects?*?. However, their exact effects and related biomarkers
in the Antarctic limpets (V. concinna), which may be potential candidate species for
environmental monitoring purposes”>?**, have not been established.
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The limpet species N. concinna is a fairly abundant and well-studied Antarctic mollusc®.

It is a grazing feeder and has a low degree of metabolic seasonality due to the maintenance
of high winter metabolic rates® which makes it suitable for toxicodynamic experiments. A
recent study looked into the environmental concentrations of POPs in this species: although
PCB concentrations in these animals remained low, they nevertheless may have presented a
potential ecotoxicological risk?®. Limpets were already proposed as bioindicators for other
POPs** and were therefore chosen as a model organism for the current study.

The main goal of the current study was to conduct an in-vivo toxicodynamic experiment
by exposing Antarctic limpets N. concinna to different increasing concentrations of a PCB
mixture with the aim of identifying potential biomarkers of exposure and effect, and
establishing, whether observed concentrations in V. concinna are high enough to present

an ecotoxicological risk.

MATERIALS AND METHODS

Field Sampling

The limpets N. concinna were sampled by divers around the islands of the Ryder Bay near
Rothera research station (67°35’8”S, 68°7°59”W) and the coast of the Western Antarctic
Peninsula (WAP) of the British Antarctic Survey (BAS), late March of 2017. Immediately
after collection the limpets were put into a temperature-controlled (ambient temperature
2°C, water temperature around -1°C) aquarium, in which they were then transported to the
UK onboard RRS Ernest Shackleton. During the voyage (12 weeks) the limpets were not
fed, but the seawater exchange was performed once per day through the seawater collection
system of the ship. The water exchange stopped a day before the ship entered the English

Channel to avoid contamination.

Experimental set-up and procedure

From the transport aquarium the limpets were directly transferred into a tank located on
BAS premises in a room permanently kept at the same temperature conditions (ambient
temperature 2°C, water temperature of -1°C). A siphon device was used to provide limpets
with extra oxygen and to collect excessive mucus produced by them. The saltwater (35 %o
salinity) was prepared directly on site by mixing aquarium salt (D - D H2Ocean Pro+™ by
Maidenhead Aquatics (Egham, UK)) with demi-water. The seawater was exchanged twice
a week. Limpets were first kept for 5 weeks under these conditions to allow acclimatization
after the voyage. After the 5 weeks, the amount of mucus production decreased and the
limpet mortality reached a steady state (1-2 specimens per week), after which the limpets
were transferred to the experimental set-up.
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Limpets (8-10 individual specimens) were put into glass jars filled with 4 liters of saltwater,
each jar representing an individual experimental unit. No sediment was included in the
jars. Jars were kept slightly ajar to allow a passage of oxygen, supplied by a pump through
Teflon tubes.

The experiment started by exposing limpets to a mixture of PCBs (congeners 18, 31, 28, 52,
44,101, 118, 149, 153, 138, 180, 170, 194, 209) dissolved in dimethyl sulfoxide (DMSO) to
allow better miscibility with the water. The experiment included 4 levels of exposure with
the total nominal PCB concentrations in the water in the jars (experimental units) of Ing/L,
10ng/L, 100ng/L and 400ng/L and control, a range of concentrations which represent
environmentally relevant concentrations in the temperate areas of the world”='. Control
and exposure levels of 1 ng/L, 10 ng/L had 3 repetitions (i.e. 3 experimental units), while
the exposure levels of 100ng/L and 400 ng/L had 4 repetitions (i.e. 4 experimental units).
PCBs dissolved in 100 pul DMSO were added daily from Monday to Friday to maintain the
levels of nominal concentrations (thus, the total added daily volume was 100 pl) and each
Friday afternoon half of the saltwater in each jar was exchanged with fresh salewater and
the water spiked with the needed amounts of PCBs.

The experiment was terminated after 4 weeks of PCB exposure. The limpets were
immediately dissected, and their hepatopancreases removed. The hepatopancreases were
stored at -80°C (later used for EROD and NMR), while the rest of the specimens were
stored at -20°C (later used for chemical analysis). Note that limpet mortality remained the
same (0-1 specimens per the whole set-up per week) during the whole experiment.

Chemical analysis

All samples were analysed for the major PCB congeners in the mixture (28, 52, 101, 105,
114, 118, 123, 138, 153, 156, 157, 167, 180, 189) to allow comparison with the previously
measured environmental concentrations in limpets of Rothera Bay**. The complete extraction
and clean-up procedure was adapted from a previous study on PCBs in N. concinna and
other Antarctic marine benthic species? and is described step-by-step in Appendix 1A. For
extraction 5ml (corresponding to 3-7g dry weight) of homogenised and freeze-dried sample
was transferred into 60ml amber glass tubes and spiked with *C PCB standards obtained
from LGC Standards (Teddington, UK). Distilled water was added until the total mass
of the sample was 13g, and the sample was shaken for 3 minutes. After this, 10ml ethyl
acetate was added, and the mixture was vigorously shaken again in an overhead shaker
for at least 10 minutes. This was followed by an addition of a mix of 2g sodium chloride
and 4g magnesium sulphate. After mixing the samples were then centrifuged for at least
10 minutes at 350g. The ethyl acetate supernatant was transferred into a Turbovap® tube
and the procedure was repeated twice, starting from the addition of another 10ml ethyl
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acetate. Therefore, the total volume of the extract obtained was approximately 30ml. The
samples were concentrated in a Turbovap® apparatus to 1ml, of which 0.1ml was used
for later lipid quantification, which was done gravimetrically. The rest of the extract was
transferred quantitatively to a 60ml amber glass vial. Each tube was washed 3 times with
9ml of hexane each time, and this was combined with the extract in the 60ml vials. Ten
g of 40% acidic silica were added to each sample and the sample was left overnight. After
this, the hexane fraction of the sample was transferred to a new Turbovap® tube, which was
followed by 2 cycles of washing with 10ml of hexane, centrifugation for 10 minutes at 350g
and transferring the hexane phase to the Turbovap® tube. The samples were concentrated to
1ml in a Turbovap® and brought onto a clean-up silica column, which was packed with 1g
of activated silica and 8g of 40% acidic silica, which were twice pre-eluted with 10ml and
15ml of hexane respectively. The sample was eluted consecutively with 18ml hexane and
12ml dichloromethane. The resulting solvent mixture was evaporated in a Turbovap® to
0.5ml, and a solvent exchange to iso-octane was performed by evaporation. The final 0.5ml
of extract in iso-octane was stored at -20°C until measurements were made.

For quality assurance (QA) and quality control (QC), a procedural blank and a sample
of a certified reference material (SRM 1947 Lake Michigan fish tissue, National Institute
of Standards and Technology) were analysed every 9 actual samples. Furthermore, each
analysed '*C PCB congener had a corresponding ">C congener as an internal standard for

concentration correction.

Limits of quantification (LOQ) were calculated as 3 times the concentration of the
compound in the extract of the corresponding blank sample. The content of extractable
matter (predominantly lipid content) of each sample was determined gravimetrically. The
total concentrations of PCBs were then expressed on a Toxic equivalency factor (TEF)
basis, using the WHO guidelines and TEF values *. Toxic Equivalents (TEQ) were further
calculated as TEQ = Z[Ci x TEFi], where Ci is the concentration of the corresponding PCB

congener (i)**.

CYP enzyme activity measurement

The protocol for measurements of the activity of cytochrome P450 (iso)enzymes was
adapted from previous studies”~*. In essence, 1.5 ml of 0.1M phosphate buffer was mixed
with a sample of limpet hepatopancreas (at the ratio of mg tissue : ml buffer = 1:2) and
homogenized in a cooled Potter-homogenizer at moderate speed. The homogenate was
transferred to an Eppendorf vial and centrifuged in a pre-cooled centrifuged at 9000g
for 20 minutes. Subsequently 25 ul of the supernatant was transported to a 96-well plate
with a flat bottom. The proper substrate (ethyl-ether-resorufin for EROD, methyl-ether-
resorufin for MROD, pentyl-ether-resorufin for PROD and benzyl-ether-resorufin for
BROD) was added to the sample, together with NADPH and dicumarol buffer, followed

100



by an incubation at RT for 60 minutes. Dicumarol was added to prevent the breakdown of
resorufin (RR) by diaphorase. Afterwards, the amount of RR was measured by fluorescence
at )\'cxcitation = 530 nm and xemission

measured using the same method and cellular protein content was measured using the

Pierce BCA method.

= 590 nm. For comparison a RR-standard curve was

NMR

Nuclear magnetic resonance (NMR) was used to obtain information on the profile of
lipids in the limpets. To prepare the samples for measurement, approximately 0.1 g of fresh
hepatopancreas material was mixed with 0.5 ml 50 mM phosphate buffer pH 7.3 in a 2.0
ml Eppendorf tube. The sample was ultrasonicated for 15 minutes and 800 microliter
deuterated chloroform were added to the sample. The sample was hand mixed very well for
10 minutes and subsequently centrifuged at 9400 g for another 15 minutes. The CDCI,
bottom layer of the Eppendorf tube was carefully transferred to a 3 mm NMR tube (Bruker
matching system).

The NMR measurement was performed on a Bruker NMR spectrometer Avance IIT™
(Billerica, USA) with a 600 MHz/54 mm UltraShield Plus® magnet equipped with a
CryoPlatform® cryogenic cooling system, a BCU-05 cooling unit and an ATM® automatic
tuning and matching unit. Measurements were done at the temperature of 300K. 1D
nuclear Overhauser-enhancement spectroscopy (NOESY) spectra were obtained.

The intensity of the NMR resonances was corrected for amounts of hepatopancreas used

for sample preparation.

Statistical analyses

Statistical significance of differences between groups was assessed by use of the Student t-test
with an assumed unequal variance. Dose-response relationships between log-transformed
PCB concentrations and enzyme activities were analyzed with regression analyses®. To
assess the patterns of the metabolites and to related them to exposure levels, Principal
Component Analyses (PCA) were used (Canoco, version 5.12%%).

RESULTS AND DISCUSSION

Chemical analysis
Bioaccumulation of PCBs associated with the water-borne exposure of the limpets to these
compounds is presented in figure 1.

101

[7p)
Sl
Q
&
5]

-=

)




Chapter 5

0,9

0,8 [

0,7
0,6

0,5 ] ...........
®04

0’3 -|- ------------------------
0,2 T ............................ T

ng/g lw TEQ

0,1

0 1 10 100 400
ng/L

Figure 1. TEQs in limpets on ng/g lipid weight basis at different nominal water concentrations(ng/L).
The error bars represent the total standard deviations.

The detection of TEQs in the control group (Fig. 2) indicates that the limpets were likely
exposed to PCBs before the actual start of the experiment, which might have happened
during transport of the limpets across the Atlantic Ocean. Although concentrations of
PCBs in the open Atlantic water are comparable to the ones found in Antartica®, the
median concentrations in the experimental controls (0.17 TEQ ng/g lw) were 1000 times

higher than previously found in the same species of Antarctic limpets from Ryder Bay in
2017 (0.0002 TEQ ng/g lw)*.

When compared to the previous studies from other parts of Antarctica, the TEQs obtained
from the non-exposed animals in the current experiment were 30 times higher than found
in V. concinna of the Princess Elizabeth Land in 2018%. However, they were similar to the
ones in various bivalves found at the relatively non-contaminated sites near the European®
and Asian® coasts in 2019. The TEQ concentrations did not seem to increase in the animals
exposed up to 10 ng/L. The concentrations showed an exposure dependent increase from
100ng/L onwards reaching highest concentrations at 400 ng/L.

CYP enzyme activity

The results of the EROD assay in connection to the tissue concentrations of PCBs in
limpets are presented in figure 2, while the results of MROD, PROD and BROD shown in
the Appendix. PROD and BROD had lower average R2 values (0.45 and 0.07 respectively)
than EROD (0.90) and MROD (0.93), while MROD showed much more variance than
EROD (Appendix). Results show relatively low induction of EROD and other CYP

enzymes when compared to other studies on PCBs exposure in benthic invertebrates®**°.
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Figure 2. Measured EROD activity in pmol/mg/min with increasing internal PCB concentrations
expressed in TEQs (calculated on ng/g Iw basis) corresponding to different exposure levels in the limpets.

Furthermore, EROD activities decrease with increasing TEQ concentrations. This indicates
inhibition of enzyme activity with increased PCBs exposure and increased PCBs tissue
concentrations. The EROD activity of the controls was 2 times higher than the one of the
100 ng/L treatment (p=0.078) and significantly higher than the one of 400 ng/L treatment
(p=0.049) (fig. 2).

It is difficult to make a direct comparison between the current study and existing studies
on similar temperate species due to a large number of experimental variables (e.g. duration
or PCB exposure mix) involved. The 4 weeks duration of the current experiment made it
possible to account for a possible delayed toxicological response in N. concinna, as observed
for DDE in krill larvae'. A study, in which the experiment was performed under conditions
most related to the current ones, was conducted on the Zebra mussel Dreissena polymorpha
with an exposure to a similar mix of PCBs*. The maximum EROD activity of 3.5 pmol/
mg/min was reached there at the tissue concentrations of 45 ng/g lw TEQ after 3 days
of exposure to 100 ng/L PCBs. Exposure to PCB126 in that study induced EROD after
48 hours of exposure, after which the activity returned to the same levels as the controls.
Another study*® measured EROD activity of 0.6 pmol/mg/min in D. polymorpha with
tissue concentration of approximately 1.2 ng/g Iw TEQ after 5 days of exposure. Decreases
in in EROD induction after exposure to PCBs have also been reported in fish species®*?,
presumably due to competitive binding of PCBs to the receptor®?, without inducing the
enzyme activity. The mixture used in this experiment was optimized to resemble the
mixture found on the Antarctic marine ecosystem, but contained very low concentrations of

non-ortho or mono-ortho PCB with relatively high TEF-values. In this view, the exposure
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during transport from Antarctica to the UK may have resulted in a (low) induction of
CYP enzymes, which is inhibited to a certain extent by the competitive binding of PCB
congeners to the receptor®.

Lipid profile

While there was no difference in total lipid content of the hepatopancreas across different
exposure levels (Appendix), NMR measurements demonstrated a correlation between
TEQ-based tissue concentrations of PCBs and changes in the corresponding lipid profiles,
which are shown on the figure 3.

An increase of tissue concentrations of PCBs was associated with a decrease in
occurrence of total cholesterol, polyunsaturated facty acid (PUFA), and triglycerides and

phosphatidylcholine. Previous comprehensive studies on responses of lipids in vertebrates*~*

2122 to PCB exposure demonstrated complex non-linear relations between

and invertebrates
them. generally, at the beginning of an exposure, concentrations of specific lipids fractions
(triglycerides, cholesterol and phospholipids) increase with the increasing PCB input®.
Studies on rats® and oysters Crassostrea virginica* show that after some time of exposure
the lipid fractions did not vary over time, which was then superseded by declines of these
lipid fractions with longer PCB exposures?®®. This last part of the trend may have been

particularly captured in the current study.

Generally, animals may respond to PCB exposure via induction of hepatic enzymes
of lipogenesis*®”. This was shown in oysters (Crassostrea virginica), for which PCBs
were theorized to inhibit production of phospholipids (e.g. phosphoglycerdes or
phosphatidylcholine)*?, possibly due to interactions with their precursors - octa-and
hexa-decanoic acids as shown for Whiteleg shrimp (Litopenaeus vannamei)*. Decreased
phospholipids in their turn may lead to less production of cholesterol®>°, which may
explain the decrease in total cholesterol at higher PCB exposure in the current study.
Another mechanism was potentially responsible for the observed decline in PUFA with
increasing concentrations of PCBs. Increase in concentrations of some PCBs may lead to
a competition with other endogenous AhR-pathway activation ligands, such as 12-HETE.
12-KETE is a conversion component of 12-HETE and a by-product of PUFA metabolism,
and thus may be a link between concentrations of PCBs and PUFA’!.

All mentioned lipids play an important role in the life cycle of invertebrates: cholesterol — in
molting cycle, larval development and oocyte formation*®*°; PUFA — in hormone synthesis,

immune function®>

and (exceptionally important for N. concinna as an Antarctic species)
being a source of energy during long starvation periods™; triglycerides — in energy control,
also during starvation periods®®. Previously, levels of lipids (e.g. triglycerides) were proposed

as an indicator of an overall health of an ecosystem, because they represent long-term
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Figure 3. PCA graph showing the relationships between tissue concentrations of PCBs and various
lipids, where PPC stand for phosphatidylcholine, Tri-glyc — for triglycerides, tot_chol — for total cholesterol
and Polyun_F — for polyunsaturated fatty acid. Only the most relevant lipids are selected. A PCA graph
with all analysed lipids can found in the appendix.

information about the fitness of the species”. It may be suggested that they would be of even
bigger importance for Antarctic ecosystems due to seasonally very dynamic metabolism of

the local species®?**® and potential disruption of their physiology by the climate change'®.

CONCLUSION

The current data showed an ability of PCBs to accumulate in tissues of Antarctic limpets
N. concinna. While it was not possible to establish a comprehensive relationship between
EROD activation and levels of exposure to the PCB congeners used in the current study,
EROD may still have a potential for usage as a biomarker of exposure in Antarctic bivalve
in case of chemicals with higher induction potential. At the same time, increases in the
tissue concentrations of PCBs led to changes in lipid profiles indicated by decreases of
concentrations of specific lipids. However, considering the concentrations detected in
environmentally exposed limpets®, it is not to be expected that current PCB levels in the
benthic Antarctic marine system pose risks to this species, which is similar to DDE in

krill'12
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APPENDIX 1. CHEMICAL ANALYSIS

Appendix 1A. Complete extraction and clean-up procedure.

*®

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

20.
21.

22.

23.

24.

Weigh 3 gram + Img of sample in a 60 ml glass tube.

Add internal standards.

Add as much NanoQ water as needed to reach the total volume of 13 ml (=
13-0.8*weight of the sample).

Vortex or shake vigorously to mix the water and the sample.

Add 10 ml Ethyl Acetate, vortex and mix head-over-head for 10 minutes.

Add a homogenised mixture of 2 gram Sodium chloride and 4 gram Magnesium
sulphate, and shake vigorously for at least 2 minutes. If no liquid phase is visible, add
1 ml of methanol.

Centrifuge for 10 minutes at 1500 rpm.

Repeat steps 5-7 two times.

Transfer the Ethyl Acetate phase to a pre-cleaned Turbovap® glass tube, evaporate in a
Turbovap® Evaporator at 40°C and 0.8 Bar to the volume of 1 ml.

Take a fraction of the sample (0.1 or 0.2 ml) for lipid analysis.

Add 3 ml of hexane.

Transfer the Hexane/Ethyl Acetate mixture to a pre-rinsed 60 ml brown glass tube.
Rinse the Turbovap® glass tube three more times with 9 ml of Hexane and transfer
the solvent to the 60 ml brown glass tube.

Mix in a pre-rinsed Erlenmeyer flask 60 gram activated silica with 40 gram of
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concentrated Sulphuric acid (i.e. to get 40% H,SO,).

Add 10 gram of the 40% acid silica to the 60 ml tube and mix, repeat mixing 3 times
with intervals of 10 minutes.

Leave the samples stand overnight.

Centrifuge for 10 minutes at 1500 rpm.

Transfer the Hexane into a pre-cleaned Turbovap® tube.

Add 10 ml of Hexane to the 60 ml tube (with the solid phase of the sample in it) and
mix.

Repeat steps 17 -19 two times.

Evaporate Hexane phase of the sample in the Turbovap® at 40°C and 0.8 Bar to the
volume of 1 ml.

Prepare a clean-up column by filling a glass column with glass wool stopper, 1 gram
conditioned silica and 8 grams of 40% acid silica (prepared in the step 14).

Elute the column firstly with 10 ml of Hexane, wait 5 minutes, and add another 15
ml of Hexane.

Discard these Hexane fractions.
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25. Place a clean Turbovap® tube under the column and add the 1ml extract of the sample
onto the column.

26. Rinse the initial Turbovap® tube two times with 1 ml of Hexane and add these
fractions onto the column.

27. Leave the column for 15 minutes.

28. Eluate first with 18 ml of Hexane and then with 12 ml Dichloromethane.

29. Evaporate Hexane/Dichloromethane mix in Turbovap® at 40°C and 0.8 Bar to the
volume of 1 ml.

30. Rinse the walls of the Turbovap® tube twice carefully with 0.5 ml of Iso-Octane and
thoroughly mix.

31. Evaporate again in the Turbovap® at 40°C and 0.8 Bar to a volume of 1 ml.

32. Store the sample in an amber glass vial at -20°C.
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Appendix 1B. Instrumental settings for analysis of PCBs.
The GC method for PCB analysis was adapted without changes from:

Guillaume ten Dam, Pussente [.C., Scholl G., Eppe G., Schaechtele A., van Leeuwen S.
The performance of atmospheric pressure gas chromatography—tandem mass spectrometry
compared to gas chromatography—high resolution mass spectrometry for the analysis of
polychlorinated dioxins and polychlorinated biphenyls in food and feed samples. Journal of
Chromatography A. Volume 1477, Pages 76-90.
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APPENDIX 2. PCB CONCENTRATIONS IN INDIVIDUAL SAMPLES

All tissue concentration values are given in TEF calculated on ng/g lipid weight basis.

exposure 0 ng/L 1 ng/L 10 ng/L
repetition 1 2 2 3 1 2
PCB 123
PCB 118
PCB 114
PCB 105
PCB 167
PCB 156
PCB 157
PCB 189
PCB 28
PCB 52
PCB 101
PCB 153
PCB 138
PCB 180
TEQ
exposure 100 ng/L 400 ng/L
repetition 1 2 3 4 1 2 3
PCB 123 0.0047 0.0044 0.0278 0.0111 0.0137 0.0056
0.2016 0.1980 1.1832 0.4516 0.5326 0.2264
0.0000 0.0002 0.0000 0.0000 0.0000 0.0000
0.0001 0.0001 0.0002 0.0001 0.0002 0.0001
0.0012 0.0012 0.0068 0.0019 0.0032 0.0008
0.0002 0.0003 0.0002 0.0000 0.0003 0.0000
0.0006 0.0005 0.0035 0.0008 0.0017 0.0003
0.0017 0.0017 0.0111 0.0023 0.0055 0.0008
0.0405 0.0345 0.2607 0.0739 0.1516 0.0270
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 ~ 0.0000 00000  0.0000  0.0000  0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 ~0.0000
0.0000 . 0.0000  0.0000 00000  0.0000  0.0000
0.2506 0.2408 1.4935 0.5418 0.7088 0.2611 1.3057
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APPENDIX 3. RESULTS OF ASSAYS

All figures show CYP enzyme activity in pmol/mg/min against corresponding average
concentrations in tissues in TEQ calculated on ng/g lipid weight basis (corresponding to 0,
1, 10, 100 and 400 ng/L exposure respectively).
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APPENDIX 4. PCA OF ALL ANALYSED LIPIDS AGAINST LOG
CONCENTRATIONS OF PCBS

PCA graph showing the relationships between tissue concentrations of PCBs and all
analysand lipids, where PPC stand for phosphatidylcholine, Tri-glyc — for triglycerides,
tot_chol — for total cholesterol and Polyun_F — for polyunsaturated fatty acid, TMAO - for
Trimethylamine N-oxide.
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APPENDIX 5. LIPID CONCENTRATIONS IN THE SAMPLES.

exposure 0 0 0 1 1 1 10 10 10

repetition 1 2 3 1 2 3 1 2 3

lipid content (%) 0.677% 0.677% 0.820% 0.285% 0.356% 0.392% 0.820% 0.606% 1.354%

exposure 100 100 100 100 400 400 400

repetition 1 2 3 4 1 2 3

lipid content (%)  0.820% 0.820% 0.392% 0.392% 1.105% 0.249% 0.606%
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Chapter 6

GENERAL DISCUSSION

Variability in fluxes of POPs in Antarectica

Fluxes of POPs in the Antarctic marine ecosystems are subject to temporal variations, which
make establishing their comprehensive time trends difficult. Firstly, there are long-term
yearly trends influencing the fundamental characteristics of the local ecosystems'. Among
them are, for instance, the raising ocean*’ and atmospheric®” temperatures and decreasing
salinity of the ocean®, which in their turn lead to alterations of biogeochemical processes at
a more local scale, such as changes in the dynamics of algae blooms”' or possible change
in species composition of ecosystems''. Such processes can have a profound effects on the

fluxes of POPs'? and will be discussed further to set up a frame for the discussion.

The most important factor controlling long-term concentrations of POPs (although not
happening in Antarctica itself) is the emissions of POPs in the temperate and tropical
regions of the planet”. The decreasing usage (if not subjected to an outright ban) of
certain legacy POPs (e.g. PCBs) has left a profound implication on their concentrations in
Antarctica'>". At the same time, emissions of novel contaminants (e.g. PBDEs) have led

and lead to increases of the concentrations in Antarctica®".

Secondly, the short-term (seasonal) variations of the Antarctic environmental add complexity
to POPs distribution. In fact, the Antarctic marine environment might have the highest
level of seasonality in the world"®*°. For example, sea ice cover acting as an accumulation
medium and increased inputs of organic matter during phytoplankton blooms can be
responsible for rapid changes of concentrations of POPs in the upper layers of the ocean
water, as examined in detail in chapter 3”"*2. This can make comparisons to the previous
studies unreliable and potentially lacking an appropriate depth if the sampling times and
conditions are not specified.

Next to temporal variation, spatial variation of the biogeochemical processes in Antarctica
is another factor to be considered. On a larger scale, atmospheric and oceanic currents
may substantially impact the transport of POPs**%, for instance the extent of long rage
atmospheric transport (LRAT) inputs of POPs is dependent on the geographical position

of the actual points of sampling?**

. On a smaller scale, additional local sources (e.g.
research station) can skew the measurements of POP concentrations, especially if they
cannot be predicted (e.g. oil spills or fires)***. Speculatively, specific local conditions, such
as katabatic and orographic winds?, may influence flows of POPs and bias comparisons

between different studies.

Last but not the least, climate change can be expected to have a profound impact on the
temporal and spatial variability of POPs in Antarctica, which remains till this day largely
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unquantified®. Nevertheless, it is evident that this global phenomenon will determine the
biogeochemical processes both locally and in Antarctica as a whole?**2. While its exact
ramifications will be discussed further in the light of specifics of the POP fluxes between
individual environmental compartments, it is important to stress the significance this may
carry for these fluxes.

General hypotheses of the fluxes of POPs in the Antarctic Marine ecosystems
As stated in the introduction, the main hypothesis of this thesis is that the concentrations
of POPs in the Antarctic benthic ecosystems are increasing. To prove this hypothesis, the
current study was designed to determine the fluxes of POPs in the different compartments
of the coastal Antarctic marine ecosystem and the biogeochemical processes controlling
them. Thus, while these fluxes are, in the most general way, directed downwards from

1223 it is of importance to consider the coastal

the atmosphere to the benthic ecosystems
Antarctic marine ecosystem as an extremely complex inter-connected entity, where a slight

change in one of its parts may lead to significant implications in the other ones.

Consequently, although the focus of the thesis was on the benthic ecosystem, local pelagic
ecosystems also needed to be characterised (chapter 2) in order to establish a proper
quantification of POP inputs into the benthic ones and to account for biomagnification
between species. Similarly, both abiotic (chapter 3) and biotic parts (chapter 4) of the
environment were considered in order to make proper estimations of bioaccumulation of
POPs. Furthermore, the implications of the fluxes of POPs were also evaluated by means
of an ecotoxicological study (chapter 5) in order to assess the potential effects of PCBs on
local benthic species.

It can be claimed that all the inputs of POPs into the marine ecosystem of the Rothera Bay
in the current study occur exclusively through the atmosphere with LRAT. Concentrations
in both water and benthic animals showed no significant differences between samples
collected exactly at or near the station and further away (chapters 3 and 4). Previously, it
was theorised that Antarctic stations may induce an increase in concentrations of POPs at
distances as far as 500m away’®. However, from the results presented in chapters 3 and 4
it is quite apparent that the protocols currently adopted by the British Antarctic Survey are
more than adequate in minimizing direct anthropogenic releases of POPs into the local

marine environment.

The deposition of POPs into the Antarctic marine system takes place either directly
onto the water surface or onto the sea ice. In case of the former, POPs would in a rather
straightforward manner, settle down along the water column of the ocean with the organic
matter. Upon deposition onto the ice, however, their further fate in the environment is
subjected to a high degree of seasonality. The POPs accumulate on top of the sea ice cover,
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and are mixed with snow — in a process known as “snow amplification””. This would
continue till the moment in spring when the sea ice cover melts, and the POPs will be
released into the water column. The upper layers of the water column are not composed of
actual seawater, but rather consist of a mix of salt - and freshwater, coming from the melting
sea ice and snow, and potentially glaciers and icebergs. At the same time, plankton blooms
may develop, which would create a surplus of organic matter in the seawater. Together,
these processes would lead to a rapid increase in the concentrations of POPs in the water,
superseded by a consecutive rapid decrease, as the POPs would swiftly settle down with the
organic matter and (possibly) salinity gradients, therefore entering the benthic ecosystem

(chapter 3).

When looking at the biotic compartments of the environment, POPs enter the Antarctic
pelagic food web starting with algae, then through krill and pelagic fishes and finally
through birds and marine mammals, thus undergoing the process of biomagnification’*.
While some fishes and, especially, penguins are considered important bioindicators of POPs
in the Antarctic environment'>'*%>% due to practical reasons, they remained out of scope
in the current project. However, another important biomagnification endpoint of POPs,
- migratory flying birds — was characterised (chapter 2). The uniqueness of this endpoint
lies in the fact that because of their migrations these birds are exposed to POPs in both
Antarctic and temperate (mostly South American) ecosystems. Thus, their contamination

profile allows for a more profound characterization of LRAT inputs.

Upon entering the benthic ecosystem POPs start to accumulate in the local animals,
including invertebrates. Chapter 4 shows that, depending on the exact species, the major
intake pathway for POPs can be either food borne (sea stars) or via water exchange (squirts).
Although this does influence the accumulation patterns, it can still be speculated that the
overall burden is directly linked to LRAT. From here, POPs could enter sediments and thus
be no longer environmentally active and participate in their global cycle’”. Alternatively,
they could (to a lesser degree) be re-released into the pelagic ecosystem either through
consumption of the benthic invertebrates by benthic or pelagic fish*, or by vertical water

fluxes**4!,

Overall, the whole Antarctic marine environment acts as a complex system with
bidirectional fluxes of POPs between each of its parts. However, the intensities of these
fluxes are not equal: while the pelagic ecosystem functions as a transient compartment of
POPs, the benthic one represents the sink compartment, representing the major endpoint
for contamination of POPs in Antarctica. Therefore, temporal trends in concentrations of
POPs in the benthic ecosystems have a lag in comparison to the pelagic ones. The drivers of
these trends were examined through characterization of fluxes of POPs between individual
compartments of the Antarctic marine ecosystem studied in the framework of the current
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project (chapters 2, 3 and 4) and linking them to an ecotoxicological study on an Antarctic
benthic species (chapter 5).

Fluxes of POPs between water and benthic invertebrates

The concentrations of POPs in water generally displayed the most pronounced seasonality
in comparison to other compartments of the Antarctic environment, as indicated by the
results presented in chapter 3. The process of POPs being trapped in the snow and sea ice
over winter and being released during the melt resulted in a large change (more than 10
times) in their concentrations measured at Im depth, which was in turn followed by an
also rapid decline, driven by the water mixing. Further into the season it was superseded by
sedimentation, whose intensity was related to the surplus organic matter coming from the
phytoplankton blooms. At 20m depth the concentrations of POPs were lower throughout
the season, most likely because the increased intensity of the bloom at this depth provided
more organic material for the POPs to settle down with.

Although unfortunately it was not possible to obtain samples to measure concentrations
of POPs during the winter months, it can be speculated that they may have remained
generally constant and low, as no inputs from the atmosphere were expected.

Correspondingly to the concentrations of POPs in the upper water layers, the input fluxes of
POPs to the benthic ecosystem at 20m depths showed a lot of variations across the season,
surging maximum in spring or early summer during the melting of the sea ice, declining
(though still detectable) with the progression of the season and possibly stabilizing at the

asymptotic values in winter.

Despite these general dynamics, on individual congener level, POPs demonstrated
differences in the kinetics of their concentrations. The composition of PCBs in the upper
water layers during the initial period of rapid concentration changes showed abundance of
various congeners, both light and heavy, while later in the season only lower chlorinated
congeners (predominantly PCB 28) were detected. At the same time, a variety of PBDE
congeners was always present throughout the season. Most likely this discrepancy can be
ascribed to the different compositions of LRAT inputs of PCBs and PBDEs, as the heavy
congeners of the latter may still be legally used today or, potentially, they could be products
of local environmental degradation of a single heavy BDE congener — BDE-209%2.

Similarly, while concentrations of POPs in the benthic invertebrates in chapter 4 were
generally in accordance with what could have been predicted based on the physico-chemical
properties of POPs and individual species traits, some elements of their accumulation
pattern were rather following the patterns established by the concentrations in water from
the upper layers. The filter-feeding animals (sea cucumbers and ascidians) demonstrated
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lower absolute concentrations of PCBs than the more predatory species (sea urchins and
sea stars), while the PCB congener profile remained relatively the same in both species
with the congeners having low Kow being the most prevalent ones. In contrast to PCBs,
PBDEs showed very little interspecific differences both in terms of the absolute and relative
congener concentrations. The most likely explanation for this may be that the lighter PBDE
congeners, that could have accumulated in the tissues of the animals, were not present in
the influx of PBDE:s to the benthic ecosystems, exactly as the concentrations of PBDEs
in the pelagic water suggested in chapter 3. Likewise, the OCPs predominantly found
in water (HCB, trans-Chlordane, Aldrin, pp-DDE, heptachlor) were also the prevalent
OCPs in the tissues of the studied benthic animals. A notable exception was the absence
of a clear domination (although it was detected in relatively high concentrations) of HCH-
alpha in the invertebrates (chapter 4) in contrast to the concentrations in water in chapter
3. Potentially it can be explained by bacterial or photo degradation of this compound, it
may act as an example of when a process controlling distribution of a POP in the Antarctic
marine environment has not yet been clearly established.

In contrast to noticeable interdependencies of fluxes of POPs between different environmental
compartments, the limpets in chapter 4 serve as a concurrent example of when individual
traits of species overtake explicit patterns of concentrations of POPs dictated by the water
concentrations. This is evident from the fact that these animals contained more POPs
with higher Kow and Koa (e.g. heavy PCB congeners) than other species, although water
concentrations from chapter 3 would rather suggest accumulation of POPs with lower Kow
and Koa. This may be explained firstly by the grazing feeding behaviour of the limpets, as
POPs with high Kow may gather in the lipophilic particles they feed on?. Secondly, their
shell may be responsible for the limited dermal exchange with the water, which may limit
the uptake of POPs with lower Kow, despite them being exposed to the same water as other
species.

It is noteworthy to mention that although pp-DDE and (to lesser extent) pp-DDT were
detected in both water (chapter 3) and benthic invertebrates (chapter 4), there was no
indication of their potential input with the melting glaciers. This can serve as an another
proof® that the glaciers are not a significant secondary input source of POPs for the marine

environment, as was previously theorised*‘.

To summarize, patterns in concentrations of POPs in both particulate phase of the water
and benthic invertebrates were dependent on the physico-chemical properties of the POPs
as well as the patterns in their concentrations in the input environmental compartment, i.e.
the compartment from which the influx of POPs originates (atmosphere — for water; water,
algae/food — for invertebrates). Thus, the fluxes of POPs in the Antarctic benthic ecosystems
are also dependent on the biogeochemical processes in the Antarctic pelagic ecosystems and
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the atmosphere around this continent. This also suggests that, despite some species-specific
differences, benthic invertebrates may be good indicators of the environmental burden in
the Antarctic marine ecosystem as a whole, because concentrations of POPs are dependent
on, and thus account for, all biogeochemical processes, which control the fluxes of these

contaminants in other environmental compartments.

Fluxes of POPs hetween the pelagic water and migrating birds

While having more exposure pathways when compared to non-flying migratory birds',
flying birds of Antarctica can be good bioindicators of environmental burden of the local
pelagic ecosystems®“. Alike water in chapter 3, life cycle of these birds is subject to high
seasonality through their migrations. The studies in chapter 2 examined concentrations of
POPs in livers, subcutaneous fat and muscles of skuas (Catharacta maccormicki) and kelp

gulls (Larus dominicanus).

During the warmer periods of the austral season (normally from November till April)
skuas and kelp gulls spend their time around the coast of Antarctica, where they forage,
and therefore biomagnify POPs that are present in their prey. The diet of both species
in Antarctica is mainly comprised of fish and invertebrates, but they can also consume
carryon of other birds if given the chance. In fall the birds migrate North, where they add

landfills and agricultural lands to their forage areal~%.

The seasonal migration results in a duality in the patterns of POP accumulation in the birds.
They would be exposed to legacy POPs (e.g. HCB) during their stay in Antarctica, while
exposure to the emerging POPs (e.g. BDE-209) is more likely to happen in South America
(chapter 2). In this light, it is advantageous to make a comparison between patterns of POP
concentrations in water (transport compartment of the Antarctic environment), non-flying
birds (“cruly” Antarctic species) and flying, migratory birds. More volatile POPs often
have lower Kow and are less likely to sediment to the benthic compartment of the marine
Antarctic ecosystem, which results in their longer residence times in the pelagic system at
the base of the Antarctic food chain. This can lead to their higher biomagnification and
therefore burden in the migratory birds.

As mentioned before, the most abundant PCB congener in water was PCB-28 (chapter
3). In non-migrating birds this congener still remains an important one, though it loses its
dominance *. However, relative concentrations of PCB-28 in both migrating bird species
from chapter 2 were low when compared to other congeners. In fact, their PCB-profile
was dominated by heavier hexa- and hepta-CBs, which is correspondingly not normally
observed in the non-flying birds'“*°. These patterns can be explained by the ability of
avian species to eliminate lower chlorinated PCBs faster than the higher chlorinated
ones’"*. Thus, the concentration patterns of PCBs can serve as an example of the fact that
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individual characteristics of a species have more impact on accumulation of POPs than the
concentrations in the environmental compartment, from which the influx of POPs occurs.

On the other hand, HCB (although not the most abundant OCP) was detected in water in
chapter 2 and maintained its importance in the flying birds from chapter 3. Because HCB
concentrations in these birds were comparable to what can also be found in the non-flying
birds¥®, it can be speculated that an Antarctic specific biomagnification pathway of this
compound is present from water to the higher trophic levels in the Antarctic ecosystems. In
general, it can be concluded that despite the presence of certain specific variations, which
make the interpretations of the fluxes of POPs between the Antarctic marine water and
Antarctic migratory birds more challenging, the results presented in chapter 2 are essential
and insightful for the estimation of overall POP burden in the Antarctic environment.

Time trends of concentrations of POPs in the benthic ecosystems
Concentrations of POPs were 10-100 times lower in the benthic invertebrates in the current

study (Chapter 4)when compared to earlier reports’*~’

. For example, concentrations of
PCBs in urchins from chapter 4 were 30 times lower than in the same species from Adélie
Land in 2009°* and up to 60 lower than in the same species from Princess Elizabeth Land
in 1995%. Thus, it may appear that the concentrations of POPs in the benthic ecosystems

actually declined over the last decades.

However, the higher concentrations in the previous studies may be explained either by fact
that they were all conducted in different parts of Antarctica (not WAP) and thus may have
experienced different influences of the mentioned biogeochemical processes that control
distribution of POPs, or because they overestimated the concentrations of POPs due to
contamination either from a local source or during the analysis (chapter 4).

At this point it is necessary to compare the data from the current project and the historical
data on concentrations of POPs in pelagic ecosystems, which were shown to be transition
compartments of POPs in the Antarctic marine environment on their way to benthic
ecosystems (chapters 3 and 4).

Although POPs in the particulate phase of water have been measured in Antarctica only in
a few studies since 1983%*°%%, it can be concluded from chapter 3 that the current study
indicates increased absolute and relative concentrations of PCBs and similar concentrations
of OCPs when compared to those reported in previous studies. Average concentrations of
PCBs in the particulate phase of water from chapter 3 from 2017 were 10 times higher than
in the Indian sector of the Sothern ocean in 1991°” and 3 times higher than around WAP
in 2008%. Average concentrations of OCPs in chapter 3 were either 10-100 higher (HCH-
alpha) or comparable (HCH-gamma) than previously measured concentrations around
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WAP in 2006°® and 2013%. Because PBDE:s in the Antarctic water were for the first time
measured above detection limits in chapter 3, it can be argued that their concentrations

have increased over time®.

Similar trends can be seen in the concentrations of all the POPs in the pelagic migratory birds
(chapter 2). Concentrations of POPs in these birds were comparable to the ones measured
more than 20 years ago for OCPs (including HCB)***' and 10 years ago for PBDEs®'.
Moreover, the concentrations were higher than detected in the most recent studies?>4¢-¢1-%,
For instance, comparing concentrations of POPs in skuas of chapter 2 with the historical
ones in the same species from the King George Island reveals that the concentrations of
PCBs in chapter 2 were 5 times higher than measured in 2016%, concentrations of HCB
were 7 times higher than detected in 2013 and concentrations of PBDEs were comparable

to the ones from 2016 respectively.

Thus, it can be concluded that the stagnating or even increasing concentrations of POPs
in the Antarctic pelagic ecosystems (which can be regarded as transient compartments for
the fluxes of these pollutants) may likely lead to a future increase of concentrations of POPs
in the Antarctic benthic ecosystems (which are considered to be the their ultimate sink?),
validating the main hypothesis of the thesis.

Toxicological effects of PCBs on an Antarctic benthic species
With the suggestion of potentially increasing local concentrations of POPs in the Antarctic
benthic ecosystems as the ultimate sink of POPs it is of interest to assess their possible
toxicological effect on the local benthic species in order to establish whether these
compounds pose an actual risk to the benthic communities (chapter 5).

Current literature on this subject presents a lot of uncertainty and conflicting results, as
comparable studies are quite scarce even for the temperate ecosystems®“®. Although it was
theorised that Antarctic species could be more vulnerable to POPs*%, recent studies on

krill exposure to DDE found no evidence for such conclusion®"2.

During the experiment of chapter 5 Antarctic limpets Nacella concinna were exposed to
water-borne concentrations of PCBs that could be found in the temperate areas of the
world”, which were 100-fold higher than the concentrations found in Antarctica in
chapter 3. The exposure led to accumulation of PCBs in the tissues of limpets, which,
when expressed in TEQ" resulted in levels that were more than 100 times higher than the
levels detected in the limpets sampled in Antarctica from chapter 4.

The activity of EROD observed in chapter 5 was overall not significantly higher than

67,68

for temperate mussels in previous studies on PCB exposure and was also not induced
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upon exposure to the PCB mixture. Therefore, current data do not support the hypothesis
that the Antarctic limpets are more sensitive to PCB induced biomarkers of effect than the
temperate species of mussels, which is a conclusion in line with the studies on OCPs’"72.
Therefore, contrary to what was previously proposed”, Antarctic limpets do not appear
to be more sensitive to PCBs than their counterparts from the temperate areas, although
more research is required on this topic to make definitive conclusions. Likewise, current
concentrations of PCBs in limpets in Antarctica seem to be low enough to not affect this

biomarker of exposure and effect studied in chapter 5.

At the same time, an analysis of lipid composition in the limpets revealed a negative
correlation between the occurrence of different lipids and PCB exposure: more PCBs in
their tissues corresponded to lower amounts of lipids. Because levels of lipids in invertebrates
were proposed to be a general indicator of their general well-being”, it can be speculated
that PCBs may be a stress factor to the Antarctic benthic communities, additional to the
ones occurring due to climate change (e.g. increase in water temperatures).

Fluxes of POPs to and in the Antarctic benthic ecosystems and global change

The fluxes of POPs to and in the benthic ecosystem are controlled by a multitude of
oceanographic and biogeochemical processes (as previously stated in this discussion) thatare
already heavily experiencing alterations due to climate change®”®7”’. First and foremost, the
sea ice, which acts as an accumulation compartment for POPs over winter, has experienced
an unprecedented decline in both thickness and the duration during the last years’. Longer
absence of the sea ice cover can not only increase the concentrations of POPs in the water
during the period when POPs were trapped in the sea ice cover but would also subject the
benthic ecosystems to longer periods of continual input of POPs. At the same time, this
may lead to a lower amount of snow (which is composed of fresh water) accumulating on
the sea ice cover during winter and therefore to a decrease in mixing processes after the
melt, making the inputs of POPs into water more gradual.

Second, the escalating rate of the glacier melt in Antarctica could mean more inputs of
the freshwater into the coastal marine ecosystems’ . While it is very unlikely that chis
melt would directly lead to an increase in concentrations of POPs in the water through the
release of some legacy compounds that might have been trapped there, it could compensate

the above mentioned mixing processes to an unknown extent.

Simultaneously, it can be speculated that the glacier melt would lead to a development of
more spatial variations (i.e. more variations between different regions of Antarctica) in the
dynamics of POPs inputs to the benthic ecosystems®, as glaciers in the Western Antarctica
(especially around WAP) mele faster than in the Eastern Antartica®. For instance, the
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Sheldon Glacier, which is located in the close vicinity of the sampling site of chapter 3, lost
more than 3.5km of its length in the last decades®.

Third, the changes in the phytoplankton blooms induced by the climate change may have
large consequences for the influx of POPs to the benthic ecosystems®*-*’. Plankton blooms
in Antarctica have been studied for decades, although the results are often conflicting, and

84-87_For instance, chapter 3 suggests that chlorophyll-a ,

some specifics remain unknown
as a proxy for organic carbon, is the major driver of sedimentation of POPs during most of
the austral summer. Previous studies demonstrated that the year-round average amount of
chlorophyll-a has significantly increased recently at the Palmer station (64.77°S, 64.05°W),
but significantly decreased at Rothera, which would imply more intensive downward fluxes
in the former and less intensive in the latter”. Furthermore, the qualitative composition of
the blooms and associated lipid profiles may change®, which could also lead to a different
composition of POPs in the input fluxes of the benthic ecosystems. Overall, while it is not
possible to estimate how exactly the change in plankton blooms would affect the dynamics
of POPs, its importance for concentrations of POPs in the benthic is evident®.

Lictle information is currently available on how fluxes in POPs will develop in the
Antarctic benthic ecosystems themselves due to a lack of research on the topic, although
characterization of changes in these ecosystems due to climate change in general has lately
become a major topic of scientific scrutiny'>?*2. However, it is certain that the benthic
ecosystems will change both quantitively and qualitative. For instance, new areas of the
sea floor become available for colonization with benthic biota due to the retreat of the
melting glaciers™. At the same time, local benthic community compositions and overall
biodiversity may change as different species have different tolerance to the increase in water

temperatures’'.

Overall, it can be theorised that the fluxes of POPs in both pelagic and benthic Antarctic
marine ecosystems may likely change in the coming years. Thus, more research should be
dedicated to characterization of the biogeochemical process that drive these fluxes in order
to increase the understanding of the changes in spatiotemporal distributions of POPs in
different compartments of the Antarctic marine ecosystem.

Outlook for the future research
While the current study comprehensively investigated POPs in different compartments of
the Antarctic environment, it should be followed by further research in order to understand
and safeguard this unique place, as new risks to its functioning and very existence arise,
induced by the global change®. To accomplish this, it is essential to acquire large amount
of data of high quality and integrity.
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Asithasalready been stated previously'*

and as this discussion has proposed, establishment
of reliable time trends is of crucial importance for studies of POPs in the Antarctic. For
such studies to achieve their purpose successfully, the lowest possible temporal and spatial
variability in data should be documented in the framework of a single study. While the
former would simply require complete reporting of exact timing and environmental
conditions of the moment of the sampling, the latter creates a need to conduct the research

at the same sites, using the same approaches and techniques to allow for a proper integration

of the data.

On the other hand, to obtain more complete and large-scale scientific insights of the
environmental fate and kinetics of POPs in the Antarctic ecosystem, research must be
performed and coordinated across different temporal and spatial points. As such, it is
important to conduct the research across different seasons, as their certain characteristics
(e.g. time of the melting of the sea ice, temperatures, etc) can vary significantly from year
to year’%*. At the same time, this research should be conducted in different regions of
the continent, as East Antarctica experiences the global change differently than WAP#,
and thus differences in the fluxes of POPs can be expected. Possible latitudinal variations
should also be explored, as suggested by a previous study®*.

The complexity of fluxes of POPs has been extensively stressed in the current discussion.
Thus, investigations should be carried out in various environmental compartments and
monitoring of concentrations of POPs should be routinely done in both water and benthic
invertebrates just as in non-migrating birds and fish, which is not performed often.
Long-term inputs of POPs with LRAT should be characterized in order to get a clear
quantification of the initial inputs of these contaminants. At the same time, possible re-
release or degradation of POPs in the benthic ecosystem should be assessed.

Moreover, fluxes of POPs should always be studied in the context of the biogeochemical
processes that control them. On the one hand, this indicates the necessity of getting further
insights on how these processes function and to what extent they actually drive fluxes of
POPs. An example for that can be a precise estimation of effects of the changes in species
composition in the Antarctic benthic ecosystems’ on the dynamics of POPs in the water.
This also means that monitoring programmes like the RaTS at Rothera research station”,
should be initiated in other parts of Antarctica.

As an intrinsic part of the current thesis, a toxicological study on the effects of PCBs on
Antarctic benthic invertebrate, the Antarctic limpets Nacella concinna, demonstrated the
usefulness of NMR-based omics studies. In a broader sense, studies of environmental omics
have already been successfully conducted in other parts of the world for identification of
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toxicity pathways, mechanisms and biomarkers’®”’, while such studies on species from
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Antarctica are extremely scarce’®. They would allow for a better understanding and
quantification of hazards that are imposed on local communities by the climate change and
predict possible environmental responses to the fluxes of POPs. More studies on chronic
exposure of Antarctic benthic invertebrate to pollutants should be conducted, as many of
the Antarctic species are characterised by slow metabolism and thus may have a delayed

response to them’>%,.

The list of chemicals which can actually be considered as POPs is constantly updated, with
new compounds being added on a regular basis”'®. This means that although research on
legacy POPs (e.g. PCBs and OCPs) must continue, possible presence of other new substances
(e.g. BDE-209, PFAs'" and chlorinated paraffins'®) should be investigated. Furthermore, a
new source of POPs in the Antarctic environment may soon arise — microplastics'®~'%. Only
till very recently Antarctica has been free from contamination with them, although they
are already considered to become a major point of concern in the near future'®. In other
parts of the world, microplastics are known to be responsible for increased concentrations
of emerging POPs in the marine ecosystems'*®!””. Therefore, they may also influence time
trends and toxicological effects of POPs in the benthic ecosystems of Antarctica.

Encompassing all future research directions mentioned above is a very strong need of
comprehensive and rigorous reporting of the procedures of the chemical analyses, QA/QC
and data analysis. Failing to do that may result in the lack of suitability of the data for the
future research and establishment of the concentration time trends, for which even the data
from the 1960s and 1970s is still important.

Similarly, all future research on the topic of the POPs in the Antarctic benthic ecosystems
should be conducted taking the global (especially climate) changes into account. Climate
change has been proven to affect benthic communities directly as well as the general

functioning of the Antarctic ecosystems’””".

Conclusion

The data gathered in this thesis allows to accept the hypothesis that the concentrations
of POPs in the Antarctic benthic ecosystems (the ultimate sink of these pollutants) may
still be increasing. This is concluded in spite of the fact that actual levels observed in the
present thesis for benthic organisms were lower than in previous studies, based on the fact
that levels of these pollutants in the Antarctic pelagic ecosystems, considered transient
compartments for the fluxes of these pollutants to the benthic system, were higher.
Seasonal fluctuations of concentrations of POPs in the pelagic ecosystems are driven by
the sea ice dynamics and algal blooms, directing the effective transport of POPs to the
benthic ecosystems via sedimentation with the organic material. However, more direct

measurements in the Antarctic benthic ecosystems are needed to establish comprehensive
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time trends. In comparison to the temperate areas of the planet, current concentrations
of POPs in Antarctica remain low. At the moment there are no indications that the
Antarctic organisms should be regarded as toxicologically more sensitive to POPs than their
temperate counterparts. Thus, the overall risk, which these compounds currently present to
the Antarctic environment, may be low, although this may become different in the future
because of the global change.
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SUMMARY

Marine benthic ecosystems are considered to be the final sink of persistent organic
pollutants (POPs). Antarctica is a global net receptor of POPs, therefore, quantification of
fluxes of POPs to and in the Antarctic benthic ecosystems, although practically difficult,
is essential to understand the overall dynamics of these contaminants on a global scale. In
order to achieve that, Antarctic benthic ecosystems must be studied as an integral part of
the Antarctic environment as a whole. Furthermore, robust quality assurance and reporting
practices are needed to establish comprehensive time trends of these pollutants, especially
due to their expected relatively low concentrations. Current thesis is one of the first attempts
to assess fluxes of POPs to benthic Antarctic ecosystems.

Chapter 2 examined concentrations of POPs in two species of the pelagic flying migratory
birds. While levels of some POPs (e.g. HCB) were lower than in past studies on similar
species, others were within the previous range (PCBs) or even higher than previously
reported (DDE, HCH). Thus, these species may be still exposed to and accumulate POPs
in both Antarctica and South America. Although no major interspecific differences in the
absolute levels of POPs were detected, their profiles varied, being likely related to specific
feeding and migration patterns of each species.

Chapter 3 was one of the very few studies on concentrations of POPs in the particulate
mactter of marine Antarctic water. Moreover, it was the first effort to estimate their seasonal
and depth-related variations. All examined POPs reached their highest concentrations just
after the melt of the sea ice cover and promptly started to decrease during the mixing of the
fresh melt water and sea water. Later in the season the decrease was linked to the gradual
settling down of POPs with the organic matter, which was enhanced by the plankton
blooms. Total concentrations of PCBs and OCPs were comparable to the ones reported
previously, while PBDEs were found in the Antarctic water for the first time. The higher
chlorinated PCB congeners were detected only immediately after the sea ice melt, while
later in the season PCBs were predominantly represented by lighter congeners. In contrast,
no patterns in relative concentrations of PBDEs were detected, which was most likely linked
to their atmospheric inputs. The most abundant OCP was HCH-alpha, which confirmed
previously detected importance of this chemical in the Antarctic marine system.

Chapter 4 was the first comprehensive study on concentrations of POPs in benthic
invertebrates. Overall, the concentrations in these animals were lower than indicated in the
previous studies, which may be explained by the characteristics of the measurements in the
latter. The highest concentrations of POPs detected were in limpets and sea urchins, followed
by sea stars, ascidians and sea cucumbers. In all the species the concentrations of these

compounds could be explained by the combination of the physico-chemical characteristics
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of POPs and the specific traits of the species. At the same time, certain patterns (for
example, in accumulation of PBDEs) may have been more dependent on concentrations in
water from the chapter 3 than on purely benthic-related factors. Thus, the fluxes of POPs
in the benthic ecosystems were also controlled by the pelagic biogeochemical processes,

which underlines the complexity of these luxes in Antarctica.

An intrinsic part of this thesis was an ecotoxicological study of the effects of PCB exposure
on the Antarctic limpets (chapter 5). It was previously theorised that the Antarctic species
may be more vulnerable to POPs than their counterparts from the temperate regions.
However, the results of this chapter could not validate this hypothesis. Despite many
uncertainties, the changes in lipid profiles of the limpets induced by the PCB exposure
demonstrated similar patterns as in the species from the temperate areas and vertebrates.
Because actual exposure levels of PCBs in the Antarctic benthic ecosystems were found to
be much lower than the ones used in the experiment (chapter 4), it is not likely that the
current concentrations of PCBs present a toxicological risk to the local benthic environment.

No difference between concentrations of POPs collected in the direct vicinity of the Rothera
research station or further away were detected either in water (Chapter 3) or in invertebrates
(Chapter 4). This means that the environmental protection measures employed by the
British Antarctic Survey are more than adequate.

The major outcome of the study is the conformation of the hypothesis on potentially
increasing concentrations of POPs in the benthic ecosystems. Simultaneously, the
concentrations of POPs in the pelagic ecosystems may have also stopped decreasing, which
was previously indicated. Nevertheless, the fluxes of POPs and, possibly, their toxicological
effects on the Antarctic benthic animals will undergo considerable changes in the future
due to global change, which must be researched further in detail.
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