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Abstract

The manuscripts of the dissertation presented here encompass several aspects of adaptations
in ice-associated amphipods, focussing mainly on their ability to cope with increased light
levels, including the ultraviolet radiation (UVR), under thinner or more dispersed sea ice. A
decrease in multi-year ice (MY1) in the Arctic, and a concurrent reduction in stable habitat
for ice-associated species, is a substantial threat to the ecosystem in the Arctic Ocean, as
these amphipods act as a key trophic link between primary production inside and under sea
ice, and higher trophic levels. In a shift from thicker multi-year ice to thinner and less
coherent first-year ice, the changes in under-ice light levels may be considered as the second-
most significant factor, after the loss of the habitat itself. This thesis has as its overarching
ambition to contribute to our understanding of how this change may affect the organisms

living in association with the Arctic sea ice.

While the reduction in stratospheric ozone and the resulting seasonal increases in ultraviolet
radiation (UVR) have been halted and to some extent reversed, the recovery period is
calculated to be protracted, and might even be affected negatively by the ongoing warming of
the troposphere through the ongoing emission of greenhouse gases.

So both the direct and indirect effects of UVR on sea ice-associated amphipods have been
proven to be a significant factor, especially in the context of a reduction in both thickness and
extent of the Arctic sea ice cover. The effects of pigment ingestion and accumulation have
also been of particular interest, as well as the capacity of organisms to cope with and adapt to

elevated, radiation-induced oxidative stress.

Another aspect of this thesis has been to investigate hitherto unknown and potentially
overlooked aspects of the distribution and occurrence of ice-associated amphipods in the
Antarctic.

This study contributed to altering the previously held assumption that ice-associated
amphipods in Antarctic waters were predominantly originating from the shallow benthos and

were thus able to interact with sea ice only when it is over relatively shallow depths.

One of the papers presented in this thesis documents several pelagic amphipod species living
in close association with sea ice. Hence, an important conclusion from this is that there is a

pelago-sympagic component of Antarctic amphipods in the Weddell Sea.



Background and personal motivation

Efforts in the scientific exploration of the high Arctic and the Antarctic have for a long time
predominantly followed the pathways that had already been developed for economic
exploration and exploitation. Due to the substantial costs and risks involved, such
economically motivated efforts seemed for the most part to have been focused on those areas
and aspects with the highest feasibility, accessibility and greatest potential gains. The same

logic appears to be pertinent to the scientifically motivated efforts in polar research.

This approach might well have caused the ecological understanding of the polar oceans to be
based on a certain degree of generalizations, assumptions and to some degree through

extrapolations of patchy data.

The ice-covered waters of the Arctic and Antarctic were previously assumed to be a “desert”
and of little biological or ecological concern, until scientists in the late 80’s decided to spend
a significant amount of additional effort and proceeded to develop the required tools and
skills to investigate them (Gulliksen & Lgnne, 1991). Russian scientists initiated some of the
first detailed studies of the Arctic sea ice in the 80’ and early 90’s (Melnikov, 1997), and
were later followed by Norwegian scientists (see e.g. Swadling and Arndt 2005). What they
found was that there is a lot of life to be found under, around and even inside the sea ice,
which we now know to be home and shelter for a complex community of protists, ice algae,
crustaceans, and even fish which are strongly adapted to, and associated with, the dynamic

and heterogeneous sea ice in the polar oceans (Legendre et al. 1992).

Similarly, the polar night, i.e. the period of several months during which no direct sunlight
reaches the high polar latitudes, was long believed to be a period of minimal biological
activity, a time of dormancy or even complete absence of any life forms who could avoid it
by migrating away from it (Berge et al., 2015a). Upon closer examination, recent
investigations found unexpected levels not only of a diverse biological presence, but also
high levels of activity and interactions (Berge et al., 2015b), with predators hunting their prey

above and below the waters (Berge et al., 2020).

What these two examples show is that it is often worth it to take a closer look, and to spend

the extra effort on investigating matters that seem to already have a simple answer.



In the matter of this study, I started out with a deep fascination for the life under the sea ice,
particularly for the amphipod species that | had learnt about during my student years at the
University Center in Svalbard, UNIS. Amphipods are something that | had been familiar with
since my childhood, as they can be found on virtually any beach, under almost any rock, or in
any piece of kelp blown ashore. Chances are, that most people who have ever been to a

beach, have encountered a good number of species of amphipods.

What makes amphipods under sea ice especially intriguing in an ecological context, is that
they represent an important trophic link between the sea ice biota and the underlying water
masses. And what intrigued me about their presence under the sea ice was just how
heterogenous the structure, thickness, age composition, snow cover, and the resulting light
levels under the ice were. From personal experience, diving under various types of sea ice, |
knew that it looked a bit like flying an aircraft under broken cloud cover, with strong
variations in light intensities varying on the scales of meters (personal observation). And
while there was strong evidence that some species seemed to be more often present under the
deepest, and thus darkest, areas of the sea ice, on deep ice “keels” and under rafted floes,
other species seemed to have a clear preference for the opposite, for the brightest, most light-
exposed and shallowest parts of the floes, including the fully sunlight-exposed floe edges
(Hop et al, 2000).

So given that amphipods must cope with a considerable variability in light climate, the
question formed if there might also be an element of light stress detectable, given that the
polar areas, and the Antarctic waters in particular, have been subjected to elevated levels of

ultraviolet radiation (UVR), which is known to be harmful on a range of levels.

Another question that had attracted my attention was whether you could also find amphipods
under sea ice around the Antarctic. There had been quite a few records of some benthic
amphipod species reaching the land-fast sea ice over shallow waters near the Antarctic
coasts, but little was known about amphipods under sea ice found over deep water, like in the
central Weddell Sea. Indeed, when I finally managed to join a dedicated sea ice research
expedition on the German Research vessel “Polarstern”, I met with a senior scientist who had

spent her career investigating the sea ice biology in the Antarctic waters. She calmly
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informed me over a cup of coffee in the ship’s salon that she had never in over 20 years

found any amphipods under the ice over deep waters.

But when we finally reached our designated area of research for the ISPOL drift expedition
and had established a dive hole in the middle of an ice floe, the first dive revealed that there

were amphipods in every direction, swiftly swimming away from the divers.

The following thesis is presenting the accumulated results of my publications on the effects
of UVR on Arctic sea ice amphipods, on coping strategies found to handle UVR-induced
stress or damage, and on our results of investigations into Antarctic sea-ice associated

amphipods from the Weddell and Lazarev Seas in the Antarctic.
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Introduction and setting

The main ambition of the study has been to examine the ecology and distribution of under-ice
amphipods in an era of abrupt climate change. The first aspect to address was the effect of a
changing light climate, including ultraviolet radiation (UVR), on these key invertebrate
species living in the Arctic sea ice habitat. Therefore, the physical properties and
heterogeneity of sea ice as well as the overlying snow cover, and the importance of the
resulting underwater light climate and its physical properties were considered to be of central

importance.

However, the complexity of such a task clearly exceeded the scope of such a study in all its
physical, optical and technical aspects. In order to address some of the key implications of the
under-ice light climate, the direct access to the actual habitat of the sea ice undersurface
through scientific diving was an essential factor. This access method allowed for a highly
species-specific as well as site-specific approach of sampling, where suitable light and UVR
sensors could be deployed to the exact sites where the studied amphipod species had been

found.

After thus establishing some in situ baseline data on visible (V1S) and ultraviolet (UV) light
levels, the next step was then able to progress to controlled radiation exposure experiments in
the laboratory. These experiments focused on the mechanisms of UV-induced light stress,
which is known to induce oxyradicals in the aquatic environment and thus oxidative stress

inside the exposed organisms.

Another objective was to investigate the presumed presence of photo-protective substances
known to occur in similar organisms in the Antarctic, called mycosporine-like amino acids
(MAA’s), and established baseline data for the occurrence of MAA’s in Arctic sympagic
amphipods as well.

Stemming from the idea of photoprotective pigments mentioned above arose the idea to
address the ecological and photoprotective role of chromatophores, or pigment-containing
compartments in the body tissues of Apherusa glacialis, one of the Arctic sympagic
amphipods.
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Additionally, in order to relate the work not only to the Arctic, but also to the Antarctic,
another interesting approach was to examine the potential presence of ice-associated

amphipods in some of the less studied offshore areas in the Southern Ocean.

While logistical constraints prevented us from pursuing all of the mentioned objectives in the
Antarctic sea-ice environment to the same extent as had been done in the Arctic, the
identification of several Antarctic sympagic amphipods from the Weddell and Lazarev Seas
contributed significantly to the understanding of amphipods in the Antarctic sea ice

environment.

Sea ice as structuring element: living medium, moving structure and resource filter

Sea ice is a major structuring factor of the ecology of the Arctic and Antarctic seas, providing
a substrate for a complex community of sympagic or ice-associated organisms. These
organisms are ranging in size from bacteria, various invertebrates to marine mammals
(Bradstreet and Cross 1982, Horner 1985). Macias-Fauria and Post (2017) divide the
ecological impacts of Arctic sea ice into direct and indirect effects. The three direct effects
identified by them are the role of sea ice as a living medium and matrix, as a transport and
mobility structure, and as a resource filter. While the indirect effects are more relevant on a
larger scale, the direct effects are evidently important on an individual, species and
community level. As they aptly described it, the sea ice is much more than just a substrate. It
provides a wide scale of salinity regimes, from melt ponds to hypersaline brine channels, and
a matrix of cracks, channels, pockets and protrusions that can act as refuge, nursing ground
and multifaceted substrate. As it drifts with wind and ocean currents, the sea ice is constantly
transformed in its physical properties and can also act as a potent transport agent from the
continental shelf areas to the deep central Arctic ocean, and further on to the Northern North
Atlantic via the Fram Strait. Last but not least, sea ice acts as a resource filter in several ways,
by regulating both the transmission of sunlight into the underlying waters, by retaining
biomass in its interior matrix, by establishing and stabilising surface stratification of the

under-ice water through melting processes, and by acting as a particle filter.

While the sea ice in the Barents and Bering Seas is predominantly made up of annual or first-

year ice (also abbreviated as FY'1), which forms and decays on a seasonal basis and is
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typically absent during the peak of summer, the central deep basin of the Arctic Ocean and its
adjacent seas typically contain a significant proportion of multi-year ice (MY1), which means
ice that has been retained throughout one or several seasonal melting periods, and thus is
present also in the summer months. So a considerable amount of older, thicker and typically
more deformed sea ice is typically found throughout the summer in areas of the Arctic, where

conditions favour retention and continuous development.

Fig. 1: scientific diver sampling sea ice fauna under heavy multi-year ice (© G Johnsen)

Climate change induced sea ice decrease and its implications

However, recent studies have shown that the proportion of MY is decreasing significantly in
the Arctic, and both sea ice extent and sea ice thickness have been decreasing consistently in

the Arctic during the past decades. Notz & Stroeve (2016) have clearly shown that there is a

robust linear relationship between monthly-mean September sea-ice area and cumulative

carbon dioxide (CO2) emissions.

It is therefore to be expected that the total amount of MY will continue to decrease in future
seasons, and that FYI will be the predominant sea ice type also in the central Arctic Ocean.
This may potentially have wide-ranging ramifications for the sea ice-associated fauna and
flora, and particularly for species that have been described to be closely associated with

multi-year ice.
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Recent analyses show an accelerated annual sea ice loss during winter months in the Arctic,
from-2.4% / decade for the period of 1979-1999, to -3.4%/from 2000 onwards. The same
study projects that the Arctic Ocean will become sea-ice free throughout August and
September for an additional 800 = 300 Gt of CO2 emissions, while it would become ice-free
from July to October for an additional 1400 £ 300 Gt of COzemissions (Stroeve and Notz
2018).

A series of studies have tracked the dynamics of sea ice loss over time (Stroeve et al, 2007;
Stroeve et al, 2012; Stroeve et al, 2014; Notz and Stroeve, 2016). Stroeve et al (2007) found
that there seems to be an accelerating downward trend of sea ice extent, citing -9.1% per
decade 1953 — 2006, while over the decade or so just prior to their study (1995 — 2006),
observed trends were even larger at -17.9 £ 5.9 %/decade. Stroeve et al (2012) pointed
towards a clear shift in both spring and fall sea ice age distribution, where the percentages of
older ice classes have been reduced significantly since the 1980’s, from about 2.33 million
km? (30%) of older ice, i.e. 5 years or older, to 1.4 million km? (18%) by 1996 (see also
Maslanik et al, 2007), and less than 700.000 km? by 2010. And Stroeve et al (2014)
concluded that there was a significant increase in the length of the melt season, by as much as
5 days per decade in the entire Arctic in the period from 1979 to 2013, while several areas
(the Kara, Laptev, East Siberian, Chukchi, and Beaufort seas) were shown to have 6 to 11
days per decade in later autumn freeze-up.

Notz and Stroeve (2016) calculated the linear relationship between the 30-year running mean
of September sea-ice areas, and cumulative carbon dioxide emissions, and found that
observed Arctic sea-ice loss directly follows the trend of anthropogenic CO2 emissions,
where one metric ton of CO2 emissions implied a sustained loss of 3 + 0.3 square meters of
September sea-ice area. According to their calculations, the Arctic sea-ice could be lost
completely following the emission of another 1000 gigatons of CO2. Current emissions were
estimated as 35 Gt CO2 per year at the time of their publication and have not decreased much
in the last years. This means that the limit of 1000 Gt could be reached by 2050.

In the Antarctic, the overall picture seems to be quite different, as there are only few and

quite limited areas with multi-year sea ice. While there overall has been a gradual but uneven
increase in Antarctic sea-ice extent until 2014, recent studies now show that there has been a
drastic decrease since then, at rates far exceeding those seen in the Arctic (Turner et al, 2016,

Parkinson, 2019). As Antarctic ice-associated species have developed in a far more dynamic
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sea-ice regime with annual fluctuations far exceeding the rates of growth and decay of Arctic
sea-ice, it can be assumed that they will be much better adapted to alternate between
sympagic and pelagic lifestyles. Therefore, it seems harder to draw conclusions for the

ecological ramifications of the Antarctic sea-ice dynamic.

The sympagic domain — a unique feature of the ice-covered oceans

The Arctic sea-ice has been studied for over 150 years, and some notable publications include
C. G. Ehrenberg’s classical work on ice flora from 1841, and Fritjof Nansen’s studies of
protozoans found in Arctic pack ice 1906. Recent improvements in sampling equipment as
well as ice-going research vessels has allowed researchers to better understand the role that
sea-ice plays in the ecology of the polar oceans. As it attracts and supports a vast range of
creatures ranging from protists to cetaceans, it effectively adds a third domain to the polar
oceans, but with strong links and vital interactions with the underlying pelagic, as well as the

benthic realm.

This unique feature of ice-covered waters is far more than just a “platform” for ice-associated
organisms like seals and polar bears. Under the surface, it can also form a convoluted
structure of sea ice floes that can be pushed and “rafted” together into a multi-level structure
with an astonishing variety of nooks and crannies, ledges, ridges, keels and even “caves”
offering protection and shelter. But even the very substance of the sea ice itself is not just a
solid slab of frozen water, rather it can instead be best understood as a complex matrix due to
the presence of brine channels inside the ice. This process of brine formation and rejection is
central to the understanding of the physical structure of sea ice and is based on the
crystallization process of sea water, during which salt ions which cannot be incorporated into
the crystal structure, are trapped in brine pockets which eventually connect to form brine
channels. And it is this matrix of amount brine channels, pockets and cracks, which is
offering protection and substrate to a wide range of organisms, ranging from microbes,
single-celled algae, to small invertebrate animals.

Common for them is that they have adapted to life under or even inside the sea ice matrix,
seeking shelter from potential predators, grazing, or preying on other organisms in the ice, or

in close association with it.
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The ice-associated, or sympagic, macrofaunal community is defined to be > 5 mm. The term
“sympagic fauna” has superseded the less precise term “sub-ice fauna”, as it better reflects
the direct association of these organisms with the sea ice undersurface and its topography of

brine channels, ridges, and spaces in between rafted sea ice floes.

Another common way of categorizing the sympagic fauna has been to separate between
autochthonous and allochthonous species. The term autochthonous, meaning native to the
place where found, often also used as autochthonous sympagic, is applied to those organisms
whose entire life cycle is considered to be tightly associated with sea ice. Allochthonous
species are then those species originating from a place other than where found, is then
applied to those assumed to be spending only part of their life cycle in tight association with
sea ice. These allochthonous origins can be either the benthic or pelagic realms, and such

species are thus often classified as benthic-sympagic or pelago-sympagic, respectively.

Sympagic amphipods in the Arctic

In terms of biomass, the Arctic sympagic invertebrate fauna is dominated by amphipods
(Lgnne & Gulliksen, 1991). These organisms are occupying a range of trophic strategies,
encompassing herbivorous, detritivorous, necrophagous, and carnivorous food sources. Most
species seem to show a certain extent of food choice plasticity, but interspecific trophic niche

overlap appears to be low (Arndt et al, 2005).

The largest and most conspicuous sympagic amphipods are typically gammarid amphipods,
in particular the large, and relatively long-lived Gammarus wilkitzkii (Birula 1897) which can
grow to up to 5 cm as adult and reach a lifespan of 5-6 years (Carey 1985; Gulliksen 1984,
Poltermann et al., 2000). The much smaller calliopioid Apherusa glacialis (Hansen, 1888) is
the most frequent ice amphipod, and is described to be a herbivore with a short, 2-year life
cycle. However, due to its small size, its contribution to the total under-ice biomass is rather
low. The lysianassoid species Onisimus glacialis (G. O. Sars, 1900) and O. nanseni (G. O.
Sars, 1900) also occur frequently, but are generally much less abundant than A. glacialis and
G. wilkitzkii (Hop and Pavlova 2008). Their lifespans are described as 3-4 years (Arndt &
Beuchel, 2006).
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For those species, in the literature most often regarded as autochthonous-sympagic, the year-
round access to sea ice in their habitat is considered to be of paramount importance.
Therefore, multi-year ice (MY1), or sea ice that persists throughout the melting periods of
summer and fall, is a key prerequisite for these organisms. The role of sea ice ridges as
refugia for sea ice amphipods has long been postulated, especially for G. wilkitzkii, and has
been addressed in Gradinger, Bluhm and Iken (2010).

However, there is mounting evidence that at least one of these species, A. glacialis, might in
fact be living significant parts of their life cycle in a pelagic stage (Kunisch et al. 2020). Here
the authors concluded from a comprehensive data survey on pelagic occurrences of A.
glacialis that this species appears to be capable to inhabit the water column at any time of the
year, both in shallow depths and in deep water, and even in areas where sympagic food
sources were presumably available. While similar findings of ice-associated amphipods in
deeper water layers have been interpreted as “dead ends” of the respective life cycle, and thus
lost to further contributions towards the population, the fact that gravid females were
consistently found at depth strengthened the possibility that there could be a seasonal vertical
migration from the sea ice to deeper waters and back to the sea ice, which has been
previously overlooked. Two conceptual models were put forward by Kunisch et al (2020),
one in which adult A. glacialis of both sexes were distributed both under sea ice and in the
water column throughout the year, with females undergoing vertical movement to the ice
during winter to release their offspring from the brood pouch, and the other alternative where
only female A. glacialis were going through a seasonal migration away from the ice during
the polar night. While there remains a level of uncertainty about these life history traits, in
large part also due to an undersampling of the Polar Night, there appears to be some evidence
that A. glacialis is likely to be able to adapt to an environment changing towards a future ice-

free Arctic ocean.

Berge et al. (2012) have postulated that the southward export of sea ice with the trans-polar
drift, moving from the Arctic Ocean through the Fram Strait, might not be a one-way ticket
for all of the sea ice fauna, as previously assumed. During a mid-winter cruise in 2012, they
found notable amounts of live individuals of the sympagic amphipod Apherusa glacialis, at
various depths below 200m depth in the water column of the Fram Strait. These depths are
corresponding with the northward flowing Atlantic deep-water current and might thus offer a

return pathway to the central Arctic Ocean. Interestingly, more than half of the females of A.
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glacialis were found to be ovigerous, and lipid levels were found to be reasonably high in all
individuals of all age classes, supporting the previously documented midwinter reproduction

of this species (Poltermann, Hop & Falk-Petersen 2000).

Based upon the oceanography of the Arctic and these mid-winter observations, Berge et al.
(2012) therefore proposed a new conceptual model, one that effectively closes the life cycle
of A. glacialis from their southward export with the sea ice drifting out of central Arctic, to a
poleward return journey, by sinking down and then returning with the deep Atlantic current
flowing northward within the Eurasian part of the Arctic. So rather than a dead end and net
export, such a pelagic phase may instead be an important part of this amphipod’s life history.
In combination with the timing of reproduction and the aggregation of sufficient lipid
reserves, this strategy would both counteract the export into the North Atlantic and enhance
the opportunity for females return and to release their young in productive and ice-covered
areas of the Arctic Ocean. Compared to the average surface drift speeds around 2 km / day of
sea ice flowing south through the Fram Strait, such deep-water return currents have been
measured to speeds of up to 9 km / day. In this new conceptual model, a 2- to 3-month period
at the right depth would certainly be sufficient to balance out a 9-month period of surface
drift, attached to the sea ice. This would also make sense from both a food availability
perspective, as well as in terms of predator avoidance, since the sea ice during the Polar night
offers limited to no feeding opportunities for this ice algal grazer, while at the same time

ensuring very low detectability by visual predators.

Also, for Gammarus wilkitzkii there are at least circumstantial evidence in the form of ciliated
epibionts that indicate that the species is able to survive extended ice-free periods in the
intertidal, and hence that its status as an autochthonous-sympagic species is overestimated
(Arndt et al 2005).

There are also several benthic amphipod species that can be encountered under sea ice under
shallow water (Gradinger and Bluhm, 2010). But intriguingly, some of these amphipods have
also been found over deep waters and have then been presumed to have drifted there with the
sea ice over some time. Some of these benthic species, such as Gammaracanthus loricatus
(Sabine, 1824), Anonyx nugax (Phipps, 1774) and A. sarsi (Steele & Brunel, 1968) are
therefore considered allochthonous-sympagic and thus termed bentho-sympagic.
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In contrast to this, Pleusymtes karstensi (J.L. Barnard, 1959), which was otherwise
considered a shallow benthic species, might actually belong to the autochthonous group of
sympagic amphipods, and might have been underrepresented in previous sampling efforts, as
it closely resembles juvenile G. wilkitzkii, unless closely examined under a microscope. The
occurrence of these species in sympagic samples was studied in MacNaughton et al (2007),
and the authors concluded that Eusirus holmii (Hansen, 1887), otherwise known as a
bathypelagic species, might be another allochthonous pelago-sympagic species (Arndt &
Swadling 2006).

The trophic role of sympagic amphipods has been recognised as key links in the energy
transfer from the sea ice— associated primary production to higher trophic levels, effectively
repackaging the microalgal biomass for vertebrate predators such as polar cod (Boreogadus
saida Lepechin, 1774), little auk (Alle alle Linneus, 1758), black and Briinnich’s Guillemot
(Cepphus grylle Linneus, 1758, Uria lomvia Linneus, 1758), as well as ringed seals (Pusa
hispida Schreber, 1775) (Weslawski et al. 1994). Their role is also summarized well in
Bluhm et al. (in SEA ICE, D Thomas, 3" edition, 2017).
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Importance of the sea-ice cover for the underwater light climate in polar ecosystems

The sea-ice cover of the Arctic seas acts like a highly efficient lid or physical barrier, for
incoming solar radiation, and it is thus of great importance in regulating the amount of light
penetrating into the surface waters. The complex physical properties of sea ice, ranging from
ice thickness, including freeboard and draft, to snow cover, and especially the extent of brine
channel formation and brine or particle inclusion, are of tremendous importance not just for
its role as biological habitat, but also due to their optical properties. All of the above-
mentioned elements are acting as strong filtering and scattering elements, thus modifying the
total light transmission from the atmosphere into the ocean (Katlein et al, 2015). This filter
function of sea ice has wide-ranging implications on a global scale, directly affecting the
energy budget of the polar oceans. While the surface albedo has been the most accessible and
thus well-studied feature, recent investigations into the relative contribution of ice type and
ice thickness has shown that transmittance through first-year ice (FY1) can be almost three
larger than through multi-year ice (MY1), while the energy absorption has been measured to
be 50% larger in FYI than in MY (Nicolaus et al, 2012).

Light climate and its physical definitions

The biological and ecological significance of light in general, (Johnsen, 2012) and for the
polar regions (Sakshaug et al., 2009, Pavlov et al., 2019, Berge et al. (eds), 2020) is well-
defined and reviewed. For the purpose of this synthesis, we adopt the concept of light climate

from Cohen et al. (2020). They define light climate through its intensity, spectrum and

duration of light for a given location. An abbreviated summary of their definition follows

here.

The intensity of light can be measured as either radiance, or the amount of photons emitted
per unit area per second, or irradiance, which describes the amount of photons received per
unit area. Measurements of irradiance are either recorded in energy units (W m2) or quantal
units (photons s* m / umol photons s m?). The latter type of measurement is obviously

most common in the context of light climate as an ecological factor for sea ice organisms.

The spectral composition of light is of particular interest in the present thesis. Therefore, the

following definitions are of relevance here. Solar radiation is commonly divided into an
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ultraviolet (UV) component, measured in the range of 100 to 400 nm, the visible component,
which corresponds to photosynthetically active radiation (PAR), in the range of 400 to 700
nm, and the infrared part of the spectrum, from 700 to 2000 nm. Solar UV wavelengths
below 280 nm are not able to penetrate through the stratosphere, but both the UVB (280 to
320 nm) and especially the UV A part, with a range from 320 to 400 nm, are important for

ecological processes, and are able to penetrate into the water column to a certain extent.

The duration of light exposure is the last important parameter of interest for biological

organisms. Cohen et al. (2020) defined the duration of light in terms of its photoperiod, or the
day length or “photophase” of a 24h diel cycle compared to the dark portion or “scotophase”.
An important and open question in this definition is the separation level or threshold between
these two parts of the diel cycle. While this can be based on active versus inactive periods,

linked to day and night in some biological processes such as photosynthesis, the reverse may
be true for processes such as diel vertical migration. For organisms like sea ice amphipods,

where light is crucial for grazing, predation or predator avoidance, their species-specific light

sensing ability is therefore of considerable interest.

However, in the context of this study, the actual duration of radiation exposure received by
these motile organisms is the hardest to quantify, as it would require a highly site-specific
and yet sustained measurement of the above-mentioned parameters, intensity and spectral
composition. As the amphipod species studied here are relatively motile, they are likely to
alter the degree of intensity that reaches them constantly, and due to the changing angle of the
sun, the spectral composition will also change significantly throughout the day. It would
therefore be interesting if one could develop or identify a biological dosimeter, for example
through a in-vivo staining technique, which could address this with adequate resolution.

For now, we will have to approximate duration of light exposure through the simplified
assumption that amphipods are remaining exposed to ambient light of the same intensity and

spectral composition for a set part of the diurnal cycle, the photophase as defined above.
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THE LIGHT SPECTRUM

Ultraviolet Visible Infrared
290 320 400
Wavelength (nm)

Fig. 2: Schematic overview over the wavelength categories of the light spectrum.

Source: Government of British Columbia, Health & Safety.

Ultraviolet radiation and stratospheric ozone

In ice-covered waters, a very large amount of the incoming solar radiation is being reflected
by snow on the sea ice surface or absorbed by the snow and ice before it can reach the
underside of the sea ice and the sea water under the ice. Therefore, life forms in ice-covered
marine systems are generally considered to be adapted to low light levels, and thus also low
UVR levels. Being adapted to a low-light environment, and hence also an environment with
low UV radiation, might potentially also mean that the organisms living there are less
resistant to increased levels of UV radiation following a reduction of the Arctic sea ice cover
and thickness. This is one of the main hypotheses that forms the basis for this thesis (see

section 4).

According to the definition by the Commission International d’Eclairage (CIE), the UVB
portion of the solar spectrum is defined as 280 to 315 nm. However, in the ecological

literature the separation between UVA and UVB is more commonly set to 320 nm. In this
thesis | will follow the latter and more conventional definition. Though less energetic than

UVB, UVA radiation and transmitted freely through the atmosphere, it is also still considered
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to cause some damage, for example sunburn and skin aging in humans. The UVB portion is
more energetic than the UVA portion, and can therefore be much more harmful to
biomolecules, including cell membranes and DNA molecules, but is quite strongly attenuated
through the atmosphere, and is typically absorbed by stratospheric 0zone concentrations in
what is commonly known as the “ozone layer”. This layer is found in a region of the lower
part of the stratosphere, from approximately 20 km to 30 km altitude, where solar UVB
radiation creates elevated levels of oxygen molecules in triplet form (Os3). This layer of
elevated ozone concentrations is variable in its seasonal and spatial distribution around the
globe, owing to stratospheric wind patterns known as the Brewer-Dobson circulation
(Butchart, 2014). In short, this circulation model predicts that while most of the stratospheric
ozone is produced over the tropics, a stratospheric circulation pattern transports it upward and
poleward and eventually downward, thus redistributing the ozone towards mid-to-high
latitudes. Recent research indicates that this circulation will increase in response to projected
changes in greenhouse-gas concentrations (Garcia & Randel, 2008), and changes are
predicted at a rate of up to 3% per decade during the first half of the twenty-first century
(Butchart & Scaife, 2001).

However, certain circulation patterns in the upper polar atmosphere (known as Polar Vortex)
occur during the respective winter and spring seasons over Antarctica, and to a lesser extent
over the central Arctic, and can provide a certain degree of isolation for the air masses in
these regions, leading to what is known as seasonal low-o0zone periods over the Antarctic,
and also over the Arctic. While the formation of such ozone “holes” is expected to end by the
middle of this century, due to the slow but steady breakdown of the chlorofluorocarbons
(CFC’s) and other man-made ozone-depleting chemicals, there will still be significant
seasonal depletions of the stratospheric ozone layer over the Antarctic for some years to
come. In 2020, also the stratospheric ozone levels over the central Arctic reached a record
low during the month of March, with the lowest point with 205 Dobson units on March 12. In
comparison, the lowest March ozone value observed in the Arctic is usually around 240
Dobson units (sources: nasa.gov and ECMWF COPERNICUS climate change service).
Recent research carried out during the MOSAIC expedition by von der Gathen et al (2021)
found that climate change favors the formation of polar stratospheric clouds, which in turn
facilitate stratospheric ozone loss. Their model calculations suggest that this could cause
conditions favorable for significant seasonal loss of Arctic ozone column Os to persist until

the end of this century, with a potential to even worsen as well.
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Apart from the ozone layer, there are a number of other factors determining the level of UVB
and UV A radiation reaching the Earth’s surface, including solar elevation, season, aerosol
and pollutant gases, albedo, and cloud cover. Further penetration of these wavelengths into
the water column is strongly attenuated by dissolved organic matter (DOM, especially
chromophoric dissolved carbon (CDOM), as well as other suspended particles and
phytoplankton (Hargreaves, 2007, Prasil et al, 2003).
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Purpose of this study

In this thesis, | wanted to investigate the physiological effects of light and UVR on sympagic
amphipods. The main approaches to achieve this goal were to study selected species’
capacity to counteract negative light-induced effects, such as scavenging of reactive oxygen
species (ROS), as well as any photo-protective strategies such as absorption of harmful
radiation through the dietary uptake of protective pigments, or through the development of
chromatophores. The main reason for choosing sympagic amphipod species was their central
position in the sea ice ecosystem and their considerable exposure to both direct irradiation
and irradiated water masses. In addition, their relative accessibility, body size and relative
abundance was making them well suitable for laboratory experimentation, and previous
knowledge on their species-specific dietary differences and strategies in habitat use allowed

for a good experimental design.

As one must assume that the impact of UVR must be even greater in the area of the Southern
Ocean directly affected by the seasonal ozone depletion known as the “ozone hole”, this
study aimed to expand this approach in a similar way to the Antarctic sympagic community
as well. As a first step, | was motivated to search for and identify any sea ice amphipods
under Antarctic sea-ice as well, as there had previously been only very few investigations

reporting on this group of organisms in this context.

| was able to contribute towards this goal during a designated sea ice cruise on R/V
Polarstern into the central Weddell Sea (ISPOL), and | was later able to collaborate with
other researchers who had performed similar studies in the Lazarev Sea. Our efforts proved
that several species of amphipods could be found in close association with Antarctic sea ice
over deep water, providing new evidence for pelago-sympagic coupling in the Antarctic

ecosystem.

Although technical limitations of our sampling efforts prevented us from performing the
same experimental and physiological studies on live animals to a statistically significant
degree, | remain convinced that the close and immediate association of Antarctic sympagic
amphipods to the sea ice that we have documented, will be an important and interesting field
for further investigations, including the relevant adaptations to the light climate under the

Antarctic sea ice.
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Scientific approach and methodology

A first step of this study focused on understanding the role of UVR and its effects in a
biological context. This topic was approached by collecting field measurements of PAR and
UVR in situ, documenting large spatial heterogeneity due to complex sea ice structure. As
sea ice is not uniformly thick, but highly variable in age, thickness, and structure, while light
penetration is also highly dependent on snow cover on top of the ice as well, the resulting

under-ice light levels were found to be highly variable as well.

As a next step, | investigated suitable experimental and laboratory methods, and performed
experimental lab exposures of sea ice amphipods to natural low-level, high-level and elevated
level intensities of UVR, in close collaboration with researchers at IRIS / UiS. We developed
experimental in vivo exposure setups with one amphipod species (Gammarus wilkitzkii)
which was the most accessible species to collect, keep in captivity, and process in the lab. To
study direct versus indirect effects, we had unirradiated controls, directly irradiated
exposures, and a third setting where a similar set of exposure tanks was irradiated, and the
water flow then led to separate tanks kept in complete darkness, containing organisms. We
then investigated and quantified the effects of those exposure experiments through several

types of assays, named TOSC and MDA.

The TOSC assay stands for total oxyradical scavenging capacity assay, was developed by
Winston et al (1998) and the protocol was described in Regoli and Winston (1999).

The MDA assay stands for malondialdehyde assay and is one of the most common
biomarkers for lipid peroxidation. It is based on the reaction of malondialdehyde (MDA) with
thio-barbituric acid (TBA), generating a product that can be measured colorimetrically
(Fernandez et al., 1997). Based on the experiences with such exposures, our next study
included experimental lab exposures of sea ice amphipods known to have chromatophores to
various light and UVR regimes. The effects of these exposures were quantified by visually
assessing changes in chromatophore size and extent, and the light response in

chromatophores was documented.

Inspired by studies on a group of photoprotective pigments called mycosporine-like amino
acids in the Southern Ocean, our study also collected and analyzed samples of various

amphipod species for specific pigment content, in early spring, summer and autumn. The
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resulting samples were analyzed by high-performance liquid chromatography (HPLC) and
compared with standards derived from algal monocultures.

This study documented a strong seasonal trend and linked uptake and concentration of MAAS
in various amphipod species dependent on their specific diets. This was the first study of

these compounds in Arctic sea ice amphipods.

The other part of this study, focusing on investigating Antarctic sympagic amphipods,
employed several established methods of sampling under Antarctic ice, as well as applying
new sampling tools, notably a novel under-ice trawl known as SUIT (surface-and-under-ice-
trawl), as well as scientific diving and the deployment of small inspection-class ROV’s under
ice (ROV=remotely-operated underwater vehicle). Once samples were obtained, they were
kept alive for feeding experiments and live observations, and finally processed for

taxonomical analysis.
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Presentation of papers

Paper I: Antioxidant responses in the polar marine sea-ice amphipod Gammarus

wilkitzkii to natural and experimentally increased UV levels

This paper showed that G. wilkitzkii, the most dominant of the Arctic sympagic amphipod
species, has considerable tolerance to natural UV radiation. This can be expected from a
species that is relatively mobile and spends considerable time both on shallow floe edges and
under deep ice ridges, thereby encompassing strong gradients in irradiation. Our research
showed further that UV radiation may act both directly on the body tissue of exposed
organisms, but also indirectly, through the formation of oxyradicals through the decay of
dissolved organic matter (DOM) present in these typically well-stratified surface waters. The
results of this study have proven that G. wilkitzkii has a considerably higher capacity to
tolerate and neutralise oxidative stress if sampled in summer as compared to winter
conditions. It has also shown that during experimental exposure to elevated UV radiation

levels, the total oxyradical scavenging capacity can be severely depleted.

This study was a baseline study on the susceptibility of the Arctic sea ice amphipod

Gammarus wilkitzkii to UV radiation and UV-induced oxyradical stress.

Paper I1: The adaptive significance of chromatophores in the Arctic under-ice amphipod

Apherusa glacialis

This paper showed that the chromatophores that are present in these amphipods are
susceptible to light levels, and therefore they have in all likelihood an adaptive and
photoprotective function for this species. This study showed a physiological colour change in
response to short-term light exposure, through the pigment dispersal from red-brown
chromatophores in the tissue covering the body, as well as in the internal organs. Exposure in
the PAR range (400-700nm) with high light intensities was the main trigger for this type of
response, with a reversal of the pigment dispersal during a following period of darkness.
Experiments showed no statistically significant change in coloration in response to different
background colours, or to UV radiation. While one could observe some effects in response to
UV radiation, the sample size was insufficient to make this statistically valid. This study

showed for the first time that chromatophores present in the Arctic sea ice amphipod
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Apherusa glacialis can provide a functional response to high light levels, and likely provide

both photoprotection and crypsis.

Paper 111 (in prep): Total MAA content in summer and winter in the Arctic under-ice
amphipod Gammarus wilkitzkii, and comparison in between this and other species
Our results show that the UV-protective substances belonging to the class of mycosporine-

like amino acids (MAAS) are present and appear to play a role also in Arctic amphipods.

Our preliminary findings indicate that sea ice algae grazers likely benefit from the ingestion
and retention of such MAA’s. There is also a marked seasonal trend in the MAA content in
such sea ice algal grazers, which fits well with the onset of the spring phytoplankton bloom.
When comparing typical algal grazers with omnivore/grazers and scavengers, the algal

grazers contained the highest relative concentration of MAAs.

Unfortunately, technical difficulties in chemical resolution of our sample contents prevented
us from identifying the contributing MAA types, and lack of supporting data on the MAA

producing sea ice algae prevented us from identifying the nutritional sources and types.

This material in prep provides a baseline on the total MAA content in Arctic sea ice

amphipods.

Paper 1V: Sympagic occurrence of Eusirid and Lysianassoid amphipods under Antarctic

pack ice

During three Antarctic expeditions (2004, ANT XXI-4 and XXI1-2; 2006, ANT XXIII-6)
with the German research icebreaker R/V Polarstern, six different amphipod species were
recorded under the pack ice of the Weddell Sea and the Lazarev Sea. These cruises covered
Austral autumn (April), summer (December) and winter (August) situations, respectively.
Five of the amphipod species recorded here belong to the family Eusiridae (Eusirus
antarcticus Thomson, 1880, E. laticarpus Chevreux, 1906, E. microps Walker, 1906, E.
perdentatus Chevreux, 1912, and E. tridentatus Bellan-Santini & Ledoyer, 1974), while the
last belongs to the Lysianassoidea, genus Cheirimedon (cf. femoratus Pfeffer, 1888). The
results from this study suggest that the underside of Antarctic pack ice serves at least

temporarily as a habitat for Eusirid amphipods. Although this could not be determined with
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certainty, we believe that their origin for the reported oceanic occurrences is most probably
the pelagic habitat, from which they can colonize the sea ice during favourable conditions. It
is thus puzzling that none of these amphipods were found in any of the extensive concurrent
zooplankton sampling efforts, which did record a number of isopods, as well as scinid and
hyperiid amphipods of similar size classes. One explanation might be that the transition to a

sympagic life style had been initiated prior to our sampling period.

For the Lysianassoid Cheirimedon cf. femoratus which also was found by this study, such a
pelagic origin seems less likely, but since the species determination is still uncertain for the

sampled material, it cannot be completely ruled out.
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Discussion

UV radiation tolerance and protective adaptations in sympagic amphipods

Direct effects of UV radiation are induced by the absorption of energy in especially
vulnerable molecules like nucleic acids, which in turn disrupt DNA replication and
translation processes within the cells. Photo-induced DNA-damage comprises cyclobutane
pyrimidine dimers (CPDs), exclusively in the UVB range, and also other lesions formed at
lower rates such as pyrimidine 6-4 pyrimidone photoproducts (6-4 PP) (Buma et al. 2006).
Generally, wavelengths below 302 nm cause more damage than higher wavelengths.
Melanomas (skin damage) and cataracts (eye damage) are not only present in humans but
also shown for fish (Nairn et al. 1996) and amphibians (Little & Fabacher 2003). Ultimately,
accumulated DNA damage will result in increased mortality which has been shown in both
zooplankton and fish eggs (Kouwenberg et al. 1999 a+b, Lesser et al. 2006). Targets are key
proteins e.g. antioxidant catalase (Butow et al. 1994, Cheng et al. 1981, Zigman et al. 1996),
lens proteins (Weinreb & Dovrat 1996), and rubisco, the key enzyme of photosynthesis
(Hidema et al. 1996). Under favourable natural conditions UVR damage and repair are
balanced, however ozone depletion (UVB increase) or insufficient energy supplies can bias
this equilibrium.

As the presence of natural UV radiation has been an integral component of the evolution of
terrestrial and aquatic organisms and ecosystems, researchers have found a wide range of
tolerances and adaptive mechanisms, including exposure avoidance, photo-protective
screening compounds, quenching of free radicals, and damage repair mechanisms
(Sommaruga 2001, Jain et al, 2004).

Exposure avoidance obviously requires a certain motility, and presents those organisms
capable of undertaking vertical migrations with the trade-off between radiation exposure
avoidance on the one hand, as well as most likely also visual predator exposure avoidance,
and access to feeding opportunities on the other hand, which often are restricted to the high-
light zones. Other avoidance mechanisms might be less energetically demanding, such as
moving towards more shaded areas of the same benthic or sympagic environment, by moving
either under the canopy of macroalgae, or under thicker portions of the sea ice cover. In the

context of sympagic amphipods, the former mechanism, i.e. diel vertical migrations, has been
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ruled out, but the latter might be accessible to some species to some extent (Hop et al; 2000,
Gradinger & Bluhm, 2004).

However, it is to my knowledge unresolved and questionable whether the preference for
deeper and darker areas on ice floe ridges for p.e. G. wilkitzkii, and the contrasting preference
for A. glacialis for much more light-exposed floe edges, is mostly determined by food
availability than by radiation avoidance strategies. Fuhrmann et al. (2011) discussed the
trade-off between transparency and crypsis versus photoprotection through dispersed
pigments in chromatophores on A. glacialis. While the contraction of pigments will make the
animal’s body more transparent and thus less conspicuous to visual predators like polar cod,
the downside is presumably less photoprotection from these pigments, while dispersed
pigments make the animal’s body more visible in a high-light environment against a mostly
white background. Also, the movement of such pigments is of course energy demanding
While this study initially aimed at collecting data furthering our understanding of the aspect,
technical constraints in attaining sufficient sample sizes from high-light sample sites versus

low-light sample sites have so far prevented us from this.

Effects of UVR on Arctic sea ice-associated amphipods (paper 1)

The detrimental effects of ultraviolet radiation have been well-documented in Antarctic
zooplankton and fish larvae, (Malloy et al, 1997), on Antarctic echinoderms under sea ice
(Lesser et al, 2004) as well as on Arctic zooplankton and fish eggs (Kouwenberg et al, 1999).
All of these studies have demonstrated that both the Antarctic and the Arctic marine
ecosystems are strongly influenced by ultraviolet radiation, even in the presence of sea ice
cover. A recent review on the effect of ultraviolet radiation on the life stages of fish (Alves
and Agusti, 2020) has summarized these effects to range from increased mortality,
developmental abnormalities, behavioral and metabolic changes, to tissue lesions,
physiological changes and immune system modulation, impairment of molecular and cellular

processes in the early developmental stages as well as in juveniles and adults.
Our research on the total oxyradical scavenging capacity showed that G. wilkitzkii certainly
has a considerable tolerance for exposure to oxidative stress, most likely caused indirectly

through the creation of reactive oxygen species (ROS) by way of photolysis of DOM in the

33



exposed surface waters between ice floes and under thin ice with little or no snow cover. Our
experimental exposures also confirmed the hypothesis that exposure to UV-irradiated water
was at least as important as direct exposure of the organisms to the UV radiation. This can be
explained by the formation of ROS in the water which then act upon the organisms immersed
in it. So even though organisms like G. wilkitzkii show photonegative behaviour, ie they
avoid exposure to direct sunlight, they are likely exposed to oxyradicals nonetheless, as long

as there is sufficient area in between floes, where the sunlight reaches the surface waters.

While we were not able to investigate the other Arctic sympagic amphipod species, we can
assume that they would be exposed to similar conditions and thus would have to deal with the
same level of oxidative stress. A compounding issue for especially A. glacialis seems to be
that its recorded lifestyle suggests that it is more prominently exposed to direct radiation as
well, as it is most often found along well-irradiated floe edges or under thinner parts of ice
floes where light conditions are most favorable for ice algae on which it grazes. The
observations of the other Arctic sympagic species suggests that they can employ avoidance
strategies to a much larger extent by preferring thicker and less irradiated floes, ridges or

cracks between rafted floes.

The timing of the seasonal maximum of ultraviolet radiation reaching the Arctic is also
crucial here, as the Northern Spring combines the environmental factors of higher sun angles,
increased surface reflectivity through greater snow and cloud cover, and enhanced
stratospheric ozone depletion with the biological factors of little or no algal-derived

protective pigmentation and low food availability in general.

In such a scenario, it seems reasonable to conclude that a further development towards a sea
ice situation which is both decreasing in area coverage and thinning in average ice thickness
IS going to pose an increased challenge to sea ice amphipods in terms of habitat loss, and
lower quality of habitat. At the same time, there is still a considerable amount of long-lived
CFC’s in the stratosphere, and research by Andrady et al (2017, in: United Nations
Environment Programme, Progress Report, 2016) indicates that there are strong interactions
between seasonal ozone depletion and man-made climate change processes on a global scale.
One well-documented consequence of man-made climate change processes is the warming of
the troposphere, which leads to concurrent cooling of the lower stratosphere. Since a key

component to the effectiveness of ozone-depleting substances (ODS) like CFC’s and others is
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the temperature in the lower stratosphere, one must therefore conclude that man-made global
warming can also influence the seasonal ozone depletion, even if the long-term trend in the
reduction of ODS remaining in the stratosphere is negative. This is especially true for the

situation in the Antarctic (Hartmann et al, 2000).

In conclusion, this study provides some evidence that the ultraviolet radiation is a significant
stressor for Arctic sympagic amphipods, and one that is likely to increase in the future. While
we have not been able to replicate similar experimental exposures of Antarctic amphipods
while measuring their responses, there is a host of other such studies on other organisms

exposed to elevated UVR.
And since the seasonal ozone depletion is much more pronounced in the Antarctic than in the

Acrctic, it stands to reason that these effects will also be very important for Antarctic

amphipods.
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Photoprotective substances

Photo-protective screening compounds, which typically are being acquired through dietary
uptake and then retained, have been found in different amphipod species in various extent
and forms, and can be found as carapace pigmentation, chromophores, and pigmentation of
soft tissue within the carapace structure. See also paper 111 (Fuhrmann et al, 2011) on this
topic. One prominent and well-studied group of pigments which have relevant UV-protective
properties are mycosporine-like amino acids (MAAs) (Carreto et al, 1990, Karentz et al,
1991).

Mycosporine-like amino acids (MAASs) can be found in marine organisms from the poles to
the tropics, ranging from bacteria to vertebrates (Karentz et al. 1991, Karentz 2001, Dunlap
& Shick 1998). MAA:s are derivates of mycosporines, compounds identified in the mycelia of
fungi. More than 30 different types of MAAs have been identified (Singh et al, 2008), and
they are commonly perceived as “microbial sunscreen”, although their intracellular functions
may also include antioxidant properties, and have been found to help with cellular resistance
to desiccation (Wright et al, 2005), osmotic stress (Oren & Gunde-Cimerman, 2007) and heat
stress (Michalek-Wagner & Willis, 2001).

In crustaceans, at least 10 different MAAs and the chemical precursor gadusol have been
identified so far, with shinorine, porphyra 334, mycosporine- glycine, palythenic acid and
palythine being the most dominant substances. UV-protection by MAAs in animals is clearly
shown, though stimulation of uptake and accumulation still varies from species to species and

r

results are sometimes contradictory (Banaszak et al, 2006).it!
Other common pigments found in crustaceans are melanins and carotenoids. While the
former class of substances typically absorbs in all UVR and PAR wavelengths, which makes
it beneficial to non-photosynthetic, heterotrophic organisms, e.g. fresh water Cladocera
(Zellmer 1995), the latter class seems to absorb mostly in the visible range, with absorption
maxima around 480 nm. While the cover certainly extends beyond its peak absorbance,
carotenoids seem to primarily act as a photoprotective pigment class for photosynthetic
autotrophic organisms, in the protection against excessive PAR radiation. But due to their

absorption well into the UV, it is also a popular component in sunburn-protecting sun
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lotions for human consumption. Both pigment classes have been shown to have antioxidant
properties (Vershinin, 1999, Sarangarajan & Apte, 2005, Yao & Qi, 2016).

Photoprotection through pigment acquisition in sea ice amphipods (papers 11 & 111)

My investigations into photoprotective pigment content in four Arctic sympagic amphipod
species (Krapp, unpublished) has confirmed that there are some substances present with the
absorption characteristics of mycosporine-like amino acids. While technical issues prevented
us from isolating and identifying these substances, our study has shown both a strong
seasonal trend of pigment content, as well as highest prevalence of pigments in the
herbivorous species A. glacialis, with lower amounts in the omnivorous G. wilkitzkii, and the

lowest amounts in carnivorous-detritivorous species O. nanseni and O. glacialis.

These UV-protective substances are known to have an important photoprotective role as they
efficiently absorb potentially harmful UV radiation, as well as act in a strong antioxidant role
(Rastogi et al, 2017). They have previously been described mainly from a variety of Antarctic
invertebrate species, notably including krill, but also echinoderms, crustaceans, and even fish
(Karentz, 1994). In the Arctic, there are to date only a few studies on MAAS in sea ice
environments, notably the Baltic Sea (Uusikivi et al., 2010; Piiparinen et al., 2015), the
Canadian Arctic (Elliott et al., 2015) and the southern Nansen Basin north of Svalbard
(Kauko et al, 2017). Ha et al (2012) documented several MAAs in phytoplankton samples
collected in and around Kongsfjorden, Svalbard, and Ha et al (2018) documented MAA

synthesis and size-dependent contents from the Beaufort Sea as well.

MAA-like signatures have also been documented in particle absorption samples from sea ice
(Uusikivi et al., 2010; Fritsen et al., 2011; Mundy et al., 2011; Piiparinen et al., 2015;
Taskjelle et al., 2016).

Their role has been well-studied in Arctic macro-algae and in certain benthic amphipod
species grazing on these algae, which due to such a relatively shallow benthic lifestyle also
are exposed to potentially harmful UV radiation (Obermuller et al, 2005). These and earlier
studies found that the grazers were gaining a clear benefit from ingesting and retaining these

pigments for the photoprotection against harmful levels of UV radiation.
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It is reasonable to assume that such photoprotective pigments are important not only for the
sea ice algal community, but also for the sea ice amphipod community, as members of the
latter live in close connection with the former. And while amphipods are mobile and thereby
able to reduce exposure to some extent by moving to less exposed sites, their ice-associated

lifestyle prevents them from escaping potential exposure altogether.

During spring melt and the formation of melt ponds, the amount of incident PAR, (400—700
nm) transmitted through sea ice has been reported to exponentially increase over just a few
weeks from <1 to 5-22% and from <1 to 21-67% under white ice (i.e. drained surface ice
above the local water table) and melt ponds, respectively (Ehn et al. 2011, Mundy et al.
2014). As Elliott (2015) pointed out, this transition coincides with the timing of peak
downwelling irradiance resulting in exposure of sea ice and associated communities to high
levels of UV radiation and PAR.

Although there are certainly several substances in sea ice known to absorb UVR to some
extent, notably colored dissolved organic matter, or CDOM (Perovich et al., 1998; Belzile et
al., 2000; Uusikivi et al., 2010, Kauko et al, 2017), which of course also would include
MAA:s released from destroyed algal cells after an osmotic shock or similar, one can still
conclude that the incident UVR transmitted through sea ice will also follow the trends

documented above, resulting in a dramatic increase of intensity.

Based on these studies and our own results, we can assume that dietary acquisition is the

source of these photoprotective pigmentation also in the sea ice amphipods studied here.

The presence of chromatophores has so far only been documented in A. glacialis and not in
other sea ice species. Unless there are in fact chromatophores present in other species with
absorption characteristics that are not apparent in the visible spectrum, we must assume that
these are only present in this one species as documented. And while it appears to have a dual
role, its importance in helping with crypsis is likely more relevant than its importance as
photoprotection. Therefore, we can conclude for now that dietary pigment acquisition is

likely the main source of photoprotective pigmentation.

It is a clear indication of the importance of photoprotection for sea ice amphipods that the
species most regularly recorded from highly irradiated floe edges and melt ponds have been
shown to have both the strongest signature in terms of UV-absorbing compounds, as well as

possessing chromatophores. And while our study (Fuhrmann et al., 2011) could not confirm
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the response of these chromatophores to UVR exposure by means of statistical tests, due to
the insufficient sampling size, it is nonetheless reasonable to assume that the observed
reaction in chromatophore appearance serves mainly for photoprotection against UVR, as it is

well-known that this part of the radiation has been proven harmful to organisms.

Previous research by Hop et al, (2000) has shown that Apherusa glacialis appears frequently
on the more irradiated portions of the sea ice floes, as in floe edges and under relatively thin
ice, as well as in under-ice domes. The other species (G. wilkitzkii, O. nanseni, O. glacialis)
are more often found under thicker ice and appear thus to utilize the sea ice differently,
mainly because they are not as directly dependent on sea ice algae as their main food source.
So, it appears plausible that a more omnivore / detritivore / carnivore foraging strategy allows
these species to avoid direct light stress to a much larger extent than in the case of A.

glacialis.

Intriguingly, however, at least G. wilkitzkii has been shown in our studies to have a
considerable tolerance available to deal with oxyradical stress, which is presumed to be a
proxy for light stress. Clearly more studies are necessary to quantify this to a better degree,
but there are two possible explanations for this, based on the assumption that avoidance is
considered to be the main strategy to deal with light stress. One possibility is that ambient
oxyradical levels in the water layer just under the sea ice is requiring this high level of
oxyradical tolerance. So, in other words, even when the organisms can minimize their direct
exposure to harmful radiation, they are still exposed to considerable levels of oxyradicals in
their environment, through advection and dispersion of the sea water that is well irradiated in
some areas.

The other alternative is that these animals which are preying on more exposed species like A.
glacialis and Calanus spp are actually ingesting prey items with high concentrations of

oxyradicals in their body tissue.
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Effects of UVR on Antarctic ice-associated ecosystems

It has long been accepted that the detrimental effects of CFC’s on the ozone layer, especially
over Antarctica, have been slowly but steadily reduced in the decades since the adoption of
the Montreal Protocol on Substances that deplete the Ozone Layer in 1987. Previously, a
significant downward trend in the ultraviolet radiation index (UVI1) of 5.5% per decade has
been reported, thanks mainly to the reduction in CFC emissions since the adoption of the
Montreal Protocol. The ultraviolet index is a dimensionless index calculated from high-
resolution hyperspectral measurements which then are weighed with the McKinlay-Diffey

action spectrum of erythema and scaled to 40 W/m?,

However, a recent paper by Bernard and Stierle (2020) has addressed concerns that long-term
drifts in calibrations implemented at three key sites, namely South Pole, Arrival Heights, and
Palmer Station, have led to misrepresentations of reported UVI data. After readjusting these
calibrations, they found that those reported decadal trends in UV1 had in fact to be reduced by
1.5 to 2.3 %, which is a significant reduction. So, in fact, the decrease in UVI1 is still
significant, but is progressing at a smaller rate than previously assumed. Furthermore, they
also stated that this decrease is valid for the Antarctic summer months only. The data for the
Antarctic spring months (October and November) do not yield any significant reductions of
UVI yet, due to the large variability caused by the seasonal ozone depletion known as the
ozone hole.

So, in essence, there is still cause for concern for the Antarctic marine ecosystem as there is
still considerable UVR exposure during ozone hole conditions, and the reduction of UVI per

decade has been found to be slower than had been assumed previously.

Another important aspect of the effects of UVR on sea ice was investigated by the
biogeochemistry group of Thomas et al who were also present during the ISPOL expedition
to the western Weddell Sea. They investigated the characteristics of dissolved organic matter

(DOM) and chromophoric dissolved organic matter (CDOM) in Antarctic sea ice.

Dissolved organic carbon is the largest reservoir of organic carbon in the aquatic environment
and a key component in marine biogeochemistry (Thomas et al, 2010). Typically, the marine
DOM pool is fed from both terrestrial, or allochthonous and marine, or autochthonous

material derived from the biosynthesis (Nelson and Siegel, 2002). But a unique feature of the
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ice-covered region of Southern Ocean is the absence of major terrestrial inputs in the form of
rivers, which are a dominant feature of the Arctic Ocean and sub-polar regions which are also
dominated by seasonal sea ice cover. Therefore, the DOM found in sea ice formed in the

Southern Ocean is predominantly marine or autochthonous, and as their study showed, likely

originates from primary production within the sea ice.

A part of their field investigations during the ISPOL expedition was a CDOM photo-
bleaching experiment, where my main contribution in the field was to provide the visible and
ultraviolet light measurements during the in-situ exposure experiment of sea ice brine over a
120-hour period. Their study, to which | was invited to contribute as co-author, indicated that
there is a likely source of CDOM from mycosporine-like amino acids (MAAS) generated in
sea ice, and that Antarctic sea ice melt contributes as a significant source of autochthonous
CDOM and labile DOC to the Antarctic Ocean.

In their estimations, they also compared the potential contribution to the local carbon budget
based on the dissolved organic carbon (DOC) content measured in their combined studies.
They arrived at an annual DOC input estimate of 8 Tg C from sea ice to Antarctic surface
waters (#Norman et al, 2011). In comparison, Arctic river catchments are thought to
represent a similar size of the seasonal Antarctic sea ice melt zone, and they have been
estimated by Raymond et al (#2007) to provide an input of 16 Tg C. If one considers the fact
that those Arctic rivers receive material from a diverse and substantial tundra vegetation, the
sea ice derived DOC figures for the Antarctic seasonal sea ice zone are quite impressive in

that comparison.

This In summary, sea ice-derived CDOM is not only major contributing factor in the marine
carbon cycle of Southern Ocean but is also significantly influencing the optical properties of
surface waters, and through its presumed source materials including mycosporine-like amino
acids, it is also directly contributing to UV protection as well as attenuation of PAR (#Nunez-
Pons et al, 2018).

The ecological role of Antarctic sympagic amphipods (paper 1V)

The results of our own study on Eusirid and Lysianassoid amphipods under Antarctic pack

ice have indicated that the pack ice undersurface serves at least temporarily as habitat for
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these organisms. Previous to this study, the species in question have been considered to
belong to the pelagic community, and most reports of sympagic amphipods have
concentrated on other species occurring in the coastal fast-ice zone (Gulliksen and Lagnne,
1991, Arndt and Swadling, 2006). Our primary study area, the central Weddell Sea, can be
considered to be one of the most productive sectors of the Southern Ocean (#Arrigo et al.
1997, 2008), as well as the sector with the highest year-round retention of sea ice cover and

thus largest percentage of multi-year ice (#Steer et al., 2008).

One of the tremendous advantages of the multi-disciplinary approach of the ISPOL
expedition, which provided the main sampling access to this study, is that the sampling
stations on the one hand were positioned over an area with considerable water depths (from
1300 — 1900 m, Krapp et al., 2008), while the expedition on the other hand also perfomed a
consistent and regular sampling regime directed at the zooplankton and environmental
parameters (temperature, salinity, chl a) in the water column from 1000m up to the surface
(Schnack-Schiel, 2008). The total absence from these amphipod species in any of these
pelagic zooplankton samples supports thus our assumption that these amphipods had been
closely associated with the sea ice under-surface for some time at the time of sampling and

did not migrate or alternate between these two zones.

Further investigations by Flores et al (2011) and by David et al (2017) have since supported
the hypothesis that there are several Antarctic amphipods spending at least part of their life
cycle under offshore Antarctic sea ice.

Flores et al (2011) proposed a conceptual model of a pelago-sympagic mode of life for the
Antarctic amphipod Eusirus laticarpus, with an ascent phase from the pelagic during the
winter, a sympagic phase during the late winter and spring, and a descent phase during the
melting season, which coincides with the release of the juveniles. However, since available
material on the abundance and trophic role of these organisms is still scarce, it is currently

not possible to resolve the ecological role with a good level of resolution and certainty.

A more recent study by David et al (2017) contributed yet more documentation on the
sympagic lifestyle of certain amphipods. Although both krill and copepods dominate in terms
of abundance, with the latter also dominating the under-ice community in terms of abundance
(Schnack-Schiel et al, 2001, Kiko et al 2008), amphipods nevertheless contribute
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significantly in terms of total biomass. The species Eusirus laticarpus is also here mentioned

as ice-associated and listed as the most abundant amphipod in this sample set.

One challenging aspect should be mentioned here with regards to taxonomic resolution of the
Eusirus species found by these, and previous studies. Several species reported in previous
publications have been re-analyzed and either synonymized or described as separate species.
This will be of particular relevance for any attempts to data-mine such taxonomic data from
previous publications but might also be challenging for new fieldwork and sample collection.
The species E. tridentatus (Bellan-Santini and Ledoyer, 1974), and E. microps (Walker,
1906) have been described as separate species by Barnard and Karaman (1991), but
synonymized by de Broyer and Jazdzewski (1993). Also, the species E. antarcticus and E.
laticarpus have been considered separate species by De Broyer (1983), but synonymized by
Barnard and Karaman (1991). There is, however, a more recent taxonomic paper available
from Andres et al (2002) which clearly distinguishes and maintains all above-mentioned

species and names, and we used this one for our purposes.

In summary, this thesis and further investigations have indicated mounting evidence for the
presence of seasonally ice-associated amphipods also in the Antarctic sea ice. As their
foraging strategies suggest that they may occupy similar trophic strategies based on sea ice-
derived biomass (like ice algae and sympagic copepods) as they do in the Arctic sea ice
environment, while also contributing with a considerable amount of the total biomass found
under the sea ice, Antarctic ice-associated amphipods might well be a hitherto unnoticed
trophic link from the sea ice to both the pelagic, but also to “topside” air-breathing predators,

like sea birds and seals.
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Current technical challenges in under-ice sampling and possible future solutions

One central technical challenge in sea ice research in general, and thus also for sea ice
biology in particular, is how to approach the dilemma of high spatial resolution for
quantitative efforts versus the need to cover larger areas, for a better understanding of
patchiness, regional and large-scale variability. The other challenge is the temporal aspect:
the in-situ availability of sufficient individuals or biomass that can be sampled during a sea
ice station of a typical scientific cruise into sea ice is necessarily limited, while the temporal
availability of those organisms throughout longer time intervals, ideally throughout the
progress of one or more seasons is so far generally lacking and can often only be addressed
by data mining from the literature.

The solution to both challenges has so far been to increase the effort in terms of manpower
and ship time to extend the access on-site to extended periods. The recently completed
MOSAIC expedition (mosaic-expedition.org) is an impressive and unique example of this
approach.

Scientific diving under sea ice has immensely increased our access to this very demanding
habitat type, compared with traps, pumps, net hauls or video systems deployed from
“topside”. However, the operational range limits and safety-related limitations of diver-
operated sampling tools are confining us to relatively small areas of sampling footprint, and
to short intervals of time. Some technological advances such as the SUIT trawl Flores et al,
2011) have ameliorated this to some extent, but while such a trawl is covering a much larger
area than previous methods, it can only address point (a) to some extent, and works only for
species that are large enough to get retained in the net, but not motile enough to escape the

trawl opening.

The use and ability of remotely operated vehicles has developed rapidly in recent years, and
this is likely going to supplement and extend the direct access to the sea ice habitat much
more than scientific diving could, both in times of area covered, and effective sampling time
per deployment. Also the development of long-term moorings and autonomous samplers is
also a very promising avenue towards broadening our temporal access, possibly even

allowing unprecedented year-round access to certain parameters in the near future.

Ideally, one could wish for the development of an autonomous sampling system comprised of

a stable in-ice or under-ice mooring system with a suite of sensors, including at a minimum
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sediment and baited organism traps capable of storing their sampled contents for long

deployment intervals, in order to address the challenge of long-term access.

As for the challenge of access to larger areas, | believe that the greatest potential will be
harvested from the technological development in autonomous underwater vehicles (AUVS)
and their navigational capabilities, which will enable such sensor platforms to sweep closer to
the sea under-ice surface and detect physical and biological parameters with greater precision

and over larger areas than have been accessible by ROV’s or scientific divers so far.
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Conclusions

In this study, | have covered a wide range of aspects related to the effects of the ultraviolet
part of sunlight on the sea ice amphipods in the Arctic. Both the direct light-induced stress in
the form of oxyradical formation, which can occur both in the organisms themselves as well
as in the surrounding surface waters, and several types of photoprotective pigmentation could
be documented in detail here. The results of both the in situ material collected, and the
experimental exposures to UVR, showed a considerable capacity to mitigate the UV-induced
stress induced in the form of oxyradical formation. This proves that these organisms are

adapted to a highly variable light climate under the Arctic sea-ice.

From our data, it also seems evident that the amphipods in question have a considerable
capacity to protect themselves from such harmful radiation by shielding themselves from it
with the help of photoprotective pigments belonging to the mycosporine-like amino acids.
These pigments are also highly useful in an antioxidant role.

The evidence of such photoprotective pigments had not been verified in Arctic sympagic
amphipods to date, while substantial research has been done in Arctic benthic amphipods
already. This invites further research into the exact composition, as well as the sources of

these pigments in the sympagic context.

Also the possible function of chromatophores studied in Apherusa glacialis in a
photoprotective role, as well as in crypsis, contributed an interesting aspect of the range of
adaptations that sympagic amphipods require to cope with such a dynamic environment and
light climate.

An additional research focus of this study was the presence of Antarctic sea ice amphipods
under offshore sea ice, and the results presented in this study confirmed that there are indeed
several amphipod species present under the sea ice of the Weddell and Lazarev Seas. These
species have previously been described as pelagic but should from now on be considered
pelago-sympagic. This stands in interesting contrast to the other amphipod species found
previously under Antarctic sea ice, which had been sampled over shallow water depths and
had been confirmed to originate from the benthos. This goes to show that there are still some
aspects of the ecology of the polar areas which have not been accessible to dedicated
investigations until recently, and thus might still hold some unexpected elements and

contributions to our ecological understanding of the polar oceans.
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Polar marine surface waters are characterized by high levels of dissolved oxygen, seasonally intense UV
irradiance and high levels of dissolved organic carbon. Therefore, the Arctic sea-ice habitat is regarded
as a strongly pro-oxidant environment, even though its significant ice cover protects the ice-associated
(= sympagic) fauna from direct irradiation to a large extent. In order to investigate the level of resistance
to oxyradical stress, we sampled the sympagic amphipod species Gammarus wilkitzkii during both winter

ﬁigg’c"rds’ and summer conditions, as well as exposed specimens to simulated levels of near-natural and elevated
Amphipods levels of UV irradiation. Results showed that this amphipod species possessed a much stronger antioxidant
Sea-ice capacity during summer than during winter. Also, the experimental UV exposure showed a depletion
Under-ice fauna in antioxidant defences, indicating a negative effect of UV exposure on the total oxyradical scavenging
Sympagic capacity. Another sympagic organism, Onisimus nanseni, was sampled during summer conditions. When
Oxyradical compared to G. wilkitzkii, the species showed even higher antioxidant scavenging capacity.

TOSC © 2009 Elsevier B.V. All rights reserved.

Malondialdehyde
Ultraviolet radiation

1. Introduction

During the last decades, levels of stratospheric ozone have been
decreasing over both polar areas (Kerr and McElroy, 1993), allow-
ing an increased amount of ultraviolet radiation (UVR) to reach
the Earth’s surface (Madronich et al., 1998). Since UVR can pene-
trate to ecologically important depths in water, a large number of
studies on the effects of UVR on aquatic environments have been
carried out. UV radiation creates oxidative stress, and causes cellu-
lar damage and increased mortality (Browman et al., 2000; Lesser,
2006). The Arctic sea-ice environment is characterized by high dis-
solved oxygen concentrations, seasonally high levels of dissolved
organic carbon (DOC) (Belzile et al., 2000), as well as a season-
ally extended photoperiod and high primary productivity. These
factors, especially the co-existence of high DOC levels under sig-
nificant UVR levels (Scully et al., 1996), lead to the production of
reactive oxygen species (ROS) (Lesser, 2006; Hader et al., 1998).
The deleterious effects of ROS on aquatic organisms have been
covered in reviews by Di Giulio et al. (1989) and Winston and Di

* Corresponding author at: University of Kiel, Institute for Polar Ecology,
Wischhofstr. 1-3, Building 12, 24148 Kiel, Germany.
E-mail addresses: rkrapp@ipoe.uni-kiel.de, rupert.krapp@unis.no (R.H. Krapp).
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Giulio (1991), and include lipid peroxidation, DNA strand breaks,
cyclobutane pyrimidine dimers (CPD’s), and enzyme inactivation
(Livingstone, 2001; Browman et al., 2003; Karentz et al., 2004). To
cope with these and other pro-oxidant challenges, aquatic organ-
isms can deploy a number of antioxidant defence mechanisms,
which rely on enzymatic as well as nonenzymatic components.
These include superoxide dismutase (SOD) (McCord and Fridovich,
1969), catalase (CAT), and glutathione peroxidases as enzymatic
defences, while vitamin C (ascorbic acid), glutathione (GSH), vita-
min E (tocopherol), carotenoids (Davenport et al., 2004) and several
other small-molecule antioxidants like dimethyl sulfide (DMS) and
mycosporine-like amino acids (MAA'’s) function as nonenzymatic
antioxidants (Lesser, 2006). Another adaptation to UVR-induced
stress is the photoenzymatic repair (PER) mechanism, where the
enzyme photolyase breaks down CPD’s in the presence of photo-
synthetically active radiation (PAR, 400-700nm) and ultraviolet
radiation (UVR) in the UVA range (320-400 nm). Grad et al. (2001)
and Lacuna and Uye (2001) have published studies on PER in zoo-
plankton which showed that PER can significantly alleviate the
UVR-induced stress.

The importance of UVR as a pro-oxidant force in polar surface
waters has been recognized by a number of papers, see Belzile
et al. (2000) and Browman et al. (2000) for Arctic marine habi-
tats, Karentz and Lutze (1990) and Karentz and Bosch (2001) on
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Antarctic marine habitats, Hessen (1996) and Hessen et al. (2002)
on Arctic freshwater ponds, and Kepner et al. (2000) and Rocco
et al. (2002) on Antarctic freshwater habitats. In order to address
the complex issue of oxyradical stress and antioxidant responses,
Regoli and Winston (1998) and Winston et al. (1998) developed
and proposed the total oxyradical scavenging (TOSC) assay as an
integrative approach to the problem of quantifying the level of
oxyradical defence in a given tissue or organism sample (Regoli et
al,, 2002a). Rather than studying one antioxidant component at a
time which can be induced through several pathways, this assay
quantifies the total antioxidant response to a specific oxyradical
challenge. It has since been applied to a number of polar studies
(Camus et al., 2003; Corsolini et al., 2001; Regoli et al., 2000, 2002b,
2005) including studies on polar amphipods (Camus and Gulliksen,
2004, 2005; Obermiiller et al., 2005).

Lipid peroxidation is a well-known mechanism of cellular injury
induced by oxidative stress in cells and tissues. Malondialdehyde
(MDA) is a decomposition product of lipid peroxides derived from
polyunsaturated fatty acids. This reactive carbonyl compound is
the most abundant lipid peroxidation product and therefore widely
used as an indicator of lipid peroxidation.

The polar sympagic amphipod G. wilkitzkii plays a central role in
the ecosystem of Arctic sea-ice-covered waters (Steele and Steele,
1975; Poltermann, 2000; Poltermann et al., 2000), since it con-
sumes sea-ice algae and sympagic fauna (Gulliksen and Lenne,
1989; Scott et al., 2001; Werner, 1997) and thus makes this sympa-
gic biomass available to higher trophic levels (Lenne and Gulliksen,
1989) as well as to the underlying waters (Werner, 2000).

In this study, we measured natural UVR in the sympagic habi-
tat and studied the effects of natural versus artificial UVR exposure
on G. wilkitzkii to determine whether this species is susceptible to
oxyradical stress. As a supplement to the TOSC assay, we also mea-
sured the content of malondialdehyde (MDA) as an indicator of lipid
peroxidation (Marnett, 1999). We also compared the effects of nat-
ural UVR exposure in G. wilkitzkii and another sympagic species,
Onisimus nanseni.

2. Materials and methods
2.1. Fieldwork

2.1.1. Spectral measurements of UVR

Spectral measurements in the field were performed at 78°65’ N,
21°25'E during winter and at 81°59'N, 11°50’E during sum-
mer, using a TriOS Ramses ACC UV/PAR spectrophotometer (range
280-550nm, 2.2 nm resolution) which was deployed by scuba-
divers under the sea-ice, where it was affixed to the ice underside
with a L-shaped arm and ice screws during measurements. Ice
thickness in the field ranged from 1.5 to 2m at the winter sta-
tion and from 2 to 2.5m at the summer station, with a snow
cover of >1 dm during winter and 2-5 cm during summer. All ice
floes in the respective areas were established to be multi-year
ice.

2.1.2. Sampling of amphipods

During a winter sampling campaign in March/April 2004, sym-
pagic amhipod samples of G. wilkitzkii were collected under
consolidated pack ice at 78°65’N, 21°25'E near Heleysundet, on
the east coast of the Svalbard Archipelago. More amphipods of this
species as well as another sympagic species, O. nanseni, were col-
lected during two research cruises to the ice edge north of Svalbard
in August and September 2004 at 81°59’ N, 11°50’ E (compare Fig. 1:
study area 1). A battery-driven suction sampler or hand-held dip
net, operated by scuba-divers, were used to collect the animals
from the sea ice underside. Species, sex and developmental stages

[ mananinas]
0 50 100

Fig. 1. Sampling areas for winter (March 2004, triangle) and summer (August 2004,
square) sea ice stations. Locations were chosen based on their accessibility and
sufficient cover of multi-year ice.

as well as total body length were determined immediately with
stereomicroscopes. Animals intended for laboratory exposure were
kept alive in temperature-controlled aquaria (0°C) at low white
light intensities until transfer to the laboratory. Organisms intended
for determination of in situ-TOSC and MDA status were frozen
immediately in liquid nitrogen and later transferred and stored
at —80°C.

2.2. Laboratory work

2.2.1. Exposure setup

This laboratory exposure was designed to detect whether there
was a direct relationship for the sample organisms towards near-
natural or increased radiation levels. A daily irradiation period,
followed by a recovery period, was programmed to simulate the
total radiation received by an organism per day during sum-
mer conditions. At the laboratory facilities of IRIS-Akvamiljg, a
climate-controlled and light-controlled room was prepared with a
controlled sea water supply. Room and water temperatures were set
to 0°C, and were constantly monitored throughout the experimen-
tation period. Five aquaria were setup, of which two were equipped
with a high-intensity UVA + B fluorescent lamp array (UVB), another
two with a low-intensity UVA fluorescent lamp array (UVA), and the
last was kept as control group in near-darkness (DC). All aquaria
were supplied from the same climatised water pump with a flow
of 1.8-2 I/min. and constant water circulation was maintained by a
filtered overflow.

The high-intensity UV fluorescent lamp array consisted of one
Q-Panel 340 lamp (40 W tube, 120 cm length) together with two
Philips TL-12 lamps (20W tube, 60cm length), while the low-
intensity UV fluorescent lamp array was composed of only one
Q-Panel 340 lamp (40W tube, 120cm length) only. The high-
intensity array was aimed at modelling Arctic summer sea surface
levels of UV radiation (0.7 Wm~2 UV-B, 8.5W m~2 UV-A), while the
low-intensity array was aimed at modelling typical Arctic under-ice
levels of UV radiation (0.2 W m~2 UV-B, 3.5Wm~2 UV-A). Lamps
were encased in UV-transparent plexi glass tubings to decrease the
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warming effect otherwise exerted by fluorescent lamps, as well as
protecting the high-voltage switch and contacts from corrosion and
short-circuiting in a wet lab environment. The Philips TL-12 lamps
were also equipped with a UVC cut-off filter, since these lamps are
known to produce a small amount of radiation in the spectral range
<280 nm, which as solar radiation is normally not penetrating into
the Earth’s atmosphere, and was therefore to be excluded in this
experiment. Radiation was constantly monitored by a TriOS Ram-
ses UV/PAR spectroradiometer, which was attached to the bottom
through a hole in one of the aquaria.

Irradiance was limited to 5 days, with a 4 h-period per day, from
10am to 2 pm, simulating a maximum penetration of UV radiation
(UVR) into the sea ice zone during local noon. Outside this irradi-
ance period, ambient light was kept to a minimum (<3 wM). After
five irradiance periods, the experiment was terminated and all sam-
ples were immediately preserved in liquid nitrogen and then stored
at —80°C.

In an additional setup, aquaria without animals were exposed
under identical conditions as in the high-intensity UVA+B setup
with the identical water supply system, and the overflow from these
exposed aquaria was directed into holding tanks containing previ-
ously untreated and dark-acclimated amphipods, thus creating a
“water-only” exposure where the direct impact of UVR on the ani-
mal tissue is removed and only potential oxyradical induction in the
sea water was to be determined. Animals were (indirectly) exposed
for the identical period and intensity, subsequently sampled and
preserved in the same manner as in the previously mentioned
setups.

2.2.2. TOSC assay

The method developed by Winston et al. (1998) and the proto-
col described in Regoli and Winston (1999) was followed, with the
only modification that the buffer was adjusted for marine inver-
tebrates. Whole amphipods were homogenized (1:4) in KH,PO,4
buffer (100 mM, pH 7.4) containing NaCl (2.5%). The homogenate
was centrifuged at 100,000 x g for 1 h, and cytosolic fractions were
aliquoted and stored at —80°C.

Peroxyl radicals were generated by thermal homolysis of 2-
2'-azo-b is-(2 methyl-propionamidine)-dihydrochloride (ABAP) at
35°C. The iron-ascorbate Fenton reaction was used to gener-
ate hydroxyl radicals. The substrate o-keto-y-methiolbutyric acid
(KMBA) can be oxidised by either peroxyl or hydroxyl radicals, and
the resulting ethylene gas is then measured and quantified by gas-
chromatography. Ethylene production was monitored for 96 min
with a gas-chromatographic analysis system (Hewlett Packard HP
5890 series II) equipped with a Supelco SPB-1 capillary column
and a flame ionization detector (FID). The oven, injection and FID
temperatures were 35°C, 160 °C, and 220 °C, respectively; helium
was used as carrier gas (1 mlmin~! flow rate) and a split ratio of
20:1 was obtained. Data acquisition was run by Millenium32™
software (Waters). Each analysis consisted of the sequential mea-
surement of a sample (containing substrate and sample fluid) and a
control (containing only substrate), which had both been exposed
to the same oxyradical simultaneously. In the presence of antioxi-
dants (contained in the sample fluid) the ethylene production was
quantitatively reduced, and so higher antioxidant concentrations
yielded a longer inhibition of ethylene oxidation and hence a lower
total ethylene production for the assay period monitored by the
GC system. Samples and controls were serially injected into the GC
system with 1-min intervals, and the resulting peaks were analysed
for integrated peak area at regular sampling intervals. By plotting
the absolute value of the difference between peak areas of sample
and control reaction at a series of sampling intervals, it is possible
to calculate a kinetic curve for the oxyradical scavenging capacity.
The total oxyradical scavenging capacity (TOSC) is then calculated

according to the equation:

IntSA

TOSC =100 — IntCA

100 (1)

with IntSA and IntCA as the integrated areas from the curve defining
the sample and control reactions, respectively.

Final assay conditions were: 0.2 mM «a-keto-y-methiolbutyric
acid (KMBA), 20mM 2-2’-azo-bis-(2 methyl-propionamidine)-
dihydrochloride (ABAP) in 100 mM potassium phosphate buffer, pH
7.4 for peroxyl radicals, and 1.8 WM Fe3*, 3.6 uM ethylene-diamine-
tetra-acetic acid (EDTA), 0.2 mM KMBA, 180 uM ascorbic acid in
100 mM potassium phosphate buffer, pH 7.4 for hydroxyl radicals.

TOSC values are expressed in units per mg protein. Total protein
content was determined photometrically, using the Bradford assay
(Bradford, 1976) with Coomassie Brilliant Blue G-250 as protein dye
and bovine serum albumin (BSA) as standard.

2.2.3. MDA assay

The MDA assay used herein is based on the reaction with thio-
barbituric acid (TBA), where one molecule of MDA reacts with
two molecules of TBA at 80°C, to form a chromophore with peak
absorbance at 532 nm (Fernandez et al., 1997).

Sample fluid aliquots were mixed with 20% TCA-BHT
(trichloroacetic acid with 2% butylated hydroxytoluene) to provide
a highly acidic environment as well as an antioxidant to shield the
sample from new lipid peroxidation during homogenization. After
centrifugation for 15 min at 6000 x g, samples were transferred on
microplates for incubation for 1 h at 80 °C, followed by spectropho-
tometric analysis at 540 and 595 nm. The MDA concentration was
calculated from 6 OD using the formula

(ODs49 — ODsg5) — b

[MDA] = -

x df (2)
where [a] and [b] were taken from a standard curve, prepared from
tetramethoxypropane (TMOP), and [df] stands for the dilution fac-
tor, which was in this case 4.

Final assay conditions were: 500 .l sample + 250 wl TCA-BHT
for the initial mix, from which 150 .l sample was added to 30 wl HCI
0.6N and 120 .l Tris-TBA for the incubation and spectrophotometry.

2.3. Statistical analysis

Statistical analysis was carried out using JMP v. 5.0.1a, SAS
Institute, Cary, NC, USA. Normal distribution and homogeneity of
variances were established before statistical treatment, using log,,
transformation and the Levene and Bartlett tests, respectively. The
Student’s t-test was applied if variances appeared to be equal, oth-
erwise a Welch ANOVA was performed instead. One-way ANOVA
tests were performed for sets with more than two groups, followed
by Dunnett’s post hoc tests for datasets with control groups. The
significance level was set to P < 0.05 for all tests.

3. Results
3.1. Field samples

Field TOSC levels towards peroxyl and hydroxyl radicals in G.
wilkitzkii were significantly higher in summer than in winter (see
Fig. 2, panels A and B).

MDA levels were also significantly higher during summer than
during winter (see Fig. 2, panel C).

In comparison to G. wilkitzkii, summer samples of O. nanseni
showed significantly higher field TOSC levels towards peroxyl and
hydroxyl radicals (see Fig. 2).

This was also found to be true for the MDA content of O. nanseni.
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Fig. 2. Quantiles box plot of field TOSC levels for peroxyl (panel A) and hydroxyl
(panel B), as well as MDA (panel C) by season for G. wilkitzkii. The figure also shows
the respective TOSC and MDA values of summer (August 2004) samples of O. nanseni.
The box delimits the 25th and 75th percentile with the 10th and 90th percentile
above and below, median in center.

3.2. Lab exposures—direct exposure

TOSC values for both peroxyl and hydroxyl radicals were reduced
for the two exposure sets as compared to the dark control (DC), but
there were no significant differences between animals from high
and low UV intensity exposures.

The tests for MDA content showed significantly lower values for
the low UV intensity exposure, compared to the dark control (Fig. 3).
The differences for the high UV intensity exposure and dark control
(DC) or between the two exposures were not significant.

3.3. Lab exposures—indirect exposure

The “water-only” indirect exposure yielded significant differ-
ences between the exposed subset and the control subset for
peroxyl TOSC but not for hydroxyl TOSC, as shown below (Fig. 4).

The values for MDA content were also significantly lower for
the “water-only” exposed versus the “control” samples, as shown
in Fig. 4.
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Fig. 3. Quantiles box plot of direct lab exposure TOSC levels for peroxyl (panel A)
and hydroxyl (panel B), as well as MDA (panel C) for G. wilkitzkii. The box delimits
the 25th and 75th percentile with the 10th and 90th percentile above and below,
median in center.

4. Discussion
4.1. Field UV measurements

Only a limited number of field studies have addressed the in situ
range and variability of UVR. This is most likely due to the complex
nature of optical properties of the sea-ice (Perovich et al., 1998) and
to the innate technical challenges posed by the environment and
that particular type of radiation measurements (Belzile et al., 2000).
In our approach, we aimed at measuring and sampling during typ-
ical winter and summer situations at the sea-ice interface. A com-
parison with an open water scenario reported in Obermiiller et al.
(2005) yielded similar maximal surface irradiance values for UVB,
i.e. 0.7W~2 for our study and 0.8 W—2 to 1.2 W2 for their study.
Interestingly, we recorded under-ice irradiance values for UVB of
up to 0.2 W~2 at 2 m and under ice, while they reached only 0.07 to
11 W2 at 1 m in open water in a fjordic environment. Due to tech-
nical limitations, we could not record attenuation profiles at our ice
stations. Therefore, we have to refer to Belzile et al. (2000) for K(A)
values under similar sea-ice conditions. While Obermiiller et al.
(2005) calculated K4(A) values of 0.97 m~! and 0.79 m~! in a fjordic
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Fig. 4. Quantiles box plot of indirect lab exposure TOSC levels for peroxyl (panel A)
and hydroxyl (panel B), as well as MDA (panel C) for G. wilkitzkii. The box delimits
the 25th and 75th percentile with the 10th and 90th percentile above and below,
median in center.

environment, Belzile et al. (2000) obtained K4(A) values between
0.4m~! to 0.7 m~! under sea-ice. Conversely, the 1% depth for UVB
is given as around 4 m in Obermiiller et al. (2005) while it varied
between 6 mand 12 min Belzile et al. (2000). This leads us to believe
that both our surface and under-ice values for UVR irradiance are
reasonable and well in accordance with relevant previous studies.

4.2. Field samples

The summer values for both oxyradical scavenging parameters
are on average 1.5 times higher than the winter values, which

may indicate a higher oxidative stress experienced during summer,
and therefore a stronger need for antioxidant scavenging capacity
(Fig. 2).

The MDA values show the same trend, with summer values sig-
nificantly higher than winter values (see Fig. 2). This links well with
the above mentioned observation and indicates a stronger stress
and oxidative damage, expressed as lipid peroxidation, during sum-
mer conditions when the sea-ice cover is at its minimum and the
impact of UVR is much stronger.

The comparison of the two amphipod species sampled in paral-
lel during summer conditions yielded, not surprisingly, significant
differences for all observed factors, as shown in Fig. 2. This is prob-
ably explained in the different life styles of the two species, with
a carnivorous/herbivorous/detritivorous feeding style attributed to
G. wilkitzkii (Scott et al., 2001; Werner et al., 2002), while O. nanseni
is thought to be predominantly detritivorous/necrophagous (Arndt
et al., 2005; Poltermann, 2001). Previous studies comparing TOSC
assays in several amphipod species have argued similarly, although
Camus and Gulliksen (2005) compared a deep-sea species (Eury-
thenes gryllus) and a sublittoral species (Anonyx nugax) to the
sympagic G. wilkitzkii treated in this study. To the extent that the
benthic lysianassoid scavenger A. nugax can be ecologically com-
pared to the sympagic lysianassoid scavenger O. nanseni, the same
reasoning could be applied. Also, this study found clearly higher
values for both peroxyl and hydroxyl TOSC in the lysianassoid O.
nanseni than in gammarid G. wilkitzkii, in accordance to Camus and
Gulliksen (2005) who also found a similar pattern in their exposure
experiments for both control and exposed individuals, with Anonyx
TOSC > Gammarus TOSC and peroxyl > hydroxyl TOSC.

Interestingly, these authors hypothesized the presence of an
adaptive mechanism in G. wilkitzkii that either prevents the diffu-
sion of external H,0, or facilitates the excretion of internal H,0,.
This might explain why G. wilkitzkii shows lower MDA values than O.
nanseni while displaying lower field values of peroxyl and hydroxyl
TOSC, as demonstrated in Fig. 2.

4.3. Lab experiments—direct exposure

In the setup presented here, significantly lower levels were
observed for the peroxyl and hydroxyl TOSC in low- and high-
intensity exposures, compared to the dark control (Fig. 3). This
indicates that the exposed individuals experienced a significantly
higher oxyradical stress than the control individuals. This obser-
vation fits well with previous studies where exposure to stressors
resulted in significant reduction of TOSC values (Camus et al., 2004;
Pampanin et al., 2005). The authors argued that such a decline in
TOSC values was indicative of either a depletion of low molecular
weight scavengers as shown by Regoli (2000), or alternatively an
inhibition of antioxidant enzyme activities, demonstrated in Regoli
and Principato (1995).

We found a significantly decreased MDA content (see Fig. 3)
in samples from low-intensity experiments, while the levels from
high-intensity experiments also were lower than the control, but
not significantly. We assume that our control samples used in these
lab exposures were comparable to the summer field samples in
terms of MDA content, as they were sampled almost simultane-
ously, and indeed the values group in a similar range, with medians
of about 3-5 wmol ml~. It appears that some factor in our labora-
tory experiments triggered a further decrease of MDA content in the
exposed organisms. In a controlled UVR exposure study on benthic
amphipods, Obermidiller et al. (2005) found that the enzyme activ-
ity of superoxide dismutase (SOD) was significantly increased by
short-term laboratory exposure in both Gammarellus homari and
A. nugax, while the enzyme activity of catalase (CAT) was signifi-
cantly reduced, assumedly through photo-inhibition. On the other
hand, MDA concentrations after 7 days of exposure (in that study
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labelled “TBARS”) were in most cases lower in exposed than in con-
trol organisms, thus showing a similar trend as in our study of 5
days of exposure.

In order to address these observations, one has to allow that
although some studies have found a good correlation between
oxyradical stress levels, antioxidant enzymes or total scavenging
capacity, and MDA content, these parameters are not directly linked.
In most cases, there are other parameters affecting the outcome,
as well as feedback mechanisms, for example between MDA and
antioxidant enzymes, leading to more complex interactions. Also,
there is a third factor that belongs into the equation of oxyradical
“defence” (here measured as TOSC) and “damage” (here quanti-
fied as MDA), and that is “repair”. Our experiment was designed
with UVR- and PAR-exposed amphipods, while the control animals
were kept in near-darkness. The absence of irradiation might well
have led to the absence of photoenzymatic repair (PER), while the
irradiated individuals received both a stress from the shorter wave-
lengths of UVR, especially the UVB part (280-320 nm), but also
activation of PER, in the UVA (320-400 nm) and PAR (400-700 nm)
part of the experimental irradiance. So as the only obvious dif-
ference between control and UVR-exposed amphipods was the
irradiation, the observed increase in MDA content would have to
be attributed to some other stress, i.e. the absence of PER-inducing
irradiation. However, since PER is effective towards cyclobutane
pyrimidine dimers, a form of UVR-induced DNA damage where a
pair of thymine or cytosine bases on the same DNA strand bind
together, this does not directly relate to lipid peroxidation. Starva-
tion as a stress factor affecting control individuals can be ruled out,
since all animals were sampled, transferred and held in the experi-
mental setup in an identical fashion and for an identical time span,
which was well below starvation limits previously recorded in this
species, which range in months (Werner et al., 2002).

4.4. Lab experiments—indirect exposure

One further intention of our lab exposure was to elucidate
whether the UV radiation acts on the organisms themselves, induc-
ing tissue damage as an internal process, or alternatively, whether
the UV radiation acts on the sea water, inducing oxyradical for-
mation which then act on the organisms contained in that water,
thereby inducing tissue damage as an external process. This was
addressed by the “water-only” exposure, where two sets of holding
tanks were setup, of which the upper was without animals and the
lower contained animals. The upper set of tanks was supplied by a
constant flow of temperature-controlled sea water (set point 0°C)
with an overflow leading into the lower set of holding tanks. The
upper set was then again exposed to high-intensity UV radiation,
using the identical lamp array as previously in the direct exposures.

The “water-only” samples were again tested for significant dif-
ferences in the two TOSC factors as well as in MDA content. Here a
significantly lower peroxyl TOSC could be detected in the exposed
samples, but although the values for hydroxyl TOSC also appeared
lower than those of the control samples, this difference was not
significant (Fig. 4).

We consider these results as possible evidence for an exogenous
production of ROS through UVR exposure of the sea water in the
holding tanks. As Scully et al. (1995, 1996) showed, this is possi-
ble through the activation of dissolved organic carbon which reacts
with molecular oxygen according to the simplified formula (after
Cooper et al., 1994 in Scully et al., 1996):

DOC* + 0, — DOC** + 0;* 3)

where DOC* represents activated dissolved organic carbon, DOC**
represents peroxyl radicals, and 05 * represents superoxide anions.
Also the interaction of water molecules with superoxide anions can
generate both hydroxyl (OH™) and hydrogen peroxide (H,0,) as in

Eq. 4:
H20+O£°+H20—> H,0, + 0, + OH™ (4)

A comparison of MDA content in control and exposed organisms
againyielded a significant difference, with the values for the control
significantly higher than those measured from the exposed samples
(Fig. 4).

4.5. Methodological constraints

For the laboratory irradiance, we chose fluorescent tubes as a
light source with a limited photoperiod of 4 h daily. Obviously, such
a “on/off” simulation is very crude and inaccurate compared to
the highly dynamic diurnal variation in light intensity, cloud cover,
albedo, and spectral absorbance and transmission in sea water at
different azimuth angles. Also, the sea-ice habitat in itself mod-
ifies the ambient light regime by its percentage of ice cover, ice
thickness, snow cover on top of ice floes, released sediment and
plankton particles, which together create a complex system acting
on the under-ice light field. A further technical limitation was set
by the radiation source, which was in this case chosen to consist
of fluorescent lamps, since they have a near-natural output of UV
radiation in both intensity and spectral distribution. However, this
is only true in the UVB and UVA range of their output, while the
emission in the PAR range is very low in comparison to the natural
spectrum.

Due to the limited amount of samples, we were not able to per-
form analyses of other parameters like SOD or CAT. We are therefore
not in a position to discuss the contribution of these individual
enzymes to the end result. It would also have been desirable to
take more samples at several time intervals, p.e. after each exposure
day, in order to gain a better temporal resolution of the dynamics of
antioxidant capacity and MDA content. However, due to the limited
availability of sample organism, this was impossible in the present
study.

Finally, the motility of the organisms in their complex and three-
dimensional natural environment further complicates an accurate
simulation of total radiation levels experienced by a sympagic
amphipod during the diurnal cycle.

Another thing to be taken into consideration was the light
regime for the dark control groups for both direct and indirect expo-
sures. We chose near-darkness for these organisms, which was also
identical to the “ground state” for the exposed organisms outside
their daily 4 h-exposure period. This background level of PAR inten-
sity could have been regulated in a way to supply a stronger PAR
dosage, which might have avoided the “dark stress” problem that
apparently dominates the trend in MDA levels.

5. Conclusion

We showed clear differences between summer and winter in
TOSC and MDA values for the sympagic gammarid amphipod G.
wilkitzkii, with significantly higher values for the summer situation,
where presumably the oxidative stress levels are much higher than
during winter, when UVR is completely absent from the habitat. We
also presented a first set of baseline data for the sympagic lysianas-
soid amphipod O. nanseni, which shows a significantly higher level
of TOSC than G. wilkitzkii. A series of UVR exposure experiments
showed clear oxyradical scavenging depletion effects under both
direct and indirect UVR exposure of G. wilkitzkii.
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Abstract Solar radiation is a crucial factor governing
biological processes in polar habitats. Containing harmful
ultraviolet radiation (UVR), it can pose a threat for
organisms inhabiting surface waters of polar oceans. The
present study investigated the physiological color change
in the obligate sympagic amphipod Apherusa glacialis
mediated by red-brown chromatophores, which cover the
body and internal organs of the species. Short-term
experimental exposure to photosynthetic active radiation
(PAR) led to pigment dispersal in the chromatophores,
resulting in darkening of the animal. Irradiation in the PAR
range (400-700 nm) was identified as the main trigger with
high light intensities evoking marked responses within
15 min. After exposure to high PAR, darkness led to a slow
aggregation of pigments in the cell center after 24 h.
Experiments revealed no statistically significant change in
coloration of the animal when exposed to different back-
ground colors nor UV radiation. Our results point to a dose-
and time-dependent photoprotective role of chromato-
phores in the amphipod, presuming a shielding effect from
harmful radiation in a dispersed state. The reversible nature
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of the physiological color change enables the species to
adapt dynamically to prevailing light conditions and
thereby minimize the cost of increased conspicuousness
toward visually hunting predators.

Keywords Photoprotection - Ultraviolet radiation -
Color change - Sympagic - Apherusa glacialis -
Chromatophores - Sea ice fauna - Svalbard - Arctic

Introduction

Chromatophores are pigment cells, through which a rela-
tively fast physiological color change of the organism can
take place. Crustacean chromatophores are generally
regarded to serve one or more of the following functions:
photoprotection, crypsis, or thermoregulation. In photo-
protection, the chromatophores are used as shields pro-
tecting the animal or sensitive organs against harmful
radiation (Miner et al. 2000; Auerswald et al. 2008), such
as ultraviolet radiation (UVR), that can damage biological
macromolecules like DNA (Malloy et al. 1997). Crypsis is
a type of camouflage, where blending into the background
reduces the risk of being detected by predators. This is
achieved by matching the body color to the background
color or using disruptive coloration patterns that break up
the body outline and create false boundaries (Stevens and
Merilaita 2009). Thermoregulation is mainly occurring
among semiterrestrial species inhabiting the tidal zone
where diurnal and seasonal changes in the temperature
regime are significant (Willmer et al. 1989; Noel and
Chassard-Bouchaud 2004). As darker color absorbs more
light, and thus heat, the dispersion or contraction of
pigments in the chromatophores can help animals control
their body temperature. The role of chromatophores as
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thermoregulator is not considered as probable for purely
aquatic species (Noel and Chassard-Bouchaud 2004).

The Arctic amphipod Apherusa glacialis is autochtho-
nous to the sympagic habitat fulfilling the life cycle there
(Lgnne and Gulliksen 1991; Poltermann et al. 2000). The
ability of the species to cope with the seasonality and
the extreme environmental conditions on the underside of
the ice enables it to thrive there during all seasons (Werner
2006; Kiko et al. 2009). It prefers smooth, flat ice and is
aggregated at places with high algal biomass such as ice
edges and thin ice (Lgnne and Gulliksen 1991; Hop et al.
2000). During a cruise to the pack ice north of Svalbard,
Norway in 2007, we noted a high variation in the color
appearance of sampled A. glacialis, and that their color
changed after some time. The color change was found to be
caused by a dispersion (resulting in darker appearance) or
aggregation (resulting in lighter appearance) of pigments in
the chromatophores arranged along the body of the
amphipod. Based on in situ observations by divers (Berge
2007), the amphipods had a dark appearance on the edges
of ice floes, whereas most had a lighter appearance further
in under the ice floe (Fig. 1).

In the sea ice environment, conditions are highly vari-
able on both temporal and spatial scales, which make the
ability to adapt thereafter advantageous. Chromatophores
offer a possibility to adapt to environmental variation with
a short response-time. Functions that seem plausible as
triggers of the color change in A. glacialis are photopro-
tection and crypsis, since the stable temperature regime in
the ice—water interface is unlikely to evoke any compen-
sation for physiological thermoregulation mediated through
the chromatophores. Solar radiation is highly seasonal in
polar environments, and during the polar summer, the
animals are exposed to continuous light (of varying
intensity) for a period of up to 6 months. Due to depletion
of ozone in polar areas (Kerr and McElroy 1993; Miiller
et al. 1997), the incoming UVR reaches biologically
harmful levels (Madronich et al. 1998) that can penetrate

down to 20-30 water depth (Karentz and Lutze 1990).
Harmful effects of UVR have been documented for various
organisms, including polar crustaceans (Malloy et al. 1997;
Obermiiller et al. 2005; Ban et al. 2007; Krapp et al. 2009).
Even though factors like low sun angle, clouds, snow and
ice cover and thickness, and particles incorporated in the
ice reduce the light intensity penetrating to the underside of
the ice, harmful levels of UVR have been recorded under
the ice. For example, Lesser et al. (2004) linked mortality
and DNA damage in sea urchin larvae in the water below
2- to 3-m-thick first-year ice (FYI) to UVB transmittance
through the ice. Thus, it seems realistic to propose photo-
protection as a reason for the physiological color change in
A. glacialis, which thrives under FYT and close to ice floe
edges.

Background adaptation has been found in several crus-
tacean species (Fingerman 1965, 1970; Johnson 1974;
Willmer et al. 1989) and represents one of the most common
methods of crypsis (Endler 2006; Stevens 2007). During the
bloom of ice algae and at locations where detritus has
aggregated or sediments are incorporated in the ice, the
underside of the ice is patchy in color (Werner and
Lindemann 1997). An ability to adapt to the different back-
ground shades could prevent detection by visual predators
such as polar cod (Boreogadus saida), making crypsis an
advantageous reason for color change in A. glacialis.

The aim of this study was to investigate the role and use
of chromatophores in A. glacialis. Hence, we designed an
experimental setup to examine the above-described pre-
dictions. Based upon our field observations, we hypothe-
size that physiological color change is an adaptive trait in
this species. In the experiments, the following questions
were addressed: (1) Are the animals responding differently
to light exposures with different intensities or wave-
lengths? A stronger response to higher intensity or UVR
could indicate photoprotection. (2) Are the animals
responding to different background shades? An adjustment
of the body coloration depending on the background shade

Fig. 1 Under-ice photographs taken in September 2009 at the edge of
an ice floe (a) and at 15-m distance from the edge underneath the ice
(b). Note the different color shade of the animals due to a difference
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dispersion of pigments within the chromatophores. Size of animals
approximately 7 mm. Photographed by Erling Svensen
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could indicate crypsis. (3) Can thermoregulation be
excluded as a reason for the color change? The temperature
variations are rather small in the ice—water interface, and
therefore a thermoregulatory function of the chromato-
phores is regarded unlikely, but if present, thermoregula-
tion should result in aggregation of pigments at elevated
temperature.

Materials and methods
Experimental animals

The experimental animals were sampled September 1-2,
2008, and September 3, 2009, during cruises with RV Jan
Mayen to the pack ice north of Svalbard, Arctic Ocean
(station coordinates: 81.05°N, 14.54°E; 81.15°N, 13.12°E).
The animals were collected by SCUBA divers using both
hand-held nets (0.5-mm mesh) and an electric suction
pump (Lgnne 1988). Apherusa glacialis were immediately
separated from other amphipods and maintained in a cli-
mate chamber on-board the ship where they were reared in
aquaria until arrival in Longyearbyen, Svalbard 7 days
later. In Longyearbyen, the animals were transferred to The
University Centre in Svalbard (UNIS), where they were
reared in a cold cabinet at a temperature of 0 £ 1°C. Water
was exchanged once a week during the rearing. Food was
provided 2-3 times per week and consisted of cultivated
ice algae (monoculture of Thallassiosira gravida or field
extractions of ice algae) frozen into small ice blocks.
Molting was observed occasionally, evidenced by exuviae
found in the tanks. Animals for the experiments were
picked out randomly. The mean size of the experimental
animals was 6.5 mm (range 4.0—13.2 mm) and consisted of
two cohorts. No sex determination was done. All experi-
ments took place at UNIS during daytime, and all animals
used in the study (n = 64) were adapted to darkness for a
minimum of 24 h prior to the experiments.

Chromatophore index (CI)

In order to document the color change, digital images were
taken before and after the treatments, and, depending on
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treatment, also during the exposures. For the photograph-
ing, animals were placed in a drop of sea water on a pre-
cooled petri dish under a Leica MZ 9.5 stereomicroscope
equipped with a Sony HDR-HC7R video camera with still
photo recording mode, or a Nikon D300 equipped with a
Tamron 90 mm/f2.8 macro lens was used. The whole
procedure was limited to a few seconds, after which the
animals were placed back in the experimental jar. No
change in CI was detected during this procedure.

To quantify the chromatophoric response from the pic-
tures, a chromatophore index (CI) was established based on
Hogben and Slome (1931), on a scale from 1 (pigment
maximally concentrated) to 5 (pigment maximally dis-
persed; Fig. 2). For the picture analyses, three chromato-
phores, located on the first, second, and third segment of
the pleon, were chosen. The reasons for choosing these
were as follows: (1) they were almost always present, (2)
the contrast between the chromatophore and the body tis-
sue was good, and (3) adjacent chromatophores did not
merge when expanded and therefore could be analyzed
individually. If different stages were observed in the three
chromatophores, the mean value was given as the CI of the
individual.

Experiments
PAR exposure

Experimental irradiation in the PAR range was provided by
a 14-W fluorescent tube (Philips Master TL5S HE). Light
intensity was measured using a cosine-corrected flathead
sensor (LICOR Quantum Lil90SA), measuring the pho-
tosynthetic photon flux density (PPFD) in the range of PAR
(400-700 nm). Measures were recorded in air, and the light
intensity was regulated by adjusting the height of the lamp
to the experimental jars. Two exposure treatments were
established, being low PPFD (33-34 pmol m 2 s™'; 35-cm
distance) and high PPFD (300-400 pmol m % s™'; 15-cm
distance), respectively. In the experimental setup, speci-
mens of A. glacialis were put in small glass jars (5 cm in
diameter, 60 ml seawater) placed on an ice bath to keep the
temperature low. Two individuals, which could be distin-
guished by different size, were put in each jar. Exposure

Fig. 2 Chromatophore index (CI) from 1 to 5 of representatively selected pigment cells from the pleon of Apherusa glacialis. Scale bar = 1 mm
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time was set to 60 min (low PPFD treatment) and 45 min
(high PPFD treatment), respectively. Chromatophore
response was recorded before the start of exposure and at
intervals of 15 min thereafter.

To test the reversibility of the response, amphipods were
exposed to 350-500 pmol m~2 s~' for 180 min and then
put into darkness for 24 h. The chromatophoric response
was recorded before and after exposure and in intervals
during the darkness treatment.

UVR exposure

Irradiation in the UVR range was provided by a 400-W
high-pressure lamp (Osram, HQI-BT), with an emission
spectrum close to sun light, containing wavelengths in the
UV spectrum (280-380 nm) as well as in the PAR range
(with a peak at 540 nm). At a distance of 70 cm, the lamp
emitted 114 & 2 ymol m > s~ ' in the PAR range and
2-3 Wm™? in the UV range. This intensity can be
expected under thin ice where A. glacialis is most com-
monly found (Hop et al. 2000), as Hanelt et al. (2001)
measured atmospheric intensities of UVR up to
16.8 W m 2 in Kongsfjorden, Svalbard, and Belzile et al.
(2000) report a transmittance of 5-19% UVA and 2-13%
UVB through 0.5- to 1.3-m-thick FYI. Additionally, in situ
measurements of UVR under multi-year sea ice in
September 2005, at a similar latitude as where the exper-
imental animals were sampled, show intensities up to
0.18 Wm™ (Fig. 3). UVR was measured using a
UV-meter (UV-IR-Technology, 250-410 nm). Two am-
phipods, distinguished by size, were put in plastic aquaria
(6 1 volume) filled with seawater up to 10 cm. A control
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Fig. 3 Diurnal variation in UVR measured under multi-year sea ice
in September 2005
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was performed by placing a polycarbonate sheet (Lexan)
over the aquaria to cut off the UV wavelengths. The
aquaria were placed 70 cm under the UV-lamp and
exposed for 30 min. The polycarbonate sheet slightly
altered the intensity in the PAR range from 114 &+ 2 to
107 + 2 pmol m~2 s~! PPFD.

Background experiments

In order to study the influence of different backgrounds on
the chromatophores, a setup with light and dark back-
grounds was established. Specimens of A. glacialis were
kept in 200-ml plastic jars containing seawater in a cooling
cabinet (0°C). The jars were covered with white or black
plastic from the outside leaving the top open. Control
specimens were collected by covering the jars with alu-
minum foil shielding them from any light. Illumination in
the cooling cabinet was provided from the inbuilt fluores-
cent tube, with an intensity varying between 30 and
35 umol m—2 s~! PPFD. Chromatophore response was
recorded at start, after 24, and 48 h.

Temperature experiments

The influence of temperature on chromatophores was
investigated by exposing experimental animals to increas-
ing temperatures from 0 to 8°C for various intervals in
glass jars (200 ml) containing seawater. This was achieved
by leaving the experimental jars at room temperature and
allowing the water to heat up slowly. Pictures of the ani-
mals were taken at 0, 2, 4, 6, and 8°C (accuracy £ 0.5°C)
under the stereomicroscope. All experiments were carried
out in darkness (apart from short interruptions in order to
take photographs) by covering the jars with aluminum foil.
Water temperature was monitored using a core thermo-
meter (Ebro TFX 410).

Statistical analyses

Statistical analyses were carried out using the software
package Statistica 7. Nonparametric tests (Mann—Whitney
U test and Kruskal-Wallis test for independent samples;
Wilcoxon Signed-Rank tests and Friedman’s tests for
dependent samples) were applied, since the sample size
was low and requirements for a normal distribution were
not met in most cases. Statistical significance was accepted
at P < 0.05. Multiple comparisons following a Friedman’s
test were corrected using the Bonferroni-Holm adjustment
for multiple P-levels. Results are expressed as means with
the standard deviation or medians with standard errors.
Change in the CI was calculated by subtracting the initial
stage from the observed stage after each interval of
exposure.
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Results
Arrangement of chromatophores

Chromatophores were present in various body regions of
A. glacialis. The chromatophores on the pleon used in the
analyses were arranged superficially, one on each side on
all three segments. On the pereon, profound chromato-
phores were arranged in lateral rows on each side (usu-
ally one cell per segment), covering internal organs
laterally, but leaving a gap on the dorsal side (Fig. 1).
Assemblages of chromatophores around the brain
were present in most specimens and mouthparts seemed
to carry chromatophores too. Occasionally, chromato-
phores were also found on the appendages or other body
parts.

Experiments

PAR exposure

A. glacialis responded to visible light in the PAR range by
dispersing pigments within the chromatophores, depending

on light intensity and exposure time. Figure 4 shows the
dispersion of pleon chromatophores of an experimental
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animal exposed to the high-light treatment from CI 1 to
stage 4 after 45 min. Chromatophores on the rest of the
body generally responded in the same way to the light
treatment.

High-intensity light treatments evoked a significant
increase in the CI of experimental animals after only
15 min of exposure (Paired Wilcoxon Signed-Rank test,
P < 0.01). After 30 min, all animals had a CI higher
than 2, and after 45 min, the mean increase in CI was
1.7. The low-intensity light treatment did not result in
significant change of the CI (Fig.5) even after an
exposure time of 60 min. Multiple Mann—Whitney U
tests using the Bonferroni-Holm adjustment showed
significant differences in the change of CI between low-
and high-light treatment for each time interval (15, 30,
45 min; P < 0.01).

In the experiment, to study the reversibility of the
response, a significant increase in CI (Wilcoxon Signed-
Rank test, P = 0.01), from 1.6 initially to 3.6 after 180-min
exposure to PAR, was observed. The subsequent dark
adaptation caused aggregation of the pigments (Fig. 6), but
at 240 and 360 min (60 and 180 min after put into dark-
ness), the CI still differed significantly from the starting
value. After 24 h in darkness, the CI had decreased to 2.8,
which was insignificant to the initially recorded CI of 1.6
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Fig. 4 Pigment dispersion in chromatophores of Apherusa glacialis before (a) and after exposure to PAR (300—400 pmol m~2 s~") for 15 min

(b), 30 min (c¢), and 45 min (d). Scale bars = 1 mm
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Fig. 5 Time course of the change in the chromatophore index (CI)
after exposure to a high and low light intensity: open circles,
300-400 pmol m s filled circles, 33-34 pmol m~2s~!. Data
expressed as means &+ SE (n = 10). *Significantly different from the
low-light treatment (P < 0.01, Multiple Mann—Whitney U tests using
Bonferroni—-Holm adjustment)
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Fig. 6 Development of the chromatophore index (CI) after experi-
mental animals were exposed to high light intensities
(350-500 pmol m~2 ') for 180 min and then put back in darkness.
Values are means, error bars denote the SE (n = 8). *Statistically
different compared to initial CI (0 min) (P < 0.05, Wilcoxon Signed-
Rank tests)

(Wilcoxon Signed-Rank test, P = 0.13). Thus, pigment
aggregation in the chromatophores occurred clearly more
slowly than had dispersion at high light intensities.

UVR exposure
The exposure to UV wavelengths in addition to PAR also
caused pigment dispersion in chromatophores in A. gla-

cialis. The change in CI after 30 min was greater in the
UVR treatment (0.9) than in the control (0.5), but no
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statistical difference was observed (Mann—Whitney U test,
P = 0.08; see Table 1). Note that the sample size in the
control group was smaller (n = 10) than in the UVR
treatment group (n = 16).

Background and temperature experiments

A. glacialis did not show any background matching
behavior mediated by chromatophores. Both on white and
black backgrounds, the CI increased slightly (0.4 and 0.3,
respectively, after 24 h), but no difference was found
between the treatments (Mann—Whitney U tests, P = 0.46).
Only in the treatment with white background, a signifi-
cant change in CI, compared to the control, was observed
after 24 h (Wilcoxon Signed-Rank test, P = 0.04; see
Table 1).

Higher temperatures led to a slight dispersal of pigments
in chromatophores in A. glacialis. An increase in the mean
CI of 0.6 = 0.3 was recorded when temperature increased
from 0 to 8°C (data not shown). A Friedman’s test showed
this to be a significant increase, but multiple comparisons
(Wilcoxon Signed-Rank tests using Bonferroni—-Holm
adjustment) were unable to detect differences between the
initial CI and the individual temperature intervals. Eleva-
tion of the temperature to 10°C was tolerated by the
amphipods.

Discussion

The present study describes for the first time the physio-
logical color change of the Arctic under-ice amphipod A.
glacialis, a process that is mediated by chromatophores.
Based on our findings, the chromatophores appear to have a
photoprotective function and provide an adaptation to
short-term changes in solar irradiation.

Photoprotection

The experiments show that the physiological color change
mediated through pigment dispersal in chromatophores is
most likely triggered by changes in light conditions. In
order to evoke a fast response, relatively high intensity of
PAR was needed, but intensities likely to occur under sea
ice also caused a response (UV-experiment control). Pig-
ment dispersal due to exposure to visible light (PAR) is a
common phenomenon and has been shown to occur in
various crustacean species, mostly decapods (Perkins 1928;
Brown and Sandeen 1948; Pautsch 1953; Rao 1966;
Barnwell 1968; Coohill et al. 1970; Johnson 1974; Miner
et al. 2000; Auerswald et al. 2008). Apherusa glacialis
showed an increase in the CI following both higher light
intensities and longer exposure times. It is therefore likely
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Table 1 Experimental treatments conducted under different light conditions regarding the effect of solar radiation (in the UV and PAR range),

background shade and temperature on the chromatophore index (CI)

Number of Light Experimental Exposure Water Background CI ACI
experimental irradiation time temperature
animals (n) °O)
UVR 16 UVR PAR 2-3 mW cm 2 30 min 0+1 - 4.0% £ 0.2 0.9 £ 0.1
experiments 114 £+ 2 pmol m2 s~
10 Control 107 £ 2 pmol m™2s™' 30 min 0+ 1 - 35%+04 05402
(PAR only)
Background 11 PAR 30-35 pmol m 2 s~! 24 h 0+1 White 4.6% £ 0.2 04 + 0.1
experiments () PAR 30-35 pmol m 2 s~ 24 h 0+1 Black 5000 03+£0.1
Dark control - 24 h 0+1 Non 43+04 —-04+£04
Temperature 7 Darkness - 39 + 3 min 0-8 - 37+£05 0.6 +£0.3
experiments

CI and ACI values are means + SE. Temperature experiments performed in intervals of 2°C

* Significantly different to initial CI (Wilcoxon signed-ranks tests, P < 0.05)

that A. glacialis is able to adapt individually to specific
levels of irradiation, rather than responding to a threshold
light intensity in an “all-or-nothing” type of response.

The physiological color change in A. glacialis is
reversible, as pigments aggregated when animals were put
back in darkness after exposure to PAR. Adaptation to
darkness takes longer (up to 24 h to reach the initial stage
of dark-adapted animals) than adaptation to high light
intensities, which could ensure a fast protection against
harmful radiation in a rapidly changing photic environ-
ment. Furthermore, the reversibility of the process demons-
trates that pigment dispersion within the chromatophores is
not due to damage of cells.

Assuming a photoprotective role of the chromatophores,
this is most likely to be a shielding against UVR (e.g.
Auerswald et al. 2008), although a direct harmful effect of
blue light (450 nm) has been detected for the copepod
species Diaptomus nevadensis (Hairston 1976). Docu-
mented harmful effects of PAR are otherwise rare,
although high PAR intensity is known to inhibit photo-
synthesis in plants (Krause 1988), while UVR commonly
known to have harmful effects (Browman et al. 2000;
Lesser et al. 2004; Ban et al. 2007; Bancroft et al. 2007).
However, the UVR treatment contra the control did not
prove any difference in the response of the animals, sug-
gesting that A. glacialis is not able to specifically detect
UVR. Since UVR probably never occurs without accom-
panying PAR in nature, there is probably a low selectivity
for a specific detection of UVR. The mechanism of light
perception, which leads to the cascade of chromatophore
response, is unclear and may not involve wavelengths in
the UV range. However, since the ratio of UVR to PAR can
vary due to different attenuation in sea ice (Belzile et al.
2000) or selective increase in UVR due to ozone depletion

(Kerr and McElroy 1993), it might be of vital importance
for organisms to detect these wavelengths (Hessen 2002).

The arrangement of chromatophores in the amphipod
points to the purpose of shielding the animal against inci-
dent irradiation from above. Whereas chromatophores in
Antarctic krill are mainly located dorsally (Auerswald et al.
2008), pigment cells in A. glacialis are located at the
ventral and lateral body side, a finding that might be related
to the upside-down position the organisms take under the
ice. Chromatophores are a unique feature of A. glacialis
among the other sympagic amphipods, enabling the species
to thrive at lit flow edges, remain in near-surface waters
and even survive in melt ponds (Hop et al. 2000; Kiko et al.
2009). As an exclusive herbivore/detritivore species, the
amphipod depends on the high primary production at these
localities (Werner and Gradinger 2002).

Crypsis and thermoregulation

No indication of adapting the color appearance to back-
ground shade was seen in A. glacialis, excluding a cryptic
function of chromatophores. Transparency can be regarded
as the preferred appearance in the sea ice environment in
avoidance of being detected by visual predators, but in
patches where ice algae and detritus are aggregated, a dark-
colored amphipod could have better camouflage. The
arrangement of chromatophores is also not supporting
crypsis, since they are basically aligned in a repetitive,
rather than a cryptic, pattern on each body segment, as has
been suggested for example in the isopod Idothea baltica
(Merilaita 1998).

Acclimatization to a temperature of 8°C resulted in
pigment dispersal in the chromatophores in some speci-
mens of A. glacialis. The opposite response (contraction of
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pigments) would have been expected if the animal was
trying to prevent a build-up of heat in the body. A possible
explanation for this phenomenon could be that increased
metabolic stress leads to dispersion of pigments. Based on
our results, we can exclude a thermoregulatory role of the
chromatophores in A. glacialis.

As an additional note, A. glacialis seems to have con-
siderable tolerance for elevated temperatures. Tempera-
tures exceeding the normal variability in the natural habitat
were tolerated for exposure times of more than 30 min.
These findings correspond to those of Aarset (1991), who
reported that short-term exposure to 10°C was not lethal in
A. glacialis.

Photoprotection versus crypsis—a trade-off

Assuming that chromatophores with dispersed pigments
absorb harmful radiation (most likely UVR) and are
advantageous at high light intensities, there must be a
fitness cost having dispersed chromatophores at low light
intensities; otherwise, dispersed chromatophores would be
preferred continuously. By dispersing pigments in the
chromatophores, the animals appear darker, thus loosing
transparency. As transparency is regarded to be a suc-
cessful camouflage in well-illuminated epipelagic layers
(McFall Ngai 1990; Johnsen 2001), A. glacialis will
become easier to detect by predators such as polar cod,
which is a visual predator (e.g. Benoit et al. 2010). This is
an inevitable risk to gain photoprotection, and A. glacialis
seems to be able to regulate the pigment dispersion in
chromatophores depending on light intensity to minimize
the loss of transparency. This kind of compromise
between photoprotection by pigments and crypsis has
been suggested for various other crustaceans (Morgan and
Christy 1996; Auerswald et al. 2008). For instance,
Hansson (2000) and Hansson et al. (2007) showed that
specimens of Arctic Daphnia spp. were more pigmented
in lakes without predatory fish and that pigment levels can
be adjusted to the prevailing conditions in a matter of
days. Antarctic krill, Euphausia superba, has lower
number of chromatophores and lower pigment concen-
tration in winter than in summer, showing an ability to
adapt to seasonal differences in the light conditions
(Auerswald et al. 2008).

Color change by chromatophores provides a solution to
the conflicting demands of camouflage and photoprotection.
However, there are limits to the color change that can be
achieved, which will affect the ability of the animal to
express an optimal phenotype in a given situation. Such fit-
ness costs are the associated physiological costs, as pigment
movement is energy demanding (Miner et al. 2000; Boyle
and McNamara 2008). The only indication regarding such
costs in A. glacialis was that animals tended to aggregate the
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pigments in their chromatophores when showing obvious
signs of decreased activity or shortly before death, probably
due to physiological stress. This could be a simple side effect
of a general decrease in metabolism or part of an effort to
reduce all energy-requiring processes.

Conclusions

Organisms inhabiting polar marine surface waters may be
regarded as particularly exposed to high levels of dissolved
oxygen, seasonally intense UV irradiance, and high levels
of dissolved organic carbon (Krapp et al. 2009). In order to
comply with these and other pro-oxidant challenges,
aquatic organisms are known to have developed a number
of antioxidant defense mechanisms, including superoxide
dismutase (SOD) (McCord and Fridovich 1969), carote-
noids (Davenport et al. 2004) as well as other small-mol-
ecule antioxidants like dimethyl sulfide (DMS), and
mycosporine-like amino acids (MAA’s) function as non-
enzymatic antioxidants (Lesser 2006). In this study, we
have examined the change in coloration of the ice amphi-
pod Apherusa glacialis as a response to PAR and UV
radiation as well as a potential cryptic effect. Pending
further studies into the nature and chemophysical shielding
effects of the pigments, we conclude that dispersion of
pigments in the chromatophores plays a photoprotective
role in A. glacialis, the response being triggered by light in
the PAR spectrum. A similar response has been described
(Auerswald et al. 2008) in the Antarctic krill (Euphausia
superba), which responds to PAR in order to avoid harmful
UV radiation. Specific detection of wavelengths in the UV
range was not supported in this study, but it is likely that
pigments in A. glacialis mainly serve to shield the animals
from solar radiation, which is most harmful in the UV
range. The dispersion of pigments in the chromatophores is
a reversible process, causing aggregation of pigments in
darkness. Therefore, the chromatophores enable the sym-
pagic amphipod to react to different levels of solar radia-
tion, balancing photoprotection against conspicuousness
for visually hunting predators. Our study shows that
A. glacialis is equipped to inhabit areas with high solar
irradiation such as floe edges and areas of thin ice and can
take advantage of the higher primary production there.
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Abstract

Mycosporine-like amino acids have been shown to be present in a range of taxa, from
phytoplankton and zooplankton to macroalgae, invertebrates and even fish. Their capacity to
absorb and thus offer protection from UV radiation has made them an attractive group of
natural “sunscreen” components also for human medical and pharmaceutical applications.

This study aimed to determine whether they could also be present in that function in
sympagic amphipods, and whether there could be a seasonal trend in the concentrations
present in these organisms. This was of particular interest as these species of amphipods had
been found to be exposed to considerable levels of UV radiation, despite the fact that they are
living on the underside of sea ice.

Our results showed that there seemed to be substances present in all four species which
appear to have similar signatures as mycosporine-like amino acids. Technical difficulties with
the analytical standards available prevented us from determining and quantifying the exact
composition of the UV-absorbing components found in our samples. The material presented
in this paper provides a baseline on the presumed presence of these important components.
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Introduction

The denomiating component of mycosporine-amino acids is an aromatic chromatophore,
mycosporine, which was first isolated from fungi, hence the name, and its production in fungi
apparently coincides with UV-stimulated reproduction (Dionisio-Sese, 2010). Their ability of
as natural defenses against exposure to ultraviolet radiation in other organisms has been
investigated in tropical coral reefs and in the Antarctic marine environments at least since the
1980’s, and has probably to a large part been motivated by the emerging research focus on
seasonal ozone depletion, also known as the “Ozone Hole” in the Antarctic. Relevant surveys
by Karentz et al (1990, 1991, 1994) and McClintock and Karentz (1997) provided a lot of the
relevant groundwork for Antarctic marine biota. Their presence in Arctic marine biota has
only come into the focus more recently, possibly due to the increasing awareness that also in
the Arctic, seasonal ozone depletion events have been known to occur when suitable
atmospheric conditions were present to facilitate activation of CFC’s and similar ozone-
depleting substances (ODP’s), although to a smaller extent, mainly due to less pronounced
and less stable polar vortex conditions (Hannigan et al, 2012; McFarlane, 2008; Solomon et
al, 2014).

Mycosporine-like amino acids (MAAs) can be found in marine organisms from the poles to
the tropics, ranging from bacteria to vertebrates (Karentz et al. 1991, Karentz 2001, Dunlap &
Shick 1998). MAAs are derivates of mycosporines, compounds identified in the mycelia of
fungi. More than 30 different types of MAAs have been identified (Singh et al, 2008), and
they are commonly perceived as “microbial sunscreen”, although their intracellular functions
may also include antioxidant properties, and have been found to help with cellular resistance
to desiccation (Wright et al, 2005), osmotic stress (Oren & Gunde-Cimerman, 2007) and heat
stress (Michalek-Wagner & Willis, 2001).

Elliot et al (2015) and Ha (2012) have documented MAA’s in Arctic sea ice and Svalbard
fjords, respectively, but to our knowledge, the only study into MAA’s in Arctic amphipods
was done on benthic amphipods so far (Obermiiller et al, 2005).

Material and Methods

Collection of animals for analysis

Four species of Arctic sympagic (=under-ice dwelling) amphipods were collected during this
study: Gammarus wilkitzkii, Onisimus nanseni, O. glacialis and Apherusa glacialis. The
gammarid G. wilkitzkii havs been described as an omnivorous/carnivorous/detritivorous
species, while the two lysianassoid species O. nanseni and O. glacialis have been described
to be predominantly necrophagous in the former and herbivorous/detritivorous in the latter
case. The eusirid A. glacialis is a herbivorous/detritivorous species. All organisms were
collected by divers operating hand-held suction pumps or dip nets directly under the sea ice.
Collections took place in March/April (HE-04 expedition), May (OTI-III expedition), August
(AB-202 expedition) and September (AB- 320 expedition) of 2004. Animals were directly
preserved in liquid nitrogen and later stored at -80 C, until final analysis.



Analysis of mycosporine-like amino acid content in animals

Extraxtion and analysis was carried out according to the following protocol: animals were
freeze-dried for 48h and 10-50 mg whole animal dry weight of either individual or pooled
samples were extracted in 1 ml of 25% methanol for 2.5h at 45 C in screw-capped centrifuge
vials filled with 1 mL 25% aqueous methanol (v/v) and incubated in a waterbath at 45 C.

After centrifugation at 6000 g for 6 min, 600 mL of the supernatants were evaporated to
dryness under vacuum (Speed Vac Konzentrator SPD 111V, Thermo Quest Scientific
Equipment Group, Egelsbach, Germany). Dried extracts were redissolved in 600 mL 100%
methanol and vortexed for 30 s.

After passing through a 0.2-mm membrane filter, samples were analyzed with an Agilent
HPLC (Waldbronn, Germany) system according to the method of Karsten et al. (1998c),
modified as follows. The MAAs were separated on a stainless-steel Phenomenex Sphereclone
RP-8 column (5 mm, 250 4 mm I.D.) protected with an RP-8 guard cartridge (20 4 mm L.D.)
(Phenomenex, Aschaffenburg, Germany). The mobile phase was 2.5% aqueous methanol
(v/v) plus 0.1% acetonitrile (v/v) in water, run isocratically at a flow rate of 0.7 mL min—1.
The MAAs were detected online with a photodiode array detector at 330 nm, and absorption
spectra (290—400 nm) were recorded each second directly on the HPLC-separated peaks.

Identification by spectra was attempted by comparing retention time, and co-chromatography
with standards extracted from the marine green macroalga Prasiola crispa ssp. antarctica
(Hoyer et al. 2001), the red macroalgae Chondrus crispus Stackhouse (Karsten et al. 1998a),
and Porphyra umbilicalis (L.) Kiitzing, the lichen Lichina sp., as well as from ocular lenses
of the coral trout Plectropomus leopardus (Lacepede, 1802), provided by Dr. David
Bellwood (James Cook University, Townsville, Australia).

Concentrations are expressed in pug ml L and ug g'1 DM (dry mass).



Results
Preliminary HPLC absorption characteristics in the UV range

As a first step, we analyzed a set of pooled amphipod samples collected during August and
September 2004 by the methodology described above, to determine whether they contained
substances that absorbed in the UVR range in a way that is typical for mycosporine-like
amino acids. We found that the absorption spectra of G. wilkitzkii and O. nanseni both
appeared to have two distinctive peaks, around 270-280 and 320-330nm, respectively.

On the other hand, the absorption spectra of O. glacialis and A. glacialis did not show such
distinctive “peaks” but showed strongest absorption in the range <280nm. However, the
absorption profile for A. glacialis displays a distinctive “shoulder” around 300-330nm.

Ideally, these samples should have been compared by co-chromatography with the above-
mentioned standards, both for identification and quantification purposes. Based on such co-
chromatography, one could have re-diluted and re-analyzed the original samples in order to
achieve better separation. We were unable to perform those steps due to technical issues with
the available standards.

Going forward we therefore had to refer to the results of these analyses as “total content of
MAAS” rather than addressing the individual types of MAAs, and we thus also were only
able to determine the total MAA content per gram dry weight (g DW) instead of specific
content per g DW.
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Fig. 1: HPLC absorption profile for pooled sample of G. wilkitzkii, 400 — 250 nm



0,25 -

0,2 4

0,15 -

0,11

0,05

Onisimus nanseni, 1. Sample, 3. Extract, 1/10 diluted (400-250 nm)

250,1

299,1 349,0

Fig. 2: HPLC absorption profile for pooled sample of O. nanseni, 400 — 250 nm
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Fig. 3: HPLC absorption profile for pooled sample of O. glacialis, 400 — 250 nm
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Comparison of total MAA per species

A statistical analysis of total content of MAAs per dry weight of pooled samples from both
August and September expeditions showed that the species Apherusa glacialis showed
significantly higher content than Gammarus wilkitzkii, and both showed significantly higher
content than the two other species, Onisimus glacialis and O. nanseni.
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Fig. 5: Student’s T test of total MAA content per dry weight (samples pooled per species,
taken in August and September 2004). Ag = Apherusa glacialis, Gw = Gammarus wilkitzkii,
Og = Onisimus glacialis and On = Onisimus nanseni.

Comparison of total MAA per season

We also performed similar statistical tests to determine whether samples taken from different
seasons were significantly different in total MAA content. Due to technical constraints with
the required amount of sampling material, we could not perform this on all species, since we
were not able to collect the required amount of biomass in all four species investigated here.

But while not the most numerous, the large size and therefore also biomass of G. wilkitzkii
allowed for a comparison between pooled samples of the August and September expeditions
in comparison to samples from the winter expedition (HE-04, march-april 2004) and the
spring expedition (OTI-III, may 2004). The test performed on these samples showed a clear
difference between the summer/autumn samples and the winter/spring samples (see fig 6).
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Fig. 6: Student’s T test of total MAA content per dry weight during different parts of the
year: AB-202_320 = August and September 2004; HE-04 = March/April 2004; OTI-III =
May 2004). All samples were taken of G. wilkitzkii.

The species Onisimus glacialis had also been collected to a sufficient amount to allow these
samples to be pooled for the two summer / autumn expeditions (AB-202_320) and compare

these with one of the earlier expeditions, performed during spring (May 2004). And again, a
clear difference could be determined by all tests (see fig. 7).
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Fig. 7: Student’s T test of total MAA content per dry weight during different parts of the
year: AB-202_320 = August and September 2004; HE-04 = March/April 2004; OTI-III =

May 2004). All samples were taken of Onisimus glacialis.



In summary, our samples show that there is a significant increase of MAA content found in
several species, as can be seen in the following figure (fig. 8).

3,5

w
\

N
Ul
\

_
(%
|

MAA (mg / g DW)
N
|

I
|
I

o
vl
\

o
\

Winter Spring Summer

Fig. 8: Total MAA content per dry weight during different parts of the year: Winter = HE-04
(March/April 2004); Spring = OTI-III (May 2004). Summer = AB-202_320 (August and
September 2004); All samples were taken of G. wilkitzkii.

We also tried to discern whether there is a noticeable difference in such pigment
accumulation in different parts of the amphipod bodies of Gammarus wilkitzkii. We used
pooled samples of individuals of this species as that was the only species sampled in
sufficient quantities to allow for sufficient amounts of pooled biomass to be separated in such
a way. We separated the “heads” and “appendages” from the main “body” of these
amphipods by fine tweezers and processed the resulting pooled samples in a similar manner
as with previous samples.

The following figure (Fig. 9) shows that the body (=pereon & pleon) parts of the amphipods
contained by far the highest amount of MAAs per dry weight sampled.
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Discussion

Photo-protective screening compounds, which typically are being acquired through dietary
uptake and then retained, have been found in different amphipod species in various extent
and forms, and can be found as carapace pigmentation, chromophores, and pigmentation of
soft tissue within the carapace structure.

In crustaceans, at least 10 different MAAs and the chemical precursor gadusol have been
identified so far, with shinorine, porphyra 334, mycosporine- glycine, palythenic acid and
palythine being the most dominant substances. UV-protection by MAAs in animals is clearly
shown, though stimulation of uptake and accumulation still varies from species to species and

results are sometimes contradictory (Banaszak et al, 2006).

These UV-protective substances are known to have an important photoprotective role as they
efficiently absorb potentially harmful UV radiation, as well as act in a strong antioxidant role
(Rastogi et al, 2017). They have previously been described mainly from a variety of Antarctic
invertebrate species, notably including krill, but also echinoderms, crustaceans, and even fish
(Karentz, 1994). In the Arctic, there are to date only a few studies on MAAs in sea ice
environments, notably the Baltic Sea (Uusikivi et al., 2010; Piiparinen et al., 2015), the
Canadian Arctic (Elliott et al., 2015) and the southern Nansen Basin north of Svalbard
(Kauko et al, 2017). Ha et al (2012) documented several MAAs in phytoplankton samples
collected in and around Kongsfjorden, Svalbard, and Ha et al (2018) documented MAA
synthesis and size-dependent contents from the Beaufort Sea as well.

MAA-like signatures have also been documented in particle absorption samples from sea ice
(Uusikivi et al., 2010; Fritsen et al., 2011; Mundy et al., 2011; Piiparinen et al., 2015;
Taskjelle et al., 2016).

Their role has been well-studied in Arctic macro-algae and in certain benthic amphipod
species grazing on these algae, which due to such a relatively shallow benthic lifestyle also
are exposed to potentially harmful UV radiation (Obermiiller et al, 2005). These and earlier
studies found that the grazers were gaining a clear benefit from ingesting and retaining these
pigments for the photoprotection against harmful levels of UV radiation.

It is reasonable to assume that such photoprotective pigments are important not only for the
sea ice algal community, but also for the sea ice amphipod community, as members of the
latter live in close connection with the former. And while amphipods are mobile and thereby
able to reduce exposure to some extent by moving to less exposed sites, their ice-associated
lifestyle prevents them from escaping potential exposure altogether.

Conclusions

Our results indicate that the UV-protective substances belonging to the class of mycosporine-
like amino acids (MAAs) are likely also present and appear to play a role also in Arctic
amphipods.

Our preliminary findings indicate that sea ice algae grazers likely benefit from the ingestion
and retention of such MAA’s. There is also a marked seasonal trend in the MAA content in
such sea ice algal grazers, which fits well with the onset of the spring phytoplankton bloom.



When comparing typical algal grazers with omnivore/grazers and scavengers, the algal
grazers contained the highest relative concentration of MAAs.

Unfortunately, technical difficulties in chemical resolution of our sample contents prevented
us from identifying the contributing MAA types, and lack of supporting data on the MAA
producing sea ice algae prevented us from identifying the nutritional sources and types.

This material in prep provides a baseline on the total MAA content in Arctic sea ice
amphipods.
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Abstract

During three Antarctic expeditions (2004, ANT XXI-4 and XXII-2; 2006, ANT XXIII-6) with the German research icebreaker R/V
Polarstern, six different amphipod species were recorded under the pack ice of the Weddell Sea and the Lazarev Sea. These cruises
covered Austral autumn (April), summer (December) and winter (August) situations, respectively. Five of the amphipod species recorded
here belong to the family Eusiridae (Eusirus antarcticus, E. laticarpus, E. microps, E. perdentatus and E. tridentatus), while the last belongs
to the Lysianassidea, genus Cheirimedon (cf. femoratus). Sampling was performed by a specially designed under-ice trawl in the Lazarev
Sea, whereas in the Weddell Sea sampling was done by scuba divers and deployment of baited traps. In the Weddell Sea, individuals of
E. antarcticus and E. tridentatus were repeatedly observed in situ during under-ice dives, and single individuals were even found in the
infiltration layer. Also in aquarium observations, individuals of E. antarcticus and E. tridentatus attached themselves readily to sea ice.
Feeding experiments on E. antarcticus and E. tridentatus indicated a carnivorous diet. Individuals of the Lysianassoid Cheirimedon were
only collected in baited traps there. Repeated conventional zooplankton hauls performed in parallel to this study did not record any of
these amphipods from the water column. In the Lazarev Sea, E. microps, E. perdentatus and E. laticarpus were regularly found in under-
ice trawls. We discuss the origin and possible sympagic life style of these amphipods.
© 2008 Elsevier Ltd. All rights reserved.

Keywords: Antarctic; Amphipods; Under-ice fauna; Sympagic; Weddell Sea; Lazarev Sea

1. Introduction

The lower boundary layer of polar sea ice is inhabited by
several allochthonous and autochthonous species, of which
amphipods have been described as the most conspicuous
macrofaunal elements in the Arctic, while euphausiids are
the dominant group in the Antarctic (Lenne and Gulliksen,
1991; Gulliksen and Lenne, 1991). Copepods are common
in the sea-ice habitats of both regions. Unlike in the Arctic
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sea-ice zone, where amphipods have been commonly
recorded both under coastal fast ice as well as under
offshore pack ice, Antarctic sympagic amphipods have
mostly been described for the coastal fast-ice zone (Arndt
and Swadling, 2006). In this habitat, species like Paramoera
walkeri, Cheirimedon fougneri and Pontogeneia antarctica
seem to originate from the benthos and occur under the sea
ice only seasonally and in relatively shallow water depths
(Sagar, 1980; Gulliksen and Lenne, 1991; Garrison, 1991).
Comparatively little is known about the distribution of
Antarctic amphipods in sea ice above greater water depths,
although several reports of amphipods in the sub-ice or
even under-ice habitat have been published recently
(Kaufmann et al., 1993, 1995; Fisher et al., 2004). This
could be due to the relative inaccessibility of these areas, as
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well as the higher frequency and greater feasibility of
studies based on land stations. Also, the distribution of
these highly motile under-ice organisms at the ice under-
surface is often very patchy (Hop et al., 2000), and the
effective observation and collection require the use of
divers or ROVs (remotely operated vehicles), while core-
hole based methods like under-ice pumping or video
camera systems cover only a very limited sampling areca
surrounding the hole (Werner and Lindemann, 1997).

Ainley et al. (1986) discovered the amphipod Eurythenes
gryllus along with the decapod Pasiphaea longispina and
the ostracod Gygantocypris mulleri in sea bird stomachs
collected in pack ice of the Southern Ocean. All three
species were otherwise believed to be mesopelagic, but since
the sea bird species examined (Antarctic petrel, Thalassoica
antarctica) was known to dive no deeper than 5m, it was
concluded that these crustacean plankton species must
have migrated to the immediate sub-ice habitat. Another
report by Kaufmann et al. (1995) mentions the Lysianas-
soid Abyssorchomene rossi in large numbers from baited
traps deployed directly under pack ice of the northwestern
Weddell Sea, while deeper traps did not catch any of these
amphipods.

During the three Antarctic research cruises reported
here, six amphipod taxa were sampled directly from the
underside of sea-ice floes by various methods, in what we
believe to be the first recorded observation and collection
of these species from Antarctic pack ice.

The aims of this paper are: (1) to present findings of new
sympagic occurrences of Eusirid and Lysianassoid amphi-
pods; (2) to record feeding behaviour observed in some of
these taxa; (3) to compare these findings with other reports
of Antarctic amphipods found in association with sea ice.

2. Material and methods
2.1. Study area

This study is based on three Antarctic cruises with the
German research icebreaker R/V Polarstern. The two
expeditions into the Lazarev Sea (ANT XXI-4, March—
May 2004 and ANT XIII-6, June-August 2006) were
part of the multiyear study LAzarev Sea KRill Survey
(LAKRIS). The goal of the expedition into the Weddell Sea
(ANT XXII-2, November 2004 to January 2005) was to
carry out the Ice Station POLarstern experiment (ISPOL),
see Hellmer et al. (2008). For the purpose of this paper, the
three expeditions will be referred to by these acronyms:
LAKRIS 2004, ISPOL and LAKRIS 2006 (see Fig. 1,
Tables 1 and 2 for details).

2.2. ISPOL—sampling

The ISPOL drift station was set up in an area where sea-
ice cover contained both first-year and multi-year ice, with
ice cover of 8-9/10. The vessel was moored to a large ice
floe and drifted with it for the period of November 29, 2004

W 40° W 30° W20° W 10° 0°
S 65°
W 50° 1 s70°
RE. .

W 60°
P .

W 70°
S 85°

W 80°

Fig. 1. Map of the study area indicating the sampling areas of the ISPOL
drift station and the LAKRIS 2004 and 2006 cruises. For details on
positions, ice cover and depth, refer to tables.

to January 02, 2005, between positions 68°2.7'S 54°51.1'W
and 67°21.2'S 55°24.3'W, while sounded depths ranged
from 1030 to 2075 m. An introduction and overview of the
ISPOL experiment is given by Hellmer et al. (2008).

During the course of the ISPOL experiment, ice under-
side and under-ice temperatures, salinity and chlorophyll a
values were measured from ice cores as well as under-ice
water samples at regular intervals. Ice-core salinity and
chlorophyll a content were measured from sampled core
segments, melted at 4 °C in the dark. Chlorophyll a content
also was determined from melted core segments that were
filtered and extracted from a detailed time-series study of
these parameters in the ISPOL floe (Steffens & Dieckmann,
unpublished data). Under-ice water and zooplankton
samples were obtained from an under-ice pumping system,
deployed simultaneously to the time-series core sampling
events, and results of this are presented in detail in Kiko
et al. (2008).

Under-ice fauna was sampled by scuba diving as well as
by deployment of baited traps (see Table 1). Scuba divers
used a hand-net with 25 x 25-cm frame opening and
500-um mesh size, which was scraped along the underside
of the ice. Sampling by scuba diving was done on five
different dates and positions (see Table 1), while baited
traps were checked every other day from initial deployment
on December 07, 2004 until final retrieval on January 2,
2005.

Traps deployed along the floe edge as well as through
core holes were plastic tubes with 102.5mm inside
diameter, 150 mm tube length, with a funnel opening to
the inside on one end and a 100-pum aluminium mesh on the
other end. The opening of the funnel was 12 mm wide, and
traps were suspended in the water column in such a way
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Table 1
Sampling stations during the ISPOL drift station

1017

Sampling method Location Date Latitude Longitude Depth (m) Ice
thickness (m)
Weddell Sea
ISPOL SCUBA 2 December 01, 2004 68°10.4'S 54°53.4W 1896 0.9
SCUBA 3 December 03, 2004 68°7.9'S 55°13.8'W 1576 0.9
SCUBA 4 December 11, 2004 67°59.7'S 55°19.0W 1471 0.9
SCUBA 5 December 15, 2004 67°46.6'S 55929.2'W 1274 0.9
SCUBA 6 December 18, 2004 67°45.9'S 55°18.1'W 1504 0.9
Baited traps 7 From December 07, 2004 67°25.6'S 55°24.2'W 1494 0.8
To January 02, 2005 67°21.2'S 55°24.3'W 1382 1.0
Slush sample 8 January 01, 2005 67°22.6'S 55°25.8'W 1398 1.0
Table 2
Sampling stations during the LAKRIS cruises
Sampling method Location Date Latitude Longitude Depth (m) Ice thickness (m)
Lazarev Sea
LAKRIS 2004 SUIT 1 April 10, 2004 70°18.5'S 6°1.1'W 240 n.a.
LAKRIS 2006 SUIT 9 July 05, 2006 67°26.1'S 2°53.2'E 4564 0.2-0.6
SUIT 10 July 06, 2006 68°32.6'S 2°51.4E 4130 0.4-0.6
SUIT 11 July 07, 2006 69°31.1'S 3°12.7E 3765 0.9-1.0
SUIT 12 July 12, 2006 67°31.2'S 0°3.5W 4499 0.3-0.5
SUIT 13 July 19, 2006 66°8.0'S 0°11.0W 3840 0.2-0.7
SUIT 14 July 19, 2006 66°7.7'S 0°10.5W 3840 0.4-0.6
SUIT 15 July 29, 2006 69°22.8'S 2°43.TW 3312 0.2-1.0
SUIT 16 July 30, 2006 68°0.3'S 2°54.3W 4090 0.2-0.8
SUIT 17 August 03, 2006 66°3.5'S 3°3.8'W 4760 0.4
SUIT 18 August 04, 2006 65°5.3'S 2°51.2’W no data 0.2-0.6

that the two openings were aligned horizontally. Traps
were deployed just off the floe edge and through core holes
at 1, 5and 10 m from the edge, and were positioned directly
at the ice—water interface (ice depth), 5, 10, 15, 20 and 35m
below the ice. Bait consisted of fish and shrimp meat
enriched with fish oil.

Sampling from the infiltration layer was performed
either by picking up individuals from the slush with small
hand-sieves of 500 um mesh size, or by collecting slush with
a bucket and pouring the content through a larger sieve of
the same mesh size.

Parallel to these sampling efforts, zooplankton sampling was
performed at regular intervals and with conventional zoo-
plankton gear, i.e. multinet and bongo net hauls (see Table 5).

2.2.1. ISPOL—feeding experiments

Amphipods were separated by species and size and kept
in aquaria at 0°C in a climate-controlled room. Every
other day, a small piece of artificial sea ice was added to
each aquarium to provide a substrate, and to ensure that
the water temperature remained constant. Sea-ice blocks
were produced using pre-filtered water which was frozen in
zip-loc bags at —20 °C.

A subsample (n = 15) of the species Eusirus antarcticus
was fed with ice algal concentrates that were frozen into

these artificial sea-ice blocks, while a control group (also
n = 15) was provided with “pure” Sea-ice blocks, therefore
regarded as unfed. All organisms were kept in aquaria for
at least 10 days to allow evacuation of the digestive tract of
the unfed animals, whereas the algal-fed group was
regularly offered frozen algal concentrates during that
period. Mortality was noted on a daily basis, and dead
animals, animal parts and exuviae were removed and
preserved in 70% ethanol for taxonomic analysis. After the
end of the experiment, all remaining animals were
immediately frozen in liquid nitrogen and stored at
—80 °C for later chlorophyll extraction. Extracts were then
analysed using spectrophotometry.

A second feeding experiment with both E. tridentatus
(n = 2) as well as E. antarcticus (n = 3) was performed, using
two known copepod species as live prey. Single amphipods of
both species were kept in separate aquaria and were offered
an abundance of prey items of either Metridia gerlachei or
Calanoides acutus. Daily control counts yielded the number
of consumed prey items (see Table 4).

2.3. LAKRIS—sampling

During the LAKRIS 2004 and 2006 cruises, the sea-ice
undersurface was sampled using a “Surface and Under Ice
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Trawl” (SUIT) (see Table 2). In contrast to conventional
trawls, the SUIT was towed sideways of the ship, allowing
to sample under undisturbed ice, at a distance of
approximately 150m from the water channel produced
by the towing vessel. The upper side of the net frame was
equipped with drivers to provide permanent close contact
of the net with the undersurface of the ice. The net had a
frame with an opening of 2.25 x 2.25m and was equipped
with a 7-mm mesh shrimp net. Towing speed was
1.0-1.5knots. During LAKRIS 2004 a plankton net with
a 50-cm diameter (mesh size 0.3 mm) was attached inside
the rear end of the shrimp net in a centred position. Towing
speed was approximately 2.5knots. In total, 24 stations
were sampled covering an area between 0°W to 6°W in
longitude and 61°S to 70°S in latitude. Further details on
the LAKRIS 2006 expedition are provided in Smetacek
et al. (2005). During LAKRIS 2006, the rear end of the net
was entirely lined with 0.3 mm gaze. In total, 30 stations
were sampled covering an area between 3°E to 3°W in
longitude and 57°S to 70°S in latitude. On both expedi-
tions, the catch was immediately sorted by taxon. The size
of amphipods was measured as the length from the frontal
edge of the eye to the tip of the telson. They were either
preserved on 4% buffered formaldehyde—seawater solution
or directly frozen at —20 or —80 °C.

2.4. Species identification

Identification of all Eusirid species treated herein follows
Andres et al. (2002), where a key to the Eusirus species
from Antarctica is given.

3. Results
3.1. Environmental parameters—ISPOL station

Temperature values ranged from —2.2 to —1.4°C for
the lowermost centimetres of the ice and —1.8 to —1.9°C
for the under-ice water down to 8m below the ice.
Salinity values ranged from 5 to 11.6 for the lowermost
centimetres and 34.2 to 34.7 for the under-ice water down
to 8m below the ice, while chlorophyll ¢ values ranged
from 57.64 to 261.69 pgl™" and from 0.07 to 0.35ugl™",
respectively.

Table 3
Amphipod species observed under Antarctic pack ice

3.2. Under-ice amphipods of the ISPOL station

Two species of the five Eusirid amphipod species reported
here, E. tridentatus and E. antarcticus, were found at several
sampling sites at the underside of the pack ice, in the
infiltration layer as well as in baited traps deployed at the
ice—water interface (see Table 3). Another amphipod
species, Cheirimedon cf. femoratus, was found exclusively
in those baited traps deployed directly at the ice-water
interface (see Table 3). No amphipods were collected by any
of the baited traps deployed below the ice—water interface.

3.2.1. Lysianassoid amphipods

Material examined. Eight specimens, including one
immature female and one immature male, both 10 mm in
length. All specimens were collected with baited traps, from
Weddell Sea.

Identification: The specimens collected during this study
could not be identified to species level with certainty, as the
studied specimens possess morphological affinities with both
of the two species C. femoratus and C. fougneri. These are
both very common shallow benthic species in the Southern
Ocean. The main discrepancies between the sampled material
and C. femoratus and C. fougneri are as follows:

e our material differs from C. fougneri in having two
relatively short antennae, (C. fougneri: two long
antennae), antenna | stout with broad peduncule 1;

e cyes longer and more droplet shaped;

e our material shows a rounded epimeral plate 3
(C. femoratus has a produced epimeral plate 3);

e our material: coxa 1 anteriorly expanded (as in
C. femoratus).

Based upon these morphological discrepancies, and as we did
not have any adult individuals at our disposal from the
Weddell Sea, we will herein refer to the material as C. cf
femoratus, as it shares the distinct shape of the coxa 1 with this
species, although the shape of the epimeral plate 3 is different.

3.3. Under-ice amphipods of the LAKRIS cruises

Two individual amphipods were collected at one station
of the LAKRIS 2004 autumn expedition. They were

Expedition Species Location Total number Size range (mm)
LAKRIS 2004 Eusirus perdentatus 1 1 49
Eusirus microps 1 1 42
ISPOL Eusirus antarcticus 2,3,4,6,7,8 60 9-15
Eusirus tridentatus 2,58 3 18-24
Cheirimeidon (cf. femoratus) 7 8 8-10
LAKRIS 2006 Eusirus laticarpus 9,10, 12, 13, 14, 15, 16, 17, 18 24 6-19
Eusirus microps 9,12, 15, 16, 18 7 12-38
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Table 4
Feeding experiment of Eusirus tridentatus and Eusirus antarcticus with
calanoid copepods

Day 1l Day2 Day3 Day4 Day5 Day6 Day?7
E. tridentatus 3 M.g. 3M.g. 1M.g. 0Ca. 1Ca. 0C.a. 0Ca.
E. antarcticus 1 C.a. 1Ca. 1Ca. 0Ca. 0Ca. 1Ca. 0Ca.

Numbers indicate individual prey items devoured by one amphipod d™.
E. = Eusirus, M.g. = Metridia gerlachei, C.a. = Calanoides acutus.

identified as E. microps and E. perdentatus. The sizes of
both specimens were at the higher end of the size ranges
of these species (Table 2). On the winter expedition
LAKRIS 2006, another Eusirid species was obtained from
SUIT catches. This was E. laticarpus, which occurred at
9 of the 30 stations sampled, covering a broad size range.
E. microps was found only at 5 stations (Table 3).
Specimens of this species kept in an aquarium with sea
ice actively sought the ice and stayed attached to it. All
amphipods collected on the LAKRIS 2006 expeditions
occurred in the part of the sampling area south of 64°S.

3.4. Feeding experiments—ISPOL station

Selected individuals of E. tridentatus and E. antarcticus
were observed repeatedly to predate both on smaller
E. antarcticus as well as on copepods of the species
Metridia gerlachei and Calanoides acutus, which were
offered in controlled feeding experiments (Table 4).

The other feeding experiment performed with
E. antarcticus, offering ice algae frozen into artificial ice
blocks was analysed for chl a content. Methanolic extracts
of both fed and unfed amphipods did not show any
significant difference in their chlorophyll signatures, which
were both below the detection limit.

3.5. Collection of zooplankton samples under pack ice

Sampling of zooplankton with conventional net hauls
did not yield any of the aforementioned amphipod species
collected from the pack ice underside. Instead, other
amphipod taxa, both Hyperiidae and Scinidae, as well as
some isopods, were routinely sampled in multinet hauls,
alongside with copepods, for which results will be
presented in detail in Schnack-Schiel et al. (2008). A single
Eusirid amphipod was recorded from a bongo net haul
(December 23, 2004, 200-0m) but was determined to
belong to a different genus than Eusirus.

4. Discussion

This paper presents data from under-ice amphipods
found in the pack ice of the Weddell Sea and the Lazarev
Sea. While many authors have previously described
amphipods living attached to sea ice close to shore and
over relatively shallow water depths, such recordings so far

have only been reported occasionally from sea ice over
deep water and further offshore in the Antarctic (Gulliksen
and Lenne, 1991; Kaufmann et al., 1995). We discuss the
possible origin and the degree of sympagic adaptation in
these species, based on direct observations and feeding
experiments.

4.1. Origin of Eusirid species found under Antarctic pack ice

Our samples of the species E. antarcticus, E. laticarpus,
E. microps, E. perdentatus and E. tridentatus reported here
fit well with previous records of these species from ice-
covered Antarctic waters, although in most cases metho-
dological constraints prohibit a statement about their exact
origin. For example, Foster (1987) reports the Eusirid
E. antarcticus for his zooplankton collections done through
holes in the land-fast ice of the McMurdo Sound, but his
study sampled integrated depth intervals of 100-0
and 300-Om. In another study of the zooplankton of
McMurdo Sound, Hopkins (1987) also reports the Eusirids
E. tridentatus and E. propeperdentatus among his plankton
net samples, as well as the Lysianassoid amphipods
Abyssorchomene plebs and A. rossi. The samples described
in this study were performed by oblique sweeps of the
upper 800m with a Tucker trawl. The Eusirid species
E. antarcticus and E. microps also have been recorded from
epipelagic (0-50, 50-100m) MOCNESS trawl samples in
the NW Weddell Sea performed at pack-ice covered
stations (Fisher et al., 2004). A switch from a pelagic to a
sympagic mode of life as soon as ice becomes available
is supported by low pelagic catches of E. microps and
E. antarcticus when sea ice was present compared to
significantly higher catches in ice-free waters reported by
Fisher et al. (2004). Reports on E. laticarpus are scarcer
and further complicated by the fact that this species was
often included in E. antarcticus in the past, before the
species was re-established by De Broyer and Jazdzewski
(1993).

E. perdentatus was caught only once at a shelf station of
the LAKRIS 2004 expedition and due to its relatively
shallow depth (see Table 2) it is conceivable that it had
actively sought the under-ice habitat because potential
prey, especially euphausiid larvae, were abundant under
the ice at that time (Flores, unpublished data). However, it
is possible but unlikely that the specimen originated from a
shallower area and subsequently drifted to the location of
capture with the sea ice. Klages (1993) and Klages and
Gutt (1990) cover the distribution and feeding patterns of
E. perdentatus, which had been sampled from meso- and
epiplagic stations by various gear. However, recent re-
analysis of the material used for the former publication by
Andres et al. (2002) revealed a new species, E. giganteus,
which had mistakenly been regarded as E. perdentatus, so
these results should be treated with caution. It also should
be noted that E. tridentatus Bellan-Santini and Ledoyer
(1974), and E. microps Walker (1906) have been described
as separate species by Barnard and Karaman (1991), but
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synonymized by De Broyer and Jazdzewski (1993). There-
fore, reports of E. microps will also have to be treated with
some caution, depending on whose species definition they
were based on. The same is also true about the other
Eusirids found by this study: De Broyer (1983) treated
E. antarcticus and E. laticarpus as separate species. While
Barnard and Karaman (1991) treated them as synonyms.
We follow the most recent key to Antarctic Eusirids by
Andres et al. (2002) who clearly distinguishes and
maintains all above mentioned species and names.

Due to the range of gears and depths, we regard all these
above mentioned records as epipelagic to mesopelagic. To
our knowledge, direct under-ice observation and sampling
of any of the above mentioned species has not been
reported from the Antarctic pack ice zone (Arndt and
Swadling, 2006). Based on these reports and our own
observations and samples, we conclude that the pelagic
realm is the most likely origin for these Eusirids. Since our
samples also cover a considerable temporal and spatial
range, it seems safe to say that there is evidence for a
pelago-sympagic coupling, i.e. Eusirid amphipods seem to
be able to utilize the under-ice habitat during their life
cycle.

This hypothesis is supported by our in situ observations
as well as aquarium observations. Both E. tridentatus and
E. antarcticus were observed by divers to swim very close to
the underside of the ice and attach themselves for periods
of time to it, as well as sometimes to enter cracks and
holes in the ice. Single individuals were even found in
slush sampled from the infiltration layer (see Table 3).
Also, whenever a small piece of artificially produced sea ice
was put in their aquarium, individuals of E. antarcticus,
E. microps and E. tridentatus immediately started to swim
towards it and then attached themselves to its surfaces (see
Figs. 2 and 3).

However, the water column had been sampled exten-
sively and regularly during the month-long ISPOL drift
station, not one Eusirid amphipod of the species recorded
under the ice was found in those zooplankton net samples
(see Table 5). As mentioned above, all of these species have
otherwise been reported from zooplankton samples with
various gear and depth ranges, so it seems strange that
none were collected by our zooplankton sampling efforts.
This seems even more surprising given the fact that those
samples regularly recorded Hyperiidae and Scinidae of
similar size ranges, proving that animals of such size and
shape could be found in our samples after all.

4.2. Origin of Lysianassoid species found under Antarctic
pack ice

We were not able to directly observe any specimen of
Cheirimedon in or around the ice, but only recorded them
in two neighbouring traps immediately after their first
retrieval (see Table 3). The animals showed limited
swimming activities in holding tanks, and were not
observed to seek contact with sea ice when offered.

Fig. 2. Eusirus antarcticus attached to artificial sea ice, image©Ingo
Arndt.

Fig. 3. Eusirus tridentatus attached to artificial sea ice, image©Ingo
Arndt.

Lysianassoids have previously been reported by Kauf-
mann et al. (1993) who found hundreds of large specimens
of A. rossi from baited traps deployed just under the pack
ice, while similarly deployed traps in open water remained
empty. The authors argued that this observation suggests
that these amphipods may be present in large numbers just
beneath the ice surface, and established this as the first
record of these scavenging amphipods in the microhabitat
of the Antarctic pack ice, where water depths in excess of
1000 m were recorded. This was confirmed by Tucker trawl
hauls from the same cruise, published by the same authors
in Kaufmann et al. (1995), where 4. rossi also was found
in shallow trawl samples (10-35, 50-85m) taken at night
in partly ice-covered waters. Fisher et al. (2004) also list
A. rossi from MOCNESS trawls at depth intervals 100-50
and 50-0m in that area. Stockton (1982) collected what
probably was the same species (using its previous genus
name, Orchomene rossi) also in baited trap samples taken
from under the Ross Ice Shelf, 400 km from the shelf edge
at a depth of 600 m, so one must assume that this species is
flexible in its habitat use.
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Table 5
Amphipods and isopods caught by multinet hauls during ISPOL station,
see Schnack-Schiel et al. (2008)

Date Depth Scinidae Hyperiidae Isopoda
range
(m)

December 01, 2004 1000-500 1

December 06, 2004 100-50 1

December 06, 2004 500-200 1 3

December 06, 2004 1000-500 1

December 09, 2004 500-200 3

December 09, 2004 1000-500 4

December 13, 2004 500-200 1

December 13, 2004 1000-500 1 1

December 17, 2004 200-100 1

December 17, 2004 500-200 1 3

December 21, 2004 1000500 2

December 21, 2004 500-200 1

December 21, 2004 1000-500 3 1

December 26, 2004 500-200 2

December 26, 2004 1000-500 2

December 29, 2004 500-200 2

December 29, 2004 1000-500 1 1

January 02, 2005 100-50 1

January 02, 2005 200-100 1

January 02, 2005 500-200 4

January 02, 2005 1000-500 3

Although we were not able to determine the species of
the Lysianassoids found on the ISPOL drift station, a very
different picture can be gained from the literature for the
most similar to those found in this study. No source known
to us has listed either C. femoratus or C. fougneri from a
pelagic sampling station. Instead, Bregazzi (1972a,b, 1973)
described C. femoratus to be bottom-dwelling types
with limited swimming capabilities which inhabit the top
layer of sandy-gravelly subtidal zones around Antarctica
(Jazdzewski et al., 2000).

Gulliksen and Lenne (1991) describe C. fougneri from
sampling efforts in McMurdo Station, where amphipods
were only recorded in significant amounts under sea ice
above relatively shallow water, i.c. in the tens of metres.
Interestingly, they also noticed a broodcast event of
C. fougneri for the period November-December, based
on observations of a rapid increase of free-swimming
juveniles between two sampling dates, while adults were
still observed with unreleased juveniles in their marsupia on
the first sampling event (Gulliksen, pers. comm.). From
that, one can assume that this species annually utilizes the
sea ice underside both as adult and juvenile stages for part
of their life span.

In other cases where shallow benthic Lysianassoid
amphipods were unexpectedly found under pack ice,
Werner et al. (2004) and Nygard (2005) described Anonyx
sarsi under Arctic pack ice, but their stations were also at
much shallower water depths than in the present study.
Therefore, the authors argued that their findings could be
explained by benthic—sympagic coupling. In our case, it
seems safe to say that any benthic-sympagic coupling

based on active migration is unlikely, since water depths
exceeded 1000 m.

Also, since our findings are exclusively of small and
juvenile specimens, which we estimate to be no older than
one year, one has to assume that they have either been
advected to the ice since their hatching, or that they indeed
were hatched in the vicinity of the ice. Still, the basic
question remains as to how they got to the ice station
where we found it in our baited traps. If active migration is
ruled out, then advection or other passive transport seems
to be the only possible alternative. The most likely
transport medium would be the ice itself, as it cannot be
ruled out that some of the ice present in the area of our
ISPOL study had originally formed over shallower depths.

Since the ISPOL drift station was set up in an area with a
variety of ice types and probably ages and origins, it seems
futile to speculate about when and where the colonization
or advection of benthic amphipods might have taken place.
Still, the relatively small size and inferred young age of the
C. cf femoratus points to the hypothesis that these animals
had been hatched under the ice and had been developing
there since.

Aerial transport could be mentioned as another—though
rather improbable—possibility for advection. There are a
few published reports, p.e. Segerstrale (1946, 1954), where
the author proves experimentally how the freshwater
amphipod Gammarus lacustris was able to cling to bird
feathers and even showed tolerance exposure of up to 2h.
One could alternatively also speculate that penguins might
have acted as vectors, but we regard both possibilities as
highly unlikely in this case.

4.3. Feeding types in Antarctic sympagic amphipods

The feeding experiments indicate that E. antarcticus and
E. tridentatus are predatory and carnivorous species. The
initially observed cannibalism cannot be excluded to be an
artificially induced behaviour in captivity.

Since investigations covering the ice-algal biomass found
within the ice as well as the under-ice water had shown ice
algae to be there, and the succession of these concentra-
tions even indicated some melting out of ice algae into the
underlying water (see Kiko et al., 2008), one could have
assumed that this would serve as a food source for the
amphipods found under the ice, in a similar fashion as it
had been established for krill earlier (Marschall, 1988).
However, we were not able to prove ice algal uptake by
means of methanolic extractions. Preferably, the feeding
experiment should have been performed following the
procedure described in Werner (1997), where algal con-
centrations before and after introduction of grazers were
determined.

In a paper by Klages and Gutt (1990), a macropredatory
carnivorous feeding type is documented for E. perdentatus
from aquaria observations. This has been confirmed by
Graeve et al. (2001), who present lipid, fatty acid and
digestive tract content analyses, and by Dauby et al. (2001),
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who describe the relative proportions (in %) of food items
for various amphipods and found that E. perdentatus
contained a broader range of food items, all of which could
well originate from predation as well as scavenging.
Unfortunately, due to the sampling gear used, we cannot
report any observed feeding behaviour for this species, but
concurrent sampling of zooplankton yielded an abundance
of copepods and krill larvae under the ice.

We did not directly record any feeding behaviour for C.
cf femoratus. Richardson and Whitaker (1979) describe the
closest species, i.e. C. femoratus as predator and Pontogen-
eia antarctica as algal grazer in a scuba-based observational
and sampling study off Signy Island. Both species were
recorded in the immediate vicinity of sea ice by them, where
C. femoratus was observed actively preying on the newly
released young of Pontogeneia antarctica. Bregazzi (1972b)
reports algal material for juveniles of C. femoratus, while
adult specimens contained a large variety of food items
ranging from algae to copepods and euphausiid larvae. In
the same study, trap experiments recorded a strong
response from these amphipods as well. These reports fit
well with our results from baited trap samples, which
suggest a possible scavenging behaviour for C. cf femoratus.
However, due caution should be applied when comparing
these results, since our material very likely belongs to
another species than either C. femoratus or C. fougneri.

5. Conclusion

The results from this study suggest that the underside of
Antarctic pack ice serves at least temporarily as a habitat
for Eusirid amphipods. Although this could not be
determined with certainty, we believe that their origin for
the reported oceanic occurrences is most probably the
pelagic habitat, from which they can colonize the sea ice
during favourable conditions. It is thus puzzling that none
of these amphipods were found in any of the extensive
concurrent zooplankton sampling efforts, which did record
a number of isopods, as well as scinid and hyperiid
amphipods of similar size classes. One explanation might
be that the transition to a sympagic life style had been
initiated prior to our sampling period.

For the Lysianassoid Cheirimedon cf. femoratus, which
also were found by this study, such a pelagic origin seems
less likely, but since the species determination is still
uncertain for the sampled material, it cannot be completely
ruled out.

In conclusion, we recommend that further studies of the
under-ice fauna of Antarctic pack ice should be undertaken
to gain more insight into the biology, distribution and
significance of amphipods in this habitat. One aspect that
should deserve special attention is the possible interaction
of amphipods with other under-ice and zooplankton
organisms like krill and copepods, where possible pre-
datory interaction can be assumed. Also, their potential
role and availability as food for higher trophic levels like
fish and sea birds should be investigated.
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An investigation of coloured dissolved organic matter (CDOM) and its relationships to physical and
biogeochemical parameters in Antarctic sea ice and oceanic water have indicated that ice melt may both
alter the spectral characteristics of CDOM in Antarctic surface waters and serve as a likely source of fresh
autochthonous CDOM and labile DOC. Samples were collected from melted bulk sea ice, sea ice brines,
surface gap layer waters, and seawater during three expeditions: one during the spring to summer and
two during the winter to spring transition period. Variability in both physical (temperature and salinity)
and biogeochemical parameters (dissolved and particulate organic carbon and nitrogen, as well as
chlorophyll a) was observed during and between studies, but CDOM absorption coefficients measured at
375 nm (asys) did not differ significantly. Distinct peaked absorption spectra were consistently observed
for bulkice, brine, and gap water, but were absent in the seawater samples. Correlation with the measured
physical and biogeochemical parameters could not resolve the source of these peaks, but the shoulders
and peaks observed between 260 and 280 nm and between 320 to 330 nm respectively, particularly in the
samples taken from high light-exposed gap layer environment, suggest a possible link to aromatic and
mycosporine-like amino acids. Sea ice CDOM susceptibility to photo-bleaching was demonstrated in an
in situ 120 hour exposure, during which we observed a loss in CDOM absorption of 53% at 280 nm, 58% at
330 nm, and 30% at 375 nm. No overall coincidental loss of DOC or DON was measured during the
experimental period. A relationship between the spectral slope (S) and carbon-specific absorption (a%7s)
indicated that the characteristics of CDOM can be described by the mixing of two broad end-members;
and aged material, present in brine and seawater samples characterised by high S values and low a%;5; and
a fresh material, due to elevated in situ production, present in the bulk ice samples characterised by low S
and high a%,s. The DOC data reported here have been used to estimate that approximately 8 Tg C yr~!
(~11% of annual sea ice algae primary production) may be exported to the surface ocean during seasonal
sea ice melt in the form of DOC.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Sea ice in the polar oceans (Arctic and Southern) and sub-polar
seas (e.g., Baltic and White Seas, Hudson Bay) provides a range of
physically and geochemically unique habitats, which can support rich
and diverse biological assemblages. Sea ice has long been recognised
to play a key role in the biogeochemical cycles of ice-covered oceans
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and seas (Thomas and Dieckmann, 2002a, b; Thomas et al., 2010). The
biogeochemical composition of sea ice often yields elevated concen-
trations of dissolved organic matter (DOM) (Thomas et al., 2010) with
distinct optical characteristics as determined on the coloured fraction
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of DOM, chromophoric dissolved organic matter (CDOM), relative to
the surrounding surface waters (Perovich et al., 1998; Belzile et al.,
2000; Stedmon et al., 2007).

The marine DOM pool consists of both allochthonous (terrestrial)
and autochthonous (marine) material derived from the biosynthesis
of organic matter (Nelson and Siegel, 2002). Ubiquitous in all
marine environments, CDOM can make up a substantial proportion
of the DOM pool in aquatic systems (Thurman, 1985; Coble, 2007),
representing up to 60% of the bulk DOC pool (Ertel et al., 1986).
The reactivity of CDOM to sunlight has a significant effect on the
cycling of both DOM and CDOM (Obernosterer and Benner, 2004)
as the absorption of UV radiation by CDOM initiates a set of
photochemical reactions, which either directly remineralise the
organic matter or leads to the formation of a number of reactive
products (Miller and Zepp, 1995; Uher and Andreae, 1997; King
et al., 2005; Stubbins et al., 2006; Xie et al., 2009) some of which
(i.e. ammonium and phosphate) are biologically labile (Moran and
Zepp, 1997; Kitidis et al., 2008).

The optical characteristics of sea ice CDOM are a composite of
those of the CDOM present in the surface oceanic water, from which
the ice formed, and those of the CDOM in the DOM pool produced in
sea ice by the activity of sympagic organisms (Thomas et al., 2001;
Granskog et al., 2006; Stedmon et al., 2007). The in situ DOM
production and its cycling in the often closed environment of sea
ice, with little or intermittent accessibility to the pool of nutrients
in the surface ocean, can be an important source of nutrients to
sympagic assemblages.

One of the unique features of the seasonally ice-covered region
of the Southern Ocean is that there are no major terrestrial inputs of
DOM, which is in stark contrast to the northern polar and sub-polar
regions that are influenced by dense and large river networks
(Retamal et al., 2007). Hence, the DOM incorporated in Arctic and
sub-Arctic sea ice during ice formation has a substantial river-
borne allochthonous component (Benner et al., 2005; Granskog
et al., 2006; Stedmon et al., 2007), whereas the DOM incorporated
into sea ice formed in the Southern Ocean will be predominantly
autochthonous in origin. As a result, the Southern Ocean provides a
unique opportunity to investigate the composition and behavior of
marine-derived organic matter divorced from terrestrial inputs.

There are very few studies of the optical characteristics of CDOM
in sea ice, with none, to our knowledge, in Antarctic sea ice.
As mentioned above, the optical properties of CDOM in Baltic sea
ice have been shown to differ from that of the under-ice seawater
(Ehn et al., 2004; Granskog et al., 2005) as a result of in situ
(sympagic) CDOM production (Stedmon et al., 2007). Belzile et al.
(2000) showed that CDOM was a significant component of the DOM
pool attenuating UV light in Arctic first-year sea ice, as did Ehn et al.
(2004) and Uusikivi et al. (2010) for the Baltic Sea. Scully and Miller
(2000) concluded that melting sea ice would be a source of CDOM
to the surface ocean in Baffin Bay (Canadian Arctic), and both Kieber
et al. (2009) and Ortega-Retuerta et al. (2010) considered that
Antarctic seaice might be a potential source of CDOM, although this
was suggested without direct evidence. The limited number of
polar and sub-polar studies have revealed the potential of seaice as
a CDOM reactor and a source of CDOM with distinct optical
properties to the surface ocean.

In this study we investigated the optical properties of CDOM in
Antarctic sea ice from two regions of the polar Southern Ocean, the
Weddell Sea and East Antarctica, in the early spring and early summer.
The data were collected from a wide range of sea ice types in respect of
age, temperature, and thickness, as well as biological standing stocks.
We report on the optical properties of CDOM from directly-sampled
sea ice brine, melted (bulk) sea ice from ice cores, the hyposaline
water from surface gap layers, and seawater. The relationships
between the spectral properties of CDOM and the concentrations
of DOC, dissolved organic nitrogen (DON), particulate organic carbon

(POC), particulate nitrogen (PN), and chlorophyll a (Chla) are exam-
ined and discussed in relation to the importance of CDOM in the sea
ice, and we assess the potential of sea ice as a source of CDOM to the
Southern Ocean.

2. Study sites and sampling
2.1. Study sites

The initial part of the study was conducted in the transition from
spring to summer (December 2004) during the interdisciplinary
field experiment Ice Station POLarstern (ISPOL) (Hellmer et al.,
2008). During the experiment, the physical and biogeochemical
properties of a single, 10 x 10 km (initial dimensions) ice floe were
monitored. The ISPOL floe was located in the western Weddell Sea,
where it drifted in a northerly direction at approximately 67-68°S
and 55°W (Fig. 1). Samples were taken from first- and second-year
ice from the structurally heterogeneous ISPOL floe, as well as from
the water of 2 spatially separate gap layers in the upper 10 to 30 cm
of the ice column. Details of the physical and chemical features of
the floe have been reported elsewhere (Haas et al., 2007; Lannuzel
et al., 2008; Papadimitriou et al., 2007, 2009).

The second part of the study was conducted in the transition
from winter to spring (September-October 2006) during the Winter
Weddell Outflow Study (WWOS) on board R.V. Polarstern (Lemke,
2009). The cruise track took an east to west transect between 60° to
61°S and 40° to 52°W, and a northeast to southwest transect
between 60°S and 65°S, in the north-western Weddell Sea (Hellmer
et al., 2009). Brine and ice core samples were obtained at 22 ice
stations during a 38-day period (Fig. 1). Physical, chemical, and
biological parameters of the WWOS sites have been reported in
Haas et al. (2009) and Meiners et al. (2009).

The third part of the study was conducted during the Sea Ice
Physics and Ecosystem Experiment (SIPEX) onboard the R.S. Aurora
Australis in the transition from winter to spring (September-
October 2007) on 14 ice stations within the 110-130° E region
off Eastern Antarctica (Fig. 1). During the SIPEX experiment, the sea
ice was thinner than that studied during ISPOL and WWOS, with
many of the floes relatively undeformed and less than 60 cm thick.
The majority of samples were taken from first-year ice. One station
was fast ice, and one station was rafted consolidated pancake sea
ice close to the marginal ice zone from which two cores were taken.

2.2. Sampling

Under-ice seawater samples were taken using a Seabird
911+CTD rosette equipped with 12 L Niskin bottles during ISPOL
and WWOS, and with a manual, messenger-operated 2 L Niskin
bottle during SIPEX. All samples were collected in acid-cleaned
1 or 2 L HDPE bottles.

Ice cores were drilled either manually or using an electric motor,
using a KOVACS Mark II (9 cm internal diameter) ice corer, and were
immediately sectioned into 10 cm segments directly into acid-cleaned
1L plastic tubs. To maintain consistency all cores were sectioned
starting at the bottom of the core and working towards the top.
Temperature measurements were taken from a companion core by
drilling a small hole at the mid-point of each 10 cm section and
inserting a calibrated K-Thermocouple probe on a HANNA Instruments
thermometer (HI93530). All ice core sections were then returned to the
onboard laboratory and were melted in the dark at +4 °C.

Brine samples were collected using the sackhole sampling
method by manually drilling partial bore holes into the ice surface
after removing the snow cover and allowing the brine from the
surrounding brine channels to percolate into the hole (Gleitz et al.,
1995). Between three and six sackholes were drilled on each
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Fig. 1. Cruise tracks and ice stations for (A) the ISPOL drift experiment (27/11/04 to 02/01/05), indicated with open circles, with drift area contained within box, and the WWOS
field study (06/09/06 to 13/10/06), indicated with solid circles, both in the Weddell Sea, Antarctica, and (B) the SIPEX field study (11/09/07 to 10/10/07) in the Eastern Antarctic
region. The ISPOL/WWOS map was provided by Marcel Nicolaus, Norwegian Polar Institute. The SIPEX map was generated using Online Map Creation.

occasion using a 14 cm (ID) Kovacs Mark V ice corer within
approximately a 2m? ice surface to depths between 16 and
186 cm, but mostly in the 30 to 60 cm range, depending on the
thickness of the ice. Ice shavings and slush were removed, and
Styrofoam covers were placed over the top of the sackholes to
ensure that samples were not compromised by snow, slush, or
debris, and to minimise air-brine interaction (Papadimitriou et al.,
2007). During ISPOL, sufficient volume of brine was generally
collected after 10 minutes, but due to the colder temperatures
during the WWOS and SIPEX studies, the time required to collect
sufficient brine was 0.5 to 3, and 3 to 7 hours, respectively. The
brine samples were collected into acid-cleaned 1L plastic contain-
ers using an acid-cleaned 100 mL plastic syringe fitted with a 30 cm
length of Teflon tubing. Deeper sackholes were sampled with a
stainless steel ladle attached to a pole. The brine temperature was
measured in situ using a calibrated K-Thermocouple probe on a
HANNA Instruments thermometer (HI93530). Sackhole sampling
has been shown to be a suitable method for measurements of
dissolved constituents in brines but unsuitable for quantitative
measurements of the particulate fraction because the latter does
not percolate quantitatively with the brine (Weissenberger, 1992;
Papadimitriou et al., 2007). The concentrations of Chla, POC, and PN
measured in sackhole brine samples are therefore underestimates
of actual in situ concentrations and are reported here only as
relative abundance indicators for biomass.

2.3. Samples
The ISPOL samples comprised:

1) Seawater samples from four CTD stations at water depths
between 5 and 1516 m;

2) Seven ice cores from two sites on the floe, five ice cores from a
level 50 x 50 m patch of thin first-year ice, and two ice cores
from a spatially separate site with thick second-year ice;

3) 31 brine samples, 28 hypersaline (salinity > 35) and 3 hyposaline
(salinity < 35), 29 from a separate site on the floe with thick first-
year ice and two from a location with thick second-year ice;

4) 23 hyposaline water samples from two spatially separate gap
layers, one overlying thick first-year ice and another overlying
second-year ice from which the two ice cores were also obtained
as described in 2) above.

The five ice cores from the thin first-year ice described in 2) above
were part of a temporal study and were taken at approximately 5 day
intervals between 29/11/04 and 30/12/04. The brine samples were
collected between 02/12/04 and 29/12/04 at intervals of 3 to 9 days,
with a minimum of three sackholes sampled at each sampling event.
The biological and geochemical composition of the hypersaline
sackhole brines and the hyposaline gap waters from the ISPOL floe
has been reported in Papadimitriou et al. (2007, 2009).

The WWOS samples comprised:

1) Seawater samples from five CTD stations at water depths
between 20 and 5591 m;

2) 12ice cores, 11 from first-year ice and one from second-year ice;

3) 118 brine samples, 100 from first-year ice and 18 from second-
year ice.

The SIPEX samples comprised:
1) 28 under-ice water samples taken at between 1 and 10 m depth;

2) 33 ice cores, 30 from first-year ice and three from second-
year ice;
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3) 38 brine samples, 33 from first-year ice and five from second-
year ice.

Fifteen of the ice cores and 16 of the brine samples were taken
from sites dedicated to trace iron analysis (van der Merwe et al.,
2009). One core was taken from a heavily deformed floe (209 cm
thick), and one further core and three brine samples came from an
area of land fast ice.

2.4. Photo-bleaching experiment

In addition to field sampling, a CDOM photo-bleaching experi-
ment was set up during ISPOL in order to investigate the changes
in brine CDOM during photo-bleaching at in situ conditions.
Ten borosilicate and 10 quartz 220-mL tubes with stoppers
(all pre-combusted at 500 °C for 3 hours) were filled with filtered
(using pre-combusted WHATMAN GF/F filters) brine taken from a
single sackhole (salinity=55.2). The borosilicate tubes were
wrapped in foil to maintain dark conditions and served as control
samples, while the quartz tubes were left unwrapped. All vessels
were then half-buried in surface snow to minimise temperature
variation. Samples for CDOM, DOC, and DON analyses were taken at
time zero. Thereafter, two control tubes and two experimental
tubes were harvested, thoroughly mixed, and sampled for CDOM,
DOC, and DON analyses at 12, 18, 24, 48, and 120 hours. During the
experiment light measurements were recorded using a hyperspec-
tral radiometer (TriOS RAMSES ACC-UV) for the UVA (measured
between 320 and 400 nm) and UVB (measured between 280 and
320 nm) spectral range, while 27 quantum sensor (LI-190) was
used for the PAR range (400 to 550 nm). Both sensors were placed
on the snow surface in proximity to the sample vials, making sure
that no shading effects occurred by any of the sensors, cables or
connected recorders. The sensors were connected to a PC and a
LI-COR datalogger (LI-1400) for control and data storage, respectively.
The sampling rates were set to 5 min intervals and the spectral
resolution for the radiometer was 2.2 nm. The PAR data are
expressed in pmol m~2s~! while the UVR data are expressed

inwWm~2

2.5. Analytical techniques

All salinity measurements were taken at laboratory tempera-
ture (17 to 22 °C) using a SEMAT Cond 315i/SET salinometer with
WTW Tetracon 325 probe. As the maximum range of the instru-
ment is salinity=70 (measured in PSU), samples with higher
salinity were measured after dilution with ultrapure water. The
samples for the determination of Chla, POC, and PN were collected
from an aliquot of known volume on pre-combusted (500 °C, three
hours) filters (WHATMAN, GF/F) and were kept at —20 °C until
analysis of Chla in the onboard laboratory and POC/PN in the
Bangor University (ISPOL and WWOS) and University of Tasmania
(SIPEX) laboratories. The extracted Chla was measured using a
Turner Designs 10 AU fluorometer (detection limit of the instru-
ment 0.02 pg L~!) following the method of Evans et al. (1987)
during ISPOL and WWOS, and Holm-Hansen et al. (1965) during
SIPEX. The POC and PN concentrations were determined with a
CARLO ERBA NA 1500 Elemental CHN Analyzer (ISPOL and WWOS)
and a Thermo Finnigan EA 1112 Series Flash Elemental Analyser
(SIPEX) after overnight fumigation with 37% (w/v) HCI to remove
the inorganic carbon fraction and oven-drying at 60 °C.

The filtrate provided samples for DOC, DON, and CDOM
measurements during ISPOL and WWOS, while, during SIPEX, such
samples were obtained by filtering through disposable syringe
filters (WHATMAN, GD/X) using an acid-cleaned 20 mL all-plastic
syringe. The DON samples were stored at —20 °C in acid-cleaned

20 mL scintillation vials, while the DOC samples were stored
acidified with ~20 pL of ultrapure orthophosphoric acid in pre-
combusted (500 °C, three hours) 4mL borosilicate vials with Teflon-
lined screw caps at —20 °C until analysis in the Bangor University
laboratory. The DOC and DON were analysed as described in
Papadimitriou et al. (2007).

The CDOM samples were stored refrigerated in the dark in acid-
cleaned plastic bottles and were measured within 24 hours of
collection. The absorbance of CDOM was measured at room
temperature using a dual beam Shimadzu 1601 UV-Vis spectro-
photometer over the range 200 to 750 nm at a resolution of 0.5 nm.
The optical density acquired from the instrument was converted to
the CDOM absorption coefficient (acpom,) using the equation

acpom, = 2.303 A(TM (])
where acpowm, = absorption coefficient (m '), A(A)=optical density
ata given wavelength /4, 2.303 = conversion factor from log; ¢ to log.
units, and r=Ilength of optical path=0.10 m.

The CDOM absorption spectrum typically declines exponen-
tially with wavelength (1) when measured from 300 to 650 nm
and, hence, can be modeled as an exponential function of A (Bricaud
et al., 1981). The modeled exponential slope of this spectrum (S)
offers an indication of CDOM quality because it varies depending on
its source (terrestrial or marine), age (fresh or old), and extent of
degradation (Carder et al., 1989; Stedmon and Markager, 2001).
The absorption at a specific wavelength can be used as an indicator
of CDOM concentration. A range of wavelengths have been used in
the past here we use 375 nm. The wavelength range from which S
is calculated, and the choice of 375 nm, represents a compromise
between analytical chemistry where CDOM absorption at UV
wavelengths is due to its aromatic content (Chin and Gschwend,
1992), and aquatic bio-optics when predicting penetration of
natural light is of interest. Reporting the absorption at 375 nm
together with the S value derived from across the whole UVA and
visible light range allows others to predict the light attenuation due
to CDOM. The carbon-specific CDOM absorption (a%;s,inm? g~ C)
is the absorption normalised to the DOC concentration (expressed
ing C m~3)and together with S represents a qualitative measure of
CDOM colour.

All concentrations are reported on a per kg solution (mass) basis
(Cmass) after conversion of the measurements on a per unit volume
basis (Cyo1) as

Cvol
Cmass p,
with p’=sample density at the temperature of sample processing.
The density of melted sea ice (p,,.,), brine (p,), and gap waters
(péap) in laboratory conditions were calculated by extrapolation of
the equation of state for seawater in Millero and Poisson (1981) to
the sample salinity, because the major ionic composition of sea ice-
derived solutions reflects physical modification of that of oceanic
water. The concentrations measured in melted bulk ice were
further converted to per kg of brine at in situ temperature
conditions as

(@)

(Cvol/p;-ne]t)pbulk ice
Cb, mass — W (3)
where (V},/V) is the relative brine volume, and ppyix ice and py, are
the bulk ice and brine densities, respectively, at in situ temperature,
all calculated as in Cox and Weeks (1983), using the polynomial
functions in Cox and Weeks (1983) for temperatures < —2 °C and
Leppdranta and Manninen (1988) for temperatures between 0 >
and > —2 °Cand an (assumed) relative air volume of 1.5% (C. Haas,
pers. comm.). The concentrations directly measured in sackhole
brines and those derived from bulk sea ice measurements were
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Table 1
Physical parameters measured in sea ice and brines collected during this study.
ISPOL 27/11/04 - 02/01/05 WWOS 06/09/06 - 13/10/06 SIPEX 11/09/07 - 10/10/07
Bulk Ice Brine Surface Gap Bulk Ice Brine Bulk Ice Brine
Layers
Thickness (cm) 72 to 226, 1to 16, 88 to 190, 35 to 133€,
n=9 n=23 n=12 n=33
20 to 78, 16 to 66, 14 to 80,
Depth (cm) n=36 n=118 n=41
Temperature (°C) -2.5to -1.1%, -3.4to -1.3%, -1.8 to -0.8, -8.8 to -1.9, -8.7 to - 3.6, -14.8 to -1.5, -124to0-2.2,
P n=96 n=36 n=23 n=154 n=126 n=214 n=24
Salinit 1.0to 9.3, 29.4 to 63.2, 20 to 33, 0.4 to 14.1, 58.1 to 134.0, 2.1to 18.3, 33to 179,
y n=96 n=40 n=23 n=154 n=126 n=251 n=46
o 2.6 to 31.9, 0.2 to 25.0, 0.2 to 34.8,
VolV (%) n=95 n=154 n=208

2 The brine samples were derived from the upper layers of thick first-year ice (Papadimitriou et al. 2007), which were colder than the temperature range of the ice cores
obtained from spatially distinct, separate patches of thin first-year ice and thick second-year ice on the ISPOL floe.

b A single brine sample was obtained from a sackhole of 186 cm depth.

€ A single 209-cm-thick ice core was obtained from rafted ice on a heavily deformed floe.

further normalised to a salinity of 35 as

35
Cb, masssS = ?Cb, mass 4)

b

where S, is the salinity of the brine, which, for bulk sea ice
determinations, was calculated as a function of ice temperature
(t, Petrich and Eicken, 2010) as

-1
sb=1000<1_54%)

The temperature and salinity of bulk ice, brine, and surface
waters, as well as ice thickness and V,,/V from all three studies are
given in Table 1. Correlation analysis and analysis of variance
were conducted on MINITAB, while regression analysis was based
on the geometric mean regression in Ricker (1973). It should be
noted that not all analysis were performed on every sample
mentioned in Section 2.3 above, therefore numbers of observations
quoted in the following results section and accompanying tables
may differ.

©))

3. Results

3.1. Physical and biochemical parameters
3.1.1. Seawater

The mean DOC and DON concentrations in seawater varied
between expeditions (Table 2), with the SIPEX samples signifi-
cantly higher than both ISPOL and WWOS (p <0.01) for both
parameters. The concentration of POC in the water column was
measured during WWOS and SIPEX and was not significantly
different between cruises, while PN data were only available for
SIPEX. The measured Chla concentrations were all less than
0.25 pg kg~ ! during the three studies (Table 2).

3.1.2. Bulk ice

The bulk ice temperature and salinity varied considerably
between studies. The warmest ice temperatures and narrowest
salinity range were encountered during the ISPOL drift experiment
in the spring-summer transition (Table 1). Both the WWOS and SIPEX
field studies were conducted during the winter-spring transition, yet

the SIPEX data set exhibited the widest temperature and salinity
ranges, including the coldest ice temperature (— 14.8 °C) and highest
bulk ice salinities (18.3) (Table 1).

The DOC, DON, POC, PN, and Chla concentrations in the bulk ice
samples exhibited a high degree of variability, with their ranges
extending over 1 to 3 orders of magnitude for each parameter
(Table 2). The mean DOC concentrations were not significantly
different across the three studies, with at least 75% of the samples
being less than 60 pumol kg~ despite the large concentration ranges.
The DON concentrations were lower in the SIPEX samples (significant
at p < 0.01) than both the ISPOL and WWOS samples (Table 2). Based
on all available observations from bulk sea ice, [DOC] > 200 pmol
kg~ and [DON] > 40 umol kg~ ! were measured systematically and
most frequently in the bottom 10-20 cm of the cores. No other
distribution pattern with depth downcore was discernible for these
parameters (Fig. 2). When the measured concentrations of DOC and
DON were normalised to a salinity of 35 (Gleitz et al., 1995) both
constituents were enriched relative to the mean salinity-normalised
concentration in the underlying seawater (Table 2). The DOC was
positively correlated with DON in all studies (Fig. 3; ISPOL:
12 oo = 0404, p <0.001, n=61; WWOS: rlzogflog =0.526, p <0.001,
n=148; SIPEX: r,, ., = 0.318, p < 0.001,n=138). The observed DOC
to DON ratios were variable within all three datasets, but the mean
DOC:DON was not significantly different between them (Table 2).

The mean concentrations of POC and PN measured in the SIPEX
bulk ice samples (Table 2) were lower (significant at p < 0.001)
than those measured during ISPOL and WWOS (Table 2), with the
ISPOL and WWOS mean observations being almost 3-fold and
2-fold greater, respectively (Table 2). All datasets yielded positive
correlations between POC and PN (Fig. 4; ISPOL: 1f |, =0.297,
p<0.001, n=57; WWOS: 1}, ., =0914, p<0001, n=151;
SIPEX: 1. o = 0.830, p < 0.001, n=110), with the ISPOL observa-
tions exhibiting a greater degree of scatter. Mean POC to PN ratios
(Table 2) differed significantly between the studies (all p < 0.05).

The Chla concentrations in the bulk ice samples were wide
ranging in all datasets but especially in the WWOS dataset (Table 2;
Fig. 5). The ranges of Chla concentration in the ISPOL and SIPEX
samples were similar (Table 2), but the mean for the SIPEX
samples was almost half that of the ISPOL samples. The majority
of the ISPOL and WWOS samples yielded Chla concentrations
between 1 and 7 pg kg~ ', whereas the majority of SIPEX samples
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Fig. 2. Profiles of DOC and DON with depth in the ice (y=0% represents the air-ice or ice-snow interface). In the ISPOL observations, solid circles represent second-year ice
with surface and internal communities, and open circles represent first-year ice. For clarity of presentation DOC concentrations > 200 pmol kg~ are not included in the
figures. The excluded observations were derived from the bottom section (142-155 cm depth below the ice surface) of the core obtained on 05/10/06 during WWOS
(IDOC]=780 umol kg ') and bottom section (40-43 cm depth) of the core obtained on 03/10/07 during SIPEX ([DOC]=325 pmol kg~ 1).
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Fig. 3. DOC as a function of DON in bulk ice samples. The solid lines represent linear regressions on untransformed (ISPOL) and log-transformed data (WWOS, SIPEX).
Regression equations: [DOC]=13 ( + 9)+6 ( + 1) [DON] (ISPOL), [DOC]=12 [DON] %° (%1 (WWQS), and [DOC]=12 [DON] *© (0D (SIPEX).

10000

SIPEX

ISPOL

1000

POC (umol kg")
8

>

PR AT B AU TETI ST

1 +—rrrmr——rrrmm—rrrr

0 1 10 100
PN (umol kg™)

T T

1000 0 1 10 100
PN (umol kg™)

LELE L B T T T T

1000 0 1 10 100
PN (umol kg™)

T

1000
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yielded Chla concentrations <1 pgkg~!. The concentrations

measured in the more algal-rich parts of the ice column were also
variable between expeditions, with the ISPOL samples yielding
Chla concentrations between 10 and 85 ugkg~!, WWOS from
10t0 2191 pg kg~ !, and SIPEX from 3 to 46 pg kg~ '. This indicates
that, at the depth of biomass maximum in sea ice, the algal biomass
densities were generally most moderate during the SIPEX study
and highest during the WWOS study. The depth profiles of each
of the particulate constituents clearly indicated concentration
maxima within the bottom 10-20cm of the cores, except
for two second-year ice cores collected during ISPOL, which
exhibited localised maximum concentrations higher up in the
ice column, where surface and internal communities were present
(Fig. 5).

Chla (ngkg")

Chla (ngkg")
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3.1.3. sea ice brine

The temperature of the sea ice brines collected during the three
studies ranged between —12.4 and —1.3 °C and their salinities
ranged from 29.4 to 179. The highest temperatures and lowest
salinities were measured during ISPOL and the lowest tempera-
tures and highest salinities were measured during SIPEX (Table 1).
In sea ice, brine salinity (Sp) is reported to be a function of ice
temperature (Petrich and Eicken, 2010), and this relationship was
evident in the direct observations of S, and temperature from
sackhole brines during each of the studies (Fig. 6; ISPOL:
r’=-0.956, p<0.001, n=39; WWOS: r’=-0.969, p <0.001,
n=124; SIPEX: r?= —0.957, p < 0.001, n=34).

As with the bulk ice samples the DOC, DON, POC, PN, and Chla
concentrations in the brine samples exhibited a high degree of

Chla (ngkg")
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Fig. 5. Ice core profiles of POC, PN, and Chla. In the ISPOL figures, solid circles represent cores from second-year ice with surface and internal communities and open circles
represent cores from first-year ice. For clarity of presentation POC concentrations > 1250 pmol kg~ !, PN concentrations > 100 pmol kg, and Chla concentrations
> 100 pmol kg =" are not included in the figures. The excluded observations were derived from the bottom section (142-155 cm depth below the ice surface) of the core
obtained on 05/10/06 ([POC]=3433 pmol kg~ ', [PN]=449 umol kg ~, and [Chla]=2191 pg kg '), and from the bottom section (111-121 cm depth) of the core obtained on

09/10/06 ([Chla]=223 pg kg~ 1), both during WWOS.
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variability (Table 2). Mean DOC and DON concentrations were
significantly different between the studies (DOC: p < 0.005, DON:
p <0.03), with the highest means and largest ranges of both para-
meters occurring in the WWOS brine samples (Table 2). The mean
salinity-normalised concentrations of DOC and DON in sackhole brines
(normalised to a salinity of 35; Gleitz et al., 1995) were higher than the
salinity-normalised concentrations of the underlying seawater during
ISPOL and WWOS (Table 2), indicating enrichment of DOC and DON in
the sea ice brine beyond that which can be explained by simple
physical concentration of these solutes. In contrast, during SIPEX, the
mean salinity-normalised concentrations of DOC and DON in sackhole
brines (60+31 pmolkg~! and 3.9+ 1.8 pmol kg~ !, respectively)
were similar to the mean salinity-normalised seawater concentrations
(57410 and 3.9 + 1.0 pmol kg‘1, respectively). The DOC and DON
measurements in the brines were positively correlated, (Fig. 7; ISPOL:
r’=0.808, p <0.001, n=31; WWOS: r’=0.772, p <0.001, n=122;
SIPEX: r2=0.438, p=0.031, n=29), and although the observed
DOC:DON was variable within all three datasets, the mean DOC:DON
did not differ significantly between the datasets (Table 2). Within the
ISPOL and SIPEX datasets, there was a small proportion of observations
(< 10%) that had a lower DOC:DON ( <10) than the majority of
samples (range = 14 to 30; Table 2). These observations were excluded
from the regression analysis shown in Fig. 7.

The POC and PN concentrations were all elevated in the WWOS
brine samples compared to the ISPOL samples (Table 2), but they were
not significantly different. The measured concentrations of both
parameters were highly variable during both campaigns, although
there appeared to be some degree of consistency within locations,
particularly during the WWOS field study. The POC and PN of the
brines were positively correlated (Fig. 8; ISPOL: rZ . =0.163,
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Fig. 6. Salinity as a function of temperature in sea ice brines. The open circles
represent ISPOL samples, open squares represent WWOS samples, and open
triangles represent SIPEX samples. The solid line represents the functional relation-
ship between the two parameters as described by Petrich and Eicken (2010).

p=0.032, n=23; WWOS: rlzogflog =0.907, p<0.001, n=120). The
two highest PN observations (19.2 and 22.9 umol kg~') from the
ISPOL data set were excluded as the concentrations were 3- to 4-fold
higher than any other sample measured and disproportionally
influenced the analysis. As with the bulk ice samples, the mean
POC:PN differed between the two studies at 18 + 16 (ISPOL) and 9 + 3
(WWOS), which may be attributed to the difficulties encountered
when sampling particulate matter from sackhole brines.

The Chla concentrations in WWOS brine samples were higher
than the ISPOL brine samples (significant at p <0.001), with the
majority of the WWOS brine samples yielding Chla concentrations
between 2 and 5 pg kg~ ! and all ISPOL samples yielding < 2.1 ug
kg~'. No Chla data are available from the SIPEX brine samples. As
with the POC and PN, the reported Chla concentrations in the brine
are only an approximation of the in situ concentrations.

3.1.4. Surface gap layers

The biogeochemical composition of the two surface gap layers
sampled during the ISPOL study has been reported in Papadimitriou
et al. (2009). Briefly, the concentrations of the biogenic dissolved and
particulate matter were within the ranges observed in bulk sea ice,
with higher DOC, DON, POC, PN, and Chla concentrations in the waters
of the thick gap layer overlying second-year ice than those in the
water of the thin gap layer overlying thick first-year ice. Additional
biogeochemical measurements (pH, dissolved molecular oxygen,
major dissolved inorganic nutrients, including total dissolved inor-
ganic carbon), however, indicated comparable autotrophic activity in
both gap layers by the surface biological assemblage which extended
in the neighboring surface ice layers. Mean values, standard devia-
tions, and ranges are given in Table 2.

3.2. CDOM

The absorption spectra of seawater followed the commonly
observed exponential decline with increasing wavelength (Bricaud
et al., 1981), but the bulk ice, brine, and gap water samples did not.
Many of the bulk ice and brine samples, and all of the gap water
samples had a distinct peak at 320-330 nm, with the bulk ice samples
also displaying a shoulder between 260 and 280 nm. These features
were consistent across all three studies (Figs. 9 and 10). Using 375 nm
(as7s) as an indicator of CDOM concentration, all studies yielded the
highest concentrations in the brine samples, with mean values 4 times
greater than in the underlying seawater (Table 3). No significant
differences were found in as;s between the studies. The carbon-
specific CDOM absorption (a3;5) was highest in the bulk ice samples,
with a maximum value of 2.38 m? g~ C (Table 3).

Due to the presence of the shoulders and peaks, none of the
gap water spectra, only 12% of the ice spectra, and 47% of the
brine spectra could be modeled with an exponential function.

400

DOC (umol kg'])

SIPEX

DON @mol kg")

DON (umol kg &

60 80 100
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Fig. 7. DOC as a function of DON in sea ice brines. The solid lines represent linear regressions. The solid symbols in all graphs represent observations not included in the
regression analysis. Note that the WWOS data is presented on a different scale from the ISPOL and SIPEX data due to the much larger concentration range measured. Regression
equations: [DOC]=—17 ( +42)+19 ( + 3) [DON] (ISPOL), [DOC]=15 ( +28)+17 ( + 1) [DON] (WWOS), [DOC]=1 ( 4+ 52)+18 ( + 5) [DON] (SIPEX).
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The S values obtained from this sub-set of the data show very
similar means and ranges in the seawater and brine samples,
whereas the bulk ice samples exhibited a lower mean and mini-
mum value than that of the seawater and brine samples (Table 3).In
contrast the a3;5 of the bulk ice samples was more than double that
of the brine and almost double that of the seawater (Table 3). When
Swas plotted against the a3;5 of the brine and seawater samples, all
observations followed the same trend, with higher S values and low
a3 in seawater and brine and low S and high a37s in bulk sea ice
(Fig. 11).
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Fig. 8. POC as a function of PN in sea ice brine. The solid lines represent regressions on
measured (ISPOL) and log transformed concentrations (WWOS). Solid circles on the
ISPOL graph represent observations not included in the regression analysis. Regres-
sion equations: [POC]=14 ( +21)+11 ( +4) [PN] (ISPOL), [POC]=9 [PN] 097 (+008)
(WWOS).
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3.2.1. Relationships with physical and biogeochemical parameters.

In order to investigate possible relationships between the
biogeochemical and physical parameters (DOC, DON, POC, PN,
Chla, temperature, and salinity) and the optical measurements
(CDOM), the absorption spectra of each sample type (seawater,
bulk ice, brine, and surface gap layer) were divided into four
wavelength bands, and the integrated CDOM absorption coefficient
(acpomy) within those bands was calculated for each sample.
Bands 1 (250 to 255 nm) and 4 (390 to 400 nm) represented the
background CDOM, band 2 (265 to 270 nm) contained the highest
point of the shoulder observed in the bulk ice samples, and band 3
(320 to 330 nm) contained the top of the peak observed in the bulk
ice, brine, and gap water samples (see Fig. 9). Between studies the
acpomn, at band 3 in the WWOS bulk ice samples was lower than
in both the ISPOL and SIPEX samples (significant at p=0.001 and
p < 0.001, respectively), and in the brine samples the acpom. of the
SIPEX brine samples was lower than in both ISPOL and WWOS brine
samples at all bands (significant at p <0.05) (Table 4). No addi-
tional information was gained as to the source of the peaks from the
correlation analysis of the wavelength bands with the physical and
biochemical parameters.

3.3. Photo-bleaching experiment

3.3.1. Light measurements

The maximum UVR values reached 4.70 Wm~2 at t=1 h, and
70.31 W m~2att=72 h(between 1500 and 1600 ship time (UTC -4))
for the UVB and UVA bands, respectively, while the minimum
values reached 0.02 W m~2, initially at t=12 h and then at each
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Fig. 9. Seawater, bulk-ice, and brine absorption spectra. Data presented are means and standard deviations of normalised absorption spectra (value at 250 nm normalised

wavelength (nm)

to 1). (A), (B), (C)=seawater samples, (D), (E), (F)=ice core section samples, (G), (H), (I)=brine samples.

wavelength (nm)
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normalised absorption
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Fig. 10. Absorption spectra from water samples collected from two gap layers during the ISPOL drift experiment in the Weddell Sea between 27/11/04-02/01/05. Data
presented are means and standard deviations of normalised absorbance spectra (value at 250 nm normalised to 1).

Table 3

Mean + standard deviation, (range), and number of observations (n) for the samples from Antarctic sea ice and surface oceanic waters from which optical measurements of
DOM (CDOM) were obtained: CDOM absorption coefficient (acpomy) at 375 nm (as7s) and average between 320 and 330 nm (43,0330, corresponding to the peak observed in
Figs. 9 and 10), spectral slope (S calculated from the exponential model fit on individual 300-650 nm spectra), carbon-specific absorption (a%;s), and corresponding dissolved
organic carbon (DOC) concentrations. For many samples from the brines and ice cores, and for all of the surface gap layer samples it was not possible to model the absorption
spectra using an exponential model (see Figs. 9 and 10 for indication of these non-exponential spectral shapes) and S could therefore not be calculated.

Seawater Ice Brine Surface Gap
Layer
azzs (m~') 0.11+0.11 0.14+0.16 0.41+0.37 0.28 +0.14
(0.01-0.78) (0.00-1.43) (0.00-1.79) (0.07-0.68)
n=54 n=358 n=138 n=23
d320-330 (M~ 1) 029 +0.55 0.56 + 0.46 1.23 +0.99 1.34 +0.77
(0.06-4.23) (0.03-2.83) (0.12-4.52) (0.34-3.37)
n=>54 n=358 n=138 n=23
S(um~1) 209 +6.1 162+6.9 202 +4.1 No Data
(11.1-39.6) (6.5-33.3) (13.7-34.6)
n=>51 n=42 n=65
a%,s (m?g=1 Q) 0.19+0.18 0.33+0.37 0.13 + 0.09 0.56 + 0.47
(0.04-0.94) (0.00-2.38) (0.00-0.46) (0.08-1.71)
n=27 n=320 n=130 n=18
DOC (umol kg~1) 47 +14 42 +30 271+ 172 84 +75
(14-76) (6-192) (23-970) (18-324)
n=43 n=320 n=137 n=20
50 sensor used, the PAR data could only be expressed in pmol m~2
s~ 1. Here the maximum values were around 2500 pmol m 2 s~ ' at
40 t=72 h (local noon), while minimum values reached ~20 pmol
m~2s~1! at local midnight (Fig. 12).
30
g 3.3.2. Biogeochemical parameters
> g The shoulders and peaks observed in many of the brine samples
20 o were not present in the brine collected for the photo-bleaching
o experiment. Therefore, in addition to 375 nm it was possible to
10 00 oo add two further reference wavelengths of 280 nm and 330 nm
0 op® ® to calculate a percentage change in CDOM absorbance over the
120 h experimental period. A clear decrease in acpom; Wwas
0 -} observed at 280 and 330 nm in the light-exposed brine samples,
0 1 2 3 with little change observed in the dark control samples (Fig. 13).

a*yzs (m2g-1)

Fig. 11. Spectral slope (S, 300-650 nm) as a function of the carbon-specific
absorption coefficient (a3;s). Solid circles represent brine, open circles represent
bulk ice, and open squares represent seawater.

24 hinterval thereafter,and 0.81 W m~2at t=12 h (between 03:00
and 04:00 ship time), respectively (Fig. 12; daily averages given in
Table 5). Due to methodological restraints imposed by the type of

The 120 h exposure to photo-bleaching resulted in a 53% decrease
in acpomy, at 280 nm and 58% decrease at 330 nm (Table 6; Fig. 14).
In contrast, acpomy. at 375 nm initially increased by 12% in the light-
exposed samples during the first 24 h of the experiment. An overall
decrease in acpom;. of 30% from the initial concentration was
measured at t=48 h, and no further change was observed at
t=120 h (Table 6; Fig. 14). The control samples increased through-
out the experiment and a 48% increase in acpowmy. at 375 nm was
measured at t=120 h (Table 6; Fig. 14). Some variability in DOC
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Table 4
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Mean + standard deviation and (range) for integrated CDOM absorbance coefficients (acpomy) within wavelength bands 250 to 255 nm (band 1), 265 to 270 nm (band 2), 320
to 330 nm (band 3) and 390 to 400 nm (band 4) in seawater, bulk ice, brine and gap layer samples Bands 1 and 4 represent background CDOM, while bands 2 and 3 represent the

location of spectral peaks.

ISPOL 27/11/04 - 02/01/05

WWOS 06/09/06 - 13/10/06

SIPEX 11/09/07 - 10/10/07

Seawater, Bulk Ice, Brine, Gap layers, Seawater, Bulk Ice, Brine, Seawater, Bulk Ice, Brine,
n=10 n=74 n=8 n=20 n=32 n=142 n=105 n=7 n=134 n=18
Band 1 0.97 +0.18 0.82+0.77 43421 1.8+ 0.50 0.96 +0.14 1.0+ 1.5 55+3.6 1.6+0.75 0.95+0.51 28+1.2
250 to 255 nm (0.66-1.18 0.13-6.3 1.1-6.2 0.95-2.92 0.71-1.26 0.22-16.5 2.1-21.1 0.98-3.2 0.34-3.8 0.97-5.5
( ) ( ) ( ) ) ( ) ( ) ( ) ( ) ( ) ( )
Band 2 0.65+0.14 0.79 + 0.96 35+1.8 1.5+0.54 0.69 +0.12 1.1+1.7 46+3.5 1.2+0.54 0.82 +0.45 1.9+0.84
265 to 270 nm (0.42-0.79)  (0.11-8.1)  (0.8-52)  (0.70-2.8) (0.45-0.96)  (0.17-19.2)  (1.4-202) (0.68-2.3)  (0.27-3.7) (0.71-3.9)
Band 3 0.18 + 0.04 0.59 + 0.41 1.14+047 1.54+0.68 0.20 + 0.06 0.39+0.42 14+1.0 0.25+0.12 0.62 +0.48 0.48 +0.27
320 to 330 nm (0.14-0.26) (0.07-1.7) (0.33-1.6) (0.43-3.2) (0.06-0.33) (0.03-2.7) (0.16-4.5) (0.12-0.47) (0.09-2.7) (0.12-1.1)
Band 4 0.06 +0.03 0.06 + 0.05 0.23+0.13 0.14+0.07 0.07 £ 0.03 0.07 +0.09 0.324+0.28 0.05+0.04 0.07 +0.08 0.08 + 0.05
390 to 400 nm (0.03-0.12) (0.00-0.21) (0.03-0.33) (0.06-0.40) (0.01-0.15) (0.00-0.73) (0.00-1.2) (0.01-0.09) (0.00-0.44) (0.00-0.2)
(A) Table 5
UVA and UVB daily doses (kj d ~!) during CDOM photo-bleaching experiment on the
2800 ISPOL floe. The calculations are based on hourly averages.
.
—~ 2400 Day UVA (kjd— 1) UVB (kjd~1)
‘v
o 2000 - . < 06/12/04 1793.61 114.89
’ * . 07/12/04 1646.07 117.91
— 1600 s . .
o) 3 . e ¥ ) 08/12/04 2138.84 127.20
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Fig. 12. PAR (A), UVA (B) and UVB (C) measurements during a CDOM photo-
bleaching experiment on the ISPOL ice floe between 1500 (t=0 h) 06/12/04 and 1500
(t=120h) 10/12/04. PAR data are expressed in pmol m~2s~!, and UVR data are

expressed in W m~2. Note difference in scale of Y axis.

dynamics of brine CDOM. Brine salinity =55.2.

Fig. 13. Changes in CDOM absorbance spectra over time (t=0to t=120 h) in sea ice
brine exposed to light (A) and dark control (B) in situ during a CDOM photo-
bleaching experiment set up during ISPOL in order to investigate the bleaching
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Spectral slope (S, calculated from the exponential model fit on individual 300-650 nm spectra), CDOM absorption coefficient (acpoms) at 280 nm (azs0), 330 nm (as30), and
375 nm (asys), carbon-specific absorption (a%ys), and corresponding DOC and DON concentrations (umol kg~ ') during the CDOM photo-bleaching experiment on the ISPOL

floe (brine salinity=>55.2).

Treatment Time Point (hr) S (um~1) azg0 (M~ 1) asze (m™1) aszs (m™') a%;s (m?g~1C) DOC (pmol kg=1) DON (pmol kg—1)
Initial Value 0 23.10 3.8 1.2 0.47 0.16 249 18.4
Light Exposed 12 27.78 3.1 0.9 0.48 0.16 251 12.6
18 28.03 2.9 0.9 0.48 0.16 254 16.2
24 28.68 29 1.0 0.54 0.18 251 123
48 33.82 24 0.6 033 0.11 257 15.0
120 35.62 1.8 0.5 0.33 0.11 249 15.2
Dark Control 12 2331 3.9 13 0.58 0.19 252 13.5
18 23.07 3.9 1.4 0.59 0.19 251 15.9
24 22.81 3.9 13 0.72 0.23 261 14.7
48 23.12 3.8 13 0.70 0.19 261 18.1
120 23.26 3.7 13 0.70 0.24 247 13.9
(A) (B) ©
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Fig. 14. Changes in acpow. at 280 nm (a,g0) (A), 330 nm (as30) (B), 375 nm (as7s), (C), DOC (D) and DON (E) concentrations (umol kg~ '), carbon-specific absorption (a%;5) (F), and
spectral slope (G) (S, calculated from the exponential model fit on individual 300-650 nm spectra), over time for a CDOM photo-bleaching experiment set up during ISPOL in order to
investigate the bleaching dynamics of brine CDOM. Brine salinity=55.2. Open symbols represent light exposed samples, and filled symbols represent dark (control) samples.

from the initial concentration of 249 umol kg~ was observed in
both sample sets, with increases of 3.2% in the light exposed
samples, and a 4.8% in the control samples occurring in the first
48 h of the experiment. However, DOC in both sample sets returned
to the initial concentration (Light: 249 pmol kg~!; Control:
247 pmol kg~ 1) by the end of the experiment (Table 6, Fig. 14).
A loss of DON from the starting concentration of 18.4 umol kg~
was evident in both treatments (Light at t=120 h: 15.2 umol kg~ 1;
Control at t=120 h: 13.9 umol kg~ ') (Table 6; Fig. 14).

The overall trend of the a%;s5 in the light-exposed samples was a
decline from0.16 m? g~ ' Catt=0t00.11 m® g~ ! Catt=120 h, save
for a small rise at t=24h to 18 m? g~ C. In the dark (control)
samples, the overall trend was an increase in a%;s to 0.24m™',
suggesting production of light-absorbing carbon-specific CDOM in
the control samples during the experimental period (Table 6; Fig. 14).
However, the observed variability in DOC concentration was not
coincident with the variability of the a3s in either sample set.

The S value at t=0 was 23.1 um~', with the dark (control)
samples varying little from this value throughout the duration
(120 h) of the experiment (range: 22.8 to 23.3 um™"). In contrast,
the light- exposed samples exhibited a steady and significant

increase in S (p=0.006), with a final value of 35.6 um~'att=120 h
(Table 6; Figs. 13 and 14).

4. Discussion
4.1. Biogeochemical parameters

The sources of organic matter (i.e. incorporation from the
underlying seawater and in situ production) are likely to be broadly
the same for each of the studies reported here. It is reasonable to
expect that although the quantity of material will be variable
depending on seasonal ice growth and decay (e.g., younger ice
encountered during SIPEX generally had lower concentrations of
the measured parameters than the ISPOL and WWOS ice), the
quality of the material will not vary between the studies.

The DOC and POC concentrations in seawater measured during
ISPOL and WWOS are within the range previously measured in the
Weddell Sea during summer and winter, respectively (Garrison and
Close, 1993; Wedborg et al., 1998; Herborg et al., 2001; Ogawa and
Tanoue, 2003; Dumont et al., 2009; Ortega-Retuerta et al., 2010).
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The SIPEX seawater DOC and POC concentrations are comparable
with previously reported concentrations for the same time of year,
and from the same area in the Southern Ocean (Dumont et al.,
2009). The elevated mean DOC and DON concentrations of the
SIPEX samples compared to the ISPOL and WWOS samples may be
attributed to the sampling strategy, where full under-ice seawater
depth profiles were measured during ISPOL and WWOS, whereas
all SIPEX seawater samples were collected at between 1 and 10 m
depth. In all three studies, save for a small number of cores
exhibiting internal and surface biomass maxima, the highest
concentrations of all measured biogeochemical parameters were
found in the bottom 10 to 20 cm of the ice column. The WWOS
maximum values were all elevated in comparison to ISPOL and
SIPEX, indicating that there was considerably more biomass
present in the bottom sections of the ice during the WWOS study
than during the other two studies.

The mean salinity-normalised bulk ice DOC and DON concen-
trations were, in all studies, enriched relative to the salinity-
normalised concentrations of the underlying seawater, which
suggests further in situ production to that incorporated from the
surface ocean as the ice formed. Thomas et al. (2001), Herborg et al.
(2001), and Kattner et al. (2004) report mean bulk ice DOC
concentrations of 109 uM, 207 uM, and 254 M in summer sea
ice from the Weddell Sea, which are 2- to 5-fold greater than the
mean values reported here. Mean brine DOC concentrations
reported in Thomas et al. (2001) are also 2- to 4-fold higher than
the concentrations reported in this study.

The range of DOC concentrations in the bulk ice reported from
the ISPOL study by Dumont et al. (2009) were 106 to 701 pM C as
opposed to the much lower range reported here of 20 to 157 pM.
The two sets of samples were taken from different areas on the floe,
and this variability is an example of the heterogeneity of a single ice
floe (Eickenetal., 1991). Similarly, the bulk ice DOC ranges reported
here for the SIPEX study and in Dumont et al. (2009) for the ARISE
study (2003) were quite different, despite the similar ice conditions
(Lannuzel et al., 2007) of the two studies, with the SIPEX mean DOC
concentration being half that of the lowest reported measurement
from the ARISE ice samples.

All three studies exhibited a large range of DOC to DON ratios in
the bulk ice samples, reflected in the relatively low but still
significant correlations, with DOC:DON > 50 observed in all studies
and DOC:DON > 140 observed in both WWOS and SIPEX studies.
All but one of the samples associated with these high DOC:DON
values had a DOC concentration that was close to the mean DOC
concentrations. This indicates that these high ratios were due to N
depletion rather than C enrichment, although no evidence could be
found to indicate that DON had been incorporated into the POM.
The mean DOC:DON ratios of all three studies were similar to
the mean value of 11 reported by Thomas et al. (2001) from
samples collected in the southeastern Weddell, Bellingshausen,
and Amundsen seas in summer.

The mean concentration and upper concentration range of the
POC, PN, and Chla measured in the bulk ice during SIPEX were all
much lower than those measured in the ISPOL and WWOS studies.
All the measured biogeochemical parameters from the SIPEX bulk-
ice and brine samples had lower concentrations than those of ISPOL
and WWOS. The mean POC concentrations measured in the SIPEX
samples were also half of that reported in young Weddell Sea
winter ice by Garrison and Close (1993), whereas the POC
concentrations reported for the ISPOL samples were similar to
summer low to medium biomass values reported by Kattner et al.
(2004). In addition, the majority of cores the collected during SIPEX
were < 100 cm with half of these being < 55 cm thick, whereas the
cores collected during ISPOL and WWOS were > 70 cm thick, with
most being > 100 cm thick. The lower biomass and thinner ice
during SIPEX indicates an environment of young winter ice growth

with low biomass compared to the older first- and second-year ice
from ISPOL and WWOS.

The mean bulk ice POC:PN values reported here in the WWOS
samples were similar to the value of 9.5 + 5.6 reported by Kennedy
et al. (2002), with the SIPEX samples being slightly elevated by
comparison. In contrast the POC:PN values of the ISPOL samples
(mean: 26 + 36; Table 2) were considerably higher. These elevated
POC:PN values appear to be a reflection of a mostly non-living as
opposed to actively growing community (Kattner et al., 2004), as
may be expected in spring/summer ice.

4.2. CDOM absorption and optical properties

The seawater CDOM concentrations (asys) were within the
range expected for oceanic waters (Blough and Del Vecchio,
2002), but mean as7s in the melted ice cores was lower than the
values reported in young Arctic sea ice (Belzile et al., 2000). For the
CDOM spectra that could be modeled with an exponential relation-
ship, the resulting S values followed the trend expected from
mixing of fresh and old marine CDOM (Stedmon and Markager,
2001), with fresh CDOM having low S values (~10 um~') and the
old marine CDOM having very low concentrations (as;s < 0.05
m~!) and higher S values (S~20 to 30 pm~!). The carbon-specific
CDOM absorption was highest in the melted ice cores, with a
maximum value of 2.4 m? g~ ! C. These values are similar to those
reported for terrestrial material in the Baltic region and Arctic
rivers (Stedmon et al., 2000), which indicates that CDOM produc-
tion in the ice generates material which is as intense in colour as
terrestrial material. For comparison, the seasonal production of
CDOM in the surface waters of the North Atlantic generated CDOM
with an a5 < 0.3 m? g~ ! C. Plotting the S values versus the carbon
specific absorption values reveals the characteristics of CDOM for
the two general end-members present (Fig. 11). This indicates that
the optical characteristics of the CDOM pool across all samples and
locations in the current study can be broadly described by the
mixing of two end-members; with fresh material, characterised by
low S values and more chromophores (i.e. high a3;5) as one end-
member, and older material, typically characterised by high S and
low a3;s, as the other. S values have been found to be inversely
proportional to the average molecular weight of DOM, with high
molecular weight material having low S values and low molecular
weight material high S values (Blough and Green, 1995). This
indicates that the fresh material referred to above has a high
molecular weight DOM. This would be in agreement with the size-
reactivity continuum model of Amon and Benner (1996) whose
results indicated that the origins of high molecular weight com-
ponents are generally more recent than those of low molecular
weight components. Moreover, the results presented here are also
in agreement with those of Belzile and Guo (2006) who showed
that low DOC-specific DOM was less coloured and of a lower
molecular weight than high DOC-specific DOM.

Peaks in CDOM absorbance spectra similar to those observed
here (Figs. 9 and 10) have been identified in both natural and
experimental samples. Belzile et al. (2000) reported peaks of this
type in ice core samples from the Northern Baffin Bay. Patsayeva
et al. (2004) also observed peaks between 270 and 300 nm in brine
samples generated in an ice tank experiment, and Ortega-Retuerta
et al. (2010) observed peaks below 300 nm in Southern Ocean
seawater used in CDOM photochemical experiments, particularly
in those where Chla and bacterial abundance were high. Similar
absorbance spectra have also been found to be present in the CDOM
produced by cyanobacteria in culture (Steinberg et al., 2004). The
shoulders observed in this study between 260 to 280 nm (con-
strained in band 2 at 265 to 270 nm) are likely to be associated with
aromatic amino acids, such as tryptophan and tyrosine, which
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exhibit a strong absorbance band at ~280 nm, and can contribute
significantly to the absorption of UV radiation (Wozniak and Dera,
2007). A number of mycosporine-like amino acids (MAAs), which
are UV-absorbing compounds, have been identified with absor-
bance maxima in the 310 to 360 nm spectral range (Nakamura
et al., 1982; Karentz et al., 1991; Shick et al., 1992; Davidson et al.,
1994). Riegger and Robinson (1997) observed absorption maxima
in the 330 to 333 nm range in 9 out of 11 cultured Antarctic
diatom species, which, they suggested, indicated the presence of
UV-absorbing compounds, such as MAAs, while Fritsen et al. (2011)
have also suggested MAAs as a likely contributor to particulate
absorption peaks at ~325 nm observed in ice samples from the
Bellingshausen Sea. The peaks between 320 and 330 nm measured
in this study may therefore be associated with MAAs, as they were
markedly high also in samples from the two surface gap layers
(Fig. 10), which represents an environment exposed to high solar
radiation. MAAs (especially shinorine and palythine) have indeed
been shown to contribute significantly to UV absorption in thin
snow free sea ice in the Baltic Sea (Uusikivi et al., 2010), with
absorption peaks in the 320 to 330 nm range for particulate matter
in surface ice layers, indicative of significant production of MAAs by
ice algae. In Antarctic phytoplankton, these MAAs are dominated by
porphyra-334 with shinorine, mycosporine-glycine, and palythine
accounting for the majority of the rest of the MAA pool (Villafafie
et al., 1995; Riegger and Robinson, 1997; Ryan et al., 2002). These
MAAs are used by many organisms as a chemical sunscreen for
protection from UV-radiation and are thought to play a major
protective role in ice algal assemblages (Arrigo and Thomas, 2004).

The marked differences between the brine and bulk ice CDOM
spectra may be attributed to our sampling strategy, with sackhole
brine samples integrating material from an unknown volume of sea
ice depending on sackhole depth and sea ice porosity (Papadimitriou
etal., 2007). The sackhole brine CDOM spectra from the present study
generally represent surface and interior conditions of the sea ice,
while the CDOM spectra obtained from ice cores also include bottom
ice sections, which often show elevated ice algal biomass as indicated
by the Chla concentrations. The bottom ice sections represent sites of
high in situ DOM production, as indicated by the higher carbon specific
absorption values, and fresher, more coloured DOM. In addition,
during the melting for bulk ice samples sympagic organisms are
released from a higher salinity to a much lower salinity over a period
of 24 h. This may result in the loss of intracellular organic compounds,
although Thomas et al. (1998, 2001) have argued that these amounts
will be low by comparison with the extracellular DOM pool. Never-
theless, melting represents similar conditions to those generated
during seasonal ice melt, when the material in sea ice is released to the
underlying water.

4.3. CDOM photo-bleaching in sea ice brine.

The photo-bleaching experiment shows that sea ice brine is
susceptible to photo-bleaching of the CDOM chromophores over
short time scales (i.e. days). This was evident not only in the loss of
CDOM concentration, also reported by Ortega-Retuerta et al. (2010,
and citations therein) in Antarctic seawater, but also in the large
change in S, which has been shown to increase as photo-bleaching
occurs (Vodacek et al., 1997, Moran et al., 2000). The relatively high
photo-bleaching measured during the experiment may suggest
that previously the DOM had little earlier exposure to UV radiation;
however, Ziegler and Benner (2000) reported losses at 350 nm of
33% (May) and 81% (July) during a 35-h experiment using surface
seawater, and Vodacek et al. (1997) reported a reduction of up to
70% of the CDOM absorption and fluorescence (at 355 nm) under
high light conditions in surface waters of the Middle Atlantic Bight.
In CDOM degradation experiments Hulatt et al. (2009) reported

losses of CDOM absorption at 440 nm of up to 76% over a 16-day
period in macroalgae exposed to sunlight. Although the attenua-
tion of light through snow, ice, brine, and water in natural systems
may vary from the experimental conditions, the results of Hulatt
et al. (2009) indicate that PAR may be as destructive to CDOM
chromophores as UVR.

The coincidental loss of DOC as reported by Osburn et al. (2009)
was not evident, indicating either an decoupling of CDOM photo-
reactivity and DOC photo-remineralisation, or simply that any
potential change in the DOC concentration was below the detection
limit, occurring on the nM rather pM concentration scale. The
degradation and destruction of CDOM chromophores by photo-
bleaching seen here decreases CDOM absorption, increases the
penetration of UV radiation (Moran and Zepp, 1997), and initiates
the production of a suite of reactive products (Miller and Zepp,
1995; Moran and Zepp, 1997; Uher and Andreae, 1997; Stubbins
et al.,, 2006; Kitidis et al., 2008). Of particular significance to sea ice
are the detrimental effects of increased UV radiation on primary
production (Arrigo and Brown, 1996), the production of biologi-
cally labile products, which may serve as a source of remineralised
nutrients (Moran and Zepp, 1997), and the possible photochemical
transformations of nitrate and hydrogen peroxide to hydroxyl
radicals (Chu and Anastasio, 2003). Observations from snow packs
have suggested that the hydroxyl radical may be linked to the
production of acetaldehyde and formaldehyde (Couch et al., 2000)
and that a reaction between sea ice brine and the OH radical may in
part be responsible for polar ozone depletions due to liberation of
gaseous halogen species (Peterson and Honrath, 2001; King et al.,
2005). King et al. (2005) suggested that first-year sea ice may be an
efficient medium for photochemistry, with 85% of all photochem-
istry occurring in the top 1 m of the ice. This may be of significant
importance to the function and structure of organisms which live in
this specialized habitat, particularly in young first-year sea ice as
was observed during the SIPEX study.

4.4. Potential importance of sea ice-derived CDOM

The measurements from the melted ice cores suggest that, when
Antarctic sea ice melts, it might represent a major source of DOM
and in particular CDOM to surface waters of the seasonally ice-
covered Southern Ocean. This is supported by the findings of Kieber
et al. (2009) and Ortega-Retuerta et al. (2010). The effect of this
material on the optical properties of the recipient oceanic waters
and its importance to the local carbon budget can only be
speculated on at this stage, with our data set as a starting point.
Using the DOC data for bulk sea ice in Table 3, we can estimate the
flux of DOC potentially released from the sea ice annually as a result
of sea ice melt. Assuming an area of seasonal ice melt of
16 x 10°km? and an average ice thickness of 1 m (Comiso,
2010), a DOC flux of 0.5gCm 2yr~! (42mmol Cm~2yr~1) is
estimated from the melting sea ice into the surface oceanic mixed
layer, which is equivalent to a total areal input of approximately
8 Tg Cyr~'. Although this value is low in comparison to the
standing stock of DOC in Antarctic surface mixed layer [480 Tg,
assuming 50 m mixed layer and average seawater DOC of 50 pumol
L~T (Kihler et al., 1997, Ogawa and Tanoue, 2003)], this represents
arelease of not only old DOC that was incorporated into the sea ice
during formation, but also new and presumably more labile DOC to
the surface waters. In contrast, the standing stock of DOC in the
Antarctic surface mixed layer is likely to be older and more
refractory. Our annual DOC input estimate of 8 Tg C from sea ice
suggests that about 11% of total annual primary production by sea
ice algae (70 Tg Cyr~!; Arrigo et al., 2010) is potentially exported
to the surface oceanic waters as DOC during the seasonal sea ice
melt. For comparison, Arctic river catchments export 16 Tg C to the
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Arctic Ocean from a catchment area of similar size to that of the
seasonal Antarctic sea ice melt zone (Raymond et al., 2007).

sea ice-derived CDOM is likely to influence the optical proper-
ties of the surface Antarctic waters and as a consequence influence
primary production within these waters via either UV protection or
the attenuation of visible light (Arrigo and Brown 1996), although
this might be a transient feature due to the susceptibility of this
material to photo-bleaching, as shown in our experiment. Ice melt
will also influence the spectral characteristics of CDOM absorption
in these surface waters as the material released from the ice has low
S values, which equate to a flatter absorption spectrum, i.e.
relatively greater absorption of visible wavelengths. Antarctic
sea ice therefore represents a productive environment and a likely
important source of labile DOC and fresh autochthonous CDOM to
surface waters, which in turn influence microbial heterotrophic
and autotrophic production, respectively, and thus play a signifi-
cant role in the cycling of organic matter in the Southern Ocean.
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