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Preface

This dissertation is the result of a 3-year Ph.D. project con-
ducted at the Greenland Climate Research Center (GCRC)
and the Greenland Institute of Natural Resources (GINR).
The project was funded by the Commission for Scien-
tific Research in Greenland (KVUG). Much of the work has
been conducted with logistical support by GCRC, GINR,
the Department for Education, Church, Culture and Equa-
lity (IIKNN), the Marine Basis Monitoring Programmes of
Greenland Ecosystem Monitoring (GEM; www.g-e-m.dk),
the Canada Excellence Research Chair (CERC) program and
the Danish Agency for Science, Technology and Innovation.

One of the first descriptions of the transport of CO, across
the sea ice-ocean interface (i.e., the sea ice CO, pump) was
made by E.P. Jones and A.R. Coote (1981) in the year | was
born. Now 33 years later the understanding of the seasonal
events controlling the inorganic carbon dynamics in ice-
covered seas is still a challenging subject. A very important
factor in climate change is the global carbon budget; and,
in order to refine it, we need detailed measurements of the
seasonal inorganic carbon dynamics in ice-covered seas.

Photo: Jakob Sievers.

My dissertation consists of two chapters: Chapter 1 is struc-
tured as a review with a detailed discussion of the processes
driving the inorganic carbon cycle in high latitude waters
during all phases of the sea ice growth and decay cycle (sec-
tions 1.2 - 1.4). In addition, there is a discussion of the Arctic
Ocean and sea ice coverage in the context of global change
(section 1.5) and, finally an outline and discussion of future
studies needed to improve our understanding of the sea-
sonal events controlling the dynamics of inorganic carbon in
high latitude oceans (section 1.6); Chapter 2 consists of seven
published peer-reviewed papers. The findings in this thesis
provide strong evidence for the idea of a sea-ice-driven car-
bon pump in Subarctic and High Arctic sea ice, improve the
state of knowledge on the relative contribution of biotic and
abiotic processes to carbon dynamics within sea ice, and pre-
sent a compilation of the current knowledge of the seasonal
inorganic carbon dynamics in ice-covered seas during sea ice
growth and decay. Furthermore, it provides new knowledge
of the influence of biological processes and glacier runoff on
the pCO, flux in Arctic coastal waters.
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Abstract

The contribution of sea-ice-covered regions to the global
air-sea CO, exchange was, until recently, assumed to be
insignificant primarily because sea ice was considered im-
permeable. The discovery of a sea ice CO, pump and the
recognition that extensive and productive microbial com-
munities exist within sea ice, however, has changed this
general perception. Therefore, an improved understanding
of the current role of sea ice in the overall carbon budget is
needed. The main focus of this PhD study was: 1) to investi-
gate the factors that control the spatial and temporal distri-
bution of calcium carbonate and other important biogeo-
chemical parameters in Greenland sea ice, 2) to discuss the
potential interactions between these parameters, and 3) to
assess how these parameters affect the sea ice CO, system.

Here, | report measurements of calcium carbonate dyna-
mics, biological activity, total alkalinity (TA), total inorganic
carbon (TCO,) and other biogeochemical parameters from
seaice in Greenland. First, | look at the dynamics of these pa-
rameters at temporal and spatial scales in Subarctic sea ice
and, secondly look at the dynamics of these parameters in
High Arctic winter sea ice on a more patchy level. Altogether,
my results indicate that the TCO, depletion of the Subarc-
tic and High Arctic sea ice is mainly controlled by physical
export through brine drainage and CaCOj; precipitation/
dissolution — a conclusion that, therefore, strengthens the
concept of the sea-ice-driven carbon pump in high latitude
waters. Furthermore, the different studies combined re-
vealed that the relative contribution of primary production
to TCO, depletion is minor compared to the contribution of
calcium carbonate precipitation. However, the biological
contribution to the TCO, depletion might be much higher
in areas with high primary production. Consequently, the
evaluation of the sea ice sink described in this thesis may
not be representative of the Arctic as a whole since the up-
take of CO, by biological activity seems to be much lower in
Greenland sea ice compared to other regions. Extensive in-
vestigations are, however, still needed to elucidate local and
regional variation in biological activity in sea ice in Green-
land and in other Arctic regions.

The highest concentrations of calcium carbonate ever re-
ported in natural sea ice was measured in approximately
5-month-old High Arctic land-fast sea ice, followed by high
concentrations in newly formed High Arctic polynya sea ice;
whereas the lowest concentrations observed during our
studies were in Subarctic land-fast sea ice. Variations in sea
ice properties such as temperature, salinity, pH, ice texture
and freshwater input are likely responsible for some of the
differences found in calcium carbonate concentrations be-
tween sites.

Consequently, the different studies revealed large varia-
tions in calcium carbonate concentration and other bio-
geochemical parameters at different temporal and spatial
scales, emphasising the importance of full-season studies
covering the meter-hundred meter spatial scale in order to
make reliable carbon budgets.

This PhD thesis also presents a survey of the influence of
biological processes and glacier runoff on the pCO, dyna-
mics in Subarctic coastal waters. The study revealed that the
Subarctic Godthabsfjord system in SW Greenland can be
considered as a strong sink of CO, and that the CO, uptake
is highly regulated by biological processes and by mixing
glacial meltwater and coastal waters. Moreover, the CO,
uptake is strongest nearest to the outlet from the Green-
land Ice Sheet. If our estimates are representative of similar
Subarctic fiord system in Greenland, then the coastal areas
of Greenland constitutes a larger sink than anticipated and
this knowledge should be included in future global carbon
budgets.



Dansk abstrakt (abstract in Danish)

Indtil for nylig har man anset betydningen af isdaekkede hav-
omrader for den globale udveksling af CO, mellem hav og
luft for at vaere ubetydelig, iszer fordi havis er blevet anset for
at veere uigennemtraengelig. Opdagelsen af en CO,-pumpe
drevet af havis, samt anerkendelsen af, at der eksisterer om-
fattende og produktive mikrobielle samfund i havis, har dog
endret denne generelle opfattelse. En bedre forstdelse af
havisens aktuelle rolle i det samlede CO,-budget er derfor
nedvendig. Fokus for dette ph.d.-studium blev derfor: 1) at
undersgge de faktorer, der styrer den rumlige og tidsmaes-
sige fordeling af kalciumkarbonat og andre vigtige biogeo-
kemiske parametre i grenlandsk havis 2) at diskutere de po-
tentielle interaktioner mellem disse parametre og 3) at vur-
dere, hvordan disse parametre pavirker havisens CO,-system.

Denne ph.d.-afhandling viser malinger af kalciumkarbonat-
dynamik, biologisk aktivitet, total alkalinitet (TA), totalt uor-
ganisk kulstof (TCO,) og andre biogeokemiske parametre
fra havis i Grgnland. Ferst undersgges disse parametres dy-
namik i tidsmaessige og rumlige skalaer i subarktisk havis,
og desuden undersgges parametrenes dynamik i hgjarktisk
nydannet polynya- og vinter-havis.

Altialt viser mine resultater, at TCO,- tabet i den subarktiske
og hgjarktiske havis hovedsageligt styres af fysisk eksport
af salt og TCO, ud af havisen til det underliggende havvand
og kalciumkarbonate-udfeeldning/oplgsning. Dette styrker
beviset om en CO,-pumpe drevet af havis i det grenlandske
farvande. Desuden afslarede de forskellige undersggelser
tilsammen, at det relative bidrag af primaerproduktion til
TCO,-tabet er mindre sammenlignet med bidrag fra ud-
feeldningen af kalciumkarbonat. Men det biologiske bidrag
til det samlede TCO,-tab er muligvis meget hgjere i omra-
der med hgj primaerproduktion. Derfor er den evaluering af
det biologiske bidrag til havis pumpen, som er beskrevet i
denne afhandling, muligvis ikke repraesentativ for Arktis
som helhed, siden optagelsen af CO, af biologisk aktivitet
synes at vaere meget lavere i grgnlandsk havis end i havis
i andre regioner. Der er dog stadig behov for omfattende
undersggelser til yderligere at belyse lokale og regionale
forskelle i biologisk aktivitet i havisen i Grgnland og i andre
arktiske regioner.

De undersggelser, der praesenteres her, viste, at de hgjeste
koncentrationer af kalciumkarbonat, der nogensinde er malt
i naturlig havis, blev malt i cirka fem méaneder gammel hgjark-
tisk, landfast havis, efterfulgt af hgje koncentrationer i nydan-
net hgjarktisk polynya-havis, mens de laveste koncentrationer,
vi observerede under vores undersggelser, var i subarktisk,
landfast havis. Variationer i havisens egenskaber, sdsom tem-
peratur, saltindhold, pH-niveau, isens tekstur, og ferskvands-
pavirkning, kan sandsynligvis forklare nogle af de forskelle, der
er fundet i kalciumkarbonatkoncentrationer forskellige steder.

Sammenfattende kan det siges, at de resultater, der pree-
senteres her, viste store variationer i kalciumkarbonatkon-
centration og andre biogeokemiske parametre pa forskel-
lige tidsmaessige og rumlige skalaer, og det understreger
betydningen af at lave undersggelser gennem alle arstider,
der daekker den meter-hundrede meter rumlige skala, hvis
man skal kunne lave palidelige CO,-budgetter.

Denne ph.d.-afhandling viser ogsa resultaterne fra en
undersggelse af pavirkningen af biologiske processer og
gletsjerafsmeltningen pd pCO,-dynamikken i et subark-
tisk fjordsystem. Undersagelsen viste, at det subarktiske
Godthabsfjord-system i Sydvestgrenland optager store
maengder af CO,, og at CO,-optaget er staerkt reguleret af
de biologiske processer og af opblanding af gletsjersmel-
tevand og kystnaert vand. Derudover er CO,-optaget steer-
kest teettest pd afsmeltningen fra den grgnlandske ind-
landsis. Hvis vores estimat er repraesentativt for lignende
subarktiske fjordsystemer i Grgnland, sd spiller Granlands
kystnaere omrader en starre rolle end forventet, og der
bor tages hgjde for denne viden i fremtidige globale CO,-
budgetter.



Egikkaaneq (abstract in Greenlandic)

Imartat sikusimasut nunarsuarmi silaannaap immallu
CO,-mik paarlaasseqatigiittarnerannut pegataanerat, un-
gasinngitsoq tikillugu, soqutaanngitsutut isigineqarsim-
agaluarpoq immap sikua sumilluunniit kaanngaasarani
ussissutut isiginegarsimanera pissutaanerulluni. Immalli
siukuani CO,-p ingerlatitsisuanik (pumpianik) taanegartart-
up paasinegarneratigut immallu sikuani pinngorartitsilluar-
tartunik uumassusilinnik tappiorannartoqarfissuunerata ili-
simalerneratigut, taamatut isiginninneq allanngorsimavoq.
Taamaammat immap sikuata umassuseqarfiani carbon-ip
nikerarnerata (naatsorsuutaalusooq) inissisimanera itineru-
sumik paasiniarnegartariagarpoq. Taamaammat ilisima-
tusaatigalugu misissuinermi matumani pingaarnertut sam-
mineqartoq tassaavoq: 1) Kalaallit Nunaata imaata sikuani
kalkip (calcium carbonatip) aamma pinngoqqaatinik uu-
massusilinnillu pegassutsimut sunniutaasut pingaarutillit
piffissami sumiifimmilu nikerarnerat misissussallugit, 2)
pissutsit tamakku akunnerminni imminnut sunneqatigiit-
tarsinnaanerisa nalilersornissaat, aamma 3) pissutsit tam-
akku immap sikuani CO,-p ingerlaartarneranut sunniutaasa
misissornissaat.

Matumani calcium carbonatip allanngorarnerisa uuttor-
tarneqartarnissaat eqgarsaatigaara, uumassuseqassutsip ni-
kerarnera, seernartup akerliata basiskip annertussusia (TA),
carbon uumassuseqanngitsumeersup annertussusia (TCO,)
Kalaallillu Nunaanni immap sikuani pinngoqqgaatit uumas-
susillillu sunniisartut allat. Siullertut, Issittup issaasanneru-
sortaata (subarktis-ip) imaata sikuani sunniisartut tamakku
piffissap sumiiffiillu nikerarnerini allanngorarneri tulliatullu
Issittumi issinnerusup (hgjarktis-ip) ukiuunerani immap
sikuani sunniisartut taakkua allanngorarnerisa nalaat-
sornerusumik pissuseqarluni misissuiffigineqartarnissaat
eqqarsaatigaara. Ataatsimut isigalugu, inernerit pissarsiama
takutippaat Issittup issittortaani issaasannerusortaanilu
immap sikuani TCO,-p (CO,-p tamakkiisup) nungukkiar-
tortarnera annermik immap tarajuusup seerinerasigut
kalkillu (CaCOs-llu) nakkaanerata/arrornerata aqunneru-
gaat taamaammallu avannarpasissup imartaani immap
sikuata ingerlataanik carbon pumpegarnera qularnaallil-
luni. Aammattaaq, misissuinerit assigiinngitsut ataatsimut
takutippaat naasut (tappiorannartut) pinngorartitsinerisa
(primaerproduktionip) TCO,-p nungukkiartorneranut sun-
neeqataanerat calcium carbonatip nakkaaneranut sanil-
liullugu annikinnerusoq. Taamaakkaluartoq, sumiiffinni
tappiorannartunik quajaateeqganik uumasuaqqganillu pil-
ersitsiortorfiulluartuni uumassusillit tamarmiullutik TCO,-p
nungukkiartorneranut sunniutigisartagaat annerungaat-
siarsinnaasoq ilimanarpog. Tamaattorli, suliami matumani
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sammineqartup immap sikuata tigooraasuunerata naliler-
sornegarnera Issittumut tamanut atuuttuunngeratarsin-
naavogq, sumiiffinnut allanut naleqqgiullugu Kalaallit Nunaa-
ta imaata sikuani CO,-mik tigooraaneq sumiiffinnut allanut
naleqqiullugu annikinneralaarsuusutut isikkogarmat. Ka-
laallit Nunaata Issittumilu allani imaani pissutsit assigiinng-
isitaarnerannik paasinninneruniarluni misissuinerit amer-
lasuut suli pisariaqartinneqgarput.

Misissuinerit matumani takutinneqgartut Issittumi issin-
nerpaap immap sikuani gaammatini tallimani aalaakkaas-
simasumi sikup calcium carbonatinik akogarnera uut-
tortarneqarsimasuni qullasinnerpaajusartoq, tulleralugit
(hgjarktis) aakkarnersuit sikoggammersimasuni uuttortak-
kat annertuut, uuttortakkallu appasinnerpaatut inissisimas-
ut Issittut issaasannersaani (subarktis) sikumi aalaakkaasu-
mi uuttortarnegarsimallutik. Immap sikuani assigiinngitsut
uuttortarneqartut nalingisa allanngorarneri soorlu, kissas-
susiata, tarajogassusiata, pH-ata, sikup gaavata ilusiata, im-
ermik kuuffiginegarnera uumassuseqgarneratalu sumiiffinni
calcium carbonategassusianut assigiinngisitsisarneranut
pissutaasimasinnaalluarput.

Tamatuma malitsigisaanik, misissuinerit assigiinngitsut cal-
cium carbonateqassutsimik uumassusilinillu pinngoqqaate-
gassutsimik takussutissiisinnaasut allat piffissap sumiiffiillu
ingerlaviginerini assigiinngisitaangaatsiarnerat takutippaat,
carbonimik naatsorsuutit tatiginassusillit suliariniaraanni
ukioq kaajallallugu meterikkaani-hunnoruju meterikkaanik
misissuinissat pisariagartussaassapput.

PhD-nngorniutigalugu allaaserisap matumap aamma ta-
kutippaa ukiuni arfinilinni Issittumi issaasannerusumi
sinerissap qanittuani pCO,-p allanngorarnerata immani
pisoqartitsinerinit kuutsitsiner-
init sunnernegartarnerisa misissuiffigineqarnerat. Misis-
suinerup takutippaa Kalaallit Nunaata kujataata kitaaniittoq
Nuup Kangerlua Issittumi issaasattumiittumi CO,-mik ti-
gooraangaatsiartuusutut naatsorsuunnegarsinnaasoq,
CO,-millu tigooqgaanerup uumassusillit pisoqgartitsinerisa
aammalu sermip erngata sinerissallu imaata akuleruttarner-
isa aqutaringaatsiaraat. Ammattaag, CO,-mik tigoogqqaaneq
Sermersuup kuuffiata ganinnerpaasaani annerpaajusog.
Peqatigitillugulu Kalaallit Nunaanni Issittumi issaasattumi
kangerlunnut assingusunut uuttuutaasinnaappat, taava
Kalaallit Nunaata sineriaata ganittui ilimagisamiit CO,-mik
tigooraasuunerupput paasisarlu tamanna siunissami nun-
arsuarmut tamarmut carbonimut naatsorsuusiornermi ilaa-
tinneqartariaqgarluni.
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1.1 Setting the scene

The main driver of climate warming is the accumulation of
greenhouse gases such as CO, and CH,, where CO, is the
most important in terms of radiative forcing (Ramaswamy et
al. 2001). Over the last 150 years, the atmospheric concentra-
tion of CO, has increased by 43 % from a preindustrial value of
about 280 ppm to 399 ppm in July 2014 primarily due to an-
thropogenic activities. Approximately 30 % of anthropogenic
CO, emissions have been absorbed by the oceans (Sabine et
al. 2004). Thus, the global oceans play a crucial role in buff-
ering the effects of anthropogenic CO, emissions through
physical, chemical and biological processes (Takahashi et al.
2009 and references therein). Consequently, to understand
the global carbon cycle, it is very important to understand
the CO, sinks and sources in all areas of the world’s oceans.
The precipitation of calcium carbonate in natural sea ice has
been predicted for more than 50 years (Assur 1958), but it was
not until 1981 that the connection between precipitation of
calcium carbonate and the “sea ice CO, pump”was suggested
by Jones and Coote (1981). They wrote:

“In the winter season as sea ice forms and calcium carbon-
ate precipitates from the brine in the sea ice, carbonate
ions are removed causing the following reaction to occur
within the brine. Ca?* 2HCO; + 6H,0 = H,0 + (CO,),, +
CaCO; - 6H,0 (1). [...] The processes involving sea ice for-
mation and subsequent melting represent a CO, pump:
in summer, CO, is transferred from the atmosphere into
the ocean, and in winter it is transferred from the surface
of the ocean to deeper regions. The key to the operation
of this CO, pump is the separation of the products of (1)
that occurs during the formation of sea ice. [...] It is diffi-
cult to be precise regarding how much calcium carbonate
would be present in naturally formed sea ice because of
the complicated and varied processes that occur during
ice formation and aging.[...] about 1 % of the total carbon
dioxide entering the ocean enters through the formation
of seaice”

What have we learned since then?

Until recently, the contribution of sea-ice-covered regions
to the overall oceanic-atmospheric CO, exchange was as-
sumed to be insignificant mainly because sea ice was con-
sidered impermeable (e.g., Gibson and Trull 1999, Tison et
al. 2002). Recent studies, however, demonstrate that the
sea ice-driven CO, pump does exist in natural sea ice (e.g.,
Rysgaard et al. 2007; 2009; 2012, Dieckmann et al. 2008) and
that this pump is very effective and may be equivalent to 17
- 42 % of the annual air-sea CO, flux in open ocean waters
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at high latitudes (> 62° N and > 50° S; Rysgaard et al. 2011,
Loose et al. 2011a). In addition, high latitude shelf areas
and fjord systems are also suggested to be strong sinks of
CO,, responsible for a high uptake of the total ocean uptake
(Bates and Mathis 2009). Therefore, sea ice and high latitude
shelf areas and fjord systems should be considered an es-
sential part of the global carbon cycle.

However, little is known about the seasonal dynamics of
inorganic carbon in these high latitude waters and impor-
tant questions remain unanswered about the significance
of biotic and abiotic processes in these waters. Further-
more, knowledge of the spatial and temporal occurrence of
calcium carbonate and other biogeochemical parameters in
sea ice are still not well described.

Based on this lack of knowledge | formulated the following
objectives for my PhD study:

e Expand the knowledge of the spatial and temporal events
controlling the inorganic carbon dynamics in sea ice by
measuring the vertical distribution of calcium carbonate as
well as total inorganic carbon (TCO,), total alkalinity (TA),
inorganic nutrients, dissolved organic carbon (DOC), dis-
solved organic nitrogen (DON), bulk salinity, temperature
and primary and bacterial productivity (Papers | - V).

« Assess the significance of calcium carbonate precipita-
tion in different types of sea ice, i.e,, warm Subarctic sea
ice, cold High Arctic sea ice, sea ice near the Greenland
Ice Sheet, frost flowers and brine skim and its possible
role as sink or source for atmospheric CO, (Papers | - III).

« Examine the factors controlling the sea ice algal and
bacterial growth by measuring: the effects of salinity, pH
and inorganic carbon availability on three sea ice algal
species (Paper V) and the simultaneous incorporation of
thymidine (tdR) and leucine (leu), bacterial abundance,
cell properties and activity for sea ice bacterial commu-
nities in Subarctic sea ice in SW Greenland (Paper VI).

« Investigate the influence of biotic and abiotic parameters
for the air-sea CO, flux by measuring pelagic primary pro-
ductivity, salinity, nutrients, vertical export, TCO, and TA
in a Subarctic fjord in SW Greenland (Paper VII).

In order to provide an overview of the seasonal inorganic car-
bon dynamics in high latitude oceans and to put the main
findings of my PhD work as presented in Papers | - VIl into a
broader context, | derived figure 1. This figure enlarges the
perspective of the work done by me and other scientists and
presents a compilation of the current knowledge of the sea-
sonal events controlling the dynamics of inorganic carbon in
high latitude oceans with a special emphasis on Greenland
coastal systems.



Phase | Phase Il Phase Il

Temperature Temperature
Increasing <= Decreasing Decreasing <> Increasing

Snow-drift &=

Net heterotrophic  *3= Phytoplankton

[0 Net autotrophic ¢ o Calcium carbonate

Figure 1. Conceptual model of the seasonal events controlling the dynamics of inorganic carbon (grey arrows) in ice-covered seas during
all phases (I, Il and 1) of the sea ice formation and decay cycle. Modified after Miller et al. (2011) and Rysgaard et al. (2011).

Figure 2. A schematic diagram showing the Arctic Ocean circula- Prior to discussing the interaction between the newly formed
tion as well as the different locations in or near the Arctic Ocean. sea ice, frost flowers, and brine skim and the atmosphere and
The more salty surface waters from the Atlantic penetrate the Arc-  the underlying sea water (Fig. 1; phase 1), a general descrip-
tic Ocean (red arrows). As it get colder it sink beneath (now pink) tion is provided of the ocean settings in the areas on which

the cold, less salty waters in the Arctic Ocean (blue arrows). The
Transpolar drift (TD), the East Greenland Current (EGC), the West
Greenland Current (WGC), the Irminger Current (IrC) and the Baf-
fin Current (BC). Modified from http://www.divediscover.whoi.edu.

the studies in this thesis were conducted, i.e., the High Arctic
Tyroler fjord - Young Sound area in NE Greenland (Fig. 2;
Rysgaard et al. (ll), Barber et al. (lll)) and the Subarctic
Godthabsfjord system in SW Greenland (Fig. 2; Rysgaard et
al. (VII)) — where also Malene Bight (Segaard et al. (IV)) and
Kapisigdlit Bight (Segaard et al. (1), Kaartokallio et al. (V1)) is
located (Fig. 2).

1.1.1 General oceanography of the study areas

The general circulation of the Arctic Ocean consists of
: ‘ ‘ a circular wind-driven current over the Canada Basin,
o ’ referred to as the Beaufort Gyre, a flow of cold and
@ Fcrse: less saline polar surface waters that leak out from
& the Arctic Ocean through several gateways, i.e, the
Fram Strait and the Canadian Arctic Archipelago,
and a flow of warm saline Atlantic surface waters
from the south that penetrates the Arctic Basin and
sinks beneath the polar waters (Fig. 2; Jakobsson et
al. 2004). The distribution of cold and warm water
masses in the Arctic Ocean has a great influence of
the sea ice production and distribution in the Arctic
Ocean as the heat supply from the Atlantic waters in the
Barents Sea results in an ice edge much further north than
in the waters adjacent to Greenland (Weeks 2010). In addi-
tion, the oceanographic characteristics described above af-
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fects the water mass properties and contribute to differences
in the marine systems as well as in sea ice production and dis-
tribution in Greenland coastal areas and fjords.

With respect to the Young Sound Area in NE Greenland (Fig.
2; Rysgaard et al. (ll), Barber et al. (lll)), the East Greenland
Current (i.e,, a continuation of the Transpolar Current) has
an important influence on the water mass properties in this
area — especially due to the large amounts of sea ice it carries
along with it. Another oceanographic feature in this area is
the large seasonal input of freshwater from the Greenland Ice
Sheet, terrestrial runoff and melt water from both sea ice and
calved glacial ice (Rysgaard and Glud 2007). Furthermore, the
area outside Young Sound is a polynya site, where new sea
ice is produced and frequently blown away, thereby allowing
new ice to form again and again (Pedersen et al. 2010). The
marine system in the Godthabsfjord area in SW Greenland
(Fig. 2; Segaard et al. (), Segaard et al. (IV), Kaartokallio et
al. (V1), Rysgaard et al. (V1I)) is affected by three principal wa-
ter masses, atmospheric heat exchange and melt/freeze pro-
cesses (Mortensen et al. 2011, 2013). Two of the three prin-
cipal water masses are found outside the fjord — sub-polar

Frazil crystals:
3 to 4 mm in diameter

/ \

mode water and coastal water; whereas the third, freshwater,
comes from meltwater runoff from the Greenland Ice Sheet,
terrestrial runoff, meltwater from sea ice and calved glacial
ice (Mortensen et al. 2011, 2013). The freshwater input in this
area from the Greenland Ice Sheet induces a seasonal stratifi-
cation of the upper part of the water column and is a source of
large amounts of bioavailable nutrient (Arendt 2011, Calbet
2011, Lydersen et al. 2014).

1.2 Phase |: Transition from open
water to ice-covered oceans

In this section, the mechanisms behind sea ice formation,
phase |, are described as well as the microorganisms in
newly formed sea ice and their contribution to the CO, dy-
namics in this phase (sections 1.2.1 and 1.2.2). In addition,
the mechanisms behind brine skim and frost flower forma-
tion are briefly described (1.2.3). The processes driving CO,
exchange in the transition period from open water to ice-
covered seas are discussed and whether phase | acts as net
sink or source of CO, to the atmosphere.

1) Agitated conditions

Grease ice:
thin layer of frazil ice

!

Nilas: designates a sea ice crust
up to 10 cm in thickness

\

Pancake ice:
consolidation of
frazil into larger units

2) Calm conditions

New ice:
recently frozen sea water

First-year ice: melts away during
the spring and summer months

Figure 3. Sea ice development
stages 1) agitated conditions
with ice growth in wave-field
and 2) calm conditions with ice

Young ice:
from 10 to 30 cm

growth through quiescent bot-
tom freezing.

Multi-year ice
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1.2.1 Sea ice formation - abiotic processes

In autumn and winter, when the ocean surface layer is
cooled down to temperatures close to —-1.86° C (freezing
point of seawater with a salinity of 34), ice crystal start to
grow on the surface (Weeks 2010) and form a soupy suspen-
sion known as frazil ice crystals (i.e., 3 to 4 mm in diameter;
Fig. 3).

Under calm conditions, the ice crystals freeze together to
form a sheet of new ice called Nilas, which designates a sea
ice crust up to 10 cm in thickness with randomly-oriented
ice crystals (i.e., granular ice texture; Timco and Weeks 2010;
Fig. 3 and Fig. 4). It is at this point that frost flowers are
sometimes formed from the brine skim on the ice surface
(described in more detail in section 1.2.4). As the sheet ice
thickens through congelation at the ice-water interface, the
transitional granular/columnar ice layer forms (Eicken and
Lange 1989). This layer is a few centimetres thick transition
zone thatis mainly characterised by elongated grains (Fig. 4).

Textural Genetic Growth conditions

classification

Snow deposition

Below the transitional granular/columnar layer, the sea
ice consists of columnar ice, characterised by vertically-
elongated ice crystals (Fig. 4 and Fig. 5). The sea ice is classi-
fied as young ice when the ice sheet becomes thicker than
10 cm and first-year sea ice when the ice sheet becomes
thicker than 30 cm (Fig. 3; Weeks 2010). If the first-year ice
survives at least one melting season (i.e, one summer), it is
called multi-year ice (Fig. 3).

Under more agitated conditions with ice growth in wave-
fields, frazil crystals consolidate into grease. The grease ice
layer consolidates into ice discs known as pancakes (Fig. 3).
As they grow from a few centimetres to a few meters across,
they solidify and thicken mechanically by rafting on top
of each other. Pancakes freeze together to form cakes and
floes, which contain a large amount of ice with a granular
texture (Fig. 4). With ongoing freezing, the pancakes adhere
into a continuous ice sheet by bottom freezing at the ice-
water interface.

Figure 4. Schematic summa-
rizing the main ice texture and
growth conditions for first-year
sea ice. The figure is adapted
from Eicken (2003). The hori-
zontal thin-section photo-

Stratigraphy

— ———

graphs is of first-year sea ice

from Young Sound in NE Green-
land for detailed description
see Rysgaard et al. (Il) (photo
courtesy of M. Pucko).

Snow ice Flooding
Granular Frazil ice Turbulent mixing
Mixed Transition
columnar/ zone
granular
Columnar Congelation Quiscent
ice (growth rate,

current shear)

Skeletal layer Ice water interface



65 to 75 cm section

1cm 2mm

Figure 5.Thin section of first year sea ice showing ice platelets
and the brine pockets along the grain boundaries. For detailed de-
scription see Rysgaard et al. (Il) (Photo courtesy of M. Pucko).

The frazil - congelation sea ice growth process described
above is the process that occurs most frequently, but other
sea ice types exists, e.g., snow ice and superimposed ice.
Snow ice is formed through sea water flooding due to nega-
tive freeboard and thick snow cover (Fristsen et al. 1998),
and it is quite porous (Eicken 2003, Rysgaard et al. (II),
Sgegaard et al. (IV)). Superimposed ice occurs during spring
and summer when the snow melts internally and melt wa-
ter refreezes either in the snow or at the snow-ice interface,
when the temperature gradients within snow and ice are
negative (Hass et al. 2001, Nicolaus et al. 2009).

As soon as sea water solidifies, some of the salts and gases
present in the seawater are rejected, whereas the rest are
trapped within the brine pockets, channels and tubes (Fig.
5; Weeks and Ackley 1982, Petrich and Eicken 2010). A re-
duction in sea ice temperature decreases the brine volume
and, concurrently, increases the brine salinity and brine
pCO, through a decrease in brine CO, solubility (Cox and
Weeks 1983, Papadimitriou et al. 2004). Thus, at this point,
the pCO, in the sea ice brine is higher than that in the air
above the sea ice; and, therefore, the sea ice brine has the
potential to release CO, to the atmosphere. However, when
the sea ice temperature reaches -5° C, the brine volume de-
creases; a brine volume of 5% is generally considered the
threshold at which the sea ice matrix becomes imperme-
able, thus preventing air-sea ice gas exchange (Golden et
al. 1998, Zhou et al. 2013). This percolation threshold var-
ies with changes in the ice crystal structures - e.g., granular
ice shows a higher percolation threshold than columnar ice
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(Fig. 4; Weeks 2010). In addition, as temperature decreases
and solute concentration increases, calcium carbonate
precipitates (Marion et al. 2001). On the basis of thermody-
namic equilibrium calculation, calcium carbonate precipita-
tion was predicted to occur during natural sea ice formation
(Assur 1958), which was later confirmed first in freezing sea
water by Richardson (1976), then in artificial sea ice (Tison et
al. 2002) and, finally, in Antarctic and Arctic sea ice as ikaite
(Dieckmann et al. 2008; 2010, Rysgaard et al. 2011; 2012,
Fischer et al. 2013, Geilfus et al. 2013a, Nomura et al. 2013b,
Rysgaard (I1)). At present, it is still not clear whether ikaite
is the only calcium carbonate phase formed in sea ice
(Dieckmann et al. 2010).

The calcium carbonate formation increases the amount of
CO, in the brine beyond that attributed solely to the solu-
bility effect. The calcium carbonate crystals are trapped
within the interstices between the ice crystals (Rysgaard
(1)), whereas the CO, released through calcium carbonate
production within the brine can be lost from the sea ice.
Therefore, as sea ice grows, brine drainage leads to an ex-
port of gases from the sea ice, leaving sea ice depleted in
CO, compared to ambient seawater (Rysgaard et al. 2007,
Crabeck et al. 2014, Segaard et al. (1)). Brine drainage from
sea ice causes the formation of highly saline dense cold
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Figure 6. Calcium carbonate concentration in different ice types in
the Arctic and Antarctic: FYKB= First-year sea ice in Kapisigdlit
Bight, SW Greenland (Segaard et al. (1)), FYYS=First-year sea ice in
Yound Sound, NE Greenland and POLY=newly formed polynya ice
in Young Sound, NE Greenland (Rysgaard et al. (Il)), FF= frost flowers
and BS=brine skim in Young Sound, NE Greenland (Barber et al. (lll)),
NI-MY=Nilas to multi-year ice in the Antarctic from Dieckmann

et al. (2008), FIAN=Fast ice in Antarctic from Fischer et al. (2013),
FIFS=Fast ice in Fram Strait from Rysgaard et al. (2012), GIS=Sea ice
near the Greenland Ice Sheet (unpublished data D.H. Segaard),
SC70=70 cm thick snow cover and SC17=17 cm thick snow cover in
Young Sound, NE Greenland (unpublished data D.H. Segaard) and
SC7=7 cm thick snow cover in Kapisigdlit Bight, SW Greenland
(Segaard et al. (1)).



Table 1. Sea ice bulk conditions of TCO,, TA and salinity during different field campaigns.

Area and Site Date Type TCO, TA TA:TCO, Bulk Reference
(umol kg?) (umol kg™) salinity
Greenland
Kapisigdlit Bight 17 February 2010 Newly formed sea ice 281 359 1.28 4.6 Sggaard et al. (1)
Kapisigdlit Bight 11 to 15 March 2010 Winter sea ice 233 280 1.20 5.6 Sggaard et al. (1)
Kapsigdlit Bight 8 April to 1 May 2010 Spring/summer sea ice 282 356 1.26 2.8 Sggaard et al. (1)
Young Sound 17 March 2012 Winter sea ice 406 516 1.27 6.5 Rysgaard et al. (Il)
Young Sound 20 March 2012 Newly formed polynya sea ice 502 605 1.21 7.8 Rysgaard et al. (Il)
Greenland/Svalbard
Fram Strait 25 to 29 June 2010 Spring/summer sea ice 221 420 1.90 3.9 Rysgaard et al. (2012)

water that sinks to deeper layers and contributes to the
global ocean circulation. Furthermore, observations in the
Arctic suggest that TCO, can be transported below the
pycnocline and, subsequently, be incorporated into in-
termediate and deep-water masses (Rysgaard et al. 2007;
Rysgaard et al. 2011).

Knowledge on precipitation of calcium carbonate in newly
formed sea ice and its effect on inorganic carbon dynamics
are still not well described. This issue is addressed in two of
our papers (Segaard et al. (I), Rysgaard et al. (I1)), where we
report measurements of calcium carbonate concentration
of 1 g m?2in a 2 weeks old Subarctic sea ice in Kapisigdlit
Bight in SW Greenland (Fig. 2 and Fig. 6) and 10 g m?2in a
less than one-week-old High Arctic sea ice in Young Sound,
NE Greenland (Fig. 2 and Fig. 6). The amount of calcium
carbonate in the newly formed High Arctic sea ice (Rysgaard
et al. (I1) was 2 to 5 times higher than those measured in
other sea ice types in both Arctic and Antarctic waters
and also 10 times higher than concentrations measured in
newly formed Subarctic sea ice in Kapisigdlit Bight in SW
Greenland (Fig. 2 and Fig. 6; Segaard et al. (I)). However,
the calcium carbonate concentration in the newly formed
High Arctic sea ice was lower than concentrations observed
in first-year sea ice and in 70 cm-thick snow cover at the
same sampling location in NE Greenland (Fig. 2 and Fig. 6;
Rysgaard et al. (I1)) as well as in land-fast ice in Fram Strait
(Fig. 6.; Rysgaard et al. 2012). These results indicate very
dynamic conditions of calcium carbonate formation even
on short timescales but also indicate considerable spatial
distribution of calcium carbonate (Segaard et al. (I)).

The potential influence of melting the entire newly formed
ice cover in Kapisigdlit Bight in SW Greenland (Fig. 2;
Sggaard et al. (1)) and Young Sound in NE Greenland (Fig. 2;
Rysgaard et al. (Il)) into a 20 m thick mixed layer (typical for
summer conditions in these location) on the CO, flux can be
determined using the measured ice carbon chemistry (Table
1) and the initial mixed layer characteristics (Table 2) from
the two different regions. Assuming that melt occurs over
one month, the resultant air-sea CO, flux to return to pre-
melt conditions would be - 3.4 mmol C m2d" in Kapisigdlit
Bight in SW Greenland (Fig. 2) and - 2.3 mmol C m2d'in
Young Sound in NE Greenland (Fig. 2). The potential air-sea
CO, flux vary by a factor of 0.7 with the highest potential
air-sea CO, flux estimated in Subarctic sea ice (Segaard et
al. (I), Rysgaard et al. (I1)). The reason for this difference is
unclear but indicates that the age of the sea ice plays an im-
portant role for this potential flux. In addition, this finding
suggests that TA and TCO, feature high variability between
ice locations and clearly emphasizes the importance of
studies covering the spatial variability in these parameters
in order to make reliable carbon budgets.

In these calculations, we assume that sea ice formation oc-
curs only once. However, in polynya areas, sea ice with low
bulk concentrations of CO, and high alkalinities is produced
(Rysgaard et al. (Il)) and frequently blown away from the
area, which thereby allows new ice to form again and again.
The function of a polynya and the influence on CO, exchange
are not well understood, but the production of new seaice in
these areas may contribute to a significant CO, release to the
atmosphere, which is balanced by the dissolution of calcium

Table 2. Surface water conditions below sea ice of TCO,, TA and salinity during different field campaigns.

Area and Site Date TCO, TA TA:TCO, Bulk Reference
(umol kg™)  (umol kg?) salinity
Greenland
Kapisigdlit Bight 17 February 2010 2110 2180 1.03 33 Sggaard et al. (1)
Kapisigdlit Bight 11 to 15 March 2010 2095 2230 1.06 32.7 Sggaard et al. (1)
Kapsigdlit Bight 8 April to 1 May 2010 2015 2138 1.06 32.7 Sggaard et al. (1)
Young Sound 17 March 2012 2101 2276 1.08 31.7 Rysgaard et al. (Il)
Young Sound 20 March 2012 2070 2205 1.07 31.7 Rysgaard et al. (Il)
Greenland/Svalbard
Fram Strait 25 to 29 June 2010 1987 2203 1.11 32.6 Rysgaard et al. (2012)




carbonate when the sea ice melts. On the other hand, it is
possible that polynya areas act as a downward vertical trans-
port mechanism to remove CO, rejected from sea ice away
from the surface layer and, therefore, ensure a net CO, flux
into the ocean over the entire year (Rysgaard et al. 2011). Our
findings of high calcium carbonate concentrations in newly
formed polynya ice suggest that polynya formation increases
the potential for seawater uptake of CO, (Rysgaard et al. (11)).

Another scenario is that the formation of calcium carbonate
and the concentration of solutes in newly formed polynya
sea ice lead to CO, de-gassing. If all CO, produced during
the precipitation of calcium carbonate (1) were released to
the atmosphere, then the consumption of CO, during dis-
solution of the calcium carbonate mineral in the melting
phase would balance the efflux during precipitation (Rys-
gaard et al. 2011; 2012). Thus, calcium carbonate would not
contribute to the polar carbon cycle. However, as soon as
an excess of CO, is rejected together with brine to the un-
derlying water column and transported away from the sea
ice formation region, then the mineral may potentially have
an important role in the polar carbon cycle as proposed by
Rysgaard et al. (2007; 2011 and 2012). However, it is still criti-
cal that the surface sea water layer is exposed for a sufficient
time so that the mixed layer has time to equilibrate with the
atmosphere, which may not be the case in High Arctic areas
with short open water periods (Fransson et al. 2009).

In the newly formed sea ice in Young Sound in NE Green-
land, we observed high concentrations of calcium
carbonate, and at this early stage, the sea ice was still per-
meable with a brine volume over 5% (Segaard et al. (1),
Rysgaard et al. (Il)). As mentioned earlier, precipitation
of calcium carbonate increases the amount of CO, in the
brine beyond that attributed solely to the solubility (1). As
a consequence, CO, may diffuse to the atmosphere (Fig.
1; Papadimitriou et al 2004, Nomura et al. 2006; 2010a;
2010b, Loose et al. 20114, Rysgaard et al. 2011). Since high
ice permeability is usually encountered in newly formed
sea ice, we would expect some ice-atmosphere fluxes du-
ring sea ice formation. Indeed, we measured a CO, efflux
of 3.67 = 1.99 mmol m2d"' above newly formed sea ice in
Young Sound in NE Greenland (Fig. 2), using chamber flux
measurements (Barber et al. (lll)), which is consistent with
laboratory experiments by Nomura et al. (2006; 2010) and
to findings by Geilfus et al. (2013), who estimated a CO, re-
lease from young growing sea ice of 4.2 - 9.9 mmol m2d".
This suggested a release of CO, from newly formed sea ice.
However, recent studies have shown that the largest flux
of TCO, and CO, is driven by brine drainage to the under-
lying water column and subsequently incorporation into
deep-water masses (Rysgaard et al. 2007, Sejr et al. 2011).
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1.2.2 Microorganisms in newly formed sea ice

Microorganisms in sea ice have been reported for more
than 160 years (Horner 1985 and references herein); but,
to our best knowledge, the biological processes during
the initial stages of sea ice formation have not been well
described. The initial stages of sea ice formation generally
begin when there are still substantial microbial populations
left in the water column (described in section 1.4.3). As a
result, particles such as viruses, bacteria and heterotrophic
(e.g., flagellates and ciliates) and autotrophic (e.g., diatoms)
protists are often scavenged from the water column as the
newly formed frazil ice rise to the surface (Fig. 3; Garrison et
al. 1990, Reimnitz et al. 1992, Grossmann and Gleitz 1993,
Gradinger and lkavalko 1998, Kaartokallio et al. 2006). It is
also possible that floating ice algal aggregates can be refro-
zen into the sea ice during autumn and, therefore, act as a
seeding stock (Assmy et al. 2013 and reference herein).

Organisms larger than 10 um are selectively scavenged from
the water column into the sea ice and can accumulate at
concentrations higher than that in the underlying sea water
(Gradinger and Ikavalko 1998, Riedel et al. 2007, Mikkelsen et
al. 2008, Rézanska et al. 2008). Bacteria seem to become en-
trained in the sea ice along with micro-algae (e.g., Riedel et al.
2007). The bacterial cells may attach to the outer surface of the
algae (e.g., epiphytic attachment), or to particles in the water
column, which can subsequently transport them into the sea
ice. The sea ice bacterial community closely resembles the
sea water bacterial community in oligotrophic systems; thus,
selection processes during sea ice formation seem to play a
minor role (Collins et al. 2010). By contrast, in more productive
regions, selection processes due to viral lysis of the hetero-
trophic bacterial community is possible (Collins et al. 2011).

Once incorporated into the sea ice, the microorganisms are
challenged with changes in space, light availability, salinity,
nutrients, TCO, and O, concentrations, temperature and pH
(Gradinger and lkavalko 1998, Segaard et al. (I), Segaard
et al. (IV - V), Kaartokallio et al. (VI)). These micro-envi-
ronmental differences can lead to dramatic differences in
the composition and magnitude of the microbial commu-
nity living there. Sea ice environments are dominated by
psychrotolerant and/or psychrophilic organisms (Cameotra
and Makkar 1998), and adaptation to low temperatures in
all cellular components is of great importance for algae and
bacteria living in cold environments.

For some sea ice algae and protozoans, one reproductive
strategy is the formation of robust stress resistant cysts, which
can lie dormant until suitable conditions for growth are pre-
sent. Sea ice algae that are stressed by extreme ice salinities
are likely to exhibit increased halo tolerance and some stud-
ies show that sea ice diatoms remain physiologically active
at salinities above 100 (Stoecker et al. 1997). A recent study



showed that diatoms are the most successful colonisers of
newly formed sea ice (Gradinger and lkavalko 1998). In ad-
dition, we have shown that diatoms are less affected by in-
creasing salinities, which might explain the high abundance
of diatoms in sea ice (Segaard et al. (V)). The differences in
tolerance between sea ice algal species have been ascribed
to various abilities for osmotic acclimations, e.g., production
of osmolytes (such as dimethylsulphoniopropionate; DMSP),
which balances the ionic pressure during changes in salinity
(Gleitz and Thomas 1992, Arrigo et al. 2010). In addition to
high salinities, sea ice algae must also adapt to the low light
conditions in the sea ice, where facultative heterotrophy is an
important survival strategy (Horner and Alexander 1972). Sea
ice algae are known to be adapted to low ambient light levels
and are able to grow beneath several meters of ice and snow
only receiving < 1% of the solar irradiance (Horner & Schrader
1982, Gosselin et al. 1990, Gradinger and lkavalko 1998, Mock
and Gradinger 1999, Lazzara et al. 2007).

Cold adaptation by sea ice bacteria include maintaining
membrane fluidity (Gounot & Russell 1999), modification
of amino acid composition of the proteome (Deming 2010),
i.e, conferring flexibility to proteins for their enzymatic
functions, and storage of intercellular reserves in the form
of large polymers or polyhydroxyalkanoates (PHA; Deming
2010, Kaartokallio et al. (VI)). Sea ice bacteria also release
antifreeze proteins, cold-active enzymes and exopolymeric
substances (EPS; Feller and Gerday 2003, Marx et al. 2009,
Deming 2010). In addition to low temperatures, the sea ice
bacteria also need to adapt to extremely high salinities and
to protect themselves against osmotic shock. These adapta-
tion processes include the production or accumulation of
intracellular, compatible solutes (typically sugars and amino
acids), changes in membrane fatty acid composition and
by the production of salt-tolerant enzymes (Thomas and
Dieckmann 2002, Bowman 2008).

High concentrations of EPS have been measured in Arctic
sea ice throughout the sea ice season, and EPS is released
both by bacteria and algae in sea ice. The role of EPS in sea
ice is to protect the algal and bacterial cells against the
harsh environmental conditions, assist in cell locomotion,
serve as a carbon-rich substrate, provide a defence against
grazing and create a microhabitat in which bacterial attach-
ment is favoured thereby increasing bacteria-mediated pro-
cesses (Deming 2010).

The productivity of the microorganisms inhabiting sea ice
during the first stages of ice formation and development
is not well described. However, in Sggaard et al. (l) and
Segaard et al. (IV), we showed that the ice-associated bio-
logical community in newly formed sea ice was net hetero-
trophic with a bacterial carbon demand of 0.50 mg C m2d-
in Kapisigdlit Bight in SW Greenland (Fig. 2) and 0.20 mg C
m=2d"in Malene Bight in SW Greenland (Fig. 2). An obvious

question is whether the biological processes affect the TCO,
concentration within the sea ice in this phase. The relative
effects of the biological activity and precipitation of calcium
carbonate on the air-sea exchange of CO, can be estimated.
At both locations in the newly formed ice (i.e., Kapisigdlit
Bight and Malene Bight; Fig. 2) the ice-associated biological
communities were net heterotrophic with a CO, production
rate of 4.10 to 2.10 mg m? which were very low compared to
the integrated calcium carbonate concentration of 1,000 mg
m2 (Segaard et al. (I)). In our studies the highest bacterial
production was observed at the base of the newly formed
seaice (Segaard et al. (1), Segaard et al. (IV)). Consequently,
this indicates that although the relative contribution of the
biological processes to the carbon dynamics is low, it is still
possible that the observed CO, efflux above newly formed
sea ice in some areas (see description in section 1.2.1) is
driven, in part, by the respiration of the heterotrophic com-
munity at the base of the sea ice.

1.2.3 Frost flowers and brine skim formation
- abiotic processes

During the initial hours of sea ice formation, a highly saline
layer of brine skim is often observed on the surface of the
new and young ice (Drinkwater and Crocker 1988, Perovich
and Richter-Menge 1994, Isleifson et al. 2014). The skim layer
is typically 1 — 2 mm thick and is highly saline, yielding
salinities in the order of 30 to 120 (Douglas et al. 2012,
Geilfus et al. 2013a, Barber et al. (lll)). It is suggested that
this skim layer is formed by brine transport as the brine
channels constrict during sea ice growth (Martin et al. 1995).

In calm wind conditions (< 5 m s7), frost flowers may form
on top of the newly formed ice and brine skim as distinct
nodules and, then, expand from their nucleation sites ra-
dially outwards in all directions (Style and Worster 2009,
Barber et al. (lll). In the literature, there is still an ongoing
debate whether frost flowers form due to sublimation or
evaporation from the sea ice surface rather than from de-
position from the atmosphere (Domine et al. 2005). In the
meantime, our measurements show that the initial 630
values in the frost flowers are close to 0 %o, which is simi-
lar to the signature of the surface slush layer (Barber et al.
(111)), suggesting that newly formed frost flowers are com-
posed primarily of brine. This is also supported by previous
work showing that brine can be wicked into frost flowers
from brine skim (Perovich and Richter-Menge 1994, Martin
etal. 1995, Roscoe et al. 2011, Isleifson et al. 2012).

Frost flowers are modified significantly within a few days,
since they are extremely effective collectors of blowing
snow, which suggests a temporal increase in the atmos-
pheric fraction in the frost flowers (Barber et al. (lll)). As a
consequence, they are integrated into the snow layer on top
of the sea ice (Perovich and Richter-Menge 1994).



Although the mechanisms behind frost flower formation
are relatively well described, the biological components
in frost flowers are not well-known (Bowman and Deming
2010, Bowman et al. 2013, Eronen-Rasimus et al. 2014). In
Barber et al. (lll), we showed that the bacterial concentra-
tions generally increase with salinity in frost flowers. It also
confirms that the bacterial community in frost flowers is
significantly different from that in the underlying sea water.

In our study, we found high calcium carbonate concentra-
tions of 2.00 - 2.12 g m2 (Fig. 6; Barber et al. (lll)) in these
newly formed saline layers (<1h old), which is similar to
calcium carbonate concentrations found in frost flowers and
brine skim in an outdoor pool of the Sea-lce Environmen-
tal Research Facility (SERF; Rysgaard et al. 2014), but they
are several times higher than concentrations reported from
Barrow, Alaska (Geilfus et al. 2013a). If we compare the
amount of calcium carbonate in the frost flowers and brine
skim (Fig. 6; Barber et al. (lll)) with the total amount of
calcium carbonate in the entire sea ice column in Young
Sound in NE Greenland (Fig. 2 and Fig. 6; Rysgaard et al. (11)),
it accounted for approximately 8 %. This is in general agree-
ment with other studies in which frost flowers and brine
skim in newly formed sea ice fully covered by frost flowers
accounted for 1-5 % of the total calcium carbonate (Domine
2005, Rysgaard et al. 2014).

An explanation for the occurrence of calcium carbonate
in the frost flowers and brine skim could be the upward
migration of brine with calcium carbonate from the under-
lying sea ice (Geilfus et al. 2013a) and, subsequently, the in-
corporation of this brine into frost flowers and brine skim on
the ice surface. The observation of high calcium carbonate
concentrations in the newly formed sea ice within the same
season and at the same sampling station supports this idea
(Fig. 6; Rysgaard et al. (ll)). Furthermore, we observed
that the newly formed frost flowers were composed pri-
marily of brine from the underlying sea ice (Barber et al.
(111)). However, it is possible that precipitation of calcium
carbonate continued after the brine skim and frost flowers
were formed due to low air temperature at the sampling
station, allowing the precipitation of salts to occur within
these structures (Barber et al. (ll1)).

The upward migration of brine from the ice column to the
frost flowers and brine skim (Barber et al. (lll)) facilitates salt
transport to the atmosphere and increases the specific sur-
face area of the ice, which may potentially promote CO, ex-
change between the ice and the atmosphere (Rankin et al.
2000; 2002, Alvarez-Aviles et al. 2008, Bowman and Deming
2010, Geilfus et al. 2013a, Barber et al. (lil)). Our results indi-
cate an efflux of CO, at the brine wetted newly formed sea
ice surface (3.35 £ 0.86 mmol m2d, n=_8), but there were no
striking differences in the CO, flux if frost flowers were inside
the chamber footprint (3.02 + 0.76 mmol m2d", n=4) or out-
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side the footprint (3.67 £ 1.99 mmol m? d, n=4), suggest-
ing that the formation of frost flowers only promotes minor
CO, de-gassing (Barber et al. (lll)). However, another study
showed that frost flower formation releases high amounts of
CO,, produced during the precipitation of calcium carbonate
(Geilfus et al. 2013a). Nevertheless, when the precipitated
calcium carbonate from frost flower formation is dissolved
later during summer thaw, this leads to a similar CO, uptake
from the atmosphere; and, therefore, this will, most likely,
not have a net effect on the CO, exchange between the
atmosphere and ocean (Fig. 1; phase Il). We found high
amounts of calcium carbonate (9 - 20 g m; Fig. 6) in the snow
cover above the sea ice in Young Sound, NE Greenland (Fig.
2), which has also been shown for snow on top of sea ice in
other Arctic locations (Segaard et al. (IV)). If the precipitated
calcium carbonate is incorporated into the snow cover to-
gether with the CO, released through calcium carbonate
production (1), then it is possible that the CO, is lost from
the snow cover to the atmosphere under conditions with
high wind speed (Fig. 1; wind-drift). The overall outcome is
that the dissolution of calcium carbonate during the summer
thaw, most likely, will have no net effect on the CO, exchange
between the atmosphere and ocean. As a result of the way
frost flowers are formed and their later integration into the
snow cover, frost flowers present a unique way for the ocean
and sea ice to interact with the atmosphere.

The events controlling the dynamics of inorganic carbon
in the transition from open water to an ice-covered ocean
in autumn and winter have been outlined in the sections
above (Fig. 1; phase I). Altogether, my results from this
phase | indicate that CO, is released to the atmosphere
while, at the same time, TCO, is rejected together with brine
to the underlying sea water (Fig. 1). Formation of new ice
may lead to a de-gassing of CO, in part, because of the in-
crease in concentration of solutes but also because of the
formation of calcium carbonate. However, it may also be a
result of respiration by the net heterotrophic community at
the ice base in newly formed sea ice. High concentrations
of calcium carbonate occur both in frost flowers and brine
skim, accounting for approximately 5 % of the total calcium
carbonate in the entire sea ice column. However, the fate
of the precipitated calcium carbonate still remains unclear.

1.3 Phase ll: Growing winter sea ice

In this section, the processes driving CO, exchange in the
growing winter sea ice are discussed (1.3.1) and whether
this phase acts as a net sink or source of CO, to the atmos-
phere. A short description of the microorganisms in winter
sea ice and their contribution to the CO, dynamics during
phase Il is also provided (1.3.2).



1.3.1 Abiotic processes in growing winter ice

During winter (Fig. 1; phase II), the largest flux of TCO, and
CO, is driven by brine drainage to the underlying water
column, leaving sea ice depleted in CO, compared to ambient
seawater (Fig. 1). This is supported by results in Segaard et al.
(1) indicating that the TCO, depletion in sea ice in Kapisigdlit
Bight in SW Greenland (Fig. 2) was mainly controlled by
brine drainage to the underlying water. There are three
types of desalination mechanisms: 1) brine expulsion, 2)
gravity drainage and 3) brine pocket migration. The first two
desalination mechanisms are the only ones of quantitative
importance (Eicken 2003). Brine expulsion is the migration
of brine driven by the cooling of the sea ice, which results in
pressure buildup in the brine pocket. This allows the brine
to escape from the brine pocket and migrate toward the
warmer end of the ice sheet (Weeks 2010). Gravity drainage
includes all processes in which the brine, under the influ-
ence of gravity, drains out of the sea ice into the underlying
water column (Cox and Weeks 1974). These two desalina-
tion mechanisms result in the rejection of large amounts of
TCO, and CO, to the underlying water column along with
the expelled brine during sea ice growth (Killawee et al.
1998, Anderson et al. 2004, Rysgaard et al. 2007), which sub-
sequently increases the pCO, concentration below the sea
ice (Fig. 1; Gibson and Trull 1999, Semiletov et al. 2004; 2007,
Delille 2006;2010). TCO, is assumed to be removed from the
surface oceanic mixed layer to deeper water masses via the
sinking of the expelled dense brine (Nansen 1906, Rysgaard
et al. 2011). However, the fate of the rejected TCO, in the
water column is still poorly understood.

During winter calcium carbonate precipitation continues in
sea ice (Segaard et al. (1), Rysgaard et al. (Il)). Our measure-
ment from growing Subarctic winter sea ice in Kapisigdlit
Bight (Fig. 2) showed high calcium carbonate concentrations
(i.e, 9 g m? Sggaard et al. (1)), which was 4 times higher than
the average seasonal calcium carbonate concentration in sea
ice measured in this area (i.e., 2.13 g m? S@gaard et al. (1)).
In addition, in winter ice in the High Arctic in Young Sound,
NE Greenland (Fig. 2), we observed the highest calcium
carbonate concentrations ever measured to our knowledge
in natural sea ice (i.e,, 25 g m; Rysgaard et al. (Il)), suggest-
ing that winter (Fig. 1; phase ll) is extremely important for the
annual calcium carbonate precipitation (Fig. 6). Furthermore,
it indicates that the calcium carbonate concentration in the
brine increases with decreasing temperatures as the highest
calcium carbonate concentrations are observed in cold win-
ter High Arctic sea ice (Rysgaard et al. (11)).

Calcium carbonate is mainly found as ikaite in the natural sea
iceenvironment,and we confirmedthatthe calciumcarbonate
found in the winter sea ice in the Young Sound area in NE
Greenland (Fig. 2) was, indeed, ikaite (Rysgaard et al. (I1)). Pre-
cipitation of ikaite requires near-freezing temperatures and
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Figure 7. Vertical distribution of the calcium carbonate concentra-
tion in first-year winter sea ice in Kapisigdlit, SW Greenland (black
line; Segaard et al. (1)) and in first-year winter sea ice in Young
Sound, NE Greenland (dashed black line; unpublished data D. H.
Segaard).

conditions of high alkalinity (Bischoff et al. 1993, Buchardt
et al. 2001, Selleck et al. 2007, Hu et al. 2014). Previously, it
was also postulated that elevated phosphate concentrations
were critical for ikaite precipitation (Bischoff et al. 1993); how-
ever, this has been shown not to be the case (Hu et al. 2014).
In the winter sea ice in Young Sound, NE Greenland and in
Kapisigdlit Bight, SW Greenland (Fig. 2), we did observe low
sea ice temperatures and conditions of high alkalinity with
the pH following a C-shaped pH profile, i.e., high pH (> 9) in
the surface and bottom sea ice layers and slightly lower pH
conditions (8.5) in the internal sea ice layers (S@gaard et al.
(1), Rysgaard et al. (II)). The C-shaped pH profile in the sea ice
is created when the brine inclusions in the upper ice layers
are closed due to low ice permeability. This will restrict fur-
ther CO, expulsion from the interior ice, which then results
in CO, depletion relative to sea water and, thus, higher pH
levels in the upper ice layers (Hare et al. 2013). The interior ice
layer continues to receive CO, from calcium carbonate pre-
cipitation and CO, transport due to brine movement, which
explains the low pH values encountered here. The bottom ice
layer has open brine channels that continuously export brine
to the underlying water resulting in CO,-depletion and high
pH in this layer (Hare et al. 2013).

The calcium carbonate concentrations measured at two dif-
ferent locations followed the C-shaped pH profile with high
calcium carbonate concentrations in the surface and bottom
sea ice layers (Fig. 7; S@gaard et al. (I)). This suggests that
the calcium carbonate precipitation in natural sea ice is also
controlled by pH, as suggested in a laboratory study by Hu et
al. (2014). This contradicts previous studies in which calcium
carbonate is primarily found in the uppermost layers of sea
ice (e.g., Fischer et al. 2013, Nomura et al. 2013b, Rysgaard et
al. 2014).
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The potential influence of melting the entire winter ice cover
in Kapisigdlit Bight in SW Greenland (Fig. 2; Segaard et al. (1))
and Young Sound in NE Greenland (Fig. 2; Rysgaard et al. (I1))
into a 20 m thick mixed layer (typical for summer conditions in
these location) on the CO, flux can be determined using the
measured ice carbon chemistry (Table 1) and the initial mixed
layer characteristics (Table 2) from the two different regions.
Assuming that melt occurs over one month, the resultant
air-sea CO, flux to return to pre-melt conditions would be -
4.8 mmol C m2 d" in Kapisigdlit Bight in SW Greenland and
- 5.9 mmol Cm2d"inYoung Sound in NE Greenland (Fig. 2).
The potential air-sea CO, flux vary by a factor of 0.8 with the
highest potential air-sea CO, flux estimated in High Arctic sea
ice (Segaard et al. (Il), Segaard et al. (IV)). Our observations
of calcium carbonate concentrations in sea ice vary by several
orders of magnitude depending on the sea ice type and the
locality (Fig. 6; Segaard et al. (1), Rysgaard et al. (Il)), suggest-
ing that TA, TCO, and calcium carbonate concentrations fea-
ture high horizontal variability. This issue is addressed in one
of my papers (Segaard et al. (1)) in which we found high spa-
tial variability on the scale of metres to hundreds of metres
for calcium carbonate concentration and other sea ice bio-
geochemical properties. Another important finding in these
studies is that the presence of calcium carbonate in sea ice
almost doubles the air-sea CO, flux as compared to melting
of calcium carbonate-free sea ice, which emphasizes that the
precipitation and dissolution of calcium carbonate is critical
to the efficiency of the sea ice-driven carbon pump in these
areas (Segaard et al. (I), Rysgaard et al. (II)).

Although the rejection of TCO, from growing sea ice to the
underlying water column during winter is the dominant
process in this phase, the sea ice-atmosphere fluxes should
also be taken into account when describing the sea ice
carbon budget. As mentioned above, our data showed that
calcium carbonate concentration follows a C-shaped profile
(Fig. 6; S@gaard et al. (). Since most of the calcium carbonate
is found in the upper and lower sea ice layers, it suggests
that the CO, produced during precipitation of calcium
carbonate is both in close contact with the atmosphere
and the underlying water column. The amount of CO, re-
leased to the atmosphere depends on the ice permeability,
while CO, in the lower ice layers is rejected together with
the brine to the underlying water column when there is
an excess of CO, due to high permeability in this ice layer.
The low temperatures during winter result in lower brine
volumes and, subsequently, a decrease in permeability,
which impedes the ice-atmosphere gas exchange (Loose et
al. 2011a, Rysgaard et al. 2011) and results in insignificant
fluxes above cold sea ice (Heinesch et al. 2010, Miller et al.
2011b, Geilfus et al. 2012b, Serensen et al. 2014). However,
small fluxes of CO, have been observed above cold winter
sea ice under conditions with high wind speed (Heinesch et
al. 2010, Miller et al. 2011a, Papakyriakou and Miller 2011,
Else et al. 2011), indicating that CO, de-gassing might oc-
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cur occasionally above winter sea ice (Fig. 1; snow-drift). The
CO, de-gassing above winter sea ice is mainly due to the
loss of stored CO, from the snow pack (Rysgaard et al. 2014).
This is supported by a recent study showing low pH values
in the snow cover above winter sea ice, indicating high CO,
concentrations (Hare et al. 2013). In addition, we also found
high amounts of calcium carbonate (0.12 - 20 g m™; Fig.
6) in the snow cover above the sea ice in Young Sound, NE
Greenland and in Kapisigdlit Bight in SW Greenland (Fig. 6;
Sggaard et al. (IV)). If the precipitated calcium carbonate is
incorporated into the snow cover together with the CO, re-
leased through calcium carbonate production (1), this pro-
cess may be responsible for the observed snow-driven CO,
degassing under conditions with high wind speeds above
winter sea ice (Fig. 1; phase Il). The snow cover also has an in-
sulating effect (Sturm and Massom 2010, Fischer et al. 2013),
maintaining sea ice temperatures high enough to allow a
small CO, efflux from the ice column into the snow cover
(Golden et al. 2007; Nomura et al. 2010a; 2010b, Hare et al.
2013). In addition, new snowfall or a redistribution of snow
due to high winds to the same site may warm sea ice cover
locally during winter, which may dissolve calcium carbonate
(Rysgaard et al. 2014). This indicates dynamic conditions of
calcium carbonate precipitation/dissolution, CO, and pH
during winter.

1.3.2 Growth limitation of microorganisms in
winter sea ice

In winter (Fig. 1; phase ), light availability in the sea ice is
very low and the sympagic community remains net hetero-
trophic, counteracting the atmospheric CO, drawdown as
respiration releases CO, (Segaard et al. (), Segaard et al.
(v)).

Our studies show that, although both biotic and abiotic
processes can influence air-sea CO, exchange, the relative
effects of biotic processes throughout the examined winter
seaiceareverylow (Segaard etal.(I)). Inaddition, our studies
revealed that the ice-associated biological community was
net heterotrophic in this winter phase with high bacterial
carbon demands (i.e., varies between 19.40 mg C m2-40.50
mg C m2) compared to estimated primary production val-
ues (i.e., varies between 12.20 - 20.70 mg C m?; Sggaard
et al. (l), Segaard et al. (1V)). The bacterial carbon demand
in winter sea ice varies between locations with recorded
values of 0.80 - 26 mg C m2d" in Greenland seaice (Long et
al. 2012, Segaard et al. (1), Segaard et al. (IV)), 0.02 - 1.5 mg
Cm2d7'in the Baltic Sea (Kaartokallio 2004) and 5.96 mg C
m=2d"'in sea ice in Resolute (Smith and Clement 1990). Re-
gardless of location and bacterial carbon demand, minima
in bacterial abundance have been observed during winter
(Collins et al. 2008, Deming 2010 and references herein).
The low bacterial abundance in sea ice during winter might
be due to virally-mediated cell death (Collins et al. 2008),



grazing by bacterivorous protists (R6zanska et al. 2008), a
reduction in habitable space or the formation of intracel-
lular ice crystals and cell-puncturing by ice crystals (Col-
lins and Deming 2011). Our studies indicate that high ice
salinity is a key parameter influencing the constitution
and activity of the bacterial community in winter sea ice
(Kaartokallio al. (VI)). Our findings also suggest that the
sea ice is acting as a biofilm-like system rather than being
analogous to open-water systems, which may be a survival
strategy for the heterotrophic community in this hostile en-
vironment (Kaartokallio al. (VI)).

As mentioned in section 1.3.1, the pH in winter sea ice fol-
lows a C-shape profile i.e., high pH (> 9) in the surface and
bottom sea ice layers and slightly lower pH conditions (8.5)
in the internal sea ice layers. This may have an effect on the
growth of the microorganisms within the sea ice. Limited
knowledge exists on how high pH affects growth rates of
sea ice algae and bacteria. However, previous studies indi-
cate that high extracellular pH may cause gross alterations
in membrane transport processes and metabolic functions
involved in internal pH regulation (Raven 1980) or cause al-
terations of cellular content of amino acids and their com-
position, which might affect cellular growth (e.g., Taraldsvik
& Myklestad 2000). Changes of pH influence the inter-
speciation of inorganic carbon (CO, (ag), HCO;, CO5%). At
pH 8 in sea water (TCO, approximately 2mM in marine wa-
ters), approximately 1 % of TCO, is present as CO, while, at
pH 9, only 0.1 % of TCO, is present in this form (Hinga 2002).
Potentially, the limitation of the CO, supply due to eleva-
ted pH may restrict photosynthesis and growth of phyto-
plankton (Hansen 2002). However, some phytoplankton
species have active transport systems by which they
utilize HCO5 in order to avoid TCO, limitation at elevated
pH (Korb et al. 1997, Huertas et al. 2000, Hansen 2002).

We have shown that the growth rates of the sea ice diatom
species (i.e., Fragilariosis nana and Fragilariopsis sp.) were sig-
nificantly reduced at pH > 9.0; and, at pH=9.5, they stopped
growing irrespective of TCO,, indicating that pH had a direct
effect on algal growth (Segaard et al. (V)). In addition, our
experiments revealed that a chlorophyte species commonly
encountered in sea ice (i.e., Chlamydomonas sp.) had an ex-
treme pH-tolerance since only a small reduction in its growth
rate was observed above pH=9.5, but it was sensitive to low
TCO, concentrations (Segaard et al. (V)). Furthermore, the
chlorophytes species out-grew two species of sea ice diatoms
in a succession experiment, suggesting that an elevated pH
played a potential role in the succession of Arctic seaice algae
in winter sea ice (Sggaard et al. (V)).

Sea ice algae are known to be adapted to low light levels
and are able to grow at light intensities down to 0.36 - 20
pmol photon m2 s (Horner and Schrader 1982, Gosselin et
al. 1990, Gradinger and lkdvalko 1998, Mock and Gradinger

1999). However, much lower light intensities are observed in
the winter sea ice covered with heavy snow (Sggaard et al.
(IV)). In our study, light was identified as the major limiting
factor for algal productivity — with snow cover depth largely
controlling light transmission in Subarctic sea ice in Malene
Bight in SW Greenland during winter (Fig. 2; Segaard et al.
(IV)). This suggests that the low algal biomass and produc-
tivity in the winter sea ice in Malene Bight in SW Greenland
is caused by poor light conditions (Segaard et al. (IV)).

In the sections above, the sequence of events controlling
the dynamics of inorganic carbon in growing winter sea ice
(Fig. 1; phase 1l) is outlined. Very high amounts of calcium
carbonate were observed in winter the High Arctic sea ice
in Young Sound in NE Greenland (Fig. 2), and the concentra-
tion followed a C-shaped profile, suggesting that the CO,
produced in this phase is both in close contact with the
atmosphere and the underlying water column. In addition,
the sea ice permeability was very low, suggesting that brine
drainage were the dominant processes leading to TCO,
depletion in the ice column during the winter months.
Therefore, CO, de-gassing plays only a role in areas with
high ice permeability, high wind speeds and/or heavy snow
cover where ice temperatures are maintained high enough
to allow for CO, efflux. Altogether, my results indicate that
the role of biology in modulating inorganic carbon dyna-
mics in this phase is minor, and is apparently delayed until
spring and summer.

1.4 Phase lll: Transition from ice-
covered ocean to open waters

In this section, the abiotic processes driving CO, exchange
in melting sea ice are discussed (1.4.1) and whether this
phase acts as a net sink or source of CO, to the atmosphere.
In addition, the microorganisms in melting sea ice and their
contribution to the CO, dynamics in this phase are de-
scribed (1.4.2) with a focus on the processes determining
the magnitude of the primary production in Greenland sea
ice and the considerable geographic differences in primary
production. Finally, a short discussion of the balance of CO,
sinks and sources in the open water period in section 1.4.3
is provided.

1.4.1 Abiotic processes in melting sea ice

The warming of sea ice is accompanied by a reduction in
ice salinity, approaching zero salinity, because of internal
ice melt and brine flushing due to the draining of meltwater
from surface melt ponds (Untersteiner 1968, Cox and Weeks
1974, Fetterer and Untersteiner 1998). Brine inclusions
and channels enlarge upon warming and form new path-
ways for brine and melt water. These new pathways form
longer and bigger channels than the primary pathways in
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growing ice. The melt water percolates downwards into the
ice, flushing out salts into the upper ocean in this process
(Petrich and Eicken 2010). As the sea ice warms, the ice
porosity increases; and, therefore gas exchange between
the seaice and atmosphere is also expected to increase. This
is supported by field measurements of a high CO, influx (i.e.,
— 259.2 mmol C m2d") in some areas and, in other areas,
high de-gassing of CO, (i.e., up to 74.3 mmol C m2d"') over
the surface of sea ice (Zemmerlink et al. 2006, Delille 2006,
Nomura et al. 2010a, Miller et al. 2011a, Papkyriakou and
Miller 2011, Geilfus et al. 2012b). However, recent studies
have observed the formation of superimposed ice during
spring and summer (Hass et al. 2001, Nicolaus et al. 2009),
and it has been suggested that the formation of this ice type
may reduce or even stop the gas exchange between the sea
ice and atmosphere (Delille et al. 2006, Geilfus et al. 2012b,
Nomura et al. 2010a; 2010b; 2013).

As the ice temperatures continue to rise, it leads to a wide-
ning of brine channels and a subsequent mass drainage of
brine (Fig. 1; phase lll). The sea ice melt water is depleted
in TCO, and potentially enriched in TA due to dissolution of
ikaite (e.g., Nedashkovsky et al. 2009), which will result in a
decrease in pCO, of the top water column (Rysgaard et al.
2012, Else et al. 2013a; Else et al. 2013b). This CO, depletion
of the surface seawater leads to an increase in the air-sea
flux of CO, (e.g., Rysgaard et al. 2007; 2009; 2011).

An important question is whether the sea ice acts as a sink
or source of CO, to the atmosphere during the spring/sum-
mer period. An important feature during sea ice melt (Fig.
1; phase lll) are the formation of flooded slush surface and
melt ponds, which both constitute a net CO, sink during
the ice melting season (Semiletov et al. 2004, Geilfus et al.
2012b; 2014, Nomura et al. 2013a). Melt ponds is common
on Arctic sea ice and can, at times, cover up to 50 - 80 % of
the sea ice area (Eicken et al. 2004, Liithje et al. 2006). Re-
cent estimates of the CO, influx over melt ponds suggest
that melt ponds represent a sink for atmospheric CO, by -
0.04 to — 5.4 mmol m2d " during Arctic sea ice melt and that
this CO, flux accounts for 5 - 15 % (Geilfus et al. 2012b; 2014)
of the total uptake for the Arctic Ocean (Bates and Mathis
2009, Takahashi et al. 2009).

This estimated influx over melt ponds is higher than the
potential air-sea CO, flux of — 3.7 mmol C m= d"' calculated
using the measured ice carbon chemistry (Table 1) and the
initial mixed layer characteristics (Table 2) from the spring/
summer sea ice in Kapisigdlit Bight in SW Greenland (Fig. 1;
phase Il and Fig. 2) — assuming that the melt occurs over
one month.

In addition, our estimate is low compared to the potential
air-sea CO, flux in Fram Strait (i.e., -10.6 mmol C m2 d",
Rysgaard et al. 2012). This difference might be because our
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study was performed in Subarctic sea ice exposed to higher
seasonal air temperatures than the aforementioned stud-
ies. A comparison of the calcium carbonate concentration
in the sea ice between these two sites (i.e., High Arctic sea
ice in the Fram Strait and Subarctic in Kapisigdlit Bight; Fig.
6), revealed a ten times lower calcium carbonate concentra-
tion in the Subarctic sea ice (Rysgaard et al. 2012, Segaard
et al. (I)). This difference in calcium carbonate concentra-
tion between the two sites might also explain, in part, the
lower sea-ice-driven CO, uptake found at this Subarctic sea
ice site. Another explanation for the lower potential air-sea
CO, flux in Kapisigdlit Bight in SW Greenland (Fig. 2) might
be that the sea ice is formed by sea water that is influenced
by a freshwater input, which might have increased the total
gas content of the sea ice in this area (Crabeck et al. 2014).
Therefore, variations in sea ice properties such as tempera-
ture, salinity, ice texture, pH and freshwater input are likely
responsible for some of the differences found in the calcium
carbonate concentrations and the estimated potential air-
sea CO, flux between these two sites.

As mentioned in section 1.3.1, our data show that the pre-
cipitation of calcium carbonate follow a C-shaped profile
during winter (Fig. 7; Segaard et al. (1)). However, just before
the ice break-up, we observed that the calcium carbonate
concentration followed an L-shaped profile with the highest
concentration of calcium carbonate in the bottom layer of
the Subarctic sea ice in Kapisigdlit Bight in SW Greenland
(Fig. 2; Segaard et al. (1)). This high concentration in the bot-
tom ice layers might be due to a migration of the calcium
carbonate crystals through the brine channels or could
result from the effects of surface flooding and/or gravity
drainage. Therefore, it is possible that both the precipitated
calcium carbonate and the CO, produced are released to
the underlying water column, and the two processes may
balance out in terms of air-ice CO, fluxes. However, in our
study, we did not observe calcium carbonate crystals in
the sediment traps deployed under the Subarctic sea ice
in Kapisigdlit Bight in SW Greenland (Fig. 2; Segaard et al.
(1)). This suggests that the precipitated calcium carbonate
is not released to the underlying water column and again
strengthens the idea of an effective sea-ice-driven carbon
pump in this Subarctic sea ice (Segaard et al. (1)).

1.4.2 Biotic processes in spring/summer sea ice

It is the sea ice algae bloom that marks the transition from
winter to spring/summer in ice-covered waters, where phy-
toplankton typically starts blooming after light levels in the
sea ice have passed a critical level (i.e., ranging from 0.36
to 20 pmol photons m2 s7') and sea ice algae will start to
grow exponentially (Mock and Gradinger 1999, Horner and
Schrader 1982, Gosselin et al. 1990, Gradinger and Ikdvalko
1998, Sggaard et al. (IV)). Light has previously been identi-
fied as the major limiting factor for algal productivity, with



snow cover depth largely controlling light transmission in
sea ice during winter and early spring (e.g. Rysgaard et al.
2001, Mikkelsen et al. 2008, Segaard et al. (IV)). Hence, the
snow depth influences the transition from phase Il to phase
I1I; the thicker the snow cover, the more the transition is de-
layed.

The sea ice algae community sustains itself as long as
sufficient amounts of nutrients remain - either incorpo-
rated from the underlying water column during the initial
ice formation or through an increased exchange by tidal
current, gravity drainage and brine movement when the
permeability in the sea ice is high (Arrigo et al. 2010). The
algal bloom in the Arctic usually begins at the ice-water
interface, in a lamellar bottom ice layer called the skeletal
layer (Fig. 4; Segaard et al. (IV)). Even though this layer
only contributes marginally to the total mass of sea ice,
it harbours one of the highest phytoplankton concentra-
tions in the world’s oceans (Arrigo et al. 2010), which is
dominated by pennate diatoms often accounting for > 90
% of the total biomass (R6zanska et al. 2009). An explana-
tion for the dominance of diatoms in spring and summer
ice is that diatom species are only slightly affected by de-
creasing salinities, whereas the decreasing salinity may
result in substantial losses of species such as ciliates and
flagellate (Garrison and Buck 1986, Ryan et al. 2004, Ralph
et al. 2007, Mikkelsen and Witkowski 2010, S@gaard et al.
(V)). However, other studies have shown that, when the
sea ice has reached an advanced stage of ice melt and the
brine salinity decreases, the dominance of diatoms gradu-
ally decreases, and flagellates become more abundant
(Mikkelsen et al. 2008, Leu et al. submitted). We found that
the flagellate species studied (i.e, Chlamydomonas sp.)
out grew the sea ice diatoms (i.e., Fragilariopsis nana and
Fragilariopsis sp.) in a succession experiment in which pH
levels were elevated, suggesting that elevated pH levels
play a possible role in the succession of Arctic sea ice al-
gae (Segaard et al. (V)). Extremely high pH (i.e. pH levels
as high as 10.0) is observed in sea ice with high primary
production (Gleitz et al. 1995, Thomas et al. 2001b) and,
thus, prevails during spring when the irradiance increases
(Cota and Horne 1989, Kiihl et al. 2001). On the other hand
our results suggest that sea ice diatoms (i.e., Fragilariopsis
nana and Fragilariopsis sp.) are less affected by decreasing
salinities compared to the flagellate species studied (i.e.,
Chlamydomonas sp) and thus may have a competitive ad-
vantage during spring and summer thaw when sea ice sa-
linity become low (S@gaard et al. (V)).

The algal bloom period ends when the sea ice temperature
rises above a critical limit (i.e., depends on bulk salinity)
that leads to a high sea ice permeability and, subsequently
a major brine drainage and loss of the sea ice commu-
nity (Lavoie et al. 2005, Gradinger et al. 2009, Boetius et
al. 2013). Thus, the seeding of algae by melting sea ice is

thought to provide a starter community for phytoplank-
ton growth in the water column under some conditions
(Kuosa et al. 1992). Furthermore, melting sea ice may serve
as a source of organic matter (Lannuzel et al. 2007, Thomas
et al. 2010). Previous studies show that significant primary
production takes place under the sea ice during the spring
thaw as the sea ice melt will rapidly increase light trans-
mission and enhance surface stratification of the underly-
ing water column (Arrigo et al. 2012, Nicolaus et al. 2012,
Mundy et al. 2009; 2013). Furthermore, Glud et al. (2014)
measured high primary production rates by buoyant algal
aggregates under melting sea ice in the Fram Strait, and a
recent study by Boetius et al. (2013) showed that these ag-
gregates contributed to, at least, 45 % of total primary pro-
duction (i.e., both ice-algal and pelagic production) and
> 85 % of carbon export in 2012 in the Central Arctic. We
measured high light levels, reaching values of > 500 umol
photons s m?2 below thin winter sea ice, which is more
than sufficient to promote an under-ice phytoplankton
bloom (Barber et al. (lll)). Therefore, this under-ice primary
production could be important in the carbon budget of
the Arctic Ocean - a process, that has not previously been
considered.

The significance of heterotrophic processes typically in-
creases during late-bloom and post-bloom conditions close
to spring thaw (Vezina et al. 1997, Kaartokallio 2004). Our
studies show that the sea ice habitat is acting as a biofilm-
like system and that this system is dominated by PHA-
producing bacteria (Kaartokallio et al. (VI)). The production
of PHA is a possible way for the bacterial community to store
excess carbon, which thereby enhances their survival in the
planktonic environment following ice melt (Kaartokallio et
al. (V). Even though relatively high heterotrophic activities
are measured during ice melt in phase lll, our studies sug-
gest that the autotrophic activity exceeds the heterotrophic
activity in this period, resulting in a net autotrophic commu-
nity (Segaard et al. (I), Segaard et al. (IV)). Bacteria follow
the progress of the ice algal bloom, increasing their abun-
dance as the Chl a concentration increases (Deming 2010).
Extremely high bacterial production rates on the order of
3.80 - 290 mg C m2 d' were measured in spring sea ice in
Young Sound, NE Greenland (Fig. 2; Glud et al. 2007) and
in the melting sea ice in the Fram Strait (Glud et al. 2014),
which were considerably higher than the primary produc-
tion rates, indicating that the sea ice was net heterotrophic
during summer in these areas. However, the bacterial pro-
duction rates typically represent less than 60% of primary
production rates during spring and summer and often peak
during post-bloom condition in spring/summer ice (Smith
and Clement 1990, Gowing et al. 2004, Deming 2010,
Se@gaard et al. (1), Segaard et al. (IV)).

The autotrophic assimilation of CO, is an important process
that depletes the pCO, of sea ice brine and, ultimately, of
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Figure 8. Seasonal development of sympagic Chl a values in different regions of the Arctic modified from Leu et al. submitted. Additional
plots: the Baltic Sea data from Kaartokallio (2004), Young Sound, NE Greenland (unpublished data D. H. Segaard, Rysgaard and Glud (Eds.)
2007), the Greenland Sea from Gradinger (1999), Disko Bay from Buck et al. 1998 and Malene Bight, SW Greenland (Segaard et al. (IV)). Note

the different scales for Chl a.

surface water when the sea ice melts (Arrigo et al. 2010). The
relative effects of biological activity and calcium carbonate
precipitation/dissolution on the air-sea CO, exchange can
be estimated from measurements of primary production
(Segaard et al. (1), Segaard et al. (IV)). The measured pri-
mary production was 54 - 240 mg C m in Subarctic sea ice
in Malene Bight and Kapisigdlit Bight in SW Greenland du-
ring spring and summer (Fig. 2; Segaard et al. (I), Segaard
etal. (1V)), which is low compared to the integrated calcium
carbonate concentration of 2,440 mg m2 during this spring
and summer phase (Fig. 6; Segaard et al. (1)). This and other
studies indicate that the contribution of primary production
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to TCO, depletion in phase Il is minor (<259%) compared
to the contribution of calcium carbonate precipitation
(Segaard et al. (I), Munro et al. 2010, Fransson et al. 2011,
Geilfus et al. 2012b, Papadimitriou et al 2012, Rysgaard et
al.2012).

Algal biomass from sea ice in Greenland coastal areas range
from 0.04 to 8.0 mg Chl a m?, which are similar to values
recorded for sea ice in the central Arctic and the Baltic Sea
(Fig. 8). However, these values are extremely low compared
to values recorded for Arctic sea ice in general, which range
from 53.8 mg Chl a m2in the European Arctic to 340 mg Chl



am?near Resolute in the centre of the Canadian Archipelago
(Fig. 8; Arrigo et al. 2010). Using a carbon-to-Chl a ratio of 20
to 40 for Arctic sea ice algae in general (Arrigo et al. 2010),
the primary production was estimated to be around 1,076 to
13,600 mg C m2, which is within the range of or higher than
the calcium carbonate concentrations of 2,130 to 25,000 mg
m2 measured within Arctic sea ice from different locations
and different ice development stages (Fig. 6; Segaard et al.
(1), Rysgaard et al. (Il), Barber et al. (lll), Segaard et al. (1V)).
This emphasizes that, in areas with high biological activity in
the sea ice, the contribution of biotic processes to the CO, de-
pletion can be substantially higher. Therefore, the evaluation
of the sea ice sink described in this phase Il may not be repre-
sentative of the Arctic as a whole, since the uptake of CO, by
biological activity seems to be much lower in Greenland sea
ice compared to other regions.

The results above generate a very important question. Why
is the primary production so low in Greenland sea ice? Sea
ice associated microbial communities can contribute up to
approximately 70 % of the integrated primary production
in Arctic ecosystems (Horner & Schrader 1982, Legendre et
al. 1992); but, generally and especially in coastal Greenland
coastal waters, the contribution appears to be much less,
amounting to approximately 1 % of the total production
(Rysgaard et al. 2001, Mikkelsen et al. 2008, Sggaard et al.
(IV)). Most fjords in Greenland receive large amounts of melt
water with high concentrations of suspended sediments
from the Greenland Ice Sheet, which in turn will influence
the timing and duration of the pelagic primary production
and also the composition of the pelagic species (Arendt et
al. 2010; 2011, Juul-Pedersen et al. submitted). Such sedi-
ment-rich plumes can be observed even in winter, when
they are identified by tidal re-suspension (Rysgaard et al.
2008, Mortensen et al. 2011). The low biomass and produc-
tivity in Greenland sea ice may be attributed to high fresh-

water run-off from the glaciers, which will influence light
availability in the sea ice if suspended sediments are incor-
porated into the ice column. In the sea ice in Young Sound,
NE Greenland (Fig. 2), however, neither the ice texture nor
microscopic examination of both vertical and horizontal ice
sections showed any suspended sediments (Rysgaard et
al. (ID). It is still possible that the freshwater from melting
glaciers locally affects the sea ice dynamics, due to surface
flooding by less saline sea water and discharge below the
sea ice. The accumulation of less saline sea water on top of
and below the seaice may change the seaice microstructure
(Crabeck et al. 2014), which may inhibit algal growth. The
measured sea ice salinities (i.e., average less than 6.5; Table
3) in Greenland fjords reflect the low surface water salinities
(Mortensen et al. 2011; 2013, Crabeck et al. 2014, Segaard
etal. (I)). The salinity in Greenland sea ice is, therefore, lower
than in other sea ice regions in which high algal standing
stocks were encountered (Fig. 8 and Table 3) and close to
the bulk ice salinity (2<S<4.7) of sea ice grown under influ-
ence of brackish water in the Laptev Region of the Arctic
Ocean (Eicken et al. 2005). A decrease in salinities within the
sea ice play a potential role in the succession of Arctic sea
ice algae (Segaard et al. (V)), and this may, therefore, ex-
plain the lower algal biomass and productivity in Greenland
sea ice. This is supported by the fact that our values of depth
integrated algal biomass measured from sea ice in Green-
land coastal areas are similar to values recorded for sea ice in
the Baltic Sea (Fig. 8), which is also an area in which low sea
ice bulk salinities are encountered (i.e., below 2). In addition,
we observed periodic melting of the sea ice from below and
subsequent re-growth, which could result in a lower bot-
tom algal biomass, and therefore, lower algal productivities
in the Greenland sea ice (Segaard et al. (I), Segaard et al.
(IV)). This is supported by observations in Resolute, Canada,
where melt rates of the bottom ice regulated the maximum
biomass attained in this region (Lavoie et al. 2005).

Table 3. Bulk salinity, inorganic nutrient concentrations, snow depth and ice thickness of different Arctic regions. Modified from Leu et al.

submitted.
Area and site Bulk Silicate Phosphate Nitrate Snow depth Ice thickness Reference
salinity (1M) (1M) (1M) (cm) (cm)
Greenland
Young Sound 6.50 0.80 0.40 0.50 30-70 30-110 Unpublised data
D. H. Sg¢gaard
Kapisigdlit 4.40 4.70 0.50 1.70 0-7 0-81 Spgaard et al. (IV)
Malene Bight | 5.20 1.10 0.20 1.90 0-28 0-62 Spgaard et al. (V)
The Baltic Sea
Santala Bay 0.60 1.00 0.10 3.60 0 13-27 Kaartokallio (2004)
Svalbard
Rijpfijorden - 5 0.70 3-27 100 Leu et al. (2010)
Canada
Amundsen
Gulf 7.40 7.8-23.2 0.5-1.6 2.9-10.0 <5->15 120-180 Alou-Font et al. (2013)
Cota et al. (1990),
Resolute 8.00 11.8-28.6 1.1-1.7 43-8.9 5->30 136-176 Mundy et al. (2013)
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The low algal biomass and productivity recorded in
Greenland may also be attributed to light limitation
(Segaard et al. (1), Segaard et al. (IV)). In our study, we re-
vealed that the snow and sea ice attenuations are generally
higher than values reported elsewhere (S@gaard et al. (IV)),
which might explain the low algal biomass and productivity
in Greenland seaice. Furthermore, we showed that the patch
size of ice algal biomass followed the snow cover and seaice
temperature, suggesting that the light availability in sea ice
is the main factor controlling sea ice algal patchiness in this
area (Sggaard et al. (IV)). Considerable amounts of snowfall
are usually observed in Greenland fjords (Segaard et al. (1),
Rysgaard et al. (Il), Segaard et al. (IV)), and we frequently
observe that the upper sea ice column at different loca-
tions in Greenland are composed of snow-ice that is formed
through flooding due to negative freeboard and thick snow
cover (Segaard et al. (I), Rysgaard et al. (Il), Segaard et al.
(IV)). This may result in altered biochemical properties and
light availabilities, which may inhibit algal growth and, thus,
may substantially control the development of algal blooms
(Perovich 1996). Therefore, a combination of heavy snow-
fall and the production of snow-ice/surface slush layers
may cause the limitation of ice algae growth in Greenland
sea ice. This is supported by the fact that the formation of
a flooded slush surface layer has been widely observed in
heavily-snow-covered sea ice during the ice melting sea-
son (e.g., Papadimitriou et al. 2009, Nomura et al. 2013a)
and that low Chl a concentrations have been observed in
surface flooded sea ice (Nomura et al. 2013a). Another ex-
planation for the low algal productivity in Greenland sea ice
could be the spectral composition of light penetrating the
ice cover in Greenland, which is hampered by changes in
the solar angle from the high mountains surrounding the
fjords. This could potentially limit algal productivity through
light limitation.

An additional potential factor that could limit sea ice algal
growth and productivity is nutrient limitation. However, the
levels of inorganic nutrients were similar to values reported
for sea ice in other Arctic locations (Table 3; Thomas et al.
2010), which rules out low nutrient levels as a likely explana-
tion for the low algal biomass and productivity in Greenland
sea ice.

Unfortunately, the available data series on seasonal
and spatial-bloom developments for many regions in
Greenland are incomplete, which makes it impossible to de-
duce the most important factors limiting the algal biomass
and productivity in Greenland sea ice. However, low light
availability, lower sea ice bulk salinities and periodic melting
of bottom ice seem to play an important role for the magni-
tude of the productivity.

In phase lll, rapid brine dilution through internal sea ice
melt will lead to a reduction in the sea ice CO, concen-
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tration, which is further enhanced by the dissolution of
calcium carbonate (Fig. 1; Rysgaard et al. 2011). In addition,
sea ice melt enhances surface stratification of the under-
lying water column. The net result is an increase in TA and a
lowering of CO, in the surface waters, enhancing the air-sea
CO, flux. Our estimated air-sea CO, flux in this phase is only
35 % of the estimated flux from High Arctic sea ice in the
Fram Strait. An explanation for this difference might be that
our estimates were for Subarctic sea ice, suggesting that
the magnitude of the air-sea CO, flux is determined by the
geophysical (i.e., salinity and permeability) and thermody-
namic (i.e., temperature) properties of the sea ice. Further-
more, the calcium carbonate concentration in the Subarctic
sea ice in Kapisigdlit Bight (Fig. 2) were ten times lower than
calcium carbonate concentration in the High Arctic sea ice
in the Fram Strait. This difference in calcium carbonate con-
centration between the two sites might also explain, in part,
the lower sea-ice-driven CO, uptake found at this Subarctic
sea ice site. Our result also revealed that the autotrophic ac-
tivity exceeded the heterotrophic activity, but the relative
contribution of primary production to TCO, depletion was
minor compared to the contribution of calcium carbonate
precipitation/dissolution. However, the contribution of pri-
mary production to the TCO, depletion might be much
higher in areas with higher primary production. In addition,
our results suggest that the low light availability, lower sea
ice bulk salinities and periodic melting of bottom ice seem to
play an important role for the magnitude of the sea ice pro-
ductivity in Greenland.

Once the sea ice cover has disappeared, conditions revert to
those typical of open Arctic waters with CO, drawn down into
biologically productive waters as outlined in the following.

1.4.3 The open water period

Once the seaice has disappeared, increased TA and low CO,
concentrations are observed in the stratified surface wa-
ter, which will enhance the air-sea CO, flux (Rysgaard et al.
2011, Miller et al. 2011; Fig. 1, phase lll). Furthermore, sea
ice break-up triggers a pelagic spring bloom when nutrient-
rich water is exposed to light. The melting sea ice creates an
upper mixed layer separated from the underlying waters by
a strong pycnocline (Mikkelsen et al. 2008, Leu et al. 2011),
further reducing thereby the concentration of surface water
CO, (Fig. 1; phase lll). The pelagic bloom in areas with sea-
sonal sea ice can be much higher than sea ice production
with an annual production of 12 - 150 g C m (Sakshaug
2004 and references herein). There is a strong geographi-
cal variation in this pelagic primary production, depending
on the timing of sea ice melt and, consequently, the light
availability and nutrient levels. The pelagic phytoplankton
bloom creates a strong biological pump that mainly controls
the variability of sea-air CO, gas exchange in Arctic surface
waters (e.g., Bates et al. 2006, Fransson et al. 2006). However,



at present, it is still difficult to quantify the respective roles
of the pelagic biological pump during the ice-free period
and the sea ice CO, pump on the air-sea CO, exchange on
a large scale (Rysgaard et al. 2011). Recent estimates, how-
ever, predict them to be of equal size (Rysgaard et al. 2009).
Furthermore, it is critical for the effectiveness of these high
latitude areas acting as a potential sink for CO, that the sur-
face sea water layer is exposed for a sufficient amount of
time for the mixed layer to equilibrate with the atmosphere
(Fransson et al. 2009, Rysgaard et al. 2011).

When considering the recent and ongoing changes in sea
ice extent, thickness and transparency, a question arises:
what impact may these changes have on the Arctic carbon
pump? In the following section 1.5, | will describe the dif-
ferent changes in the Arctic caused by the climate change.

1.5 Ocean and seaicein the
context of global change

In the Arctic region (Fig. 2), the ice cover doubles its size from
summer to winter with a total sea ice area ranging from 7.5 x
10° km? to 15.5 x 10° km?, respectively (Table 4). Combining
the total sea ice extent at the Arctic region (Fig. 2) and the
Southern Ocean, the maximum extent covers about 7 % of
the earth’s surface, representing one of the largest biomes
on earth (Table 4). Less than half of Arctic sea ice is multi-
year sea ice (30 — 45 %), and this ice type has been reported
as being in a rapid decline (Comiso et al. 2008; 2012, Haas
et al. 2010, Stroeve et al. 2007; 2012), replaced instead by
first-year sea ice in most areas (Comiso 2012). An increasing
area of first-year sea ice may offer better growth conditions
for sea ice algae because first-year sea ice is less thick, has a
thinner snow cover (because there is less time to accumu-
late snow), a higher nutrient load, larger brine volumes and
a higher melt pond coverage (i.e,, increased transparency)
than multi-year sea ice (Perovich et al. 2011, Lee et al. 2012,
Nicolaus et al. 2012, Polashenski et al. 2012). These condi-

Table 4. Minimum and maximum ice area (x 10° km?) in the Arctic
region and ice extent in both emispheres averaged over the 1978-
2010 period. Compiled after Comiso (2003 and 2008) and Cavalieri
and Parkinson (2012).

Arctic region Both hemispheres

Min
Max

7.5 (September)
15.5 (March)

19
27.5

tions will most likely promote increasing algal blooms du-
ring the shorter ice-covered period.

In addition, the seasonal length of the ice-free period has
increased, and a sea ice decline of about 3 % per decade
has been observed (Fig. 9; Arrigo et al. 2008, Comiso et al.
2003; 2008, Cavalieri and Parkinson 2012) due to increased
advection of warm water into the Arctic Ocean, atmos-
pheric circulation patterns that favour advection of sea
ice out of the Arctic Ocean through the Fram Strait (Fig. 2)
and increased Arctic temperatures (e.g., Arrigo et al. 2008;
Fig. 9). The observed changes in Arctic sea ice cover dur-
ing the last decade and, in particular, the shift from multi-
year sea ice to first-year sea ice cover could increase the
importance of the sea-ice-driven carbon pump (Rysgaard
et al. 2007; 2011), as this shift will increase the area that
undergoes the cycle of sea ice formation and decay (sec-
tions 1.2 to 1.4). Contradicting this scenario, however, is
the fact that the length of the average seasonal sea-ice-
free period has increased in the same period (Comiso et al.
2008, Parkinson 2000), which potentially weakens the sea-
ice-driven carbon pump. Furthermore, the area extent and
periodicity of frost flowers and brine skim are expected to
increase due to later freeze-up, thereby increasing the dy-
namic opening of mobile pack ice in autumn and winter
(Isleifson et al. 2014). This will have significant implications
for the CO, exchange and biogeochemical processes ope-
rating between the sea water-ice-atmosphere interfaces in
these areas (Fig. 1; section 1.2.3; Barber et al. (lll)).
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In addition, melt ponds are a widespread and increasing
surface feature of Arctic sea ice during spring and summer
(Rosel and Kaleschke 2012), and their impact on inorganic
carbon transport through sea ice might, therefore, increase
in the future (see description in section 1.4.1).

The more transparent sea ice cover and earlier ice melt will
also result in an increasing potential for pelagic primary pro-
duction both below the thinner sea ice cover and in the open
waters (Arrigo et al. 2012, Nicolaus et al. 2012, Mundy et al.
2013, Barber et al. (llI)). Recent studies also indicate that the
current sea ice thinning may enhance ice-algal export due to
algal aggregation (Boetius et al. 2013). As a consequence, the
biological drawdown of CO, is expected to increase as sea
ice cover is reduced, which will lead to increased net oceanic
uptake of CO, (Bates et al. 2006, Arrigo et al. 2008, Bates and
Mathis 2009, MacGilchrist et al. 2014). However, recent studies
show that the uptake capacity of the Arctic Ocean for at-
mospheric CO, is limited as a result of surface warming and
increased stratification (Fransson et al. 2009, Cai et al. 2010,
Brent et al. 2013, Else et al. 2013) and that these changes will
also stimulate bacterial production and, consequently, limit
the sink function of the Arctic Ocean when the sea ice cover
is reduced (Xie et al. 2009). Furthermore, observation has
shown that the Arctic river runoff has increased, which would
lead to an even stronger stratification in the Arctic Ocean
(Fransson et al. 2009). This will most likely result in a decrease
in the annual biological production in these areas and, con-
sequently, also limit the sink function of the Arctic Ocean in
summer (Fransson et al. 2009).

The melt from the Greenland Ice Sheet has also increased as
a response to global warming, adding more freshwater to
the surface water in the coastal areas and fjords in Greenland
(Inall et al. 2014 and references herein, Khan et al. 2014).
What is the effect of glacial runoff on the air-sea CO, ex-
change in coastal areas and fjords in Greenland? Our studies
revealed that the Godthabsfjord system in SW Greenland
was, indeed, a sink of CO, (Rysgaard et al. (VII)) and that the
CO, dynamics were controlled by both the biological pro-
cesses and mixing between glacial meltwater and coastal
waters (Rysgaard et al. (VII)). The strength of the sink was
particularly strong near the Greenland Ice Sheet, indicat-
ing spatial variations in air-sea CO, uptake. High amounts
of CO, are taken up in the Godthabsfjord (annual flux of -
83 to - 108 g C m2 yr'; Rysgaard et al. (VII)). This estimate
is higher than flux estimates from other sites in the Green-
land Sea (i.e,, - 52 g Cm2 yr'; Nakaoka et al. 2006), in Young
Sound in NE Greenland (- 32 g C m2 yr?'; Sejr et al. 2011;
Fig. 2) and data from other Arctic shelf systems (Bates and
Mathis 2009), underlining the importance of this Subarctic
flord system acting as a strong sink for CO, (Rysgaard et
al. (VII)). If this uptake is typical for similar Subarctic fiord
systems in Greenland, then the coastal areas of Greenland
constitute a larger sink than anticipated. Furthermore, a re-
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cent study from the Godthabsfjord indicates that the glacial
freshwater runoff is likely to be important for the stimula-
tion effect on primary production (total annual production
of 84.6 — 139.1 g C m?2 yr'). This suggests that the timing,
duration and magnitude of the glacial freshwater runoff are
likely to be important for the CO, uptake in this Subarctic
fiord system (Rysgaard et al. (VII), Juul-Pedersen et al. sub-
mitted). Therefore, an increased ablation of the Greenland
Ice Sheet due to future warming could result in an increase
in the annual biological production, which could potentially
increase the air-sea CO, flux in these areas.

1.6 Conclusions and perspectives

So, what have we learned since the sea ice CO, pump was
first suggested by Jones and Coote (1981) 33 years ago
and later confirmed in natural sea ice by, e.g., Rysgaard
et al. 20077 The studies of sea ice carbon dynamics over a
complete seasonal cycle of sea ice formation and decay as
presented in this thesis have, indeed, improved our under-
standing of the drivers of the sea ice CO, pump.

Collectively, the results in this thesis showed that the for-
mation of sea ice results in transport of TCO, out of the
ice column and, therefore, strengthens the idea of an ef-
fective sea-ice-driven carbon pump in both Subarctic and
High Arctic sea ice in Greenland (Fig. 1). However, the ex-
tent to which TCO, is transported to the underlying water
column and, subsequently, enters the intermediate and
deep water masses has yet to be determined. The highest
concentrations of calcium carbonate ever reported in natu-
ral sea ice was measured in approximately 5-month-old
High Arctic land-fast sea ice, followed by high concentra-
tions in newly formed High Arctic polynya sea ice; whereas
the lowest concentrations observed during our studies were
in Subarctic land-fast sea ice. Variations in sea ice properties
such as temperature, salinity, pH, ice texture and freshwater
input are likely responsible for some of the differences
found in calcium carbonate concentrations between sites.
It seems that the direction and magnitude of the air-ice flux
appear to be determined by the stage of ice development,
the properties of the sea ice carbonate system (i.e., TA, TCO,,
pCO,) as well as sea ice geophysical (i.e., salinity and perme-
ability) and thermodynamic (i.e., temperature) properties.

The contribution of primary production to the TCO, deple-
tion was minor compared to the contribution of calcium
carbonate precipitation/dissolution in my study areas; how-
ever, in areas of high primary production the contribution
to the TCO, depletion might be significantly higher. As a
result, the evaluation of the sea ice sink described in this
thesis is not representative of the Arctic as a whole since the
uptake of CO, by biological activity seems to be much lower
in Greenland sea ice compared to other regions.



These results revealed large variation in calcium carbonate
concentration and other biogeochemical properties at dif-
ferent temporal and spatial scales in sea ice, emphasising
the importance of full-season studies covering the hun-
dred-meter spatial scale in order to make reliable regional
and eventually global carbon budgets.

Many questions still remain unanswered within this field of
research, some of which | would like to address in the future.
The first step would be to perform full-season studies of the
inorganic carbon dynamics in different sea ice types and in
different ice locations. It is important to perform continu-
ous measurements of all components involved in the sea-
ice-driven carbon cycle during a complete seasonal cycle, in
different sea ice types and from different geographic areas.
Furthermore, seasonal measurements of the resulting CO,
fluxes across the atmosphere-ice-ocean boundary layer are
needed. In addition to measuring these parameters with
already established techniques, it is also important to de-
velop new methods for measurements including in situ mea-
surements in the microenvironment of brine channels and
pockets.

This first step require in itself a focused effort and still other
basic questions will undoubtedly present themselves: 1) Will
the future changes in sea ice cover affect the capacity of the
Arctic Ocean to take up atmospheric CO,? 2) What is the fate
of the rejected TCO, in the water column at different Arctic
areas, and is it transported below the pycnocline? 3) What
is the fate of the calcium carbonate and CO, in frost flowers
and brine skim? 4) What is the importance of polynya
areas to the air-sea CO, flux? 5) How important is the sea
ice carbon pump compared to the solubility pump and bio-
logical pump? Here, | outline what are to me the most in-
teresting unanswered questions to advance our knowledge
of the events controlling the inorganic carbon dynamics in
high latitude oceans.

The temporal and spatial variations in the air-sea CO, flux
were discussed for the coastal seawater in Godthabsfjord,
SW Greenland (Fig. 2). This area is determined to be a strong
sink of CO,, which was highly regulated both by the biologi-
cal processes and by mixing between glacial meltwater and
coastal waters. The strength of this sink is particularly strong
near the Greenland Ice sheet.

The next step will be to put these results into a global con-
text to understand how important the role of Greenland
coastal waters is in relation to the global carbon budget.
Three basic questions present themselves: 1) What is the
inter-annual pattern of the CO, sink and biological pro-
cesses in Greenland in the Subarctic and High Arctic fjords?
2) What is the spatial pattern of the CO, sink and biologi-
cal processes in Greenland? 3) Will these patterns change as

a consequence of ongoing global warming, which is more
pronounced at these high latitudes? It is a nontrivial task to
answer these questions as the coastal CO, flux and biologi-
cal processes show high spatial and temporal heterogeneity.
However, Greenland presents a unique opportunity to
study changes in coastal biological and physical characteris-
tics along a climate gradient from the Subarctic to the High
Arctic.

Therefore, there are still a lot of important future research
questions in terms of understanding the influence of the
sea-ice-driven CO, pump and the role of Greenland coastal
waters in relation to the global carbon cycle, and it is needed
urgently since climate change threatens to take these fro-
zen high latitude environments from us.

1.7 Glossary

Aggregates: are attached or free-floating mats or aggre-
gates of, e.g., the centric diatom Melosira arctica beneath
the sea ice, in melt ponds, frozen into the sea ice or sunk to
the bottom of the deep-sea floor.

Air-sea CO, exchange: is primarily controlled by the air-sea
difference in gas concentrations and the exchange coeffi-
cient. It takes about one year to equilibrate CO, in the sur-
face ocean with atmospheric CO,. Therefore, in some areas
large air-sea differences in CO, concentrations can be ob-
served. In my PhD thesis negative flux indicates sea ice or
sea water uptake of CO,.

Algae: general term for eukaryotic organisms ranging from
unicellular genera, e.g., diatoms to multicellular forms, such
asgiantkelp, of which mostare autotrophicand non-vascular
organisms that live almost exclusively in aquatic environ-
ments.

Autotrophic: ability to convert energy from light (photo-
autotrophic) or from oxidation of inorganic compounds
(chemoautotrophic) to organic material by utilising inor-
ganic carbon (usually CO,).

Bacteria: constitute a large domain of prokaryotic microor-
ganisms, most of which are heterotrophic and, typically, a
few micrometres in length.

Biological pump, the: is driven by the sinking of particulate
material -either organic carbon (i.e., dead algal cell) or par-
ticulate inorganic carbon (i.e., calcium carbonate from cal-
cifying organisms such as coccolithophores, foraminiferans
or pteropods).

Brine skim: a highly saline skim of brine that is formed on
the surface of newly formed sea ice.
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Calcium carbonate: Exists in six phases, namely, amor-
phous calcium carbonate, calcium carbonate monohydrate,
calcium carbonate hexahydrate (ikaite) and three anhyd-
rous phases: vaterite, aragonite and calcite. In both Arctic
and Antarctic sea ice, precipitation of calcium carbonate in
the form of ikaite has been observed. At present, it is not
clear whether ikaite is the only calcium carbonate phase
formed in sea ice. However, precipitation of ikaite in sea ice
is an important process as it catalyses chemical processes
such as boundary layer ozone depletion events (ODEs) and
the formation and subsequent draw-down of CO, via brine
drainage.

Carbon cycle: is the biogeochemical cycle by which carbon
is exchanged among the atmosphere, hydrosphere, litho-
sphere, cryosphere and pedosphere of the earth.

Carbon dioxide (CO,): next to water vapour CO, is the
most abundant greenhouse gas on earth. Most global
CO, is dissolved in water, and CO, reacts with water and
forms bicarbonate (HCO;) and carbonate ions (CO52). The
concentration of the different ions depends on thermo-
dynamic equilibriums that are related to temperature, pH,
salinity and pressure. However, at typical sea water condi-
tions, HCO;" is dominant (86.5 %), whereas CO, (0.5 %) and
CO5% (13 %) are only present in small concentrations.

Cells: are the smallest unit of life that can replicate indepen-
dently.

Cell membrane: is a biological membrane that separates
the interior of all cells from the outside environment (called
cell wall). It is made of a lipid bilayer interspersed with pro-
teins, which makes it selectively permeable to ions and
organic molecules.

Chlorophyll: a group of green pigments in photosynthetic
organisms that traps the energy of sunlight for photosyn-
thesis and exists in several forms of which the most abun-
dant is chlorophyll a.

Chlorophyll a: a type of chlorophyll that is common and pre-
dominant in all oxygen-evolving photosynthetic organisms.
It is abbreviated Chl a.

Chlorophyta: is a division of green algae.

Ciliates: are a group of protozoans characterized by the
presence of hair-like organelles called cilia.

Deep-water masses: water located below the intermediate
waters. It generally has low temperatures (2°C) and high
salinity (34.9) and, therefore, a high density.

Diatoms: are a major group of algae and are among the
most common types of phytoplankton of which most are
unicellular. They can exist as colonies and with a cell wall of
amorphous silica.
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Dimethylsulphoniopropionate (DMSP): is a widely used
osmolyte used by microalgae to acclimate to changes in
salinity. DMSP is a precursor of dimethylsulphide (DMS),
which is a climate-active gas.

Dissolved organic carbon (DOC): are organic molecules of
varied origin and composition within aquatic systems. DOC
in marine systems is generally a result of decomposition pro-
cesses from dead organic matter such as plants. DOC is a food
supplement supporting the growth of microorganisms and
plays an important role in the global carbon cycle through
the microbial loop.

Dissolved organic nitrogen (DON): is a mixture of com-
pounds ranging from simple amino acids to complex humic
substances.

Exponential growth: Growth of microorganisms whereby
the cell number doubles within a fixed time period.

Extracellular polymeric substances (EPS):are high-molecular
weight compounds secreted by microorganisms into their
environment. EPS can function as cryoprotection, as external
reserves of hydrolysable organic compounds, to depress the
freezing point and to provide a physical buffer against en-
croaching ice crystals.

First-year sea ice: is sea ice of not more than one winter’s
growth. It develops from young ice and have a thickness >
30cm.

Flagellate: is an organism with one or more organelles
called flagella. Flagella-bearing species are common in
all algal classes except Cyanophyceas, Rhodophyceae,
Phaeophyceae and Bacillariophyceae.

Frost flowers: clusters of saline ice crystals that have a den-
dritic and branched structure. Frost flowers form at the in-
terface between a warm ice surface and a cold atmosphere
at conditions with low surface wind conditions.

Global carbon budget: is the sum of all exchanges (inflows
and outflows) of carbon compounds between the earth’s
carbon reservoirs of the carbon cycle.

Halotolerant: the ability to withstand large changes in
salinity.

Heterotrophic: ability to obtain carbon for organic synthesis
by metabolising organic material.

lkaite (CaCO; - 6H,0): is an unstable hexahydrate poly-
morph of CaCO;, which begins to precipitate at -2.2° C and
dissolves at temperatures above 4° C. Precipitation of ikaite
has been confirmed in sea ice from both hemispheres.

In situ: means on site.

Intracellular: occurs or functions within a cell.



Lipid bilayer: is a flat and thin polar membrane that con-
sists of two layers of lipid molecules. This sheet forms a
continuous barrier around all cells.

Melt ponds: result from an accumulation of meltwater
on sea ice — mainly, due to the melting of snow, but the
underlying sea ice cover also contributes to the melt pond
formation. Melt ponds absorb solar radiation rather than
reflecting it as ice does and, thereby, have a significant in-
fluence on the earth’s radiation balance.

Membrane fluidity: is the viscosity of the lipid bilayer of
a cell membrane that can affect the rotation and diffu-
sion of proteins and, therefore, also affects the function of
these molecules. The lipid bilayer has proteins embedded
in them, and lipid packing can influence the fluidity of the
cell membrane.

Multi-year ice: ice of more than one year’s growth.

Osmolytes: are dissolved ion or organic solutes within a cell
that prevent osmotic shock by maintaining osmotic pres-
sure within the cell to avoid cell lysis (too much internal
pressure) or shrinkage (too little internal pressure).

Osmotic shock: is a sudden change in the solute concentra-
tion around a cell that causes a change in the movement of
water across its cell membrane. In environments with high
concentrations of salts, water is drawn out of the cells. This
is avoided by the incorporation of osmolytes.

pCO,: the partial pressure of CO,.
Pelagic: describes organisms that swim or drift in a sea.
Pelagic organisms: are plankton and nekton.

pH: pH of seawater plays an important role in the ocean’s
carbon cycle.pHmeasurementin seawateris complicated by
its chemical properties, and several distinct pH scales exist,
i.e, total scale, sea water scale and free scale.

Photosynthesis: the process by which green plants and
some unicellular organisms convert incoming sunlight into
organic material from CO, and water.

Photosynthetically active radiation (PAR): is the spec-
tral range (wave band) of solar radiation from 400 to 700
nanometres in which photosynthetic organisms are able to
use for photosynthesis. PAR is normally quantified as pmol
photons m2s™.

Polyhydroxyalkanoates (PHA): produced in nature by bac-
teria to store carbon and energy.

Polynya: is an area of open water surrounded by sea ice.
In this area, new sea ice is produced and frequently blown
away, thereby allowing new ice to form again and again

Precipitation: formation of a solid from solution by chemi-
cal or physical processes.

Proteome: is the entire complement of proteins that are or
can be expressed by a cell, tissue or organism.

Psychrophilic organisms: are organisms that have optimal
growth rates at temperatures usually below 15° C and can-
not grow above 20° C.

Psychrotolerant organisms: are organisms that have opti-
cal growth rates at temperatures above 20° C but are able to
tolerate and, for bacteria, grow under cold conditions.

Pycnocline: is a boundary in oceanography separating two
water layers of different densities. The formation of a pycno-
cline may result from changes in salinity or temperature.
Because the pycnocline layer is extremely stable, it acts as
a barrier for surface processes; and, therefore the changes
in salinity and temperature are very small below the pycno-
cline but are seasonal in surface water.

Respiration: bacteria perform two major functions in the
transformation of organic material: 1) they produce new
bacterial biomass (bacterial production), and 2) they respire
organic carbon to inorganic carbon (bacterial respiration).

Salinity: the total grams of salts in 1 kg of sea water.

Solubility pump, the: is driven by two processes in the
ocean: 1) CO, solubility strongly related to sea water tem-
perature where CO, is more soluble in cold waters, and 2)
thermohaline circulation, driven by the formation of cold,
dense water masses at high latitudes

Stratification: occurs when water masses with different
properties — e.g., of salinity (halocline), density (pycnocline)
and temperature (thermocline) — form layers that act as bar-
riers to water mixing and, therefore, create barriers to nutri-
ent-mixing between layers.

Sympagic: describes organisms that live where water exists
mostly as a solid, i.e., sea ice.

TA: total alkalinity is related to the charge balance in sea
water and in natural sea water at pH > 8 in umol kg™ of sea-
water.

TCO,: in sea water, CO, exists in three inorganic forms: CO,
(aq), HCO5 and CO5 2 The sum of the concentration of these
forms is called total dissolved inorganic carbon, abbreviated
TCO,, in umol kg™ of seawater.
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Abstract Knowledge on the relative effects of biological
activity and precipitation/dissolution of calcium carbonate
(CaCOs) in influencing the air-ice CO, exchange in sea-ice-
covered season is currently lacking. Furthermore, the spatial
and temporal occurrence of CaCO; and other biogeochem-
ical parameters in sea ice are still not well described. Here
we investigated autotrophic and heterotrophic activity as
well as the precipitation/dissolution of CaCOj in subarctic
sea ice in South West Greenland. Integrated over the entire
ice season (71 days), the sea ice was net autotrophic with a
net carbon fixation of 56 mg C m*Z, derived from a sea-ice-
related gross primary production of 153 mg C m~2 and a
bacterial carbon demand of 97 mg C m™ 2 Primary pro-
duction contributed only marginally to the TCO, depletion
of the sea ice (7-25 %), which was mainly controlled by
physical export by brine drainage and CaCOj; precipitation.
The net biological production could only explain 4 % of this
sea-ice-driven CO, uptake. Abiotic processes contributed to
an air-sea CO, uptake of 1.5 mmol m 2 sea ice day ', and
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dissolution of CaCOj increased the air-sea CO, uptake by
36 % compared to a theoretical estimate of melting CaCO;-
free sea ice. There was a considerable spatial and temporal
variability of CaCOj and the other biogeochemical param-
eters measured (dissolved organic and inorganic nutrients).

Keywords Subarctic - Sea ice - Spatial variability -
CaCQOj; - Net biological production - DOC and DON

Introduction

Sea ice has previously been considered to be an imper-
meable barrier to gas exchange, and global climate models
do not included CO, exchange with the oceans during
periods of closed ice cover (Tison et al. 2002; Loose et al.
2011; Rysgaard et al. 2011). However, recent observations
of gas exchange using both tower-based micrometeoro-
logical approaches and chamber sampling indicate that
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uptake and degassing of CO, does occur over sea ice
(Semiletov et al. 2004; Zemmelink et al. 2006; Delille et al.
2007; Nomura et al. 2010; Miller et al. 2011; Papakyriakou
and Miller 2011; Geilfus et al. 2012). In addition, the
recognition that there are extensive and active microor-
ganism communities within sea ice, and the finding of the
sea-ice-driven carbon pump (Rysgaard et al. 2007), has
changed this general perception. Sea ice is now considered
to be an active component in the biogeochemical cycling of
carbon in ice-covered waters.

During winter, as sea ice grows, salts are partly rejected
from the sea ice and partly trapped within the sea ice
structure, concentrated into brine pockets, tubes, and
channels (Weeks and Ackley 1986; Petrich and Eicken
2010). As the temperature decreases, brine salinity and
concentration of solutes and gases increase in brine, and
the resulting brine pCO, is furthermore, strongly influ-
enced by brine drainage and CaCOj precipitation (Papa-
dimitriou et al. 2007, 2012; Rysgaard et al. 2011, 2012).

Brine drainage from sea ice causes the formation of
highly saline dense cold water that sinks to deeper layers
and contributes to the global ocean circulation. Further-
more, brine drainage may also change the pCO, concen-
trations below sea ice by releasing dissolved gasses and
solutes into the water column (Gibson and Trull 1999;
Semiletov et al. 2004, 2007; Delille 2006). CaCOj5 pre-
cipitation can occur in sea ice due to the changes in the
mineral-liquid thermodynamic equilibrium (Marion 2001).
Ikaite, a hexahydrate polymorph of calcium carbonate
(CaCO5-6H,0), begins to precipitate at —2.2 °C and has
been found in both Antarctic and Arctic sea ice (Dieck-
mann et al. 2008, 2010; Rysgaard et al. 2012, 2013; Fischer
et al. 2013; Geilfus et al. 2013). CO, is expelled more
efficiently from the ice than total alkalinity (TA), because
alkalinity is trapped in ikaite crystals within the interstices
between the ice crystals and sea ice becomes enriched in
TA (Rysgaard et al. 2013). Studies in the Arctic suggest
that, due to brine drainage, CO, and TCO, can be trans-
ported below the pycnocline and, subsequently, incorpo-
rated into intermediate and deep-water masses (Rysgaard
et al. 2007, 2011). A combination of the transport of CO,,
TCO,, and meltwater from sea ice will lead to a decrease in
surface pCO, with a corresponding increase in the air—sea
CO, flux.

During spring, when the sea ice melts, dissolution of
CaCOj3 (Nedashkovsky et al. 2009), autotrophic assimila-
tion of CO, (S¢gaard et al. 2010), and dilution of brine by
melting sea ice are all processes that can decrease the pCO,
of the brines and, ultimately, of the surface waters (Geilfus
et al. 2012). This will result in a lowering of the surface
seawater CO,, thereby causing an increase in the air—sea
flux of CO, (Rysgaard et al. 2011, 2012). However, the
significance of CaCO; precipitation/dissolution in sea ice

@ Springer

on the air—sea flux of CO, depends on the sea ice perme-
ability, the timing and location of CaCOj precipitation, the
rate of CaCOj; precipitation, and the fate of the CaCOj
(Delille 2006).

Another potential process in sea ice that could coun-
teract an atmospheric CO, draw-down is heterotrophic
respiration releasing CO, (Deming 2010; Sggaard et al.
2010).

The understanding of sea ice CO, dynamics and whether
or not the polar regions are, or will be, a source or a sink
for CO, exchange is of fundamental importance for
understanding global air—ocean CO, dynamics. Several
studies have focused on the spatial heterogeneity of sea ice
algae and/or bacteria, as well as key biogeochemical
parameters (Gosselin et al. 1986; Eicken et al. 1991;
Rysgaard et al. 2001; Granskog et al. 2005; Steffens et al.
2006; Mikkelsen et al. 2008; Sggaard et al. 2010; Fischer
et al. 2013). However, to date, few attempts have been
made to investigate the spatial and temporal variability of
CaCOj; and the relationship between CaCO; precipitation
and other biogeochemical parameters.

Factors affecting the precipitation, growth, and disso-
lution of CaCOj crystals in natural sea ice are still poorly
understood (Rysgaard et al. 2012). However, it has been
shown that orthophosphate can inhibit the crystallization of
the anhydrous forms of CaCOj5 (Bischoff et al. 1993; Lin
and Singer 2006) but does not interact with ikaite (Bischoff
et al. 1993; Buchardt et al. 2001). Furthermore, high con-
centrations of dissolved organic matter (DOM) can inhibit
CaCOs precipitation in natural environments (Berner et al.
1978; Zullig and Morse 1988). Since sea ice is known to
have high concentrations of both DOM and phosphate,
especially associated with high biological activity (Thomas
et al. 2010), it is pertinent to study these together with
CaCOj; dynamics in ice.

The objectives of this study were (1) to investigate the
factors that control the spatial and temporal distribution of
CaCOg, dissolved organic carbon and nitrogen (DOC,
DON), TCO,, TA, inorganic nutrients, bulk salinity, and
temperature as well as primary and bacterial productivity in
subarctic first-year sea ice, (2) to discuss the potentially
synergy between these parameters, and (3) to understand
how they can affect the sea ice CO, system.

Materials and methods

Sampling was conducted from February 17 to May 1, 2010,
on first-year fast ice in Kapisigdlit Bight (60 km to the SW
of Nuuk), SW Greenland (64°26'N 50°13'W; Fig. 1).
During this period, sea ice thickness gradually reduced
from the maximum thickness of 81 cm until it completely
melted. A maximum snow thickness of 7 cm was measured
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Fig. 1 Map showing the sea ice area in Kapisigdlit in SW Greenland and the temporal development and spatial variability sampling stations

in March. The water column in the Kapisigdlit Bight was
fully mixed and the salinity under the sea ice varied
between 33 and 33.5. The water depth under the sea ice
was 30-40 meter. More details on the oceanographic
conditions in the Godthabsfjord are provided by Mortensen
et al. (2011).

Two sampling designs were used:

1. Spatial variability was investigated over a perpendic-
ular x—y transect covering 0.07 km? that was investi-
gated on March 11 and April 8, 2010 (See Fig. | for
location of these). The parameters sampled in this part
of the work were CaCOs3, dissolved organic carbon and
nitrogen (DOC, DON), inorganic nutrients (PO,
Si(OH);, NO,”, NO;~, and NH4"), temperature,
salinity, and snow and sea ice thickness.

2. The temporal development of CaCOs;, TCO,, TA,
inorganic nutrients, DOC, DON, primary production,
bacteria production, bulk salinity, snow and sea ice
thickness, and temperature was also investigated at a
single location in the study area (Fig. 1) every
2-3 weeks from February to May 2010 (i.e. 17
February, 10, 11, 12 and 15 March, 8 April and 1
May).

Spatial variability
In both of the transect surveys (i.e., March 11 and April 8,

2010), 25 sea ice cores were taken along a 266-m-long
perpendicular x—y transect. The cores were collected at
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distances of 0, 0.2, 0.4, 0.6, 0.8, 1, 3, 9, 20, 42, 64, 128, and
266 m in both x and y directions. At each sampling point, a
sea ice core was collected using a MARK II coring system
(Kovacs Enterprises Ltd) and an overlying snow sample
was collected using a small shovel. The air temperature
was measured 2 m above the snow, and vertical profiles of
temperatures within the ice were measured using a cali-
brated thermometer (Test0®). Sea ice temperature mea-
surements were complemented by a custom-built string of
thermistors that were frozen into the sea ice from 11 March
until 8 April. The thermistor string data were recorded
every 6 h at a spatial resolution of 4 cm.

The retrieved ice cores were cut into 12 cm sections
with a stainless steel saw and placed in plastic containers
and transported back to the laboratory in dark thermo-
insulated boxes. Sea ice and snow samples were slowly
melted in the dark at 3 & 1 °C, which took between 2 and
3 days. We measured all the parameters in all sea ice
sections. However, we only report data from the top and
bottom section as they are the most important.

To determine the amount of CaCOs5 within the ice and
snow, between 300 and 500 ml of melted ice or snow was
divided into three subsamples and filtered (3 £ 1 °C)
through pre-combusted (450 °C, 6 h) Whatman® GF/F
filters. The exact volume of the filtered meltwater was
measured. The filters were transferred to tubes (12 ml
Exetainer®) containing 20 pl HgCl, (5 % wi/v, saturated
solution) to avoid microbial activity during storage and
12 ml deionized water with a known TCO, concentration.
The tubes were then spiked with 300 pl of 85 %
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phosphoric acid to convert CaCOj3 on the filters to CO,,
and after coulometric analysis (Johnson et al. 1993) of CO,
the CaCO; concentration was calculated.

At each sampling occasion, samples from different ice
depth horizons were inspected under the microscope to
check for the presence of microorganisms with calcium
carbonate external structures such as coccolithophores and
foraminifers. These inspections showed that no microor-
ganisms with calcium carbonate external structures were
present in any of the samples.

The remaining meltwater was filtered through 25-mm
Whatman® GD/X disposable syringe filters (pore size
0.45 pum). A subsample of the filtrate was transferred to pre-
combusted glass vials; 100 pl of 85 % phosphoric acid was
added; and the vials were frozen for later analyses of DOC.
The remaining filtrate was transferred to pre-combusted
(450 °C, 6 h) and alkali-washed glass vials and frozen for
later analysis of DON, POs°~, NO;~, NO, ™, Si(OH),, and
NH,". The DOC, DON, and nutrient samples were frozen at
—19 °C until analysis. DOC was measured by high-tem-
perature catalytic oxidation, using aMQ 1001 TOC Analyzer
(Qian and Mopper 1996). The concentrations of NO3, NO, ™,
PO,>~, and Si(OH), were determined by standard colori-
metric methods (Grasshoff et al. 1983) as adapted for flow
injection analysis (FIA) on a LACHAT Instruments Quick-
Chem 8000 autoanalyzer (Hales et al. 2004). The PO43_
samples from the first sampling was contaminated, and
therefore we did not include them. The concentration of
NH," was determined with the fluorometric method of
Holmes et al. (1999) using a HITACHI F2000 fluorescence
spectrophotometer. The concentration of DON was deter-
mined by subtraction of the concentration of DIN
(DIN = [NO; ] 4 [NO, ] + [NH,']) from that of the
total dissolved nitrogen determined by FIA on the LACHAT
autoanalyzer, using online peroxodisulphate oxidation cou-
pled with UV radiation at pH 9.0 and 100 °C (Kroon 1993).

The conductivity of the melted sea ice sections was
measured (Thermo Orion 3-star with an Orion 013610MD
conductivity cell), and values were converted to bulk
salinity (Grasshoff et al. 1983). The brine volumes of the
original sea ice samples were calculated from the measured
bulk salinity and temperature and a fixed density of
0.917 g cm™ according to Leppiranta and Manninen
(1988) for temperatures >—2 °C and according to Cox and
Weeks (1983) for temperatures <—2 °C.

Spatial autocorrelation (Legendre and Legendre 1998)
was used to analyze the correlation of the horizontal and
vertical distribution of CaCOj3 concentration, DOC, DON,
inorganic nutrients, temperature, and salinity as well as the
snow and sea ice thickness. Autocorrelation was estimated
by Moran’s I coefficients (Moran 1950; Legendre and
Legendre 1998). This coefficient was calculated for each of
the following intervals along the transect (classes of
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distance): 0-0.25, 0.25-0.50, 0.50-1.5, 1.5-2.5, 2.5-5.0,
5.0-10, 10-50, 100-150, 150-200, 200-250, and >250 m.
The autocorrelation coefficients estimated by the Moran’s [
coefficient were tested for significance according to the
method described in Legendre and Legendre (1998). A
2-tailed test of significance was used. Positive (4) indicates
positive autocorrelation (correlation) and negative (—)
indicates negative autocorrelation. A zero (0) value indi-
cates a random spatial pattern. We applied a significance
level of P < 0.05. Pearson’s correlation was used to find
the correlation between the parameters. Furthermore, a full
factorial generalized linear model (GLM) including time,
depth, and position as explanatory variables, which was
reduced based on Akaike’s Information Criterion (AIC),
was applied. The same model was applied for several
dependent variables: position (horizontal), depth (vertical),
and time on CaCOj5 concentration, bulk salinity, DOC, and
DON.

Temporal development

On each of the 7 sampling occasions for the temporal
study, triplicate ice cores and environmental parameters
were collected from a defined area (5 m?), and samples
were processed as described above.

Primary production was measured (Sggaard et al. 2010)
on 4 occasions (i.e.17 February, 11 March, 8 April, and 1
May). In short, primary production was determined on
melted sea ice samples (melted within 48 h in the dark at
3 £+ 1 °C). The potential primary production in the sea ice
at different sea ice depths (i.e. 12 cm sections) was mea-
sured in the laboratory cold room at 3 irradiances (72,
50,14 pmol photons m~2 s~') and corrected with one dark
incubation, using the H'*CO;~ incubation technique
(incubation time was 5 h). The potential primary produc-
tion measured in the laboratory at different sea ice depths
was plotted against the three laboratory light intensities 42,
21, and 9 pmol photon m ™2 s~ and fitted to the following
function described by Platt et al. (1980)

PP(ug C 1" h™!) Pm[l exp<%)} (1)
Py

where PP is the primary production, P,, (ug C 17" h™") is
the maximum photosynthetic rate at light saturation, o
(ug C m* s pmol photons™' 17" h™") is the initial slope of
the light curve, and Epar(pmol photons m2s7!) is the
laboratory irradiance. The photoadaptation index, Ej
(pmol photons m> sfl), was calculated as P,,/a.

In situ down-welling irradiance was measured at ground
level (Kipp & Zonen pyrometer, CM21, spectrum range of
305-2,800 nm) once every S min, and hourly averages
were provided by Asiaq (Greenland Survey). Hourly down-
welling irradiance was converted into  hourly
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photosynthetically active radiation (PAR; light spectrum
300-700 nm) after intercalibration (R2 = 0.99, P < 0.001,
n = 133) with a Li-Cor quantum 2 pi sensor connected to a
LI-1400 data logger (Li-Cor Biosciences®). The in situ
hourly PAR irradiance was calculated at different depths,
depending on sea ice and snow thickness, using the atten-
uation coefficients measured during the sea ice season.

In situ primary production was calculated for each hour
at different sea ice depths using hourly in situ PAR irradi-
ance (Eq. 1). Total daily (24 h) in situ primary production
was calculated as the sum of hourly in situ primary pro-
duction for each depth. The depth-integrated net primary
production was calculated using trapezoid integration.

Light attenuation of the sea ice samples was measured
with a Li-Cor quantum 2 pi sensor connected to a LI-1400
data logger (Li-Cor Biosciences®) in a dark, temperature-
regulated room (at in situ temperatures to avoid brine loss)
using a fiber lamp with a spectrum close to natural sunlight
(15 V, 150 W, fiber-optic tungsten—halogen bulb). The
sensor was placed under the sea ice section and the fiber
lamp was placed above. Light attenuation was measured in
this way for each sea ice section. We assume depth-inde-
pendent attenuation in the sea ice. To measure light
attenuation of the snow cover, we gently removed the snow
and placed the sensor on the ice surface and then we placed
the snow on top of the sensor. Thus, down-welling irradi-
ance was measured directly above and below the snow
(Sggaard et al. 2010).

The bacterial production procedures employed (i.e., 17
February, 11 March, 8 April, and 1 May) have been
described by Sg@gaard et al. (2010), except those between
13 and 16 March, when the measurements were made using
an ice-crushing method described by Kaartokallio (2004)
and Kaartokallio et al. (2007). The two methods used for
bacterial production measurements yield comparable
results (the mean values from March using the ice-crushing
method were 2.4 pg C 17" day™' and the mean values
from April using the melting sea ice approach were
2.5 pg C 17" day ™).

Bacterial production in melted sea ice samples was
determined by measuring the incorporation of [*H] thy-
midine into DNA. Triplicate samples (volume = 0.01 L)
were incubated in darkness at 3 & 1 °C with 10 nmol 17!
of labeled [*H] thymidine (New England Nuclear®, specific
activity 10.1 Ci mmol ™). Trichloroacetic acid (TCA)-
treated controls were made to measure the abiotic adsorp-
tion. At the end of incubation period (7 = 6 h), 1 ml of
50 % cold TCA was added to all the samples. The samples
were filtered and counted using a liquid scintillation ana-
lyzer (TricCarb 2800, PerkinElmer®).

For the ice-crushing method, samples were prepared by
crushing each intact 5 to 10 cm ice core section, first using
a spike tool, and then grinding ice chunks in an electrical
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ice cube crusher. Approximately 10 ml of crushed ice was
placed in a scintillation vial and weighed. To ensure even
distribution of labeled substrate, 2—4 ml of sterile-filtered
(0.2 pm minisart filters, Sartorius®) seawater was added to
the scintillation vials. All ice-processing work was done in
a cold on-deck laboratory at near-zero temperature. Two
aliquots and a formaldehyde-killed absorption blank were
amended with [methyl-3H] thymidine (New England
Nuclear®; specific activity 20 Ci mmol~"). Concentrations
of 20 nmol 17! for thymidine were used for all samples.
Samples were incubated in the dark at —0.2 °C in a sea-
water/ice-crush bath for 17-18 h and incubation stopped
with the addition of 200 pl of 37 % sterile-filtered form-
aldehyde. Samples were processed using standard cold-
TCA extraction and filtration procedure (using Advantec®
MFS 0.2 um MCE filters). A Wallac Win-Spectral 1414
counter (PerkinElmer®) and InstaGel (PerkinElmer®)
cocktail were used for scintillation counting.

For both methods, the bacterial carbon production was
calculated, using the conversion factors presented in Smith
and Clement (1990).

Bacterial carbon demand (BCD) for growth was calcu-
lated as:

111 BP
BCD(pgC17 h™) =3GE (2)
where BP is the bacteria production and BGE is a bacterial
growth efficiency estimate of 0.5 measured in polar oceans
(Rivkin and Legendre 2001).

To investigate the temporal distribution of TCO, and
TA, an additional sea ice core was collected on each
sampling occasion. The core was cut into 12-cm sections
and placed in laminated transparent NEN/PE plastic bags
(Hansen et al. 2000) fitted with a gas-tight Tygon tube and
a valve for sampling. These sections were brought back to
the laboratory cold room (3 + 1 °C). Cold (1 °C) deion-
ized water of known weight and TA and TCO, concen-
tration was added (10-30 ml) to each NEN/PE bag
(Hansen et al. 2000). The bags were closed, and excess air
quickly extracted through the valve. Then, the ice was
melted (<48 h) in the dark. Gas bubbles released from the
melting sea ice were transferred to tubes (12 ml Exetainer
®). Sea ice meltwater was likewise transferred to similar
tubes containing 20 pl HgCl, (5 % w/v saturated solution;
Rysgaard and Glud 2004). Standard methods of analysis
were used: TCO, concentrations were measured on a
coulometer, TA by potentiometric titration (Haraldsson
et al. 1997), and gaseous O,, CO,, N, by gas chromatog-
raphy (SRI 8610C; FID/TCD detector; Lee et al. 2005).

A Wilcoxon rank sum test was used to test whether
CaCOj; concentration was significantly differently distrib-
uted within the sea ice. We applied a significance level of
95 %.
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Following the bulk determination of TCO, and TA, the
bulk pCO, and pH (on the total scale) were computed using
the temperature and salinity conditions in the field and a
standard set of carbonate system equations (See Rysgaard
et al. 2013), excluding nutrients, with the CO2SYS program
of Lewis and Wallace (2012). We used the equilibrium
constants of Mehrbach et al. (1973), refitted by Dickson and
Millero (1987, 1989). We assumed a conservative behavior
of CO, dissociation constants at subzero temperatures since
Marion (2001) and Delille et al. (2007) suggested that a
thermodynamic constant relevant for the carbonate system
can be assumed to be valid at subzero temperatures.

Results

Figure 1 shows a map of the investigated sea ice area with
the different sampling stations in Kapisigdlit, SW Green-
land (Fig. 1).

The air temperature during the study period ranged from
—17 °C in February to +16 °C in May just before the sea
ice break-up (Fig. 2). Temperatures within the snow and
sea ice varied from —6.0 & 0.1 to 0 £ 0.02 °C, with
minimum temperatures measured in February and March,
followed by a gradual increase to maximum values in late
April (Fig. 3a).

The bulk salinity of the sea ice samples varied from 1.7
to 6 (Fig. 3b). The brine volume varied from 5 to 32 % at
the top of the sea ice and from 12 to 40 % at the bottom of
the sea ice (Fig. 3c), an indication that the ice was per-
meable for most of the study (Golden et al. 1998). In April,
when air temperatures varied between —2 and 416 °C, the
ice began to melt, which resulted in high relative brine
volumes and low bulk salinities (Fig. 3b, c).

Spatial variability

Moran’s 1 (Table 1) was used to estimate the spatial
autocorrelation within the datasets collected for the two

Air temperature
20

15
10 4
5 -
0 A
-5 4
-10
15 4

-20 T T T T T T
17/02 03/03 17/03 31/03 14/04 28/04 12/05

Air temperature (°C)

Fig. 2 Meteorological data on air temperature (°C) at the Asiaq
meteorological station in Kapisigdlit

@ Springer

(a) Sea ice and snow temperature [°C]

20

(b) Bulk salinity
20|

0 -

-20

-40

-60 |

Sea ice and snow depth [cm]

-80 |

(c) Relative brine volume [%)]
20

-60 4

-80 4

Feb March April May

Fig. 3 Temporal development in (a) sea ice and snow temperature
[°C] N.B. The temperature data collected from retrieved ice cores are
supplemented by thermistor string data from 11 March until 8 April,
(b) bulk salinity, (c) relative brine volume fraction [%]. The black
dots represent triplicate measurements

transect samplings in March and April. All parameters had
a random spatial distribution pattern with no apparent
patches, indicating that the distribution of the parameters
investigated was highly heterogeneous on the scale of
meters to hundreds of meters (Table 1).

Despite this heterogeneity, there was evidence of a
correlation between several parameters: CaCO;5 had sig-
nificant correlation with PO43_, bulk salinity, Si(OH)4 and
NO; . CaCO; and DON were significantly correlated
(negative) only during the second sampling. There was no
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Table 1 Moran’s I as a function of distance class (m) between sites
for CaCOj;, bulk salinity, DOC, DON, NH,", NO,”, NO;,
Si(OH), and PO,>~ in snow (S), top sea ice (T) and bottom sea ice
(B). First sampling period was on March 11 and second sampling

period was on April 8, 2010. Positive (+) indicates positive
autocorrelation (correlation) or negative (—) negative autocorrelation
(dispersion). A zero value indicates a random spatial pattern
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correlation between CaCO5; and DOC, NH,", NO, ", and
temperature (Table 2).

A GLM where depth (vertical), time, and position
(horizontal) as explanatory variables is used to test whether
there was a significant effect on several dependent vari-
ables: CaCOs;, bulk salinity, DOC, and DON. The GLM
test was applied on the datasets collected for the two
transect samplings in March and April. There was a sig-
nificant effect of depth for all the parameters. The signifi-
cant effect of depth was largely dependent on the time of
sampling for CaCOj (F556; = 15.9784, P < 0.001), bulk
salinity (F5,248 =5.6322 P < 0001), and DON (F5’239 =
3.6861 P < 0.001) (data not shown). Furthermore, when
the two studies in March and April were compared, a
significant effect of time was found for bulk salinity, DOC,
and DON (Table 3). No significant effect of position

50

(horizontal) was found for CaCO3;, bulk salinity, and DON
(Table 3).

Temporal distribution

In the temporal survey, there were no vertical differences
in TCO, and TA (Fig. 4), although the concentrations of
TCO, and TA decreased with time (Fig. 4). The highest
TCO, and TA concentrations were measured in February
(293 £+ 6.1 and 410 £ 40 pmol kg_1 in melted sea ice),
which decreased to 181 £ 1.3 and 190 + 1.2 pmol kg™'
in melted sea ice in the beginning of May, respectively
(Fig. 4). However, high concentrations of TA and TCO,
were also measured in April (Fig. 4). No small-scale
variability =~ was observed for TCO, and TA
concentrations.
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Table 2 Pairwise comparison of CaCOj3, bulk salinity, temperature,
DOC, DON, NH,*, NO, ™, NO5~, Si(OH), and PO,*>~. (—) indicates
significantly negative (—) and (+) indicates significantly positive (+)

correlated variables (Pearsons) at a 5 % significance level. First
sampling period was in March and second sampling period in April
2010

CaCO,

1 2 1 2 1 2 1 2 1

CaCOy4
bulk salinity
temperature
DOC
DON
NH,*
NO,
NO4
Si(OH),
PO,%

bulk salinity temperature DOC DON

NH,~ NO,  NOj

In the water column, the highest TCO, concentration, of
2,101 £ 7.7 pmol kgfl, was measured in February, which
decreased to 2,085 & 27 umol kg~' in May (Fig. 4). The
highest TA concentration of 2,253 # 2.5 pmol kg~' was
measured in May and the lowest of 2,220 + 2.2 pmol kg™~'
in March (Fig. 4).

The average TA:TCO, ratio within the sea ice was >1
during February (average 1.25) and March (average 1.20),
and higher than that in the water column (Fig. 4). The
highest TA:TCO, ratio (1.75) was calculated for the
uppermost horizons of the sea ice in April. In April, the
average ratio was 1.32, while the value in the beginning of
May was 1.1.

The CaCOj; concentrations varied vertically within the ice
cores: in February the highest concentration of
2.4 £ 0.4 pmol CaCO5 1! was measured in the upper most
layer of the sea ice (Wilcoxon rank sum test; P < 0.05;
Fig. 5). Conversely, just before ice break-up in early May,
the highest CaCO;5; concentration of 4.4 £ 0.1 umol Ca-
CO; 17! was measured in the lowermost ice horizon (Wil-
coxon rank sum test; P < 0.05; Fig. 5). In March and April,
CaCOs5 was evenly distributed within the sea ice with an
average concentration of 1.8 & 0.40 umol CaCO5 17" in
March and 2.0 £ 0.30 pmol CaCO; 1" 'in April (Wilcoxon
rank sum test; P > 0.05). No small-scale variability was
observed for CaCOj; concentration in the sea ice (Fig. 5).
CaCOj; concentrations in the snow decreased throughout the

seaice season: from 5.2 & 1.5 umol CaCO; 1~ " in February
to 3.0 £ 1.5 pmol CaCO; 1™ in April (Fig. 5). Sediment
traps were deployed under the sea ice during the study period
but no CaCOj; crystals were found (data not shown).

The DOC concentrations increased over time with a
maximum concentration of 160 pmol 17! being measured
in May in the bottommost layer of the ice (Fig. 6). DON
concentrations did not vary vertically within the sea ice
during winter. However, in April and May, when the sea
ice began to melt, the DON concentrations increased, and
maximum DON values of 15 pmol 17! were measured in
the bottommost part of the sea ice (Fig. 6). The DOC:DON
ratios ranged from 5 to 20 (average 12).

The highest volume-specific primary production (bulk)
of 25 ug C 17! day ™' was measured in March in the bot-
tom of the sea ice (Fig. 6). Bacterial carbon demand varied
vertically within the sea ice, with maximum values mea-
sured in the top and bottom section of the sea ice in March
and May (Fig. 6). In February and April, the maximum
BCD was measured in the internal sea ice layers. The
highest BCD of 5.8 pug C 17! day™' was estimated in the
bottommost sections of the sea ice in March.

Bulk nutrient concentrations for each sampling date
were plotted as a function of bulk salinity and compared
with the expected dilution line (Clarke and Ackley 1984).
To calculate the dilution line, we used the average nutrient
concentration and salinity measured at 17 February, 11

Table 3 Results from a GLM model where depth, time, and position as explanatory variables were used to test whether there was a significant
effect on several dependent variables: CaCOj3, bulk salinity, DOC, and DON

Variable Position Time Depth

CaCO3 F244,261 = 12685 P = 019 Flv26l = 26087 P = 011 F5,261 = 537673 P < 0001
Bulk salinity Fagn4s = 0.8054 P =073 Flaus = 18.4728 P < 0.001 Fsus = 14.2004 P < 0.001
DOC F24’217 =213 P < 0.001 F1$217 = 224.6497 P < 0.001 F5’217 = 3.1986 P < 0.001
DON F247239 = 05919 P = 094 F17239 = 1624025 P < 0001 F5y239 = 66925 P < 0001
@ Springer
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that TCO, and TA below 60 cm are water column values. Horizontal
dotted line represents the sea ice—water column interface. Data points
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March, 8 April, and 1 May in the water column (i.e.
0-10 m; PO, =0.94 umol 1!, Si(OH), = 7.0 uw
mol 17!, NO,™ + NO;~ = 8.6 umol 1!, NH," = 0.28
pmol 17!, DOC = 62.6 pmol 1”!, DON = 1.2 pmol 1™
and a average salinity of 33). If values are below the line,
depletion of nutrients has taken place, and if above the
dilution line production, or net-deposition, of the solute has
occurred. Plots of salinity versus PO43_, Si(OH)4, NO,™ +
NO;™, NH, ", DOC, and DON in sea ice were generally all
above the dilution line implying accumulation of nutrients
and organic matter within the ice (Fig. 7a—f). However,
depletion of PO,>~ was observed in February and March.
Furthermore, NO,™ + NOj3;~ was depleted in April and
May.

There was a negative correlation between PO,°~ and
CaCOs3 and Si(OH)4 and CaCOs;, while a positive correla-
tion was observed between NO3;~ and CaCQO5 (Table 2).
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Fig. 6 Vertical profiles of DOC, DON, primary production, and bacterial carbon demand in bulk sea ice in February to May. N.B. there were no

data available on the vertical profiles of DOC and DON in February

Figure 8 shows nTA and nTCO, (TA and TCO, value
being normalized to a salinity of 33 to remove correlation
to salinity) relationships in seawater samples and bulk ice
samples. The different lines represent the theoretical
effects of precipitation—dissolution of CaCOs;, CO,
release—uptake and photosynthesis—respiration on the ratio
nTCO,:nTA. The precipitation of CaCO;5 decreases both
TCO, and TA in a ratio of 2:1. An exchange of CO, has no
impact on TA, while TCO, will be affected. Biological
activity has an almost negligible effect on TA, with a ratio
TA:TCO, = —0.16 (Zeebe and Wolf-Gladrow 2001).
Considering that sea ice was formed from seawater with a
known TA:TCO, ratio (Fig. 4), we are able to decipher
which process took place in the ice: in February and
March, the sea ice samples were aligned on the theoretical
line for CaCOj precipitation (Fig. 8). In April and May, the
ice samples were well aligned (slope 0.75; R* = 0.86)
between the theoretical trend for CaCO; precipitation/dis-
solution and the one for CO, release/uptake (Fig. 8). In
April two sea ice samples were aligned on the theoretical
line for CaCOj dissolution. This implies that both CaCO;
precipitation/dissolution and CO, release/uptake had
occurred in the ice.

@ Springer

Discussion
Biological activity

A maximum BCD of 5.8 ug C 17! day™" (Fig. 6) was
estimated, which is low compared with maximum rates of
27 ug C 17" day™" estimated in the neighboring fjord
Malene Bight in April 2008 (60 km to the SW from the
present study site; Sggaard et al. 2010).

Pairwise correlations between primary production and
BCD revealed significant positive relationships. Further-
more, accumulation of DOC was observed (Fig. 6e—f) as
well as DOC/DON ratios ranging from 5 to 20 indicating a
probable production of carbon-rich extracellular polymeric
substances (EPS) by the sea ice algae and bacteria
(Underwood et al. 2010; Krembs et al. 2011; Juhl et al.
2011). Correlation between primary production and BCD,
high DOC/DON ratio and accumulation of DOC points to
there being a low-quality substrate resulting in a low bac-
teria production. Previous studies have shown that EPS is a
low-quality substrate for heterotrophic bacteria (Pomeroy
and William 2001), which might explain the low BCD and
the observed DOC accumulation (Fig. 6). However, several
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studies suggest the opposite that EPS serve as high-quality
substrate for bacteria (e.g. Junge et al. 2004; Meiners et al.
2008).

Another explanation for the low BCD might be the value
for bacterial growth efficiency used. We used a bacterial
growth efficiency of 0.50 (Rivkin and Legendre 2001).
However, growth efficiency is an inverse function of
temperature, and small changes in temperature would
influence growth efficiency (~2.5 % decrease in growth
efficiency per 1 °C increase) and thereby the BCD (Rivkin
and Legendre 2001). Using a lower growth efficiency
(<0.15; e.g. Middelboe et al. 2012), the seasonal net

54

indicates the expected dilution line predicted from salinity and
nutrient concentrations in seawater (0—10 m, average salinity of 33
under the sea ice)

autotrophic sea ice would change to a net heterotrophic sea
ice, which compares to result found by Long et al. (2011)
in Kapisigdlit Bight in March 2010. Thereby the biological
activity would not contribute to the atmospheric CO,
uptake at all. However, we believe the use of a growth
efficiency of 0.50 to be most valid since it also agrees with
the growth efficiency of 0.41 measured by Kuparinen et al.
(2011) and Del Giorgio and Cole (1998).

The highest estimates of primary production (Fig. 6)
were measured in the bottom ice horizons in March.
Average rates of sea ice algal primary production during
March (4.03 mg C m~2 day ') are at the lower end of the

@ Springer



1772

Polar Biol (2013) 36:1761-1777

Seaice - Feb.

Sea ice - Mar.

Sea ice - Ap. /
Sea ice - May /
Seawater /

/CaCO3 dissolution
6000 -

Xomoe

4000 -

nTA

2000 -

/ Respiration

/ CaCO, precipitation
/

0 1000 2000 3000 4000 5000 6000 7000
nTCO,

Fig. 8 nTA:nTCO, (values normalized to a salinity of 33) relation-
ship in seawater samples and bulk ice samples from February to May.
The different lines represent the theoretical evolution of TCO,:TA
following precipitation/dissolution of calcium carbonate (dashed
line), a release or uptake of CO,(g) (dotted line) and impact of
biology (solid line)

scale for values reported from the Arctic (0.2-463
mg C m > day™'; Arrigo et al. 2010 and references
therein). A decrease in TCO, was measured in the bot-
tommost ice at the time of the algae growth, suggesting that
primary production was responsible for the decrease in
TCO, (Figs. 4, 6). However, the average net biological
production in the bottom of the sea ice in March was only
1.6 pmol C day™" (Fig. 6) and the average TCO, loss in
the bottom of the sea ice in March was 6.4 pmol day ',
indicating that processes other than primary production
influence the inorganic carbon dynamics in the sea ice.
TCO, in sea ice is controlled by primary production and
respiration by both autotrophic and heterotrophic organ-
isms, CaCOjs precipitation/dissolution, and CO, release/
uptake. The magnitude of the primary production and thus
the potential role of the production in controlling the sea
ice inorganic carbon cycle depend primarily on light
availability and the size of the inorganic nutrient pool
(Papadimitriou et al. 2012). The highest light attenuation
coefficient of 12 m~! was measured in March in the snow,
corresponding to coefficients reported in snow cover in
both the Arctic and Antarctic (Thomas 1963; Weller and
Schwerdtfeger 1967; Sggaard et al. 2010). High snow
reflection causes low light conditions in the sea ice.
However, the highest primary production was found in the
bottom of the sea ice in March (Fig. 6), where the light
availability was low compared to spring, indicating that
light was not the main factor controlling the primary pro-
duction. However, the low primary production in the bot-
tom of the sea ice after March suggests that the sea ice
algae were nutrient-limited late in the sea ice season.
Assuming that nutrient uptake by the ice algae follows the
Redfield-Brzezinski ratio of 106C:16N:15Si:1P (from
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Redfield et al. 1963; Brzezinski 1985), then the nitrogen
(N:P ratio <2) and silicate (Si:P ratio <6) appear to have
limited the sea ice algal primary production in April and
May, while phosphate was found at relatively higher con-
centrations. This is supported by the nutrient-salinity plot
for NO,~ +NO3™ in Fig. 7, which indicates depletion of
NO,™ +NO;3™ at the end of the sea ice season. A further
factor known to influence the sea ice algal communities is
grazing (Gradinger et al. 1999; Bluhm et al. 2010); how-
ever, grazing was not measured during the present study.

CaCOj; precipitation

The observed CaCO; formation was expected (Anderson
and Jones 1985; Marion 2001; Papadimitriou et al. 2004)
and is consistent with the elevated TA:TCO, ratios
(Fig. 4). We measured much lower TCO, and TA con-
centrations within the sea ice compared to concentrations
found in the underlying seawater (average TA:TCO,
ratio = 1.06 in seawater; Fig. 4). Likewise, we found
elevated TA:TCO, ratios in the sea ice with a maximum of
1.75, as compared to the underlying seawater (Fig. 4).
However, the TA:TCO, ratios found in the sea ice in the
present study are low compared to values found in other
sea ice studies (Rysgaard et al. 2007, 2012; Papadimitriou
et al. 2012; Geilfus et al. 2012; Rysgaard et al. 2013).

Ikaite precipitation is favored by near-freezing temper-
ature, alkaline condition, and elevated phosphate concen-
trations (>5 pmol 171; Bischoff et al. 1993; Buchardt et al.
2001; Selleck et al. 2007).

In this study, bulk phosphate concentrations between
0.2 and 3.1 pmol 1~ were measured in the sea ice, and
therefore, the brine phosphate concentrations were occa-
sionally above 5 pumol 17", Furthermore, the phosphate
concentrations observed in present study were 5-20 times
higher than concentrations found in previous studies in
the Arctic (e.g. Krembs et al. 2002; Mikkelsen et al.
2008; Sggaard et al. 2010). Sea ice temperatures during
our study ranged from —6 to 0 °C, which is the temper-
ature where ikaite will form. Alkalinity condition was
also satisfied as a C-shaped pH profile with high pH (>9)
in surface, and bottom sea ice layers, and slightly lower
pH conditions (8.5) in the internal sea ice layers were
calculated for February, using temperature and bulk
salinity (Fig. 3), TA and TCO, -concentrations (see
“Materials and methods” section; Fig. 4). A C-shaped pH
profile was also observed in a recent study on experi-
mental sea ice (Hare et al. 2013).

In the early part of the study, we measured the highest
CaCOj; concentrations in the surface of the sea ice, and the
concentrations decreased with depth (Fig. 5). This is sim-
ilar to that described by Geilfus et al. (2013) and Rysgaard
et al. (2013).
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However, just before the ice break-up, the highest CaCO;
concentration was measured in bottom of the sea ice (Fig. 5).
This high CaCO; concentration might be due to a migration
of the crystals through the brine channels network or could
result from the effects of surface flooding and/or gravity
drainage. The average brine salinity was 67 in February, 39
in March, and 27 in April; thus, gravity drainage was only
possible in February and March. A negative correlation
between CaCOj; concentration and bulk salinity was evident
(Table 2), which also suggests that the highest CaCOj3 con-
centrations were found in the sea ice with low bulk salinities,
i.e., in the bottom of the sea ice and/or in summer sea ice.

The concentration of CaCO; in the sea ice was
2.13 g m~* (Fig. 5), which compares with values from
Antarctic sea ice of 0.3 to 3.0 g m~? (Dieckmann et al.
2008) and 0.1 to 6.5 g m > found in the top 10 cm of
Antarctic sea ice (Fischer et al. 2013). However, these
values are one order of magnitude lower than measure-
ments in Arctic ice by Rysgaard et al. (2012, 2013).

Assuming that sea ice is formed from surface seawater
with a TA:TCO, ratio of 1, the TA:TCO, ratio of 1.1-1.75
observed in the sea ice could be generated by a CaCO;5
concentration of 25-120 pmol CaCO5 17!, The calculated
CaCOj; concentrations are between 6 and 25 times higher
than our measured CaCO3 concentrations. However, the
highest calculated CaCO; concentration compares with
surface concentrations of 160—240 pmol CaCO5 1~ melted
seaice reported in the Fram Strait (Rysgaard et al. 2012). The
reason for this difference is not clear but could be associated
with the melting procedures used. We assume that ikaite does
not dissolve if the temperature is maintained below 4 °C, but
ikaite could dissolve according to: CaCOs;-6H,O +
CO, < Ca’t + 2HCO3 + 5H,0 in the meltwater being in
contact with atmospheric CO, during the melting procedure.
Another explanation could be that not all the changes in TA
originate from CaCOj precipitation, and so the TA concen-
tration is higher than CaCOj concentration.

The snow contained relatively high amounts of CaCOs3,
which has also been found in Antarctic snow overlying sea
ice (Fischer et al. 2013). The mass of CaCO;5 found in the
snow ranged from 0.12 to 0.30 g m~2 (Fig. 5), which is 7
times lower than the values measured in the sea ice. An
explanation for the occurrence of CaCOj in the snow could
be the upward brine expulsion, which builds up a high
salinity layer on top of the ice. Subsequently, when tem-
perature decreases, some salts may reach their solubility
threshold and begin to precipitate (Geilfus et al. 2013).

The strong horizontal, vertical, and temporal variability
in CaCOj concentration suggests that CaCO5; concentration
is influenced by variability in several inherent sea ice
properties. We found a strong correlation between CaCOj;
concentrations and bulk salinity, and inorganic nutrients
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(Table 2). Pairwise correlations between all measured
parameters revealed a negative relationship between
CaCOj concentration and DON in the second sampling
period (Table 2), which may be due to the adverse effect of
high DOM concentrations on the CaCO; precipitation
(Berner et al. 1978; Zullig and Morse 1988).

There was no clear correlation between CaCQOs and
temperature (Table 2), which was unexpected as it is a key
variable controlling CaCOj release/uptake and the precip-
itation of CaCOj; (Papadimitriou et al. 2004). However, a
similar lack of correlation was also observed in a study on
Antarctic sea ice (Papadimitriou et al. 2012). This is
probably because the measured temperature was not in
equilibrium with the temperature conditions that led to the
precipitation in the first place.

There was no effect of position for CaCO; concentra-
tions, DON, and bulk salinity, indicating that the parame-
ters were homogenously distributed in the sea ice
(Table 3). However, Moran’s I indicates that the parame-
ters were highly heterogeneous on the scale of meters to
hundreds of meters (Table 1). Fischer et al. (2013) also
found high spatial variability for CaCO; concentration, and
high spatial variability has also been observed for other sea
ice biochemical and biological properties (Rysgaard et al.
2001; Granskog et al. 2005; Steffens et al. 2006; Sggaard
et al. 2010). This clearly emphasizes the importance of
seasonal and spatial studies and replicate sampling when
collecting sea ice biogeochemical samples.

Effects of CaCO; precipitation/dissolution
and biological activity on CO, dynamics

The changes in the TA:TCO, ratio were to a large extent
explained by CaCOs precipitation and CO, release/uptake
from the ice (Fig. 8). This observation compares with
studies by Munro et al. (2010), Fransson et al. (2011),
Rysgaard et al. (2012), Papadimitriou et al. (2012), and
Geilfus et al. (2012), in which most of the depletion in
TCO, was explained by processes other than biological
activity. Furthermore, there was no correlation between
CaCOs3 and primary production or BCD, which suggests
that CaCOj; precipitation and/or dissolution is not signifi-
cantly influenced by microbial activity.

The relative effects of biological activity and pre-
cipitation/dissolution of CaCOj in influencing the air-sea
CO, exchange in sea ice can be estimated from measure-
ments during the entire sea-ice-covered season. Using a
carbon-to-Chl a ratio of 2040 for sea ice algae (Arrigo
et al. 2010), an estimate of primary production of
220-540 mg C m > (data not shown) was calculated,
which was low compared to the integrated CaCO;5 con-
centration of 2,130 mg m 2 (Fig. 5). Furthermore, the
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integrated gross primary production of 153 mg C m™?
recorded was also relatively low compared to the integrated
CaCOj; concentration. Thus, contribution of primary pro-
duction to TCO, depletion was minor (7-25 %) compared
to the contribution of CaCO; precipitation (Fig. 8).

The primary production measured in this study might be
a conservative estimate. Assuming that between 10 and
61 % of the carbon fixed by photosynthesis was released as
DOC (Passow et al. 1994; Chen and Wangersky 1996;
Malinsky-Rushansky and Legrand 1996; Gosselin et al.
1997; Riedel et al. 2008), the average primary production
in this study of 0.19 pmol C 17" day~' is equivalent to a
DOC accumulation of 0.02-0.11 umol 17" day~'. The
average DOC concentration in the sea ice was 75 umol 17!
(Fig. 6), which is much higher than the expected DOC
accumulation calculated from the primary production. If
the primary production is a conservative estimate, the
contribution to the changes in TCO, and TA by the net
biological production might be higher.

However, a recent study with high primary production
showed that only 10-20 % of the changes in TCO, could be
explained by net biological production (Fransson et al.
2011). In another study by Rysgaard et al. (2012), abiotic
processes including CaCO; dissolution accounted for
between 88 and 98 % of the air—sea CO, uptake, indicating
that the contribution of primary production was relatively
low.

Assuming that all CaCOj3 dissolved within the seaice or in
the mixed layer, melting a 0.4-m-thick sea ice cover (tem-
perature: —1.1 °C, bulk salinity: 4.4, TA: 291 pmol kg™ ',
and TCO,: 238 pmol kgfl) into a 20-m-thick mixed water
layer (temperature: 0 °C, salinity: 33, TA:2,239 pumol kgfl,
TCO5: 2,109 pmol kg~ ") from Figs. 3 and 4 would result in
a 1.5 ppm decrease in pCO, per week. Assuming that no
CaCO5 precipitates (e.g. TA and TCO, are both
291 pmol kg™ "), the resultant pCO, decrease would be
0.9 ppm per week. Using average conditions during the field
campaign (Fig. 4), this corresponds to an air—sea CO, uptake
of 1.5 mmol m™? sea ice day71 (with CaCO3) and
1.1 mmol m~? sea ice dayil (without CaCOs). Therefore,
dissolution of CaCOj5 increased the air-sea CO, uptake by
36 % as compared with CaCOs-free sea ice. Furthermore,
the abiotic sea-ice-driven CO, is higher than the net bio-
logical production of 0.07 mmol m~2 day~' (which
accounts for 4 % of CO, uptake, Fig. 6); and, therefore we
conclude that the abiotic processes, including CaCOj5 dis-
solution and CO, uptake, played a more important role than
the net biological production in the sea ice for the air-sea CO,
dynamics during this period.

Comparing the sea-ice-driven CO, uptake with a recent
study by Rysgaard et al. (2012), the uptake found in the
present study is sevenfold lower. Furthermore, the amount
of CaCOj; found in the present study is low compared to
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other studies (Dieckmann et al. 2008; Rysgaard et al. 2012;
Fischer et al. 2013). Our study was performed in subarctic
sea ice exposed to higher seasonal air temperatures than the
aforementioned studies, which might explain the lower
CaCO; concentrations and, hence, the lower sea-ice-driven
CO, uptake.

Conclusion

Abiotic processes contributed to an air—sea CO, uptake of
1.5 mmol m™> sea ice day”' and dissolution of CaCO;
increased the air—sea CO, uptake by 36 % as compared to a
theoretical assessment of melting CaCOj-free sea ice.
Furthermore, primary production only contributed mar-
ginally to TCO, depletion of the sea ice (7-25 %), which
was mainly controlled by physical export via brine drain-
age and CaCOj; precipitation/dissolution. The net biologi-
cal production could only explain 4 % of the sea-ice-driven
CO, uptake. These estimates must be considered with the
caveat that for all of the parameters investigated, their
distribution in the ice was highly heterogeneous. Further-
more, there was considerable temporal variability for all
parameters.
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Abstract. The precipitation of ikaite (CaCO3-6H20) in polar
sea ice is critical to the efficiency of the sea ice-driven carbon
pump and potentially important to the global carbon cycle,
yet the spatial and temporal occurrence of ikaite within the
ice is poorly known. We report unique observations of ikaite
in unmelted ice and vertical profiles of ikaite abundance and
concentration in sea ice for the crucial season of winter. Ice
was examined from two locations: a 1 m thick land-fast ice
site and a 0.3 m thick polynya site, both in the Young Sound
area (74° N, 20° W) of NE Greenland. Ikaite crystals, rang-
ing in size from a few um to 700 um, were observed to con-
centrate in the interstices between the ice platelets in both
granular and columnar sea ice. In vertical sea ice profiles
from both locations, ikaite concentration determined from
image analysis, decreased with depth from surface-ice values
of 700-900 pmol kg~ ice (~25 x 108 crystals kg~—1) to val-
ues of 100-200 pmol kg~ ice (1-7 x 10° crystals kg—1) near
the sea ice-water interface, all of which are much higher (4—
10 times) than those reported in the few previous studies. Di-
rect measurements of total alkalinity (TA) in surface layers
fell within the same range as ikaite concentration, whereas
TA concentrations in the lower half of the sea ice were twice
as high. This depth-related discrepancy suggests interior ice
processes where ikaite crystals form in surface sea ice layers

and partly dissolve in layers below. Melting of sea ice and
dissolution of observed concentrations of ikaite would result
in meltwater with a pCO; of <15 patm. This value is far be-
low atmospheric values of 390 patm and surface water con-
centrations of 315 patm. Hence, the meltwater increases the
potential for seawater uptake of CO5.

1 Introduction

As sea ice forms from seawater, dissolved salts are trapped
in interstitial liquid brine inclusions. Because phase equi-
librium must be maintained between these inclusions and
the surrounding ice, the brine becomes increasingly concen-
trated as temperatures decrease. Solid salts begin to precip-
itate out of solution, starting with ikaite (CaCO3-6H,0) at
—2.2°C, mirabilite (NaSO4-10H,0) at —8.2°C and hydro-
halite (NaCl-2H,0) at —23°C (Assur, 1960). The mineral
ikaite was recently discovered in springtime sea ice in both
hemispheres (Dieckmann et al., 2008, 2010). Ikaite crystals
appeared to be present throughout the sea ice, but with larger
crystals and higher abundance in surface layers (Dieckmann
etal., 2010; Rysgaard et al., 2012; Geilfus et al., 2013). Ikaite
crystals of various sizes and morphologies have been isolated
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from sea ice. They range in size from a few um to large mm-
size crystals; all are highly transparent with rounded rhombic
morphology and show uniform extinction under crossed po-
larized light, suggesting simple, single well-crystalline crys-
tals. The specific conditions promoting ikaite precipitation
in sea ice are poorly understood, but if precipitation occurs
during the ice-growing season in the porous lower sea ice
layer, where the brine volume is greater than 5% (Weeks and
Ackley, 1986; Golden et al., 1998, 2007; Ehn et al., 2007),
then the resulting COz-enriched brine will exchange with
seawater via gravity drainage (Notz and Worster, 2009). Ear-
lier work has led to the suggestion that ikaite crystals may
remain trapped within the skeletal layer where they act as a
store of TA, becoming a source of excess TA to the ocean wa-
ter upon subsequent mineral dissolution during summer melt
(Nedashkovsky et al., 2009; Rysgaard et al., 2011). This ex-
cess would lower the partial pressure of CO, (pCO3) of sur-
face waters affected by melting sea ice and cause an increase
in the air-sea CO; flux.

At this point, the spatial and temporal occurrence of ikaite
precipitates within sea ice is poorly constrained. There is
urgency for increasing the knowledge base, given that the
precipitation of CaCOj3 is implicated in many processes of
global significance, including the sea ice-driven carbon pump
and global carbon cycle (Delille et al., 2007; Rysgaard et
al., 2007, 2011; Papadimitriou et al., 2012) and pH condi-
tions (acidification) in surface waters (Rysgaard et al., 2012;
Hare et al., 2013). Quantification of CaCOj3 crystals in sea
ice in the few previous studies has been made on melted
samples assuming that ikaite will not dissolve if temperature
is maintained below 4°C. In principle, however, dissolution
may also be related to the reaction of ikaite with CO> in the
meltwater or with the atmosphere during the melting proce-
dure, which can last for days at low temperature allowing the
possibility of changing pH in the surroundings of the ikaite
crystal and underestimation of ikaite concentration. Examin-
ing ikaite in such melted samples also makes it impossible
to evaluate spatial distribution within the sea ice matrix on
the micrometer to millimeter scale and determine whether or
not the mineral is entrapped in the ice crystal lattice and thus
separated from the solution.

Precipitation of ikaite in standard seawater conditions is
described by

Ca®* +2HCO; +5H,0 <> CaCOs - 6H,0 + CO,. (1)

Brine drainage from sea ice is expected to result in a
removal of dissolved CO; along with salts. If precipitated
ikaite crystals become trapped within sea ice interstices, then
the reaction in Eq. (1) is pushed to the right in brine, pro-
viding further potential for CaCO3 growth. Over time, the
concentration of trapped ikaite crystals could increase. Here
we provide novel tests of these ideas during crucial winter
conditions by examining ikaite in intact (unmelted) natural
sea ice and determining detailed vertical ikaite distributions
in the sea ice from two locations in Young Sound (northeast
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Greenland). Combined with other measurements and model
calculations, the results allow us to relate sea ice formation
and melt to the observed pCO, conditions in surface waters,
and hence, the air—sea CO flux.

2 Methods
2.1 Study site and sampling

Sampling was performed at two locations in the Young
Sound area (74° N, 20° W: Rysgaard and Glud, 2007), NE
Greenland, in March 2012 (Fig. 1). The land-fast ice station,
ICE | (74°18.5764’ N, 20°18.2749" W), was in the fjord with
110-115cm thick sea ice covered by 70cm of snow. Free-
board at ICE | was negative, e.g. when a hole was drilled
through the ice, the ice surface flooded. However, at sites
without drilled holes, we did not observe flooding during our
experiment and there was a distinct snow—ice interface. On
top of the ice of ICE I, about 8 cm of slush snow at the snow-
ice interface was observed. The new-ice station, POLY |
(74°13.905’ N, 20°07.701’ W), was situated in a polynya re-
gion about 3km off the sharp land-fast ice edge, where sea
ice regularly breaks up in winter. At the time of sampling,
POLY | was 15-30 cm thick and covered by 17 cm of snow.
At POLY | there was negative freeboard too — with about
2 cm of slush snow at the snow—ice interface. At POLY | the
snow was denser up to ~8cm from the ice interface, then a
bit lighter (newer snow) above. Air temperature during sam-
pling ranged from —20 to —25°C. The polynya site is rep-
resentative of thin Arctic sea ice, whereas the ICE | location
is representative of fjord ice in the Arctic where there is a
large source of winter precipitation (snow). Snow was very
dry and very cold (unlike Antarctic ice). There was also no
surface flooding. ICE I is typical of sea ice in fjords or where
large moisture sources are available to the Arctic winter cli-
mate system.

Sea ice cores were extracted using a MARK 1l coring
system (Kovacs Enterprises). Vertical temperature profiles
were measured with a thermometer (Testo Orion 3-star with
an Orion 013610MD conductivity cell) in the center of the
cores immediately after coring. Sea ice was then cut into
5-10 cm sections, kept cold and brought to the field labora-
tory within 1 h for processing. In the 20 °C laboratory, sea ice
sections were melted for measurement of bulk salinity with
a conductivity probe (Thermo Orion 3-star with an Orion
013610MD conductivity cell, UK) calibrated against a 15N
KCL solution at 20 °C. Brine volume in sea ice was calcu-
lated according to Cox and Weeks (1983) and Leppéranta
and Manninen (1988). Brine salinity was calculated from the
measured sea ice temperatures and freezing point of seawater
(Unesco, 1978).

Although there was a lot of snow on the thick fast ice in
the fjord there was not natural flooding of the surface. When
we installed ocean instruments (drilling through the ice) we

www.the-cryosphere.net/7/707/2013/

63



S. Rysgaard et al.: Ikaite crystal distribution in winter sea ice

709

Wollaston
Forland

Clavering
island

Fig. 1. Study site. (A) Greenland showing the study area (box) and (B) the Young Sound fjord between Wollaston Forland and Clavering
Island. Sea ice coring sites for the land-fast ice location (ICE I) is shown as a red star and the polynya coring site (POLY 1) as a yellow
star. The satellite image showing land-fast ice in the fjord and thin ice—open water conditions in the polynya outside the fjord is from early

March 2012.

created some artificial flooding. A widely distributed snow-
ice interface survey, however, showed that flooding was lim-
ited to only the area immediately surrounding the installed
instruments. The same was the case for the Polynya site.

2.2 Analysis

In the cold laboratory (—20 to —25°C), correspond-
ing sea ice cores were cut into vertical thick sec-
tions (10cm x 6¢cm x 1cm) and horizontal thick sections
(6cm x 6cm x 1cm), then mounted onto slightly warmed
glass plates and thinned to 1-3mm thickness using a mi-
crotome (Leica SM 2010R). Each section was then pho-
tographed (Nikon D70) using polarized filters to document
ice texture. Subsequently, each thin section was inspected un-
der a stereomicroscope (Leica M125 equipped with a Leica
DFC 295 camera and Leica Application Suite ver. 4.0.0. soft-
ware) to document the vertical and horizontal position of
ikaite crystals in sea ice.

To document the abundance and concentrations of ikaite
crystals in sea ice, 20-90 mg of sea ice were cut off, using a
stainless steel knife, at three random places within each 5-
10cm sea ice section. These subsamples were weighed and
placed onto a glass slide that rested on a chilled aluminum
block with a 1 cm central viewing hole, then brought into the
20°C laboratory. There they were inspected intact under a
microscope (Leica DMiL LED) under 100-400 magnifica-
tion as they were also allowed to melt. A few seconds after
the sea ice had melted the first image was taken (same cam-
era and software as described above). This image was used
to document the amount and concentration of ikaite crystals
(further details given below). After 2-5 min the second image
was taken and compared with the first one. If crystals were
dissolving, they were assumed to be ikaite. Three random
samples, each covering 1.07 mm? of the counting area, were
imaged in this fashion. The area of the melted sea ice sample
was determined after thawing to calculate the counted area
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to total area ratio. Ikaite crystals and other precipitates were
observed to settle to the glass slide rapidly after ice crystal
melt due to their high density. In total, three 20-90 mg sea
ice sub-samples were processed from each sea ice section in
triplicates, resulting in 9 replicate images for each 5-10cm
vertical sea ice section.

The abundance and concentrations of crystals were calcu-
lated from the images using the software ImageJ (1.45s). In-
dividual images were brightness/contrast adjusted prior to bi-
nary file conversion. A “close-function” routine then ensured
that crystals were closed before “filling-holes” with black.
An “analyze” routine was then applied to count the crystals
and analyze their area relative to counting area. This ratio
was multiplied by the area of the melted ice subsample. For
concentration estimates of ikaite a cubic form was assumed
for the mineral. Ikaite concentration in sea ice was calcu-
lated from its volume, density (1.78 gcm~2), molar weight
(208.18 gmol~1), and weight of subsample and converted
into umol kg~ melted sea ice units.

A sea ice core (entire core) from each site was kept at
—20°C for three weeks and brought to the x-ray labora-
tory at the Department of Geological Sciences at the Uni-
versity of Manitoba, Canada. There, 20-90 mg subsamples
of sea ice were cut randomly from each sea ice section (5—
10 cm vertical sections) and mounted onto a cold glass slide
resting on a chilled aluminum block containing a 1 cm cen-
tral viewing hole. The crystals were first examined with a
polarized light microscope to assess their optical properties
and then mounted for x-ray study using a stereo binocular
microscope. Ikaite crystals were selected from each 10cm
section of the sea ice cores from both ICE | and POLY I,
dragged across the cold glass slide using a metal probe and
immersed into a drop of special purpose sampling oil that re-
stricted sublimation. Each crystal was then scooped up with
a low x-ray scattering micro-loop and instantly transferred
to the nitrogen cold stream (—10 °C) on the x-ray diffraction
instrument with a magnetic coupling goniometer head. The
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x-ray diffraction instrument consisted of a Bruker D8 three-
circle diffractometer equipped with a rotating anode gener-
ator (MoKa X-radiation), multi-layer optics, APEX-11 CCD
detector, and an Oxford 700 Series liquid-N Cryostream. The
intensities of more than 100 reflections were harvested from
six frame series (each spanning 15° in either w or ¢) col-
lected to 60° 26 using 0.6s per 1° frame with a crystal-
to-detector distance of 5¢cm. In total, 12 crystals (one from
all ice layers investigated from both ICE | and POLY 1)
were identified through successful indexing of observed x-
ray diffraction maxima onto known characteristic unit cells.

To determine TA and total dissolved inorganic carbon
(T COy) concentrations in sea ice, three sea ice cores were
cut into 5-10 cm sections and brought to the field laboratory.
Here, the ice segment was placed immediately in a gas-tight
laminated (Nylon, ethylene vinyl alcohol, and polyethylene)
plastic bag (Hansen et al., 2000) fitted with a 50 cm gas-
tight Tygon tube and a valve for sampling. The weight of the
bag containing the sea ice sample was recorded. Cold (1 °C)
deionized water (25-50mL) of known weight and TA and
T CO; concentration was added. The plastic bag was closed
immediately and excess air and deionized water quickly re-
moved through the valve and weighed. The weight of the
deionized water accounted for <5 % of the sea ice weight.
This processed sea ice was subsequently melted, and the
meltwater mixture transferred to a gas-tight vial (12 ml Ex-
etainer, Labco High Wycombe, UK). Any CaCOs3 crystals
present in these ice core sections are expected to have dis-
solved during sample processing and, thus, be included in
the measured TA and 7'CO, concentrations. Standard meth-
ods of analysis were used: TCO2 concentrations were mea-
sured on a coulometer (Johnson et al., 1987), TA by poten-
tiometric titration (Haraldsson et al., 1997), and gaseous CO;
by gas chromatography. Routine analysis of Certified Refer-
ence Materials (provided by A. G. Dickson, Scripps Institu-
tion of Oceanography) verified that 7CO, and TA concen-
trations (n = 3) could be analyzed within +1 pmol kg~ and
+4 pmol kg1, respectively. Bulk concentrations of TA and
TCOz inthe seaice (C;) were calculated as C; = ([CyyWm —
CaWal/ Wi), where Cry, is the TA or TCO; concentration in
the meltwater mixture, Wy, is the weight of the meltwater
mixture, C, is the TA or TCO, concentration in the deion-
ized water, W, is the weight of the deionized water, and W;
is the weight of the sea ice (Rysgaard et al., 2008).

Following the bulk determination of 7CO; and TA, the
bulk pCO5 and pH (on the total scale) were computed using
the temperature and salinity conditions in the field and a stan-
dard set of carbonate system equations, excluding nutrients,
with the CO2SYS program of Lewis and Wallace (2012). We
used the equilibrium constants of Mehrbach et al. (1973) re-
fitted by Dickson and Millero (1987, 1989).

In summary, triplicate cores were collected 18, 20 and
24 March for snow and ice thickness determination, ice tem-
peratures and bulk ice salt concentrations. Measurements
were performed on the same cores. Triplicate separate cores
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were sampled for determination of 7CO» and TA concentra-
tions. Ice texture, density and photo documentation of ikaite
location in intact ice corers were performed on triplicate sep-
arate cores (ICE I, 17 March: POLY I, 20 March). Ikaite
image analysis for concentration determination was done on
three separate cores collected 18, 20 and 24 March. X-ray
diffraction analyses were performed on a separate core col-
lected 24 March. Samples for bulk salt, TA, TCOg, ikaite
crystal abundance and concentration were processed imme-
diately in the field laboratory. Crystals for ikaite determi-
nation on x-ray were kept frozen (—20°C) until analysis a
month later. Photo documentation showed that ikaite crystal
morphology did not change due to storage. Thus, prolonged
freezing period prior analysis should not affect the results
obtained. However, it is important that preservation of TA,
T CO; and quantification of ikaite is done in the field. These
samples should not be stored at low temperatures before anal-
ysis as CaCOs could be produced during the storage.

2.3 FREZCHEM modeling

The production of ikaite in the sea ice cores was mod-
eled by FREZCHEM (version 10), an equilibrium chem-
ical thermodynamic model parameterized for concentrated
solutions (up to 20mol kg~ (H,0)) and sub-zero temper-
atures (to —70°C) (Marion et al., 2010). The model uses
the Pitzer approach correcting for activity coefficients of so-
lutes in concentrated solutions. Our calculation was done by
following the freezing process of seawater with the same
chemical composition as the local seawater under the local
pCO, values; the thermodynamic constants used were the
default values provided with the model. It should be noted
that FREZCHEM modeling is based on the assumption that
chemical species in the sea ice environment (ice, brine, and
air) have reached thermodynamic equilibrium, and that most
of the thermodynamic constants used in the model were ex-
trapolated to low temperatures rather than being directly de-
termined experimentally. Nevertheless, the model has shown
promising applications in exploring cold geochemical pro-
cesses associated with seawater freezing among many others
(Marion et al., 1999, 2010).

3 Results

Sea ice covered the fjord on our arrival, but there was a
polynya outside the fjord with a distinct ice edge running
across the fjord between Wollaston Forland and Clavering
Island (Fig. 1). Several freezing and opening incidents were
observed in this area from satellite images prior to our ar-
rival; however, due to low temperatures of —20°Cto —36°C
and calm conditions, the polynya began to re-freeze prior
to our sampling. Due to the insulating effect of the thick
(70 cm) snow cover at ICE |, our land-fast station in the fjord,
sea ice surface temperature was relatively warm, —10°C,
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Fig. 2. Vertical profiles of sea ice features. (A) Temperature (-0-)
and bulk salinity (-e-) and (B) brine volume (-0-) and brine salin-
ity (-e-) at ICE I. (C) Temperature (-0-) and bulk salinity (-e-) and
(D) brine volume (-0-) and brine salinity (-e-) at POLY I. Vertical
dotted line represents the brine volume where sea ice becomes per-
meable.

with a gradient to —2 °C towards the sea ice—water interface
(Fig. 2a). Bulk salinities ranged from 10-12 in the top layers
to 4 at the bottom. Calculated brine volumes ranged from less
that 5% in surface layers to 12 % near the bottom (Fig. 2b);
brine salinities, from 150 in the surface sea ice to 33 near the
water column. At POLY I, our new-ice station in the polynya
where snow cover was thinner (17 cm), surface sea ice tem-
perature was only —5°C (Fig. 2c¢) due to the rapid freezing
with concurrent heat release and proximity to the water col-
umn (thin ice of 15-30 cm). Bulk salinities ranged from 10 in
surface ice layers to 7 in the lower ice layers (Fig. 2c). Given
high bulk salinities and temperatures, brine volumes ranged
from 10 % in the top layers to 20 % in the lower ice layers;
brine salinities were lower at ICE I, ranging from 78 at the
surface to 33 near the water column (Fig. 2d).

The upper 35cm of sea ice at ICE | was composed of
polygonal granular ice, formed through perculation and re-
freezing of brine and seawater into snow, i.e. snow ice
(Fig. 3a). The snow ice formation was likely promoted by
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negative freeboard. The fact that we do not observe flood-
ing is probably due to low temperatures (brine or seawater
quickly refreezes in the cold snow). Daily images with auto-
matic camera systems (MarinBasis Program, c/o Greenland
Institute of Natural Resources) show that sea ice started to
form locally outside the fjord in early October, and that those
ice floes drifted into the fjord and consolidated with local
ice to form a uniform ice cover that persisted through our
study. Thus, the top layers of ice at ICE | may have been
produced outside the fjord. The ice layer from 35-112cm
consisted of columnar sea ice (Fig. 3d). Microscopic exam-
ination of different vertical and horizontal ice thin sections
showed the presence of ikaite crystals throughout the ice col-
umn (Fig. 3b, c and e, f). Ikaite crystals were located in the
interstices between the ice platelets.

The sea ice at POLY | was less than one week old when
first sampled. The upper 5cm of the ice consisted of or-
bicular granular ice crystals, followed by transitional gran-
ular/columnar texture from 5 to 12 cm (Fig. 4a). This upper-
most layer closely resembles the disc-like granular ice ob-
served in nilas (Ehn et al., 2007) and may be related to freez-
ing of brine expulsed to the sea ice surface. The transition
into mainly columnar-like sea ice occurred at around 10—
12 cm from the surface and continued to the sea ice—water
interface (29 cm); however, the disorderly structure implies
intrusion of frazil ice and platelet ice forms, and thus super-
cooling at the ice—ocean interface was a significant factor
in determining the ice structure. Similarly to ICE I, micro-
scopic examination of thin ice sections from POLY 1 re-
vealed the presence of ikaite crystals throughout the ice col-
umn (Fig. 4b, c and e, f). Ikaite crystals were again observed
primarily in the interstices between the ice platelets.

Ikaite crystals become easily visible when the sea ice
melts. As an example from POLY 1, 19 crystals were ob-
served a few seconds after melting 50 mg of randomly sub-
sampled sea ice (10-20 cm section; Fig. 5a and b). Allowing
the crystals to dissolve for a few minutes before taking an-
other image allowed us to identify ikaite crystals (as the ones
that had dissolved; Fig. 5¢). In this case, the crystal area cov-
ered 0.48 % of the counting area.

At ICE I, the number of ikaite crystal per kg of melted
ice ranged from ~25 x 10%kg~—! in the upper layers to
~1 x 108kg~1 near the ice-water interface (Fig. 6a). At
POLY I, similar ikaite abundances were observed in up-
per ice layers, whereas abundances near the water column
reached ~7 x 108 kg~! (Fig. 6b). The molar concentration of
ikaite per kg melted ice at ICE | decreased with depth from
surface values of 900 umol kg~ to 100 umol kg~ near the
ice—water interface. At POLY I, the highest concentrations
(700 umol kg—1) were observed at 5-10 cm from the ice sur-
face, decreasing to ~200 pmol kg~! near the water column.

The crystals (a few um to 700 pm in size) observed in the

sea ice were highly transparent with a rhombic morphol-
ogy and showed uniform extinction under cross-polarized
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Fig. 3. Images of sea ice with ikaite crystals, from ICE I. (A, D) Sea
ice texture (polarized light); (B, E) microscopic images of sea ice.
Yellow arrows point to ice crystal borders, blue arrows to brine
pockets, green arrows to air bubbles and red arrows to ikaite crys-
tals. (C, F) Ikaite crystals at higher magnification. (A), (B) and (C)
from 10-20 cm section; (D), (E) and (F) from 49-59 cm section.

light, suggesting that they were simple single crystals. All
x-ray reflections fitted well to a monoclinic C-centered cell
with refined cell parameters shown in Table 1. From the
general shape, optical properties and unit-cell determina-
tion, the crystals examined were ikaite (Hesse and Kippers,
1983). The crystals identified as ikaite had a very distinct
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Fig. 4. Images of sea ice with ikaite crystals, from POLY I. (A,
D) Sea ice texture (polarized light); (B, E) microscopic image of
sea ice. Yellow arrows point to ice crystal boarders, blue arrows to
brine pockets, and red arrows to ikaite crystals. (C, F) Ikaite crystals
at higher magnification. (A), (B) and (C) from 0-10 cm section; (D),
(E) and (F) from 10-20 cm section.

morphology, and were easily recognized with two significant
variations: the more common thicker rhombs (Fig. 7a) and
rather rare thinner plates (Fig. 7b). Whereas ikaite crystals in
intact sea ice sometimes were assembled in aggregates such
as the ones illustrated in Fig. 4e and f, they consisted mostly
of isolated rhombic forms and thin plates as observed under
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Fig. 5. Microscopic images of ikaite crystals (A) a few seconds af-
ter melting 50 mg sea ice (10-20 cm section) from POLY I. Image
represents a very small fraction (2 ug) of the sample. (B) Software
(ImageJ 1.455s) processing of image A to find the number (19) and
area (0.48 % of counting area) of the crystals. (C) Image taken after
2 min showing that crystals are dissolving.

the microscope immediately after ice platelets had melted
(Fig. 5).

Surface TA concentrations of 600-800 pmol kg—! melted
sea ice were measured at ICE I, with decreasing concentra-
tions to 380 umol kg—! melted sea ice in ice layers close to
the water column (Fig. 8a). TCO» values at ICE | had similar
vertical distribution with lower concentrations. At POLY |
site, TA values were measured at ~800 pmol kg~ melted
sea ice near the surface, and decreased to ~500 umol kg—1
melted sea ice near the water column. As at ICE I, the verti-
cal 7CO, concentrations at POLY | were similar to TA, but
with lower values.
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Fig. 6. Vertical distribution of ikaite crystals determined from image
analysis. Abundance of crystals (-0-) and concentration of ikaite
(- -e--) at ICE I (A) and POLY I (B).

4 Discussion

4.1 Spatial and temporal variability of ikaite
occurrence and concentration

Ikaite concentrations from this study are higher than those
reported previously: 10 times higher than those measured in
spring sea ice from Antarctica (Dieckmann et al., 2008), and
4 times higher than in surface summer ice from Fram Strait
(160-240 pmol kg1 melted sea ice; Rysgaard et al., 2012).
The differences may be explained in part by differences in
quantification procedure, as our study is unique in employing
immediate analysis in the field without prolonged melting.
The higher values we report may also reflect real differences
between sites and seasons, as we present results for winter
sea ice, while other studies were conducted in spring and
summer with melt already apparent. As a result, a fraction
of ikaite crystals in the previous studies may already have
been dissolved due to ice warming and melting or lost via
brine drainage. In addition, ikaite crystals were observed
in the week-old POLY | sea ice and even within 1 hour
in frost flowers and thin ice in an artificially opened lead
(data to be presented elsewhere). This observation indicates
dynamic conditions of ikaite formation even on short
timescales. Understanding the dynamics of those processes
is an important objective for future studies. Here, we note
that higher concentrations of ikaite in surface sea ice are
predicted by the FREZCHEM model (Marion et al., 2010).
Assuming that a standard seawater (S = 35, [Na*] = 0.4861,
[KT]=0.01058, [Ca?t]=0.01065 [Mg?t]=0.05475,
[CI7]1=0.56664, [soﬁ—] =0.02927, [HCO;]=0.0023;
ions concentration unit: mole kg~! water) freezes in an open
system with pCO, = 320 patm, the FREZCHEM model
predicts an ikaite concentration of up to 620 pmol kg~ sea
ice in the cold surface layer of ICE I, decreasing exponen-
tially downwards (Fig. 9). Both the concentration range
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Table 1. X-ray diffraction data. Refined unit-cell parameters for
ikaite crystals identified by x-ray diffraction analysis. () = Standard
deviation, R =rhombs, TP =thin plate.

ICE |

Section

om ahy  bh) c(d) Be)  vAS
0-10 R 8808(2) 8313(2) 11.031(2) 110.59(1) 756.1(8)
1020 R 8820(2) 8330(2) 11.0503) 110.57(2) 761.7(4)
20-30 TP 8823(3) 8326(3) 11.049(4) 110.64(2) 759.6(7)
3040 R 8813(2) 8312(2) 11.034(3) 110.60(1) 756.7(4)
40-50 R 8817(3) 8312(2) 11.027(3) 110.58(2) 756.6(5)
50-60 R 8812(2) 8311(1) 11.040(2) 110.58(1) 756.9(6)
60-70 R  8831(3) 8320(2) 11.047(3) 110.55(2) 760.1(6)
70-80 R 8812(2) 8318(2) 11.031(3) 110.56(2) 757.0(8)
80-90 R  8819(2) 8315(2) 11.025(3) 11057(2) 758.3(5)
90-100 TP 8820(2) 8323(2) 11.049(2) 110.64(1) 759.2(5)
POLY |

Section

o o o 03

om ady  b(h) c(A) Be) v
0-10 TP 8816(3) 8333(2) 11.043(3) 110.68(2) 759.1(6)
10-20 TP 8810(1) 8320(1) 11.033(1) 11058(1) 757.1(2)

and distribution pattern agreed well with the empirical data
at ICE I. Although the FREZCHEM modeling assumes
that the system reaches thermodynamic equilibrium and
is always open to a constant pCO,, assumptions that are
not fulfilled under natural conditions, the modeling results
nevertheless support the observation that ikaite concentration
increases with decreasing temperature. Seasonally variable
ikaite concentration, with highest values in winter, is thus
expected.

It is a key point as to exactly where the crystals are lo-
cated. If they are in the brine channels then they can poten-
tially move with the circulation of brine as the temperatures
change internally in the ice. If they are isolated from larger
brine networks and are located at the interstices then they
may remain trapped in the ice as convection occurs. This will
make a big difference on the exchange through winter and
well into spring. Our images document that ikaite crystals
are located between the interstices of the sea ice matrix be-
tween the pure ice platelets. As they are particles they can be
trapped between the small interstitial pore spaces and there-
fore retained in the ice. In contrast, solutes and gases (CO>),
as well as organic particles including microorganisms (Junge
et al., 2001; Krembs et al., 2011), can be transported within
the brine system. It was possible to see brine motion in the
microscope as small particles and air bubbles moved between
the interstices of ice platelets. Increasing the temperature by
a few degrees significantly accelerated the transport velocity.
The TA: bulk salinity ratio in sea ice was 84 +4 (ICE 1) and
78 £ 0.8 (POLY 1) as compared with the water column 67 + 3
(ICE 1) and 61 £0.2 (POLY ). Thus, the higher TA-S ratio
in sea ice than in seawater shows that CaCOs3 release adds a
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Fig. 7. Two most common forms of ikaite in freezing sea ice.
(A) rhombs, (B) thin plates.
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and dissolved inorganic carbon (-e-) in (A) at ICE I and (B) at
POLY 1.

further alkalinity contribution to the simple melt of ice. These
observations confirm previous hypotheses (Rysgaard et al.,
2007, 2009, 2011) that ikaite crystals are trapped within the
sea ice matrix, whereas CO; released through ikaite produc-
tion (Eq. 1) and dissolved within the brine can be lost from
the sea ice. As a result, CaCO3 stores twice as much TA as
T CO», hence TA of the meltwater increases relative to TCO»
in sea ice. When ikaite crystals dissolve during sea ice melt,
surface water pCO, will decrease. This is important as low
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Fig. 9. Vertical profiles of ikaite concentration. Measured (-e-) and
FREZCHEM calculated (-0-) at ICE I.

pCO; values in surface waters will lead to a large CO> flux
from the atmosphere into the ocean.

Bulk TA concentrations in surface ice layers (including
ikaite crystals) were within the same range as ikaite concen-
trations, implying that most of TA is present in the crystal
form of ikaite and, thus, trapped within the surface sea ice
matrix. In contrast, bulk TA concentrations were higher than
ikaite crystal concentrations in the internal and bottom layer
of the sea ice at both stations, implying that not all TA in the
lower ice layers originate from ikaite crystals. One explana-
tion for this finding invokes dissolution or reduced growth
rate of ikaite in interior ice layers due to exposure to ex-
cess CO; originating from cold upper ice layers, where el-
evated brine concentrations of Ca®* and HCOj are higher
due to lower brine volumes. The CO, released in upper ice
could be transported to interior ice layers by downward brine
drainage. Low pH conditions in interior ice layers have re-
cently been reported for experimental sea ice (Hare et al.,
2013). Here, vertical pH profiles for bulk ice, as measured at
near-freezing temperatures, revealed a consistent C-shaped
pattern during columnar ice growth, with the highest pH val-
ues (>9) in both the exterior (top and bottom) ice sections
and lowest pH (~7) in the interior ice sections (Hare et al.,
2013). Calculating the vertical pH profile at ICE I, using tem-
perature and bulk salinity (Fig. 2) and TA and 7CO3 con-
ditions (Fig. 8) from our winter ice study, yielded a simi-
lar C-shaped pH profile with high pH (>9) in surface and
bottom ice layers, and lower pH (~8) in interior layers. At
POLY I, a C-shaped pH profile was also estimated, although
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the pH values in exterior layers were slightly lower (~8.5).
The sum of these findings suggests that downward transport
of pH equivalents could be responsible for dissolving ikaite
in the interior ice layers.

Another mechanism that could affect the dissolu-
tion/precipitation dynamics of trapped ikaite crystals in-
volves convective solutes (Worster and Wettlaufer, 1997) en-
suring contact between the interior brine system and the un-
derlying water column. CO»-enriched brine can exchange
with seawater via gravity drainage (Notz and Worster, 2009)
if the brine volume is above 5% to allow vertical ice per-
meability (Cox and Weeks, 1975; Notz and Worster, 2009).
In this study, brine volume fractions were above 5% in the
lower 50 cm of sea ice at ICE I, and throughout the ice col-
umn at POLY I. Thus, the increase in pH in the sea ice layers
close to the water column could be caused by replenishment
of brine with surface seawater (pH 8.1-8.3).

4.2 Role of ikaite in seawater CO, system and
gas exchange

The observation that ikaite crystals are trapped within the
sea ice matrix, while CO, dissolved in the brine through
ikaite production (Eg. 1) can be mobile (lost from the ice
with brine), means that ikaite crystal formation increases the
amount of CO, available for export beyond that attributed
solely to the solubility effect. The implication is that, in an
open system, TA is preferentially stored in the sea ice as
ikaite, raising the buffering capacity of sea ice (and surface
water) upon melting and subsequent crystal dissolution. With
trapped ikaite crystals, ice melt will therefore lead to both
lower surface water salinity and pCO;. As the low pCO;
meltwater remains at the ocean surface due to density strat-
ification gradient, CO, flux from the atmosphere to the sur-
face will be enhanced (Rysgaard et al., 2012). Based on data
from this study, the melting of sea ice (salinity from Fig. 2,
TA and TCO; from Fig. 8) at 0°C and dissolution of ob-
served concentrations of ikaite (Fig. 6) would result in melt-
water with a pCO; of <15 patm at both sites. This value is
far below atmospheric values of 390 patm and surface water
concentrations of 315 patm measured in this study. Hence,
the meltwater can increase the air-sea CO> uptake.

During ice growth, pCO; in the brine system will in-
crease and reduce pH in interior ice layers. In the surface
ice layer, released CO, may escape to the atmosphere or be
transported to deeper ice layers by downward brine drainage.
Few measurements of air-sea CO, fluxes have been re-
ported for winter conditions. Geilfus et al. (2012) detected
no CO; release for ice surface temperatures below —10°C,
instead observing a small negative flux (into the sea ice)
of 0.23mmolm~2d~1 over sea ice in the Amundsen Gulf,
Beaufort Sea. Miller et al. (2011) measured fluctuating CO,
fluxes over sea ice with strong downward fluxes in Febru-
ary in the Southern Beaufort Sea. Sejr et al. (2011) observed
that 99 % of TCO; in newly forming ice over drilled holes

The Cryosphere, 7, 707-718, 2013



716

in meter thick sea ice was rejected to the underlying seawa-
ter in Young Sound, Greenland. The suggestion that most of
the CO; released through ikaite crystal formation will sink
towards the seawater in dense brine is consistent with these
several findings.

The fate of CO; expelled from the sea ice to seawater re-
mains unclear. Dense brine production in the polynya region
(Anderson et al., 2004) may provide a mechanism to deliver
CO3 below the mixed layer, making ikaite production in sea
ice a “carbon pump” that removes CO, from the surface
ocean to deeper water layers (Rysgaard et al., 2009, 2011).
Low-density ice meltwater remaining at the surface will fa-
cilitate atmospheric CO, deposition as a result of ikaite dis-
solution. An air-sea CO> flux of —10.6 mmolm=2d~! has
been reported during spring and summer for the region pre-
viously (Rysgaard et al., 2012).

Geilfus et al. (2012) calculated, based on the carbon chem-
istry in the sea ice brine in equilibrium partitioning with the
atmosphere, that melting of a 1.3 m thick sea ice cover within
one month in the Beaufort Sea could lead to CO, fluxes
ranging from —1.2 to —3.1mmolm~2d~1, which are com-
parable to CO, fluxes measured over melt ponds. At ICE |,
we calculated the potential influence of melting the entire
ice cover into a 20m thick mixed layer (typical for sum-
mer conditions at this location) on the CO; flux in the re-
gion, using the measured ice carbon chemistry (salinity of
6.5, TA of 516 ymol kg%, TCO, of 406 umol kg~?1, and av-
erage temperature of 0°C) and the initial mixed layer char-
acteristics (average temperature of 0°C, salinity of 31.7, TA
of 2276 umol kg~1, and TCO, of 2101 pmol kg—1). The re-
sultant conditions in a 20m mixed layer (temperature of
0°C, salinity of 30.4, TA of 2184 ymol kg~*, and TCO; of
2013 pmol kg™1) would cause a 14 yatm decrease in pCOs.
Assuming the melt occurs over one month, the resultant
air-sea CO; flux to return to pre-melt conditions would be
—5.9mmolm~2d~1, which falls within the range reported
previously.

This calculation is based on a single melt event and does
not account for the numerous cycles of sea ice growth
and melt characteristic of polynya systems (Tamura and
Ohshima, 2011; Drucker et al., 2011). The polynya formation
at POLY 1 is predominantly governed by mechanical forcing
caused by northerly gales; it has been classified as a wind-
driven shelf water system (Pedersen et al., 2010), where sea
ice formation is continuous and rejection of CO; to deeper
water layer with dense brine occurs (Anderson et al., 2004).
Ikaite crystals trapped in the forming sea ice will be exported
with the ice to melt elsewhere. Such polynya systems are thus
likely to export CO> to depth effectively. Based on results
presented here, enhanced ice production in winter polynyas
would add considerable amounts of TA to the surface waters
in the form of ikaite crystals from sea ice, lowering surface
water pCO», upon ice melt and crystal dissolution, and in-
creasing the potential for seawater uptake of COs.
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An interesting observation in the polynya region we have
studied (Sejr et al., 2011; Papakyriakou et al., 2013) is that
the pCOy levels in the water column are very low, gradu-
ally increasing with depth from surface values of 315 patm
to 360 patm at 80 m. During the present study, the average
pCO, concentration of the upper 20 m water column was
335 patm compared to 390 patm in the atmosphere. As melt-
ing 1 m of sea ice will reduce pCO; levels by 14 patm in
a 20m water column according to the calculations above,
~4m of sea ice would need to melt locally to explain the
low pCO, concentrations in the water column. In polynya
areas the sea ice production is usually much greater than in-
dicated by the annual sea ice thickness due to the contin-
ued production of ice (McLaren, 2006). The local ice pro-
duction at POLY 1 is thus likely responsible for much more
larger ice growth than the April-May ice thickness of 1.4—
1.6 m usually observed at ICE | (Rysgaard and Glud, 2007).
Furthermore, the study site is located on the NE Greenland
Sea shelf where large amounts of sea ice exported from the
Arctic Ocean through Fram Strait subsequently melt dur-
ing southward transport toward the Denmark Strait (Vinje,
2001). Sea ice containing ikaite crystals as observed in the
present study may well explain a large part of the low pCO;
levels in the upper part of the water column due to melting of
sea ice from previous summer/autumn in the area. Biological
CO; fixation will also contribute to the atmospheric draw-
down, but constraining this factor is beyond the scope of the
present study. The current work nevertheless supports previ-
ous model calculations from the area estimating that melt-
ing of sea ice exported from the Arctic Ocean into the East
Greenland current and the Nordic Seas greatly increases the
seasonal and regional CO5 uptake in the area (Rysgaard et al.,
2009). More work is required to determine how applicable
our results are to other regions of the Arctic (or Antarctic),
given the variable nature of CaCO3 among the few available
ikaite studies (above references) and the seasonal nature of
pCO> in ice-free Arctic systems (Mucci et al., 2010; Cai et
al., 2010).

5 Conclusions

We report unique observations of ikaite in unmelted ice
and vertical profiles of ikaite abundance and concentration
in sea ice for the crucial season of winter. lIkaite crys-
tals, ranging in size from a few um to 700 um, were ob-
served to concentrate in the interstices between the ice
platelets in both granular and columnar sea ice. Their con-
centration decreased with depth from surface-ice values of
700-900 pmol kg1 ice (~25 x 108 crystalskg—1) to values
of 100-200 umol kg~ tice (1-7 x 108 crystals kg—1) near the
ice—water interface, all of which are much higher (4-10
times) than those reported in the few previous studies. Direct
measurements of TA in surface layers fell within the same
range as ikaite concentration, whereas TA concentrations in
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interior and bottom layers were twice as high. This depth-
related discrepancy suggests interior ice processes where
ikaite crystals form in surface sea ice layers and partly dis-
solve in internal ice layers. The result is a C-shaped pH pro-
file with high pH (>9) in surface and bottom ice layers, and
lower pH (~8) in interior layers. Based on results presented
here, enhanced ice production in winter polynyas would add
considerable amounts of TA to the surface waters in the form
of ikaite crystals from sea ice, lowering surface water pCO,
upon ice melt and crystal dissolution, and increasing the po-
tential for seawater uptake of CO; in regions downstream
where the ice melts.
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Abstract

Ongoing changes in Arctic sea ice are increasing the spatial and temporal range of young sea ice types over which
frost flowers can occur, yet the significance of frost flowers to ocean-sea ice-atmosphere exchange processes
remains poorly understood. Frost flowers form when moisture from seawater becomes available to a cold atmos-
phere and surface winds are low, allowing for supersaturation of the near-surface boundary layer. Ice grown in a
pond cut in young ice at the mouth of Young Sound, NE Greenland, in March 2012, showed that expanding frost
flower clusters began forming as soon as the ice formed. The new ice and frost flowers dramatically changed
the radiative and thermal environment. The frost flowers were about 5°C colder than the brine surface, with an
approximately linear temperature gradient from their base to their upper tips. Salinity and 68O values indicated
that frost flowers originated primarily from the surface brine skim. Ikaite crystals were observed to form within
an hour in both frost flowers and the thin pond ice. Average ikaite concentrations were 1013 pmol kg in frost
flowers and 1061 umol kg in the surface slush layer. Chamber flux measurements confirmed an efflux of CO,
at the brine-wetted sea ice surface, in line with expectations from the brine chemistry. Bacteria concentrations
generally increased with salinity in frost flowers and the surface slush layer. Bacterial densities and taxa indicated
that a selective process occurred at the ice surface and confirmed the general pattern of primary oceanic origin
versus negligible atmospheric deposition.
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Introduction

New and young sea ice forms are becoming a more prevalent
feature in the Arctic as the icescape transitions from one domi-
nated by multi-year ice to one of primarily first-year sea ice
[Kwok, 2007; Maslanik et al., 2011; Barber et al., 2012]. The
physical, geochemical, and energy balance characteristics of
these surfaces are poorly understood, as are the processes that
govern their role in climate, ecology, and biogeochemistry-
related processes across the ocean-sea ice-atmosphere (OSA)
interface. Because of later fall freeze-up and increased dy-
namic opening of thinner and more mobile pack ice in winter,
the areal extent and periodicity of frost flowers on sea ice are
expected to increase [Isleifson et al., 2013].

Frost flowers are relatively short-lived clusters of ice crystals
that form dendritic and branched structures at the interface
between a warm ice surface and a cold atmosphere and that
are found almost exclusively on new and young ice [Perovich
and Richter-Menge, 1994]. Frost flowers can form either from
atmospheric deposition of water vapor onto the ice surface or
through sublimation or evaporation of warm ice into a cold
atmospheric boundary layer (Domine et al., 2005). Key pro-
cesses governing frost flower formation include gradients in
temperature and relative humidity between the ice surface and
the lower boundary layer of the atmosphere, as described in
Style and Worster [2009] hereinafter the SW model. Accord-
ing to the SW model, frost flowers grow as a result of local
super-saturation of air directly above the ice surface, when
the warmer ice surface sublimates and/or evaporates water
into the much colder atmosphere. Calm weather allows for the
condition of near surface supersaturation to persist, enabling
frost flower formation [e.g. Perovich and Richter-Menge,
1994; Martin et al., 1996]. During the initial hours of sea ice
growth, the presence of a highly saline (ca. 100) skim of brine
on the surface of sea ice is consistently observed [e.g. Drink-
water and Crocker, 1988; Wensnahan et al., 1993]. This brine
skim is typically 1-2 mm thick and results from upward mi-
gration of brine as the brine pockets within the ice constrict
during growth [Martin et al., 1995]. The presence of a brine-
wetted ice surface appears to be an important element in frost
flower formation either as a source of warm water for evapo-
ration [Roscoe et al., 2011] or a source of brine that can then
be wicked up into the already formed frost flowers [Martin et
al., 1995; Style and Worster, 2009].

As a result of their formation mechanism and later integra-
tion into the overlying snow on sea ice, frost flowers present
a unique way for the ocean and sea ice to interact chemically
with the atmosphere. During winter and spring in polar regions,
frost flowers represent a potential source of aerosols, contain-
ing for example sea salts and organic particles, which can inter-
act chemically across the OSA [Perovich and Richter-Menge,
1994; Rankin et al., 2000, 2002; Rankin and Wolff, 2003; Alva-
rez-Aviles et al., 2008; Bowman and Deming, 2010; Shaw et al.,

2010]. Xu et al. [2013] quantified both the magnitude and un-
certainty in the cloud radiative forcing due to these aerosols and
concluded they may play a small but important role in cloud
radiative forcing. Sea salts also affect bromine exchange in the
winter months [Wagenbach et al., 1998; Alvarez-Aviles et al.,
2008] as they form over leads given saline frost flowers contain
elevated concentrations of seawater ions, including bromine
concentration three times greater than in seawater [Rankin et
al., 2002]. It is therefore argued that frost flowers are a poten-
tial source of atmospheric bromine, which is connected to polar
tropospheric ozone depletion [Rankin et al., 2002; Alvarez-
Aviles et al. 2008; Nghiem et al., 2012]. Atmospheric mercury
depletion events occur episodically during Arctic spring. Chem-
ical reactions involving reactive halogens periodically oxidize
gaseous elemental mercury in the atmosphere; products of this
oxidation, including reactive gaseous mercury and mercury
bound to particles are deposited onto Arctic spring snow packs.
Frost flowers are thought also to be a source of these halogens
[Rankin et al., 2002]. Douglas et al. [2005] and Sherman et al.
[2012] showed that frost flowers contain high concentrations
of mercury that may have been scavenged as a result of the
high halogen concentrations that frost flowers exhibit. During
their life spans, frost flowers may retain atmospheric mercury,
along with other chemical constituents, from depletion events
until incorporated into the snowpack upon frost flower collapse.
Frost flowers thus present a potential pathway for atmospheric
mercury to the sea ice and ocean below [Sherman et al., 2012].

Previous studies have shown that CaCOj in the form of ikaite
can precipitate in frost flowers [Geilfus et al., 2013], thus
frost flowers have the potential to augment air-sea cycling of
CO, given CO, is released/assimilated on formation/dissolu-
tion of the carbonate mineral. However, field measurements
of CaCO; precipitation in frost flowers and associated brine
skim in high Arctic is currently lacking [Geilfus et al., 2013].

There is also field evidence that frost flowers are a cryospheric
microbial habitat. Bowman and Deming [2010] showed that
bacterial abundance correlated strongly with salinity in both
frost flowers and the brine skim formed on sea ice, meaning
that bacterial abundance in these salty features was elevated
compared to the sea ice on which the frost flowers had formed.
Concentrations of extracellular polysaccharide substances
(EPS) were also elevated in the frost flowers and brine skim.
No evidence was obtained to suggest that bacteria were pref-
erentially enriched or depleted with respect to salinity in frost
flowers or the underlying brine skim [Bowman and Deming,
2010], but recent work implicated a selective process at the
OSA interface in the detection of a distinctive bacterial com-
munity in the frost flowers [Bowman et al., 2013] with the
genetic potential to participate in key biogeochemical cycles
involving mercury, dimethylsulfide and halocarbons [Bow-
man et al., 2014]. Frost flower bacteria may also constitute a
portion of the organic particles found in the aerosols of polar
regions [Bowman and Deming, 2010].
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Our objectives are to investigate the physical, radiative and
thermal environment of frost flowers on new sea ice grown
in a winter polynya off the NE coast of Greenland. We seek
to understand the climate forcing on the formation of these
flowers and in particular to examine the processes that create
and drive their growth and deterioration. We then examine the
potential role of frost flowers in geochemical exchange across
the OSA interface and as a microbial habitat. More specifi-
cally we address the following interrelated research questions:

1. What are the climatic and geophysical forcing conditions
associated with frost flower formation and development?
(Climate Forcing)

2. How did the above conditions affect vapor diffusion pro-
cesses and temperatures across the young ice surface and
can we determine if atmospheric deposition or sea ice
sublimation/evaporation or brine wicking dominated frost
flower formation? (Frost Flower Formation)

3. How does the concentration of salt in the ice surface and
frost flowers affect the carbonate chemistry of the sea ice
and the exchange of CO, across the OSA interface? (Gas
Exchange)

4. Can bacterial measurements across the OSA interface over
time help to inform the frost flower formation process and
the suitability of these unique physical and biogeochemical
environments as habitats for microbes? (Microbial Habitat)

Methods

A multinational, multidisciplinary field program was coor-
dinated through the University of Manitoba’s Canada Excel-
lence Research Chair (CERC) at the Danish/Greenlandic field
station, Daneborg. The station is located in the Young Sound
fjord on the NE coast of Greenland (Figure 1). General de-
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scription of the Daneborg field site and the winter carbonate
chemistry cycle in the fjord are found elsewhere [Rysgaard
and Glud, 2007; Rysgaard et al., 2013].

The thin-ice station, POLY | (74°13.905’N 20°07.701’W, 29-
30 cm thick on 22 March, snow-covered with varying thick-
ness), was situated in a recurrent winter polynya region about
3 km off the landfast ice edge. An area of ~5 x 7 m was opened
near POLY | at 16:00 GMT on 22 March to expose the ocean
to the atmosphere (hereinafter referred to as the ‘pond’ site).
The opening of the pond was done using a hand-held ice saw
by cutting smaller segments that then were pushed to the side
underneath the ice cover. A time-lapse camera was installed
at the pond site to document the development of frost flowers
as the ice formed in situ. Half of the pond was reopened on
24 March at 15:00 GMT: i.e., after about 47 h of the initial
pond opening. At this time, the initial ice was ~12 cm thick.
The recurrent polynya at this location will occur as open water
(as evidenced by satellite imagery just prior to our arrival) or
with a young ice cover (like we experienced); frost flowers
are known to occur regularly on this polynya ice (Rysgaard
and Glud, 2007).

Components of the surface energy balance were acquired us-
ing purpose-built meteorological stations located in proxim-
ity to the pond site over the period spanning this experiment.
Wind speed and direction were measured at the heights of 3.8
m and 3.1 m using sonic anemometers (Gill® Windmaster Pro
and Metek®, model uSonic-3). Incoming and reflected short-
wave, and incoming and emitted longwave radiation were
measured at the station (over a snow surface) using a four
component net radiometer (Kipp & Zonen®, model CNR4)
at a height of 1.5 m. Air temperature and relative humidity
were measured using a HMP45C probe (Vaisala®) installed
in radiation shields at a height of 1.6 m.

Figure 1. Daneborg field station at the
NE Greenland coast (A) showing the lo-
cation of the Young Sound fjord (B) and
the newly formed ice in the polynya at
the mouth of the fjord where the frost
flower ‘pond’ was constructed (C).



Downwelling incident scalar irradiance and transmitted scalar
irradiance over 400-700 nm wavelength range was measured
at 1-min intervals at the pond site using MDS-L photosyn-
thetically available radiation (PAR) sensors (Alec Electronics
Co. Ltd). The surface reference PAR sensor was shielded from
the upwelling component of the radiation and installed next
to the pond. Two other PAR sensors were installed at the air-
water interface and at 30-cm depth in the pond by attaching
them to a string hanging from a horizontal aluminum pole that
extended across the northern pond corner (Figure 1C).

To fill gaps between measured ice thicknesses (H) and surface
temperatures (T, ace), We Used the hourly averaged air tem-
peratures (T,;,) from the meteorological station as input in an
analytical ice growth model [Maykut 1986]:

. L ‘gj =km( TfoT )+Fw, @)
where p;,. = 920 kg m is the assumed density of sea ice
which was kept constant, L = 333.5 J g the latent heat of
fusion, ki, = 1.8465 J m st K- thermal conductivity of sea
ice with a salinity of 8 and temperature of -5°C, T, = -1.7°C
the temperature of the underlying seawater, F, = 0 W m2 is
ocean heat flux, and

e sw t air

kice + CI H

-~ kl.L_T+CT,H (2)

surface -

The calculation of Ty, relied on a surface-to-air heat transfer
coefficient C,, which was found by matching to observed ice
thicknesses and surface temperatures. The best match to obser-
vations were obtained by keeping C, at 140 J cm day* K- for
the first 7 cm of ice growth and then reducing it to 110 J cm™!
day* K- for the remainder. These values are notably smaller
than the C, = 209 J cm day~* K-! derived by Maykut [1986],
reflecting the large temperature difference between the warm
ice surface and the atmosphere in this thin ice environment.

The upwelling longwave radiation LW, was not measured
above the pond ice but calculated from Ty, (fOr a bare frost
flower free surface) using the Stefan-Boltzmann law with an
emissivity of 0.985. Surface and interior brine salinities were
then estimated assuming a linear temperature profile from
Taurtace 10 Ty, @nd using the equation for the freezing point of
seawater following Fofonoff and Millard [UNESCO 1983].

Data on the Infrared Temperature (IR) of the ice and frost
flower surfaces were collected with a FLIR systems SC660
thermal camera (Wilsonville, OR, USA). The IR camera uses
an uncooled microbolometer over the spectral range of 7.5
to 13.0 um. Thermal images were stored as calibrated 32-bit
floating point data over a 640 by 480 image plane. Calibration
of the FLIR was conducted with an external black body and
using an internal camera calibration system. System specifica-
tions were verified through a series of calibration tests con-
ducted daily. The system was capable of an average +0.1°C

precision over the range of thermal conditions encountered,;
absolute calibration was not tested but FLIR indicates it to
be < 1%. Additional measurements of the bare ice surface
temperature were taken with a handheld digital thermometer
(Traceable, model 4000, Control Company, USA).

Throughout this manuscript we discuss the effects of the brine
skim but sampled the ‘surface slush layer’, which contains the
brine and the uppermost ice grains of the young ice, or the low-
ermost grains of the frost flower base, or potentially some snow
that might have settled on top of the brine skim. Brine skim is a
liquid with both its salinity and temperature controlled by the fact
that it has to remain above its freezing point to exist as a liquid,
while the surface slush additionally contains (salt-free) ice crys-
tals and possibly precipitated salts. Our results show a significant
difference between the salinity of the surface brine skim (calcu-
lated) versus the bulk salinity of the slush layer. Frost flower and
surface slush layer samples for salinity and %0 analysis were
collected with a sharp metal spatula, put into plastic bags, and
melted at room temperature prior to analysis. Samples of sea ice
brine for salinity and 58O were collected from the top part of the
ice by scraping an approximate 2-cm deep hole in the surface
after the removal of frost flowers and the surface slush layer, al-
lowing the interior sea ice brine to accumulate for a few minutes,
then collecting it with a plastic syringe. Sea ice was sampled with
a 9-cm diameter ice corer (Mark Il coring system, Kovacs Enter-
prises, Lebanon, USA). After extraction, ice cores were imaged
thermally using the aforementioned FLIR camera, cut into layers,
placed in tightly closed containers, and returned to the laboratory
to melt at room temperature. The salinity of the melted frost flow-
ers, surface slush layer, sea ice, and brine samples was calculated
from conductivity and temperature using a HACH SENSION5
portable conductivity meter (Hach, Loveland, USA (£ 0.01))
calibrated against a 15N KClI solution at 20°C. Samples for oxy-
gen isotope composition were transferred into glass vials tightly
capped with polyseal closures and parafilm. Analysis was per-
formed on a Picarro Isotopic Water Analyzer, L2120-I (Picarro,
Sunnyvale, USA) equipped with a PAL autosampler (Leap Tech-
nologies, Carrboro, USA). Details of the method can be found
elsewhere [e.g., Versteegh et al., 2012]. Results are expressed in
standard 50 notation with the V-SMOW standard as a refer-
ence value. Agreement between triple consecutive injections of
the same sample was within £ 0.1 %o. The 80 signal of frost
flowers of atmospheric origin was assumed to be that of freshly
fallen snow; the 3180 signature of frost flowers of brine origin
was calculated from 380 measured in brine using a fractionation
value of +2.6 [Macdonald et al., 1995].

In the cold laboratory (-25 to —20°C), corresponding sea ice
cores were cut into vertical sections (10 x 6 x 1 cm) and hor-
izontal sections (6 x 6 x 1 cm), which then were mounted
onto slightly warmed glass plates, cooled until frozen onto the
plates, and thinned to 1-2 mm thickness using a microtome
(Leica® SM 2010R) and a wood plane [e.g., Ehn et al., 2007].
Each of these, so called thin sections, was then photographed
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(Nikon® D70) between cross-polarized filters to document
ice texture. Subsequently, each thin section was inspected (in
the field) under a stereomicroscope (Leica® M125 equipped
with a Leica® DFC 295 camera and Leica® Application Suite
ver. 4.0.0. software) to document the vertical and horizontal
position of ikaite crystals in sea ice.

Samples of ikaite from the pond site were kept at —20°C for
three weeks and brought to the x-ray laboratory at the Depart-
ment of Geological Sciences at the University of Manitoba,
Canada. There, subsamples of sea ice and frost flowers were
mounted onto a cold glass slide resting on a chilled aluminum
block containing a 1-cm central viewing hole. The crystals were
first examined with a polarized light microscope to assess their
optical properties and then mounted for x-ray study using a ste-
reo binocular microscope. The x-ray diffraction instrument con-
sisted of a Bruker D8 three-circle diffractometer equipped with
a rotating anode generator (MoKa X-radiation), multi-layer op-
tics, APEX-I1 CCD detector, and an Oxford 700 Series liquid-N
Cryostream. The intensities of more than 100 reflections were
harvested from six frame series (each spanning 15° in either
or ) collected to 60° 26 using 0.6s per 1° frame with a crystal-
to-detector distance of 5 cm. Further details on the ikaite sam-
pling are provided elsewhere [Rysgaard et al., 2013].

The surface diffusive flux of CO, associated with the re-freez-
ing pond was sampled both in the presence and absence of
frost flowers using an automated chamber flux system (LI-
COR®, model LI-8100) equipped with a 20-cm (diameter)
survey chamber. As part of the post-processing procedure, the
CO, concentration time series associated with each sample
was screened, after which the fluxes were calculated using the
LI-8100A data analysis software.

Frost flowers for microbial analyses were removed from the
pond site into sterile 1-L plastic bags using an ethanol-rinsed
spatula. A second scraping over the same surface area yielded
the corresponding, operationally defined brine skim; i.e., the
surface slush layer. Samples of sea ice were also collected, as
described above, along with samples of seawater and snow
from the surrounding area. Samples of frost flowers, the un-
derlying surface slush layer, and snow were melted directly
over the shortest period possible (always < 12 h, with sam-
ple temperature remaining at < 0°C), while sea ice samples
were melted into sterile 0.2-um filtered brine according to the
isohaline approach described by Ewert et al. [2013]. Immedi-
ately upon melting, samples were fixed with 0.2 pm-filtered
formaldehyde to a final concentration of 2% and stored in the
cold and dark until total bacterial (total prokaryotic) abun-
dance was determined using epifluorescence microscopy, as
in Bowman and Deming [2010]; virus-like particles (VLP)
were enumerated on a subset of samples, according to Wells
and Deming [2006]. Particulate and dissolved extracellular
polysaccharide substances (pEPS and dEPS) were quantified
using the phenol sulfuric acid assay, as in Krembs et al. [2011]
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and Ewert et al. [2013]. Salinities of samples used for these
bacterial and EPS analyses were determined by refractometer.

To determine the dominant members of the bacterial commu-
nity, DNA was extracted from the different sample types for
amplification and sequencing of the 16S rRNA gene using the
phenol-chloroform method (as in Bowman et al. [2013]); one
patch of frost flowers was sampled to obtain the upper centim-
eter portions separately from the basal portions. The V3-V5 re-
gion of the 16S rRNA gene was amplified using primers 357F
and 926R for 30 cycles. An aliquot of the amplified material,
along with positive and negative controls, was visualized on a
gel to insure proper fragment length. Amplicons were purified
using the GeneJet Purification Kit (Fermentas) and submitted to
the Tufts University Sequencing Center, where amplicons un-
derwent a second round amplification for 10 cycles using bar-
coded primers 517F and 967R. Second round amplicons were
gel-purified prior to library construction. Sequencing was con-
ducted on the 454 FLX platform (Roche) using Titanium chem-
istry. Read processing and classification using Mothur [Schloss
et al., 2009] followed Bowman et al. [2012] except that the
Greengenes reference taxonomy was used for classification
(available at the Mothur website, http://www.mothur.org/wiki/
Greengenes-formatted_databases); sequence data are available
under NCBI accession number SRP038953). Brine and Milli-Q
blanks were processed along with the environmental samples.
Operational taxonomic units (OTUs, defined at the level of 97
% similarity) found in the blanks were removed from the en-
vironmental samples prior to downstream analysis. OTUs that
classified as chloroplasts were also removed, assuming these
reads to be derived primarily from chloroplasts [although see
Diez et al., 2001; Waleron et al., 2007; Cottrell and Kirchman,
2009; and Bowman et al., 2012]. Similarity in community com-
position between samples was assessed by randomly sampling
to the depth of the shallowest sample (1,367 reads), calculat-
ing the relative abundance of the 25 most abundant OTUs, and
applying hierarchal clustering to samples using the complete
linkage method through the vegdist and hclust functions as im-
plemented by the heatmap function in R [Oksanen et al., 2013].

Results and Discussion

Climate Forcing

The climate at the Daneborg site was typical of conditions
experienced in mid-winter in the Young Sound region of NE
Greenland [Rysgaard and Glud, 2007]. Air masses are influ-
enced by the proximal Greenland ice sheet. Storms are gen-
erated through the interface of warm, moist air masses, as-
sociated with the open water areas of the marginal ice zones
surrounding Greenland, interacting with the cold dry air mass-
es associated with the ice cap.
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Figure 2. Surface energy balance conditions during the frost flow-
er growing experiment at the pond site: (A) wind (the length of ar-
rows corresponds to wind speed; angle of the arrows corresponds to
wind direction with northward wind pointing upward); (B) relative
humidity; (C) air temperature (T,;;) measured at the meteorological
station, ice thickness observations (Hgpservation), @nd calculated ice
thicknesses (Hgyface) @nd surface ice temperatures (Tg,t.ce) Where
subscripts with 1 and 2 denote values for the initially opened and
reopened portions of the pond, respectively; (D) shortwave (SW),
longwave (LW) and net (Q*) radiative flux where the subscripts de-
note the surface type (1, 2, or snow), arrows either downwelling or
upwelling; and (E) PAR (E) where subscript 0 is for scalar irradi-
ance and d is for downwelling.

Figure 2 summarizes the salient data from the ‘pond’ met
station. After a brief period of >10 m s winds prior to the
opening of the frost flower pool on 22 March, wind speeds
remained between 1 and 3 m s during the first 2 days of the
ice-growth experiment. This period was followed by 3 days of
variable winds generally between 1 m s~tand 5 m s, reaching
about 8 m s briefly around noon on 27 March (Figure 2A).
These initial low wind speeds are thought necessary for frost
flower formation as turbulence during higher wind speeds (>5
m s) destroys the near-surface supersaturated layer [Style
and Worster, 2009].

To allow a direct comparison with results from Style and Wor-
ster [2009] the measured relative humidity reported here is
with respect to water surfaces (as output from sensor) with no
correction for ice surfaces [see Andreas et al., 2002]. During
the growth experiment, relative humidity remained between
70 and 85% (Figure 2B). We note three rapid drops in the
relative humidity on March 20, 21 and 26 below a smaller
running mean largely dominated by diurnal fluctuations due
to changing air temperature.

Air temperature at the start of the experiment was around —26°C
and dropped to —32°C, the lowest during the experiment, in the
early hours of 23 March (Figure 2C). Air temperatures showed
an increasing trend during the experiment, reaching as high as
—10°C on 27 March, and underwent diurnal cycling which was
interrupted for the night between 25 and 26 March due to the
presence of cloud cover (note period of increased downwelling
longwave radiation during 26 March in Figure 2D). The cor-
responding ice surface temperature, calculated using Eq. (2),
rapidly decreased to —10°C about 8 hours after the initial open-
ing of the pond (T ,ce1 IN Figure 2C) in response to the cold air
temperature and ice thickness growth to 4 cm thickness (H,.
face1)- 1he decrease to —10°C took 17 hours for the pond portion
reopened around 15:00 on 24 March (T t,ce2 in Figure 2C), re-
flecting the effect of prevailing warmer air temperatures and ice
thickness growth to 5 cm (Hgacep)- After the initial decreases,
the surface temperatures remained between —15 and —6°C for
both surfaces until the end of the experiment when (calculated)
ice thicknesses had reached 20 cm for Hg,ce1 and 13 cm for
Hsur‘facez (Figure 2C)-

Scalar irradiance over PAR wavelengths was measured on the
side of the pond that was reopened (Figure 1C; Figure 2E).
Thus, PAR was measured initially in ice that grew rapidly
to about 12 cm and, for the latter part of the experiment, in
ice that grew more slowly to 13 cm (Figure 2C). For both
ice-growth phases, scalar PAR at about 30 cm below surface
followed closely the values recorded by the cosine-corrected
downwelling PAR at the meteorological tower. The near inter-
face PAR, however, differed between the two cases due both
to how the surfaces evolved (full frost flower coverage vs.
patchy coverage) and to differences in where the sensor was
located relative to the ice surface (top of sensor located about
5 mm below ice surface vs. top of sensor at surface). These
differences resulted in notably higher interface PAR values
during the second growth phase and illustrate the importance
of near-surface properties and frost flowers on light transmis-
sion through thin ice. The observed PAR levels that reached
values > 500 umol quanta s-* m=2 are more than sufficient to
support primary production [e.g., Kihl et al., 2001]. This re-
sult may have ecosystem implications, considering the much
larger spatial expanse of young, frost flower-covered sea ice
in March in the Arctic (e.g., thousands of square kilometers
in the Southern Beaufort Sea in February—April of 2013;
http://www.youtube.com/watch?v=KXjb6MR]j_5U).

81



-3
&)
N
g
>
®
o}
5
=
A - March 23, 7:15 pm B - March 23, 8:15 pm
10
:6 5
e
5 s
) W i \/’
-10 lnv
-15

Relative pixel location along the profilesin images A and B.

Figure 3. Thermal IR temperature of
young ice showing the temperatures
for a cluster of frost flowers (A) and
after this cluster was removed (B). Pro-
files in the color FLIR images are plot-
ted from left to right according to the
profile line location at A and B (23
March 2013). Larger and more mature
flowers in the cluster have a lower sur-
face temperature. Ice surface tempera-
tures dropped by about 0.25°C due to
the removal of the frost flowers.

Figure 4. Thermal IR temperature of
young ice showing the temperatures of
the ice surface relative to that of three
frost flowers. Profiles in the color FLIR
images are plotted from left to right ac-
cording to the profile line location at

A (23 March, 19:15 GMT, ~27 hours
from freeze-up) and B (23 March,
20:15 GMT, ~28 hours from freeze-
up). The different lines illustrate the
change in ice surface temperature that
occurred during 1 hour relative to the
change in the size and temperature of
three frost flowers.

A patch of mature frost flowers was imaged with a FLIR cam-  frost flower formation (Figure 3A. The patch consisted of ma-
era to ascertain the thermal field conditions of the frost flower-  ture frost flowers extending > 1 cm (vertically) into the bound-
covered and bare ice surface (Figure 3A and B, respectively).  ary layer. Top portions of the frost flowers were at a tempera-
A patch of frost flowers radiated out from the initial node of  ture of ~—7°C, ice surface temperature was ~ —4.5°C, and air
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temperature was ~ —27°C. After frost flower removal, the ice
surface temperature decreased by ~ 0.25°C due to direct con-
tact with the cold air just above the growing ice (Figure 3B).
On average we found a difference between flower tops and
brine skim of about 5°C with a range of + 1°C based on data
shown in Figures 3 and 4 and data not shown.

The temperature fields associated with the growth of indi-
vidual frost flowers were recorded with the FLIR camera by
cutting and removing a small section of the ice, then allowing
the ice to re-freeze. A one-hour time lapse between images of
three growing frost flowers (compare Figure 4A and B) shows
the thermal effect of the frost flower formation on the surface
ice field and the effect of thickening sea ice on the surface
field temperature (Figure 4C). The average relative difference
in the profile lines in Figure 4A and B illustrates the difference
in ice surface temperature (A-B) of about 2.5°C created by
ice growth alone. The three flowers in the thermal IR image
frame grew 0.5 cm over 1 hour, which resulted in a tempera-
ture difference of ~ 2.5°C (absolute difference in temperature
between 19:15 and 20:15 GMT on 23 March). The greatest
temperature differences correspond to the large frost flowers
projecting the furthest into the atmospheric boundary layer.

The lower surface temperatures of the frost flowers dampen
longwave radiation loss by between ~ 10 Wm-2 (~ 3.6%) and
~ 20 Wm-=2 (~ 8%) relative to background sea ice and brine
skim (observed ATy, = —25 and —5°C, respectively). To
place the effect in context, the change in longwave emission
associated with frost flower formation relative to background
brine-wetted sea ice is between 50% and 60% of reported win-
tertime sensible heat loss from newly formed grease ice (Table
1in Else et al. [2011]), and hence a significant proportion of
the heat budget of the youngest forms of sea ice.

Frost flower formation

The first frost flowers were recorded at 16:15 GMT on 22
March (very small white nodules, Figure 5A), after only 15
minutes from when the pond was initially opened. Initial frost
flowers formed as distinct nodules in the very young ice, and
then expanded from their initial nucleation sites radially out-
wards in all directions. Frost flowers grew significantly over-
night; by the next morning they exhibited a patchy distribution
with 9/10 of the pond surface covered. Frost flowers were well
formed by about 12 hours into the experiment and exhibited
a typical branched structure at maximum growth (Figure 5C).

Table 1. Measurements of 380, S, T, and v, in samples of sea ice, brine, fresh snow, frost flower and the surface slush layer throughout the

duration of the frost flower growth experiment.

880 + SD [%o] S+SD T [°C] v, [%0]

Brine -4.9+0.7 88.8
Fresh snow -246+04 0.0

0.0-2.5cm -1.6+0.1 10.4 -8.7 8.0
Ice 19h 2.5-5.0cm -1.9+05 11.2 5.4 14.1

5.0-8.0cm -1.2+0.3 8.7 2.1 23.9

0.0-2.0cm

2.0-5.0cm 7.6 -5.3 6.6

5.0-8.0cm 8.6 -2.2 17.7
Ics 26h 8.0-11.0 cm 9.2 18 236

11.0-14.0 cm 6.6 -1.8 16.8

14.0-17.0 cm 9.5 -1.7 25.9

19h -0.8+0.3 125.1 -12.7 43.8

26h -1.6+£0.3 949+138 -7.8 56.6

46h -21+0.3 90.9+10.1 -7.1 58.9

46h (tops) -4.0£0.2 92.2+16.5

46h (bottoms) -0.1+04 89.6 + 3.8 -7.1 58.9
Frost flowers 70h -44+12 87.0+£9.7

90h -4.4+0.3 64.4

90h (tops) -1.7 50.2

90h (middles) -46+0.4 78.8

90h (bottoms) -09+0.3 64.1

114h -4.3+0.1 7.4

19h -0.1+£05 48.2 -10.3 22.7

26h -09+0.4 66.2+7.6

46h 21+09 77.4+£19.1 -8.7 41.7
Surface slush layer 70h 04+05 727+ 11.0

90h -04+0.0 52.9

114h -1.3+£05 72.3
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Over the course of the second night, the initially patchy cover-
age evolved into a relatively homogeneous cover (lower part
of Figure 5B). A brine skim formed very early in the growth
cycle of the new ice. This brine skim is often seen on young
growing ice and is the result of brine being ejected upwards
during ice growth. When the frost flowers form, this brine
skim can provide both a vapor source (for frost flower growth)
and brine for salt migration into the frost flowers. Work on
chemical composition of frost flowers corroborates this ba-
sic process of microstructure development [Alvarez-Aviles et
al., 2008]. In what follows we discuss the effects of the brine
skim, recognizing along the way that what we sampled was
the “surface slush layer’, as defined above.

The environmental conditions of frost flower formation during
the experiment were placed in the context of the six regimes
hypothesized in the SW model based on relative humidity of the
atmosphere and temperature difference between the atmosphere
and the ice surface (Figure 6; the numbering 1-V1 follows that
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Figure 5. Examples of frost flow-
ers grown at the pond. (A) The
first evidence of frost flower for-
mation (see small white dots with-
in the black rectangle) at ~ 3 hours
into the experiment (ice <1 cm
thick; 22 March 19:00 GMT); (B)
a patchy frost flower coverage

on the reopened pond half after ~
24 hours of growth (ice <10 cm
thick). Foreground shows the ma-
ture frost flower field on the ini-
tially grown ice (~ 17 cm thick);
and (C) a close-up image of a typi-
cal frost flower structure at ~ 48
hours into the experiment.

of Style and Worster [2009]). Evaporation into vs. condensation
from a supersaturated atmosphere (relative humidity > 100%)
is characterized by regimes | and |1, respectively. Regimes IlI
to VI are for exchanges with an undersaturated atmosphere.
Condensation from the air occurs at the surface in I11-1V, while
evaporation from the surface occurs in V-VI. Regimes V and
VI distinguish between undersaturated vs. supersaturated water
vapor conditions in the near-surface layer, as determined by the
Clausius—Clapeyron equation. In both V and VI, the source of
water vapor in the layer directly above the sea ice comes from
evaporation or sublimation from the sea ice surface rather than
from deposition from the cold atmosphere. For most of the ex-
periment, pond surface conditions remained within regime VI
with a brief transition into regime V after about 84 hours of
the initial pond opening (Figure 6). Style and Worster [2009]
observed that larger values of supersaturation, depicted by con-
ditions to the left of the dash-dotted curve in Figure 6, were
required for frost flower formation to occur. Our observations
closely corroborate this finding.

Figure 6. The relative differences in humidity and temperature dur-
ing the pond experiment set in the context of environmental condi-
tions under which different condensation, evaporation and sublima-
tion processes occur, following Style and Worster [2009]. Red (first
opening) and blue (second opening) colored numbers indicate the
time (hours) elapsed in 4-hour intervals from the start of freeze-up
(i.e., from 22 March at 16:00 GMT and 24 March at 15:00 GMT,
respectively); their locations show the prevailing conditions at the
time. Roman numerals | through V1 are the categorical conditions
under which various vapor-temperature differentials create various
features: frost flower, rime, fog, dew, etc. The dashed and dash-dot-
ted lines are redrawn from Style and Worster [2009, Figures 3-4],
while the adjacent solid lines are obtained using the same equations
but the temperatures observed during the pond experiment.
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In the literature, there is still a debate as to whether frost flow-
ers form due to deposition of atmospheric water vapor onto
the ice surface or sublimation or evaporation of the warm ice
surface into the atmospheric boundary layer. Measured 680
values of frost flowers from 19 to 114 hours after freeze-up
suggest that the frost flowers were composed primarily of
brine (Figure 7A). Fresh (19-h) unsectioned frost flowers had
a %0 value of —0.8 + 0.3%0 which was similar to the signa-
ture of the surface slush layer (-0.1 + 0.5%o) and decreased
gradually with time to —4.3 £ 0.1%0 after 114 hours from
freeze-up (Table 1), pointing to the influence of secondary at-
mospheric deposition either from vapor or from blowing snow
(%0 value of —24.6 + 0.4%o) during later stages of the experi-
ment. Influence of that secondary atmospheric deposition is
particularly pronounced in the top sections of frost flowers,
while bottom sections remained composed almost exclusively
of brine (Figure 7A). Results presented here are generally in
agreement with similar studies on Arctic leads [Douglas et al.,
2005] and over large open water expanse formations of young
frost flower covered sea ice [Douglas et al., 2012].

Initial salinities of frost flowers were much higher than those
measured in the surface slush layer (Figure 7B), strongly sup-
porting the brine origin of frost flowers revealed by the 520
signature analysis (and further corroborated by the bacterial
results; see below). The low temperatures of the frost flowers
(Figure 3) and, perhaps more importantly, the direct contact of
brine with the atmosphere allowing for high evaporation rates,
suggest that precipitated salts must be present [Assur, 1960],
possibly explaining the high salinities of melted frost flowers.
Only after 46 hours of the experiment, when a 'O atmos-

120 140

pheric signature began to appear in the frost flowers and the
collected brine skim had a higher salinity, did the frost flower
salinities approach those measured for the brine skim. Previ-
ous work has shown that brine can be wicked up into frost
flowers from a high-density brine skim, both in situ [Perovich
and Richter-Menge, 1994] and in laboratory experiments
[Martin et al., 1995; Roscoe et al., 2011] and sea ice meso-
cosm experiments [Isleifson et al., 2012]. Lack of data prior to
19 hours after freeze-up in our experiment prevents a defini-
tive determination of initial ice-surface origin, but formation
of nucleating nodules from frozen brine and/or precipitated
salts seems plausible as: 1) atmospheric temperatures were
below the temperature of freezing for brine with the maximum
modeled salinity of ~ 200 (~ -10 °C; Figure 7B), potentially
allowing for the precipitation of salts to occur after cooling
of brine to < -5°C [Light et al., 2003]; and 2) initial salinities
of frost flowers were much higher than those measured in the
surface slush layer within the range of modeled salinities of
the liquid brine in the top 5 cm of ice (Figure 8).

Brine skim temperatures (Figure 2C) calculated using Eq. (2)
agreed well with measured surface slush layer temperatures
(Table 1). The salinity of the brine in the surface slush layer
could then be estimated using seawater freezing-point rela-
tionships [Fofonff and Millard, 1983]. The differences in sa-
linity among the samples then allowed estimates of the brine
volume within the surface slush layer, calculated as: 31, 49,
54, 41, 37, and 59% at 19, 26, 46, 70, 90 and 114 hours, re-
spectively, into the ice-growth experiment. Furthermore, as-
suming that the brine from the brine skim wicks into the frost
flower and forms part of its structure, we estimated the rela-
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Figure 8. Temperature, salinity, brine volume fraction (v,) and 5O
profiles in sea ice during the frost flower growing experiment after
19 (A) and 26 (B) hours from freeze-up. Thermal IR image of small
scale temperature of a sea ice core extract from the pond site at 26
hours into the experiment (coincident with temperature probe meas-
urements in B).

tive proportions of the sampled frost flowers that were formed
through brine wicking versus vapor deposition: for the above
six sampling occasions, wicked brine composed about 81, 70,
64, 49, 45, and 63%, respectively, of the mass of the frost
flowers. This exercise illustrates the important role of brine
wicking, not only in transferring salt (and organic matter, in-
cluding bacteria), but also in bringing water to the frost flow-
ers. Over the course of the ice-growth experiment there was a
general decrease in the brine-wicked fraction and consequent
increase in deposition from vapor, a pattern entirely consistent
with the 680 signature analysis that also suggested a tempo-
ral increase in the atmospheric fraction (see above). Despite
internal consistency, this approach to estimating the composi-
tion of frost flowers could not account for possible changes in
brine salinities over the course of the frost flower formation
process, for example due to evaporation or sublimation.

Gas Exchange

The climate forcing and resulting frost flower formation con-
centrate brine in the upper layer of the ice and within the frost
flowers. This brine concentration affects the carbonate chem-
istry of the sea ice and thus gas exchanges across the OSA in-
terface, specifically through the influence of ikaite formation.
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Figure 9. Frost flowers at the pond during sampling of ikaite crys-
tals for characterization and quantification. (A) Frost flower field
with marks after sampling at different centimeter distances in the
lower part of the image above the ruler. (B) Example of ikaite crys-
tals just after ice crystals in the sample had melted. (C) Ikaite con-
centrations in frost flowers (filled circles) and surface slush layer
(empty circles).

Ikaite crystal concentrations in frost flowers and brine skim
were characterized and quantified by sampling at different times
and distances (centimeter-scale) in the newly frozen pond (Fig-
ure 9A). Within 1 hour ikaite crystals were observed to form in
both the thin ice and the frost flowers, indicating the short-term
dynamic conditions of ikaite formation. Ikaite crystals become
easily visible when sea ice is melted. For example, 39 crystals
were observed in a 3 pg subsample a few seconds after melt-



ing 58 mg of new frost flowers (Figure 9B). This image repre-
sents a very small fraction (3 pg) of the sample. In this case, the
crystals covered 1.5% of the counting area, corresponding to an
ikaite concentration of 2150 umol kg=. The crystals observed
in the sea ice ranged in size (maximum dimension) from a few
micrometers to 200 um, were highly transparent with a rhom-
bic morphology, and showed uniform extinction under cross-
polarized light, suggesting that they were simple single crys-
tals. All x-ray reflections fit well to a monoclinic C-centered
cell with a(A) = 8.816(3), b(A) = 8.333(2), c(A) = 11.043(3),
B(°) = 110.68(2), and V(A3) = 759.1(6). From the general shape,
optical properties and unit-cell determination, the crystals ex-
amined were ikaite [Hesse and Kiippers, 1983]. Average ikaite
concentrations in the frost flowers were 1013 pmol kg (+ 632,
standard deviation) and in the surface slush layer, 1061 umol
kg™ (x 736, standard deviation) (Figure 9C). The highest con-
centration of ikaite was observed in the sea ice column [Rys-
gaard et al., 2013]. The surface slush layer and frost flowers
represented a thin low-density layer on top of the ice with a
strikingly high abundance of ikaite crystals (e.g., compared to
Geilfus et al. [2013]), yet accounted for only 5% of the total
ikaite in the ice column [Rysgaard et al., 2013]. Formation of
ikaite in surface ice layers, however, can lead to a CO, flux
from the ice into the atmosphere.

Due to logistical constraints we were only able to sample the
surface CO, flux at the pond on March 23 and 24. Sampling
was performed on ice thickness of approximately 10 and 13
cm, respectively (Figure 2C), with ice surface temperatures be-
tween —10 and —13°C. Air temperature ranged between —21.5
and —19°C during sampling. Chamber flux measurements con-
firmed an expected efflux of CO, at the brine-wetted sea ice
surface (3.35 + 0.86 mmol m=2 day, n = 8), but there was no
discernible difference in this efflux if frost flowers were within
the chamber footprint (3.02 + 0.76 mmol m day, n = 4) or
not (3.67 = 1.99 mmol m= day™, n = 4). These results may
not be unexpected given the small difference in ikaite concen-
tration between the frost flowers and surrounding brine skim.
Few studies exist against which to compare our results. Fluxes
are consistent in sign, but generally smaller than chamber flux
measurements reported by Geilfus et al. [2013] over young,
landfast sea ice near Barrow, AK. They observed an average
efflux of 6.7 mmol m=2 day (4.2 to 9.6 mmol m= day) based
on four measurements over ice that was thicker (20 cm), cov-
ered with older frost flowers, and marginally colder (ice surface
temperature of —14.2 °C) relative to the newer ice in our pond
experiment. Ignoring possible differences in sea ice organic
carbon composition between sites, the larger efflux of CO, at
the Barrow site is possibly the result of colder near-surface
temperature. On cooling, pCO, in the brine system of sea ice
tends to increase, given the likelihood of ikaite production, and
because gases are generally less soluble in stronger electrolyte
solutions (e.g., Thomas et al., 2010). Given that the brine vol-
ume was > 5% throughout their sea ice profile, outgassing could
occur along a brine-to-air pCO, gradient.

Microbial Habitat

In general, the higher the salinity of the frost flower (or brine
skim) sample, the greater its bacterial content according to
Bowman and Deming [2010], whose data support the view that
bacteria in sea ice brine are transported upwards as the brine
wicks into frost flowers. In our pond experiment, the highest
concentrations of bacteria were again observed in the saltiest
features (in rank order, on a melt-volume basis): 1.56-4.46 x
10° cells mI (n = 32) in frost flowers and the surface slush
layer, compared to 1.10-2.11 x 10° mI* (n = 7) in seawater,
6.58-7.85 x 10* ml~* (n = 2) in young sea ice, and only 133-353
ml-t (n =2) in freshly deposited snow (which had no detectable
salinity by refractometer). An atmospheric source of bacteria
(represented by fresh snow samples) to the frost flowers and
brine skim at the pond was thus negligible, including even for
aging frost flowers showing signs by 60O analysis of atmos-
pheric ice-crystal deposition (Figure 7). The contribution of
vapor-derived ice to frost flowers, however, represents an una-
voidable dilution (upon sample melting) of the true bacterial
density in the habitable brine volume fraction of these struc-
tures. Although estimates of this dilution factor could be made
in a few cases, comparing bacterial abundance across the data
set required scaling numbers to melted sample volume.

Earlier short-term laboratory and mesocosm experiments to
evaluate bacterial content as a function of frost flower age have
not been definitive [Bowman and Deming, 2010; Aslam et al.,
2012], but this field experiment clearly revealed highest con-
centrations of bacteria early in the growth phase of these briny
ice structures (Figure 10) when salinity was also highest. Frost

Figure 10. Bacterial abundance in frost flowers (blue squares) and sur-
face slush layer (red circles) over time since opening the experimen-

tal pond, with abundance in seawater (green diamonds) representing
time zero. The first three values for frost flowers derive from the second
opening of the pond. Second-order polynomials were fit to the data pri-
marily to help visualize the different apparent time-course trajectories
for frost flowers (R? = 0.609) and surface slush layer (R = 0.237).
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Figure 11. Abundance of bacteria (solid symbols) and viral-like
particles (\VLP, open symbols) in frost flowers (blue squares), the
surface slush layer (red circles) and seawater (green diamonds) as

a function of sample salinity. The calculated dilution curve (solid
line) assumes that seawater bacteria after incorporation into sea ice
brine behave as passive particles, concentrating or diluting in syn-
chrony with dissolved salts. The data for frost flower, surface slush
layer and seawater bacterial abundance are fit to a linear regression
(dashed line, R? = 0.543, n = 40), as are the VLP data (dotted line
with negative slope, R? = 0.316, n = 7). If the difference between the
bacterial dilution and regression lines were due to virally mediated
mortality, then VVLP abundance would be higher than bacterial abun-
dance and the slope of the VLP line would be positive and steeper
than the slope for the bacterial regression.

flowers that were < 26 hours old always harbored more bacteria
than the underlying slush layer sampled at the same time, as
evident from Figure 10 and from a comparison of mean val-
ues = SD: 3.30 + 0.525 x 105> mlI-* for frost flowers (range of
2.57-4.46 x 10° ml-%, n = 13); and 2.05 + 0.446 x 10° mlI- for
the slush layer (range of 1.56-3.00 x 10° ml-, n = 6). Older
frost flowers (44 hours) continued to support relatively high
bacterial abundance (mean of 2.68 + 0.532 x 10° mlI-, range of
1.80-3.59 x 10° mI-, n = 8), but distinguishing abundance in
frost flowers from that in the slush layer (represented by only
two samples) was not possible. The apparent decrease in bacte-
rial abundance in frost flowers as they aged (Figure 10) may be
due to a number of factors, including the effective dilution of
bacteria in the frost flower mass by vapor deposition over time,
in which case no true change in bacterial abundance (derived
from brine wicked into the frost flowers) may have occurred.
Other considerations include possible brine drainage or bacteri-
al mortality in the older frost flowers. There is 6*%0 evidence for
dilution by vapor deposition, but brine drainage is speculative
and bacterial mortality in frost flowers is difficult to distinguish
from bacterial retention in the underlying ice. In prior studies
of young sea ice and upper winter sea ice [Collins et al., 2008;
2011] if bacterial mortality was detected, it was attributed to vi-
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Figure 12. Concentration of total EPS (filled symbols) and dis-
solved EPS (dEPS, hatched symbols) in seawater (green diamonds),
the surface slush layer (red circles), and frost flowers (blue squares)
as a function of sample salinity. The saltiest samples are the young-
est samples (19 hours for frost flowers, 25 hours for the slush layer)
and the freshest samples are the oldest samples (44 hours); i.e., EPS
values in these samples are not only higher than in seawater but also
appear to have increased over time.

ral lysis. In this study, viral densities were too low (0.245-1.23
x 10° ml%, n = 7; Figure 11) to indicate bacterial mortality by
this mechanism, nor was evidence of cell death (“ghost” cells
or cell debris) apparent during microscopic analyses. Overall,
it appears that bacteria wicked into frost flowers survive condi-
tions encountered as the frost flowers age.

A mechanism to explain bacterial survival under the challeng-
ing conditions that characterize winter saline frost flowers is
the production of EPS. EPS are considered to be extracellu-
lar cryoprotectants and likely osmoprotectants for microbes
encased in winter sea ice [Ewert and Deming, 2013], where
particulate EPS (pEPS) production has been documented at
temperatures as low as —27°C and corresponding brine salini-
ties as high as 220 [Krembs et al., 2002; Collins et al., 2008].
In this study, EPS occurred predominantly in the form of dis-
solved EPS (93-99% of total EPS) and appeared to increase in
both frost flowers and the surface slush layer over time (Fig-
ure 12), suggesting a possible response by live bacteria trans-
ported upwards from sea ice [as in Ewert et al., 2013] into
the more extreme conditions at the ice surface and centimeter
heights reached by frost flowers (Figure 3). Although our EPS
data set is small, the highest amount of total EPS was detected
in the oldest (44-day) frost flowers sampled, and the highest
percentage of pEPS in frost flowers, compared to other sample
types (Figure 12). Overall, the amount of EPS detected in frost
flower and surface slush samples (range of 2.31-4.58 ug C
ml-%; n = 5) falls at the upper end of reported EPS values for
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Figure 13. Sample similarity evaluated by bacterial community structure among the 25 most abundant operational taxonomic units (OTUs)
as distributed in each of the different sample types. OTU identifications are to the most resolved taxonomic level. Hierarchal clustering of
samples is shown by the dendrogram along the y-axis. White indicates low values (min = 0 % of total community); red indicates high values
(max = 23.5 % of total community). The upper and basal portions of the same 44-day frost flower patch are the most closely related, domi-
nated by the same members of the SAR11 clade (OTU0025) and the genus Nitrospina (OTU0032). All frost flower and surface slush lay-

er samples cluster together at a higher level. Seawater samples, which also cluster together and are dominated by a different member of the
SAR11 clade (OTUO0054), are more closely related to the frost flower and surface slush samples than to the other sample types.

Arctic or Antarctic sea ice [Underwood et al., 2013; Ewert et
al., 2013], though lower than those reported for frost flowers
on young sea ice near Barrow, Alaska [Bowman and Deming,
2010], a more biologically productive region in general than
Young Sound [Krembs et al., 2011; Bowman et al., 2014].

Relating bacterial abundance and salinity in frost flowers and
the underlying slush layer (Figure 11) reinforced the positive
correlation observed earlier by Bowman and Deming [2010]
based on collections from other Arctic locations and from ar-
tificially grown frost flowers. With the availability of seawater
data (missing from Bowman and Deming [2010]), a theoretical
dilution (or concentration) curve could be calculated (Figure 11)
to represent the concentration of bacteria expected in frost flow-
ers had the bacteria moved as passive particles in synchrony
with dissolved salts. Regression analysis of the frost flower and
surface slush data with the seawater data (y = 0.0229x + 0.719,
R2 = 0.543, n = 40) indicated a discrepancy in the transport
of bacteria relative to salts during upward movement of brine
into frost flowers (compare slopes of the dilution and regres-
sion lines; Figure 11). Although most bacteria were still travel-
ling with the brine all the way into the uppermost segments of
frost flowers, and completely in one case (Figure 11), a portion
present in seawater prior to freezing was not delivered to the
new ice surface or wicked into the frost flowers. Bacterial mor-
tality (and recovery) following entrainment into young sea ice
has been deduced from earlier ice-core studies [Grossman and
Dieckmann, 1994; Collins et al., 2011b], as has selective bacte-
rial retention in the ice during brine expulsion to the surface

[Ewert et al., 2013; Bowman et al., 2013]. This unique field ex-
periment allowed not only confirmation that some bacteria are
not delivered to the young OSA interface but also that the ma-
jority delivered into the slush layer and frost flowers persist for
days in these more extreme environments, highlighting them as
promising natural laboratories for the study of microbial extre-
mophiles. Measuring microbial activity in these environments
was not possible during this study, but the temperatures and sa-
linities involved are already known to permit bacterial activity
[Junge et al., 2004; Ewert and Deming, 2014]. The regression
equation obtained for the relationship between bacterial abun-
dance and salinity (Figure 11) may also facilitate inclusion of
frost flower bacteria into aerosol models for this region [e.g.,
Shaw et al., 2010; Xu et al., 2013].

Complementing this salinity-based analysis of bacterial deliv-
ery into brine skim and frost flowers on the surface of young
ice are comparative analyses of the most abundant bacterial
taxa found in the different types of samples in the study area
(Figure 13). Strong similarities were observed among all frost
flower and surface slush communities, with no marked dis-
tinction by age or extension into the atmosphere (upper versus
basal segments of the frost flowers). Together the frost flower
and slush communities clustered separately from those detect-
ed in underlying seawater, and even further from those in oth-
er sample types. All sample types had in common the presence
of members of the genus Nitrospina, known for nitrification,
but seawater was clearly dominated by a member of the oligo-
trophic bacterial clade known as SAR11, in keeping with the
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oliogotrophic status of this fjord. A different member of the
SAR11 clade dominated in frost flowers and the surface slush
layer. A member of the genus Colwellia, known for cold ad-
aptation, appeared in seawater and dominated in polynya sea
ice but was virtually undetected in the saltier frost flower and
brine skim communities, consistent with the limited salt toler-
ance expressed by Colwellia species in culture [Marx et al.,
2009; Ewert et al., 2014]. Although DNA results from sea ice
directly underlying the frost flowers were not obtained due to
technical problems, the available results on community com-
position are consistent with the salinity-based analysis of total
bacterial numbers in that both point to a selective process oc-
curring between seawater freezing and frost flower formation
on the surface of the ice, as well as persistence of those deliv-
ered to frost flowers over the period of the pond experiment.
Bowman et al. [2013] reached a similar conclusion regard-
ing selection of bacterial communities in frost flowers near
Barrow, Alaska, although the dominant taxa there (members
of the Rhizobiales) reflect the different nature of that coastal
environment in terms of greater biological productivity and
coastal erosion [as discussed in Bowman et al., 2014].

Conclusions

The greater presence of young sea ice formations in the Arc-
tic increases both the spatial coverage and temporal range
within which frost flowers occur. At our field site frost flowers
formed when open water became available to a very cold at-
mosphere and surface wind conditions were low, allowing for
supersaturation of the near-surface boundary layer. The for-
mation of the young ice and its frost flower-covered surface
dramatically changed the PAR and thermal environment of
this young OSA interface. A large and contiguous area of frost
flowers reduced PAR transmission until it closely resembled a
thin snow cover on the sea ice.

Thermally, frost flowers also affected energy exchange across
this interface. The frost flowers themselves were 5°C colder
than the brine surface, with a temperature gradient that was
approximately linear from the base to the upper tip of the frost
flowers. Larger (older) flowers, which protruded further into
the atmospheric boundary layer, were both colder and lower
in brine volume — reaching maximum temperatures that were
about 7°C colder than at the base. Our results suggest that
expansive frost flower coverage will raise both net longwave
and net all-wave radiation. Net radiation and the heat budget
will also depend, however, on associated changes to surface
albedo and air-ice sensible heating in the presence of frost
flowers. Regarding net radiation, frost flowers will only affect
the shortwave budget during a small part of the annual cy-
cle (i.e., when solar insolation is a factor in the surface radia-
tion budget). As sensible heating responds to the air-surface
temperature difference, a greater loss of heat is expected for
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surfaces free of frost flowers during the cold season. A more
detailed assessment (beyond the scope of this contribution)
of the response of the surface heat budget to frost flowers is
underway using these and other data.

Modeling of frost flower formation at our study site indicates
that our observations match well with the processes suggested
by Style and Worster [2009]. For most of the experiment the
pond surface conditions remained within regime VI, with a
brief transition into regime V, where these two regimes dis-
tinguish between unsaturated vs. supersaturated water vapor
conditions in the near-surface boundary layer into which the
frost flowers grew. In both regimes the source of the water
vapor in the layer immediately above the sea ice resulted from
evaporation/sublimation of brine at the sea ice surface rather
than from the cold unsaturated atmosphere.

Measured 580 values of frost flowers for several hours after
freeze-up further support that the frost flowers originated pri-
marily from the surface brine skim. The youngest unsectioned
frost flowers had a mean 80O value of —0.8 + 0.3%o, which
was similar to the surface slush signature (-0.1 + 0.5%o0) and
decreased gradually with time to —4.3 £ 0.1%. after 114 hours
from freeze-up. Based on our direct temperature and salinity
measurements, 50-80% of the frost flower mass was formed
from brine wicked from the surface of the ice, while 20-50%
of the water vapor in the layer directly above the sea ice origi-
nated from evaporation of brine in the brine skim.

The climate forcing, and response of this ice surface to the
formation of frost flowers, is seen as a key aspect of inorganic
carbon processes operating at this interface. Ikaite crystals
were observed to form within 1 hour in frost flowers at our site,
and to high concentrations; the average ikaite concentration in
frost flowers was 1013 pmol kg™ (632, standard deviation)
and in the surface slush layer, 1061 umol kg (736, standard
deviation). Given the difference in density of these surface
features, however, the highest amount of ikaite was observed
in the sea ice. Chamber flux measurements confirmed an ef-
flux of CO, at the brine-wetted sea ice surface, though there
appeared to be no difference in the CO, flux if frost flowers
were within the chamber footprint, pointing to the overriding
importance of the brine skim in this context, for it covers the
entire ice surface whereas frost flowers can be patchy.

The microbial results supported our physical analysis of brine
migration processes within the brine skim and the associated
surface slush layer. The highest concentrations of bacteria
were observed in the saltiest features (in rank order, on a melt-
volume basis). Consistent with the *0 analyses, an atmos-
pheric source of bacteria (represented by fresh snow samples)
to the frost flowers and brine skim at the pond was negligible,
including for aging frost flowers showing signs of atmospher-
ic ice-crystal deposition. Young frost flowers consistently har-
bored more bacteria than the underlying slush layer.



Analysis of a dilution curve confirmed the expected con-
centration of bacteria in frost flowers, assuming that bacte-
ria move as passive particles in synchrony with dissolved
salts during the freezing process. The difference between the
slopes of dilution and regression curves, however, suggests
that a portion of the bacteria were either retained in the ice
during upward brine expulsion or progressively lost during
freezing. Converging lines of evidence favored the former ex-
planation. The temporal aspect of our experiment enabled the
observation that the selected majority of bacteria, delivered
with brine to the ice surface and wicked into frost flowers,
persisted there for the duration of the experiment, showing
these environments to be promising natural laboratories for
the study of microbial extremophiles and their potential roles
in biogeochemical exchanges across the OSA.

As we move forward into a warmer Arctic we can expect in-
creased dynamics of the mobile ice creating periods when a
warm ocean will be exposed to a cold atmosphere, allowing
for the creation of expansive frost flower-covered young ice
surfaces. We have shown that the geophysical, thermal and
radiative transfer of these young ice types can have significant
impacts on exchange processes across the OSA interface. We
have also shown that the exchange of CO, across this inter-
face can be affected by ikaite geochemistry and that brine-
rich features on the surface of new ice may be providing a
selective habitat for microbes. The overarching biogeochemi-
cal consequences of this emerging icescape appear to require
continued scientific attention.

Acknowledgments

This project is a contribution to the Arctic Science Partner-
ship (ASP) and to the ArcticNet Networks of Centres of Ex-
cellence (NCE). Funding was provided by the Canada Excel-
lence Research Chair (CERC) and Canada Research Chair
(CRC) programs; the Natural Sciences and Engineering Re-
search Council (NSERC); the Canada Foundation for Innova-
tion (CFI); the US National Science Foundation (award OPP-
ARC1205152) and Walters Endowed Professorship (J.W.D.);
and a US EPA Star Fellowship (J.S.B.). D.H.S. was sup-
ported financially by the commission for scientific Research
in Greenland (KVUG). We thank E. Frandsen, R. Glud, B.
Johnston, 1. Lennert, K. Lennert, and J. Sievers for field sup-
port and S. Carpenter and E. Firth for microbial data analysis.
To obtain the data set used in this work, please contact the
corresponding author (david.barber@umanitoba.ca). This pa-
per is dedicated to Dr. Klaus Hochheim, who tragically lost
his life while doing sea ice research in the Canadian Arctic in
September, 2013.

Literature Cited

Alvarez-Aviles, L., W.R. Simpson, T.A. Douglas, M. Sturm, D.
Perovich, and F. Domine (2008), Frost flower chemical com-
position during growth and its implications for aerosol produc-
tion and bromine activation, J. Geophys. Res., 113, D21304,
doi:10.1029/2008JD010277

Andreas, E.L., P.S. Guest, P.-O. G. Persson, C.W. Fairall, T.W.
Horst, R.E. Moritz and S.R. Semmer (2002), Near-surface water
vapour over polar sea ice is always near ice saturation. J. Geophys.
Res., 107, (C10), 8033, doi: 10.1029/2000JC000411.

Aslam, S., G. Underwood, H. Kaartokallio, L. Norman, R. Autio, M.
Fischer, et al. (2012), Dissolved extracellular polymeric substances
(dEPS) dynamics and bacterial growth during sea ice formation in
an ice tank study, Pol. Biol., 35, 661-676.

Assur, A. (1960), Composition of sea ice and its tensile strength,
SIPRE Research Report, 44.

Barber, D.G., M.G. Asplin, T. Papakyriakou, L. Miller, B. Else,

J. loacozza, C.J. Mundy, M. Gosslin, N. Asselin, S. Ferguson, J.
Lukovich, G. Stern, A. Gaden, M. Pucko, and F. Wang (2012), Con-
sequences of change and variability in sea ice on marine ecosystem
and biogeochemical processes during the 2007-2009 Canadian
International Polar Year Program, Climatic Change, doi:10.1007/
510584-012-0482-9.

Barber, D.G., R. Galley, M.G. Asplin, R. De Abreu, K. Warner,
M. Puc¢ko, M. Gupta, S. Prinsenberg, and S. Julien (2009), Pe-
rennial pack ice in the southern Beaufort Sea was not as it ap-
peared in the summer of 2009, Geophys. Res. Lett., 36, L24501,
doi:10.1029/2009GL041434.

Bowman, J.S., and J.W. Deming (2010), Elevated bacterial abun-
dance and exopolymers in saline frost flowers and implications for
atmospheric chemistry and microbial dispersal, Geophys. Res. Lett.,
37, L13501, doi: 10.1029/2010GL043020.

Bowman, J.S., S. Rasmussen, N. Blom, J.W. Deming, S. Rysgaard,
and T. Scheritz-Ponten (2012), Microbial community structure of
Arctic multiyear sea ice and surface seawater by 454 sequencing of
the 16S RNA gene, ISME, 6, 11-20, doi:10.1038/isme;.2011.76.

Bowman, J.S., C. Larose, T. Vogel, and J.W. Deming (2013), Se-
lective occurrence of Rhizobium spp., widely distributed bacterial
members of the polar marine rare biosphere, in frost flowers on the
surface of young sea ice near Barrow, Alaska, Environ. Microbiol.,
5, 575-582, doi:10.1111/1758-2229.12047.

Bowman, J.S., C.T. Berthiaume, E.V. Armbrust, and J.W. Deming
(2014), The genetic potential for key biogeochemical processes in
Acrctic frost flowers and young sea ice revealed by metagenomic

analysis, FEMS Microbiol. Ecol. DOI: 10.1111/1574-6941.12331

Collins, R.E., and J.W. Deming (2011a), Abundant dissolved genetic
material in Arctic sea ice, Part |: Extracellular DNA, Pol. Biol., 34,
1819-1830, d0i:10.1007/s00300-011-1041-y.

Collins, R.E., and J.W. Deming (2011b), Abundant dissolved genetic
material in Arctic sea ice, Part I1: Virus dynamics during autumn
freeze-up, Pol. Biol., 34, 1831-1841, doi:10.1007/s00300-011-
1008-z.

91



Collins, R.E., S.D. Carpenter, and J.W. Deming (2008), Spatial het-
erogeneity and temporal dynamics of particles, bacteria, and pEPS
in Arctic winter sea ice, J. Mar. Systems, 74, 902-917, doi:10.1016/j.
jmarsys.2007.09.005.

Cottrell, M. T., and D.L. Kirchman (2009), Photoheterotrophic
microbes in the Arctic Ocean in summer and winter, Appl. Environ.
Microbiol., 75(15), 4958-4966.

Diez, B., B. Bergman, C. Pedr6s-Ali6, M. Ant6, and P. Snoeijs (2012),
High cyanobacterial nifH gene diversity in Arctic seawater and sea ice
brine, Environ. Microbiol. Rep., 4, 360-366.

Domine, F., A.S. Taillandier, W.R. Simpson and K. Severin (2005),
Specific surface area, density and microstructure of frost flowers,
Geophys. Res. Lett., 32, L13502, doi: 10.1029/2005GL023245.

Douglas, T.A., M. Sturm, W.R. Simpson, S. Brooks, S.E. Lindberg,
and D.K. Perovich (2005), Elevated mercury measured in snow
and frost flowers near Arctic sea ice leads, Geophys. Res. Lett., 32,
L04502, doi: 10.1029/2004GL022132.

Douglas, T.A., F. Domine, M. Barret, C. Anastasio, H.J. Beine, J.
Bottenheim, A. Grannas, S. Houdier, S. Netcheva, G. Rowland, R.
Staebler, and A. Steffen (2012), Frost flowers growing in the Arctic
ocean-atmosphere-sea ice- snow interface: 1. Chemical composi-
tion, J. Geophys. Res., 117, DOOR09, doi: 10.1029/2011JD016460.

Drinkwater, M.R., and G.B. Crocker (1988), Modelling changes in
the dielectric and scattering properties of young snow-covered sea
ice at GHz frequencies, J. Glaciol., 34, 274-282.

Ehn, J. K., B. J. Hwang, R. Galley, and D. G. Barber (2007), Inves-
tigations of newly formed sea ice in the Cape Bathurst polynya: 1.
Structural, physical and optical properties, J. Geophys. Res., 112,
C05002, doi:10.1029/2006JC003702.

Ewert, M., and J.W. Deming (2013), Sea ice microorganisms: En-
vironmental constraints and extracellular responses, Biology, 2,
603-628, doi:10.3390/biology2020603.

Ewert, M., and J.W. Deming (2014), Bacterial responses to fluctua-
tions and extremes in temperature and brine salinity at the surface
of Arctic winter sea ice, FEMS Microbiol. Ecol. doi: 10.1111/1574-
6941.12363.

Ewert, M., S.D. Carpenter, J. Colangelo-Lillis, and J.W. Deming
(2013), Bacterial and extracellular polysaccharide content of brine-
wetted snow over Arctic winter first-year sea ice, J. Geophys. Res.,
118, 1-10, doi:10.1002/jgrc.20055.

Fofonff, P., and R. C. Millard Jr. (1983), Algorithms for computation
of fundamental properties of seawater, Unesco Tech. Pap. in Mar.
Sci., 44, 53 pp.

Geilfus, N.-X., G. Carnat, G.S. Dieckmann, N. Halden, G. Nehrke,
T. Papakyriakou, J.-L. Tison, and B. Delille (2013), First estimates
of the contribution of CaCO4 precipitation to the release of CO, to
the atmosphere during sea ice growth, J.Geophys. Res., 118, 244-
255, doi:10.1029/2012J007980

Hesse, K. F. and H. Kiippers (1983), Refinement of the structure of
Ikaite, CaCOj,:-6H,0, Zeitschrift fur Krystallographie 163, 227-231.

92

Isleifson, R. J. Galley, D.G. Barber, J. Landy, A. Komarov, L. Shafai
(2013), A study on the C-band polarimetric scattering and physical
characteristics of frost flowers on experimental sea ice. IEEE Trans.
Geosci. Remote Sensing, vol.52, no.3, pp.1787,1798, doi: 10.1109/
TGRS.2013.2255060.

Junge, K., H. Eicken, and J.W. Deming (2004), Bacterial activity at -2 to
—20°C in Arctic wintertime sea ice, Appl. Environ. Microbiol., 70, 550-557.

Krembs, C., H. Eicken, and J.W. Deming (2011), Exopolymer al-
teration of physical properties of sea ice and implications for ice
habitability and biogeochemistry in a warmer Arctic, US Proc. Natl.
Acad. Sci., 108(9), 3653-3658.

Krembs, C., J.W. Deming, K. Junge, and H. Eicken (2002), High
concentrations of exopolymeric substances in wintertime sea ice:
Implications for the polar ocean carbon cycle and cryoprotection of
diatoms, Deep-Sea Res. 1, 49, 2163-2181.

Kwok, R. (2007), Near zero replenishment of the Arctic multiyear
sea ice cover at the end of 2005 summer, Geophys. Res. Lett., 34,
L05501, doi: 10.1029/2006GL028737.

Kwok, R. and G.F. Cunningham (2010), Contribution of melt
in the Beaufort Sea to the decline in Arctic multiyear sea ice
coverage: 1983-2009, Geophys. Res. Lett., 37, L20501, doi:
10.1029/2010GL044678.

Kuhl, M., R.N. Glud, J. Borum, R. Roberts, and S. Rysgaard (2001),
Photosynthetic performance of surface associated algal below sea
ice as measured with pulse amplitude modulated (PAM) fluorometer
and O, microsensors, Mar. Ecol. Progr. Ser., 223, 1-14.

Magono, C., and C.W. Lee (1966), Meteorological classification of
natural snow crystals, J. Fac. Sci. Hokkaido Univ., Ser. VII, 2, 321-335.

Martin, S., R. Drucker, and M. Fort (1995), A laboratory study of
frost flower growth on the surface of young sea ice, J. Geophys.
Res., 100, 7027-7036.

Martin, S., Y. Yu, and R. Drucker (1996), The temperature depend-
ence of frost flower growth on laboratory sea ice and the effect of
the flowers on infrared observations of the surface, J. Geophys. Res.,
101, 12111-12125.

Marx, J.G., S.D. Carpenter, and J.W. Deming (2009), Production of
cryoprotectant extracellular polysaccharide substances (EPS) by the
marine psychrophilic bacterium Colwellia psychrerythraea strain
34H under extreme conditions, Can. J. Microbiol., 55, 63-72.

Maslanik, J.A., C. Fowler, J. Stroeve, S. Drobot, J. Zwally, D. Yi,
and W. Emery (2007), A younger, thinner Arctic ice cover: Increased
potential for rapid, extensive sea-ice loss. Geophys. Res. Lett., 34,
L24501, doi: 10.1029/2007GL032043.

Maslanik, J.A., J. Stroeve, C. Fowler, and W. Emery (2011), Distri-
bution and trends in Arctic sea ice age through spring 2011, Geo-
phys. Res. Lett, 38, L13502, doi: 10.1029/2011GL047735.

Nghiem, S.V.V,, I.G.G. Rigor, A. Richter, J.P.P. Burrows, P.B.B.
Shepson, J.W. Bottenheim, D.G. Barber, A. Steffen, J.R. Latonas, F.
Wang, G.A. Stern, P. Clemente-Colon, S. Martin, D.K. K. Hall, L.
Kaleschke, P.J. Tackett, G. Neumann, and M.G.G. Asplin (2012),
Field and satellite observations of the formation and distribution of
Avrctic atmospheric bromine above a rejuvenated sea ice cover, J.
Geophys. Res., doi:10.1029/2011JD016268.



Oksanen, J., F.G. Blanchet, R. Kindt, P. Legendre, P.R. Minchin, et
al. (2012), vegan: Community Ecology Package, R package version
20-5.

Perovich, D.K., and J.A. Richter-Menge (1994), Surface charac-
teristics of lead ice, J. Geophys. Res., 99(C8), 16,341-16,350,
doi:10.1029/94JC01194.

Rankin, A.M., V. Auld, and E.W. Wolff (2000), Frost flowers as a
source of fractionated sea salt aerosol in the polar regions, Geophys.
Res. Lett., 27(21), 3469-3472, doi:10.1029/2000GL011771.

Rankin, A.M., E.W. Wolff and S. Martin (2002), Frost flowers: Im-
plications for tropospheric chemistry and ice core interpretation, J.
Geophys. Res., 107, 4683, 2002.

Rankin, A.M. and E.W. Wolff (2003), A year-long record of size-
segregated aerosol composition at Halley, Antarctica, J. Geophys.
Res., 108, 4775.

Roscoe, H.K., B. Brooks, A.V. Jackson, M.H. Smith, S.J. Walker,
R.W. Obbard and E.W. Wolff (2011), Frost flowers in the laboratory:
Growth, characteristics, aerosol and the underlying sea ice, J. Geo-
phys. Res., 116, D12301, doi: 10.1029/2010JD015144.

Rysgaard, S. and R.N. Glud (2007), Carbon cycling in Arctic marine
ecosystems: Case study — Young Sound, Medd Greenland, Bioscience
vol 58, 216 pp.

Rysgaard, S., D.H. Sggaard, M. Cooper, M. Pu¢ko, K. Lennert, T.N.
Papakyriakou, F. Wang, N.X. Geilfus, R.N. Glud, J. Ehn, D.F. McGin-
nis, K. Attard, J. Sievers, J.W. Deming, and D. Barber (2013), lkaite
crystal distribution in winter sea ice and implications for CO, system
dynamics, The Cryosphere, 7, 707-718, doi:10.5194/tc-7-707-2013.

Schloss, P.D., S.L. Westcott, T. Ryabin, J.R. Hall, M. Hartmann, et
al. (2009), Introducing mothur: open-source, platform-independent,
community-supported software for describing and comparing micro-
bial communities, Appl. Environ. Microbiol., 75, 7537-7541.

Shaw, P.M., L.M. Russell, A. Jefferson, and P.K. Quinn (2010), Arc-
tic organic aerosol measurements show particles from mixed com-

bustion in spring haze and from frost flowers in winter, Geophys.
Res. Lett., 37, L10803, doi: 10.1029/2010GL042831.

Sherman, L.S., J.D. Blum, T.A. Douglas, and A. Steffen (2012),
Frost flowers growing in the Arctic ocean-atmosphere-sea ice-
snow interface: 2. Mercury exchange between the atmosphere,
snow, and frost flowers, J. Geophys. Res., 117, DOOR10, doi:
10.1029/2011JD016186.

Style, R.W. and M.G. Worster (2009), Frost flower formation
on sea ice and lake ice, Geophys. Res. Lett., 36, L11501, doi:
10.1029/2009GL037304.

Underwood, G.J.C., S.N. Aslam, C. Michel, A. Niemi, L. Norman,
K.M. Meiners, J. Laybourn-Parry, H. Paterson, and D.N. Thomas
(2013), Broad-scale predictability of carbohydrate and exopolymers
in Antarctic and Arctic sea ice, US Proc. Natl. Acad. Sci., 110(39),
15734-157309.

Wagenbach, D., F. Ducroz, R. Mulvaney, L. Keck, A. Minikin, M.
Legrand, J.S. Hall, and E.W. Wolff (1988), Seasalt aerosol in coastal
Antarctic regions, J. Geophys. Res., 103, d0i:10.1029/97JD01804.

Waleron, M., K. Waleron, W.F. Vincent, et al. (2007), Allochthonous
inputs of riverine picocyanobacteria to coastal waters in the Arctic
Ocean, FEMS Microbiol. Ecol., 59, 356-365.

Wells, L.E., and J.W. Deming (2006), Modeled and measured dy-
namics of viruses in Arctic winter sea-ice brines, Environ. Micro-
biol., 8(6), 1115-1121.

Wensnahan, M.R., T.C. Grenfell, D.P. Winebrenner, and G.A. May-
kut (1993), Observations and theoretical studies of microwave emis-
sion from thin saline ice, J. Geophys. Res., 98, 8531-8545.

Xu, L., L.M. Russell, R.C. Somerville, and P.K. Quinn (2013),
Frost flower aerosol effects on Arctic wintertime longwave
cloud radiative forcing, J. Geophys. Res. — Atmos., 118(23),
doi:10.1002/2013JD020554.

93






PAPER IV

Photo: Michael S. Schrader.

Autotrophic and heterotrophic activity in Arctic

first-year sea ice: seasonal study from Malene
Bight, SW Greenland

D.H. Segaard « M. Kristensen « S. Rysgaard « R.N. Glud -
P.J. Hansen « K.M Hilligsge

Marine Ecology Progress Series 419:31 - 45, doi: 10.3354/meps08845

95



Vol. 419: 31-45, 2010
doi: 10.3354/meps08845

MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Published November 30

OPEN
ACCESS

Autotrophic and heterotrophic activity in Arctic
first-year sea ice: seasonal study from Malene Bight,

SW Greenland

Dorte Haubjerg Segaard’>*, Morten Kristensen?, Sgren Rysgaard’,
Ronnie Nohr Glud"?, Per Juel Hansen? Karen Marie Hilligsge®

1Greenland Climate Research Centre (c/o Greenland Institute of Natural Resources), Kivioq 2, Box 570, 3900 Nuuk, Greenland

*University of Copenhagen, Marine Biological Laboratory, Strandpromenaden 5, 3000 Helsinger, Denmark
3Aarhus University, Department of Biological Sciences, Ny Munkegade 114-116, 8000 Arhus C, Denmark

‘Present address: The Scottish Association for Marine Science, Oban, Argyll PA37 1QA, Scotland, UK

ABSTRACT: We present a study of autotrophic and heterotrophic activities of Arctic sea ice (Malene
Bight, SW Greenland) as measured by 2 different approaches: (1) standard incubation techniques
(H*COj; and [°*H|thymidineincubation) on seaice cores brought tothelaboratoryand (2) coresincu-
bated in situin plastic bags with subsequent melting and measurements of changes in total O, con-
centrations. The standard incubations showed that the annual succession followed a distinctive pat-
tern, withalow,almostbalancingheterotrophicand autotrophicactivityduring Februaryand March.
This period was followed by an algal bloom in late March and April, leading to a net autotrophic com-
munity. During February and March, the oxygen level in the bag incubations remained constant,
validating the low balanced heterotrophic and autotrophic activity. As the autotrophic activity
exceeded the heterotrophic activity in late March and April, it resulted in a significant net oxygen
accumulation in the bag incubations. Integrated over the entire season, the sea ice of Malene Bight
was net autotrophic with an annual net carbon fixation of 220 mg C m2, reflecting the net result of a
seaice-related gross primary production of 350 mg C m 2 and concurrent bacterial carbon demand of
130mg C m™2. Converting the O, net exchange of the bagincubations into carbon turnover estimated
anannual net carbon fixation of 1700 = 760 mg C m2 (mean + SD), which was higher than the annual
net carbon fixation quantified in the standard incubations.

KEY WORDS: Sea ice - Primary production - Bacterial carbon demand - Net autotrophic activity -
Netheterotrophicactivity - Attenuation coefficients
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INTRODUCTION

Sea ice provides a low-temperature habitat for diverse
communities of microorganisms including viruses,
bacteriaand heterotrophic (e.g. flagellates and ciliates)
and autotrophic protists (e.g. diatoms) (Kaartokallioet al.
2006). During sea ice formation, microorganisms, in-
organic solutes and solids can be incorporated into the
iceand accumulate to concentrations higher than that
in theunderlying seawater (Reimnitzetal. 1992, Gross-
mann & Gleitz 1993, Gradinger & Ikavalko 1998).
Organismsincorporatedintoseaiceare challenged with

*Email: doso@natur.gl
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changes in space, light availability, salinity, nutrients,
dissolved inorganic carbon (DIC) and O, concentration,
temperature and pH (Gradinger & Ikavalko 1998).
Especially, light availability within the sea ice has a
major influence on the sea ice algal biomass and pro-
duction (Cota & Horne 1989, Rysgaard et al. 2001).

Sea ice algae constitute an important component of
sympagic communities and have been extensively
studied in Arctic seaice (e.g. Horner & Schrader 1982,
Gosselinet al. 1997, Glud et al. 2007, Mikkelsen et al.
2008). The sea ice algae represent an important food
source for metazoan grazers, and photosynthetic prod-
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ucts or entrained organic material can lead to elevated
bacteria abundance and production within the seaice
(Smith et al. 1989, Krembs et al. 2002, Meiners et al.
2003, Riedeletal. 2007).

Several previous studies have shown that hetero-
trophic bacteria are active and abundant in Arctic sea
ice (Bunch & Harland 1990, Smith & Clement 1990,
Brinkmeyer et al. 2003, Lizotte 2003, Kaartokallio
2004), but studies on spatial and seasonal variations
arefew (Smithetal. 1989, Gradinger and Zhang 1997).

Sea ice represents a partially interconnected net-
work of brine-filled channels comprising 1 to 30% of
the sea ice volume (e.g. Weeks & Ackley 1986). The
degree of interconnection of the brine enclosures is
generally enhanced with increasing temperature, and
the potential accumulation of sea ice algae therefore
increases towards the polar spring. The significance of
heterotrophic processes typically increases during late
bloom and postbloom situations close to spring thaw
(Vézina et al. 1997, Kaartokallio 2004). In addition to
biologically mediated dynamics, thaw and freezing
processesinduce extensive dynamicsinsoluteand gas
distribution (Glud et al. 2002). Consequently, the sea
ice matrix is highly heterogeneous and dynamic, and
quantification of in situ algae and bacterial productiv-
ity represent a true challenge.

The overall objective of this investigation was to
describe the dynamics of autotrophic and heterotro-
phic activity in first-year sea ice. We measured
autotrophic and heterotrophic activity ofintact seaice
cores under in situ conditions in bag incubations, and
measurements were compared with primary produc-
tion and bacterial carbon demand as measured in the
laboratory by standard H*COj; and [*H]thymidine
incubations under well-defined conditions.

MATERIALS AND METHODS

Measurements were conducted on first-year land-
fast sea ice in Malene Bight in the vicinity of Nuuk,
SW Greenland (64°82’N, 51°42’W). Sampling was
performed at 1 to 2 wk intervals from 1 February to 14
April2008. Duringthatperiod, seaice thicknessvaried
between O and 62 cm, while snow cover ranged be-
tween O and 28 cm. The net aerobic activity of an en-
closed sea ice community was followed in situ by deter-
mining the O, concentrations in sea ice cores sealed in
plastic bags and placed under natural snow cover,
hereafter referred to as ‘bag incubations’. These mea-
surementswere supplemented with standard measure-
ments of temperature, salinity, irradiance attenuation in
snoy and ice, nutrient concentrations (phosphate,
PO, ; nitrate and nitrite, NO3 + NO, ; silicic acid,
Si(OH)4; and ammonium, NH4 ), chlorophyll a (chl a)

concentrations, seaice algal productivity and bacterial
carbon demand during each sampling campaign, the
latter2beingreferredtoas ‘standardincubations’.
On 15 February and 19 March, 10 seaice cores were
collected using a MARKII coring system (Kovacs Enter-
prises). Cores were cut into 2 sections of equal length
(ca. 22 cm), i.e. top half and bottom half, which were
brought back to the laboratory in black plastic bags
within 1 h of sampling. In a laboratory cold room (3
1°C), core sections were placed in laminated transpar-
ent NEN/PE plastic bags (Hansen et al. 2000) fitted
with a gas-tight Tygon tube and a valve for sampling.
Artificial seawater (salinity of 33) with a known O,
concentration was added (10 to 30 ml) to the NEN/PE
bags (Hansen et al. 2000). The bags were closed, and
excess air quickly extracted through the valve. The top
and bottom halves of a single ice core (i.e. the contents
of one pair of bags) were melted within 48 h in dark-
ness (3 £ 1°C). Gas bubbles released from the melting
sea ice were subsequently transferred to 12 ml Exe-
tainer tubes (Labco) containing 20 pl HgCls (5% w/v,
saturated solution). The gas bubbles were analysed for
gaseous O; by gas chromatography in a flame ioniza-
tion detector and thermal conductivity detector
(FID/TCD, SRI model 8610C). The melted water was
also transferred to Exetainer tubes for O, measure-
ments. Dissolved O, in the melted sea ice was mea-
sured by Winkler titration (Grasshoffet al. 1983). The
remaining 9 sea ice cores in plastic bags were trans-
ferred to the drilled holes at the sea ice sampling site
within 2 h, and the in situ snow cover above the cores
was re-established. The seaice cores, i.e. top and bot-
tom halves, were sampled at 1 to 2 wk intervals to

determine the O, bulk concentration of the seaice.
Permeability of the NEN/PE bags was quantified
by adding artificial seawater (salinity of 33) to 9 plas-
tic bags containing a gas-tight valve for sampling
(Hansen et al. 2000). The bags were spiked with HgCl,
(200 pl of a 5% solution per liter seawater) to prevent
biological activity during the incubation. The water
was then flushed with N, gas until the O, concentra-
tion in the bags reached 50% of atmospheric satura-
tion. The valves in the bags were then closed ensuring
that no gas phase was left inside the 1 1 bag. Three
bags were incubated at -20°C, 3 bags at 3°C and 3
bags at 20°C for 7 d. Initially the O, concentration was
measured in all bags. After the incubation, O, samples
were collected and measured as described previously.
Ice formation in the bags (-20°C experiment) led to
bubble formation and the O; concentration was there-
fore calculated as the sum of O, in gas and water. The
maximum O, flux across the plastic bags was calcu-

lated from the O, concentration change between initial
-1 -1
and final readings t0 0.48 £ 0.20pmol 0,1 d (mean

+ SD). This put a lower limit on the activity that can be
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resolved by this procedure and may compromise over-
allnet activity atlow biomass. In reality the permeabil-
ity at the incubation temperature (-5 to 0°C) was sig-
nificantly less than our maximum value.

O, bulk concentration in the sea ice (C) was calcu-
lated as:

cC w cC w
Ci m m a a (1)
ws

1

where Cy is the Oz concentration in the melted seaice

(gas bubble + melted sea ice), Wy, is the weight of the

melted seaice, C, is the O, concentrationin the artificial
seawater, W, is the weight of the artificial sea water, and
Wi is the weight of the sea ice (Rysgaard & Glud 2004).

The season was divided into Series 1 and Series 2.
Series 1 consisted of 10 cores, which were incubated
on 15 February and were individually collected for
analysis from 15 February to 25 March. Series 2 con-
sisted of another 10 cores incubated on 19 March and
were individually collected for analysis from 19 March
to 11 April. Linear regression was performed on each
of the 4 series (i.e. top half and bottom half of cores in
Series 1 and Series 2). The slope of the regression line
was tested in all 4 series by means of Student’s t-test.

On each of the 7 sampling occasions, triplicate ice
cores were collected using a MARK II coring system.
The 3 seaice cores were cutinto sections usinga stain-
less steel handsaw, and vertical temperature profiles
were measured in drilled holes to the centre of each
section using a thermometer (Testo thermometer).
Downwelling irradiance was measured directly above
and below the snow with a data logger (LI-1400, Li-Cor
Biosciences). In addition, air temperature was mea-
sured 2 m above the snow, and snow and seaice thick-
nesses were determined using a measuring stick. The
sea ice sections were placed in plastic containers in a
dark insulated transport box (Thermobox) and brought
back to the laboratory. Light attenuation of the sea ice
samples was measured with a LI-1400 data loggerin a
dark thermally regulated room using a fibre lamp with
aspectrumclose tonaturalsunlight (15V,150W,fibre-
optic tungsten—halogen bulb). The LI-1400 datalogger
was placed under the seaice section and the fibre lamp
was placed above. Light attenuation was measured
this way for each sea ice section. All sea ice samples
were melted within 48 h for analysis of nutrients, salin-
ity, chl a, primary production and bacterial carbon
demand analysisat 3+ 1°Cindarkness.

The melted sea ice was filtered onto 25 mm GF/F
filters (Whatman) for chl aanalysis. The filters were ex-
tracted for 18 hin 96% ethanol (Jespersen & Christof-
fersen 1987) and analysed fluorometrically (Turner TD-
700 fluorometer, Turner Designs) before and after
addition of 200 pl of a 1 M HCI solution. The fluoro-
meter was calibrated against a pure chl a standard
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(Turner Designs). The remaining ﬁlteg(_ad sea ice was
frozen (-18°C) for later analysis of PO4s , NO3 + NO3 ,
Si(OH)4 and NH4 . Concentrations of NO3 + NO, were
measured by vanadium chloride reduction (Braman &
Hendrix 1989). Concentrations of Si(OH)s and PO,*"
were determined by spectrophotometric analysis
(Strickland & Parsons 1972, Grasshoffet al. 1983). Con-
centrationsofNHs were determined by a fluorometric
method (Holmes et al. 1999). The lower detection limit
for the nutrient measurements were 0.002 pmol 1111 for
PO, ,0.5pmoll for NO3 + NO,, 0.002 pmol1 for
Si(OH)4 and 0.10 pmol 17! for NH4* (lower detection
limitis calculated usingthe t-value 0f2.99 correspond-
ing to a 99% confidence interval with df = 7). Conduc-
tivity of the melted sea ice sections was measured using
a conductivity cell (Thermo Orion 3-star with an Orion
013610MD conductivity cell) and converted to bulk
salinity (Grasshoff et al. 1983). Sea ice brine salinity
was calculated as a function of temperature (Cox &
Weeks 1983) and the brine volume as a function of bulk
salinity, density and temperature. Brine volume was
calculated according to Leppédranta & Manninen (1988)
for temperatures greater than -2°C and according to
Cox & Weeks (1983) fortemperatureslessthan-2°C.

Primary production was determined in melted
(melted within 48 h in dark conditions at 3 + 1°C) sea
ice water at 3 light intensities (42, 21 and 9 pmol pho-
tonsm2s!)and corrected withonedarkincubationus-
ing the H!CO;  incubation technique (Steeman-
Nielsen 1952). The sea ice samples were melted and
subsequently acclimatised at 20 umol photons m2 s
for a few hours (>2 h). Then the sea ice samples were
poured into 120 ml gastight glass bottles and 4 pnCi of
H*CO5;~ were added to each bottle. The bottles were
incubated on a plankton wheel at 1 rpm for Sh at 3 +
1°C at the different light intensities. [llumination was
provided by cool white fluorescent lamps with a spec-
trum close tonatural sunlight (Master TL-D 36W /840,
Phillips) and irradiance was measured using a LI-1400
data logger. Incubations were terminated by adding
200 pl of 5% ZnCl, and subsequently filtered onto
25 mm GF/F filters (Whatman). The filters were placed
in scintillation vials containing 200 pl 1 M HCI to re-
move labelled, unfixed inorganic carbon, and then ex-
tracted in scintillation liquid (PerkinElmer Ultima Gold)
for22 h and counted usingaliquid scintillation analyser
(TricCarb 2800 TR, PerkinElmer). Dissolved inorganic
carbon (DIC) concentrations in melted sea ice were
measured on a CO, coulometer as described by Rys-
gaard &Glud (2004). Afterliquid scintillation counting,
countswere converted to potential primary production
(under photoinhibition) (PP;,pg C1™ h™!) as:

DPMactivity DICseaice Fdiscr Mc
DPMadded tinc

PP, (2)
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where DPMectivity is the *C assimilated carbon cor-
rected for assimilated carbon in the dark (disinte-
grations per minute [dpm] on filter), DICgea ice is dis-
solved inorganic carbon in melted sea ice (~450 pmol
1Y), Faiser = 1.05 is the discrimination factor of algae
assimilation of >CO, and *CO,, M. is the molar mass
ofcarbon (12.01 gmol ™), DPMaddedais the specific activ-
ity of the "C labelled medium (dpm ml™?) in which
cells were labelled, and tincis the incubation time (S h).

The potential primary production (under no photoin-
hibition) (PP, pg C1"! h™!) measured in the laboratory
at different sea ice depths was plotted against the 3
laboratorylightintensities, 42,21 and 9 pmol photons
m~2 s7!, and fitted to the following function described
by Plattetal. (1980):

PP B, 1 Epar (3)
exp
P

where Py, (g C1! h™}) is the maximum photosynthetic
rate at light saturation, (g C m? s umol photons™ 17!
h™!) is the initial slope of the light curve and Epag (amol
photonsm2s7!)isthelaboratoryirradiance. The photo-
adaptation index, Ex (umol photons m™ s7!) was cal-
culated as Pn/ .

In situ downwelling irradiance was measured at
ground level with a pyrometer (Kipp & Zonen, model
CM21, spectrumrange of 305 to 2800 nm) once every 5
min, and hourly averages were provided by Asiaq
(Greenland Survey). Hourly downwelling irradiance
was converted into hourly photosynthetically active
radiation (PAR) (light spectrum, 300 to 700 nm) after
intercalibration (r=0.99,p<0.001,n=133) withaLI-
1400 data logger (Li-Cor). The in situ hourly PAR irra-
diance was calculated at different depths, depending
on sea ice and snow thickness, using the attenuation
coefficients measured duringthe seaice season.

In situ primary production was calculated for each
hour at different sea ice depths using hourly in situ
PARirradiance (see Eq. 3). Total daily (24 h) in situ pri-
mary productionwas calculated as the sumofhourly in
situ primary production for each depth. The depth-
integrated net primary production was calculated
using trapezoid integration.

Bacteria production in melted sea ice samples was
determined by measuring the incorporation of
[*H]thymidine into DNA. Triplicate subsamples (vol-
ume, Vi = 0.01 1) were incubated in darkness at 3 +
1°C with 10 nM of labelled [*H|thymidine (New Eng-
land Nuclear, specific activity, 10.1 Ci mmol™?). Tri-
chloroacetic acid (TCA)-killed controls were made to
measure the abiotic adsorption. At the end of the incu-
bation period (tinc = 6 h), 1 ml of 50% cold TCA was
added to all the subsamples (Fuhrman & Azam 1982).
Subsamples of [°*H]thymidine were stored at 3 + 1°C in
scintillations vials until filtration. Subsamples were fil-

trated through 25 mm mixed cellulose ester filters
(pore size 0.2 pm, Advantec MSF) and the filters were
placed in scintillation vials. Scintillation vials were
rinsed with 5 ml of 5% cold TCA. Subsequently, filters
were rinsed 7 times with 1 ml of cold 5% TCA and then
extracted in scintillation liquid (Ultima Gold, Perkin-
Elmer) for 22 h and counted using a liquid scintillation
analyser (TricCarb 2800, PerkinElmer).

Bacteria production (BP, ag C1"! h™!) was calculated
as:

DPM sample Ncells Nc Mc

BP
SA typ. Vi @

inc
where DPMgample is the average dpm for the live treat-

ment subtracted from the average dpm for the TCA-

killed controls, Nfﬁls is the conversion factor {2.09
10'® cells mol™! *H, according to Smith & Clement

1990), tinc is the incubation period (tinc = 6 h), Vsicis the

volume of the subsamples (Vg =0.011), M is the mol-
ecular mass of carbon and SA is the specific activity of
the thymidine solution (2.24 10'®dpmmol™?).

N.=5.7 10®ngCcell'!lis calculated as:

Ceusize Cfactor (5)

1000000
where Cellg,. is the average bacteria cell size (0.473 pm
(Smith & Clement 1990), and Ciactor is the factor used
to convert cell volume to carbon (0.12 pg C pm~3) accord-
ingtoSmith &Clement(1990).
Bacterial carbon demand (BCD, pg C It h'!) was
calculated as:

%)

BP
BGE

where BP is the bacteria production and BGE is the
bacterial growth efficiency of 0.5 according to Rivkin
& Legendre (2001). To extrapolate bacterial carbon
demand to daily in situ carbon demand we assumed
thattherespirationwaslight-independent (multiply by
24). The depth-integrated bacterial carbon demand
was calculated using trapezoid integration.
On 23 February, 10 seaice cores were collected along
al0mlongsection toinvestigate the spatial (horizontal
and vertical) variability of the biotic conditions (chl a,
primaryproductionandbacterialcarbondemand)and
the abiotic conditions (seaice temperature, bulk salin-
ity and brine volume) in the seaice. The 10 seaice cores
were collected close to the plastic bag incubations at
1 mintervals. The cores were cutinto 2 sections, i.e. top
and bottom halves, and brought back to thelaboratory
inadark Thermobox for further analysis as described.
To extend the evaluation of spatial variability, a
large-scale investigation of horizontal variability was
conducted on 29 February. Fifty-two seaice cores were
collected alonga 367 mlongtransect toinvestigate the

BCD (6)
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heterogeneityofchl a, seaice temperature, brine salin-
ity and brine volume in the bottom of the sea ice. The
snow and seaice thickness was measured as described
previously. Four sea ice cores were sampled at 20 cm
intervals at position 1 m. The first core was cut verti-
cally into 2 pieces at every sampling position. Sea ice
cores were collected at distancesof 1, 3,5,7,9, 20, 31,
42, 53, 64, 165, 266 and ca. 367 m. All the ice cores
were brought back to the laboratory in a dark Thermo
box for determination of brine salinity, volume and
chl a concentration as described.

Spatial autocorrelation (Legendre & Legendre 1998)
was used toanalyse the horizontal distribution ofchl a,
seaice temperature, bulk salinity, snow thickness and
seaice thickness. We assume that the variability along
one line is the same as along a perpendicular line. The
autocorrelation was estimated by Moran’s I coeffi-
cients (Moran 1950, Legendre & Legendre 1998). This
coefficient was calculated for each of the following
intervals along the transect (distance classes): O to

a) Sea ice and snow temperature (°C)
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0.50m, 0.50to0 1.5m, 1.5t02.5m, 2.5t0 5.5m, 5.5 to
10.5m, 10.5t020.5m,20.5t050.5m, 50.5to 100.5m
and >100.5 m. The autocorrelation coefficients esti-
mated by Moran'’s I coefficient were tested for signifi-
cance according to the method described in Legendre
& Legendre (1998). A 2-tailed test of significance was
used. The null hypothesis of random spatial distribu-
tion was rejected at the specified level of significance
when an individual autocorrelation coefficient ex-
ceeded a critical value (positive or negative). A signifi-
cance level of p < 0.05 was used.

RESULTS
Abiotic parameters
Temperatures within the snow cover varied from-13

to 0°C and the sea ice temperature from -5 to 0°C
(Fig. 1a). Minimum temperatures of the sea ice were

d) Bulk salinity

€) Relative brine volume (%)
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@ Fig. 1. Sea ice development in Malene Bight, NW
E Greenland, during the 2008 season: (a) sea ice and
c snow temperature (°C), (b) light attenuation coeffi-
% cient (m™!), (c) average daily photon irradiance in
< seaice and at surface (PAR, pmol photons m™2 s71),
5 (d) bulk salinity, (e) relative brine volume fraction
£ (%). The sea ice in late March from O to 16 cm
= is a layer of granular snow-ice. The black dots
o represent triplicate measurements
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observed in February, after which the temperature
graduallyincreased tomaximumvaluesjustbefore sea
ice break-up in mid-April. The high light reflectance
and scatter from the snow cover caused strong light
attenuation throughout the sea ice season, with aver-
age attenuation coefficients of Ksnow = 23 m™ and Kice =
8m™! (Fig. 1b). Earlyin the seaice season, irradiance at
the bottom of the sea ice was low (0.03 to 0.15 pmol
photons m™ s7!) (Fig. 1¢). Light availability increased
along with increasing day length and declining snow
cover, reachinga maximum downwellingirradiance of
76 pmol photons m™2 s™!in the uppermost sea ice
section and 7 pmol photons m™2 s7! in the bottom on
April 4.

The bulk salinity decreased over time with a maxi-
mum salinity of 9 in early March and a minimum salin-
ity of 1 from late March and onward (Fig. 1d). Bulk
salinity varied vertically within sea ice cores during
winter, with lower values encountered in the bottom
sea ice from mid-February until late March. From
25 March to 4 April, bulk salinity was lowest in the
uppermost part of the sea ice. The relative brine vol-
ume increased throughout the sea ice season, with a
maximum in late March in the uppermost section of

the seaice (Fig. le). In late March melting from the top
of the sea ice was initiated, which resulted in high rel-
ative brine volumes and low bulk salinities in the
uppermost part of the sea ice. During this period air
temperatures varied between O and 7°C.

Nutrient parameters

Bulk PO43 concentration was initially 0.05 to
0.20 pmol 1! (Fig. 2a), and increased to a maximum of
0.70 umol I ! in March but subsequently decreased to
0.05 pmol 1"t in April. Bulk Si(OH)s concentration
remained constant between 1.8 and 2.3 pmol 1! in the
seaice from February to late March with lowest values
encountered at the bottom of the seaice. Inlate March,
Si(OH)4 concentration decreased rapidly to below
1.4 pmol 17! (Fig. 2b). The initial bulk concentration of
NO; + NO, was3.2umoll ! atthetopand 2.0 umoll™!
at the bottom of the sea ice (Fig. 2¢) and decreased
throughout the season, reaching a minimum of
1.5 pmol I"! in April. The initial bulk concentration of
NH," was4.0umoll™! at the top and bottom of the sea
ice. During the sea ice season the NH4 concentration

Fig. 2. Nutrient concentration (pmol 1!) in bulk sea ice: (a) phosphate, (b) silicic acid, (c) NO3 = + NO,, (d) ammonium. LOD is
lower limit of detection, which is calculated using the t-value of 2.99 corresponding to a 99% confidence interval with df=7. The
black dots represent triplicate measurements
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lineindicates the expected dilution line predicted from salinity and nutrient concentrations in seawater (O to 10 m depth, salinity
0f33). See ‘Results: Nutrient parameters’for explanation

increased, reaching values of 6 to 12 pmol 1! at the
bottom of the seaice and 5.0 to 6.0 pmol 1 at the top of
the sea ice (Fig. 2d).

Bulknutrient concentrations for each sampling date
were plotted as a function of bulk salinity and com-
pared with the expected dilution line (according to
Clarke & Ackley 1984). If values were below the line,
depletion of nutrients occurred in the sea ice. If val-
ues were above the dilution line, production or net
depgsition of the solute took place. Plots of salinity—
PO4 , salinity—Si(OH)s, salinity-NO3 + NO, and
salinity-NH,; in sea ice were generally all above th+e
dilution line (Fig. 3), but most explicitly for NH4 ,
which clearly accumulated within the seaice (Fig. 3d).

Biotic parameters

Seaice profiles of the algal biomass, expressed as chl
a, showed that the highest bulk concentration in the
lower 15 cm of the sea ice cores was 2.80 pg I'! on
25 March (Fig. 4a). Subsequently, the algal biomass in
the lower 15 cm of the sea ice cores decreased rapidly
reaching a value of 1.50 ug 17! in April.

Seaice primary production integrated for the seaice
profile increased throughout winter from 0.09 mg C
m~2 d! (15 February) to 12.60 mg C m™ d! (4 April)
(Fig.4b). The highestvolume-specific primary produc-
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tion (bulk) of 40 png C 17t d™! was encountered in the
middle part of the sea ice profile in April.

The highest sea ice bacterial carbon demand of
271gC1 ! d! was encountered in the centralice at the
onset of the melting period (Fig. 4c). However, a single
peak of 9.00 pg C 17! d™! was observed on 10 March in
the upper 10 cm section of the sea ice.

Depth integration of the activity reflected low
autotrophic and heterotrophic productivity during
winter, followed by a slightly net heterotrophic period
inlate February and March. Finally, a net autotrophic
period was observed from late March until the end of
the study period (Fig. 5). Integrated over the entire
measuring season (i.e. from 15 February to 14 April)
the sea ice of Malene Bight was net autotrophic. An
annual net carbon fixation of 220 mg C m~ was calcu-
lated by subtracting the net result of a sea ice-related
gross primary production of 350 mg C m™2 from the
bacterial carbon demand of 130 mg C m~2.

Bagincubations

Oxygenlevels during February and March indicated a
low net oxygen accumulation in the top seaice cores of
0.50+£3.0011mol O, 17! d7! (mean + SD) and in the bottom
sea ice cores of 1.30 + 5.00 pmol O, I"! d™!. However,
none of these values were significantly different from



38 MarEcolProgSer419:31-45,2010

a) Chlorophyll (ug I"* melted sea ice)

40

25

—20 ° °

35 = o
50 |

b) Primary production (ug C I"* melted sea ice d™?)
40

25

-20 - - °

-35 R -

-50 4

Sea ice and snow depth (cm)

—65

c) Bacterial carbon demand (ug C It melted sea ice d™)
40

25

—20+ - -

35 - . -
50

—-65 T T T
Feb Mar Apr
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(b) Primary production (ug C I"! melted seaice d!). (c) Bacte-

rial carbon demand (pg C 1! melted sea ice d™!) calculated

according to Rivkin & Legendre (2001). The black dots
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zero (p > 0.05) (Fig. 6). Autotrophic activity exceeded
heterotrophic activity in late March and April, resulting
in a significantly high net oxygen accumulation in
the bottom seaice cores 0of 6.30+2.301umol Ox 11 d ™! (p <
0.01) whereas no significant oxygen accumulation
(0.80+3.50 umol O, 17! d™!) was observed in the top sea
ice cores.

Assuming a photosynthetic quotient of 1.00 CO,
evolved per O, consumed, a net annual carbon fixa-
tion of 1700 + 760 g C m 2 was calculated for the bag
incubations.
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Fig. 5. Primary production (PP, mg C m™2 d!) and bacterial
carbon demand (BCD, mg C m2 d™!) in bulk sea ice
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Fig. 6. Measurements of O, concentration (d,z: pmol O, 1!

melted sea ice), primary production (PP) (j: pg C I"! melted

seaice d'!') and bacterial carbon demand (BCD) (hug C 1!

melted seaiced™!)in (a) top halfand (b) bottom halfofseaice
cores. Dashed lines represent regression lines

Heterogeneity

On 23 February the abiotic and biotic conditions, i.e.
bulk salinity, brine volume, temperature, chl a, pri-
mary production and bacterial carbon demand, were
measured in top and bottom sections of the sea ice
cores (n = 10) along a 10 m transect (Table 1). There
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Table 1. Abiotic and biotic parameters in sea ice of Malene Bight: bulk salinity, relative brine volume (%), temperature (°C),
chl a (ug1?), primary production (pg C I"! melted sea ice d!) and bacterial carbon demand (ug C 1! melted seaice d!)

Bulk Relative brine  Temperature Chla Primary production  Bacterial carbon
salinity volume (%) (°C) (pg 1Y) (ng C I'! melted demand (pg C 1!
seaice d™) melted seaice d!)
Top sea ice 2.06+0.13 2.38+0.20 -4.65%0.35 0.15+0.09 0.24+0.012 0.37+0.06
Bottom seaice 1.83+0.18 3.09+0.39 -3.15+0.39 0.34£0.25 0.36+0.012 0.18+0.06

was a significant effect of depth on chl alevels (2-way
ANOVA: Fi,19 =7.452, p = 0.023) with the bottom sec-
tionhavingahigher phototrophic biomass than the top
section of the ice cores. The primary production rates
were also highest in the bottom sections and lowest in
the top sections (2-way ANOVA: Fy 19 = 119.180, p <
0.0005), while the bacterial carbon demand was higher
in the top sections than in the bottom sections (2-way
ANOVA: F1,10=6.521, p < 0.031) (Table 1).

Along a 10 m transect there was no significant hori-
zontal variation across all biotic and abiotic conditions
(2-way ANOVA: Fy,10=0.142,p 0.142). However, for
all the parameters there was a significant vertical vari-
ability (2-way ANOVA: F5 49_50=15.215, p < 0.0005).

Performing a similar statistical analysis on the tem-
poral variations showed that, for all conditions, there
was a significant temporal variability (2-way ANOVA:
Fe,49-50 = 37.157, p < 0.0005). Thus, for all conditions
the horizontal variability in February was remarkably
smaller than the seasonal variability.

Algal biomass (i.e. as chl a), bulk salinity and tem-
perature in the lower section (5 cm) of the sea ice, and
snow and sea ice thickness were measured along a
367 m transect to assess the horizontal distribution of
these parameters. Moran’s I was used to estimate the
spatial autocorrelation within the data set (Moran
1950, Legendre & Legendre 1998, Rysgaard et al.
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Fig.7. Moran’s Ias afunction of distance class (m) between
sites. x:temperature;M: bulk salinity;z: seaice thickness;f:
snow thickness; J: relative brine volume; —: chl a
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2001). Positive or negative values indicated positive or
negative autocorrelation, respectively. The change
from positive to negative values of Moran’s I for chl a
occurred from the 20.5 m distance class to the 50.5 m
distance class (Fig. 7). This indicates that the average
sea ice algae biomass patch radius was between 20.5
and 50.5 m. The change from positive to negative val-
ues of Moran’s I for sea ice temperatures and bulk
salinity also occurred from the 20.5 m class of distance
tothe 50.5 mclass of distance. In contrast, the average
sea ice thickness, snow thickness and relative brine
volume patch radius was >100.5 m, i.e. where the first
change from positive to negative values of Moran’s I
occurred.

DISCUSSION

Sea ice algae are known to be adapted to low ambi-
ent light levels and able to grow at light intensities as
low as 7 to 20 pmol photons m™2 s™! (Gosselin et al.
1990, Gradinger & Ikavalko 1998). Before April, snow
cover inhibited any significant sea ice primary produc-
tion (<1.5 mg C m~2d?!) due to high attenuation coeffi-
cients and low light availability (<7 jamol photons m™2
s!). As snow cover diminished, light availability
increased to above 7 pmol photons m s™! and sea ice
algae began to flourish; thus, the community became
net autotrophic as light availability increased late in
the season.

The annual succession of the sea ice organisms in
Malene Bight followed a distinctive pattern, with a
winter stage in February and March characterised by
low and almost balanced heterotrophic and auto-
trophic activities. During February and March, the
oxygen level in the bag incubations remained con-
stant, validating the low, balanced heterotrophic and
autotrophic activity (Fig. 6). As light availability in-
creased in late March and April the now net auto-
trophic community led to a significant net oxygen
accumulation of 6.30 = 2.30 umol O, d ! in the bottom
seaice cores whereas no significant oxygen accumula-
tion (0.80 + 3.50 pmol O 1" d 1) was observed in the
top seaice cores.
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To correctly assess primary production and hetero-
trophic activity it is essential to have insight into in situ
light availability. In the present study, high snow
reflectance caused stronglight attenuation for most of
the sea ice season. The snow attenuation coefficient
varied (from 4 to 32 m™') throughout the sea ice season
with the highest attenuation coefficient of 32 m™! found
in March (Fig. 1b). The snow attenuation coefficients
in Malene Bight were within the range of <4 to 40 m™!
reported by Weller & Schwerdtfeger (1967) and
Thomas (1963) for natural snow cover in the Arcticand
Antarctic. Dry and fresh snow as observed in Malene
Bight has a significantly higher light attenuation than
did compressed or wet snow at subzero temperatures
(Perovich 1996, Perovich etal. 1998, Glud etal. 2007),
resulting in low in situ primary productivity as was
observed in February and March.

The average attenuation coefficient of 8 m™ in the
sea ice of Malene Bight was also relatively high com-
pared with the attenuation coefficient during the sum-
mer thaw as reported by Glud et al. (2007) and Luthje
et al. (2006). The air humidity above the ice in Malene
Bight was, on average, only 70% and in areas with low
air humidity, air pockets could form due to brine
drainage from surface layer, resulting in a high degree
of scatter and increasing attenuation coefficients (Per-
ovich 1996, Andreas &Ackley 1982, Trodahl & Buckley
1990). Overall our data on snow and sea ice attenua-
tions are generally higher than values reported else-
where, and as snow cover regulates light availability
and therefore spatial patchiness of ice algae (Gosselin
et al. 1986, Rysgaard et al. 2001), the phototrophic
rates obtained during the present study were low. Sea
ice algal biomass (chl a) patch size followed the snow
and sea ice temperature patch size with an average
radius of 20.5 to 50.5 m (Fig. 7). This suggests that
snow cover and temperature (via brine volume) in sea
ice were the main factors controlling sea ice algal
patchiness. However, snow cover, temperature and
light availability are crosscorrelated, and all exert a
regulating effect on sea ice algal biomass in Malene
Bight.

The maximum depth-integrated sea ice algal bio-
mass 0of0.07 to 0.5 mgchl am™2 (Fig. 4b) was >2 orders
of magnitude lower compared with the values of 50 to
150 mgchl am2 that were reported by Arrigo (2003) to
be common in Arctic sea ice. Likewise, primary pro-
duction measurements were low during February and
March but gradually increased during the season,
reaching a peak activity of only 12.6 mg C m2 d! in
early April, which is low compared with other studies
(Arrigo 2003 and references therein). Integrated over
the entire measuring period the annual sea ice algal
carbon production was 350 mg C m™2, which was 47%
lower than measurements made in the neighbouring

Kobbefjord during 2006 (Mikkelsen et al. 2008). Fur-
thermore, the sympagic primary production of 350 mg
C m™2 corresponded to <1% of the annual pelagic
primary production of the region (Juul-Pedersen et al.
2009).

The low biomass and primary production values of
the sea ice in Malene Bight can be attributed to rela-
tively low light availability and a relatively thick dense
snow cover, which was also observed in NE Greenland
by Glud et al. (2007). However, nutrient supply and
different physical conditions, e.g. ice temperature,
brine salinity and flushing of sea ice brine, and biolog-
ical interactions also regulate the distribution and
activity of seaice organisms. The seaice contained re%—_
atively high concentrations of NH; , while POs ,
Si(OH)4 and NO3 + NO,™ concentrationsinthe seaice
werelow (0.70t00.05umoll™},2.30t00.02umoll ! and
3.2t0 0.5 pmol 17}, respectively (Figs. 2 & 3). The algal
biomass was low at the bottom of the sea ice after mid-
March, suggesting that the sea ice biomass was nutri-
ent-limited late in the sea ice season. Nutrient concen-
tration in sea ice is affected by biological activity as
well as by exchange of nutrients between the sea ice,
water and atmosphere. Previous studies have shown
that during sea ice formation, dissolved constituents
(including inorganic nutrients) are rejected from the
ice matrix (Clarke & Ackley 1984, Giannelli et al.
2001). The nutrient-salt plots in Fig. 3 indicate that
some import or accumulation of nutrients occurred
during February and March. However, late in the sea
ice season nutrients were generally depleted (Fig. 3),
presumably due to microbial uptake (Fig. 4), which
correlated with high primary productivity and a net
autotrophic sea ice.

Plots of salinity-NH," suggested NH," enrichment,
which occurred during the entire season, indicatingan
input from the atmosphere and/or heterotrophic
activity by bacteria mineralising organic material
encapsulated during sea ice formation. The standard
laboratory-based incubations indicate a low net
heterotrophicactivityin February and March (Figs. 4 &
5). Calculated average bacterial carbon demand in this
period was 1.60 pg C 1"t d™!. At a C:N ratio of 7:1, this
is equivalent to a remineralisation rate of 0.02 pmol N
I"! d7!, which is lower than the values of Riedel et al.
(2007) who reported NH4* regeneration rates of 0.1 to
1.2 pmol N I d™! corresponding to only 20% of the
winter-spring increase in NH; concentrations in the
sea ice of Malene Bight. This suggests that NH4
regeneration rates were not the main source of NHs "
accumulation in the sea ice. Thus, additional atmos-
pheric input could potentially cause the high NH,
concentrations in the sea ice of Malene Bight. In previ-
ous studies, high NH4" values in sea ice have been
measured in Arctic and Antarctic sea ice caused by
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regeneration of nitrogen compounds within the seaice
(Thomas et al. 1995, Kaartokallio 2001, Riedel et al.
2007).

Bacteria production rates of 0.05t0 1.3 mgCm=3d!
in Malene Bight compare with rates of 0.004 to 6.0 mg
C m~ d7! reported by Kottmeier et al. (1987), 0.2 to
10 mg C m™3 d™! by Grossmann & Dieckmann (1994)
and2.9to 5.6 mg C m=>d ! by Mocketal. (1997).

The annualnet bacterial carbon demand of 130 mgC
2was 37% ofthe co-occurring primary production of
350 mg C m™2. This observation is similar to findings
reported in the world’s oceans (Ducklow 1983) and in
benthic systems (Fenchel & Glud 2000). However, the
ratio reported in the present study is significantly
higher than the few percent reported from Antarctic
(Kottmeier et al. 1987) and Arctic sea ice (Smith et al.
1989, Smith & Clement 1990). Our bag incubations
from winter, however, support results from our tradi-
tional standard incubations that a close connection
exists between phototrophic and heterotrophic com-
munities and, considering that both algae and bacteria
are situated close together in the sea ice brine matrix,
a tight metabolic coupling would be expected. Positive
correlation has alsobeen demonstratedin some seaice
habitats (e.g. Gradinger & Zhang 1997, Meiners et al.
2003). However, limited data on the coupling between
phototrophic and heterotrophic communities in sea ice
exists and further investigations are required to eluci-
date the metabolic coupling in seaice.

In the standard incubations, primary production of
sea ice algae was determined by the *C method (Stee-
man-Nielsen 1952). One problem with this technique
is that melting or crushing of sea ice is required to
homogeneouslydistribute 1*Cin the media, which sep-
arates organisms from the surrounding sea ice and
alters the complex seaice microenvironment. The pho-
tosynthetic performance may be considerably affected
when the sea ice environment (i.e. irradiance, sub-
strate, salinity, temperatures and spectral composition)
is altered. Secondly, melting of the sea ice may influ-
ence algalabundance and species diversity (Gradinger
et al. 1999). In the present study the samples were
melted slowly (48 h) in darkness at 3+ 1°C. In general
decreasing or increasing salinity from that typical of
seawater results in decreasing photosynthetic rates.
Kirst & Wiencke (1995) showed that most sea ice algae
are more tolerant to reduced rather than elevated
salinities. Salinity-induced stress to sea ice algae is
lightdependent, suchthatincubated samplesonly suf-
fered photosynthetic damage when irradiance was
applied (Ralph et al. 2007). Furthermore, a potential
problem when melting sea ice samples in darkness is
inactivation of phototrophs, which might remain inac-
tive duringa subsequent *Cincubation period inlight.
However, sea ice algae can adapt to increasing light

m-
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intensity within hours (Smith & Sakshaug 1990). In
addition, Peters & Thomas (1996b) showed that some
algae cells are able to sustain an active photosynthetic
apparatus for months in darkness, which allows carbon
assimilation immediately after reintroduction to light.
Also, photosynthetic rates in seaice algae can be influ-
enced by temperature (Palmisano et al. 1987, Ralph et
al.2005). Optimum temperature forice algal photosyn-
thesis is between 2 and 15°C, with a rapid decline in
photosynthetic rate at temperatures above 15°C and
below —10°C (Bunt 1964, Palmisano et al. 1987,
Kottmeier & Sullivan 1988, Ralph et al. 2005). In the
present study the sea ice was slowly melted at 3 + 1°C;
thus, the primary production was measured at higher
temperatures than in situ. This suggests that the pri-
mary production might be overestimated in the winter
period, where the difference between in situ tempera-
ture and laboratory temperature was greatest. How-
ever, it is a nontrivial task to incubate samples at low
bulk salinity at 0°C or subzero temperature without
introducing freezing and thawing artefacts. Overall, it
is difficult to assess the extent to which our (and other)
procedures for 1*Cincubations resultin under-orover-
estimation ofthe in situprimary production.

While calculation of phototrophic activity is rela-
tively straightforward, the assessment of the bacteria
production and bacterial carbon demand is based on
anumber of debatable assumptions. The method
assumes that all bacteria assimilate exogenous thymi-
dine and that eukaryotes do not. Uptake of [*H|thymi-
dine by eukaryotic microalgae has been clearly
demonstrated (Rivkin 1986). However, Fuhrman &
Azam (1980) have shown that at low concentrations
and relatively short incubation periods the uptake of
[*H]thymidine by eukaryotes should be negligible. The
[*H|thymidine method is a widely used index of bacte-
riaproductionbutrequires aconversion factortorelate
DNA production to production of bacterial cells. In the
present study, we extrapolated incorporation data to
bacteria production by applying the early season data
of Smith & Clement (1990). They calculated the con-
version factor for high Arctic sea ice bacteria as 2.09
10'8 cells mol ™! in the early seaice season and as 0.47
108 cells mol™! in the late sea ice season. The conver-
sion factor from the early sea ice season fell within the
commonly reported range of 1 to 4 10'® cells mol™*
(e.g. Fuhrman & Azam 1982, Riemannetal. 1987), and
Smith & Clement (1990) suggested that this factor was
more appropriate than the lower conversion factor
from the late season. Other factors used for the conver-
sion of thymidine incorporation into bacteria produc-
tion include the average bacterial cell size (Cellsi,e) and
the volume-specific carbon content (Ciactor), Which
combined provide the cell-specific carbon content (N)
and which are affected by environmental changes
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(Coveney & Wetzel 1988). Integrated over the entire
measuring season, the sea ice of Malene Bight was net
autotrophic. However, when using different N. factors
discussedintheliterature (Riemannetal. 1987, Smith
& Clement 1990, Gradinger and Zhang 1997, Kaar-
tokallio et al. 2005), the annual bacterial carbon
demand ranged by a factor of 6 from 70 to 400 mg C
m~2 depending on which N. value is used. In the pre-
sent study, we used an N¢ value measured in the high
Arctic (Smith & Clement 1990) and, thus, we observed
an annual carbon demand of 130 mg C m™2.

Rivkin & Legendre (2001) reported that the bacterial
growth efficiency was an inverse function of tempera-
ture. We used a growth efficiency measured in polar
oceans of 0.50 (Rivkin & Legendre 2001). However,
small changes in temperature would influence growth
efficiency and, hence, bacterial carbon demand
(~2.5% decrease in growth efficiency per 1°C in-
crease). Using the 3 different growth efficiencies of
0.10, 0.25 and 0.90 (Bjernsen 1986, Bjernsen & Kupari-
nen 1991, Gradinger & Zhang 1997, Middelboe & Seon-
dergaard 1993, Rivkin & Legendre 2001 and refer-
ences therein, M. Middelboe & R. Glud unpubl. data),
theannualbacterial carbon demand ranged by a factor
of 5 from 71 to 635 mg C m 2 depending on the growth
efficiency we used. The conclusion would change from
anannualnetautotrophicseaicetoanetheterotrophic
sea ice if we used the growth efficiency of 0.10. How-
ever, when using the growth efficiencies of 0.25 and
0.90 the sea ice is still net autotrophic. According to
Rivkin & Legendre (2001), growth efficiency increases
with decreasing temperatures. Thus, the conversion of
bacteria production to bacterial carbon demand by
assuming a growth efficiency of 0.5 appears to be a
realistic compromise among the conflicting literature
values of 0.10 to 0.90 (Bjernsen 1986, Bjornsen &
Kuparinen 1991, Gradinger & Zhang 1997, Middelboe
& Sendergaard 1993, Rivkin & Legendre 2001 and ref-
erences therein). It would be ideal to determine the
respective factors at different seasonal conditions to
improve the assessment of bacterial production and
carbon demand, but in practice this would be an unre-
alisticallylarge effort for most studies.

The O, concentration of sea ice is regulated by pho-
tosynthesis and respiration (Gleitz et al. 1995, Gtunther
et al. 1999) and is also affected by freezing and thaw-
ing of seaice (Glud et al. 2002). The temporal and spa-
tial variations in snow cover thickness can introduce
variabilityin seaice temperatures and consequently in
Oz concentrations. During the present study, the snow
cover varied from O to 26 cm and the sea ice tempera-
ture varied from O to —6°C (Fig. 1a), and only slight
changes in temperature can lead to leakage of super-
saturated and subsaturated water from the sea ice
matrix (Glud et al. 2002). It is generally accepted that

to obtain realistic estimates of in situ microbial activity
in sea ice, the microenvironment (i.e. temperature,
salinity, nutrient concentration) should be maintained
(e.g. McMinn & Ashworth 1998). The bag incubations
were incubated in situand, thus, the seaice microenvi-
ronment was better maintained compared with stan-
dard incubations. This supports the use of bag incu-
bations for determination of net O, production or
consumption under natural conditions. In the present
study, oxygen levels remained almost constant during
February and March, indicating no or low net oxygen
accumulation in the top sea ice cores of 0.50 *
3.00 umol O, 1" d™! and in the bottom sea ice cores of
1.30+5.00 pmol O, 171 d7! (Fig. 6). The permeability of
the bags was tested and could be responsible for a
maximum O, exchange of 0.48 + 0.20 umol O, I"! d°},
which may compromise the results in February and
March when no or low net oxygen accumulation was
observed.

The autotrophic activity exceeded the heterotrophic
activity in late March and April, resulting in a high net
oxygen accumulation in the bottom sea ice cores of
6.30+2.30 umol O 17t d™!, whereas no significant oxy-
gen accumulation occurred in the top sea ice cores
(0.80 £ 3.50 umol O, I"! d7!). The O, measurements
showed high variability, indicating small-scale hetero-
geneity in oxygen. Thus, we suggest that more repli-
cates be applied from all time intervals to quantify net
oxygen consumption or production in future studies.

The temperature of sea ice enclosed in the bags did
not differ from the ambient temperature profiles (data
not shown). However, enclosure might have a number
ofconsequences for the measured microbial activity. In
case of high sea ice algal primary production and low
nutrientconcentrations, enclosingseaicecoresinbags
creates a risk of underestimating primary production,
asnutrientconsumption sets an upperlimit to produc-
tion. In the present study, primary production mea-
sured in the bags from the bottom of the sea ice during
peak activity late in the season was 60 ng C 1"t d™L.
Assuming a C:N Redfield ratio of 6.6 this represents a
sufficient nitrogen pool for only 7 d of incubation. This
indicates that the enclosed primary producers could
have been nutrient-limited during the late part of the
season (Fig. 6b), which suggests that oxygen produc-
tioninthe bottom seaice section in the finalincubation
was underestimated. However, the annual net carbon
fixation in the bag incubations was 8-fold higher than
the annual net carbon fixation of 220 mg C m2 quanti-
fied from the standard incubations. We cannot, on this
basis, pinpoint the reason for the apparent mismatch or
evaluate which estimate is most correct. However,
bagsincubated for <7 d create aminimum disturbance
of the microenvironment within the sea ice and might
be a strong complementary tool to standard techniques
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when assessing the net activity of microbial communi-
ties in sea ice. Hence, further work with the bag incu-
bation technique in situ is clearly needed to better elu-
cidate whether sea ice, on an annual scale, is net
autotrophic or net heterotrophic.
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Abstract The effect of salinity, pH, and dissolved inor-
ganic carbon (TCO,) on growth and survival of three
Arctic sea ice algal species, two diatoms (Fragilariopsis
nana and Fragilariopsis sp.), and one species of chloro-
phyte (Chlamydomonas sp.) was assessed in controlled
laboratory experiments. Our results suggest that the chlo-
rophyte and the two diatoms have different tolerance to
fluctuations in salinity and pH. The two species of diatoms
exhibited maximum growth rates at a salinity of 33, and
growth rates at a salinity of 100 were reduced by 50%
compared to at a salinity of 33. Growth ceased at a salinity
of 150. The chlorophyte species was more sensitive to high
salinities than the two diatom species. Growth rate of the
chlorophyte was greatly reduced already at a salinity of 50
and it could not grow at salinities above 100. At salinity 33
and constant TCO, concentration, all species exhibited
maximal growth rate at pH 8.0 and/or 8.5. The two diatom
species stopped growing at pH > 9.5, while the chloro-
phyte species still was able to grow at a rate which was 1/3
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of its maximum growth rate at pH 10. Thus, Chlamydo-
monas sp. was able to grow at high pH levels in the suc-
cession experiment and therefore outcompeted the two
diatom species. Complementary experiments indicated that
growth was mainly limited by pH, while inorganic carbon
limitation only played an important role at very high pH
levels and low TCO, concentrations.

Keywords Arctic - Sea ice algae - Salinity - pH - TCO, -
In situ succession patterns

Introduction

Sea ice is permeated with pores and brine channels, which
host a unique microbial community. The total brine chan-
nel volume of sea ice typically ranges between 1 and 30%
depending on salinity, temperature, and ionic composition
of the brine fluid (Weeks and Ackley 1986). When the
temperature decreases, the thermodynamic phase equilib-
rium drives the sea ice toward a lower brine volume with
higher salinities (Cox and Weeks 1983). Thus, the tem-
perature and brine of sea ice are interrelated. At brine
temperature between —1.9 and —6.7°C, the brine salinity
may range from 34 to 108 (Gleitz et al. 1995). However,
when sea ice is exposed to temperatures below —20°C, the
brine salinity can be well above 200 (Cox and Weeks
1983). In the summer when sea ice melts, the salinity of the
brine can be as low as one-third of normal sea water, e.g.,
salinity <10 (Ryan et al. 2004). Brine salinity also fluctu-
ates vertically within the sea ice, with the lowest salinities
usually encountered in the bottom sea ice layers (Gradinger
1999; Lizotte 2003; Ryan et al. 2004). Thus, sea ice algae
must cope with severe physicochemical stress factors
caused by natural variations in salinity. Only a few studies
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include investigations into the effect of salinity stress on
growth rates of sea ice algae (Grant and Horner 1976;
Arrigo and Sullivan 1992; Thiel et al. 1996; Ryan et al.
2004). A study on the sea ice diatoms (Amphiprora kuff-
erathii, Nitzschia, and Thalassiosira Antarctica) isolated
from ice cores from Weddell Sea revealed growth at
salinities up to 90 at —5.5°C, and the diatoms were found
to survive for 20 days at salinities up to 145 (Thiel et al.
1996). Other studies have shown that the growth of dif-
ferent sea ice diatoms from the Weddell Sea ceased at
salinities above 50 (Grant and Horner 1976). Furthermore,
studies have shown that most flagellate species of algae
e.g., chlorophytes, dinoflagellates, and chrysophytes have
been reported in the sea ice (Arrigo et al. 2010). These
flagellate species is especially found in the top sea ice
layer, where the highest salinity and lowest temperatures is
encountered.

The differences in tolerance between sea ice algal
species have been ascribed to various abilities for osmotic
acclimations, e.g., production of osmolytes (such as pro-
line), which balances the ionic pressure during changes in
salinity (Gleitz and Thomas 1992). Moreover, changes in
sea ice salinity and associate factors may be the key
drivers for microbial succession in sea ice communities
(Mikkelsen et al. 2008). The sea ice algal species that are
capable to cope with a broad range of salinity may have
an advantage and become dominant in the sea ice com-
munity. An understanding of the effect of fluctuating
salinities in sea ice brine indicates which factors drive the
distribution and succession of sea ice algae and might
give important information that can be used to modeling
sea ice species succession and carbon dynamics within the
brine.

Variation in seawater pH levels can also have a marked
effect on the growth and survival of sea ice algae. In sea
ice, a number of biological and physical processes influ-
ence pH. Studies of sea ice have shown that in regions
characterized by high primary production, the sea ice
brine has considerably reduced concentrations of dis-
solved inorganic carbon (TCO,) and elevated pH levels as
high as 10.0 (Gleitz et al. 1995; Thomas et al. 2001).
Furthermore, changes in carbon chemistry alone can
result in significant changes in pH of the sea ice brine.
One mechanism behind this is CaCOj; precipitation that
can occur at low temperatures (Rysgaard et al. 2007
Dieckmann et al. 2008). Carbonate precipitation will
initially lead to a buildup of CO, in the brine system
leading to a decrease in pH. With time, CO, can be
transported to the water column through brine drainage.
This net export of CO, out of the sea ice brine will lead
to increased pH in the brine, especially when sea ice
starts to melt. In sea water, changes in pH influence the
equilibrium of the carbonate system and therefore the
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inter-speciation of TCO,, i.e., CO, (aq), HCO5;~, CO3 2,
which may influence microalgae species succession and
distribution (Hansen 2002; Rost et al. 2003; Trimborn
et al. 2008). Limitation in the supply of CO, due to
elevated pH levels may restrict photosynthesis and growth
of some algal species (Hansen 2002; Rost et al. 2003;
Hansen et al. 2007) and favor species that utilize HCO3™
as an inorganic carbon source (Korb et al. 1997; Huertas
et al. 2000; Hansen 2002). Diatoms have been found to
actively take up HCO5;~ and convert it into intracellular
CO, by extracellular enzymes (e.g., Korb et al. 1997,
Tortell et al. 1997). Additionally, diatoms can utilize
HCO;™ directly for carbon fixation through C, photo-
synthesis (Tortell et al. 1997; Reinfelder et al. 2000).
However, a previous study has shown that the ability to
tolerate high pH is not related to particulate algal groups,
but rather is species specific (Hansen 2002). In this study,
we investigated the upper limit for growth with respect to
salinity, pH, and TCO, for three common Arctic sea ice
algal species; the diatoms Fragilariopsis nana, Fragilar-
iopsis sp. and the chlorophyte Chlamydomonas sp. The
physiological response toward these stress factors are
evaluated and discussed in relation to in situ succession
patterns. This study is important to understand the factors
controlling the growth, survival, composition, and distri-
bution of the sea ice algal communities within the brine
and can be used to accurately model the species succes-
sion and the productivity of this complex system.

Materials and methods
Algae species and maintenance of sea ice algae cultures

Three sea ice algae were selected for the study (Arrigo
et al. 2010). The diatom Fragilariopsis sp. (CCMP2297)
and the chlorophyte Chlamydomonas sp. (CCMP2294)
originated from sea ice from Baffin Bay and were provided
by Guillard National Center for Culture of Marine Phyto-
plankton (CCMP), and the diatom Fragilariopsis nana
(SCCAP K-0637) was isolated from the Labrador Sea and
provided by the Scandinavian Culture Collection of Algae
and Protozoa, Department of Phycology, University of
Copenhagen. The two species of diatoms were selected as
representatives for pennate diatoms, which are very com-
mon in sea ice (Arrigo et al. 2010). We deliberately chose
Fragilariopsis nana because it is a relatively small species
(length 8.0-9.4 pum; width 1.9-2.0 um) and Fragilariopsis
sp. because it is somewhat larger diatom species (length
12-16 pm; width 6-10 pum). The chlorophyte Chlamydo-
monas sp. (length 8-10 pm; width 4.0-6.0 um) was
selected because chlorophytes are common in sea ice as
well (Arrigo et al. 2010).
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Algal cultures were grown in L1 growth medium
(Guillard and Hargraves 1993) based on autoclaved sea-
water with a salinity of 33. The stock cultures were
maintained at 3 £+ 1°C and 50 uE m~2 s~' following a
light:dark cycle of 16:8 h. Illumination was provided by
cool fluorescent lamps, and irradiance was measured using
a LiCor 1400 (Li-Cor, NE, USA).

Experimental conditions

All experiments were carried out at 3 £ 1°C and at an
irradiance of 50 pE m~2 s~ following a light:dark cycle
of 16:8 h. Only cells from exponentially growing cultures
were used for inoculation of the experiments. However,
the first 6-10 days were considered as an acclimation
period; therefore, cell counts from these samplings were
not included in the calculations of growth rates. All
experiments were carried out in 62-ml polystylene bottles,
except for the pH-drift experiments that were carried out
in gas-tight laminated NEN/PE plastic bag (Hansen et al.
2000) fitted with a gas-tight Tygon tube and valve for
sampling. All experiments were carried out in triplicates,
i.e., each experiment was carried out in three separate
bottles.

Cultures were kept suspended through the use of a
plankton wheel, and an external cooling system was used to
prevent heating associated with radiation absorption. The
L1 growth medium was selected to make sure that algal
cultures were not nutrient limited at anytime during the
experiment.

Enumeration of cells was carried out using subsamples
fixed in acidic Lugol’s iodine (2.5% final concentration),
and cells were counted in a Sedgewick-Rafter chamber.
Each count was based on at least 400 cells.

Growth rates (u) were measured as increase in cell
number and were calculated assuming exponential growth:

where Ny and N; are number of cells at time f, and #;, and
t is the difference in time (d) between 7, and #; samples
(Hansen 2002). We determined the exponential phase of
growth (straight line). Two points, Ny and N, at the
extremes of this linear phase was taken and substituted
into the equation (same approach was used for deter-
mining the two points, fy and #;). All experiments were
carried out in triplicates; thus, this was done for each
replicate and the mean of the three maximum growth
rates was determined. The calculations of the growth rates
were corrected for any dilutions. pH values were mea-
sured using a Sentron® 2001 pH-meter equipped with a
Red Line electrode, which is an ISFET® sensor (Semi-
conductor Ion Field Effect Transistor) with detection limit

114

of 0.01. The pH sensor was calibrated (2 point) using
Sentron buffers of pH 7.0 and 10.0. The concentration of
dissolved inorganic carbon (TCO,) was measured in the
growth medium by transferring samples (12 ml) to Exe-
tainer tubes (12 ml Exetainer®, Labco High Wycombe,
UK) spiked with 20 pl HgCl, (saturated solution, 5%
w/v) and was measured using a CO, analyzer (CM5012
CO, Coulometer).

Experimental setup
Growth rate of sea ice algae at different salinities

In the first set of experiments, growth rates of the three
sea ice algae Fragilariopsis nana, Fragilariopsis sp, and
Chlamydomonas sp. were measured at different salinities
ranging from 5 to 150 (i.e., salinity of 5, 20, 33, 50, 75,
100, and 150). The salinity was adjusted from a salinity
of 33 by addition of artificial seawater based on Red Sea
salt with known TCO, concentrations to the L1 medium.
The pH value was kept constant at 8.0 throughout the
experiment. If the pH differed by more than 0.03 from the
set point, it was adjusted by the aliquot addition of 0.1 M
NaOH or HCI. The experiment was initiated with an
inoculation of 1,000 cells ml~! and was allowed to run
for minimum 18 d and maximum 20 d. Every second day,
pH was measured, and subsamples (1 ml) were taken for
enumeration of algae cells. After subsampling, the bottles
were refilled to capacity with L1 growth medium (1 ml).
The L1 growth medium was at each event adjusted to the
correct salinity to prevent salinity in the experimental
bottles to drift. Salinity and TCO, concentrations were
measured initially and at the termination of the
experiment.

To test the effect of lowered salinity on the growth of
the three species of sea ice algae, a second set of experi-
ments was conducted. The algal cultures were grown in L1
growth medium (Guillard and Hargraves 1993) based on
autoclaved seawater with a salinity of 75 and a known
TCO, concentration for a month. The salinity was adjusted
from a salinity of 75 to different salinities of 5, 20, and 33
to mimic the transition from cold to melting sea ice. The
pH value was kept constant at 8.0 throughout the experi-
ment. If the pH differed by more than 0.03 from the set
point, it was adjusted by the aliquot addition of 0.1 M
NaOH or HCI. The experiment was initiated with an
inoculation of 1,000 cells ml~" and was allowed to run for
a minimum of 18 d and a maximum of 20 d.

Growth rate of the sea ice algae at different pH and TCO,

In the first set of pH experiments, growth rates of the three
species of sea ice algae: Fragilariopsis nana,
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Fragilariopsis sp., and Chlamydomonas sp. were measured
at different pH values ranging from 8.0 to 10.0 (i.e., pH 8.0,
8.5, 9.0, 9.5, and 10.0). The salinity was 33 throughout the
experiment. The pH was adjusted by addition of 0.1 M HC1
or NaOH to the medium. The experiment was initiated by
inoculating 1,000 cells ml~" and was allowed to run for 20
d. The TCO, concentration was, in all instances, 2.4 mM.
Every second day, pH of the culture media was measured,
and subsamples (1 ml) were taken for enumeration of algae
cells. After subsampling, the bottles were refilled to
capacity with pH adjusted-L1 growth medium (i.e., pH 8.0,
8.5, 9.0, 9.5, 10.0), and the bottles were remounted on the
plankton wheel. If the pH differed by more than 0.03 from
the set point, it was adjusted by addition of aliquots of
0.1 M HCI or NaOH.

In the pH-drift experiment, Fragilariopsis sp. and
Chlamydomonas sp. were inoculated (1,000 cells ml™Y) in
media with a pH of 8.0 and initial TCO, concentrations of
c. 1.2 or 2.4 mM and were allowed to grow into stationary
growth phase (up to 26 d). The 1.2 mM TCO, concentra-
tion medium was obtained by mixing the 2.4 mM L1
growth medium with a very low TCO, concentration
medium (<0.5 mM). The very low TCO, medium was
prepared by acidifying the growth medium (to pH < 3),
followed by heating to 110°C for 30 min and aerating the
medium. The pH was then adjusted to 8.0 by the addition
of 0.1 or 1.0 M NaOH or HCI (Hansen et al. 2007). The
experiment was carried out in gas-tight laminated NEN/PE
plastic bags (Hansen et al. 2000). Every second day, the pH
of the culture medium was measured, and subsamples were
withdrawn for enumeration of algae cell concentration
(3 ml) and for measurements of the TCO, concentration
(36 ml). The NEN/PE plastic bags were not refilled after
each sampling. The [CO, + HCOj3 ] concentrations were
calculated from measurements of TCO,, temperature,
salinity, and pH (Lewis and Wallace 1998).

Succession experiment

The three sea ice algal species were inoculated in a mixed
culture (i.e., 1,000 cells ml_l) at a pH of 8.0 and a
salinity of 33 and an initial TCO, concentration of
2.4 mM. The three sea ice algal species were allowed to
grow well into stationary growth phase (up to 22 d).
Every second day, pH of the culture media was measured,
and subsamples (I ml) were taken for enumeration of the
mixed algae cells. After subsampling, the bottles were
refilled to capacity with pH adjusted-L1 growth medium
and the bottles were remounted on the plankton wheel.
TCO, concentration was measured at the initiation and
the termination of the experiment to ensure that the
concentration was sufficient for algae growth during the
experiments.

@ Springer

Results

Effect of salinity on the growth rates of three Arctic sea
ice algae

The two sea ice diatoms exhibited similar growth rates as a
function of salinity, and no significant differences were
observed between acclimation salinities (33 or 75) used in
the salinity experiments (Student’s #-test, P > 0.05).
Maximum growth rates were obtained at a salinity of 33
(Fig. 1a). At salinities above 33, growth rates gradually
decreased with salinity. However, growth rates at a salinity
of 100 were reduced by 50%, and none of the diatoms
could grow at a salinity of 150. At salinities below 33,
growth rates of the two diatoms decreased only slightly and
they were still quite high at a salinity of 5 (Fig. 1a, b). The
two diatom species showed significantly more reduced
growth rates at high salinities than at low salinities
(Fragilariopsis nana OLS, P = 0.005, one-sided and
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Fig. 1 Fragilariopsis nana, Fragilariopsis sp., and Chlamydomonas
sp. Growth rates of the three sea ice algae as a function of salinity.
a Salinity adjusted from 33 to the experimental salinity. b Salinity
adjusted from 75 to the experimental salinity. Data points represent
treatment means SE + (n = 3)
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Fragilariopsis sp., P = 0.005). The growth response of the
chlorophyte as a function of salinity was similar to that of
the two diatoms showing more reduced growth rates at
high salinities (Chlamydomonas sp. OLS, P = 0.009, one-
sided) (Fig. 1a). Growth rates of the chlorophyte was
greatly reduced already at a salinity of 50 and it could not
grow at salinities above 100 (Fig. 1a, b). Effect of pH and
TCO, limitation on the growth rate of the three sea ice
algae.

A very profound effect of the pH was observed on the
growth rates of all three species (Fig. 2). All species
exhibited maximum growth rates at a pH of 8.0-8.5
(Fig. 2). Above a pH of 8.5, a negative effect of increasing
pH was observed on the growth rate of all species. How-
ever, all species were still able to grow at half the maxi-
mum growth rate at pH 9.5. The diatom species could not
grow at pH 10, while the chlorophyte species demonstrated
a growth rate of one-third its maximum. The growth rates
of the two diatoms were significantly reduced at pH > 9.0
(Student’s t-test Fragilariopsis nana, P = 0.0066; Fragi-
lariopsis sp., P = 0.0061).

In the pH-drift experiments of Fragilariopsis sp., the pH
reached a maximum of 9.5 and 9.7 in the experiments
initiated at a TCO, concentration of 1.4 and 2.4 mM,
respectively (Fig. 3). Final TCO, concentrations in these
experiments were 1.0 and 1.5 mM, respectively.

For the pH-tolerant species, Chlamydomonas sp., the pH
reached 9.8, when grown at initially high and low TCO,
concentrations (Fig. 3). The final TCO, concentration was
1.0 mM in the experiments initiated at a high TCO, con-
centration, whereas the concentrations decreased from 1.4
to 1.0 mM for this species in experiments initiated at a low
TCO, concentration (Fig. 3).
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Fig. 2 Fragilariopsis nana, Fragilariopsis sp., and Chlamydomonas
sp. Growth rates of the three sea ice algae as a function of different
fixed pH levels. Dissolved inorganic carbon (TCO,) concentration
was initially between 2.2 and 2.4 mM in the experiment flasks. Data
points represent treatment means SE £ (n = 3)
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Succession experiment

The importance of pH in succession of sea ice algae species
was studied using mixed cultures of three sea ice algal
species (Fragilariopsis nana, Fragilariopsis sp., and
Chlamydomonas sp.) with an initial pH of 8.0 (Fig. 4). All
three species grew until pH reached 9.4 to 9.5 on Day 18.
At Day 20, the pH had increased to above 9.6, and the two
diatoms stopped growing, while the chlorophyte species
maintained a positive growth rate.

Discussion
Growth of sea ice algae at different salinities

The ability of sea ice algae to grow within the physio-
chemical gradient found in the sea ice suggests that the
algae are well adapted to cope with fluctuations in light,
temperature, salinity, pH, and TCO, concentrations.
However, salinity has a pronounced effect on growth,
photosynthetic efficiency, and metabolism (Misra et al.
2001). Some microalgae are considered euryhaline, since
they can adapt to varying external salinities (Hellebust
1985). However, the salinity range over which active
growth takes place differs greatly among species, and the
physiochemical conditions in the sea ice will provide a
selection pressure that influences the final community
composition (Ryan et al. 2004). A previous study has
indicated that most sea ice algae are more tolerant to
reduced, rather than elevated salinities (Bates and Cota
1986). The present study supports the results of Bates and
Cota (1986), as the three sea ice algae showed more
reduced growth rates at high salinity levels than at low
salinity levels. The experiments suggest that the two dia-
toms have a competitive advantage in sea ice, where brine
salinity is greater than 50. These salinity conditions are
typically encountered where the sea ice temperature is
between —1.9 and —6.7°C (Gleitz et al. 1995).

When sea ice melts, the algae are exposed to altered
salinities and subsequently the algal growth may be influ-
enced. A previous study showed that diatom species are
only slightly affected by decreasing salinities, whereas
decreasing salinities may result in substantial losses of
ciliates and flagellate species (Garrison and Buck 1986;
Ryan et al. 2004; Mikkelsen and Witkowski 2010). In the
present study, the three sea ice algal species were exposed
to changes in salinity conditions with different initial
salinities of 33 or 75 to test the effect of rapid shifts in
salinity from high to low on the growth rates. The salinity
stress had the smallest effect on the growth rate of the two
diatoms compared to the effect on the chlorophyte. This
suggests that sea ice diatoms are less affected by

@ Springer



1162

Polar Biol (2011) 34:1157-1165

Fragilariopsis sp.

4 10.0 r2.6

A l2.4

F2.2

-3 9.5 [ 20

+1.8

= —w— Cell concentration 1.6
£ —A— pH %0 T

n 2 —e— TCO Q 14

= —0— [CO,+HCO3T] 8.5 r1.2

[ . +1.0

9, Lo.8

o 1 1 8.0 t0.6

S 0.4

£0.2

£ 0 T8 Lo

c

o 4 10.0 2.6

= c 24

b —w— Cell concentration 9.5 r22

o L2.0

5 3 —— ‘prCO : 1.8

g —O— [COx+HCO3]] 9.0 T |18

o 2 Qo 114

o 1.2

% 8.5 10

0.8

o 1 8.0 0.6

0.4

0 75 (o2

0 2 4 6 8 10 12 14 16 18 20 22 o

Time(d)

Fig. 3 Fragilariopsis sp. and Chlamydomonas sp. Cell concentration
in 10°, pH, dissolved inorganic carbon (TCO,) and available
inorganic carbon [CO, + HCO; ] as a function of time for pH-drift

decreasing salinities and thus may have a competitive
advantage during summer and spring thaw when sea ice
salinity becomes low. This result compares with previous
studies showing that sea ice diatoms dominates during sea
ice summer and spring thaw (Palmisano and Garrison
1993; Ikédvalko and Thomsen 1997; Mikkelsen et al. 2008).
Furthermore, the present study shows that some sea ice
algal species are better adapted to changes in salinity than
other algal species, and thus, the changes in sea ice salinity
may drive species succession of sea ice algae.

All the experiments were conducted at higher tempera-
tures (3 & 1°C) than the in situ temperatures observed in
sea ice (Sggaard et al. 2010). Previous studies have shown
that photosynthetic rates in sea ice algae are influenced by
temperature (Palmisano et al. 1987; Ralph et al. 2005).
This suggests that the growth rates of the three sea ice algae
might be overestimated compared to growth rates at in situ
temperatures. However, it is a nontrivial task to incubate
samples at low bulk salinity at O or sub-zero temperature
without introducing freezing and thaw artifacts.

Tolerance of sea ice algae to elevated pH

The effect of high pH on the growth rates of marine
planktonic algae is well established. Some species are very
sensitive to elevated pH and cannot grow when pH exceeds
8.8, while others still grow at pH above 10 (e.g., Hansen
2002; Lundholm et al. 2004). Several studies have also
shown that the tolerance to high pH is species specific, and
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large differences exist within important marine algal
groups, such as diatoms and dinoflagellates (Hansen 2002;
Lundholm et al. 2004; Sgderberg and Hansen 2007).

The knowledge of the effect of high pH on growth rates
of sea ice algae is however, very limited. High pH is
observed in sea ice with high primary production (Gleitz
et al. 1995; Thomas et al. 2001) and thus prevails during
spring when irradiance increase (Cota and Horne 1989;
Kiihl et al. 2001). In the present study, influence of high pH
levels on the growth rate of the three species of sea ice
algae was studied at pH levels ranging from pH 8.0 to 10.0
in nutrient-rich growth media. We did not measure the
nutrient concentrations in the nutrient rich media during all
the experiments, but the amount of nutrients left at the
termination of the experiments assuming Redfield stoichi-
ometry documents that nutrients were not limiting at any
point during the experiments (see Table 1).

In the present study, our results clearly demonstrate that
all species were restricted by high pH even at a high initial
TCO, concentration. Growth rates were significantly
reduced for both diatom species at pH > 9.0 (Fig. 2).
Above pH 9.5, the two sea ice diatoms stopped growing
irrespective of TCO,, showing that pH had a direct effect
on algal growth. Only a limited number of diatoms have
been studied with respect to effect of pH on growth;
however, among those studied the effect of pH on growth
varied (Lundholm et al. 2004). Lundholm et al. (2004)
found that smaller diatoms have a higher upper pH limit for
growth than larger diatom. In present study, we

117



Polar Biol (2011) 34:1157-1165

1163

3.5

A

3.0
2.5 A

2.0

—e— Fragilariopsis nana
—A— Fragilariopsis sp.
—m— Chlamydomonas sp.

Cell concentration in 10° [cells mI]
3]

9.5 1

9.0

pH

8.5 1

8.0 ¢

7.5 T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22

Time(d)

Fig. 4 Succession experiment. a Change in cell concentration in 10°
of the three sea ice algae species. Fragilariopsis nana, Fragilariopsis
sp., and Chlamydomonas sp. as a function of time (d) from
inoculation at pH 8.0. b pH as a function of time from inoculation.
Data points represent treatment means SE + (n = 3)

deliberately chose Fragilariopsis nana because it is a rela-
tively small diatom species and Fragilariopsis sp. because it
is somewhat larger diatom species. Despite the difference in
cell volume, the two diatom species showed the same upper
pH limit. The sea ice chlorophyte showed an extreme pH
tolerance as only a small reduction in growth rate was
observed above this pH level. The results suggest that these
seaice algal species are not limited by inorganic carbon at pH

8.0-9.0 (Fig. 3),apH level close to that found in sea ice brine
(Papadimitriou et al. 2007). However, pH increases in col-
onized sea ice because of a decline in TCO, as a result of
photosynthetic carbon assimilation (Thomas et al. 2010).
This may affect species such as Fragilariopsis nana and
Fragilariopsis sp (Figs. 2, 3 and 4). Other species such as
Chlamydomonas sp. can tolerate much higher pH levels and
thus will have a competitive advantage in sea ice with high
pH levels (Figs. 2, 3 and 4). However, this species was
limited by low TCO, concentrations and thus may be out-
competed by algal species in the sea ice, which are able to
grow at high pH levels and very low TCO, concentrations.
Algae can only utilize CO, and HCO;™~ for photosynthesis
(e.g., Stumm and Morgan 1996; Korb et al. 1997), and it is
well known that the speciation of inorganic carbon species
depends upon pH. For instance, at pH 9.3, only half of the
TCO, is available in the form of [CO, and HCO5]. In the
pH-drift experiments initiated at a low TCO,, the algae were
able to deplete the available inorganic carbon [CO, and
HCO57] to a lower limit of 0.45 mM for Fragilariopsis sp.
and 0.25 mM for Chlamydomonas sp., assuming equilibrium
in the carbonate system (Fig. 3). At those low concentrations
of [CO, and HCO; ], growth rates of the algal species may
have become restricted by carbon, as has been shown pre-
viously for dinoflagellates (Hansen et al. 2007).

For plankton communities, pH changes have been
shown to drive species succession, because many plank-
tonic algae appear to be quite sensitive to high pH (Hansen
2002; Pedersen and Hansen 2003). However, possible role
of elevated pH in the succession of Arctic sea ice algae has
received little attention. The succession experiment carried
out in the present study suggested that elevated pH may
well drive species succession, as the pH-tolerant species
(Chlamydomonas sp.) out-grew the two sea ice diatoms
(Fig. 4). However, how can we be sure that the observed
succession pattern in the study is due to pH changes and
not due to for instance production of toxic substances
(allelochemicals) that affect the growth of the two diatoms?
Well, we cannot completely out rule that the chlorophyte
exudes allelochemicals, as we did not test this specifically.
However, no marine chlorophytes have yet been

Table 1 Estimated update of C, N, and P in pH-drift experiments at dissolved inorganic carbon concentration (TCO,) of 2.4 and 1.4 mM in
Fragilariopsis nana, Fragilariopsis sp., and Chlamydomonas sp. cultures that have reached maximum cell concentration in L1 medium

Algae species Maximum cell concentration

TCO; initial 2.4 mM

(cell mI™Y)

C uptake N uptake P uptake C uptake N uptake P uptake

(hm) (um) (hm) (pm) (pm) (pm)
Fragilariopsis nana 4.1 x 10° 919 139 8.7 329 50 3.1
Fragilariopsis sp. 24 x 10° 887 139 8.4 405 61 3.8
Chlamydomonas sp. 4.0 x 10° 1,384 209 13.0 398 60 3.8

Addition of N and P to the seawater in L1 medium was 1,111 and 47 pm, respectively. Estimation was based on a Redfield ratio of 106C:16N:1P
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convincingly shown to produce allelochemicals (see
review by Granéli and Hansen 2006). Secondly, the growth
of the two diatom species in the mixed culture experiment
can be explained by pH changes alone, and there are no
indications in our data set which suggest that allelochem-
icals were produced. Our study has only dealt with a few
species of ice algae. Thus, much more attention is required
in this topic. It would be particularly interesting to study
how elevated pH and therefore decreasing TCO, affects in
situ succession pattern and the growth rates of the algal
species in the sea ice.

Conclusions

Our results suggest that the three sea ice algal species have
different tolerance to fluctuations in salinity and pH. The
results suggest that the three sea ice algal species were
mainly limited by pH, whereas TCO, concentrations only
played a role at high pH levels and low TCO, concentra-
tions. The salinity stress had the smallest effect on the
growth rate of the two diatoms compared to the effect on
the chlorophyte. This suggests that sea ice diatoms are less
affected by salinities changes and thus may have a com-
petitive advantage compared to the chlorophyte in sea ice
with rapid fluctuations in salinity. Finally, the fluctuations
in pH levels may drive species succession of sea ice algae.
The chlorophyte was able to tolerate much higher pH levels
than the two diatom species. Thus, Chlamydomonas sp.
was able to grow even at high pH levels in the succession
experiment and therefore outcompeted the two diatom
species.

Consequently, sea ice algal species, which are able to
grow at fluctuating pH and salinity conditions, may have an
advantage in surviving in the harsh environment of forming
and melting sea ice.
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ABSTRACT: Sea ice is a biome of immense size and provides a range of habitats for diverse micro-
bial communities, many of which are adapted to living at low temperatures and high salinities in
brines. We measured simultaneous incorporation of thymidine (TdR) and leucine (Leu), bacterial
cell abundance and cell population properties (by flow cytometry) in subarctic sea ice in SW
Greenland. Short-term temporal variability was moderate, and steep environmental gradients,
typical for sea ice, were the main drivers of the variability in bacterial cell properties and activity.
Low nucleic acid (LNA) bacteria, previously linked to oligotrophic ecotypes in marine habitats,
were more abundant in the upper ice layers, whereas high nucleic acid (HNA) bacteria dominated
in lower ice, where organic carbon was in high concentrations. Leu incorporation was saturated at
micromolar concentrations, as known from freshwater and marine biofilm systems. Leu:TdR ratios
were high (up to >300) in lowermost ice layers, and when compared to published respiration
measurements, these results suggest non-specific Leu incorporation. There was evidence of poly-
hydroxyalkanoate (PHA)-containing bacteria in the sea ice, shown by brightly fluorescing intra-
cellular inclusions after Nile Blue A staining. High Leu saturating concentrations coupled with the
occurrence of PHA-producing organisms further highlight the similarity of sea ice internal habi-
tats to biofilm-like systems rather than to open-water systems.
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Bacteria - Temporal variability - Leucine - Thymidine - Flow cytometry -

Resale or republication not permitted without written consent of the publisher

INTRODUCTION 2002, 2010). Sea ice has characteristically strong and

highly variable gradients in temperature, salinity,

Sea ice is a defining feature of the marine ecosys-
tems of polar and some subarctic seas, and is an
ephemeral biome of immense size comparable to the
world’s deserts or grasslands (Thomas & Dieckmann
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space and light that are ultimately governed by air
temperature and depth of snow cover (Thomas &
Dieckmann 2002). The internal sea ice habitat, i.e.
small pores and channels filled with hyper-saline

© Inter-Research 2013 - www.int-res.com
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brines, can be thought of as resembling biofilm-like
systems due to the high densities of organisms and
large amounts of exopolymeric substances (EPS) pro-
duced by both sea ice algae and bacteria (Krembs &
Deming 2008, Underwood et al. 2010, 2013, Krembs
et al. 2011). It is also an extreme habitat since salinity
varies as a function of ice temperature and can
exceed 200, and the temperature is constantly below
seawater freezing temperature, reaching down to
-30°C in the uppermost parts of the ice on occasions
(Petrich & Eicken 2010).

Heterotrophic bacteria are the most abundant
organism group in ice and important in terms of car-
bon cycling and biodiversity. The typical bacteria
found in sea ice in all ice-covered marine waters
belong to the Bacteroidetes (e.g. Flavobacteria) as
well as Alpha- and Gammaproteobacteria, although
other bacterial groups are also found (Deming2010).
Dissolved organic carbon and nitrogen resources are
generally thought to be non-limiting for bacteria in
sea ice (Pomeroy & Wiebe 2001, Thomas et al. 2010).
Many of the sea ice bacteria are copiotrophs, and up
to 60% of them can be cultured (Junge et al. 2002).

Generally marine bacteria can be divided into high
nucleic acid (HNA) bacteria and low nucleic acid
(LNA) bacteria based on their DNA content detected
by flow cytometry, and also related to cell size (Gasol
& del Giorgio 2000, Lebaron et al. 2001). Bacteria in
sea ice have been enumerated by flow cytometry
(Fransson et al. 2011, Martin et al. 2011, Mundy et al.
2011), although the proportions of HNA and LNA
populations in the total bacterial abundance have not
been reported. HNA bacteria are often attributed to
the dynamic part of the bacterial community that is
able to respond to changes in nutrient and carbon
availability (Moran et al. 2007), whereas abundance
of LNA bacteria is generally linked to oligotrophic
ecotypes in both freshwater and marine environ-
ments (Mary et al. 2006, Wang et al. 2009). In sea ice,
algal and bacterial biomass is often concentrated in
lower ice layers, and HNA and LNA bacteria can be
expected to exist in different proportions in different
horizons of the ice; for example, Collins et al. (2010)
found dominance of SAR11 cluster bacteria in upper
horizons of winter Arctic sea ice, a group whose sin-
gle cultivated member is an obligate oligotroph
(Rappé et al. 2002).

Since the late 1980s, bacterial production in sea ice
has been measured, to our knowledge, in less than 15
studies in both polar oceans and the Baltic Sea. These
have primarily used thymidine (TdR, Fuhrman &
Azam 1980, 1982) or leucine (Leu, Kirchman et al.
1985) incorporation methods, both widely utilized in

aquatic studies. TdR and Leu methods are based on
biochemical theory allowing incorporation of radio-
chemical tracer by DNA (TdR) or protein (Leu) syn-
thesis to be extrapolated into bacterial cell or biomass
growth. Bacterial production measurements in sea
ice have mostly been made on melted ice samples
(e.g. Smith & Clement 1990, Mock et al. 1997, So-
gaard et al. 2010), brines extracted from ice cores or
ice cube/crush slurries (e.g. Kottmeier et al. 1987,
Helmke & Weyland 1995, Kaartokallio 2004). Nor-
mally only one of the incorporation methods has been
applied, and measurements combining both tracers
are limited to the Antarctic (Grossmann & Dieckmann
1994) and Baltic Sea ice (Mock et al. 1997, Kaar-
tokallio et al. 2006, 2008, Kuosa & Kaartokallio 2006).
To our knowledge, dual-labeling has never been
done in Arctic or subarctic sea ice investigations. Pre-
vious studies in polar and sub-polar sea ice have
mostly used only one tracer or revealed conflicting or
unclear patterns of Leu and TdR incorporation
(Grossmann & Dieckmann 1994, Helmke & Weyland
1995, Guglielmo et al. 2000, Pusceddu et al. 2008)

The aim of this paper was to study short-term tem-
poral variability in ice bacterial abundance, cell
properties and production with particular emphasis
on use of both Leu and TdR methods and the satura-
tion kinetics of the tracers employed. We also applied
flow cytometry to study nucleic acid content and
apparent size of bacterial cells.

MATERIALS AND METHODS
Sampling

Sampling was conducted from 11 to 15 March 2010
in first-year land fast ice in a small fjord belonging to
Kangerluat fjord system in SW Greenland, close to
the Kapisillit settlement (64°26’N, 50° 13’ W). Further
details are given by Long et al. (2012) and Segaard et
al. (2013). Sampling was done over 5 consecutive
days at the same sampling site (within 10 m?), situ-
ated approximately 100 m from the fast ice edge. The
water depth at the sampling site was 42 m. The sea
ice thickness was 64 cm and snow thickness was
2 cm over the entire study period.

On each sampling occasion, 2 to 4 ice cores were
retrieved within an area of 0.5 m? with a Kovacs
MARK II CRREL-type core auger. The first core was
used for determination of bacterial activity, cell
counts and population characteristics. The second
was used for salinity, dissolved organic matter
(DOM) and inorganic nutrient determinations. The
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remaining cores were used for more detailed salinity,
temperature and brine volume profile determination.
For investigation of small-scale variability, 5 separate
10 cm ice top sections were retrieved on each sam-
pling day and analyzed in the same way as the sec-
ond core above. The first 2 cores were sectioned
using a stainless steel hand saw within minutes from
retrieval. As biomass is typically concentrated in the
lowermost centimeters of ice, a 4 cm section was cut
from the bottom, and the remaining core was divided
into 12 cm sections. Ice sections were put into 1 1
plastic pots and transported to the laboratory.

Bacterial production was measured immediately af-
ter sampling using crushed ice, for the other variables,
samples were processed after complete melting in a
cool laboratory deck. Direct melting was used for all
ice samples. Water samples were obtained immedi-
ately below the ice and, on Days 3 and 5, also from 9 m

under the ice using a peristaltic pump (Cole-Palmer,
Master Flex, E/P) with trace metal-free tygon tubing.
To construct detailed ice temperature, salinity and
brine volume profiles, temperature and salinity were
measured on Days 1, 3 and 5 with a 4 cm depth reso-
lution. Temperature was measured, in situ, directly
after extraction of the cores, using a calibrated probe
(Testo 720) inserted in pre-drilled holes (perpendicu-
lar to core side) at the exact diameter of the probe
and with a depth resolution of 4 cm. The precision of
the measurements was +0.1°C. Bulk ice salinity
measurements were centered on the temperature
probe measurements. The temperature core was
immediately sliced in the field and stored in polyeth-
ylene containers, and left to melt in the laboratory.
Salinities were measured after melting at room tem-
perature, with a portable salinometer (Orion Star
Series Meter) with a precision of +0.1.

To get additional information on bacteria moving
with the brine in the ice, brines were collected by
coring sackholes at about 40 (sackhole 1) and 50
(sackhole 2) cm depth, to allow gravity-driven brine
collection (Thomas & Dieckmann 2010). Brines were
collected after 15 to 45 min (depending on the rate of
percolation into the hole) using the portable peri-
staltic pump described above for temperature, salin-
ity and further measurements.

The theoretical brine volume fraction (Vi/V, Eq. 1)
and brine salinity (Sp, Eq. 2) are calculated from ice
temperature (T) and bulk ice salinity (S) using the for-
mulae of Petrich & Eicken (2010), neglecting the air
volume fraction (V,/V) and using the coefficients F1(T)
and F2(T) from Cox & Weeks (1983) to define 2 empir-
ical functions related to the temperature. ; and S; are
pure ice density and bulk ice salinity respectively.
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Vu/V = (1 =Va/V) (i/1000)S; / 1
[F1(T) - ( i/1000)S; F2(T)] (1)

Sp (%o) = (1 - 54.11/T)"! x 1000 2)

Salinity, dissolved organic carbon/nitrogen and
inorganic nutrients

To obtain the salinity value corresponding to inor-
ganic nutrients, the salinity of melted ice, brine and
water samples was measured at laboratory tempera-
ture using a SEMAT Cond 315i/SET salinometer with
a WTW Tetracon 325 probe. Samples were filtered
through Whatman GF/F syringe filters (pore size
0.45 um), stored on ice and frozen (-18°C) on return
to the laboratory until further analysis. The concen-
trations of the major dissolved inorganic nutrients,
nitrate (NOgz ), nitrite (NOy ), SRP (soluble reactive
phosphorus,) and silicic acid (Si(OH)s) were deter-
mined by standard colorimetric methods (Grasshoff
et al. 1983) as adapted for flow injection analysis
(FIA) on a LACHAT Instruments Quick-Chem 8000
autoanalyzer (Hales et al. 2004). The concentration of
dissolved ammonium (NH,") was determined with
the fluorimetric method of Holmes et al. (1999) using
a HITACHI F2000 fluorescence spectrophotometer.
Dissolved organic nitrogen (DON) concentrations
were determined by subtraction of the concentration
of dissolve inorganic nitrogen (DIN = [NOz | + [NO3 |
+ [NH,']) from that of the total dissolved nitrogen
(TDN) determined by FIA on the LACHAT autoana-
lyzer using on-line peroxodisulfate oxidation coupled
with UV radiation at pH 9.0 and 100°C (Kroon 1993).
The concentrations of dissolved organic carbon
(DOC) were determined by high temperature com-
bustion of acidified samples on an MQ 1001 TOC
Analyzer (Qian & Mopper 1996).

Bacterial abundance and cell population
characteristics

Bacterial abundance and cell population character-
istics were determined by flow cytometry following
the methods outlined by Gasol et al. (1999) and Gasol
& del Giorgio (2000). Samples for determination of
bacteria abundances were fixed with 0.2 um filtered
electron microscopy-grade glutaraldehyde (final
concentration of 0.5%) and stored at 4°C. Cells were
stained with SYBR Green I (Molecular Probes) and
samples were analyzed with an LSR II flow cytometer
(BD Biosciences) using a 488 nm laser. A known
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amount of CountBright absolute counting beads
(Molecular Probes) were added to each sample to
calculate the accurate measured volume of each
sample. Bacterial data were typically acquired until
50 000 events were recorded and HNA and LNA cell
populations identified from bivariate plots of green
fluorescence (FITC) vs. right-angle light scatter
(SSC). Gating analysis was performed using FACS
Diva software (BD Biosciences). Cell abundance was
calculated from processed sample volumes and num-
ber of events recorded. In addition, the median SSC
parameter was defined for each cell population.

Microscopic detection of
polyhydroxyalkanoate-containing bacteria

Potential polyhydroxyalkanoate (PHA) production
in bacteria was identified using a modification of the
widely used Nile Blue A staining method of Ostle &
Holt (1982) as follows: 5 ml of each sample (same
samples as for flow cytometry) were filtered onto a
black 0.2 pym polycarbonate filter (Osmonics) and
stained for 15 min with 0.2 um-filtered 1% (w/v)
aqueous solution of Nile Blue A sulfate (Sigma
Aldrich). After staining, filters were rinsed 3 times
with deionized water to remove excess stain. Filters
were examined using a Leitz Aristoplan epifluo-
rescence microscope with blue excitation (I3 filter)
and a PL Fluotar 100 x 12.5/20 oil-immersion objec-
tive. Cells with orange-fluorescing bodies within
them were imaged using a Photometrics CH250/A
charged-couple device camera connected to a Leitz
Aristoplan epifluorescence microscope and PMIS
image-acquisition software. In addition to PHA, Nile
Blue A can also selectively stain neutral lipid or wax
ester inclusions inside bacterial cells. However, the
production of these compounds has only been re-
ported in a limited number of bacterial phyla that do
not generally occur in sea ice (Ishige et al. 2003, Wal-
termann & Steinbtichel 2005, Deming 2010). In con-
trast, the ability to produce PHA is widespread
among prokaryotes.

TdR and Leu incorporation, bacterial production

For the measurement of bacterial production, sam-
ples containing a known amount of ice crush and
seawater (Kaartokallio 2004) were prepared as fol-
lows: Each intact 5 to 10 cm ice core section was
crushed using a spike and electrical ice cube crusher.
Approximately 10 ml of crushed ice was placed in a

scintillation vial and weighed (with an accuracy of
+0.1 g). To maintain salinity and ensure even distri-
bution of labeled substrate, 2 to 4 ml sterile-filtered
(through 0.2 um Sartorius minisart syringe filters)
seawater was added to the scintillation vials. All ice
processing work was done in a cool laboratory deck
at near-zero temperatures.

Bacterial production was measured using '*C-Leu
(Kirchman et al. 1985) and *H-TdR (Fuhrman & Azam
1980, 1982) incorporation methods and dual labeling.
Two replicate samples and a formaldehyde-killed
absorption blank were amended with L-[U-'*C] Leu
(PerkinElmer, specific activity 324 mCi mmol™})
diluted with carrier Leu at a proportion of 1:5 and
[methyl-°H| TdR (PerkinElmer, specific activity 20 Ci
mmol!). Working concentrations of 20 nmol 17! for
TdR (all sample types) and 1000 nmol 1! (ice and
brine samples) and 500 nmol 1! (water samples) for
Leu were used. We used high concentrations of Leu
exceeding typical concentrations used for seawater
by 2 orders of magnitude, whereas the TdR concen-
trations used were of same order of magnitude as
typically used for marine waters. The choice of the
concentrations had to be made in advance due to the
logistical constraints of working at a remote field sta-
tion and the lack of opportunity to re-evaluate the
working concentrations during the investigation. The
concentrations were based on previous experience
with Baltic Sea ice (Kaartokallio 2004, Kaartokallio et
al.2006).

Samples were incubated in the dark in a seawater-
ice crush water bath (at —0.5 + 0.3°C) for 17 to 18 h,
and incubations were stopped by adding formalde-
hyde. Samples were processed using a standard cold
trichloroacetic acid (TCA) extraction (with 5% TCA)
and filtration procedure (using Advantec MFS 0.2 um
MCE filters). A Wallac Win-Spectral 1414 counter
and InstaGel (Perkin-Elmer) cocktail were used for
scintillation counting. Bacterial production was cal-
culated using a cell conversion factor of 2.09 x 108
cells mol™!, cell volume of 0.473 um® and carbon con-
version factor of 0.12 pg C um?® for TdR (Smith &
Clement 1990). Leu-based bacterial production was
calculated using a factor of 3.0 kg C mol™! (Bjernsen
& Kuparinen 1991).

A saturation kinetics experiment was conducted on
Day 2 for both TdR and Leu and the 3 major sample
types. Ice samples were combined from 4 separate
bottom ice sections taken alongside the normal sam-
pling on Day 2, brine was sampled from the upper
brine horizon on Day 1 (sackhole depth approxi-
mately 40 cm) and water was taken from 9 m depth
on Day 2. The concentrations used were 5, 10, 14, 30

125



Kaartokallio et al.: Bacterial production and cell properties in sub-Artic sea ice

61

and 50 nmol 1I"! TdR for all sample types, 200, 700,
1500, 2000 and 2500 nmol 1"! Leu for ice and brine
samples, and 100, 350, 750, 1000 and 1250 nmol 1™
Leu for water samples.

Experimental data were fitted with the single
kinetic Michaelis-Menten equation V = Vmax x S/[(K¢
+ Sp)+S], (Where V = incorporation rate, Vimax = maxi-
mum incorporation rate, K; + S, = apparent half-
saturation constant, i.e. half-saturation constant +
natural leucine/thymidine concentration), S = added
leucine/thymidine concentration), using SigmaPlot
10 software (SPSS). Saturating concentrations were
defined as substrate concentrations where 90% of
Vmax was reached and calculated as Vmaxoo = 9 * K¢ +
Sh (Ayo et al. 2001). Isotope dilution was assessed as
a ratio of Vmax and Vmeasured at the saturating concen-
tration (van Looij & Riemann 1993, Buesing & Gess-
ner 2003). Incorporation kinetics experiments were
conducted with a 16 h incubation at 4 h intervals for
all 3 sample types on Day 3 using water from imme-
diately under the ice, and brine and bottom ice sam-
ples from Day 3 sampling.

Statistical analyses

Statistical analyses were done using base, Psych,

Vegan and MASS packages of R software (R Devel-

opment Core Team 2011). Differences between more

than 2 sample types were verified using the Kruskal-

Wallis rank (KW) sum test with the pairwise

Wilcoxon rank sum post hoc test (Wp-h) and Bonfer-
roni adjustment or, when comparing 2 sample types
using Wilcoxon rank sum tests (W). For non-metric
multidimensional scaling (NMDS),

most 24 cm of ice), ‘bottom ice’, the lowermost 4 cm
ice section at ice-water interface, and ‘middle ice’,
the ice sections between the other 2 classes. Brine
samples from both brine sampling horizons as well
as water samples from 2 sampling depths were
pooled to form sample classes ‘brine’ and ‘water’,
respectively.

Physical and chemical parameters

Ice temperature, salinity and brine volumes are
presented in Fig. 1 and Table 1. Differences in the 3
parameters between sampling days were not statisti-
cally significant as verified by the KW tests. The ice
temperature varied from -3.8 to -0.8°C, displaying
typical near-linear profiles increasing with ice depth
(Fig. 1). Ice bulk salinity was significantly higher in
bottom ice compared to upper and middle ice (KW 2
=17.64, p < 0.001, Wp-h both p < 0.008). Calculated
brine volumes were generally below 10% except in
the bottom ice. The underlying water had median
salinity of 33.1 with small temporal variability.

Inorganic and organic nutrient concentrations are
presented in Table 1. Both DOC and DON concentra-
tions were higher in bottom ice compared to middle
and upper ice (KW, DOC: 2 =8.39, p = 0.015, DON:

2=11.89, p < 0.003). NO;~ concentrations were sig-
nificantly higher in bottom ice compared to middle
ice (NO3: 2 =10.61, p < 0.005) but not upper ice
(Wp-h for DOC, DON and NO3 allp <0.05). Surpris-
ingly, apart from silicate, brine and ice concentra-
tions of dissolved inorganic nutrients were similar,
despite the salinity contrast between bulk ice and

Spearman’s rank-order correlations 0
between bacterial and environmental
parameters were calculated. NMDS
was performed on a Bray-Curtis dis-
similarity matrix of bacterial parame-
ters with metaMDS wrapper routine
included in the Vegan package
(Oksanen et al. 2012). Environmental
parameters were fitted on the NMDS
plot using the function, ef, included in
the Vegan package.
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For analyses, ice core sections were
divided into 3 classes: ‘upper ice’,
the 2 uppermost ice sections (upper-
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Fig. 1. Temperature (T), salinity (S) and brine volume (Vy) profiles in ice on Days 2,
4 and 6. The 3 ice layers used are indicated by different shading
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Table 1. Salinity, inorganic nutrients, dissolved organic carbon (DOC) and nitrogen (DON) in melted sea ice, brine and water.
SRP = soluble reactive phosphorus, Si = silicic acid (Si(OH)4). Mean, range (in parentheses) and standard deviation for each
sample class are given

Upper ice Middle ice Bottom ice Brine Water
Salinity 3.42 (2.90-4.00) 2.55 (1.8-3.5) 5.18 (4.6-6.1) 483 (42.9-55.6)  33.1 (32.7-33.4)
0.46,n=10 0.62,n=15 0.66, n=5 4.61,n=8 0.36,n=3
SRP (umol 17} 0.13 (0.06-0.26)  0.19 (0.04-0.72) 0.63 (0.1-2.56) 0.2(0.16-0.32) 1.42 (0.78-2.56)
0.07,n=10 0.2,n=15 1.08,n=5 0.05,n=8 0.99, n=3
Si (umol 1Y) 5.38 (2.80-7.74)  4.72 (2.29-7.96) 5.97 (5.2-6.7) 83.1 (75.6-97.1)  6.87 (6.68-7.01)
2.16,n=10 2.0,n=15 0.65,n=5 7.43,n=8 0.15,n=3
NO [ (umol I"*) 0.77 (0.31-1.66)  0.40 (0.06-0.95)  0.93 (0.68-1.47) 0.82 (0.41-2.2) 8.67 (8.60-8.80)
0.40,n=10 0.2,n=15 0.31,n=5 0.57,n=8 0.12,n=3
NO * (umol I"*) 0.05 (0.0-0.10) 0.04 (0.0-0.11) 0.04 (0.0-0.12) 0.03 (0.0-0.09) 0.07 (0.03-0.11)
0.03,n=10 0.03,n=15 0.05,n=5 0.04,n=8 0.04,n=3
NH " (umol 1) 0.47 (0.01-0.86) 0.64 (0.24-2.75)  0.71 (0.35-1.34)  0.76 (0.56-0.94)  0.31 (0.28-0.35)
0.27,1n=10 0.62,n=15 0.38,n=5 0.11,n=8 0.04,n=3
DON (umol 1Y) 2,51 (1.49-3.06) 3.35 (1.64-7.4) 6.09 (5.14-7.03)  24.3 (21.1-28.0) 1.6 (1.50-1.70)
0.53,n=8 1.48,n=13 0.7,n=5 2.34,n=8 0.1,n=3
DOC (umol 171 56.0 (34.6-80.9)  52.1 (34.2-78.5) 80.2 (64.0-106) 620 (581-651) 62.9 (55.3-68.5)
12.6,n=10 14.9,n=15 17.0,n=5 25.6,n=8 56.8, n=3
DOC:DON 22.0(15.9-28.9) 169 (5.89-26.7)  13.1(11.0-15.2)  25.7(23.2-30.9)  39.3 (37.0-42.0)
4.8,n=8 6.53,n=13 1.56,n=5 2.64,n=8 2.51,n=3

brine. Small scale spatial variability, measured from
S separate upper ice sections, was lowest for salinity
and Si(OH)4 with a coefficient of variation (CV) of
9%. The CV was 16% for DOC and D+OC:DON, 25 to
32% for DON, NO3 , SRP and NHs , and 54% for
NO,. Temporal variability in the top 12 cm section
over the study period was lowest for salinity (CV
2%), 63% for NH,, and 21 to 41% for all other
parameters mentioned above. Temporal variability
significantly exceeded small-scale spatial variability
in the ice top section as seen in higher average CVs
(W =85, p<0.0005).

cantly higher than in the corresponding ice sections
(W =120, p < 0.001), but approximately 2 times lower
than expected based on the calculated brine volume
fraction.

HNA and LNA cells contributed almost equally to
the total bacterial abundance in ice. HNA:LNA ratios
(Table 2) ranged from 0.66 in upper ice to 1.09 in bot-
tom ice and were significantly different between
sample types (KW 2= 9.85, p < 0.008). The HNA:
LNA ratio in water was only 0.33, and significantly
lower than in bottom ice (W = 34, p < 0.05). The HNA

HNA LNA Total BA
Bacterial abundance, cell _ 20- Upper ice _ i
population characteristics IS —— Dayl
= 0 —a— Day?2
Bacterial abundance was rather %. 0 Middle fce 1 : g:ﬁ |
low in all sample types (Fig. 2), but 3 —>— Day5
comparable to the abundances 38 601 - + - |
described by Middelboe et al. ottomice
(2012) in the water column of an Q@' Rl 1 X oA m X4 =
adjacent fjord system. Bacterial \Q}\
abundance in ice was highest in N4 Nk m X 1 L A -~
the bottom ice layer (KW 2 = \Q}Q
21.18, p < 0.001, Wp-h p < 0.004). ¥ —————————————— N
Abundances in water and brines 0 1 2 3 6 2 4 6 80 2 4 6 8

were similar and not significantly
different from bottom ice. Bacterial
abundance in brine was signifi-

Abundance (10° cells ml2)

Fig. 2. Abundance of high-nucleic-acid (HNA), low-nucleic-acid (LNA) and total
(HNA + LNA) bacteria (BA) in ice layers and underlying water
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Table 2. Leucine (Leu) and thymidine (TdR) incorporation, bacterial production (BP) and bacterial abundance in melted sea
ice, brine and underlying water. HNA = high nucleic acid, LNA = low nucleic acid. Mean, range (in parentheses) and standard
deviation for each sample class are given

Upper ice Middle ice Bottom ice Brine Water

Leu (pmol 1"t h™}) 23.4 (0.9-48.8) 24.4 (9.22-52.8) 737 (546-1030) 179 (141-229) 181.6 (148-210)
15.1,n=8 13.2,n=12 219, n=4 27.64,n=8 25.1,n=5

TdR (pmol I"! h™}) 0.17 (0.02-0.32) 0.41 (0.17-0.65) 2.55 (1.45-3.8) 3.45 (1.84-5.56) 2.65 (1.83-3.88)
0.10,n=10 0.16,n=15 1.08, n=5 1.21,n=8 0.83,n=7

Leu:TdR 145 (41.7-202) 60.1 (42.3-85.8) 269 (205-313) 57.6 (35.7-98.8) 69.1 (52.3-80.9)
46.7,n=8 14.4,n=12 46.0,n=4 21.4,n=8 12.2,n=5

BP Leu (ugC 1" h™) 0.07(0-0.15) 0.07 (0.03-0.16) 221 (1.64-3.09)  0.54 (0.42-0.69) 0.45 (0.03-0.63)
0.05,n=8 0.04,n=12 0.66, n=4 0.08,n=8 0.23,n=5

BP TdR (ugC "' h™) 0.02(0-0.04) 0.05 (0.02-0.08)  0.30 (0.17-0.45)  0.41 (0.22-0.66) 0.32 (0.22-0.46)
0.01,n=10 0.02,n=15 0.13,n=5 0.14,n=8 0.10,n=7

HNA bacteria 191 (0.59-3.79)  5.32(3.43-8.08) 214 (15.7-30.3) 254 (17.5-34.4)  13.0 (8.88-16.1)
(x10%cells m1™) 1.05,n=10 1.48,n=15 5.54,n=5 6.52,n=8 2.89,n=7

LNA bacteria 3.36 (1.0-6.81) 5.49 (3.43-8.83)  21.6 (11.0-28.3)  21.0 (11.0-36.1)  49.2 (12.5-73.7)
(x10%cells m1™) 2.00,n=10 1.43,n=15 7.31,n=5 8.62,n=8 20.1,n=7

HNA:LNA 0.61 (0.32-0.97) 0.99 (0.67-1.48)  1.09 (0.55-1.67)  1.30 (0.89-1.77)  0.33 (0.19-0.71)
0.23,n=10 0.24,n=15 0.43,n=5 0.32,n=8 0.19,n=7

Total bacteria 5.28 (1.58-9.92)  10.9 (6.98-16.9)  43.0 (29.4-55.0)  46.4 (28.6-68.4) 62.2 (21.3-89.6)
(x10* cells ml™}) 2.85,n=10 2.64,n=15 9.9, n=5 14.3,n=8 23.0, n=7

Table 3. Right-angle light scatter (SSC) parameter for the high (HNA) and low nucleic acid (LNA) populations and cell-specific
thymidine (TdR cell™!) and leucine (Leu cell™}) incorporation in sea ice, brine and underlying water. Mean, range (in parentheses)
and standard deviation for each sample class are given

Upper ice Middle ice Bottom ice Brine Water O m Water 9 m
HNA SSC 688 (421-913) 763 (610-914) 926 (747-1135) 989 (846-1111) 748 (678-838) 512 (499-524)

131,n=10 97.8,n=15 140, n=5 82,n=8 66.5, n=4 18,n=2
LNA SSC 444 (327-582) 446 (386-523) 375 (283-568) 528 (399-582) 328 (299-349) 364 (361-367)

84,n=10 53.4,n=15 112, n=5 62,n=8 18.0, n=5 4,n=2
Leucell™ (x 1077 7.13 (0.30-30.8) 2.38 (0.70-5.21) 16.5 (10.8-23.4) 4.14 (2.06-5.77) 2.69 (2.27-3.13) 8.01
pmol cell ' h™) 9.97,n=8 1.43,n=12 6.48, n=4 1.10,n=8 0.46,n=5 n=1
TdR cell (x10™° 519 (0.50-18.9) 4.02 (1.29-7.02) 6.15 (3.45-10.1) 7.84 (4.06-12.8) 3.85 (2.83-5.07) 10.7
pmol cell” h™}) 5.80,n=10 1.95,n=15 2.89,n=5 3.11,n=8 0.95,n=5 n=1

bacteria cell size proxy in brines (mean SSC para-
meter, Table 3) was significantly higher than in
under-ice water, and the upper and middle ice layers
(KW 2 =123.74, p < 0.001, Wp-h all p < 0.015) but
there was no significant difference for bottom ice. In
ice, HNA SSC was significantly higher in bottom ice
than upper ice (KW 2 = 8.81, p < 0.013, Wp-h p <
0.04). Under-ice water had lower mean HNA SSC
than bottom ice or brine, although only the differ-
ences between brine and water were statistically sig-
nificant (W = 36, p < 0.008). The variability of LNA
SSC was generally low with significantly higher LNA
SSC in brine and middle ice layers as compared to
under-ice water (KW 2 =21.43, p < 0.001, Wp-h all
p<0.015).
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TdR and Leu incorporation, bacterial
production and respiration

Bacterial production data are presented in Table 2
and Fig. 3. For both Leu and TdR, temporal variabil-
ity was moderate and pronounced incorporation in
the bottom ice occurred throughout the study period.
Leu incorporation in the bottom ice significantly
exceeded the under-ice water values (W = 32, p <
0.005), whereas bottom ice and under-ice TdR values
were not significantly different. Temporal variability
of TdR in under-ice water was higher than for Leu,
and both under-ice water and water from 9 m depth
had comparable values. In the brines, both Leu and
TdR exceeded upper and middle ice values by a fac-
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Leu:TdR ratios

Leu:TdR ratios in the ice were con-
sistently lowest in the middle ice lay-
ers and highest in the upper and bot-
tom ice layers during the sampling
period (Fig. 3). The ratio was higher
(W =32, p < 0.005) in the bottom ice
and variability was lower in bottom
than in upper ice horizons (Fig. 3). In
middle ice layers and brine and
under-ice waters, the Leu:TdR ratios
were not significantly different. The
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Fig. 3. Leucine (Leu) and thymidine (TdR) incorporation and their ratios in ice

and water

tor of 7 to 8, which is in line with the estimated brine
volume fraction in the middle layer (Fig. 1). Bacterial
production estimates produced with the 2 tracers
were not significantly different in middle ice, brine
and water, whereas the mean Leu-based production
estimates for the upper and bottom ice were signifi-
cantly higher than the TdR-based estimates, being
3.5 times (W =65, p < 0.03) and 7.3 times (W =20, p <
0.016) higher, respectively.

To assess whether bacterial productivity measure-
ments gave realistic results they were related to inde-
pendent oxygen flux measurements from the same
site and study period, published by Long et al. (2012).
Bacterial respiration was calculated for the bottom ice
layer, using 3 different bacterial growth efficiencies
and 2 Leu conversion factors to generate a range of
values. The bacterial growth efficiency values used
were (1) a calculated value of 0.384 according to
Rivkin & Legendre (2001), (2) a mean value of 0.386
for a control unit at 0°C presented by Kuparinen et al.
(2011), and (3) the high Arctic sea ice-bottom average
value of 0.24 from Nguyen & Maranger (2011).

For respiration estimates, theoretical conversion
factor extremes of 1.5 and 3.0 kg C mol™! Leu were
used (Simon & Azam 1989), which have also been
empirically validated for cold seawater environments
(Bjernsen & Kuparinen 1991, Ducklow et al. 2000,
Ducklow 2003). Bacterial carbon respiration was con-
verted to oxygen consumption assuming a respira-
tory quotient of 1. Ranges and median (in parenthe-
ses) values for bottom-ice bacterial respiration for the
entire study period were 1.7 to 6.72 (3.37) Oo m 2 d!
for Leu-, and 0.50 to 1.02 (0.52) O, m™2 d™! for TdR-
based production estimates.

NRCRORSIS RS

Leuw:TdR ratios in under-ice water
were at the higher end of the range
reported for other marine systems
(Chin-Leo & Kirchman 1990, Kirch-
man 1992, Shiah & Ducklow 1997).

Ratio

Saturation and incorporation kinetics

Apparent half-saturation constants (K: + S,) were
variable across sample types for both Leu and TdR
tracers (Fig. 4). We did not take natural background
concentrations into account in the calculations, and
apparent (K; + Sp) values include the ambient Leu and
TdR concentrations. The results indicated that, despite
the high Leu working concentrations used, the ice
samples were still under-saturated in respect to both
tracers (Vmaxoo:working concentration ratio was 1.6 for
TdR and 2.07 for Leu). In brines, the Vmaxoo:working
concentration ratio was 1.8 for TdR, whereas added
tracer concentration exceeded the estimated satura-
tion level in brines for Leu and in water for both trac-
ers. Isotope dilution was estimated to be small and
varied little across sample types and tracers (range
1.02 to 1.08 for TdR and 1.08 to 1.10 for Leu). Vmax val-
ues reflecting the maximum incorporation potential in
samples were equal in brine and water for both trac-
ers, but 2 times higher for TdR, and an order of magni-
tude higher for Leu in bottom ice. In a separate incor-
poration linearity test, the incorporation rates were
stable over the 16 h incubation used for both tracers
and for all sample types (data not shown).

Cell-specificincorporation
Cell-specific incorporation for Leu and TdR was cal-
culated using total bacterial abundance and incorpo-

ration (Table 3). Cell-specific TdR was less variable
as a function of ice layer than cell-specific Leu. Cell-
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Fig. 4. Saturation experiment results with fitted non-linear Michaelis-Menten kinetics. Vmax, K¢ + S, and adjusted r? values are
shown. The arrows indicate working concentrations used in the measurements. ‘sd’ denotes the overall standard deviation
of all thymidine (TdR) or leucine (Leu) measurements for Days 1 to 3

specific TdR was not significantly different in ice lay-
ers (KW 2=2.250, p < 0.325), whereas mean cell-spe-
cific Leu was almost 7-fold and significantly higher in
the bottomice ( 2=9.037, p < 0.011) compared to mid-
dle ice (Wp-h p < 0.013), but not upper ice samples
(p < 0.152). In brines, the cell-specific TdR and Leu
were significantly higher than in the middle ice layers
(Leu: W =79, p < 0.016; TdR: W = 102, p < 0.006). In

the under-ice water, the cell-specific incorporation
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was not significantly different from upper and middle
ice layers for both tracers, but significantly lower than
in bottom ice for Leu (W = 0, p < 0.007).

NMDS

Following NMDS analysis, different ice layers
were separated into distinct clusters (Fig. 5), whereas
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Fig. 5. Non-metric multi-dimensional scaling (NMDS) of

bacterial parameters in ice (presented in Table 2) with phy-

sicochemical parameters (presented in Table 1) correlated

with the distance matrix (correlations with p < 0.05 are dis-

played). Ice sections are plotted in the upper panel and
sampling days in the lower panel

sampling days were not different from each other.
Based on the NMDS results, the main NMDS axis 1
was identified as ‘ice depth’. Parameters presented in
Table 1 were correlated with the NMDS distance
matrix and only the DOC:DON ratio and salinity
were correlated on a 95% significance level. Highest
non-significant correlations were with DOC:DON
(80% confidence level) and DON, SRP and NOj;~
(70% confidence level).

Cells containing putative PHA granules

Cells containing putative PHA granules (i.e.
brightly fluorescing intracellular inclusions observed
following the Nile Blue A stain) were found in all ice
layers and in the underlying water samples (Fig. 6).

They were most abundant in the bottom ice, al-
though they were only a minor portion of all bacterial
cells present. Unfortunately, the method employed
did not allow their quantitative determination. Three
main morphotypes of PHA-containing’ cells were
found: (1) long filaments with numerous PHA gran-
ules inside the cells; (2) shorter filaments or elon-
gated rods with 3 to 4 granules inside the cell; and (3)
cells with single and double granules. In doubles,
one of the granules was typically brighter, the less-
intense granule possibly being inside a daughter cell.
All 3 general morphotypes were present in bottom,
middle and upper ice, and brine. In the under-ice
waters, only single or double granules were observed.

Granule-containing bacteria were often associated

with diatoms in bottom ice and detrital particles in

other parts of the ice. In acridine orange-stained sam-
ples, bacterial cells and filaments with visible inclu-
sions corresponding to the shape and size of PHA
granules were recorded (not shown).

DISCUSSION

The sea ice sampling design covered both temporal
and small-scale spatial variability. Limited assess-
ment of small-scale spatial variability of salinity, dis-
solved nutrients, DOC and DON indicated that it was
significantly lower than the temporal variability over
the study period (c.f. Segaard et al. 2013). The small-
scale spatial variability investigation did not include
bacterial parameters, but low spatial variability in
salinity and nutrients is expected to be reflected in
bacterial parameters as, based on NMDS, environ-
mental variables seemed to drive changes in them
(see below). Furthermore, snow cover, a major con-
trolling factor for organism biomass variability in
lower ice (Gosselin et al. 1986), was low and consis-
tent throughout the study and sampling site. Tempo-
ral variability for ice bacterial and background pa-
rameters was not pronounced over the 5 d, suggesting
that during stable weather conditions and excluding
periods of fast biomass increase (ice algal blooms), a
single ice sampling event can be temporally repre-
sentative on weekly scales, a commonly used sam-
pling interval in time series studies including biologi-
cal parameters (Kaartokallio 2004, Mikkelsen et al.
2008, Sggaard et al. 2010). Pronounced vertical gradi-
ents, typical for sea ice and with highest values in the
bottom ice, were seen in the salinity and calculated
brine volume (Fig. 1) profiles as well as all bacterial
parameters (Figs. 2 & 3). Based on the NMDS analysis
(Fig. 5), distance from interfaces (water—ice and air—
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Fig. 6. Photomicrographs of Nile Blue A-stained bacterial cells containing polyhydroxyalkanoate granules. (A to C) Long fila-

ments, (D) cells embedded in exopolymeric substance (EPS) matrix, (E) short filament, (F) long rods with multiple granules and

(G to]) single and double granules. (A) to (G) are from bottom ice sections, (H) is from a brine sample and () is from an upper
ice section

ice interface), which drive the steep environmental
gradients, is a key parameter influencing the consti-
tution and activity of the bacterial communities. The
observed significant correlations (Fig. 5) between
bacterial and environmental variables in NMDS illus-
trate the effect of environmental drivers on bacterial
communities (salinity) or substrate availability pro-
duced by ice algae in bottom ice (i.e. DOM).

The proportion of HNA bacteria was higher in bot-
tom ice than in upper ice, where LNA bacteria were
dominant (Fig. 2). This observation is supportive of
the findings of Collins et al. (2010), who found a dom-
inance of oligotrophic bacterial lineages in upper sea
ice layers. In under-ice water, the HNA:LNA ratio
was more than 3 times lower than in bottom ice. This
pattern is coherent with the assumption of greater
carbon availability (as seen in the highest DOC and
DON concentrations, Table 1) leading to higher
abundance of HNA cells in bottom sections of ice.
Also, the HNA bacterial cell size was larger in bottom
ice. In the LNA populations, cell size was stable, indi-
cating that the LNA bacteria indeed formed a natural
distinct population of small cells (oligotrophs) and
were not senescent large HNA bacteria with low
nucleic acid content.

Simultaneous sampling of ice and brine provides
insights into the partitioning between the brine frac-
tion (that moves inside the brine channel system into
the collection sackholes) and the total bacterial com-
munity within the ice matrix (that contains the entire
bacterial population in ice including brines). We sam-
pled brines at 40 and 50 cm depth, corresponding to
the depth of the middle ice layers. The bacteria in
brine (Tables 2 & 3) had a higher HNA:LNA ratio,
and the cells were larger and more active than those
in the whole ice fraction in middle ice layers, indica-
ting that LNA bacteria were present in the upper ice
horizons and did not move as readily with brines as
HNA bacteria. The sackhole sampling technique
used to extract brines is based on gravity drainage of
brines and it may lead to under-representation of
particulate material or bacteria associated with parti-
cles or trapped in EPS. Collins et al. (2010) discuss
entrapment in EPS as a potential refuge for oligotro-
phic bacterial lineages in upper sea ice, which is in
keeping with our results of higher proportions of
LNA bacteria being retained within the ice matrix
and not moving into brine sackholes by gravity.

The low concentrations of SRP and dissolved
nitrogenous nutrients in the brines are evidence of
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their non-conservative partitioning relative to salin-
ity within the brine channel system. Similar low con-
centrations of dissolved nutrients in brine have been
reported form Antarctic sea ice (Becquevort et al.

2009). As NO3 and SRP concentrations in brine and
bulk ice were low, and upper and middle ice layers
were not biomass-rich, it can be assumed that the
reason for similar concentrations was more likely
entrapment of nutrients inside the brine channel sys-
tem than release of nutrients from organisms or par-
ticulate matter during direct melting of bulk ice sam-
ples (c.f. Thomas et al. 1998). Becquevort et al. (2009)
discuss entrapment within EPS as a potential cause
for low nutrient concentrations in brines obtained by
sackhole sampling, as in this study. For NH,", direct
incorporation into the ice matrix in addition to
entrapment in EPS has been discussed by Zhou et al.
(2013).

Although the bottom ice and under-ice water rep-
resent strongly diverging habitats by nature, the bac-
terial abundance, activities and cell properties in
them were not significantly different (apart from the
Leu incorporation and abundance of LNA cells),
pointing to the influence of ice cover on waters
immediately below the ice (0 m depth). This influ-
ence was likely mediated by ice melt and brine trans-
porting sea ice bacteria across the ice-water interface
(Long et al. 2012). Nguyen & Maranger (2011) attrib-
ute the presence of large bacteria in under-ice water
to the immediate proximity of ice in the western Arc-
tic. Belzile et al. (2008) found a higher proportion of
HNA bacteria under ice cover in spring compared to
the open water season on the Beaufort Shelf, which
also indicates the effect of ice on surface water bacte-
rial communities.

In marine pelagic environments, saturation of both
TdR and Leu incorporation is typically observed at 5
to 20 nmol 17! extracellular concentrations of labeled
substrate (e.g. Fuhrman & Azam 1982, Simon &
Azam 1989, Ducklow et al. 2000), whereas saturation
levels for Leu in eutrophic or freshwater systems can
be an order of magnitude higher (100 to 200 nmol 1™},
Jorgensen 1992, van Looij & Riemann 1993, Fischer &
Pusch 1999). In biofilms, saturating concentrations of
Leu are in the range of 1000 to 2000 nmol I"! (Fischer
& Pusch 1999, Térnblom & Sendergaard 1999,
Buesing & Gessner 2003, Miranda et al. 2007) and 15
to 100 umol 17! in freshwater sediments (Tuominen
1995, Fischer & Pusch 1999, Buesing & Gessner
2003). We estimated high saturating concentrations
(Fig. 4) for Leu in bottom ice crush samples (2100
nmol 1!) and brine originating from middle ice layers
(830 nmol 17!), which were close to the biofilm satu-

rating concentration range and clearly higher than in
underlying water (230 nmol 1"}).

The use of Leu in bacterial production measure-
ments in sea ice has been limited to a few studies in
Antarctica and in the Baltic Sea, but these provide
clear indications that Leu working concentrations
used in oceanic waters are not adequate in sea ice.
Grossmann & Dieckmann (1994) used a 10 nmol 1!
Leu concentration for Weddell Sea brine samples and
discuss possible Leu under-saturation as a reason for
anomalous low Lew:TdR ratios. Guglielmo et al.
(2000) and Pusceddu et al. (2008) also used a 10 nmol
1"! Leu concentration for Antarctic fast ice crush sam-
ples and report extremely low or negligible bacterial
carbon production compared to measured enzyme
activities. However, they did not discuss the effect of
under-saturation on their results. Studies done on
Baltic Sea ice that have used 1 (Mock et al. 1997) to 2
orders of magnitude higher Leu saturating concen-
trations (Kaartokallio 2004, Kuosa & Kaartokallio
2006, Kaartokallio et al. 2006, Piiparinen & Kuosa
2011) do not report problems attributable to under-
saturation.

The calculated isotope dilution in ice corresponds
to the 80 to 100 nmol 1! natural Leu concentration.
This is in the same range as the measured 54 nmol 1!
Leu concentration in melted multiyear Arctic ice floe
(Amon et al. 2001), but is perhaps unrealistically high
for under-ice water. Based on the TdR saturation
kinetics experiment, the TdR working concentrations
used were still not saturating in ice and brine. How-
ever, the estimated degree of under-saturation was
comparable in both Leu and TdR and we assume
their ratios to be valid without correction to the satu-
rating level.

Sea ice brine channels have been thought to re-
semble biofilm-like habitats, due to the high organ-
ism densities and large amounts of EPS creating gel-
like matrices (Krembs & Deming 2008). Also, based
on our results, Leu-saturating concentrations are
close to those measured in aquatic biofilm systems,
mostly freshwater and marine epi- and periphyton,
where TdR and Leu methods have been routinely
used. Nearly identical Leu saturating concentrations
of 1 to 2 umol 1I"! over a wide range of biofilm systems
and sea ice in this study point to a common underly-
ing cause, possibly related to the bacterial adaptation
to the biofilm environment.

We hypothesize that the variation in Leu incorpora-
tion saturating concentrations over 5 orders of mag-
nitude in adjacent natural aquatic habitats (open
water, biofilm, sediment) and the striking cross-sys-
tem (fresh and marine waters, sea ice) stability in sat-
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urating concentrations might be explained by the
bacterial communities’ differential use of the primary
and secondary Leu transport systems in these en-
vironments. Heterotrophic bacteria are known to
possess bi- or multiphasic uptake systems for low
molecular weight compounds, operating from nano-
molar to millimolar concentration ranges (Azam &
Hodson 1981, Nissen et al. 1984, Fuhrman & Fergu-
son 1986). Biphasic amino acid or Leu uptake/incor-
poration kinetics have been reported in marine
waters (Unanue et al. 1999), bacterial culture ex-
periments (Logan & Fleury 1993) and freshwater sub-
merged plant litter (Gillies et al. 2006). A bi- or
multiphasic Leu incorporation kinetic pattern is con-
sistent with the 3 known separate transport systems
for branched-chain amino acids, or specifically Leu in
gram-negative bacteria: 2 associated high-affinity
primary ATP-binding cassette (ABC) transporter sys-
tems (LIV-1 and LS) and a secondary low-affinity
Na'-dependent symporter system (LIV-2, Calvo &
Matthews 1994, Saier 2000). Both general types of
amino acid transporter are also expressed by natural
marine coastal bacterioplankton (Poretsky et al.
2010) as a response to DOC addition.

If the first 2 of the 3 distinct Leu saturation regimes
mentioned above can be attributed to the ABC trans-
porters LIV-1 and LS, the very much higher saturat-
ing concentrations of between 15 and 100 pymol 17!
possibly reflect the use of the secondary low-affinity
Leu transport system LIV-2. This would be in keep-
ing with the findings of Logan & Fleury (1993), who
reported a Leu saturation plateau between 1 and
1000 umol 1"!. ABC transporters are typically highly
conserved, and a novel binding-protein-related homo-
tropic autoregulation model for the maltose ABC
transporter described by Bao & Duong (2012) may
also be valid for Leu ABC transporters. Under the
homotropic autoregulation model, saturating behav-
ior is an inherent property of the transporter system
and the actual saturating concentration dependent
on the amount of transporters on the cell membrane,
i.e. their expression level. Variation within the lower
2 regimes could thus possibly be due to community
composition or expression levels of particular ABC
transport systems.

As in aquatic biofilms, TdR-saturating concentra-
tions in the ice were close to open-water values (Térn-
blom & Sendergaard 1999, Pollard 2010) and in good
agreement with earlier results from Arctic ice-associ-
ated waters (Garneau et al. 2008). TdR uptake activity
in gram-negative bacteria is regulated by immediate
phosphorylation inside the cell (Mizushima et al.
1997), resulting in non-saturated kinetics at higher
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concentrations (Logan & Fleury 1993). Use of TdR
concentrations of 10 nmol 1! in Antarctic sea ice have
produced realistic production estimates (Grossmann
& Dieckmann 1994, Helmke & Weyland 1995). For
TdR, under-saturation at 20 nmol 1™! (ratios added to
Vmaxoo 1.6 to 1.8) in ice and brines point to a need for
higher TdR working concentrations in ice and brines
than used in cold polar surface waters.

Unfortunately, our saturation kinetics experiment
did not extend to a higher range of TdR concentra-
tions, or lower range of Leu concentrations, but were
initially designed to validate the working concentra-
tions used. Thus, we cannot verify the existence of bi-
or multiphasic TdR or Leu incorporation kinetics in
sea ice but point to the existence of differing saturat-
ing concentrations across the sample types and trac-
ers used. Our results suggest that in sea ice bacterial
production measurements, Leu concentrations typi-
cal for biofilms, rather than oceanic seawater, should
be used, and saturating concentrations for both TdR
and Leu should be tested over a broad range.

The Leu:TdR ratio is a widely employed indicator
for physiological or metabolic status of bacterial com-
munities, since it reflects the ratio of the 2 major basic
metabolic functions in bacteria: protein and DNA
synthesis. In a range of aquatic systems, the Leu:TdR
ratios typically vary between 5 and 70, and departure
from balanced growth is indicated by increased
ratios (Chin-Leo & Kirchman 1990, Kirchman 1992,
Shiah & Ducklow 1997). Leu:TdR ratios presented in
this study were generally high and showed a consis-
tent pattern in ice over the entire study period: ratios
were highest in bottom ice, elevated in upper ice sec-
tions and lowest in the middle ice section. The obvi-
ous explanations for high Leu:TdR ratios in the upper
and bottom ice are unbalanced growth (i.e. bacteria
increasing their biomass without DNA synthesis) or
non-specific incorporation of Leu into non-protein
macromolecules. Uncoupling between Leu and TdR
has also been reported in coastal marine epiphytic
biofilms, where increasing Leu incorporation was
positively correlated with the age of the biofilm
(Térnblom & Sendergaard 1999).

To estimate the validity of divergent Leu- and TdR-
based bacterial production estimates, we calculated
the production estimate based on previously pub-
lished data for oxygen exchange at the ice-water
interface obtained during the same campaign at the
same site (Long et al. 2012), which gave a net mean
oxygen flux into bottom ice of -2.13 mmol O, m™2 d*
and an average gross primary productivity equal to
production of 0.69 mmol O, m™2 d! (assuming a 1:1
C:0; ratio). Primary productivity was mostly confined
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to the lowermost ice layers (Segaard et al. 2013). Our
mean bacterial respiration estimates for bottom ice,

0.52 and 3.37 mmol O, m™? d7! for TdR and Leu,

respectively, are in the same range as the oxygen
exchange values presented by Long et al. (2012),
suggesting that bacterial respiration alone was close
to the observed oxygen fluxes. However, bacterial
respiration accounts for only a part of the community
respiration. If bacterial respiration is assumed to be
44% of community respiration (Robinson 2008,
Kirchman et al. 2009, Nguyen & Maranger 2011),
TdR and Leu incorporation results provide an esti-
mated community respiration of 1.18 and 8.45 mmol
0O, m™2 d7!, respectively, the latter being unrealisti-
cally high. If estimated tracer under-saturation in ice
is taken into account, the TdAR community respiration
estimate is 1.89 mmol O, m™2 d!, being close to the
oxygen flux estimate of Long et al. (2012).

The saturation-level-corrected estimate for Leu is
almost an order of magnitude too high, a difference
unexplained by the conversion factors used. The high
Leu incorporation implies that the incorporated Leu is
not only ending up in the protein fraction. Mock et al.
(1997), working on Baltic Sea brines, found 2-fold
lower Leu incorporation after hot TCA extraction as
compared to cold TCA extraction, which also points to
non-protein incorporation. One possible route for
non-protein Leu incorporation is the inclusion into
PHA granules via the branched-chain amino acid
degradation pathway to the important PHA precursor
acetyl-coenzyme A (CoA). The full Leu degradation
pathway is known to be present in some ice-inhabiting
proteobacterial genera (Kazakov et al. 2009). A key
enzyme of this degradation pathway, methylcrotonyl-
CoA carboxylase, has been recently associated with
high dark bicarbonate uptake and possible Leu
degradation by natural Arctic surface water Gamma-
proteobacteria (Alonso-Saez et al. 2010). Leu usage
for intracellular polymer production has also been
proposed by Ducklow & Yager (2007) to explain rapid
Leu turnover in cold polynya surface waters.

PHAs are highly reduced, structurally simple ma-
cromolecules that are deposited into water-insoluble
inclusion bodies within bacterial cells (Anderson &
Dawes 1990, Madison & Huisman 1999) and can be
used as carbon and energy storage and to alleviate
oxidative stress (Ayub et al. 2009). The regulation of
PHA production may be directly linked to biofilm for-
mation (Campisano et al. 2008, Tribelli et al. 2012).
PHA-producing bacteria in marine habitats have so
far been mostly found in sediments or biofilms (Koller
et al. 2011), although 2 species of the genus Oceani-
cola (Alphaproteobacteria), isolated from seawater at

the Bermuda-Atlantic Time-series Study Site, have
been shown to produce intracellular PHA granules in
culture (Cho & Giovannoni 2004). We found various
bacterial morphotypes containing putative PHA gran-
ules in the bottom ice samples (Fig. 6), suggesting ac-
tual PHA production by multiple sea ice bacterial spe-
cies beyond the only currently known (by genomic
traits) sea ice-inhabiting PHA producer Colwellia
psychrerythrea (Methé et al. 2005). A hypothetical
ecological function for PHA production by sea ice bac-
teria could be storage of excess carbon (Pomeroy &
Wiebe 2001), thereby enhancing their survival in the
more dilute planktic environment following ice melt.

CONCLUSIONS

Our results demonstrate small diel variability in
bacterial parameters and suggest that a weekly sam-
pling strategy can be temporally representative in
sea ice bacteria monitoring studies in subarctic sea
ice. Under climatically unstable conditions (e.g. ice
warming introducing melting and brine instability)
or during periods of rapid biomass growth in spring,
more frequent sampling may be needed to ade-
quately cover the variability (Maranger et al. 1994,
Riedel et al. 2007).

Our results support earlier views of sea ice habitats
acting as biofilm-like systems rather than being
analogous to open-water systems. We found biofilm-
like saturating concentrations for Leu incorporation
in bottom sea ice horizons and we suggest that it
would be pertinent for future investigations into sea
ice and adjacent permanently cold waters to test a
wide concentration range and establish saturating
concentrations.

Bacterial cell properties as revealed by flow cytom-
etry imply a distribution of copiotrophic and oligotro-
phic ecotypes in ice and underlying water, reflecting
DOM distribution, and show that flow cytometry is a
useful tool for studying sea ice bacteria. We have pro-
vided evidence that subarctic sea ice bacteria in the
natural environment can produce PHA. Taking into
account the vast areal coverage of sea ice, our results
suggest that there may be a significantly wider spa-
tial and geographical occurrence of natural bacterial
PHA production in marine environments than previ-
ously acknowledged. Furthermore, our results point
to the influence of ice cover on the underlying water
bacterial community and the need to consider ice-
covered surface waters as a habitat for bacteria that
is quite distinct from open marine waters not influ-
enced by sea ice.
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The present study is based on hourly samplings of wind speed, monthly sampling sessions of temperature, salin-
ity, dissolved inorganic carbon, alkalinity, nutrients, primary productivity and vertical export in the outer sill re-
gion (station GF3) of a sub-arctic SW Greenland fjord (Godthdbsfjord) through 2005-2010. Air-sea CO- fluxes
varied at GF3 from c. —20 g C m~2 month ' (uptake from the atmosphere) to 25 g C m~2 month~! (release
to the atmosphere) during 2005-10. The average annual air-sea CO, flux of —83 to —108 gCm™2yr~ ! was
within the range of the local gross annual primary productivity of 76-106 g C m ™2 yr~ . Furthermore, the esti-
mated vertical export of phytoplankton carbon to depths below 60 m of 38-89 g C m ™2 suggests that a large
fraction of the mineralization (release of CO,) occurs in deeper waters in the outer sill region of the fjord. How-
ever, there was no statistically significant correlation between average annual gross primary production and an-
nual air-sea flux during 2005-2010, which suggests that regulation of pCO, in the fjord is more complex. Despite
three confined periods with supersaturated pCO, conditions in surface waters during 2005-2010, Godthabsfjord
can be considered as a strong sink (7.2 tons C month™ ! km™2) for atmospheric CO,. In addition, measurements
from Godthabsfjord during the summer season showed that mixing between glacial meltwater and coastal water
could explain a large part of the low pCO,-values observed in the innermost part of the fjord. Finally, a larger sur-
vey confirmed the existence of very low pCO, conditions in nearshore and shelf waters around Southern

Greenland.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Over the global oceans, the seasonal and geographical variation of
the partial pressure of CO, (pCO,) is much greater than that of atmo-
spheric pCO,, and, hence, the direction and magnitude of the air-sea
CO,, flux are mainly regulated by oceanic pCO,. A recent synthesis of
worldwide measurements of pCO, indicates that most open shelves
in the temperate and high-latitude regions are undersaturated with
respect to atmospheric CO, during all seasons, although the low-
latitude shelves seem to be supersaturated (Chen and Borges, 2009;
Takahashi et al., 2002). Basic knowledge is still needed, however, to
elucidate whether coastal waters are net sources or sinks of atmo-
spheric CO,, and whether organic carbon from primary production
in coastal seas is exported or recycled (Mackenzie et al., 2000;
Smith and Hollibaugh, 1993; Smith and Mackenzie, 1987; Thomas
et al,, 2004; Ver et al., 1999a,b). One of the arguments presented for

* Corresponding author at: Centre for Earth Observation Science, University of
Manitoba, Winnipeg, Canada.
E-mail address: Rysgaard@cc.umanitoba.ca (S. Rysgaard).

0304-4203/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
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areas with CO, degassing to the atmosphere is based on the imbal-
ance between the total river transport of c. 0.4 Pg C yr~ ! and the oce-
anic organic carbon burial rate of c. 0.14 Pg C yr— . The difference of
0.26 Pg Cyr~! would most likely be returned to the atmosphere
(Smith and Hollibaugh, 1993; Smith and Mackenzie, 1987). Further-
more, there is an increasing evidence that a very large fraction of ter-
restrial/riverine organic matter is degraded in nearshore areas and
emitted as CO, to the atmosphere there without ever reaching the
continental shelves (Middelburg and Herman, 2007 and references
therein). Based on carbon mass-balance calculations as well as scaled
estimates of pCO, measurements, Chen and Borges (2009) estab-
lished that open shelf areas are sinks for atmospheric CO,, although
many inner estuaries, nearshore coastal waters and intensive upwell-
ing areas are supersaturated with respect to CO,. Although the Arctic
covers c. 25% of the global coastal region (areas with water depths
<200 m, Menard and Smith, 1966) very few studies of pCO, uptake
exist from these high-latitude nearshore areas and virtually none
from Greenland waters (Anderson et al.,, 2000; Miller et al., 2002;
Murata and Takizawa, 2003; Sejr et al.,, 2011; Yager et al., 1995). In
addition, investigations have been restricted to short surveys and
most measurements have been performed during summer.
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In the present study, we report monthly measurements of salinity,
temperature, nutrients, total alkalinity (TA), total dissolved inorganic car-
bon (TCO;) and primary production through 2005-2010 in a sub-Arctic
Greenland fjord (Godthdbsfjord). Conductivity, temperature and depth
(CTD) measurements, nutrients, TCO, and TA samples from the inner-
most part of the fjord, coastal areas and shelf locations further offshore,
were also collected during summer around the southern part of Green-
land during 2007-08 through a larger survey using the German research
vessel Merian (2007), the Danish research vessel Dana (2008), and the
coast guard vessel Agdlek from the Danish Navy (2007).

2. Method

Sampling in Godthabsfjord was performed in the outer part of the
fjord system connecting the Greenland Ice Sheet to shelf waters off
West Greenland, and results reported in this study form part of the
long-term Greenland Ecosystem Monitoring program (www.g-e-m.dk).
Sampling took place from a small research boat every 3-4 weeks
(2005-2010) at the station GF3 in the outer part of Godthdbsfjord
(64°07'N, 51°53'W — water depth c. 350 m) located in Southwest Green-
land (Fig. 1). Godthabsfjord is a deep sill (170 m) fjord, which is in contact
with the Greenland Ice Sheet through six glaciers. It covers an area of
2013 km?, has a volume of 525 km?> and the mean depth is 260 m.

Shelf waters enter the fjord through a narrow 3-5-km entrance. Several
deep sills are present in the fjord, the shallowest sill depth at the entrance
to the fjord being 170 m. The warmer waters at depth located outside the
Fyllas Banke represent the warm, saline and dense Atlantic water, (sub-
polar mode water), flowing northwards along the West Greenland
Shelf (Buch et al., 2004; Myers et al., 2007).Water masses and physical
settings within the fjord have recently been described by Mortensen et
al. (2011).

At GF3, vertical profiles of temperature, salinity, fluorescence and
light intensity (PAR, Li-Cor 190SA quantum Q, Li-Cor) were obtained
with a CTD profiler (SBE19+) from our smaller vessel. A Niskin bottle
was used to collect water samples from depths of 1, 5, 10, 15, 20, 30,
and 40 m. Water for analysis of TCO, and total alkalinity (TA) deter-
mination was transferred to 100-ml glass bottles with a gas-tight
Tygon tube, allowing overflow of at least 3 times the volume of the
bottle. Samples were preserved with HgCl, (saturated solution) to a
final concentration of 0.02%. Samples were stored at 4 °C until analy-
sis. Samples for nutrient analysis were filtered (GF/F) and frozen in
polyethylene vials until later analysis. The vials were rinsed several
times in GF/F filtered water from the specific depth before filling
and freezing.

TCO,, concentrations were measured coulometrically (Johnson et al.,
1987) and TA by potentiometric titration (Haraldsson et al, 1997).
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Fig. 1. (A) Sampling location (GF3, X) in Godthabsfjord, southwest Greenland. The location of the meteorological station “522” used in the present study is indicated as “solid square
in Nuuk”. Also shown are the positions of sills (hatched areas); 1, Godthdbsfjord or Nuup Kangerlua; KNS, Kangiata Nunaata Sermia; AS, Akullersuup Sermia; NS, Narsap Sermia; QS,
Qamanaarsuup Sermia; KS, Kangilinnguata Sermia; SS, Saqqap Sermersua; LT, Lake Tasersuaq. (B) Bathymetry of a length section from the continental slope following the main
branch of the fjord to the inner part near KNS is shown as a light gray line in Fig. 1A. Four sills and four domains are indicated: slope, shelf, outer sill region and main fjord basin.
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Routine analysis of Certified Reference Materials (provided by A. G. Dick-
son, Scripps Institution of Oceanography; http://andrew.ucsd.edu/
co2qc/) verified that the accuracy of TCO, and TA measurements was
0.5umol kg~ ' and 2 pmol kg~ !, respectively. Nutrients (phosphate
and silicate) were analyzed by standard colorimetric methods
(Grasshoff et al., 1983) against certified reference materials (provided
by Eurofins, Denmark). Triplicate measurements were performed on
each sample with standard deviations <0.05pM (phosphate) and
0.2 uM (silicate).

At each sampling date, water from 5, 10, 20, 30, and 40 m was
transferred to Winkler glass bottles to which 200 ul H'*CO3™ was
added for determination of primary production (Steeman-Nielsen,
1952). Two bottles were incubated in situ at the different water
depths representing in situ light conditions and 1 bottle in the dark
at each water depth. The incubation time was 2 h around local
noon. The content of each bottle was GF/C filtered (max 0.3 bar).
The filters were transferred to scintillation vials and 100 ul 1 M HCI
was added onto the filters, which were then fumed for minimum
8 h. Following addition of scintillation cocktail (UltimaGold+), the
samples were measured on a PerkinElmer Scintillation Counter.

Vertical sinking flux of particulate material was also measured
monthly as part of the Marin Basis Nuuk program. Free-drifting sedi-
ment traps were deployed for 2 h at 60 m, i.e. below the euphotic
zone. Chlorophyll a (along with other parameters) was determined by
filtration of trap content onto GF/C filters (max 0.3 bar), after which fil-
ters were extracted in 96% ethanol for 24 h (at 4 °Cin the dark) and an-
alyzed fluorometrically (Turner Designs TD-700). Vertical sinking flux
values were then converted to chlorophyll a-based carbon (Chl-C)
using a carbon:Chl a ratio of 40 g:g (Lorenzen, 1968). It should be
noted, however, that the carbon/Chl-a ratio in phytoplankton can vary
from <10 to 300 g/g (e.g. Falkowski and Kiefer, 1985) and depends on
temperature, nutrient availability, PAR (Photosynthetically Active Radi-
ation), plankton diversity, etc. (e.g. Cloern, 1996).

Partial pressure of CO, (pCO,) was calculated from measurements of
temperature, salinity, TCO, and TA according to Millero (1995) also tak-
ing into account the measured concentrations of phosphate and silicate.
However on two cruises with larger research vessels; one in August
2006 (Galathea cruise) and one in July 2008 (Dana cruise), pCO, was
measured directly using an equilibrator system. The partial pressure
of CO, in the water (water intake at 5 m) was determined by bringing
a volume of air into equilibrium with a continuous stream of sea
water. Air was sampled alternately from the equilibrator system, a cal-
ibration gas and the atmospheric air. In this manner, we could use the
same instrument for determining pCO, in the ocean and the atmo-
sphere. CO, in the samples was measured using an IR CO, monitor
(LICOR-6262). The equilibrator was constructed according to Dickson
and Goyet (1994) and consists of a glass cylinder into which water is
pumped from the top where a series of small glass tubes increase the
water-air contact surface in order to achieve equilibrium quickly. Air
was sampled continuously from the equilibrator into the CO, monitor
and the air flow from the CO, monitor was returned into the equilibra-
tor in a circulating flow. The ocean-atmosphere difference in pCO, was
determined as half-hour means during the cruise.

The net flux of CO, (F) was calculated from the bulk gas exchange
equation: F=ks(ApCO,), where k is the transfer velocity, and s the
solubility of CO, (Weiss, 1974). ApCO, was calculated by subtracting
the atmospheric pCO, values from measured individual surface-
water pCO, values. A variety of formulas have been proposed for esti-
mating the transfer coefficient. In the present study we used the coef-
ficient of Nightingale et al. (2000):

k = 0.333U + 0.222U° (1)

where U is wind speed (ms~') 10 m above sea level obtained from
the meteorological station “522” (Asiaq, Greenland Survey) close to
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GF3 (Fig. 1). The equation of Nightingale et al. (2000) was chosen be-
cause it was derived for coastal environments.

Primary production was calculated from the in situ radio-carbon in-
cubations around noon, subtracting dark fixation values obtained from
the dark-incubated bottles. The measured concentration of TCO, from
each individual depth was used to calculate primary production. Prima-
ry production was corrected for available PAR and integrated for the en-
tire water column over 24 h, taking into account daily irradiance. The
values were then integrated over the season using seasonally measured
PAR values and assuming that measured activity on the sampling date
accounted for half of the time from the previous and to the next mea-
suring date, respectively.

3. Results

During 2005-2010, temperature and salinity conditions in surface
water at GF3 in the outer part of Godthdbsfjord fluctuated over the sea-
son with a peak temperature of 7 °C and lowest salinity of 24.2 during
summer. The lowest surface-water temperature during winter was
—0.7 °C and the highest salinity 33.5 (Fig. 2). Average annual tempera-
ture in surface waters (0-1 m) during 2005-2010 was 2.0 °C. During
winter, sea ice forms in the inner parts of the fjord and the smaller
fjord branches, reaching up to 0.8 m in thickness. Surface-water TA
concentrations were c. 1800 umol kg~! during summer and c.
2300 umol kg~ ! during winter. TCO, concentrations in surface waters
varied from c. 1600 umol kg~ ! during summer to c. 2100 umol kg ™!
during winter. Surface-water concentrations of POZ ~ and SiO, ranged
from c. 0.1umolkg~! and 02pmolkg~' during summer to
0.9 umol kg~ ! and 6.7 umol kg~ !, respectively, during winter.

Mean monthly wind speed varied from 3 to 9ms~! during
2005-10, although wind speed in shorter periods (hours) was up to
34m s~ ! (Fig. 3). ApCO, determines whether the fjord acts as a source
or a sink for atmospheric CO,. During 2005-2010, ApCO, was below
0 except for January-February 2008, October 2009 to February 2010
and during May 2010, indicating general undersaturation of the surface
water compared with the atmosphere. Air-sea CO,, fluxes ranged from
c.—20gCm 2month™! (uptake from the atmosphere) to
25gCm~2month™" (release to the atmosphere) during 2005-10.
Two different calculations were made; one based on the average
monthly wind speed and one based on hourly wind speed. These corre-
lated strongly (r>=0.93; P<0.001) but the air-sea CO, flux based on
hourly wind speed exceeded the monthly estimates based on average
monthly wind speed by 23%. The reason for this is the non-linear rela-
tionship between air-sea flux and wind speed (Eq. (1)) resulting in
large exchanges during high wind speed events. Integrated annual
air-sea fluxes are summarized in Table 1.

Daily primary production rates varied from 1 to 1500 mg Cm~—2d !
during 2005-10 (Juul-Pedersen et al.,, 2010). The highest daily rates of
primary production varied between years from 700mgCm~2d™ ! to
1500 mg Cm~2d~', and annually integrated values varied between
76gCm~2yr~' and 105gCm~2yr~ !, respectively (Table 1). In
some years, both the spring bloom and the post-bloom period could be
detected, whereas in other years they could not. No statistically signifi-
cant correlation between daily primary production rates and air-sea
CO, flux rates was detected (P =0.48, r>=0.08).

Monthly vertical sinking fluxes of estimated chlorophyll a-based
carbon (Chl-C) ranged between 2 and 1112mgCm~2d~"' from
2006 to 2010. The annually integrated Chl-C values decreased from
2007 to 2010 (from 89 to 38 g Cm~ 2 yr~ !, respectively; Table 1).

During summer (July-August) 2007-08 the ApCO, values ranged
from —20 to —330 patm in surface waters of nearshore and offshore
areas of southern Greenland showing a marked undersaturation of
surface waters compared with the atmosphere (Fig. 4). Furthermore,
very low pCO, values were recorded in the innermost part of God-
thabsfjord. There was a tendency towards more positive ApCO,
values off SE Greenland as compared with SW Greenland.
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Fig. 2. Surface-water conditions during 2005-10 at GF3 in Godthdbsfjord of (A) salinity (closed circles) and temperature (open circles).

total inorganic carbon, TCO, (closed circles). (C) Silicate (open circles) and phosphate (clos

4. Discussion

Despite some uncertainties (Borges, 2005; Borges et al., 2005; Cai et
al., 2006), mounting evidence based on pCO, measurements (Chen and
Borges, 2009) and mass-balance calculations (Chen, 2004; Chen et al.,
2003) seem to indicate that the continental shelves are sinks for atmo-
spheric CO,. The largest contributions to this CO, sink appear to be from
sub-polar and polar biogeochemical provinces, whereas tropical and
sub-tropical shelves tend to act as sources of CO, to the atmosphere
(Chen and Borges, 2009). Despite variability in the annual air-sea CO,
uptake rate at GF3 during 2005-2010 in Godthabsfjord
(14-172 g Cm~2yr~ ! based on the equations by Nightingale et al.,
2000; mean value 96 g Cm~ 2 yr~!; Table 1) it support the high uptake
rates of 26 g Cm~ 2 yr~ ! reported for Arctic shelves in general (Chen
and Borges, 2009), and our data add further to the evidence that high-
latitude shelves are indeed sinks for CO,. Computations based on sever-
al other parameterizations for evaluating the air-sea CO, flux

(B) Total alkalinity, TA (open circles), and
ed circles).

(Wanninkhof, 1992; Wanninkhof and McGills, 1999; Liss and
Werlivat, 1986 and Wu, 1996) yield a mean air-sea CO, uptake rate of
87gCm~2yr~' (air-sea CO, flux; Min. Max. =
—173gCm™2yr— 1) further underlining the strong uptake of CO, at
GF3.

We observed very low pCO, conditions in the inner parts of the
fjords (Fig. 4). Surface pCO, correlated strongly with surface salinity
along the length section (y=8.1e%!*, r>=0.98, where x and y indi-
cate distance (km) and salinity, respectively) in Godthabsfjord as dis-
charge of cold meltwater from the ice sheet will maintain low pCO,
conditions in the inner parts of the fjord during summer. In addition,
high primary production rates exist in these inner parts, as evident
from high Chlorophyll a concentrations and depleted nutrients in
the upper 50 m of the water column during May-September, and
will help maintain pCO, levels below atmospheric levels during the
productive season (Fig. 4; Arendt et al,, 2010; Arendt et al., 2011;
Cruise Report, R/V ‘Dana’ 2008). Moreover, high TA levels relative to
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Fig. 3. (A) Mean monthly wind speed at the meteorological station “522". (B) Difference in pCO, between atmosphere and sea surface (ApCO,) at GF3. (C) Air-sea CO, flux rates
during 2005-10 calculated from mean monthly wind speeds (close circles) and from hourly wind speeds (open circles).

TCO, levels in surface waters observed here during August-Septem-
ber when subglacial meltwater discharge peaks could suggest that
glacial meltwater contains geochemically reactive carbonate minerals
leading to low surface-water pCO, as also recently observed in other

Table 1

glacier fjords in Svalbard (Krawczyk and Bartoszewski, 2008) and in
East Greenland (Sejr et al., 2011). We analyzed a single transect to
the innermost part of Godthdbsfjord occupied during August 2010
where TA and TCO, were measured at 1 m depth (Fig. 5). The increase

Conditions at GF3 in the outer sill region of Godthabsfjord. Computed annual air-sea CO, fluxes based on hourly and monthly average wind measurements. Integrated annual pri-

mary production rates and vertical export rates below 60 m water depth.

Year Air-sea flux (gCm~2yr— 1) Air-sea flux (gCm~2yr— ") Primary production (C-fixation) Vertical export of chl. carbon
monthly values hourly values (gCm 2yr 1) (60m) (gCm~2yr 1)

2006 —1284 —163.8 76.0 88.5

2007 —1326 —172.8 1043 89.1

2008 —87.7 —100.4 91.1 44.7

2009 —14.2 —18.5 99.7 40.3

2010 —53.7 —84.5 105.5 38.2
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Fig. 4. Difference in pCO, between atmosphere and sea surface (ApCO,) in nearshore and offshore waters around southern Greenland. The data are both equilibrator online data
from the Dana cruise in summer 2008, the Galathea cruise fall 2006 and data from various discrete sampling. ApCO, values along the coast are mainly from the two cruises (circles),
and ApCO, measurements perpendicular to the coast are discrete sampling (triangles).

Fig. 5. Plot of (A) T-S, (B) TA-S, (C) TA-TCO, and (D) TCO,-S from 1 m depth along a length section in Godthabsfjord (4th August 2010, bullets) and corresponding linear regression
lines (dashed). Data from GF3 from June-November 2006-2010 (2006, plus; 2007, times; 2008, star; 2009, diamond; 2010, circle) are shown in (A, C) and from 2010 only (B, D).
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of surface salinity from 5 at the inner part towards values of about 30
at GF3 reflected the gradual mixing between meltwater and coastal
water. Linear regressions of TA and TCO,, versus salinity, where uncer-
tainties of TA and TCO, (10 umol kg~ ') and salinity (1 salinity unit)
were estimated from the spatial variations in the fjord, resulted in sig-
nificant fits between TA and salinity (goodness of fit Q=0.40;
TA=161(+£47)+61(£3) S) and TCO, and salinity (Q=0.48;
TCO, =169(4-42) +55(43) S, where Q is the goodness of fit proba-
bility; Press et al., 1986). The corresponding linear relation between
TCO, and TA resulted in a similar significant fit (Q=0.79, TCO, =
—25(+£13)+1.11(£0.01) TA). The linear relationship implies a
large decrease in pCO, from the mouth towards the inner part of
the fjord of about 180 ppm (corresponding to the difference between
S=30 and S=5 with T=5 °C) and therefore mixing between melt-
water and coastal water can explain a significant part of the large de-
crease in surface pCO, in Godthabsfjord. This may also apply to other
fjord systems around Greenland with similar low pCO, values. An ex-
trapolation of a corresponding significant linear regression (Q = 0.80)
between TA and TCO, was in accordance with the range of TA and
TCO, values observed during the summer and fall seasons at GF3
(Fig. 5C) and this indicates that meltwater from the fjords also influ-
ences the coastal pCO, variability. A calculation based on the meltwa-
ter pCO,, content of 86 patm and a volume flux of c. 8 km? from glacier
discharge (Mortensen et al., 2011) shows that this freshwater dis-
charge can account for 1-2 g Cm~ 2 yr— ! of the total air-sea CO, up-
take in Godthdbsfjord. The potential uptake may be higher as the
meltwater estimate of 8 km> does not include liquid meltwater
discharge.

The average gross annual primary productivity over the period
2006-2010 of 95 ¢ C m~2 is within the range of the air-sea flux of
83-108 g C m ™2 (Table 1, mean annual numbers are based on hourly
and monthly air-sea CO, computations, respectively). Furthermore,
the relatively high vertical sinking flux of Chlorophyll a to depths
below 60 m suggests that a large fraction of carbon assimilated by
phytoplankton at our investigated station is not degraded above the
mixed layer in contact with the atmosphere, but rather mineralized
in deeper waters. This would cause primary production to maintain
a low pCO, concentration in surface waters, thus driving a high air-
sea pCO, flux similar to what has been observed in shelf sea systems
(Thomas et al., 2004). However, there was no statistically significant
correlation between the average annual gross primary production
and the annual air-sea flux during 2005-2010 (r?>=0.18, P=0.47),
which suggests that regulation of pCO, in the fjord is more complex.
Furthermore, removing the solubility effect of temperature by

normalizing to the average temperature of 2 °C (2005-2010) did
not improve the correlation.

A description of water masses and circulation patterns in
Godthdbsfjord was provided recently by Mortensen et al. (2011).
Here they describe 4 circulation modes in the fjord; estuarine circula-
tion, subglacial circulation, intermediate baroclinic circulation and
dense coastal inflows. Whereas the first three circulation modes
largely affect local water masses within the fjord, dense coastal in-
flows of modified Subpolar Mode Water determined from larger cir-
culation patterns outside the fjord can send old pCO,-rich water
(pCO,>500 patm) into the fjord at depth and cause bottom water
to be forced upwards in the fjord. These dense inflows may some-
times reach the surface, leading to a net CO, flux from the fjord to
the atmosphere, and at other times they do not. The surface ApCO,
at GF3 during 2005-10 together with the density at 240 m depth
(this depth captures dense inflows, see Mortensen et al., 2011) and
primary production is shown in Fig. 6. Positive values of ApCO, at
GF3 seem to occur in connection with warm inflow events of modi-
fied Subpolar Mode Water, e.g. in winter 2007-08 and again in winter
2009-10. The warm and following cold inflow during 2005 were
most likely too short to allow this water to reach the surface and/or
water in the fjord prior to the inflow was so undersaturated in pCO,
that it could maintain pCO, in surface waters below atmospheric
levels (Fig. 3). Overall, except for the three confined CO, emissions
to the atmosphere, GF3 in Godthabsfjord was a strong sink for atmo-
spheric CO, over the investigation period of 2005-2010.

The observations of low pCO, conditions in nearshore and offshore
areas of southern Greenland add further to other existing observa-
tions of sub-Arctic seas showing a marked undersaturation of the
sea surface compared with the atmosphere (Fig. 4, Takahashi et al.,
2009). The strong pCO, undersaturation in the surface water from
the different fjord systems along the Greenland coast line may be re-
sponsible for the low pCO, values observed on the shelf and most
likely representative for the region. As the fjords also exports a lot
of freshwater due to the large meltwater flux from Greenland Ice
Sheet, the strong halocline will ensure that released CO, from miner-
alization of sedimenting material below this halocline will not reach
surface waters in the study area during summer.

Unfortunately, not many measurements exist from the region dur-
ing winter. However, through compilations of existing data and nor-
malizing procedures, Takahashi et al. (2009) computed the ApCO,
level in surface waters for each month of a reference year (2000).
According to their computations, ApCO, levels in surface-water
areas north of 50°N would on average vary by c. 40 patm during a

Fig. 6. Potential density anomaly at 240 m (filled circles) indicating cold (c) and warm (w) inflow events, ApCO, conditions at 1 m (open circles) and primary production (dotted line) at

GF3 in Godthabsfjord during 2005-10.
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season. If this also applies to our study area off the coast, surface-
water pCO, conditions would still be undersaturated during winter
at most of the stations and the area could, hence, be considered a
strong sink for atmospheric CO, on an annual basis as well. Using
an average wind speed of 6 m s~ ', a mean marine pCO, of 170 patm
and the atmospheric CO, content of 387 patm for the investigated
fjord area of c. 2000 km?, this accounts for an air-sea CO, flux of
5x10~7 Pg Cd™ L. This is a relatively large uptake compared to the
area uptake of the total European shelf water (5x 10° km?) which is
about 3.4x10~4Pg Cd~! (Frankignoulle and Borges, 2001) or com-
pared to the oceanic area (16.2x10°km?) uptake north of 50°N
which is about 8x10~* Pg Cd™! (Takahashi et al., 2009). According to
Takahashi et al. (2009), the high-latitude North Atlantic, including the
Nordic Seas and portions of the Arctic Sea, is the most intense CO, sink
region (based per unit area), with a mean of 2.5 tons C month ™! km 2.
Hence, Godthabsfjord must be considered a very strong sink indeed,
with an uptake of about 7.5 tons C month~ ! km ™2 If the uptake here is
typical for similar fjord systems in Greenland, then the coastal areas of
Greenland constitute a much larger sink than anticipated.
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