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Summary

The most pronounceeffects of global climate change have begperienced in the Arctic region. In
particular,Arctic sea ice decline and volume |ds@ve emphasized the impeding threat of continued
climate change, and habeen center stage in the public eye for over a deddaiey of the observed
changes in the Atic are related to the physical system because these parameters, seahices
extent andthickness, are more easily observed from space and airborne platforms. The linkage
betveen ecosystem function aitd physical environmeris clearfrom all well investigated systems

This undoubtedly means that the observed changes to the physical system have had an equally
dramatic impact on the Arctic ecosystem. Our understanding of the Arctic marine ecosystem,
however, is severely limited due to the methodoldgarad logistical constraints of monitoring
ecological propertiesThis has causedignificant seasonal and geographical knowledge gaps,
particularly in the high (> 80°N) and central Arctic Ocean.

Over the past decades a disproportional emphasis has fgeon the importancef primary
production(PP) and the availability of foodn the water column. Observations have indicaded
overall increase in Arctivide net primary production (NPP) as a result of a thinning and declining
sea ice cover, and ireaising duration of the phytoplankton growth season. This increased biomass
may suggest aorrespondingncrease in the biomass of consumansl higher trophic levelsThis
premise, however, neglects the rather important rolettigatea ice environment@gea ice algae

play in the Arctic food webThe timing, duration and spatialzailability of ice algaeare drastically
different compared to pelagic phytoplankton. Therefotejsi only by first gaining a better
understanding athe base of the Arctic fabwebthat we can start to understand the rest of the food
web.

Throughout this thesjsve aimed to assess how sea ice algae biomass availability and habitat will be
affected by continued changes to the sea ice habitat, and what consequences cariduefexpee

Arctic food web. This was accomplished by developing novel methodologies and approaches to
characterize and quantify the spatial variability of sea ice dlgamass,-primary production ane

habitat. Subsequently, we used this toolset to agbesimplications of a rapidly changing sea ice
habitat in relation to spatial variability of sea ice algae carbon availability and carbon demand by ice
associated organisms.

In Chapter 2, we developed a methodological toolbox to process environmemsal saray
observations acquired from undee profiling platforms (e.g.Remotely Operated Vehicle ROV,

and the Surface and Undiee Trawl — SUIT), which included novel mathematical and statistical
approaches to representatively capture the spatig@bility of sea ice and undéce physical
biological properties. We showed that our developed approaches produced obsewhtadnsould
capture the spatial variability better than traditional point location characterizations of environmental
propertes. Specifically, the insufficient spatial representativeness of sedgalebiomass can cause
biases in largscaleice algalbiomass an@®Pestimates

In Chapter 3, we further developed upon Chapter 2 methodologies by introducing a new approach to
estimate primary production on flescales (meters to kilometerdurther justifying the need for
representative icalgae biomass and PP estimai#e alsoshowed that the sea iemvironmentand
underice water propertieplayed an important role in stiwring the undeice community.
Furthermore, we indicated that ecological key specidiseafentralArctic Ocearthrived significantly

on carbon synthesized by ice alg@bese results highlighted the key role of sea ice as a habitat and as
a feeding grand within the Arctic Ocean.

In Chapter 4we aimed to compare the physitéablogical properties of muHyear sea ice (MYI) and
first-year sea ice (FYI) to provide some insight into how the Arctic will change with the continued



replacement of MYI by FYIWe develped andconfirmed the hypothesis thtitick MYl hummocks

do have the potential to hastibstantial ice algae biomass and identiiesthmocksascommon and
permanent featuse which represerd reliable habitat for sea ice algdee to the typic#y thin or
absentsnow cover.We developed key physikchiological relationships to classify trepringtime
spatial variability of sea ice algae habitat for both FYI and MYé& applied this classification to pan
Arctic ice thickness and snow observatiosmsd showedhatMY| is substantiallyjunderestimated in
terms of suitable habitaEurthermore, we identified thick sea ice features, such as MYl hummocks
and sea ice ridges, as potentially high biomass regions with great ecological value. We alsalindicat
that the thicker sea ice, which remains in‘stenmer, has reduced meitduced algal losses.

In conclusion, we developed a robust and novel approach to representatively quantify sea ice
environmental properties, and sea ice algae biomass and Pstdles. These estimates resulted in
more accurate estimates of overall carbon biomass availability and production, which we used to
improve the spatial variability of the i@dgae derived carbon budget. We concludedttiere was a

large mismatch betwen icealgal primary produced carbon and -Blgal carbon demand by
dominant species. This mimatch was also accompanied by large regional variability. This was
expected during our sampling period since production was shutting down. Taking a different
approach, we showed that the standing stocks eéligal carbon were quite substantibthese results
suggestthat during latesummer when primary production shuts down, the remainingaicgl
biomass in high latitude regions may represent a crucial &moolce to sustain ice associated
organisms during the onset of polar night.

Altogether, the continued thinning and loss of thicker sea ice features may result in the loss of a
reliable carbon supply, in the form of sea ice algae carbon, at key timesyefth&@hen other carbon
sources are severely limited.



Zusammenfassung

In der Arktis sind die Auswirkungen des globalen Klimawandels so deutlich spirbar wie in nur
wenigen anderen Regionen der Welt. Insbesondere Rickgang und Volumenverlust des Meereises
stehen schon seit Uber einer Dekade im Mittelpunkt des offentlichen Interesses. Viele der
beobachtenden Verédnderungen in der Arktis beziehen sich auf das physikalische System, da
Parameter wie Meereisausdehnung-diake leichter aus dem All und aus Flugzaugdgeschéatzt
werden koénnen. Die physikalischen Veranderungen kdénnen sich ohne Zweifel auf ebenso drastische
Weise auch auf das Arktische Okosystem auswirken. Unser Wissen (ber das Arktische marine
Okosystem ist jedoch liickenhaft, da die methodischenagistischen Maglichkeiten zur Erfassung
wichtiger ©kologischer Parameter eingeschrénkt sind. So existieren auch heute noch erhebliche
Wissensliicken in den hoeirktischen Regionen (> 80°N) des zentralen Arktischen Ozeans.

In jungerer Zeit stand vor allemied Bedeutung der Priméarproduktion (PP) und der
Nahrungsverfugbarkeit in der Wassersaule im Fokus der dkologischen Forschung in der Arktis. Aus
Beobachtungen wurde eine allgemeine Zunahme der Nettoprimarproduktion (NPP) in der gesamten
Arktis abgeleitet, wiehe aus dem Rickgang der Dicke und Ausdehnung des Meereises bei
gleichzeitiger Verlangerung der Wachstumsperiode des Phytoplanktons resultiert. Diese erhthte PP
konnte eine ebenfalls gesteigerte Sekundarproduktion der hdheren trophischen Ebenen bewirken.
Diese Annahme lasst jedoch die wichtige Rolle der Meereisalgen fiir das Arktische Nahrungsnetz
auf3er Acht. Zeitpunkt, Dauer und regionale Verfligbarkeit von Eisalgenbiomasse unterscheiden sich
deutlich vom pelagischen Phytoplankton. Deshalb ist es wichiig, Bhsis des Arktischen
Nahrungsnetzes unter Beriicksichtigung des Beitrages von Eisalgen zu charakterisieren, um die
Folgen von Veranderungen fir das Okosystem abschatzen zu kénnen.

Das Ziel dieser Arbeit ist es, zu erforschen, wie die Verfugbarkeit wntlebensbedingungen von
Eisalgen von den kontinuierlichen Verénderungen des Meereishabitats beeinflusst werden, und
welche Konsequenzen sich daraus fiir das Arktische Okosystem ergeben. Hierfiir wurden neuartige
Methoden und Ansétze fir die Beschreibung @uhntifizierung der raumlichen Variabilitdt der
Eisalgenbiomasse, Eisalg@® und des Eisalgenhabitats entwickelt. Anschlielend nutzten wir diese
Methoden, um die Auswirkungen sich schnell verandernder Meereishabitate in Bezug auf die
raumliche Variabilith des von Eisalgen produzierten Kohlenstoffs und des Kohlenstoffbedarfs eis
assoziierter Organismen abzuschéatzen.

In Kapitel 2 entwickelten wir einen Ansatz, der es erméglicht, Umweltdaten von Sensoren auf
UntereisDrohnen (Remotely Operated Vehicle, ROM)d UntereisSchleppnetzen (Surface and
Underlce Trawl, SUIT) zu prozessieren. Dieser Ansatz beinhaltete neuartige mathematische
Methoden fiir die reprasentative Darstellung der raumlichen Variabilitit von Meereis
Umweltparametern. Wir konnten zeigen, ddgs entwickelten Methoden die raumliche Variabilitat

dieser Parameter besser erfassen als traditionelle Punktmessungen. Insbesondere konnte gezeigt
werden, dass die korrekte Wiedergabe der rdumlichen Variabilitdt von MBengisltparametern

und Eisalgentomasse kritisch ist fir eine realistische Abschatzung von Eisalgenbiomasse und PP auf
regionalen und paarktischen Skalen.

In Kapitel 3 entwickelten wir die in Kapitel 2 eingefuihrten methodischen Anséatze weiter, indem wir
einen neuen Ansatz fur die Schittg der PP entwickelten, der die raumliche Variabilitdt von
Eisalgenbiomasse und Meertlmweltparametern in GroRRenordnungen von 0,1 bis 5 km
bertcksichtigt. Wir demonstrierten weiterhin, dass die Eigenschaften der Meereisumgebung und des
Habitats unter e@m Eis eine wichtige Rolle fur die Strukturierung der -assoziierten
Lebensgemeinschaft spielten. Aul3erdem konnten wir zeigen, dass Okologische Schlisselarten des
zentralen Arktischen Ozeans einen Grof3teil ihres Kohlenstoffbedarfs mit eipatgkrzieren
Kohlenstoff decken. Diese Ergebnisse unterstreichen die Schliisselrolle des Meereises als Habitat und
Kohlenstoffquelle im Arktischen Okosystem.



In Kapitel 4 vergleichen wir die physikalistfiologischen Eigenschaften von mehrjahrigem Meereis
(Multi-Year Ice, MYI) und einjahrigem Meereis (Firstear Ice, FYI), um Erkenntnisse darliber zu
gewinnen, wie sich die Arktis verdndern wird, wenn MYI zunehmend durch FYI ersetzt wird. Wir
entwickelten und bestatigten die Hypothese, dass dicke-Hiligel das Potentiahaben, grofe
Mengen Eisalgen zu beherbergen. Wir identifizierten diese Eishiigel als dauerhafte Ausformungen des
Eises, die aufgrund der typischerweise geringen Schneebedeckung zuverlassige Habitate fir Eisalgen
darstellen. Wir erstellten physikalistiivlogische Beziehungen fiir die Einordnung der raumlichen
Variabilitdt des Eisalgenhabitats in MYl und FYI im Frihjahr. Diese Klassifizierung wurde dann auf
die Eisdicke und Schneedickenmessungen der gesamten Arktis angewendet und zeigte, dass MY als
Habitat fir Eisalgen bisher womdglich deutlich unterschatzt wurde. Weiterhin identifizierten wir
Merkmale dicken Eises, wie Eishlgel in mehrjahrigem Eis und Presseisriicken, als potentielle Orte
hoher Biomassen mit hohem 6kologischem Wert. Wir konnten aul3erdettekrnuiass dickeres Eis,
welches im Spatsommer bestehen bleibt, geringere schmeeiagte Algenverluste aufweist als
dinnes FYI.

Zusammenfassend entwickelten wir eine robuste und neuartige Methodik fur die reprasentative
Quantifizierung der dkologischefigenschaften des Meereises, der Eisalgenbiomasse und PP in der
raumlichen GrofRenordnung von typischen Eisschollen{® km). Diese Schatzungen ermoglichten
akkuratere Abschatzungen der Verfiigbarkeit und Produktion von Eidétij@anstoff fir das
Arktische Nahrungsnetz. Daraus schlossen wir, dass ein grolRes Missverhdltnis zwischen der Menge
eisalgemproduzierten Kohlenstoffs und der Nachfrage dominanter Arten bestand. Dieses
Missverhaltnis wurde von einer starken regionalen Variabilitat begleitet.iMitneanderen Ansatz

zeigten wir hingegen, dass am Ende der Wachstumsphase der Vorrat an Eisalgenbiomasse noch
betrachtlich ist. Diese Ergebnisse deuten darauf hin, dass wahrend des Spatsommers, wenn die PP
dem Ende zugeht, die verbleibenden Eisalgenbestimdien hohen Breitengraden eine essentielle
Nahrungsquelle bieten kbnnen, um eisassoziierte Organismen wéahrend des Beginns der Polarnacht zu
versorgen.

Zusammengefasst kénnte das kontinuierliche Ausdiinnen des Eises und der Verlust des dicken
Meereises zm Verlust einer verlasslichen Kohlenstoffquelle in Form von eisgbgeduzierten
Kohlenstoffs wéahrend wichtiger Perioden des Jahres fuihren, wenn die Verfugbarkeit anderer
Kohlenstoffquellen stark limitiert ist.
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NDI
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NPP
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primary production

net primary production
photosynthetically active radiation
first-year seaice

multi-year sea ice
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Chapter 1: Introduction
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Figure 1. Map of the Arctic Ocean summarizing the recent decline in sea ice extent. Sea ice extent
data are the September monthly means for 2007, 2012 and the median &icithd 31 to 2012

(extent data acquired from NSIDC according to algorithms in Fetterer et al., 2002, udpated 2011)

Daily sea ice concentration data were acquired on 07 September 2016, from www.meereisportal.de
according to algorithms irSpreen et al. (208).

1.1 A brief history of Arctic sea ice

Many of the most pronounced changes in the Arctic Ocean have been observed in the physical sea ice

environment, as these properties are easily monitored usingsleaie remote sensing platforms.

These changes tihe Arctic sea ice cover are likely to continue unabated into the future, having
profound global ecological consequentg&SAP, 2011; IPCC, 2013)

Sea ice melt and growth season length are good indicators of Arctic climate change, however, they

vary spatidly and temporally, making it difficult to characterize these variattsgkus et al. (2009)

demonstrated that the melt season for the entire Arctic has increased by 20 days during the period
19792007. Furthermoreylarkus et al. (20093howed that the fgest increases in melt season were
recorded for the Hudson Bay and the Chukchi/Beaufort, Laptev/East Siberian and East Greenland
seas.Howell et al. (2009rlso demonstrated a significant positive trend in the duration of the melt
season within the Canaudli Arctic Archipelago. Regions with a lengthening melt season coincided

with regions that have experienced the largest decline in ice extent and conce(tadieve et al.,

2011)

Sea ice areal coverage is an important property, in terms of energgdyad@nsea ice has a high
albedo, reflecting large amountsofshera ve sol ar radi ati on
1969; Perovich et al., 20Q7The sea ice cover in turn limitee availability of photosynthetically

(Budykg,

active radiation (PAR) foautotrophic organisms living within the sea ice and water col{@ota &
Horne, 1989)Since the beginning of the satellite observation record (1979) there has been a declining

from
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trend in sea ice extent (SIE) for all months with the largest decline dinéngnid of the melt season

in Septembe(Serreze et al., 2007b; Stroeve et al., 20RHeptember 2012, a new record Arctic sea

ice extent minimum was set, far exceeding the previous record minimum of 2007 (Bigwtdch

was itself a remarkable declifimm previous yearfPCC, 2013; Parkinson & Comiso, 2013)s of

07 September 2016, it appears that a new record sea ice extent minimum may be reached before the
end of September 201Bigurel).

The decline in SIE has resulted in more open water amdftine more solar radiation being absorbed

due to the lower albedo of watéPerovich et al., 2011; Perovich et al., 200B)is process is the

main driving foalkeedn” tfhee dbsancokw/ 3 et em, where ¢
continue to incease absorption of solar radiation and further increase temperatures (air and ocean),
which in turn will cause further reductions in JEBudyko, 1969; Johannessen et al., 2004; Perovich

et al., 2011; Perovich et al., 200The albedo feedback systemdats influence on the global energy

balance has and will play a major role in Arctic sea ice processes, however, additional mechanisms
also have an important role in recent Arctic changes.

The negative trend in SIE can best be explained by the interptesjny atmospheric greenhouse gas
concentrations (GHG) and variations in air temperature and atmospheric and oceanic circulation
(Serreze et al., 2007a; Serreze et al., 2007b; Stroeve et al., \20d&)s the primary driving force of

sea ice drift in te Arctic Ocean, which is dominated by two main circulation patterns (FRure
(Rigor et al., 2002)The Beaufort Gyre (BG) is characterized by anticyclonic circulation and high
pressure over the Beaufort Sea and Western Arctic Ocean; and the Transffo&atréam (TDS),

which is characterized by cyclonic circulation and low pressure over the Eurasian sector of the Arctic
Ocean (Figure®) (Rigor et al., 2002)The strength and location of these two pressure systems largely
determines sea ice drift and enmt of ice exported from the Arctic Oce@igor et al., 2002)

The general circulation patterns of the BG and TDS result in sea ice being transported from the
Siberian sectors of the Arctic Ocean, across the North Pole and either exported througimthe Fra
Strait or pushed up against the Northern coasts of the Canadian Arctic Archipelago (CAA) and
Greenland. The ice north of Canada and Greenland can therciveutated into the Arctic Ocean,

which results in the formation of thicker mujttar sea ice (MI; Figure 2). The large internal
stresses experienced by sea ice as it is forced against the coast results in vast shear zones and
deformation (ridging & rafting), producing the thickest ice in the Arctic along the northern coast of
the CAA (Figure2) (Haas et al., 2006; Kwok et al., 201®Bea ice export through the Fram Strait
corresponds to the largest annual export flux from the Arctic Of€ank, 2009; Serreze et al.,

2006) Although no trends were observed over the long term, seasonally hight@sixwere observed

in summers of 2005 and 2007, contributing to the reductions of sea ice and record minima sea ice
coveragdKwok, 2009)

The declining trend of Arctic SIE has not only affected the areal coverage of sea ice, but has resulted
in a dramaticshift in the ice composition from being dominated by MYI to being dominated by FYI
and large amounts of open water during sumfarok, 2007; Kwok & Cunningham, 2010Dver

the period 198@010, ice age distributions have demonstrated a flushing of verj¥l (10+

years), commencing in the late 1980s and continuing into the early 1990s, with a relatively stable
period from 19982000 and then a continued decline of MYI from 2001 to 2(Maslanik et al.,

2007; Maslanik et al., 2011)

The loss of thick, lol MYI has also resulted in pronounced thinning within the central Arctic basin.
Winter mean ice thickness derived from submarine ULS was 3.64 m in 1980 compared to the 1.89 m
winter mean during 2008 derived from ICESat observatifgfwpk & Rothrock, 2009. The highest

rates of decline during the submarine record w&88 m/yr, observed during 1990 (period of
accelerated export of old MYI in the Arctic), and highest rates of decline for the220@3ICESat

record were trends 60.10+0.20 m per year (iwter/summer), with negative trends for all regions of

the Arctic (Kwok & Rothrock, 2009) Furthermore, there was a ~0.6 m thinning and net winter
volume loss of 6300 kir(> 40 %) of Arctic MY! during the 4 year ICESat observation period 2005
2008(Kwok et al., 2009)
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Figure 2. General sea ice circulation patterns in the Arctic Ocean, folloRiggr et al. (2002)Ice
thickness data were acquired by Crye&aind retrievedvww.meereisportal.daccording to
algorithms described Hyicker et al. (2014)

The decline in older MYI and a general thinning of the Arctic ice pack can only partially be attributed
to warming(Rothrock et al., 2003)and is better explained by a regime shift in circulation patterns
(Rigor & Wallace, 2004; Rigor et al., 2002)heregime shift coincided with the period of anomalous
export of old MYI from the ArctiqMaslanik et al., 2007; Maslanik et al., 20Hhd a period (1990)

of rapid thinning over the central Arctigkwok & Rothrock, 2009) This resulted in the pre
conditionng of the Arctic ice pack for further thinning and reductions of MiMhdsay & Zhang,

2005; Ogi et al., 2008; Serreze et al., 2007khich is supported by more recent ice thickness
measurements from satellit@éwok et al., 2009; Laxon et al., 2018pdairborne observationdlaas

et al., 2010; Haas et al., 2008pllowing on the premise that thinner, younger ice melts more easily,
the larger proportion of thinner FYI in the Arctic has resulted in decreased survivability of the ice
pack(Kwok, 2007) This has introduced another feedback system, where less MYI leaves the ice pack
even more susceptible to melt, further decreasing the survivability and fraction of MYI in the Arctic.
The survivability of MYI is heavily dependent on level ice thickness, wiyeiabthat is thicker than

the typical summer melt rate will survi@otz, 2009) Therefore, Arctic Sea ice may arrive at a
thickness that is thinner than the summer melt rate, at which point the Arctic will be mostly seasonally
ice-free.

Sea ice declinghinning of Arctic sea ice, and the loss of MYI have resulted in reduced Avictéc

sea ice albed@Riihela et al., 2013)and more light reaching the undee environment in summer
(Nicolaus et al., 2012). Furthermodetrapid loss of sea ice repragean equally rapid change in
habitat for sea ice algae, protists, anddsesociated fauna with important ecological consequences.

1.2 The sea ice-associated ecosystem

A unique feature of sea ice is the formation of brine channels within the ice matrse Teadures

form due to the rejection of salts during freezing, which results in the formation of brine pockets and
channels with very high saliniti€&icken, 2003; Weeks & Ackley, 1986j is the presence of these
interstitial brine channels, full of mients, that allows for the formation of a unique ice associated
ecosystem (Figur&). Organisms are initially incorporated into the sea ice matrix from the water
column during ice formation. During later stages of sea ice growth or melt,-ibe éangamsm can

also be exchanged with organisms from the underlying sea water by wave fields that exchange or
pump water between the environmeliidorner et al., 1992)Arctic sea ice inhabitants include
microalgae, bacteria, protists, and invertegrate metazéamstrophic microalgae are dominated by
diatoms, which represent the base of the Arctic food (@hdinger et al., 1999; Melnikov et al.,
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2002) Most sea ice bacteria are heterotrophic and likely represent an important component in terms
of nutrient regcling (Rysgaard et al., 2008Heterotrophic protists represent the main consumers of
microalgae and are dominated by ciliates and flagell@es, Michel et al., 2002; Rat'kova et al.,
2004) see also review in Arrigo (2014)urthermore, cnidariansurbellarians, annelids, and
arthropods can be found within the i@eg., Bluhm et al., 2007; Gradinger et al., 20@%)darians,
ctenophores, copepods, amphipods and fish are typically found living at-theteeinterfacg¢David

et al., 2015; Gradinge& Bluhm, 2004) (Werner, 1997) These sympagic metazoans (dominant
representati-ves bhubhae ¢ amd aaptesed a particularly impogantr e
component of the Arctic food web in terms of carbon transfer from tieeimicroalga (hereafter
referred to as sea ice algae) to the pelagic realm and upper trophic levels, such as zooplankton, fish,
seals, whales and polar beéBsidge et al., 2008; Kohlbach et al., 2016; Wang et al., 2015; Wang et
al., 2016)

Organisms living under thgea ice or within the ice can live their entire life cycle or only part of it in
association with the sea ice environméhitndt & Swadling, 2006) In both cases, this requires the
ability to adapt their life cycles to strong seasonality of the sea igieorment. Iceassociated
organisms can use the ice for feeding, reproduction and/or as a refuge. Theertdpography
provides a wide range of advantageous mi@bitats. For example, polar coBofeogadus saida
reside in ice wedges along the iceefledge to avoid access by preda(@sadinger & Bluhm, 2004)

and ice meiofauna and undee amphipods seeking shelter at sea ice ridges during advanced melt
(Gradinger et al., 2010pPerhaps most important though is the fact that sea ice algae rejgrésgm
quality and critical food source for many organis(i®hlbach et al., 2016; Sgreide et al., 2006;
Sgreide et al., 2010; Wang et al., 2015; Wang et al., 26L&hermore, sea ice algae may represent a
more coskeffective food resource in companis to pelagic phytoplankton floating in the water
column. Grazing sea ice algae or hunting for ice algae grazers could be accomplished with low energy
expenditure while being attached or scanning adimtensional bottorice surface, in comparison to

the energy requirements of swimming and searching for prey or phytoplankton in adthmeesional

water column.
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Figure 3. Conceptual overview of the ice associated foodweb with the flux of carbon represented by
arrows (reproduced from H. Flores, 2009).

1.3 Ecdogical implications of a changing Arctic sea ice environment

There is mounting evidence for an overall increase in Aveiile net primary production (NPP) as a

result of the declining sea ice cover and increasing duration of the phytoplankton growveth seas
(Arrigo & van Dijken, 2011; Arrigo & van Dijken, 2015; Fernanedéndez et al., 2015)t remains
uncertain, how sea ice algae NPP will respond to continued changes of the sea ice environment. It has
been suggested that a thinning Arctic sea ice condricreased light transmittance will result in
increased sea ice algae primary production (PP) rates due to more available photosynthetically active
radiation (PAR)XNicolaus et al., 2012)
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Kosobokova and Hirche (2008uggested, based on the limiteddés of PP estimates for the high
central Arctic that the lower PP rates, and hence, lower food availability, were the reason for the
lower zooplankton biomass. This may be correct, however, the estimates for PP available at that time
either did not includ icealgal PP or had a limited spati@mporal coverage. lealgae represent one

of the dominant carbon producers within the C&&&rnandeaMéndez et al., 2015; Gosselin et al.,
1997) and therefore should be quantified representatively in order tosabsesue estimate of the
ice-algal derived carbon budget. Focusing on pelagic produdfospbokova and Hirche (2009)
suggested higher food availability and thus potentially higher zooplankton biomass as a result of sea
ice decline. This prediction, h@wer, neglects the important role of sea ice algae in the diet of key
Arctic zooplankton and top predatdiBudge et al., 2008; Kohlbach et al., 2016; Wang et al., 2015;
Wang et al., 2016)

Lavoie et al. (2010andLeu et al. (2015argued that ice algalrgwth and production will likely be
hampered due to a combination of earlier snow melt and increased precipitation in the Arctic. The
smallscale variability of the snow cover on both FYI and MYI is a commonly overlooked factor
when assessing the futureAafctic sea ice algae. Not only is the overall snow depth and mass balance
important, but how this snow is (re)distributed on the surface is one of the most important factors
controlling the atmospheiee-ocean heat flu{Sturm et al., 2002and the tranmission of light
(Grenfell & Maykut, 1977; Perovich, 1996)

During the SEDNA drift studyiMelnikov et al. (20025howed an ice algal peak in lately during a

period of ne or low-snow with an overall mean snow depth of only 3 cm by the end of(Stum et

al., 2002) This indicated a different seasonal progression of sea ice algal growth within the central
Arctic Ocean, showing an iedgal biomass peak around 100 days later than all other documented
seasonal studies reviewedLlinu et al. (2015)albet conducted in regions characterized by seasonal

sea ice. This suggests some clear differences between sea ice algal growth in regions characterized by
seasonal sea ice compared to the central and highN)}&0ctic Ocean, and that these differences

shoud be considered when assessing the future of a changing Arctic system.

1.4 Sea ice algae biomass and primary production

The development of sea ice algae communities is influenced by sea ice microstructure (e.g., salinity
and temperature, which influence pemabiity), nutrient supply, and transmitted irradian(sze

recent reviews by Arrigo, 2014; Vancoppenolle et al., 20D8)ing spring, the main influences on
underice irradiance are the snow depth distributiptamre et al., 2004; Jarvinen & Lepparanta,
2011; Maykut & Grenfell, 1975; Thomas, 1963nd to a lesser extent ice thickné€senfell &

Maykut, 1977; Light et al., 2008; Nicolaus et al., 2010; Thomas, 19@8al growth of sea ice algae,
during early spring is primarily controlled by the snoistidbution, which is typically evident by a
negative relationship between chlorophgllchl a) and snow deptlte.g., Campbell et al., 2014a;
Mundy et al., 2007)During the progression of melt, light transmission increases due to changes in the
optical poperties of snow and icgNicolaus et al., 2010; Perovich, 199&onsequently, ice algal
growth increases and shifts to a more nutrienited system, which can be accompanied by a
combination of other limiting factors such as: s#fding, diurnal ligt patterns, or ice ablatid€ota

& Smith, 1991; Gosselin et al., 1990; Lavoie et al., 200b30ome instances, when light transmission
increases faster than algal communities can adapt, the increased light field can reduce activity and
biomass of algatommunities due to photoinhibitiafBarlow et al., 1988; Michel et al., 1988te

algal growth and the bloom period are terminated during advanced and rapid melt or nutrient
depletion(Lavoie et al., 2005)

The high spatial and temporal variability of dea algae, in addition to sparse sampling, results in
poorly constrained sea i@gal biomass and PP estimates for the central Arctic Oddidlar et al.,

2015) Largescale estimates of sea ice algal biomass and PP are limited to modelling studies, as
satellites are unable to observe the underside of seheeeet al. (20153emonstrated that pelagic
phytoplankton PP models for the Arctic Ocean were highly sensitive to uncertainties in chloaophyll
(chl a) and performed best with situ chl a data.In situice algal chla used in models, however, are
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typically based on a small number of ice core observations, and may therefore not correctly represent
the true spatial variability of ice algal biomdsegy., Fernandekiéndez et al., 2015)

Furthermore Miller et al. (2015) reviewed the different methods for primary production
measurements with spatial sampling resolution on the order of 0.01 m for ice-lcasidin vitro
incubations(e.g., Fernandekéndez et al., 2015; Gosselin et al., 1997; Graaling009)or in situ
incubations(e.g., Gradinger, 2009; Mock & Gradinger, 1998j larger scales the undee eddy
covariance method integrates primary production over an area of 2Qny et al., 2012)Thus,

there is a large gap in spatial coveragéween the 0.01 to 100°racales, which is not resolved by
these methods. It is within this spatial range that many environmental properties can vary. This can
have a large influence on light availability, ice melt and growth, and the spatial distrilofitioe

algae. Typical patch sizes of snow have been reported in the range from 20 {@2Ssalin et al.,

1986, Steffens et al., 2006 urface properties such as albedo have patch sizes of approximately 10 m
(Katlein et al., 2015; Perovich et al., B)9and sea ice draft can vary at scales of around 15 m
(Katlein et al., 2015)

1.5 Logistical and methodological constraints of Arctic sea ice research

It is apparent from the previous review of literature that there are significant seasonal and
geographicaknowledge gaps of the Arctic ecosystem, particularly in the high (>80°N) and central
Arctic Ocean(Wassmann, 2011; Wassmann et al., 20Thjs lack of observations can be attributed

to methodological and logistical constraints of sea ice research. fFaist the seasonal and regional
variability of environmental conditions results in sampling biases, which limit the seasonal and
temporal coverage of studies within the Arctic Ocean. During the-sprigg to summer transition
period, the majority of edogically focused studies are conducted within the peripheral seas and
coastal regions of the Arctic Ocedlreu et al., 2015; Wassmann et al., 20100iring this time of

year, shipbased campaigns are severely limited in terms of access to vast redinmseaftral Arctic
Ocean due to the difficulty in breaking through the thick snow and sea ice deigere(4).
Furthermore, the sea ice season is generally shorter in the lower latitude, coastal regions and therefore
sea ice focused studies in these ragiare also limited to the eawdpring to summer transition,
because beyond this period, sea ice does not exist or is not safe to weiuoe4). Although these
studies may capture the full season of ice algal growth, the seasonal progression aald gene
environmental conditions are drastically different compared to the high and central Arctic Ocean. This
imposes limitations when making pémctic assessments based on information from lower latitude
studies conducted in regions characterized by selhseaadce. This means that in order to assess the
future fate of the central Arctic ecosystem, we need observations from the central Arctic.

Furthermore, mnitoring sea ice ecosystems remains a challenge due to the difficulty of remotely
sensing biologicaprocesses in and under the ice cover. Madtle sea ice algae observations are of
particular interest in order to address potential changes to the sea ice ecosystem. There is growing
interest in extending sea ice algal observations by developing-kEoaler observation systems and
methodologies that can capture the spatial distribution of sea ice algae at multiple scales. Although
sea ice coring will remain an essential method for anyataed research, point measurement coring

is time consuming, makg it an unlikely candidate for larggeale icealgal observation systems.

Other devices such as the shgyn (Gosselin et al., 199®r underwater pulsamplitudemodulated
fluorometer(Diving-PAM; Rysgaard et al., 200hyave shown promise, however, yheequire the
deployment by divers, which is also logistically demanding and time intensive.

New developments of Autonomous Underwater and Remotely Operated Vehicles (AUV/ROV) give
promising new opportunities to study the underside of (M&adhams, 2012)Currently these
platforms have mainly been used to observe phyéicgl, Katlein et al., 2015; Nicolaus & Katlein,

2013; Nicolaus et al., 2012nd biological processés.g., Ambrose et al., 2005; Katlein et al., 2014a)
within and under the ice at largscales and with relatively minimal logistical requirements, in terms

of spatial coverage compared to other methods (e.g., 8 hours for 100 to 500 m transects). ROVs
deployed with mounted digital imagery systems have been used to document the disoibsion

ice algal aggregatdg.g., Ambrose et al., 2005; Gutt, 1995; Katlein et al., 201ig)jtal imagery is
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limited to twodimensional space and therefore abundance estimates may have high uncertainty.
Using image analysiKatlein et al. (2014ayhowel that icealgal aggregate distribution is mainly
controlled by undeice topography with the accumulation of aggregates along the edges of ridges and
in domeshaped ice features.
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Figure 4. Sea ice conditions for the Arctic Ocean during a)-fatemer/atumn 2012; and b) spring
2013.Ice thickness data were acquirgdring a) October 2012 and b) April 20b$ Cryosat2 and
retrievedwww.meereisportal.daccording to algorithms described BRjcker et al. (2014)Sea ice
extent correspond to monthly meathsring August andSeptemberfor 2012 (extent data acquired
from NSIDC, Fetterer et al. (2002, udpated 2011)

Underice spectral measurements can be used to deriveeasid other pigment concentrations in sea

ice and the water column using different-bjatical approachegCampbell et al., 2014b; Craig et al.,
2012; Melbournelfhomas et al., 2015; Mundy et al., 2007; Taylor et al., 2048}l now, however,

these models have not been applied to larger scale-iggdROV spectral measurements. ROVs have
recently been deployed, with mounted spectral radiometers, to measurécensjgectral irradiance

(e.g., Katlein et al., 2015; Katlein et al., 2014b; Nicolaus & Katlein, 2013; Nicolaus et al., B012)
focused primarily on physical processes and enérgygets. Spectral radiometers have also been
mounted on the Surface and Undisg Trawls(SUIT;van Franeker et al., 2009) potential horizontal
profiling platform for monitoring ice algal concentration in combination with the abundance of under
ice grazes over profiles up to 3 km in lengfh.g., David et al., 2015Yhe development of undéare
horizontal profiling platforms for observing spectral properties of sea ice, among other properties, has
resulted in and will continue to result in larger amsunf undefice spectra. These spectral
observations, both from the past and future, could be used to estimate the temporal evolution and
spatial variability of icealgal chla and primary productiarHowever, this requires the development

of robust and réhble methodologies that can be applied to datasets with variable temporal and spatial
coverage, and with a large range of environmental conditions.

1.6 Significance of this study

Our current understanding of the Arctic marine ecosystem has been limiterdathodological and
logistical constraints. These constraints have caused significant seasonal and geographical knowledge
gaps, particularly in the high (> 80°N) and central Arctic Og®dassmann, 2011; Wassmann et al.,
2011) There is mounting evideacfor an overall increase in Arctwide net primary production
(NPP) as a result of a thinning and declining sea ice cover, and increasing duration of the
phytoplankton growth seasqArrigo & van Dijken, 2011; Arrigo & van Dijken, 2015; Fernandez
Méndezet al., 2015)It remains uncertain, however, how sea ice algae related primary production and
biomass availability will respond to continued changes of the sea ice environment. In the central
Arctic Ocean, seixe algae has been documented to contriboteup to ~ 60% of the NPP during
summer(FernandeMéndez et al., 2015; Gosselin et al., 199Yerall, however, sea igelated

NPP is relatively low, accounting for 1 to 10 % of total NPP in the Arctic O¢dmigo & van

Dijken, 2015; Dupont, 2012Regardless of the overall low contribution of icgdated NPP, sympagic
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(ice-associated) organisms, pelagic organisms aneptegators showed high dependency on ice
algae produced carbon in many regions of the Arctic O¢Badge et al., 2008; Kohlbach €lt,a

2016; Wang et al., 2015; Wang et al., 201Be key role of sea ice algae in Arctic food webs,
particularly in terms of reproduction and growth of key Arctic organidres et al., 2011; Michel et

al., 1996; Sgreide et al., 2010jghlights the impdance of timing and duration of ice algal growth,

and the availability of algal biomass throughout different times of the year. In order to assess the
impact of a changing Arctic sea ice environment on this important food source, we must characterize
the gpatiattemporal variability of sea ice algae to representatively estimatdaé carbon biomass
availability and primary production at multiple spatial and temporal scales (Miller et al., 2015).

1.7 Scientific Questions and Objectives

In this thesis, we aigd to address a key overarching question in Arctic ecology, which encompasses
both spatial and seasonal aspects of sea ice ecology:

How will sea ice algae biomass and habitat be affected by continued sea ice decline and the
replacement of MY by FY I, and what consequences can be expected for Arctic food webs?

In order to address this main question, we needed to first fill some important methodological and
knowledge gaps concerning the variability of sea ice algae, specifically:

1. Can we improve the spatial representativeness of key environmental sea ice and under-
ice water parameters by developing new methodological approaches? What observation
systems are available to address the spatial variability of key environmental sea ice and
underice water parameterand how can we improve these systems and methods?

2. lIs it important for largescale estimates and ecological modelscdpture the spatial
variability of environmental properties such as: sea ice thickness, ice algjamass and
primary production (PP), dunderfice water chi biomass, PP, salinity and temperature?

3. How do larger-scale observations of sea ice algal —biomass, —PP, and suitable habitat
compare to traditional and smaller-scale observation systems, particularly ice coring, of
which upscaled stimates assume spatial representativeness?

4. What are the largscale patterns in sea ice algdemass andhabitat? Specifically, are
there differences between MYI1 and FYI (or between ice types/classes)?

To answer these questions, this thesis aimed telaewovel methodologies and approaches to
characterize and quantify the spatial variability of sea ice dlgaeass,-primary production and

habitat. Furthermore, we applied these approaches to-srgkr remotely sensed observations and
assessed thepatial variability of these parameters at multiple scales. Because a full dataset was only
available during summer for this thesis, we assessed the implications of a rapidly changing sea ice
habitat in relation to summertime spatial variability of seaailgme carbon availability and carbon
demand by icassociated organisms. To accomplish this | addressed the following objectives:

i) Develop a methodological toolbox to characterize the variability of sea ice habitat properties
at the floe size scale (metdoskilometers), using mobile undare profiling platforms;

i) Estimate the floescale variability of ice algal biomass using hyppectral profiles from
mobile undetice sensor platforms and compare its representativeness with traditional (ice
corebased)nethods;

iii) Assess the impact of using improved floe sdrlsed estimates of sea ice properties and ice
algal biomass on pa#firctic scale estimates and models

iv) Investigate the factors controlling the spatial variability of ice algal biomass, such as ice
thickness, ridges and hummocks;

v) Study the potential of MYI for ice algal biomass distribution, and expected changes in the
future

vi) Unravel the relationship between the spatial distribution of ice algae, sea ice associated
grazers and carbon flux.
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1.8 Thesis Overview and Publications Outline

This cumulative dissertation presents a comprehensive summary of the major scientific contributions
accomplished throughout my PhD project. My PhD was conducted from July 2012 to September 2017
(with ~10 months of total parentadve from March 2015 to December 2015). My PhD project was a
component of the Helmholtz Association Young Investigators Gloeflux Ice-ecosystem carbon

flux in polar oceans (VHNG-800) with Dr. Hauke Flores as the principal investigator as well as my
main supervisor. The thesis begins with a general introduction (already presented here in Chapter 1)
into the Arctic Ocean and its physiedological status. Chapters 2, 3 and 4 include my main
scientific contributions accomplished during my PhD, whichluide published papers, papers
currently under review or manuscripts in preparation for submission. The thesis is finalized in Chapter
5 with a synoptic discussion of all the papers, with the addition of preliminary datasets and analysis.

Chapter 2: Methodological advancements of ecologically relevant sea ice observations

In Chapter 2, we developed a methodological toolbox to process environmental sensor array
observations acquired from undee profiling platforms (e.g., ROV and SUIT), which included
novel mathematical and statistical approaches to representatively capture the spatial variability of sea
ice and undeice physicalbiological properties.

Paper 1
Title: The Surface and Undéce Trawl (SUITYmounted environmental sensor array
in preparatn for submission tdeepSea Research Part I: Oceanographic Research Papers
Author list Benjamin A. Lange, Giulia CastellaniJan Andries van Franeker arduke Flores

Author contributions This study, the SUIT and sensor array were designed and deddigB. A.
Lange, H. Flores J.A. van Franeker. Data were acquiredBbyA. Lange and H. Flores. Data
processing and protocols were developedB#. Lange with contributions from G. Castellani
Protocols were developed By A. Lange, G. Castellani and Hzlores. The analysis of the data was
conducted byB. A. Lange. The manuscript first draft was written By A. Lange with contributions
from all authors on the final version.

Paper 2

Title: Spectrallyderived sea icalgal chlorophyll a concentrations umg underice horizontal
profiling platforms

paper currently under review dournal of Geophysical Research: Oceans
Author list Benjamin A. Lange, Christian Katlein, Marcel Nicolaus, llka Peeken, and Hauke Flores

Author contributionsThis study was degined byB. A. Lange, M. Nicolaus, I. Peeken and H. Flores.
ROV data were acquired by M. Nicolaus and C. Katlein. Data processing of ROV spectra were
conducted byB. A. Lange, M. Nicolaus and C. Katlein. SUIT sensor data were acquired and
processed byB. A. Lange, M. Nicolaus and H. Flores. Ice core sampling and processing were
conducted byB. A. Lange and I. Peeken. Bioptical statistical model development was realized by

B. A. Lange. Data analyses were conductedBiyA. Lange with support from C. Katleirand H.
Flores. The manuscript was written ByA. Lange with contributions from all authors.

Below are additional publications not included in this thesis, which have made use of the
methodological advancements presented in Chapter 2 and have incarpoeagnvironmental data
as essential components of their studies:

David, C.,B. Lange, T. Krumpen, F. Schaafsma, J. A. van Franeker, and H. Flores (2015);itider
distribution of polar codoreogadus saidan the central Arctic Ocean and their assoortvith
seaice habitat propertie®olar Biol., doi:10.1007/s00360151774-0.
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David, C., F. L. Schaafsma, J. A. van Franelk&r,Lange, A. Brandt, and H. Flores (2016),
Community structure of undéce fauna in relation to winter sé@e habitat propemis from the
Weddell SeaPolar Biol., doi:10.1007/s0036016-19484.

Schaafsma, F. L., C. David, E. A. Pakhomov, B. P. V. HBn#\. Lange, H. Flores, and J. A. van
Franeker (2016), Size and stage composition of age class 0 AntarctiEkplidusia supba) in
the icewater interface layer during winter/early spririgplar Biol,, doi:10.1007/s0036015
18777.

Chapter 3: Linking sea ice algae spatial variability to summertime carbon demand

In Chapter 3, we combined tlieveloped toolbox from Chapter 2twiadditional biological data,

such as: photosynthetic parameters, wickerfauna distributions, and uneee fauna carbon
demand, in order to develop robust ecological models for thasweciated ecosystem. Furthermore,

as an essential step in devefgprobust ecological models, we assessed the spatial variability of ice
algae carbon production and availability at multiple scales (e.g., local to regional scales), and
identified important relationships with community structure and seasseciated ¢hon demand.

Paper 3

Title: On improving the spatial representativeness of sea ice algae chlorophyll a biomass and primary
production estimates

in preparation for submission tGeophysical Research Letters

Author list Benjamin A. Lange, Christian Katlen, Giulia Castellani, Mar Fernandééndez,
Marcel Nicolaus, llka Peeken, and Hauke Flores

Author contributions This study was designed . A. Lange and H. Flores. ROV data were
acquired by M. Nicolaus and C. Katlein. Data processing of ROV spectemomaducted by. A.
Lange, M. Nicolaus and C. Katlein. SUIT sensor data were acquired and procesBe@dblzange,

M. Nicolaus and H. Flores. Ice core sampling and processing were condudBdAby ange, M
FernandesMéndezand |. Peeken. Photosynthefiarameters and ice core PP rates were determined
by M FernandeaMéndez Bio-optical statistical model and PP-apaling approach were developed
by B. A. Lange. Data analyses were conducted BiyA. Lange with support from C. KatleinM
FernandesMéndezard H. Flores. The manuscript was written By A. Lange with contributions
from all authors.

Paper 4

Title: Community structure of undéze fauna in the Eurasian central Arctic Ocean in relation to
environmental properties of séee habitats

published inVarine Ecology Progress Serié2015) 522:1532
Author list Carmen DavidBenjamin A. Lange, Benjamin Rabe, Hauke Flores

Author contributions This study was designed by C. Davidi. Floresand B. A. Lange. Field
sampling was performed by C. David, H. lds andB. A. Lange. Species identification and counting
was performed Y C. David. Sensor data wepeocessed by8. A. Lange H. Flores Oceanographic
data were provided by B. Rabe. The analysis of data was performed by C. David with suppBrt from
A. Lange andH. Flores. Writing of the manuscript was realized by C. David with contribution from
all authors.

Paper 5

Title: The importance of ice alggaoduced carbon in the central Arctic Ocean ecosystem: food web
relationships revealed by lipid and stabé®iope analyses

Published inLimnology and Oceanographgoi:10.1002/In0.10351
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Chapter 2: Methodological Advancements of
Ecologically Relevant Sea Ice Observations

The Surface and Undéce Trawl (SUIT) towed behind tHeV Polarsterrwithin Arctic sea ice.

19



Chapter 2 - Paper 1: SUIT sensor array

20



Chapter 2 - Paper 1: SUIT sensor array

Paper 1. The Surface and Under-Ice Trawl (SUIT) -mounted
environmental sensor array

in preparation for submission tbeepSea Research Part I: Oceanographic Research Papers
NOTE: Supplementary Material for this paper is found\ppendix AL & A2

Benjamin A. Lange, Giulia CastellaniJan Andres van FranekemdHauke
Flores

Key Points
Observed large horizontal variability in ice thickness, and surface watgaoll salinity

SUIT sensor array represented the spatial variability better than traditional point location
characterizations of enginmental properties

9 SUIT sensor array is an essential contribution to accurately and representatively model the ice
associated ecosystem

Abstract

In order to accurately characterize relationships between a community and its foygemchemical
surroundng, it is particularly important to representatively characterize the associated environmental
properties. The Surface and Undiee Trawl (SUIT) is a relatively new net, which can catch
organisms residing in close proximity to the sea ice underside. Sieaeice is a highly
inhomogeneous habitat, it is essential to characterize the spatial variability of this environment
coincidenttotheundérce trawl's in order to representative
the community and its environmetiere we presented a detailed description of the newly developed
SUIT-mounted environmental sensor array, which can measure key environmental properties such as:
sea ice thickness, salinity, temperature, water chlorophighl @), underice light, andice-algal chl

a. Furthermore, we provided detailed descriptionsdata processing and calculations of all
parameters. Our results indicated large horizontal variability in ice thickness, and surface water chl
and salinity, whereas temperature was rattmenogeneous within hauls. A comparison with nearby
shipbased and ice station observations showed that the SUIT sensor array represented the spatial
variability better than these traditional point location characterizations of the-igedemvironmental
properties. We showed that the Skifibunted sensor array @& essential contribution in order to
accurately and representatively model the ice associated ecosystem.
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1.1 Overview of SUIT and sensor array

The surface and undéere trawl (SUIT;Figure 1) wasdeveloped by IMARES (The Netherlands) to
address a key issue in polar ecology regarding representative sampling of thizeiet@ironment.
The SUIT has been extensively used in the Southern Qeeg David et al., 2016; Flores et al.,
2011; Flores eal., 2012; Schaafsma et al., 2058)d was not deployed within the ice covered Arctic
Ocean until more recentl(g.g., David et al., 2015a; David et al., 2015b; Kohlbach et al., 2016)

Previous studies using the SUIT have described in detail the e@lagit biological aspects of the
catch and distribution of organisms in both Polar Regions. A detailed description of the SUIT
operation and physical schematics is provideyam Franeker et al., 200Btudies conducted before
2012, included only quaditive assessments (e.g., human observations) of the sampled ice ard under
ice environment and/or used nearby ghiged CTD casts to describe the environmental setting.
Therefore, an environmental sensor array was developed in order to conduct coingaiitatye
observations of the ice and undes water environmentsF{gure 1 c). This sensor array was
previously described, albeit briefly, (David et al., 2015b)Therefore, a more detailed description of
data processing and calculations of all patars is warranted and described here.

Not only does the sensor array provide coincident quantitative observations but it allows
investigations of the horizontal variability of key environmental parameters, which are likely crucial

in structuring the unadéce communities and are not possible with qualitative observations or point
location vertical CTD casts. In addition to the methodological description, we provided a brief
overview of the results and compare the SUIT observations to nearblyasteif anéte stationbased
observations in order to assess the representativeness of using nearby observations- (i.e., not
coincident) to characterize the environmental setting.

Throughout the development of this sensor array we compiled detailed protocols for SUIT
deployments. These protocols are foundjpendix A1 and provide detailed instructions on:

i) preparing the sensors before deployment, including configuring the sensors using specific
manufacturer software;

ii) data retrieval after deployments, also using rfeaturer software; and

iii) formatting data to be suitable for the processing described in this paper.

Furthermore, processing scripts were developed using R soft{RaDevelopmemCoreTeam,
2012) which in addition to data processing provide extensivetipiptdata summary, and data
inspection functionality. These scripts were developed to befrisedly and thus can easily be
applied by additional users, albeit with a relatively good knowledge of R programming. This
compilation of R scripts is availablgon request.

SUIT Sensar Armay

¥

Figure 1. The Surface and Undéce Trawl (SUIT): a) in the water being towed by the RV
Polatstern; b) laying on its side on the deck of the Polarstern; and c) depicted in a simplified diagram
showing a side view with mounted locationgtwé sensors (not to scale).
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1.2 Data and Methods

1.2.1 Data Processing

Here we presented processing and results of the environmental sensor data acquired from 15 SUIT
hauls deployed during tHeV Polarsterncruise PS80.3I¢eArc to the central Arctic Ocealnom 4
August to 8 Octobe2012 Figure2). The environmental sensor array enabled measurements of:

i) water inflow speednddirection pitch androll angles, angressureg(i.e., depth) using an
Acoustic Doppler Current Profiler (ADCP; Nortek Aquadopp® Profileijhwthree
acoustic beams, which allowedd8nensional measurements of current velocities, at
frequency of 2 MHZ, and a sampling interval of 1s;

i) water temperaturewater salinity(practical salinity scale PSB; Fofonoff, 1985)and
water depthusing a Caductivity Temperature Depth (CTD) probe (Sea and Sun
Technology CTD75M memory probe) with a sampling interval of 0.1 s;

iii) sea ice drafobservations were derived using an altimeter (Tritech PASBY/6vhich
was incorporated into the CTD (0.1 s samplingfival), CTDdepthmeasurements, and
corrected by usingitch androll measurements from the ADCP;

iv) water column (i.e., pelagic phytoplanktoohl a concentrations using a fluorometer
(Turner Cyclops), which was also incorporated into the CTD (0.1 s sagipterval);

V) underice light levels using Rmses spectral radiometers (Trios GmbH, Rastede,
Germany) processing and methods described in sectiorLariye et al. (submitted)
vi) ice-algal chl a were derived from the Ramses spectral radiometers processthg a

methods described in section 1Lange et al. (submitted)

All data processing was conducted usRgsoftware Version 2.15.2R-DevelopmeriCore Team,
2012) Excel was used to examine each file to ensure consistent naming protocol and column lengths,
which was required for data import of the processing scripts.

The ADCP and CTD sensors sampled at different rates, 1 s and 0.1 s, respectively, and it was not
possible to always steam at a constant speed. Therefore, we neededrple and interpolathe

data to a common and representative sampling interval, chosen to be 0.5 m. One of the most important
tasks during deployments was to ensure the time of each sensor was synchronized to the ships time
before each haul. Using synchronized time to joiradasured precise and accurate joining of
coincident data from different sensors.

The CTD and ADCP required pressure calibration before sensor deployments to account for varying
atmospheric pressure between deployments. CTD pressure data were exareimddaalibration

was conducted and if not was accounted for by subtracting the atmospheric pressure value observed
while the sensor was on deck (e.g., typically around 0.1 dbar or ~0.1 m water depth). The ADCP
pressure sensor, however, undergoes signifil tdroughout the haul and therefore needed to be
corrected. The drift of the ADCP pressure sensol
linear interpolating between the atmospheric pressure (i.e., pressure measured on deck) before the
haul and the atmospheric pressure after the haul. The drift was assumed to be linear over time and
therefore the linear equation describing pressure drift as a function of time was then subtracted from
the entire ADCP pressure data. Each haul was manuallyies@rnefore and after drift correction to
ensure accurate results. This method of drift correction was validated by comparing the ADCP
corrected pressure with the CTD pressure, which resulted in accurate pressure observations showing a
constant offset appkimately equal to the vertical distance between the CTD and ADCP.

GPS coordinates were acquired from the 4zsiped GPS receiver and extracted for the duration of

each SUIT haul. The ADCP data and GPS data were temporally interpolated to the 0.1 k interva
spacing of the CTD data based on the synchronized data acquisition time. The raw data and
interpolated data were plotted and compared for each haul to ensure an accurate fit of the interpolation
met hod. Here we used t hestatspackage.tAlhdata wereitherespatidllyu nct i «
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interpolated to a 0.5 m spacing using the same method but based on distance from the GPS data. Sea
ice draft data, however, did not have an accurate fit using this method due to the large variability of
measuremest and in some cases measurement -dugp of the altimeter measurements, which
caused large discrepancies between the raw data and interpolated results. Therefore, sea ice draft were
first calculated on the data before spatial interpolation (section lt@R)were resampled using a

moving average where each point was the mean of all sea ice draft measurements within 0.5 m ahead
of the point and 0.5 m behind the point, i.e., each point represented the mean sea ice draft over a
distance of 1 m with the pai centered in the middle. For the first point and last point of the haul the

sea ice draft values represented the mean of the 0.5 m after the point (first point) and 0.5 m before the
point (last point), respectively, (i.e., these points represented the dmaft over a distance of only

0.5 m). This method resulted in the best fit between the raw ssaimpled sea ice draft data based on
manual inspections for each haul.

Each variable was summarized for each haul by mean, standard deviation and atted®) (These
summarized data, for selected SUIT hauls, were presented and used for ecological statistical analyses
in combination with undeice fauna catch data l§ipavid et al., 2015b)
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Figure 2. Map of the central Arctic Ocean showing the position$SUIT haul stations conducted
duringRV Polarsterrcruise PS80ice thickness (i.e., draft divided by ice density of 0.834 determined
from ice cores) density distributions for each station excluding open water stefieasice
concentration data acquirddom www.meereisportal.de according to algorithmsSpreen et al.
(2008) Sea ice extent correspond monthly means during August and Septemfaxtent data

acquired from NSIDC; Fetterer et al., 2002, udpated 2011)
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Table 1. Summary of environmentalapameters measured using the Sldidunted environmental sensor array. Summaries are for each haul deployed
during theRV Polarsterrcruise PS80.3. Where applicable values correspond to mestardard deviation with the modal values in parentheses.
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1.2.2 Seaice draft calculations

We start our derivation of sea ice drdft)(with a simplified calculation only applicable if the SUIT is
travelling exactly parallel to the water surfaéeg(re3 a) andtakes the form:

- F b L (1)

we changed two parametels éndh,) in equation 1, which needed to be corrected for due to variable
pitch and roll angles of the SUIT relative to the water surfari(e3 b). Equation 1 then bemes:

b b b= ke (2)
whereh,0is calculated asHjgure3 c):
b= | H A CHIM (3)
andh,0is calculated ag~igure3 d):
b= + 104 5 (4)
Combining equations 2, 3 and 4 we tet corrected sea ice draft as:
L F B H A Hm FoTi§ s (5)

all parameters are listed and describedigure 3 d with detailed diagrams of the sensor locations,
distance measurements and derivedadists shown ifigure3 a—d.

During three SUIT hauls (stations: 248, 331, and 358) there were problems with the CTD (e.g., low
batteries, configuration issues), which resulted in unusable data. Therefore, we developed an ice draft
proxy based on the pressusensor from the ADCP to estimate ice draft for hauls with missing data.
Theoretically, the top side of the SUIT should ride along the usider of the ice with a constant
distance to the ice bottom and thus with a constant distance to the ADCP psesmae(distance
between top of SUIT, where altimeter is located, and ADCP = 1.21 m), which theoretically could be
used to derive sea ice drdfid)dn the form:

e b, 122 (6)

whereh,, apcpis the ADCP measured water degtiawever, in reality it is slightly more complicated
because the SUIT does not ride perfectly along the tsiderof the sea ice and undergoes large
vertical movements in the water column due to variability of the beitentopography, primarily
influenceal by features such as sea ice ridges. From the SUIT hauls where we have CTD data, we
examined how the SUIT rides along the ursiee of the sea ice and found a constant offset between
the altimeter and ice bottom of 0.25 m for level ice regions. Adjustiadheoretical equation (6) by

this constant, we get:

bee b 1146 (7)

To test if this is an appropriate assumption we took all coincident-d&FDed (corrected) sea ice

draft observationsand coincident interpolatedADCP depth observations and applied linear
regression (Figurd). The data were first filtered to eliminate measurements conducted during abrupt
movements of the SUIT (e.g., at ridges) by setting thresholds for the $it6R) (and roll £79. The

linear regressio resulted in a good fit to the data (N= 19,216; adjusfed ®78; p < 0.001) and more
importantly was very similar to the theoretical equation 7. The fitted linear regression equation has the
form:

I (8)

These ADCP measured water depth data were then used to fill the gaps of data for the SIT hauls
without reliable CTD data using equation 8. However, this fitted model is only valid for the level ice
and will have larger uncertainty for regions around sea ice ridges. Nevertheless, identification of
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ridges was still possible using the AD@Erived sea ice draft, however, the accuracy of sea ice ridge
properties (e.g., thickness and width) is less certain (stiersd.2.4).

Ihd .............. Sea|ce “'\wmerlevel ...............
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Figure 3. Sea ice draft calculations showing): sensor locations, and distance measurements and
derived distances required for the simplified version of the sea ice draft calculations, applicable only
if the SUIT travelled perfectly horintal (i.e., parallel to the water surfack);s a me a)s b uwt “a
realistic situation with the SUIT travelling at an angle relative to the water surface with the different
distances actually measured by the sensors and what is needed for a corltedfitboaof the sea

ice draft;c) correction of the measured altimeter distance to the perpendicular (relative to water
surface) distance to the ice bottom and showing the angles (i.e., pitch and roll) required for the
correction measured by the ADC; vertical distance correction required between the altimeter and
CTD depth sensor due to differential offset at different pitch angles.

1.2.3 Seaice ridge identification

Sea ice ridges were identified from the SUIT ice draft profiles using the Rayleigh cfitddaeving
procedures described b@astellani et al. (2014); and Rabenstein et al. (2fikGhe sea ice surface
topography, andCastellani et al. (2015pr the sea ice bottom profile. Ice draft local minima (e.qg.,
thicker ice as draft is negative)eidtified along the SUIT profile with a threshold of 1.5 m deeper than
the surrounding ice, followin@astellani et al. (2015Wwere selected as potential ridges. Moreover,
adjacent minima needed a separation distance between points which was less tiendegifh of

the first minima in order to be identified as two single elements not belonging to the same ridge.
Ridge depth and width were measured in order to calculate ridge density (ridgearidnpercent
coverage of ridges. We calculated ridge wiakhthe ridge width at half maximum depth.
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1.2.4 Ship-based and ice station -based observations

In order to assess if the SUbBsed observations improved the representativeness of sampling the
underice environmental properties we compared the summarized daképtbased and ice station
based observation of ice thickness, and surface watea clslalinity and temperature. SHiased
surface water properties were measured using a CTD probe with a carousel water ganipler
sampling details provided in Boetiwt al., 2013; David et al., 2015bfoincident CTD stations
closest in time and space to the SUIT stations were comparedb&sdg observations of ice
thickness were conducted visually every hour, while ircieered waters, from the bridge of tR¥
Polarsternduring PS80.3(Hendricks et al., 2012)

Underice surface water CTD casts were conducted through a hole in the ice at each ice station
(FernAndeaMéndez et al., 2015)ce thickness surveys were conducted at each ice station using an
EM-31 electomagnetic induction sounding devi@ata presented in Boetius et al., 2013)

Fitted Equation (R°=0.78)
Theoretical Equation 5’_‘;’
2 1

sea ice draft (m)
4

ADCP depth (m)

Figure 4. Linear regression of CTerived and correcteska ice draft (m) versus ADCP depth (m)
and showing the fitted equation line (solid hlequation 8 and theoreticatquation line (dashed red;
equation 7).

1.2.5 CTD fluorometer chl a calibration

The CTD fluorometer cha concentrationsohlactp) were calibrated using water samples obtained
from under the sea ice during ice stations, briefly describg®avid et al., 2015pband used in
(FernandeaMéndez et al., 2015)Chl a concentrations were determined for water samples by high
performance liquid chromatography (HPLC; i.e., observedactil mg m?® Figure 3). Calibration
coefficients were determined using linear regresdietween the observed water sample a&hl
concentrations and the uncalibrated CTDahbncentrationschlactp; h = 2484; adjustedzl% 0.63;

p < 0.001 Figure 3). The coefficients were used in the following linear equation to derive the
calibrated CTD cha concentrations in mg (chla):

Thwm 8 ol 8 (6)
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Figure 5. Regression of the observed @hkoncentrations derived from Higbherformance Liquid
Chromatography of water samples (HPLC) versus theciient uncalibrated cha concentrations
(mg m?) derived from the CTD flu@meter. Points are colour coded by depth. Green line iinter
regressior{n = 2484; adjusted®® 0.63; p < 0.001).

1.3 Results and Discussion

A detailed examination of suida water and sea ice horizontal spatial variability is beyond the scope

of this paper. Nevertheless, we do assess if the environmental sensor array improved the spatial
representativeness of observed environmental parameters compared to using nebdsedhip ice

station observations.

1.3.1 Salinity

The linear regression between the SUIT Gd@ived salinity with the shipased and ice station
salinity observations showed good, significant fit5£®.86 and 0.77, respectiveligure5). Nearly

all shipbasd and ice station salinity observations were higher than the-$dd salinity Kigure

5) and the discrepancy was larger at lower salinities. We attributed this to the presence of fresher
water pockets near the water surface or uimesurface resutig from melting sea ice. This fresher
water has lower density and thus floats to the surface, which is apparent from the horizontal SUIT
haul data summarized into vertical depth profileigre6 b) where the upper surface has the highest
variability of salinity. The SUIT salinity values for each haul showed high variability in the direction

of lower salinity compared to the sHifased (vertical dotted lineBjgure 6 b) and ice statiovased
(vertical dashed linesgiigure6 b) salinity values. Obvious faaes of relatively fresh water are shown

for two SUIT stations (258 and 285; Fig8pe At station 258 the fresh water pockets appeared to be
related to the presence of open water regions between ice floes (Figuré/hereas at station 285

the featuresappeared to be related to both open water regions and the presence of sea ice ridges
(Figure8 b). Accumulation of fresher water in the regions between ice floes likely occurred due to its
lower density and the movement of lower density to the surfagehwhthis case was the open water
between the ice floes. The relationship of fresher water pockets with sea ice ridges was likely due to
formation of domeshaped features along the undigte of the sea ice, typically adjacent to ridges,
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which can trapriesher water where they are sheltered from currents and have no path to surface open

water regions.
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Figure 6. Depth profiles of the horizontal SUIT hauls showiag calibrated CTD chl a (mg-3); b)
salinity (practical salinity scale PSB; Fofonoff,1985) and c) temperature (°C), the verticalid
blue line corresponds to the freezing point of sea water €f.8 °C.The ice station CTElerived
values are depicted by the dashed red lines anebsisipd CTREderived values by dotted red lines.

This denonstrates that ice station or shigsed observations do not capture these freshwater features.

If these features are important to biological activity can only be assessed if we can actually observe
these features, however, using ship or ice station bae#tbds it is less likely to capture them since

the ship disturbs the water, particularly the surface water due to mixing from the propeller and
thrusters. Capturing fresh water features at ice stations is more likely thamaskib observations

since tlere is no disturbance, however, based on the SUIT profiles these features are not predictable
and therefore would require more extensive sampling through the ice, which is logistically demanding
and time consuming. On ice stations it would also be adeistablsample from the ice edge to
increase the likelihood of sampling fresh water pockets from undisturbed water between ice floes. It
would remain difficult, however, to capture the freshwater pockets that may be associated with sea ice
ridges and dome spad undetice features since this would require CTD casts at multiple locations on
the ice floe, which may not be feasible.

1.3.2 Temperature

Temperature values had relatively low horizontal variability at most stations except for at station 223
and 233 Figure 6 c). At these stations the variability of temperature coincided with changes in
salinity showing an inverse relationship between the variabdgpendix A2: Supplementary
Material FigureAl1-2 and A%2). The inverse relationship between temperature aliitg was also
observed in other profiles although were less drastic (FB)jur@oldest surface water temperatures ~
1.8°C were observed at stations 376 and 39@ure6 c) and were indicative of the onset of freezing
conditions. Overall, the mean Slbased temperature had a good and significant fit with both the
shipbased and ice station surface water temperature valdes QB0 and 0.95, respectively; p <
0.05). This can be attributed to the small degree of horizontal variability within the-t#idéd
temperature data.
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Figure 8. Surface and undece trawl (SUITYmounted sensor arrays profiles of sea ice draft, surface
water chla (mg m?), salinity (practical salinity scale PSB8; Fofonoff, 1985)and temperature (°C)
for stations: a) 28; and b) 285.

1.3.3 Surface water chlorophyll a
Surface water chd showed a moderately good and significant fit between the -SaHd@ shipbased

CTD mean chh values (R = 0.49; p < 0.05; Figuré a). A nonsignificant and relatively poor fit was
found betwen the SUIT and ice statiosbased CTD mean chlvalues (R = 0.28; p > 0.05; Figuré
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a). SUIT-based chhk showed generally large horizontal variability, particularly at stations 258, 285,
321, 376 Figure6 a). Overall, the SUlAbased chhk were higherthan ice station CTD observations
(Figure7 a) likely because the SUIT was able to capture the large horizontal variability and included
high chla concentration regions whereas the ice station was only one cast under the ice. The ship
based observationsddnot show any directional bias compared to the mean SUI&. diilis may be
coincidental or could due to vertical and horizontal mixing creating a more homogeneous surface
layer.

In contrast to the salinity profiles, the horizontal variability of SBBed chik appeared to be more
erratic and varied at smaller scales (FigBreWe observed no obvious relationships with the under

ice topography, however, some patches of highaddncentrations were observed adjacent to ridges
(Figure 8). This could le the result of less turbulent waters adjacent to ridges, forming isolated
pockets similar to the freshwater pockets. This is likely not the case since there was no relationship of
high concentration patches with the freshwater patches, which may beeepetie former were

true, and because patches were observed in regions of relatively smooth ice and open water.
Therefore, a more detailed analysis of the horizontal patchiness ofinaddr a concentrations is
required in order to explain possible chanisms responsible for the observed patchiness. This is
particularly important since undere phytoplankton blooms have been identified as important
features in the Arctic Ocean in terms of carbon export and ecological significamgm et al.,

2012)

1.3.4 Seaice draft/ thickness

Ice thickness had poor, naignificant regression fits between the Sthidsed ice thickness and ship

based and ice stations observations (Figlir& he poor fit with shigbased ice thickness values was

the result of two statits 376 and 333, which had large deviations from the SUIT ice thickness data
(Figure 7 c). This was likely due to the inability of visual observations to accurately capture the
spatial variability of the sea ice thickness. These visual observations aretgcloaracterizing the

general ice conditions but are perhaps less accurate at assessing and characterizing the spatial
variability of sea ice thickness. Furthermore, the ship tends to travel in open water leads and along the
edges of ice floes. Ice floglges typically experience enhanced melt compared to the interior regions

of the ice floes(Perovich et al., 2003and therefore may introduced a bias towards thinner ice
thickness observations if only ice edges were characterized during tHeaship obgeations.

The poor fit between the SUHGased and ice station ice thickness observations was the result of three
stations (248, 321 and 345), which had substantially thicker corresponding ice station thickness
observations (Figuré c). The selection ofhese three suitable ice floes to work on may have
introduced a bias towards thicker sea ice, particularly in regions of thinner sea ice, since an ice floe
needs to have certain characteristics to ensure a safe working platform. Typically, large lévesice f

were selected and therefore could be assumed to be thicker than the surrounding area because they
were able to withstand the compressive forces without breaking apart.
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Figure 7. Linear regressions and comparisoof the SUIT CTBderived observatia versus the
nearest shifpased observations and nearest ice station observations for: a) water colartmginfi
%: b) salinity (practical salinity scale PS®B; Fofonoff, 1985) c) ice thickness (m), SUIT ice
thickness calculated from modal draft dietlby density of ice (0.834 determined from ice cores), ice
station thickness values are frdBoetius et al., 2013and shipbased ice thickness are observations
from the bridge by a person; a fvdlue dignotes sigicarg r at ur e
linear regression at p < 0.05.

1.4 Conclusions

Overall, ice thickness, salinity and undee surface water chlorophyd showed high horizontal

spatial variability, which was not represented well with the nearby-tstdpd or ice station
observationsTemperature, however, showed a good agreement between methods due to lower spatial
variability. These results suggest that conducting ecological modelling with environmental data,
which are notoincident to the sampling location, may result in -ngpregntative or false
assessments of the Ecosystem. Nevertheless, because many of the observations were in agreement, we
suggest that using namincident environmental data may be suitable although should be done with
caution and limited to cases where thisreo alternative option and/or to fill essential data gaps.

David et al., showed that ice thickness and surface water properties played an important role in
structuring the undace communities. This means that if other environmental data were uged (e.
nearby vertical CTD casts of chl which showed a poor fit to the SUIT CTD ch)l a drastically
different statistical relationship would likely have resulted. These results demonstrate the sensitivity
of ecological modelling, in particular, to how émnmental properties are characterized.

33



Chapter 2 - Paper 1: SUIT sensor array

Acknowledgements

We thank Captain Uwe Palthe crew and scientific cruise leader Antje BoetioSRV Polarstern
expeditionPS80.3 (ARK273; IceArc), for their excellent support and guidance with work at sea. We
thank Jan Andries van Franeker (IMARES) for kindly providing the Surface and Wreldrawl
(SUIT) and Michiel van Dorssen for technical support. SUIT was developed by IMARES with
support from the Netherlands Ministry of EZ (project WOQ&009-036) and theNetherlands Polar
Program (project ALW 866.13.009)his study is part of the Helmholtz Association Young
Investigators Group Iceflux: leecosystem carbon flux in polar oceans (WMB-800). We also
acknowledge the AlfredVegenetinstitut, HelmholtzZentrumfir Polar und Meeresforschung for
essential financial and logistical support. All data are available from the PANGAEA database
doi.org/ XX XXXX/PANGAEAXXXXXX.

34



Chapter 2 - Paper 1: SUIT sensor array

References

Arrigo, K.R., Perovich, D.K., Pickart, R.S., Brown, Z.W., van Dijken, G.L., Lownjg.KMills, M.M., Palmer,

M.A., Balch, W.M., Bahr, F., Bates, N.R., Benitdelson, C., Bowler, B., Brownlee, E., Ehn, J.K., Frey,
K.E., Garley, R., Laney, S.R., Lubelczyk, L., Mathis, J., Matsuoka, A., Mitchell, B.G., Moore, G.W.K.,
OrtegaRetuerta, E., RaS., Polashenski, C.M., Reynolds, R.A., Schieber, B., Sosik, H.M., Stephens, M.,
Swift, J.H., 2012. Massive Phytoplankton Blooms Under Arctic Se&ldence336, 1408.

Boetius, A., Albrecht, S., Bakker, K., Bienhold, C., Felden, J., Fernavéezlez,M., Hendricks, S., Katlein,

C., Lalande, C., Krumpen, T., Nicolaus, M., Peeken, |., Rabe, B., Rogacheva, A., Rybakova, E., Somavilla,
R., Wenzhofer, F., Party, R.P:AS.S., 2013. Export of Algal Biomass from the Melting Arctic Sea Ice.
Science339, 14301432.

David, C., Lange, B., Krumpen, T., Schaafsma, F., van Franeker, J.A., Flores, H., 2015&ac&/ddsribution
of polar cod Boreogadus saida in the central Arctic Ocean and their association witk beditat
propertiesPolar Biology.

David, C, Lange, B., Rabe, B., Flores, H., 2015b. Community structure of {iceldauna in the Eurasian
central Arctic Ocean in relation to environmental properties oficgedabitatsMarine Ecology Progress
Series 522, 1532.

David, C., Schaafsma, F.L., varaReker, J.A., Lange, B., Brandt, A., Flores, H., 2016. Community structure of
underice fauna in relation to winter sége habitat properties from the Weddell Sealar Biology.

FernandeMéndez, M., Katlein, C., Rabe, B., Nicolaus, M., Peeken, I., BakK., Flores, H., Boetius, A.,
2015. Photosynthetic production in the Central Arctic during the recordicgeaninimum in 2012.
Biogeosciences Discussigri®, 28972945.

Fetterer, F., Knowles, K., Meier, W., Savoie, M., 2002, udpated 2011. Sea Ice Buldaer, CO: National
Snow and Ice Data Center. Digital Media.

Flores, H., van Franeker;A., Cisewski, B., Leach, H., Van de Putte, A.P., Meesters, E., Bathmann, U., Wolff,
W.J., 2011. Macrofauna under sea ice and in the open surface layer of thevL9ea, Southern Ocean.
Deep Sea Research Part II: Topical Studies in Oceanografily 58 (pp. 19481961).

Flores, H., van Franeker, J.A., Siegel, V., Haraldsson, M., Strass, V., Meesters, E.H., Bathmann, U., Wolff,
W.J., 2012The Association of Antatic Krill Euphausia superbaith the Undefice Habitat.PLoS ONE
Vol. 7 (p. e31775): Public Library of Science.

Fofonoff, N.P., 1985. Physical properties of seawater: A new salinity scale and equation of state for seawater.
Journal of Geophysical Resear@0, 3332.

Hendricks, S., Nicolaus, M., Schwegmann, S., 2012. Sea ice conditions during POLARSTERN cruise ARK
XXVII/3 (IceArc). Alfred Wegener Institute, Helmholtz Center for Polar and Marine Research,
Bremerhaven.

Kohlbach, D., Graeve, M., Lange, B.A.alid, C., Peeken, I., Flores, H., 20Tthe importance of ice algae
produced carbon in the central Arctic Ocean ecosystem: food web relationships revealed by lipid and stable
isotope analyse&imnol. Oceanogr

Lange, B.A., Katlein, C., Nicolaus, M., Peekel., Flores, H., submitted. Spectrallgrived sea icalgal
chlorophyll a concentrations using undeg horizontal profiling platformsJournal of Geophysical
Research

Perovich, D.K., Grenfell, T.C., Richtdlenge, J.A., Light, B., Tucker Ill, W.B.,i€ken, H., 2003. Thin and
thinner: Sea ice mass balance measurements during SHEEB/al of Geophysical Researctiol. 108 (p.
8050).

R-DevelopmeniCoreTeam, 2012. R: A Language and Environment for Statistical CompuRirfgpundation
for Statistical Corputing, Vienna, Austria.

Schaafsma, F.L., David, C., Pakhomov, E.A., Hunt, B.P.V., Lange, B.A., Flores, H., van Franeker, J.A., 2016.
Size and stage composition of age class 0 Antarctic krill (Euphausia superba) irtvetecénterface layer
during winkr/early springPolar Biology.

Spreen, G., Kaleschke, L., Heygster, G., 2008. Sea ice remote sensing usingEABBEBHz channels.
Journal of Geophysical Researctil3, C02S03.

van Franeker, J.A., Flores, H., van Dorssen, M., 2009. The surface and estiawil (SUIT). Frozen desert
alive—the role of sea ice for pelagic macrofauna and its preda@h® thesis, University of
Groningen,Groningen

35



Chapter 2 - Paper 1: SUIT sensor array

36



Chapter 2 - Paper 2: Spectrally-derived chl a

Paper 2. Spectrally -derived sea ice -algal chlorophyll a concentrations
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Key Points

1 Icealgal dl a best estimated from largeale spectral data using E@pproach because it
accounts for varying environmental conditions

1 Accounting for variability of incoming light produced most reliable-abgal biomass
estimates

1 Insufficient spatial represente¢iness of sea ieglgal biomass can cause biases in lagme
ice algalbiomass and PP estimates

Abstract

Multi-scale sea ice algae observations are fundamentally important for projecting changes to sea ice
ecosystems, as the physical environment coetinto change. In this study we developed upon
previously established methodologies for spectiddlsiving sea icalgal chlorophyll a
concentrations (chd), and appliedhese to largescale spectral surveys. We developed models based

on ice core chh and coincident spectral measurements conducted during two cruises to the central
Arctic Ocean in 2011 and 2012. We conducted four different tindespetral measurements:
irradiance; radiance; transmittance; atmensflectance, and appliedirée statistial approaches:
Empirical Orthogonal Functions (EOFNormalized Dfference Indices (NDI); anchulti-NDI. These
reference models weranked based on two criterimean robustness®Randtrue prediction error
estimates. The EO&pproactperfamed bettertian the NDI, due to itability to account for the high
variability of environmental properties experienced over large areas. Based on robustness and true
prediction error, the best three models, B@ihsmittance, EOFansflectance and NBI
transmittancewere applied to two remotelyperated vehicle (ROVAnd two Surface and Undkre

Trawl (SUIT) surveys. In these largecale chia estimates, EOfransmittance showed the best fit to

ice core chh. Ice core chh, and ROV and SUIT EObased chh estimdes demonstrated higher chl

a at higher latitude stations, which was attributed to lower melt rates. Application of our best model,
EOFRtransmittance, tan ROV station revealed large differences compared to published biomass
estimates from the same sitéttwimportant implications for projections of Arctwide ice-algal

biomass and primary production.
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2.1 Introduction

Many of the most pronounced changes in the Arctic Ocean have been observed in the physical sea ice
environment, as these properties are easibnitored from satellites and d&orne sensors. Such
changes include: dramatic reductions in sea ice exgamtdze et al.2007;Stroeve et a).2012] and
thickness Kwok and Rothrock2009;Haas et al. 2008]; replacement of mulyiear ice (MYI) by
firstyear ice (FYI) and the loss of thick, old idddslanik et al. 2011]; increased light transmittance
through the summer sea ice covdicdolaus et al.2012], decreased summer sea ice albRilbdla et

al., 2013]; and increased mglond coverageRosé and Kaleschke2012]. These changes to the

Arctic sea ice cover are likely to continue unabated into the future, having profound ecological
consequence®AMAP, 2011;IPCC, 2013].

Satellite observations have already indicated increased pelagic prodwiton the Arctic Ocean

due to decreased ice cover and a longer open water sewsigo [et al, 2008; Arrigo and van

Dijken, 2011]. A recenstudy in the Central Arctic Ocean also suggesiatisea icerelatedprimary
production has increased and wilbntinue to increase in the Central Arctic due to more light
penetrating through the icd~¢rnandezMéndez et al.2015]. Overall, changes to iessociated
production are difficult to evaluate due to a lack of studies in the Central AV¢isgmann et al.

2011]. Monitoring sea ice ecosystems remains a challenge due to logistical constraints and the
difficulty of remotely sensing biological processes in and under the ice cover. As sea ice algae are a
major source of energy for many key marine organisntisarArctic Budge et al.2008;Kohlbach et

al., in press;Sgreide et al.2013;Wang et al. 2015], multiscale sea ice algae observations are of
particular interest in order to address potential changes to the sea ice ecosystem as the physical
environmem continues to change.

There is growing interest in extending sea ice algal observations by developingstaiger
observation systems and methodologies that can capture the spatial distribution of sea ice algae at
multiple scales. Although sea ice caiwill remain an essential method for any-re¢ated research,

point measurement coring is time consuming and logistically demanding, making it an unlikely
candidate for largecale icealgal observation systems. Other devices such as theglarfiGossén

et al, 1990] or underwater pulsemplitudemodulated fluorometer (Divir@AM)[Rysgaard et al.

2001] have shown promise, however, they require the deployment by divers, which is also logistically
demanding and time intensive.

New developments of Autamous Underwater and Remotely Operated Vehicles (AUV/ROV) give
promising new opportunities to study the underside of M&adhams 2012]. Currently these
platforms have mainly been used to observe physical Katjein et al, 2015;Nicolaus and Katlein
2013;Nicolaus et al.2012] and biological [e.gAmbrose et al.2005;Katlein et al, 2014a] processes
within and under the ice at larger scales and with relatively minimal logistical requirements, in terms
of spatial coverage compared to other meth@lg., 8 hours for 100 to 500 m transects). ROVs
deployed with mounted digital imagery systems have been used to document the distributien of sub
ice algal aggregates [e.dAmbrose et a].2005;Gutt, 1995;Katlein et al, 20144a]. Digital imagery is
limited to 2dimensional space and therefore abundance estimates may have high uncertainty. Using
image analysisKatlein et al.[2014a] showed that iealgal aggregate distribution is mainly controlled

by underice topography with the accumulation of aggregadlong the edges of ridges and in dome
shaped ice features.

Underice spectral measurements can be used to derive chloraptyficentrations in sea ice using
bio-optical models. Until now, however, these models have not been applied to larger dealeeun

ROV spectral measurements. ROVs have recently been deployed, with mounted spectral radiometers,
to measure undeéce spectral irradiance [e.d<atlein et al, 2015;Katlein et al, 2014b;Nicolaus and

Katlein, 2013;Nicolaus et al.2012], but foased primarily on physical processes and energy budgets.
Spectral radiometers have also been mounted on Surface andlttndeawls (SUIT, van Franeker

et al. 2009), a potential horizontal profiling platform for monitoring ice algal concentration in
combiation with the abundance of undee grazers oveprofiles up to 3 km in lengttre[g.David et

al., 2015] The development of undere horizontal profiling platforms for observing spectral
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properties of sea ice, among other properties, has resultattiwill continue to result in larger
amounts of undeice spectra. These spectral observations, both from the past and future, could be
used to estimate the temporal evolution and spatial variability e&lgad chla. However, this
requires the developme of robust and reliable methodologies that can be applied to datasets with
variable temporal and spatial coverage, and with a large range of environmental conditions.

Spectrallyderived icealgal chla concentrations have been estimated using a nixedatlifference
index method (NDI), introduced bMundy et al.[2007] and applied in other field studies [e.qg.,
Campbell et al.2014]. This method has proved useful during springtime to detect-izedgpectral
variations near the 440 nm chlabsorptionpeak in order to estimate chl concentrations. The
second ché absorption peek at ~ 670 nm, however, did not provide an accuratptimal model due
to the stronger influence of snow in the same wavelength rdhgedy et al. 2007].

Alternatively, Empirical Orthogonal Function (EOF) analysis has been used to identify variations
within underwater spectral measurements and estimate water column concentratiores pEictiy

et al, 2012] and phycoerythrinThylor et al, 2013]. MelbourneThomas et la [2015] compared
several statistical approaches, including: NDI, EOF, ratios of spectral irradiance, and scaled band
area, to estimate ieslgal biomass from undéte spectra measured during winter and spring
expeditions in the iceovered Southern OceaTheir results indicated that the NDI method was most
robust for their dataset, but the EOF also provided reliable model results.

Previous work on spectraliyerived concentrations of chland pigments have demonstrated essential
methodological advanceants and applications [e.@campbell et al.2014; 2015Craig et al, 2012;
MelbourneThomas et al. 2015; Mundy et al. 2007; Taylor et al, 2013]. The application of
spectrallyderived icealgal chla estimates, however, remains limited to local pomgasurements,

with limited spatial coverage and during a period dominated by the influence of snow cover on light
attenuation. In addition, previous tocelated work has focused on undeg irradiance, which does

not account for variations of the incorgigolar radiation. Variability of incoming radiation and more
importantly variations of the solar elevation angle not only produce variations in magnitude but also
variations in spectral shape, which may introduce variability (i.e., artificiah eftisorpion signals)

within spectral regions of maximum chhbsorption.

The main motivation for this work is to find a reliable Hoiptical model for estimating the variability
of ice-algal chla under highly heterogeneous environmental conditions that capgied to larger
scale spectral measurements using uiwehorizontal profiling platforms (e.g., ROV and SUIT). We
accomplished this by developing upon previously establisheddtioal methodologies and statistical
approaches. We determined the bestked bieoptical model for estimating ieglgal biomass by
comparingi) different statistical approaches: NDI and EOF, including a newly introduced ilti
method that takes advantage of bothahbsorption peaks; ani different spectral measurents,
including: undevice irradiance, unddce radiance, undeéce transmittance and undee
transflectance. We applied a selected best set of models to larger scale spectral surveys for additional
model assessment and comparison, in addition to arpmelly analysis of the spatial distribution of
ice-algae based on a short transect extracted from a selected ROV survey.

2.2 Materials and Methods

2.2.1 Study Area

Field observations and sampling for this study were conducted during two summer research cruises to
the Central Arctic Ocean onboard the German icebreaker FRfdrstern i) TransArc (PS78.3,
hereafter referred to as PS78) condudteth 4 August to 7 October 2011 (Figure 1); aiadceArc

(PS80.3, hereafter referred to as PS80) conducted from 4 AuguBt @ctober (Figure 1).
Measurements and ice core samples were acquired from a total of 6 ice stations during the 2011 PS78
cruise, and from 9 ice stations, one helicopter ice landing and two Surface andidéndeaw!

profiles (SUIT; with mounted sensarray) during the 2012 PS80 cruise.
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Figure 1. Map of the study region with ice stations conducted during expeditions PS80 and PS78, and
the two selected SUIT sampling sites. Sea ice concentration data acquired from www.meereisportal.de
according to algathms in [Spreen et a).2008]. Sea ice extent correspond to monthly means during
September for both cruise years [extent data acquired from N3tBizrer et al.2002, udpated

2011].

2.2.2 Spectral measurements

Spectral radiance and irradiance measurements waequired using Ramses spectral radiometers
(Trios GmbH, Rastede, Germany) with a wavelength range from 350 to 920 nm and a resolution of
3.3 nm, which were subsequently interpolated to a 1 nm grid followiicglaus et al.[2010].

Incident solar radiabn (Es) and undeice irradiance ;) were measured using an irradiance sensor
(RAMSESACC) containing a cosine receptor with a180° fieteview (FOV. Undetice radiancelf)
measurements were acquired using a radiance sensor (RAKMSEBwith a 9° FOV. Al spectral
measurements are presented for the photosynthetically active radiation range (PAR) between 400 to
700 nm, unless stated otherwise. Additional details about the sensors and spectral data processing
were described biicolaus et al]J2010]. Spetral transmittanceTg) is defined as the ratio of under

ice irradianceiy) to incident solar radiation ¢E as described byicolaus et al[2010].

J E !
-I|Wy Fvf (1)

with wavelengtha-within the PAR range (400:700 nnfpectral transflectancd , introduced by
Nicolaus and Katlein2013], is defined as the ratio of undiee radiance If) to incident solar
radiation Es).
J by 2
1 4 (2)
Transmittance and transflectance are dimensionless, however, following 8yst&h to use
steradian for solid angles, we usé as the unit forransflectanced.g.,Nicolaus and Katleir2013].
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Underice spectral measurements were conducted using: i) an-igederarm sensor system; ii) a
remotely operated vehicle (ROV), V8ROV (Ocean ModulesAtvidaberg, Sweden), with mounted
sensor array; and iii) a Surface and Under Ice Trawl (JM&h Franeker et al.2009]with mounted

sensor array, as described bwvid et al.,[2015. Simplified diagrams and images showing the
deployment of all undece profiling platforms are presented in Figure 2. The uiwket-arm sensor
system (Figure 2 a and g)teviously described inMelbourneThomas et al.2015;Mundy et al.

2007], was deployed below the ice through a ~14 cm diameter vertical hole drilled using a Kovacs
Mark Il 9 cm internal diameter corer (Kovacs Enterprise, Roseburg, USA). Oncedira \was

below the ice, the lower ~1.2 m of the aluminum bar setup, with mounted radiometer, was extended
horizontally, and then slowly raised so the sensor was ~10 cm from the ice bottom. To minimize
shading by the system equipment and operator, the sensgogitiened directly south of the-drm

hole at ~1.2 m distance. Coincident incoming irradiance measurements were conducted above the ice
for all underice L-arm measurements. The snow/ice surface directly south otahe lhole was kept
undisturbed durig spectral measurements. Ice cores were then sampled coincident to the spectral
measurement location (see Section 2.3; and Figure 2 a and b).

A detailed description of the ROV (Figure 2 c and f) spectral measurements, calibration and
calculations, and ROVperation during PS7®&as provided byicolaus and Katleirj2013]. Some

minor modifications to the ROV system were made for the PS80 cruise and are desdfduéziniret

al. [2014a]. ROV spectral measurements, calibration, and calculations during B&86onsistent to

those used during PS78 and conducted as descrilididdlaus and Katleif2013]. Undefice ROV
spectral surveys (Figure 2 a) were performed over perpendicylfiansects withx andy transect
lengths between 50 and 150 m. Incidentasahdiation (E) measurements, for the calculation of
spectral transmittance and transflectance, were performed using an irradiance sensor mounted on a
tripod positioned on the sea ice nearby the ROV operation tent (Figure 2 a). Stationary spectral
measuements were conducted directly (~0 to 10 cm) under the ice at 10 m intervals alorg the
transects. When the ROV spectral surveys were complete, ice cores were extractelttarmiaed
locations coincident to selected spectral measurement locatignsg2 a).

The Suface and Under Ice Trawl (SUITydn Franeker et al2009]is a net used to sample sea ice
fauna, zooplankton and micronekton in the upper 2 m of the water column under the ice (Figure 2 d,
g, and h). A detailed description of the SU$Tprovided as supplementary materiaFHiores et al.

[2012]. During PS80 the sensor array was specifically enhanced to target the variability of sea ice
algae. The new sensor package included an Acoustic Doppler Current Profiler (ADCP), a
Conductivity Tenperature Depth probe (CTD) with buiift fluorometer, an altimeter, one irradiance
sensor (RAMSE®\CC), one radiance sensor (RAMSBRC) and a video camera (Figure 2 h;
previously described iDavid et al.[2015]). The sensor array provides measuremehtstch and

roll, depth and distance to ice, which were used to calculate ice draft, andiaendgrectral
measurements.
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Figure 2. Diagrams and images showing unésr horizontal spectral profiling platforms and sea ice
sampling. a) simplified diagna showing ice station work, which included deployment of tkearh

and remotely operated vehicle (ROV), and ice core extraction; b) image showing ice coring; c) image
of the ROV; d) image of the surface and uAdertrawl (SUIT) floating in the water; @nage of the

L-arm deployed under the ice with a mounted radiance sensor; f) image of the ROV adjacent to the
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deployment hole and operation tent; g) image of the SUIT being lifted back onto Polarstern, with
sensor array on portside wing; and h) simplifétédgram of the SUIT, with mounted sensor array,
being towed behind a ship. NOTE: a) and h) are not to scale.

2.2.3 Spectral Quality control of under -ice profiling platforms

SUIT and ROV cover different distances and were operated at various depths undealibwegitbe
profiles. Therefore, the data needed to be filtered to get suitable spectra for-tpéidabprediction
models. Pitch and roll, and distance to ice measurements were used to filter the spectra in order to
minimize the influence of light extition in water on the spectra. The integration time of the spectral
radiometers varies with the strength of the received radiation, which is highly variable under sea ice.
Therefore, ADCP measurements (1 Hz) and distance to ice (10 Hz) were averagedeover th
integration time interval of each spectral measurement. The footprint of each measurement was
dependent on the distance to the ice bottom, the-dieldew (FOV) of the sensor, and the horizontal
speed of the sensor platform. Best spectral quality teefndm ROV operation at a constant depth
[Nicolaus and Katlein2013]. However, variations of distance to ice and orientation of the ROV are
difficult to minimize and therefore the measurement footprints during ROV surveys were highly
variable. We minimied the influence of light extinction by water on the spectral signal and limited
variability of the footprint size by selecting only measurements that had a distance to the ice bottom of
< 1.5 m, and pitch and roll betweel0° and +10°Nlicolaus and Katlim, 2013]. Similar to the ROV,

SUIT haul measurements were also filtered by a distance to ice bottom of < 1.5 m, and pitch and roll
between15° and +15°. At a distance of <1.5 m the influence of water extinction was assumed to be
minimal. Because the ROWas operated at slow speeds (< 0.2 intke footprint size had minimal
horizontal variability due to movement (e.g., acrsask and alondrack spatial footprint were
equal).The faster horizontal operation speeds of the SUIT (~17,thawvever, redted in an along

track spatial footprint dependent on the integration time of the sensor. Footprint size variability was
accounted for by using the footprint as a weighting factor when conducting statistical analyses.

2.2.4 Ice coring and Chlorophyll a measureme nts

Sea ice cores were extracted using a 9 cm inner diameter ice corer powered by an electric drill . At
each core location, we measured snow depth or surface scattering layer depth, ice thickness, core
length, and freeboard. Here the scattering layeeimed as an unconsolidated surface layer of large

ice granules (~1 to 5 mm). Ice cores were placed in-de&mhed barrels, and then immediately
transported to the ship and melted at 4 °C in the dark. During PS78, ice cores were cut in three parts
(the uper and lower 20 cm, and the remaining middle part of the core), placed in separate barrels and
processed separately (i.e., three samples for each core). During PS80, each entire ice core was placed
in one acidcleaned barrel for melting and processing.(i.one sample for each core). When
extracting cores from melt ponds, melt pond water was added to the sample with a volume
approximately equal to a 9 cm diameter cylinder (e.g., core barrel) with a height equal to the depth of
the melt pond.

Subsamples fom each melted sample were filtered onto 25 mm Whatmann GF/F filters, placed in
liquid nitrogen then stored in-80 °C freezer until analyses were conducted back at the laboratory in
Bremerhaven, Germany. Cal concentrations were measured on eachr filleng highperformance
liquid chromatography (HPLC) as describedTiran et al.[2013]. All chl a concentrations are
reported as verticallintegrated units (mg cla m).

2.2.5 Statistical Methods and Approaches

All statistical analyses were conducted udihgoftware Version 2.15.RfDevelopmenCore-Team
2012] with all relevant packages listed after the corresponding analysis description.

To avoid large negative numbers in log space due to the presence-eéreahla concentrations,
raw chla (chla) values were adjusted by a constant value so that the minimuan(chla,;,) value
was set to 1 mghlam?, as follows:
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U8 LIS LRSS LT (3)
wherechla,g; is the adjusted cla value used in all the models.

2.2.5.1 Empirical Orthogonal Function (EOF)

The large dimensionality of spectral data (e.g., 301 wavelengths) was reduced by applying Empirical
Orthogonal Function (EOF) analyses (also referred to as principal component anaBGég.
Spectra were first standardizéyy subtracting the mean then dividing by the standard deviation
[Taylor et al, 2013]. Standardizing the spectra minimizes any variability due to magnitude and allows
for a more detailed examination of spectral shapeify et al, 2012; Taylor et al, 2013]. The
resulting standardized spectra formed Mrx M matrix X consisting ofN observations andv

wavelengths = 301 (PAR: 400 to 70 O0Ocowacpvarihncenm r e s
matrix C was calculated from X:
A AR (4)
We t hen used eigdn® condrct anfEigen degcompasition of the covariance matrix C:
A n (5)

where S N x N) Eigenvectors, hereafter referred to as EOFs, contains the loadings for each sample
(N) by modeN).A (di agonal ma t M) coxtaing thé Eigeraluese which exptam the
variance of each EOF mode. The first EOF mode, captures the largest proportion of variability within
the spectra, with each subsequent mode capturing progressively |bssvafiability. Each selected

EOF mode can be represented as a mode of oscillation in the data (spectra) by calculating the EOF
expansion coefficients Z. Z was calculated by projecting the spectral matrix X onto S:

H AA (6)
where Z M x N) contains the loadings for each wavelendif) by mode ).

To create predictor models for dotoncentrations in sea ice, we appledneralized Linear Models
(GLM) [McCullagh and Neldef989] of the logtransformed ch& (chla.: response variable) versu

EOF modes (predictor variables). Sample siXg aried depending on data subset and spectral
measurement combination. Adr ¥ we selected the first 9 EOF modes, and\fer 9, we selected

the firstN EOF modes as predictor variables for the GLM analyses. In addition, each selected EOF
mode was squared and included as predictor variables in the GLM analyses. The GLMhaiegelels

the form:

i Tpr e » ov 0v E 5w ax (7)

wheres,  , ¢
mo d e | sel ecti ondh .o argthe reghession codffieiants. Egldwihgylor et al.

[2013], we assumed a Gaussian error distribution and appliedliakdgnction for the prediction of
chl a, i.e.,E(chlayg).

2.2.5.2 Normalized Difference Index (NDI)

We constructed a spedtreorrelation surface matrix between chlconcentrations and all possible
NDI combinations of two wavelengths within the photosynthetically active radiation (PAR)
wavelength range between 400 and 700 nm, as describdddrny et al[2007]. Correlation sdaces

were constructed for each baptical model combination (all combinations of Jmiptical models are
described in Section24 and visualized in Figure 3). We applied a moving average to the correlation
surfaces by taking the mean of a 3 x 3 nm gedtered at each value to ensure maximunad¥DI
correlations were not chosen at the edge of regions of high correlation.

Two maximum chla-NDI correlations were chosen from each correlation surfaceulVhich
corresponds to the wider ~440 nm aehdbsorption peak and has at least one NDI wavelength within
the range 400 to 480 nm; and Nl which corresponds to the narrower ~670 nmachbsorption

44



Chapter 2 - Paper 2: Spectrally-derived chl a

peak and has at least one NDI wavelength between 655 to 685 nm. We then applied a GLaJl to chl
adjuged according to Equation Zhla,y: response variable) and NDNDI: predictor variables)
values in the form:

{ {F Hifm= » ad gk (8)

where ao is the intercept and NP cotrdsmdsrioeegherdles i on cC
maximum chla-NDI correlation NDl4, or NDIlg7o. TO maintain consistency between statistical
approaches, which is important for intEmparison, we applied a léigk function for all statistical

approach models, i.e&(chlayg).

2.2.5.3 Multi -NDI

In order to take advantage of both ehlabsorption peaks we incorporated both NDIs (e.g.,sNDI
and NDk;g into one model. The two maximum NDI correlations for each-opiical model
combination (all combinations described in secttb.4 and visudized in Figure 3) were used as
predictor variables in GLMs with cld, adjusted according to Equation ¢hlg.q) as the response
variable:

B L (9)
wher eeaiing et g edpre thearagrssifn coefficients.

2.2.5.4 Selection criteria of bio -optical reference models

To visualize the selection process from a large number of possible model combinations we provided a
flowchart illustrating the model selection camanking process following the selection path of one

model (Figure 3). Biaptical models to estimate i@dgal chla were constructed using GLMs based

on four different statistical approaches: 1) Empirical Orthogonal Function analysis (EOF); 4y NDI

3) NDlg7 and 4) multiNDI (Figure 3a). These statistical approaches were applied to four different

spectral measurements: a) Undér Irradiance Ey); b) Underice Radiancel{); c¢) Transmittance

(Te); and d) Transflectancel( Figure 3a) . T h e wtistical dpprdacs pect r al measur e
combinations were applied to 1) the full datasdi);(2) PS78 cruiseRS79; 3) PS80 cruiseRS80);

4) highlatitude MY! sites from PS80PS8OMYI); 5) low chla (low: <2 mgm?); and 6) high chh

(high >2mgm? Figure 3@) . This resul ted i rspedrél méasuteraedttast i ¢ a |
subset” combinations, of which 72 were based on
approach.

Within each of these 96 combinations there were multiple pateaference model possibilities of
wavelength combinations (NDI) or EOF mode combinations (EOF; Figuae Brom the many
possible NDibased GLMs, which have various potential combinations of wavelengths, the NDI
wavelength combination with the highegtearman correlation coefficients (Figure 3) was selected as
the NDI predictor variable (NRQJ, or NDlg7¢) or variables (multNDI) for fitting the reference model

of each 72 corresponding Nibhsed approaespectral measuremedata subset combinations.

For each of the 24 EGBased spectral measuremedata subset combinations, there were a large

number of EOF mode combinations as potential predictor variables in the GLMs. With 9 modes, 9
squareemodes, and up to 5 predictor variables, this resulted/én 500,000 different combinations

of EOF modes in the GL bsulti [@dcagnosarddle Mabhaecoy2B 0], p ac k a ¢
to select the ‘best’ 100 GLMs from all possi bl e
predefined model evaluah criterion. Here we used the Bayesian Information Criterion (BIC),

because it includes a penalty for the number of variables included in the &itWdrz 1978]. Out

of these 100 ‘“best’ pot ent i abasedspatteal raaeMm&Hddies ) f or
subset combinations, we selected one reference model, which had the lowest BIC and in which all
coefficients were siagnificant (p < 0.05) (Figure
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Figure 3. Flowcharts of: a) Reference model evaluation and selection processet@noef model

ranking criterion 1 based on the mean robustness R2; and c) reference model ranking criterion 2 based
on the normalized root mean squared error (NRMSE). a) is performed first and results in the selection
of one bieoptical model for each of €196 statistical approagdpectral measuremedata subset
combinations. b) and c) occur independently in parallel and rank the reference models as a means of
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model interc o mpar i son. The best” (i .e., mo s t reliab
avaage of b) and c). For simplicity, the flowchart only follows the pathway of the top ranked model
(M15, referred to in text as EGRansmittance).

2.2.5.5 Comparing reference models and identifying predictive models

The previous sel ectiexnt prroefeesrse nicdee nmhdddle df drheed
approackspectral measuremedaita subset combinations (FigureaR In order to assess the

reliability of these reference models to predictatgal chla concentrations in larger spectral datasets

suchas from undeice profiling platforms (e.g., ROV and SUIT), we ranked the 96 reference models

based on two criteria (FigurelBandc) then, based on the average of both rankings, we selected the

top 5 models as the set rfotherqgoopgarsont i a l ‘“predictive

For the first ranking criterion (Figure B), we assessed model robustness, applying an adapted
procedure sed byMelbourneThomas et al[2015]. Each of the 96 reference models was applied to
the 5 data subsets not used to fit thepective reference model. We then calculated the predicted chl

a versus observed chlcoefficient of determination @R for each reference model applied to each of

the 5 data subsets, which we refer to as the robustie¥¥eRcalculated the mean of thebustness

R? values for each data subset. The mean robustrfgs®®des an estimate of how well the models
perform when applied t o-sCale W or SUpTespettra)ahd mdyaatsa ( e .
identify variability in how the models fit diérent cruises (PS80 vs. PS78) or aldoncentrations

(high vs. low). The mean robustnes$\Rlues were ranked from highest to lowest and used as the
first criterion for selecting the top 5 potential predictive models. One limitation of this ranking
criterion is that subsets were pselected by nonandom factors, which may introduce bias. This is
why we included an additional ranking criterion, which uses random data subsets to evaluate
predictive power of the models.

Models are optimized for the dataethare fitted to (i.e., training data); therefore the error of the
model applied to new data (true prediction error) is usually higher than when the model is applied to
the training data (training error). It is common to use training error estimatesti@med model
residuals) for the selection of models or to report confidence intervals for predicted dafBafdog.,

et al.[2013]). This can result in the selection of inferior models or an inaccurate estimate of the true
prediction error. Taking thesconsiderations into account, we implemented a second model ranking
criterion in order to select the predictive models. The second ranking criterion is basedad 10
CrossValidation (10FCV) to estimate the true prediction error of each modigldcross validation

is a commonly used method to assess the performance of predictive models by providing accurate
estimates of th true prediction error [e.gMahmood and Kha009] In 10FCV the data are first
subset into 10 folds (i.e., data subsets). Mifittetng and error estimation are repeated 10 times. Each
time a different set of 9 folds are combined to train/fit the model. Each model is then applied to the
10"f ol d of “new” spectral data (i .e., hlouladcb ut dat
for the “ new'datay whechl provitles an estitmdte of the true prediction error. The 10
error estimates (RMSE) are averaged to provide a more robust RMSE estimate for each 10FCV run.
Since the data are subset randomly, the 10FCV poiesepeated 100 times to ensure more
representative sukampling of the data and a more representative estimate of the true prediction error
(RMSE). The 10FCV procedure results in one estimate of the true prediction error for each model,
which we term tk crossvalidation RMSE RMSE,). The RMSE, is used as an indicator for the
guality of the model, with loweRMSEy values corresponding to models with a higher predictive
performance. Th&RMSE,y, is also used to provide model uncertainty estimates whetelsxare

applied to new spectral data (e.g., ROV and SUIT).

In order to compare between models with different sample sizes and range of values we normalized
the RMSE, by the range (minimum and maximum) of observed @halues ¢hlagysmin and
chlagps ma) USed to train the moddIRMSEy was calculated as:

119 g,
BRSSO =y Ly (10
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NRMSE:y values were ranked from lowest to highest and used as the second criterion for selecting
the top 5 potential predictive models. The rankings of teamrobustness’Rfirst criterion) and
NRMSE.y (second criterion) were then averaged and ranked to arrive at the top 5 ranked potential
predictive models. Robustness of statistical assumptions in these 5 predictive GLMs were visually
assessed based onidation plots. Because we have limited data points in the higta chhge,
particular attention was given to the leverage of each point and identification of potential model fit
outliers. Falowing procedures described Aguinis et al.[2013], we firstidentified potential model

fit outl i erDBcutaffsvalue ggualto @estatistic $~0.92). Second, we fitted the models
with removal of the identified potential outliers and assessed the change in model fit stafistics: R
BIC, and model sigficance PRguinis et al. 2013]. Model fit outliers were only reported if
statistically significant changes in model fit were observed. Model significance was assessed with an
analysis of variance (ANOVA) using tletest.

Further quality assessments weoaducted on the top 5 predictive models in order to ensure
these models were acceptable for application to larger scale spectral data. This ingluded:
investigating any potential relationships between environmental properties aiag which may
influence model performancd;) evaluating the biases of the model, and the model applied te high
and lowchl a, e.g., if the model oveestimates (positive bias) or uneestimates (negative bias) the
predicted datajii) applying the potential predictive mdde(excluding any models identified as
unreliable from the previous two steps) to largesle spectral profiles and comparing general
performance between predictive models for all profiles;ighdssess predictive performance of each
potential predictie model along a short 85 m ROV transect and compare to ice cora chl
observations along the same transect.

2.2.5.6 Predicting ice -algal chl a

We applied the selected best predictive models to independent spectral measurements from two SUIT
stations and two RO\&tations conducted during tHeS80 cruise. These included higatitude

stations PS80/358 (SUIT) and PS80/360 (ROV ice station), and-latitede stations PS80/285
(SUIT) and PS80/323 (ROV ice station; Figure 1). These stations were selected in aalap&oe

the predictive models applied to independent data from different regions and different environmental
conditions.

The application of NDI models to independent spectral measurements required first to calculate the
NDI,;-usi ng the wavel engt h ¢ ombi-based predictige mpdels. ghe, A1
NDI values were then incorporated into Equation 8 (NDI model) or Equation 9 {xiiltmodel)

along with the a and f val udsdodprivestieedrrespomdingehld by
a concentrations.

Predictions of chk concentration®n new spectral data using the EOF method were conducted as
described in Taylor et al., 2013. The independent spectral measurements were first standardized, as
descrbed previously. The independent standardized spectral dataJYx & matrix with J the

number of independent spectral measurementdvatiee number of wavelengtheas then projected

onto the EOF expansion coefficients Z in the form:

¢ 4L A (11
)

where F, the EOFs, isdax J matrix providing the loadings by modd) for each samplel], as with
S. Predicted icalgal chla values were calculated using the ERPRRsed predicti ve mo
formula and the new EOFE, in the form:

i lmsden > o 20 E B =~k (12)

wheref;, , ¢
from S (e.0.5, 2, ).used asresponsear i abl es in Equati @n, 7the \a i s
regression coefficients from Equation 7.
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The chla,eq values were radjusted by subtracting (1 chla,,) to account for the prmodel
adjustment of the ctd values (Equation 3). Due to thange of observed clalvalues (~0 to 12 mg

chl a m?), the predicted chh were limited to a range of 0 to 20 rll a m? by excluding all other

values. We set these limits because the models were fitted to a certain range of values and predicting
valuessignificantly outside this range only increases uncertainty in the predicted data. Setting an
upper limit to 20 mghl a m?is unlikely to result in undeestimated predictions of chlvalues since

our 73 ice core chd values, and literature chlvalues [e.g.,Gosselin et al1997 Lund-Hansen et al.
2015]from our sampling region and season were below 2@hhg m?.

2.3 Results and Discussion
2.3.1 Environmental properties

Both expeditions covered large geographical regions and were conducted during ttientriaom

late-melt to the onset of freeag, and thus encountered a large range of sea ice conditions. Sea ice
conditions during all ice stations were summarized in Table 1. Information about individual ice core
samples was summarized in Supplementagtdval Table S1. During PS78, sea ice stations were
conducted from the Eurasian shelf edge to the Canadian Basin and back again. This sampling effort
captured the transition from i@age through firsyear ice and into the mulfiear packice. During

ice stations PS78/198, PS78/203, and PS78/212 the surrounding sea ice was in an advanced state of
melt with no snow cover and open melt ponds. Fregzeonditions were first observed on 22
August, characterized by the presence of a light snow cover andesindazing of melt ponds, and
continued during the remaining ice stations PS78/227, PS78/238, and PS78/245.

During PS80, the first two ice stations, PS80/224 and PS80/237, were situated in deysarfics.

Ice stations PS80/255, PS80/277, and PS8W&Xe conducted in a region dominated by rotten sea

ice with ice thicknesses < 1.0 m. A thin snow cover was first observed at station PS80/323 and was
present at the remaining stations, but did not exceed 0.1 m. Station PS80/335 was situated in an area
of mixed FYIl and MYI with no obvious signs of advanced melt or fregzeindicating it was in
transition from melt to freezep conditions. Freezap conditions were first observed at station
PS80/349, characterized by ice forming on the surface of madspand continued for the remaining
stations. Ice stations PS80/349 and PS80/360 were conducted within the heaig gacisisting of
predominantly MYI with thicknesses > 1.5 m. The first ice station PS80/224 was revisited as station
PS80/384 and was theharacterized by fall freezg and an ice thickness of ~ 1 m.

All observations were made in late summer at the end of the productive season. Thus, algal biomass
was relatively low during both cruises. Of the 14-bjmical cores collected during PST@ne of the
samples exceeded 1.0 mg ehin (Table 1). Of the 59 bioptical cores collected during PS80,
however, samples exceeded 1.0 chgam? at 6 out of the 10 ice stations (PS80/237, PS80/255,
PS80/335, PS80/349, PS80/360, and PS80/384). Maxiaira concentrations were observed at

MYI station PS80/360, with three ice cores ranging between 6.4 and 18 engn? (Table 1). Also
noteworthy was MYI station PS80/349, which had the next highesa cbhcentrations with two

cores at 3.5 and 5.6gehl am? (Table 1).
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Table 1. Summary of environmental properties and-optical cores for each ice station.

Cruise/Station ¢ lce a Date Latitude  Longitude Ice b31C ’ Modal ice Es Er “Te I T\ (par) N Igr?grfh Snow Scatt.  mg C,DI a
tation [dd/mml/yy] Type thickness (PAR) (PAR) (PAR) (PAR) [m] [m] [m] m

PS78/196 ice1 11/08/11 8384 60.50 I : - 539 28 0.05 - - 1 0.90 0.00 0.05 017
PS78/203 lce-2 14/08/11 85.97 59.35 NEW - . 37.0 . 0.06 - ; 1 0.05 - - 0.05
PS78/212 lce-4 19/08/11 88.2 59.45 FYI - 12 32‘% * l‘é'g * 0'022 * - - 06?2301 - - 0('37*
PS78/227 lce7 29/08/11 86.86 -155.05 FYI - 11 133 * li.78i Od%fli 1(5.181 06(.)(;51 3 lff; 0.00 06(.)521 Od%f;
PS78/239 lce-10 06/09/1L 84.072 -164.19 MYI - 0.8 412fgi 1(')‘_‘; 06(.)(?21 Odési 06(.)311 3 ldé;‘gi - - 0(';‘371
PS78/245 lce-11 08/09/11 84.81 166.22 FyI ; 12 3&_371 16(.)11 0(.)%1; 06{.361 0(5‘,’52* 3 0(')?62; ; ; 0(')?17 .
PS80/22 lce-1 10/08/12 84.00 30.00 FYI 80 1.0 orE . - Yy 0695‘ - 8 16?4311 0.00 Odc_’ff 05;321
PS80/237 lce-2 15/08/12 83.95 76.85 FYI 80 13 I 5?_261 0(')(.’17 Y 0695‘5* 12 BXE 000 0696‘31' 06?52;
PS80/255 lce-3 20/08/12 82.86 109.86 FYI 70 0.9 30+ s 0(').10311’ 26‘_‘51 odggli 4 Od?ff 0.00 06903; 1(5(.)636i
PS80/277 lce4 26/08/12 82.89 129.78 FI 80 - - - - - - 5 0(')?239* 0.00 0690341 06?2901’
PS80/323 lce5 05/09/12 82.88 130.76 FYI 60 0.8 92‘_‘1 * 26.96+ 06(.’321 16(.351 069521’ 6 0(')?5381’ 0&‘)‘21 0.00 Odffgi
PS80/335 lce-6 08/09/12 85.06 12252 FYI 50 0.7 egi * 22_741 06(.’0331 Lax 069521’ 6 16(.’191 069(?71 0.00 06?965
PS80/349 lce.7 19/09/12 87.93 60.95 MYl 100 16 var Loy 0D 08 0 7 088 O E 000 Yo
PS80/360 lce:8 22/09/12 88.83 58.53 MYl 100 18 e T YN 4 L 00 000 O
PS80/384 Ice-9 29/09/12 84.35 17.73 FI 100 12 96?; Od_zli 06952* Od.loi 069&11 4 16967; Oé%‘f 0.00 0(')"‘29*

PS8O/HEL}64 - 27/09/12 - - NEW - - 22'%* 056‘9* 06?32* 3 069(?1* O()(.)c?oi 0.00 06?031*

2 Added for easy cross reference to other publications using this naming pfetgc@oetius et al.2013;FernandezMéndez et a).2015;Katlein et al, 2014a]

b Datapresented itNicolaus and Katleifi2013] for PS78 andatlein et al.[2014a]for PS80.
°Es arjncident solar radiatiorEr parjunderice irradiance; antr par)underice radiance were integrated over PAR wavelengths 400 to 700 nm.

“Te parySpetral transmittance; anfiparys pect ral transf | ect“anrceep raersee nme anno odvaetra PAR.
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2.3.2 Spectral Measurements

Incident solar radiationHg) steadily decreased during both cruises and also decreased with latitude,
which was evident by the strgmegative correlations d&s with Julian day and latitude (Table 2).
Incident solar radiation was typically over 86m? except at stations PS78/227, PS80/349,
PS80/360, and PS80/384, which fell belowVZGn? (Table 1). These values were expected fer th
sampling season and regions. R@&fived spectl properties of the sea ice wepeesented and
discussed iNicolaus and Katleij2013] andNicolaus et al[2012] for PS78, and indatlein et al,
2014b] for PS80. Of the 73 buptical core locations, werice irradiance ) and transmittancer§)
spectra from 49 core locations, and uniderradiancel{) and transflectancd ) spectra from 50 core
locations were deemed of high quality and used for the development -@iptital models
(Supplementariaterial Table S1).

Table 2. Pearson correlation coefficient matrix for all combinations ofdgitical core location bio
environmental variables.

snow Scat. ice julian lat Es Er Te IT T
chla 0.05 -0.07 0.08 0.27* 0.47* -0.28* -0.22 -0.17 -0.22 -0.15
snow - -0.20 0.08 0.37* 0.10 0.05 -0.30* -0.29* -0.31* -0.33*
Scat. - - 0.23 -0.40* -0.18 0.14 -0.16 -0.22 -0.08 -0.14
ice - - - -0.26* 0.03 0.11 -0.37* -0.47* -0.33* -0.51*
julian - - - - 0.46* -0.56* -0.20 0.09 -0.25 0.13
lat - - - - - -0.68* -0.12 0.19 -0.32* 0.03
Es - - - - - - 0.14 -0.21 0.29* -0.18
Er - - - - - - - 0.82* 0.94* 0.78*
Te - - - - - - - - 0.65* 0.97*
It - - - - - - 0.73*

*AYRAOF(GSa AAIYATFTAOLY G O2NNBtFGA2Y |{

Boldvalues indicatéi § N2y 3 O2NNBf | GA2y&a x non
During sammer, snow effects can generally be neglected due to a lack of Nitmha[is et al.2012],
which is applicable to both cruises as the presence of snow never exceeded 0.1 m. Strong negative
correlations were observed for ice thickness Withand T, (Tale 2). The strong correlation of ice
thickness withTe andT, is a result of the large range of ice thicknesses sampled (e.g., 0.05 to 3.53 m)
in combination with the strong influence of ice on light transmittance. The observed highly variable
ice conditims had a large influence on light transmission, which showed horizontal variability of one
to two orders of magnitude on the same ice floe for both FYI and MtoJaus et al. 2012].
Overall, FYI showed higher transmittance than MYI during P®Viédlauset al, 2012], which was
also the case for PS80. The observed difference between MYI and FYI is mainly influenced-by melt
pond coverage since relatively similar transmittance values were observed during PS78 when
compared between white (not ponded) MYIOD) and white FYI (0.04), and between ponded MY
(0.15) and ponded FYI (0.22Ncolaus et al.2012]. FYI has a larger areal coverage of melt ponds
compared to MYI, which causes FYI to have nearly a threefold greater total transmittance value
(0.11) compred to MYI (0.04) Nicolaus et al.2012].

Critical minimum undeiice irradiance Er, levels for algal growth have been reported between 0.4
and 2.0W m? (2 to 9 umol photonsm?s?; e.g., [Gosselin et a).1985;Gosselin et a).1986;Horner

and Schradr, 1982;Lange et al.2015]). Stations PS80/360 and PS80/384 had rBeaalues below

this critical range (< 0.4 \Wh); stations PS78/227, PS78/238, PS78/245, and PS80/349 hadEmean
values within this critical range (0.4 to 20 m™); and all othertstions were above this critical range
(Table 1). Even though the higdtitude stations PS80/360 and PS80/349 had reeaalues below

or within the critical range these stations still had the highest mean ice cosecohtentrations
compared to the o#n stations. Loss of algal biomass in summer is primarily thdtref losses due to

ice melt p.g.,Grossi et al1987] and substantial loss of ice algal biomass had likely occurred prior to
our sampling in 2012Hoetius et al. 2013]. The higher latile and dominance of thicker MYI at
stations PS80/360 and PS80/349 probably resulted in lower melt rates, due to less internal energy
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absorption by MYI compared to FYNjcolaus et al.2012], and subsequently less algal biomass loss
due to melt before owwampling.

2.3.3 Model performance
2.3.3.1 Comparison of statistical approaches

The two highestanking predictive models were based on an EOF approach, and had considerably
higherRval ues ( = 0.9) and |l ower RMSE valueys (< O.
Thetwo NDIbased predictive models in ouad dalactiubre
using radiance data (rank 3) and transmittance data (rank 5), respectively. Only the EOF models
ranked first and fourth, however, combined large data ssilfiset 38 and n = 50, respectively) with

spectral measurements that take into consideration the incoming solar radiation, indicating a wide
applicability under varying environmental conditions (Table 3).

Based on the model biases, there appear to be noushivends between statistical approaches of the
five ‘best’ predictive model s, wi th al/l val ues
applied to the higlthla and lowchla data demonstrate that the NBdsed approaches
underestimate thieigh-chl a data while overestimating the leghl a data. The EOfased approaches
demonstrated low model biases and low biases when applied to bothrmiglowchl a data.

A complete list summarizing all 96 reference models for each combination afespreasurement
with a statistical approach and a data subset was providkghpiementaryMaterial Table S2. Based
on the model Rvalues, the EOBased models performed generally better than the threebAkaid
approaches (Supplementary Material Tab®. Among the NDbased approaches, muMDI and
NDlg7o performed best. The good performance of the ANl approach was probably driven by
good relationships in the NRbvalues because overall the NRImodels demonstrated the lowest R
values.

Similar studies have provided no model error estimate (eMglbpurneThomas et aJ.2015]) or
provided the model RMSE (e.gCampbell et al.2014;Taylor et al, 2013]) as a measure of model
uncertainty, which is always an underestimate of the truegii@dierror. The true prediction error
estimate is particularly important to assess the uncertainty of predictions made using new (spectral)
data. Here we provided an assessment of the true prediction error for the models using: RMSE
values (Table 3), wih are often over double the model RMSE values (Table 3). For our predictive
models, these values appear to be in an acceptable range considering the variability of environmental
conditions. For comparison, all predictive models true prediction erroraae8mTRMSE, (Table 3),

were lower than the model RMSE provided Bafnpbell et al.2014].

All 5 selected predictive models demonstrated high variability in predictingchdw values of the

low chla subset and thBS78data subset (i.e., < 2 mgarTable 3). This is expected, since with low

chl a concentrations there is less absorption of light by algal biomass, which enhances the relative
influence of other environmental properties on the transmitted spectra. The two selected predictive
models baed on NDJ;,, had relatively large positive biases when applied to-dba (Table 3),
suggesting that the NBb models applied to independent data may also result in overestimation of
low-chl a regions. This is not surprising since these two lBded pedictive models were fitted to
high-chl a data. Even though the EOF models also had large errors associated with predicting the
variability of low-chl a, these models had practically no directional bias when applied toalogv
high-chl a (Table 3), suggting that these EOF models can correctly differentiate between low,
medium, and high chd concentrationsand are less likely to result in ovesr underestimations

when applied to independent spectral data.

An overall better performance of models usargEOFbased approach can be attributed to the fact
that the EOF method accounted for a larger range of spectral variability by including multiple regions
of the spectra, which were represented by the different EOF modes. In ocean color remote sensing,
increasingly complex algorithms have been developed to include more spectral bands in order to
account for the many variables that influence ocean optics other than phytoplankige.ghCraig

et al, 2012]. In the ocean, this is mostly CDOM or othertipkes, but for sea ice the snow and ice
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matrix generally have a much larger influence on light penetration than any single variable in the
ocean. The variability of undére and incoming spectra was particularly important during our study
due to the lege range of environmental properties experienced in terms of latitude, ice thickness, state
of melt and melt pond coverage. In comparison, previous studies were performed in more uniform ice
properties over a smaller latitudinal range [eGampbell et B, 2014; 2015MelbourneThomas et

al., 2015;Mundy et al. 2007].

Table 3. Summary of the top 5 predictive models.

Model ID EOF EOF NDlg7q EOF NDlg7q
Transmittance Radiance Irradiance Transflectance Transmittance
N 38 15 15 50 15
Equation: 0.7 - 305, + 2.0+ 275 2.2 + 03 + 15 - 1.2 -
In[E(chl 11, + 2455 - 1T 1.755s — 10.8\Dlgggess 1.75 + 2.0s; + 11.I1NDlgrgesa
Bag)] = 6.55° + 3.95° 1.0s5 — 3.25 + 8.655°
2.3° -
10.05¢

Model R? 0.90 0.95 0.73 0.74 0.70

RMSE 0.77 0.66 1.58 1.12 1.65

bias -0.02 -0.08 0.02 -0.12 0.06
Bias of High-chla -0.01 -0.08 0.02 -0.01 0.06
Model Low-chla 0.00 0.00 2.09 0.00 1.96
applied to
subset:
R? of model All 0.88 0.56 0.54 NA 0.63
applied to PS78 -0.11 NA -0.08 NA 0.01
subset: PS80 NA 0.55 0.60 0.74 0.64

MYI 0.94 0.55 0.68 0.76 0.62

Low-chla -0.01 -0.02 0.07 0.00 0.06

high-chla  0.93 NA NA 0.82 NA

meari 0.53 0.41 0.36 0.58 0.39
Cross RMSE 1.81 1.81 1.89 2.46 2.01
Validation NRMSE®  0.15 0.17 0.18 0.21 0.19
Ranking R°mead 4 9 13.5 2 11

NRMSE® 6 7 8 23 14

Mean 1 2 3 4.5 4.5

2 and® depict the matching model statistic and corresponding ranking criterion variable.

The modes of adllation (Figure 4 show the signatures of change within the spectral measurements
due to different variabk that influence the transmims of light through sea icdMode 1 alone
explained most fothe variability (~95 %, but was not selected in any reference model. This is not
surprising, since the shape of the mode of oscillation closely resembles thatspettral extinction
coefficient curves for snow and ic&ienfell and Maykyt 1977]. Furthermore, mode 1 had a
significant mediurvto-strong correlation with the presence of melt ponds, indicating that melt ponds
had a large influence on spectral varigpi This is expected since melt ponds are known to transmit
more light [e.g.Katlein et al, 2015;Light et al, 2008;Nicolaus et al.2012].

For each of the modes included in the E@msmittance model (modes 2, 4, 6, 7 and 9) there is at
least ondocal maximum or minimum corresponding to one of the maximuna elbisorptio regions
(Figure 4. Accordingly, four out of five modes, for both E@B&sed predictive models, have medium
to strong significant correlations with ch] and two of the five moes for the EOH ransmittance
model & ands’) and one of five modes used in the ED&nsflectance modeky have strong
significant correlations with only cld (Table 4) The modes that have strong correlations with only
chl a also are associated witligh changes in BIC when the term is removed from the model.

The proportion of variance explained by the modes used in the selettedlBCGFbased predictive
models was relatively low compared to those found in other studies (ayg et al, 2012;
MelbourneThomas et a).2015]. Taylor et al.[2013] included modes 5 to 9 in their analyses and
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showed that even subordinate modes which explained smaller proportions of the spectral variance still
had an important influence on the models based on chantigeAkaike Information Criterion (AIC).

Their study related spectral radiance to phycoerythrin concentrations, which is an accessory pigment
and therefore has a smaller influence on light absorption compareddoTdtik could explain why

the subordiate modes were important in the model, since they capture the smaller variations caused
by the spectrally less influential phycoerythrin pigmeFaylor et al, 2013]. Similarly, during our

study, icealgal chla concentrations had a smaller influence pactral light transmission relative to

e.g. ice thickness, melt ponds, incoming light and solar inclination. Because the physical properties of
the snow and ice matrix dominate the influence of light transmission, the variability @ chl
concentrations irsea ice appears to be best represented by subordinate modes explaining a smaller
part of the EOF variability compared to approaches estimatirgaincentrations in water.

Mode 1 =94.98% Mode 2 =4.25% Mode 3 = 0.59%
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Figure 4. EOF modes represented as modes of oscillation in the entire siaadagpectral
Transmittance dataset. The modes of oscillation were calculated by projecting the spectral matrix (X)
onto the EOF matrix (S), showing the loadings for each wavelength by mode. Included is the
proportion of variance explained by each corresitay mode. Grey shaded areas represent the
maximum chl a absorption regions centered at 440 and 670 nm.
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Table 4. Correlation matrix between EOF modes-<{s,, S° —ng) and bieenvironmental properties for the three best EOF models. Model termsosiyw
the modes used as terms in the corresponding model.

Model Variable S S S S S S S S S S’ S S A S S S S
Egr?smittance Model Terms S S Se 572 592
Chla 028 035 -0.08  0.33* 0.04  0.49* 0.18 0.04  -0.36 -0.28 0.29 -0.04 0.08 0.04 0.6 0.21 0.06 0.5%
Melt pond 0.38*  -0.32*  -0.40*  -0.10 -0.25 -0.15 -0.20 0.14 -0.12  -0.38* 037 0.36* 0.18 -0.03 0.12 0.36* 0.32 -0.10
snow -0.07 013  0.49* 0.08 0.55* -0.10 0.18 0.11 -0.16 0.06 -0.08 0.28 0.03 0.37 -0.07 0.02 -0.14 0.06
Scatt. -0.15  0.33* -0.13 0.19 0.03 0.10 026  -0.37* 0.25 0.16 -0.16 -0.16 -0.07 -0.26 -0.25 -0.22 -0.10 -0.04
ice 015  0.43* 010  0.53*  0.40* -0.06 -0.06 -0.18 0.03 0.15 -0.16 -0.01 -0.15 -0.13 -0.15 -0.22 -0.17 0.17
'IE'g'r?sfectance Model Terms S S S S o
Chla 0.25 0.31 0.00  -0.3% -0.10 0.01 0.36* 0.27 0.34 -0.24 0.24 -0.07 0.16 0.18 0.20 0.41 0.03 0.13
Melt pond 0.39% 0.28 0.42 -0.10 -0.27 0.17 -0.21 -0.03 0.04  -0.40° 0.40¢ -0.02 0.16 -0.06  0.45 -0.04 0.02 0.03
snow -0.07 019  -0.53 0.05 0.43 -0.15 0.18 0.03 0.3 0.06 -0.09 045 0.00 0.33 -0.12 0.17 -0.16 -0.04
Scatt. -0.04  -0.29 0.04 -0.14 -0.07 -0.06 0.01  -0.32 -0.28 0.03 -0.02 -0.13 -0.06 -0.11 -0.11 017 0.30 0.03
ice -0.16  -0.5% 024 -047 0.25 -0.05 -0.18 0.07 -0.13 0.16 -0.17 0.24 -0.11 -0.10 -0.26 0.15 0.02 -0.01
EOFRadiance Model Terms S4 S S s’ s
Chla 0.19 0.15 0.04 063 -0.23 0.05 -0.25 0.18 -0.38 -0.19 0.20 -0.14 0.28 0.03 -0.23 0.30 -0.19 0.05
Melt pond 055  -0.53 0.31 039 057 -0.10 -0.03 -0.26 010  -053 052 0.32 0.15 0.56+ 0.25 -0.34 0.28 -0.21
snow 0.17 032  -06 0.10 0.51 -0.30 -0.06 0.11 -0.14 -0.21 0.21 0.27 -0.42 0.04 0.00 0.46 -0.12 -0.23
Scatt. -0.40 0.14 0.46  -0.70% 0.16 0.06 -0.17 -0.16 0.20 0.42 -0.42 -0.26 0.33 -0.28 -0.37 -0.50 -0.23 0.44
ice -0.13 0.24 0.00 0.10  0.8% -0.08 0.10 0.02 0.11 0.11 -0.10 -0.21 -0.15 -0.46 -0.15 -0.03 -0.07 0.00

*Referstasi gni fi cant correlations at p < 0.05
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2.3.3.2 Comparison of Spectral Measurements

Significant correlations of ice core chwith latitude and ice core chlwith solar radiation (Table 4)
suggest that care is needed when interpreting models that do not account for the variability of
incoming solar radiation (i.e.hderice irradiance and radiance). Of the 5 selected predictive models,
the lowestranking NDk,o model uses undéce irradiance for the highhl a data subset. In this data
subset there was a significant negative correlation betweemartd incoming slar radiation (r =

0.58, n = 15, p = 0.02), and a trend betweera@mnd undeiice irradiance (r=0.46, n=15, p = 0.08).

No correlation was observed betweenahhd integrated transmittance for the higt a data subset.
Based on these correlationss unclear if undeice irradianceor radiancebased models are actually
predicting chla based on a spectral signal influenced byachiomass, or if the relationship between

chl a biomassand the strength of the incoming light field influences th@aagnt predictive
performance of these modeBecause we cannot be certain to what extent the performance of the
irradiance and radiancébased models were influenced by variations within the incoming solar
irradiance, we excluded the tveelectedpredicive models using undéce radiance and irradiance
data (e.g., EOfadiance and NR}qirradiance) from further analyses.

Previous studies presented reliable models for estimatirglded chla concentrations using under

ice irradiance, which do not ament for variations of incoming solar radiation. These studies covered
small local study regions during eadpring Mundy et al, 2007] and springummer transition
[Campbell et al. 2014; 2015], and had a comparably lower latitudinal range during lasigtiag
[MelbourneThomas et a).2015], and therefore had less variability in the incoming light field. These
studies were also conducted during a time when snow had a dominant influence on light
transmittance. This together with the generally bettefiopaance of transmittance and transflectance
models suggests that incoming solar radiation should always be measured and accounted-for in bio
optical predictive models extending over a large spatial and/or temporal range. The additional time
and logisticarequirements incurred by operating an additional sensor is minimal making it all the
more realistic to incorporate this important methodological advancement in future field programs.

2.3.4 Bio-Optical Predictive Model Up -scaling

The aim of model developmerind selection was to derive a predictive model that is best at
estimating icealgal chla concentrations from independent spectral data over large spatial scales
collected by an ROV and a SUIT. The E@Fansmittance (PS80 data subset) model was chosen as
the ‘best’ predictive model b a ¢ and theoNRMSENEable3a n ki n g
We excluded the EGFadiance predictive model (ranke)2and ND§;- irradiance predictive model
(ranked &' Table 3) due to correlations of chwith incoming light and undeice irradiance, which
leaves the EOHTransflectance All data subset) predictive model and the NPTransmittance
(hereafter referred to as NDransmittance) predictive model for further analyses3¥odmparison.
These three préctive models were applied to spectral data collected during two ROV stations
(PS80/360 highatitude site; PS80/323 lowdatitude site) and two SUIT stations (PS80/358 high
latitude site; PS80/285 lowatitude site).
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Figure 5. Remotely Operate Vehigl(ROV) spectraliyderived sea ice algal chlestimates for high
latitude station PS80/360 a) and b); and for-latitude station PS80/323 c¢) and d). a) and c) show the
spatial distribution of EOHransmittance model cld estimates and ice core chlconcentrations
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At the highlatitude ROV and SUIT stations (PS80/360 and 345), the-NBhsmittance predicted
values were genally in good agreement with EGRansmittance and EGFRansflectance predicted
values when comparing the density distributidfigiire 5b andFigure 6b), and median and range of
values (Table 5). However, the NDfansmittance predicted values had lowiadaility within and
between all SUIT and ROV stations in comparison to the-B&ded predicted models and ice core
chl a values (Table 5Figure 5d andFigure 6c¢). At the lowlatitude SUIT (PS80/285) and ROV
(PS80/323) stations it was apparent thatNB#-Transmittance predictive model owvestimated low

chl a values compared to the E@Rased predictive models. This was particularly evident from the
substantially higher values observed within ehtlensity distributions for the NBTransmittance
prediced values compared to Eased predicted valueBigure 5d andFigure 6d). Furthermore,
there was a large difference between the-latitude station summaries of NDransmittance
predicted chl values and ice core chlconcentrations (Table 5). Si¢he oveestimation of low

chl a values and low variability appears to be a constant feature of thd MD$mittance predictive
model, we suggest it was a less reliable predictive model compared to thbaB&r predictive
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models when applied to largecale independent spectral data. Although uncertainty is also high for
low chl a values for the EOHransmittance and EGQFansflectance models, the biases are low

(almost zero) and therefore over largeales should result in minimal oweinderestimaton biases
of ice-algal chla.

Table 5. Summary of ice core chl a and spectralgrived chl a from the selected undse horizontal
profiling platform stations. ROV: Remotely Operated Vehicle; and SUIT: Surface and tlaader
Trawl. Ice core and predied chl a values represent the median (50th percentile), interquartile range

(25th—75th percentiles), and sample size [N].

Distance Core EOF- EOF- NDI-
Footprin Transmittanc  Transflectanc ~ Transmittanc
. Platform , chla
Region *_giation Spacing ¢ (mg m* ¢ ¢ ¢
(m)*® (m?)°® ) Predicted chl ~ Predicted chl  Predicted chl
a(mg m?) a(mg m?) a(mg m?)
7.25
ROV- 3.7(2.1-5.9) 2.3(1.6-3.3) 2.6 (1.2-3.5)
180,0.9 3.0/0.02 (4.86-
High.  PS80/360 8.90) [4] [821] [960] [927]
latitud
e
SUIT- ] 3.2(0.0-5.0) 2.1(1.1-4.9) 3.0 (2.6-3.3)
psgo/a4s 0224 357011 23] [26] [34]
ROV- 017 5g(05-1.1) 001(0.00- 2.7 (2.5-28)
180,0.5 2.6/0.02 (0.06- ) . ' ' ’ ' . ’
Loy, PS80/323 0.23) [6 [1568] 0.11) [1667] [1569]
latitud
e
SUIT- 0.4 (0.0-15) 1.6(0.9-25) 2.7 (2.5-3.0)
psgo/zes 1°00- 14 1.670.05 [102] [110] [118]

® Distance refers to the distance covered by the profiling platform (e.g., maximum distance between
points) and spacing is the mean spacing between all adjacent points.
® Footprint is the meaaof all point footprints for Transmittance / Transflectance, respectively.
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Figure 6. Surface and Unddce Trawl (SUIT) spectraligderived sea ice algal chl a estimates for Haghiude station PS80/345 a) and b); and for-low
latitude station PS80&5 c¢) and d). a) and c¢) show the horizontal profile of the E@HRsmittance model chl a estimates and sea ice draft over the trawled
distance, values > 0 correspond to chl a (mg)rand values < 0 correspond to draft (m). The horizontal widths of teérbay and c) depict relative aleng
track footprint size. Note the difference in trawled distance in a) and c). b) and c) show weighted (based on poinsioetmlénsity distributions of
estimated chl a from the top 3 predictive models Hodnsmitance, EOFTransflectance, and NBElransmittance.
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The EOFbased predictive models both showed comparable median and rangeacfatids at the

same stations (Table 5). Hence, both HidBed models showed similar regional differences irachl
concentrations with higher values at the higher latitude stations (Table 5), which is also in agreement
with the general trend of our ice core dalconcentrations. Overall, however, there was little
correlation between the E@GFansmittance and EGFr ansf | ect ance predictive
a values. This can be explained by their different mean footprint size, which was 1.5 m for the
irradian@ sensor, and 0.15 m for the radiance sensor.

In order to account for ROV position uncertainty and the variable footprint size of spectral
measurements when comparing independent speetigliyed chla to ice core chh concentrations,
we took the weigted (based on footprint of each spectral measurement) mean of-afittmal chla
estimates that were within 1.5 m of each 1 m bin along an 85 m transect (#sRdeigure 5a and
Figure 3. Points within 2 adjacent overlapping bin areas were assignenhly the closest bin
location. TranseefB includes four ice core sample locations, with the ice coreaadncentration
values overlaid on the ROV measurement gridigure 5a and c). The first three ice core ehl
observations were within the rangévalues predicted by the EGFansmittance model, for the 1.5
m region surrounding the core locations. The estimated ealue at the end of the transect (~85 m),
however, was lower than the corresponding ice core value, but still within the moddiunige
(RMSE.y of 1.8mgchlam? Figure J. The EOFTransmittance model showed a better fit to the ice
core chla observations compared to the EDRnsflectance and NBIransmittance predictive
models, which further confirms that the E@Fansmittancemodel performs best as a predictive
model also indicated by the final model ranking.

A tentative assessment of the spatial variability ofalggal chla concentrations indicates that large
scale estimates of ice algal biomass and primary productiseas#ive to the choice and number of
ice cores analyzed compared to continuous spectral profiles, which capture the variability of ice algal
chl a concentrations over larger distances. Based on thecalpd (SUIT and ROV) EQGF
Transmittance predictive metresults Figure 5a, ¢, andFigure 6a, ¢) and the extracted 85 m
transectAB from the ROV station PS80/36Figure 7 it is apparent that iealgae biomass has a
patchy distribution, which is weknown. Regardless of the patchy distribution, Argticle sea ice
primary production estimates, which integrated standing stoc# blimass, used only one to three
core samples per location [e.GernandezMéndez et a).2015;Gosselin et a).1997]). The four bio
optical cores sampled along transect AB hadaverage chd concentration of 6.6 mg fn The range

of the four cores (~0 to 12 mg calm?), however, indicates that basing lasmle estimates on a
small number of ice cores carries large uncertainties in biomass and subsequent derived primary
production estimates. Based on one ice core sample with algaebiomass of 8 mg ctd m?,
FernandezMéndez et al[2015] estimated that iealgae contributed up to 60 % of the total primary
production at ice station PS80/360. Along transect ABa@unhcentrations of sea ice estimated by our
best bieoptical predictive model (EOFransmittance;Figure 7 a) yielded a considerably lower
weighted median and interquartile range of @.8to 6.4) mgchl am? which was also evident from
the full ROV survg values for that sitérable 5). A potential difference of over 50% between ROV
spectrallyderived chla concentration estimates compared to publishe@ ohlues based on ice core
measurements at the same location emphasizes the importance -ocdésoigtion measurements to
capture the spatial variability of ice algal biomass for l@ggle biomass and primary production
estimates. In order to conduct detailed spatial analyses-afgakchla, however, further geospatial
processing of the data is téed and is beyond the scope of this study.

2.4 Conclusions

With this first largescale bieoptical summer study in the Arctic Ocean, we demonstrated the
suitability of different combinations of statistical approaches with four spectral measurements for
deriving icealgal chla concentrations in sea ice, and their application to larger scale spectral
measurements. For these latenmer Arctic data, the EOF models performed better than the NDI
models, particularly at differentiating between low, medium and lkigha concentrations. We
attributed this to the ability of the EOF models to account for the high variability of environmental
properties by incorporating variability from multiple regions of the spectra. Compared to the more
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complex EOFbased approachhé NDlbased approach may be more easily applied and often
suitable, depending on the variability of light conditioesa ice propertiegnd sea icealgal chl a
concentrationsRegardless of the statistical approach taken, accounting for incoming astitgron

by calculating transmittance and transflectance resulted in superior models compared to simply using
underice irradiance or radiance. This is particularly important for studies covering large spatial and
temporal scales, and therefore a wide eanf incident light conditions. Considerable discrepancy
between mean cchkc oncentr ati ons der-ppticaldnodelrapplied o @85 m best’
spectral transect in comparison to publishedackdlues based on ice core measurements at the same
locaion highlights the need of higlesolution measurements to capture the true variability of ice
algal biomass in the context of largeale estimates and modeling studies. The increasing use of
ROVs and AUVs equipped with spectral sensors means thatadpati for making largecale chia
estimates will become more widespread with continued technological advancements. This study
provides the first concise analysis of the potentials and limits of predicting adntent in sea ice

from spectral data undeariable environmental conditions, and a toolbox for studies extending over
large spatial and/or temporal scales, using e.g. autonomous vehicles or moored sea ice observatories.
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Chapter 3: Linking Sea Ice Algae Spatial
Variability to Summertime Carbon Demand

Conceptual diagram of the spatial distribution of sea ice algae at the bottom of different ice types
during latesummerwith underice organisms grazing on the iakae. Thicker ice has lower melt
rates and lower meihduced algal losses.
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Paper 3. On improving the spatial representativeness of sea ice algae
chlorophyll a biomass and primary production estimates

in preparation for submission t&eophysical Research Letters
NOTE: Supplementary Material for this paper is found in Appendix B1

Benjamin A. Lange, Christian Katlein, Giulia Castellani, Mar Fernandez
Méndez, Marcel Nicolaus, llka Peeken, and Hauke Flores

Key Points

1 Icecore based icalgal chla and NPP estimates were not representative e$cafed
estimates

1 Grouping ice cores improved representativeness but still high risk ofepoasentative
estimates

1 Sea ice ridges identified as potentially high-&gd biomass features with relatively high
NPP

Abstract

The spatial representativeness of sea ice algal biomass and primary production remains a key issue in
sea ice samplingTo address this issugje presented two novel approaches tescgle icealgal

biomass and net primary production (NPP) estimates combining icebasesl methods and under

ice harizontal spectral profiling platform observations. We conducted asoalt comparison of ice

core based icalgal biomass and NPP estimates with thescglel estimates. Our resulébiowed that

ice corebased estimates of summertime-#&dgal biomass antiiPP do not representatively capture

the spatial variability compared to the-sgaled estimates, which carries similar uncertainties for pan
Arctic estimatesdased on ice core observations aldBeouping sea ice cores based on region or ice
type improved the representativeness, however, with only a small sample size there remains a high
risk of obtaining nofrepresentative estimates. Furthermore, we identiféedice ridges as potentially

high biomass and high NPP features, which should receive more dedicated research.
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3.1 Introduction

There ismountingevidence for an overall increase in Aretvide net primary production (NPRjs a

result of the declining sead cover and increasing duration of the phytoplankton growth season
(Arrigo & van Dijken, 2011; Arrigo & van Dijken, 2015; Fernanedd&ndez et al., 2015)t remains
uncertain how sea ice algh’Pwill respond to continued changebkthe sea ice environme It has

been suggested that a thinning Arctic sea ice cover and increased light transmittance will result in
increased sea ice algpamary production (PPjates due to more available photosynthetically active
radiaton (PAR)(Nicolaus et al., 2012)

In the centralArctic Ocean se&e algae hadeen documented to contribute up to 60% ofNifR®
during summer(FernandeMéndez et al., 2015; Gosselin et al., 199@Yyerall, however, sea ice
related PP is relatively low accounting for 1 to 10 % of tBfalin the Arctic Ocea(Arrigo & van
Dijken, 2015; Dupont, 2012Regardless of the overall low contribution of-re¢ated PPsympagic
(ice-associated) anpelagic organisms both showed a high dependency ealdgee produced carbon
within the central Arctic Ocean(Kohlbach et al., 2016)The key role of sea ice algae in Arctic
foodwebs,particularly in terms of reproduction and growth of key Arctic organi@vtishel et al.,
1996; Sgreide et al., 2010)ighlights the importance of timing and durationag algal growth, and
the availability of algal biomass throughout different times of the year.

Spatial variability of springtime icalgal biomass has been related to the distribution of snow on FYI,
due to the large influence of snow on light transmigswith patch sizes in the ranges o£30 m
(Rysgaard et al., 200Bnd 20— 90 m(Gosselin et al., 1986; Granskog et al., 2005; Sggaard et al.,
2010) The undulating surface topography of MY| plays an important role in the distribution of snow,
which ha been linked to the presence of high-atgal biomass at the bottom of thick MYI
hummocks with little or no snow covékange et al., 2015)In summer when the snow is mostly
melted, light availability has a smaller influence on the spatial distribofioce algal biomass with

other factors such as melt rates having a stronger influ&rossi et al., 1987; Lavoie et al., 2005)

The spatial distribution of ice algal biomass during summer, however, remains poorly understood and
undersampled.

The high patial and temporal variability of sea ice algae, in addition to sparse sampling, results in
poorly constrained sea i@tgal biomass and PP estimatesthe central Arctic OceafMiller et al.,

2015) Largescale estimates of sea ice algal biomass an@drBRimited to modelling studies as
satellites are unable to observe the underside of sehdeest al. (2015)emonstrated that pelagic
phytoplankton PP models for the Arctic Ocean were highly sensitive to uncertainties in chloaophyll
(chl @ andpefformed best withn situ chl a data.In situice algal chla used in models, however, are
typically based on a small number of ice core observatiens, Fernandekéndez et al., 2015A

recent study comparing ice core eéhbiomass to floescale (~200m) ROV-based spectrally derived
ice-chl a biomass showed large differences, whithuld carry high uncertainties for largeale
estimates based on these da&nge et al., submitted)

Furthermore, (Miller et al., 2015) reviewed the different methods fagprimary production
measurements with spatial sampling resolution on the order of 0.01 m for ice-lcasEdin vitro
incubations(e.g., Fernandekléndez et al., 2015; Gosselin et al., 1997; Gradinger, 260@) situ
incubationge.g., Gradinger, 2009; dtk & Gradinger, 1999)and at larger scales the under eddy
covariance method integrates primary production over an area of 1(l0ony et al., 2012) Thus

there is a large gap in spatial coverage between the 0.01 to*1€fales, which is not resad by

these methods. It is within this spatial range that many environmental properties can vary, which can
have a large influence on light availability, ice melt and growth, and the spatial distribution of ice
algae. Typical patch sizes of snow have besgorted in the range 20 to 25(@osselin et al., 1986;
Steffens et al., 2006)Surface properties such as albedo have patch sizes of approximately 10 m
(Katlein et al., 2015; Perovich et al., 199)d sea ice draft can vary at scales of around 15 m
(Katlein et al., 2015)

Here we have presented a novel approach to fill this important spatial gapatdatehla biomass
and primary production estimates by combinimgitro ice coringderived photosynthetic parameters
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with spectrally derived chd biomass and undéce light measurements. Furthermore, we investigated
the spatial patterns of biomass and NPP estimates, and evaluated potential discrepancies between the
up-scaled and corbased estimates.

3.2 Materials and Methods

3.2.1 Spectrally derived ice -algal biomass estimates

Underice profiling platformbased spectral measurements were made using arricedemotely
operated vehicle (ROV) and surface and undertrawl (SUIT), with mounted sensor arrays,
described in(David et al., 2015)All surveys wee conducted during thRV Polarsternexpedition

PS80 to the central Arctic Ocean in August and September 2012. ROV spectral surveys were
conducted at seven ice stations (Figure 1). SUIT spectral surveys were conducted at 9fEgli@ns (

1). Incoming schr radiation observations were measuredicen for ROV based spectral
measurements, and from a sbigsed sensor for SUHBased spectral measurements. To ensure high
guality spectra, data were limited to observations at a distancettodce t o m odwitkapltch m an
and roll betweenr10° and 10°, as suggested (Njcolaus & Katlein, 2013)SUIT spectral surveys

were manually inspected to identify good spectral measurements at sea ice ridges. Since the SUIT
behaves more erratic near ridges we neededsasleict threshold and in some cases measurements
were included with a distance to the ice bottom of up to 2 m.

Sea ice draft was calculated based on sensor measurements of depth and distance to ice bottom, and
corrected for pitch and roll angles as diésed inLange et al. (submitte@ndDavid et al. (2015)Sea

ice ridges were identified from the SUIT ice draft profiles using the Rayleigh criteria, following
procedures described b@astellani et al. (2014); and Rabenstein et al. (2fkGhe seade surface
topography andCastellani et al. (2015pr the sea ice bottom profile. Ice draft local minima (e.g.,
thicker ice as draft is negative) identified along the SUIT profile with a threshold of 1.5 m deeper than
the surrounding ice, followin@astelani et al. (2015)were selected as potential ridges. Moreover,
adjacent minima needed a separation distance between points which was less than half the depth of
the first minima in order to be identified as two single elements not belonging to the idgme r

Ridge depth and width were measured in order to calculate ridge density (ridgesrdnpercent
coverage of ridges. Here ridge depth was calculated as the width at half maximum. During one SUIT
haul (statiorB58 there were no altimeter measurensef@ecause the SUIT generally travels directly
under the ice, the depth measurements can be used to reliablp (FB) derive level ice draft using a

simple linear model, previously presentedDavid et al. (2015)Draft measurements at ridges are
lessaccurate and therefore not used, however, the identification of ridges from the derived draft was
still possible.

Ice-algal chla biomass estimates were derived from urider profiling platformbased spectral
transmittance observations using empiricathogonal function (EOF) analysis combined with
generalized linear models (GLM), as describedLiznge et al., submittedizLMs were fitted using

ice core chla concentrations (response variable) and EOF modes (predictor variables). The
combination of pectral transmittance, calculated accordindNicolaus et al. (2010)and the EOF
approach resulted in the most reliable predictive model with a true prediction error estirfaé] 10
cross validated root mean squared error (RM$Ef 1.8 mg chla m? (Lange et al., submitteddn
addition, the selected predictive model showed good agreement betweesstihiates derived from
independent spectral data (spectra not used to fit the model) and ice caobéntrations for the
same location.

We resarpled the data in order to account for potential spatial sampling biases (e.g., multiple or
overlapping measurements at the same location), and the variable footprint size of theesuR@ar

spectral measurements. Data were resampled to a grid (X, guallyespaced in diameter circles

(grid circles) with the same overall grid dimensions as the corresponding ice station. A grid of circles
was created for the ROV measurements (ROV circl
by the measuremeiudcation (X, y) and the diameter determined by the footprint of the measurement
(e.g., distance to ice bottom multiplied by 2, as describédange et al., submittedfror each grid
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circle with only one overlapping ROV circle, which had an overlappiagear > 2 (@5%2of te 1 m
circle), the corresponding RObased transmittance and ehwere assigned to that grid circle. For
each grid circle that had more than one overlapping ROV circle, of which at least one ROV circle had
an over | ap p i ithg weightes means oDthe 2orresponding RfA¥ed transmittance and

chla were assigned to the grid circMleighting factors were calculated as the overlapping area of
each ROV circle with the corresponding grid circle divided by the sum of all opartapreas for

that grid circle. For a detailed diagram outlining the resampling process r&epptementary Figure

S1.

3.2.2 ROV-based Net Primary Production estimates

Up-scaled daily icealgal net primary production (NPP) estimategmgC m? d*), were alculated
using the photosynthesis equation fr{itatt et al., 1980)

N L LT

<

whereP%; is the chla-normalizedmaximumfixation rate with no photoinhibition (mg [mgchl a]°

') o is the initial <lmyphea™b’f[umol phetonsg ¢'jihraad i on ¢t
B is strength of photRPjmhidndi fncobsamepomdt §0 at
parameters determined BgrnandeaMéndez et al. (2015pased on ice core samples collected from

the same seven ice stations. Derivation of the photosynthetic parameters was conducted for upper and
lower portions of the sea ice. We used the bottom ice parameters measured for ice sampted at eac
corresponding ice station as we used only biomass estimates for the lower portion where 75 % of the

total biomass was observed. The 75% was calculated from the mean ofaljprciiile cores.chla

represents the botteioe algae chh concentrations dered from ROVtbased spectral transmittance
measurements. ROWased chla correspond to the total biomass within the entire ice column
therefore we multiplied by 0.75 to get the appropriate fraction of the tota iththe bottom ice

portion. |, is the harly-averaged available transmitted PAR (umphbtonsm?s?) at the icewater

interface, converted to botteite scalar irradiance according Katlein et al. (2014)and calculated

for each hourtf] over a 24 hour periodt €1, 2,..24) by multiplying tb ROV spectral (PAR)
transmittance by hourgveraged tf incoming PAR (umophotonsm?s®) measured during each
corresponding ice station.

Net primary production estimates were only calculated and compared for the bottom ice portions
because previous situ incubations demonstrated bottooe had the highest primary production
rates, despite lower irradiance levels, which was attributed to replenishment of nutrients from the
surface water§Mock & Gradinger, 1999) Furthermore, because sea ice algalmaiss typically
accumulates in the botteice portion it is safe to assume a large majority of the primary production
also occurs in the bottcine.

Comparison of ice core clad with ROV- and SUIFbased spectrally derived chlestimates were
conducted usig St utdestmon theslogransformed chih values. Weighted mean and weight
standard deviation were used for the-taansformed SUIT cha as these data were notgampled.
Similarly, NPP estimates were kbigansformed for comparisons; however,steomparisons were
conducted between ROWased estimates for level sea ice and sea ice ridges at station 224 only.

Ice core chla data used for comparison were presentdeemandeMéndez et al. (2015nhereafter
referred to as “stti), acdoange st al((dubmittedhezeafiereraferred to as

“LA” cet2scoOodes per tstdasta waregpariormedSiging the Fvt andsLA cores
grouped together astests require a sample size greater than one. Since theofegl were sed to
characterize the NPP for each ice station we do, however, assess the representativeness of the single
cores compared to the gpaled ROV and SUIT surveys of chbiomass and NPP. Flgbres were
considered representative of the area if they weriwithe interquartile range (IQR; 25 75
percentiles) of the upcaled ROV and SUIT estimates.
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The relative importance of each variabt@la andl,), in terms of explaining the variance of NPP for
each ROV station, was assessed using the coefficienttefriination (R for all upscaled NPP
estimatesk,) vs. chla (chla) estimates (i.e., explained variance due toaghdnd NPP estimate®

vs. bottomice light () observations (i.e., explained variance due to light). Thed® calculated for
eachhour ) of the 24 hour period to assess the diurnal variability of light conditions. Values
provided in Table 1 correspond to the daily me&n R

3.3 Representativeness of ice -algal biomass estimates

Sea ice areshadsignificanty lower chla biomasghan ROV estimatest station group8, C, D,and
F, which were all generally lowetbiomass stationgFigure 1 and Table 1). Ice coredso had
significantly lower biomass than ROYased biomass estimatas group G where biomass was
slightly higher(Figure 1 ad Table 1) No significant differences were observedyedupsH and |,
which were relativelyhigher-biomass stationgFigure 1 and Table 1)The FM-cores were
representative (i.e., within the IQR) of the-sgaled SUIThased chla biomass estimates at gnl
station group B and were only slightly larger than th8 @ércentile of the RO\ased estimates.
FM-cores were not representative of the larger scaleadfibmass estimates at all other stations
groups. FMcores at station groups C, H, and |, egsfmated chla biomass compared to the-up
scaled estimates, and at station groups D, E, F, and G theofdd undeestimated chh biomass
compared to the upcaled surveysT@ble 3. All gridded ROV surveys of chh, sea ice draft,
transmittance and NPPeashown in Supplementary Figures S2 to S9. SUIT profiles o, dda ice
draft, and identified ridges are shown in Supplementary Figures S10 to S17.

These results demonstrate the difficulty to capture the laagde variability of ice algal biomass
using only coringpbased methods. In general, ice coring uredgimated icalgal biomass at the
relatively lowerbiomass stations. While at the highmomass stations the ice cores appeared to
accurately capture the variability of iedgal biomass. Thhigherbiomass observed was likely the
result of less melinduced algal losses due to thicker ice and lower melt rates at these higher latitudes
stations(Lange et al., submittedSampling biases could have also resulted at the advanced melt
stations, with may have had a higher chance of losing biomass from tHitam during coring

due to drainage or ice loss. Another explanation could be that relatively-bighsss regions (e.g.,
patches) at lowebiomass stations had a lower probability to bmpglad compared to higher biomass
stations and were not accurately represented at the-lwamiass stations. We must not overlook the
possibility that the wscaled estimates ovestimated the biomass; however, this is unlikely because
the model for spertlly deriving chla biomass had no directional bias and some of the cores had
comparable values to the-gpaled chh estimategLange et al., submitted)

The highethiomass station 360 (group 1) showed no significant difference between the cores and
ROV-based biomass estimates, however, of the individual core values (0.05, 6.46, 8.03, 8.00, and
11.83 mgchlam®) only one core was within the IQR (2.966.70 mgchl am?) albeit at the high

range. One core with neaero biomass resulted in an overakan biomass (leggansformed) that

was not significantly different even though many cores-egtimated the biomass in comparison to

the upscaled values. This was also apparent at station 349 (group H), which also showed no
significant difference, butlso had only one core within the IQR of the-sgaled biomass estimates.

Even at stations with the largest sample sizes of 8 (group B) and 12 (group C) there were significant
differences between the cores andsopled biomass estimates. This further ersjzies the issue of
accurately representing the variability of -@igal biomass by strictly using ice cerased methods

even if the sample size was large.

The discrepancy between the ice ebased and upcaled biomass estimates in combination with the
lack ofautocorrelation (i.e., patch size identification; not shown hadéates the icalgal biomass

was highly variable at small scales (< 2 m), which was difficult to capture with average measurement
footprints between + 2 m for ROV and SUIT survey The upscaled estimates were therefore the
averages over a larger area and are less likely to capture small patches-lwbiigds or low
biomass (i.e., values in the range 8 tol2aimga m? or with neafzero biomass) unless the RO V was

in close poximity to the ice bottom or the patches were on the order of the footprint size. These
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discrepancies identify two important sampling constraints: first, the cores do not capture the large
scale variability; and second, the-sipaled surveys do not captiemallscale variability. Therefore,

these results highlight the potential uncertainties in making assumptions about the spatial
representativeness of iedgal biomass estimates. Since little is known or has been reported on
summertime spatial variabilitgf ice-algal biomass we propose that observations from both core
based and undeéce spectral profiling systems should be combined when making assumptions about
multi-scale spatial variability of icalgal biomass.

When chla estimates were grouped intYl and MYI stations for each gear, we observed no
significant differences between the Fddres and the ROV or SUIT chlestimates (supplementary
Table S 1). This demonstrates a suitable approach takEerbgndesMéndez et al. (2015used to
increase he representativeness of the biomass samples fecaling. However, sample sizes were
small (N = 3 and 5) for ice cores of each ice type and the median and IQR values had large differences
between the cores and ROV or SUIT. Similar to thedokes from &ation 360, two of the MYl FM

cores had high biomass (8 mg ehin®) while one had very low biomass (0.4 mg ahh®), which

resulted in the mean value being largely influenced by one low value. Although in this case the mean
MYI FM -core biomass valuesare not significantly different, each MYI| Fgbore value was higher

or lower than the IQR of the largscale estimates. A similar pattern was observed with the FYI
grouping comparison although not as drastic because the values were overall smallearbattieul

range of values. Combining the ice cores based on ice type was an improvement in terms of
representative sampling; however, there remained a high risk of estimatingepnesentative mean

(or median) and variance (range or IQR) of ice algahdiibmass.
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Table 1. Summary of incoming and botteive light, chla biomass, net primary production (NPP), and explained variance of NPP per station groupings

(shown in Figure 1 inset) and sampling method (gear): ice cores (FM or LA), remotely opehatéel (ROV) and surface and undee trawl (SUIT).

Group Gear? Sasrir;réle Station Incoming PAR® Scalar PAR (I)° Chl a® NPP° Explained Variance (R?) of NPP by
umols photons m?s™ mg m? mg C m2d* [ Chl a
A SUIT 46 216 — — 0.9 (0.7-1.7) — — —
B FM 1 224 249 £ 90 40.8 +14.7 1.2 10.16 - -
LA 8 224 - - 0.34 (0.20-0.48) *R; *S - — -
ROV 468 224 21172 51.3%+ 25.1 1.04 (0.97-1.18) 8.5(5.6-12.3) 0.65 (0.53-0.71) 0.12 (0.08-0.20)
SUIT 43 223 - - 1.6 (1.1-1.7) - - -
SUIT-2 45 233 — — 1.2 (1.0-1.5) — — —
c FM 1 237 174 + 90 285+14.7 1.7 (+) 0.56 () - -
LA 12 237 - - 0.63 (0.46-1.07) *R - - -
ROV 156 237a 137 +59 28.8+ 23.2 0.96 (0.76-1.17)" 0.6 (0.3-1.0) 0.61 (0.34-0.84) 0.12 (0.03-0.25)
ROV-2 1378 237b 137 + 59 18.7+ 8.1 1.26 (1.10- 1.50)° 0.9 (0.6-1.0)° 0.60 (0.37-0.79) 0.08 (0.03-0.17)
D FM 1 255 104 + 71 26.7+18.2 0.6 () 0.6Z () - -
LA 4 255 - - 0.79 (0.67-1.16) *R - - -
ROV 186 255 93 + 60 36.3+20.3 1.42 (1.37-1.54) 1.7 (1.5-1.9)° 0.11 (0.0-0.24) 0.71 (0.53-0.93)
E FM 1 277 101 £ 57 259+146 0.4 (-) 0.45 - -
SuUIT 91 285 - - 1.2 (0.8-2.0)" - - -
F FM 1 323 81+ 63 242+1838 0.3 () 0.0Z (1) - -
LA 6 323 - - 0.17 (Q05-0.23) *R - - -
ROV 1145 323 67 + 49 7.7+ 86 1.53 (1.36- 1.74) 0.14 (0.10-0.19)" 0.87 (0.77-0.91) 0.17 (0.14-0.22)
SuUIT 63 321 - - 1.6 (0.6-2.7)" - - -
G FM 1 335 49 + 43 59+5.2 0.4 () 0.05 (1) - -
LA 6 335 - - 0.91 (0.38-1.07) *R - - -
ROV 762 335m 46 + 39 30+ 76 2.36 (1.89-2.83)" 0.13 (0.07-0.22) 0.93 (0.89-0.95) 0.01 (0.01-0.02)
ROV-2 302 335f 46 + 39 23+ 27 2.73 (2.3-3.16)° 0.13 (0.08-0.24) 0.69 (0.68-0.69) 0.08 (0.07-0.10)
SUIT 18 345 - - 1.4 (0.4-5.3) - - -
H M 1 349 25+ 15 1.4+0.9 8 (+) 1.00 (+) _ _
LA 7 349 - - 0.58 (0.25-2.26) - - -
ROV 282 349 23+13 24+15 1.32 (1.17-1.51)° 0.14 (0.09-0.21) 0.18 (0.12-0.24) 0.60 (0.53-0.67)
SUIT 101 358 - - 1.9 (1.4-2.5)" - - -
[ FM 1 360 13+7 0905 O] 0.39 (+) - -
LA 4 360 - - 7.25 (4.86-8.98) - - -
ROV 647 360 10+5 04+ 04 4.36 (2.86-6.70) 0.07 (0.05-0.12)" 0.79 (0.77-0.79) 0.16 (0.15-0.17)

= corresponds to ngepresentative, i.e., Fidore estimate outside of interquartile rargf ROV and/or SUIT. (+) indicates ovestimate; {) underestimate compared to largecale data. *R corresponds to
significant difference between ice cores (FM and LA cores combined) and ROV; and *S significant difference betweeraicé 8ar8sp < 0.05).
“ EM" cor r e scpreshramFernarmleMéntiez et al. (2015) “ L A" ¢ o r rcerasfram(Langetebal., submitted) “ ROV ”
“SUI T" cor r e-scalen sudfacdanad undeiftetrawl pstimates.

® Incoming PAR and bottom ice scalar PAR (1) are presented as mean + sd to maintain consistéfeyaviteMéndez et al. (2015)

¢ Chlaand NPP are presented as median (interquartile range).

C or r escaldrentbtely aperatet eehide gstimates;
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Figure 1. Bar graph showg an intermethod and regional comparison of-algae chia biomass based on single ice cores from each stationrGBRES),

data fromFernandeaMéndez et al. (2015)multiple ice cores from each station (QORES), data frorhange et al. (submittedand spectrally derived clad

from underice ROV and SUIT surveys. FBORES bars represent a single value whereas the other bars represent mBgiarcéstile) with error bars
representing the 5and 78'per cent i | es . “ ttést (ped®5) resulss performed betwiean:aCORES and ROV (C~R); or CORES and SUIT
(C~S). CORES correspond to EBZORES and FMCORES grouped together. Inset map of the Arctic Ocean with sea ice extent and concentration data, and
the locations of the correspondingtsdn groupings conducted during the 2012 PS80 cruise (station numbers for each grouping are listed in Table 1). Sea ice
concentration data acquired from www.meereisportal.de according to algoritt®pseien et al. (2008%ea ice extent correspond to 212 September

monthly mean (extent data acquired from NSIDC, Fetterer et al. (2002, udpated 2011)
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3.4 Up-scaled in situ ice -algal net primary production

During spring, ice algae are typically light limited and therefore have higher biomass where light
levels are higher(e.g., Gosselin et al., 19863ssuming there is no phatthibition. During our
summer sampling period, however, we found no strong correlations between-shalag chla
estimates and available undee light (i.e., maximum spearman ogation coefficient, r = 0.22).

This means the und&re light and chh varied independent of each other, which is likely because in
latesummer biomass losses due to high melt ftasge et al., submittediad a dominant influence

on bottomice biomas. For example, bottotice with higher light levels may also have had higher
melt rates due to more internal ice absorption, which could not have sustained aitettigal
community, and therefore even if light conditions were suitable for high pripraduction rates the

net primary production would have been almost zero if no algae were present. With an additional
variable (i.e., melt), which can influence NPP, the spatial distribution of NPP may be more complex
in latesummer than during the spring summer transition making it even more important to
understand and account for the spatial variability of botla tidmass and the botteioe light field.

We accounted for the spatial variability of NPP by combining the variability of bothasid batom-

ice light in the calculations of the largetale NPP estimates then determined the explained variance
of NPP by each variable individualljll gridded ROV surveys of NPP are shown in Supplementary
Figures S2 to S9. At station groups B, C, F, G anthé spatial variability of bottofite light
explained most of the spatial variability of the-sgaled NPP estimates, whereas at station groups D
and H, chla explained most of the spatial variability of NPP (Table 1 sumgplementary Figurel8).
Theseresults emphasize the importance of accounting for both the spatial variability-aifyate
biomass and the botteite light field in order to make representative NPP estimates.

The largest diurnal variability of the explained variances was observedtianstwith the largest
bottomice light levels, which also had larger diurnal variability of light levels (Table 1 and
supplementary Figure $2At all stations, the explained variance of ahlvas inversely related to

light, which is expected since NP® a function of both variables and ehestimates were constant

over the diurnal cycle while only light varied. The ing¢ation differences regarding which variable

(chl a or light) explained most of the variance in NPP cannot be stated for certamasserved no
significant correlations between the explained variance for each station and any other station variable
(e.g., nutrients, median and IQR ehbr bottomice light). However, there was a neignificant but

strong positive correlation (r = @G% between explained variance of NPP by @hlith sea ice N@
concentrationgdata from Fernande¥iéndez et al., 2015/and a nossignificant but strong negative
correlation between explained variance of NPP by bett@might with sea ice N@concentrdbns.

These correlations were likely not significant due to the small sample size (N=9), nevertheless, in the
absence of other correlations, it does provide some indication that the sea ice nutrient regime could
have also had some influence on the relafiiveer-station) importance of cld biomass and light on

NPP.

FM-core NPP estimates were representative (i.e., within the IQR) of thealgd estimates at station
group B and one ROV survey at station groupl@bf{el). FM-cores undeestimated NPP atation
groups C, D, F, and G, and ovestimated NPP at station groups H and | compared to tsealed
ROV-based NPP estimate§able 1). The differences between methods were likely the result of
differences in chh and/or light. Station group B had siar chl a biomass and NPP for both the FM
core and ugscaled estimates (Table 1, Figures 1 and 2). Station groups D, F, and G had higher up
scaled chla biomass and NPP estimates compared tocbh estimates (Table 1). Conversely,
station groups H andHad lower ugscaled chla biomass and NPP estimates compared tecBh¢
estimates (Table 1). The same directional difference oh bidmass and NPP observed between up
scaled and FMore estimates for all station groups, except group C, suggests theriffs between
the FMcores and wgcaled NPP estimates were driven by the differences ia lsldmass with the
exception of station group C. This was further confirmed by the fact that the Bo&dight levels
used for each method were comparableifbstations (Table 1).

Only station group C had higher aghbiomass but lower NPP estimates for the-Edfles compared to
the upscaled estimates (Table 1; Figures 1 and 2). Furthermore, light levels were comparable (237a)
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or slightly higher (237b) fothe FM-core derived NPP estimates compared to the ROV surveys (Table
1). This suggests that the spatial variability of both theadhlomass and bottofice light derived

from the group C ROV surveys had a combined influence on the observed differetdssntita
apparent from the overall survey estimates.

Station group B had similar NPP estimates for thedévé and ugscaled observations (Table 1 and
Figure 2), which we attributed to the similar éhbiomass estimates (Table 1 and Figure 1). Even
thoudh light levels and chik biomass were only slightly larger at station group B compared to groups

C and D, group B had NPP estimates almost and order of magnitude larger than groups C and D. This
was attributed to the substantially higher value of the giyotbetic parametd?; determined for this
station(FernandeMéndez et al., 2015rompared to all other stations. This further emphasizes the
need for larger samples sizes for ice domsed estimates and that the combination of data from
several statins, an approach described BgrnandesMéndez et al. (2015)s necessary not only to
account for the spatial variability of light and ahbut also the potential variability of the derived
photosynthetic parameters.

We observed no significant differendestween the FMores and the upcaled NPRestimates when

they were grouped into FYI and MYI stations (Table 2). However, the median and IQR values had
large differences between sampling methods for the MY stations and the mean values, although they
were similar, were largely the result of only one or two extreme values. These results suggest
grouping ice core samples as an acceptable approach to improve the representativeness of the
estimates but with only a small number of samples this approach ¢aarssilhigh risk of obtaining
norrrepresentative or false estimates.
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Figure 2. Bar graph showing a comparison of net primary production (NPP) estimates based on ice core san(p@RESMand wscaled NPP estimates
based on ROV measurements of spédteasmittance and spectrallierived chla. Inset is a magnified version of full bar graph, to better show the low
values, with yaxis maximum corresponding to the dashed line on the full bar graph. At some ice stations two ROV surveys were codifiectrd at

locations on the ice floe (e.g., ROV and RQY
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3.5 Sea ice ridges have high biomass and net primary production

Sea ice algae are generally an urslenpled component of sea ice. Sea ice ridges are even more
undersampled due to the difficulty oimpling this type of ice. Despite this fact, sea ice ridges have
been reported to host high abundances of sea ice fauna during advand&tawétger et al., 2010)
Therefore, we specifically investigated sea ice ridges with the hypothesis that theéyhosuhigh
abundances of ice algae during advanced melt, due to lower melt rates in these locations, which could
indicate that sea ice ridges are an important high biomass region during advanced melt.

At ice station 224 we identified two ridges basedlos ROV draft measurements (Figure 3a). Both
ridges had significantly higher iedgal chla biomass than the level ice (p < 0.05) (Supplementary
Table S 2; Figure B). Despite the higher biomass at the ridges, ridge 2 had significantly lower NPP
comparedo level ice, whereas ridge 1 had similar NPP to the level ice (Supplementary Table S 2;
Figure 3b). This difference was attributed to the lower bottiom light at ridge 1. Bottorte light

was significantly higher for level ice compared to both ridges 0.05; Supplementary Table S 2)
indicating that the variability of icalgal chla biomass was more important than the botioelight

levels in determining NPP at ridge 1 since NPP was not different between ridge 1 and the level ice.
Chl a biomass ad bottomice light explained comparable amounts of the level ice NPP variance,
however, chla biomass explained relatively more variance compared to bathight at ridges 1

and 2 (Supplementary Table S 2). @Hiomass explained between 581 % ofthe NPP variance
when ridges and level ice were examined separately. Howevex ooly explained 12 % of the NPP
variance for the entire ROV survey (Supplementary Table S 2). This exemplifies the complex
relationship between clhlbiomass and availableAR for NPP estimates and that during late summer
(i.e., advanced melt) both the variability of bottare light levels and the variability of chlbiomass

are required to make representative lesgale NPP estimates. Furthermore, sea ice features such as
ridges can play an important role in biomass and NPP but have a different and perhaps more complex
relationship between available light and biomass than the surrounding sea ice.-iBettsralar
irradiance valued, were higher at the bottom of ridgestten though draft values were thicker. This
indicates high variability of the attenuation of light under ridges and that further investigations are
required to understand these processes, particularly in regards to potential for NPP on larger scales.

In addition, high biomass sea ice ridges were identified within four SUIT stations (223 Figure 3 e;
285, 358 supplementary Figure S2). The number of high biomass ridges per SUIT haul were too small
and ridge sampling was biased therefore a statistical corapasias not conducted. Nevertheless,
identified high biomass ridges had ehbiomass estimates in the range 2@ mg chla m? (Figure 3

and supplementary Figure S10 to S17), which is larger than the overall SUIT haul median values in
the range 1.2 1.9 mg chla m? (Table 1). This suggests that sea ice ridges can have a significant
contribution to overall icalgal biomass and NPP and therefore should also be more accurately
sampled and included in largeale models.

Based on the ridge identificationalysis for all SUIT stations we calculated a mean {miax) ridge

density of 7.5 ridges kih(2.5— 18.0), mean ridge width of 68.7 m (47@00.3), and a mean percent

total ice coverage by ridges of 9.2 % (2.%5.4 %). Ridge analysis summaries forhe&UJIT station

are shown inSupplementary Table S &8xd SUIT profiles with identified ridges are shown in
Supplementary Figures S10 to S17. These results demonstrate that sea ice ridges can make up a
substantial portion of the sea ice environment and filrerehould not be overlooked in terms of their
contribution to overall Arctic sea ice algal biomass and NPP.

We must also note that both the ROV and SUIT surveys do not representatively sample sea ice ridges
and therefore remains an undampled compome of the overall sea ice systeMovement of the

SUIT is guided by the undéce topography and therefore at ridges the SUIT contacts the ridge and
diverts downward causing larger distances to the ice and/or large pitch and roll therefore the sensors

maynot “see” the ice bottom. This constraint wou
option would be to decrease the towing speed. However, the chosen haul speeds are required to ensure
representative fauna catches. Another option could be tb ke nsor ” dedi cated hat

speeds are reduced and the main focus would be to conduct representative sampling of ridges, which
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would have the added bonus of decreasing the along track footprint resulting in higher resolution
measurements.

ROV sites are typically chosen to avoid ridges because operation in close proximity to ridges is risky
due to the possibility of tangling the cable. Dedicated ROV dives under sea ice ridges could be
accomplished with experienced operators, however, this woulddpe time consuming in order to
minimize the risk of losing or damaging the ROV. Nevertheless, dedicated ROV surveys and ice core
sampling of ridges should be a priority in future campaigns.

It is possible that sea ice ridges have different optical pliepewhich were not accounted for by the
model and therefore resulted in higher ahtiomass estimates for these features. However, this is
unlikely since not all ridges that fit the manual inspection showed the same pattern of high biomass.
We suggest @t further work on modelling the optical properties of sea ice ridges and to include
coincident ice core chh biomass with spectral measurements are required in order to better
understand the potential for high iakyal biomass at sea ice ridges.

3.6 Conclusions

We presented two novel approaches to estimatalgad biomass and net primary production, which
have demonstrated substantial improvements regarding representative sea ice algae observations. We
provided, for the first time, a detailed medttale omparison of iceore based icalgal biomass and

NPP estimates with upcaled spectraligerived estimates. Our results showed that ice-lcased
estimates of summertime iedgal biomass and NPP do napresentativelycapture the spatial
variability canpared to the upcaled estimates. This may carry similacertainties for pahrctic
estimates based on ice core observations aMfe.showed that grouping ice core samples, an
approach used byernandeMéndez et al. (2015kan improve the representaness of biomass and

NPP estimates but with only a small number of samples there is still a high risk of obtaining non
representative estimates. Therefore, we recommend that future sea ice sampling should combine ice
core based methods to estimate-agal biomass and NPP with the largeale undeice spectral
profiling approaches presented and described here daohge et al. (submitted)

We also identified high biomass ridges within severakegled surveys. Although more work is
needed to represtatively sample these features and to confirm ridges as high biomass and potentially
high primary production regions, these results do support previous findings on the potential
importance of sea ice ridges for undtee fauna during advanced md{Eradinger et al., 2010)
Further dedicated sea ice ridge studies are warranted particularly in terms of ice algal biomass,
nutrients, primary production and baptical properties.

81



Chapter 3 - Paper 3: Sea ice algae variability

-
n

High Biomass Ridge

=
o

w

Draft (m)/chla(mgm?)

=)
=
¢

0 300 > 600 900
Distance ( m)

E chla{mgm?) E Ridges - ice Draft

Figure 3. Identified high biomass ridges at remotely operated vehicle (REpn 224 showing a) draft (m); b) transmittance; c) specilelived chla
biomass (mg rf); and d) net primary productiddPP (mg C rif s). R1 and R2 depict ridge 1 and ridge 2, respectively. Grey circles represent values above
the scale maximum Yze. e) High biomass ridge identified at Surface UdderTrawl (SUIT) station 223 showing sea ice draft, identified ridges and
spectrallyderived chla biomass.
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1
Abstract

Arctic seaice decline is expected to have a significant impact on Arctic marine ecosystems. Ice
associated fauna play a key role in this context because they constitute a unique part of Arctic
biodiversity and transmit carbon from siea algae into pelagic and bermtHood webs. Our study
presents the first regionatale record of undéce faunal distribution and the environmental
characteristics of undéce habitats throughout the Eurasian Basin. Sampling was conducted with a
Surface and Under Ice Trawl, equippeith a sensor array recording ice thickness and other physical
parameters during trawling. We identified 2 environmental regimes, broadly coherent with the Nansen
and Amundsen Basins. The Nansen Basin regime was distinguished from the Amundsen Basin regime
by heavier se&ce conditions, higher surface salinities and higher nitrate + nitrite concentrations. We
found a diverse (28 species) undted community throughout the Eurasian Basin. Change in
community structure reflected differences in the relativerdoution of abundant species. Copepods
(Calanus hyperboreuand C. glacialig dominated in the Nansen Basin regime. In the Amundsen
Basin regime, amphipod#&gherusa glacialisThemisto libellulx dominated. Polar coBoreogadus
saidawas present throughit the sampling area. Abrupt changes from a dominance -afsmiated
amphipods at iceovered stations to a dominance of pelagic amphipbdibgllula) at nearby ice

free stations emphasised the decisive influence of sea ice onssalallpatternaithe surfacdayer
community. The observed response in community composition to different environmental regimes
indicates potential lonterm alterations in Arctic marine ecosystems as the Arctic Ocean continues to
change.
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4.1 Introduction

The Arctic Ocean igxperiencing some of the most pronounced effects of global climate change
(Arctic Climate Impact Assessment 2004puring the past 4 decades, reductions in-isea
concentration and thickness and in the duration of the melting season have been rectoedacttic
Ocean(Kwok and Rothrock 2009; Markus et al. 2009; Overland and Wang 2013; Rigor and Wallace
2004; Shimada et al. 2006; Stroeve et al. 2042) are predicted to continue in the future
(Johannessen et al. 2004; Polyakov et al. 2005; Stroeale 2007) The Arctic Ocean is changing
from a perennial mulyear ice (MYIlydominated system to a seasonal firsar ice (FYI) system
(Maslanik et al. 2011)in 2012, the seice extent was reduced to approximately half of the mean for
the past four dexes, resulting in large opevater areagParkinson and Comiso 2013)

These changes are expected to result in modifications of the biological systems in the Arctic Ocean.
Reduction in the extent and thickness of sea ice leads to more light availakitiey water column,

which has been hypothesised to induce a net increase in primary prodidctigoe et al. 2008;

Arrigo and van Dijken 2011)This may be true on the shelves where nutrient supply by advection or
vertical mixing can be extensive. Over thasins, however, primary production can be nutrient
limited due to strengthened stratification by ice nf€emblay and Gagnon 200%eaice loss will

lead to a decrease in ice algal production, which can account for up to 50% of the primary production
in the central Arctic Oceaftsosselin et al. 1997)ce algae are considered a highality food source

for Arctic marine food web§Sgreide et al. 2013; Sgreide et al. 2088)w these changes in primary
production will impact marine fauna is an open dioes The number of documented changes in
Arctic planktonic systems is low, and the number reported from the central Arctic Ocean even lower
is (Wassmann et al. 2011)ack of biological baseline data makes it impossible to estimate the effect
of recent emironmental changes on the biological sys{g&nsobokova and Hirche 20Qdhcreasing

efforts have been made in recent years to investigate zooplankton distribution at different scales
(Hopcroft et al. 2005; Hunt et al. 2014; Matsuno et al. 2012; Pomegtealu 2014) Only recently,

have zooplankton data from different Arctic cruises been compiled into adeate analysis,
providing a first baseline to monitor the influence of environmental change on the Arctic pelagic
system(Kosobokova and Hirche 20Q It should be born in mind, however, that this dataset dates
from the 1990s, a period when environmental change in the Arctic Ocean was alrgmitygon

Most affected by environmental changes are the organisms living in association with sea ice. Ice
associated fauna have been described as those species that complete their entire life cycle within the
sea ice or spend only part of their life cycle associated with sgdaikov and Kulikov 1980)

Many uncertainties still remain in understanding thsoaistion of these organisms with sea
habitats. Community structure of iassociated fauna is assumed to be related to ice age, density and
underice topographyHop and Paviova 2008; Hop et al. 200[@e-associated species may prefer a
certain typeof ice, e.g. MYl or FYI(Hop et al. 2000)Some, such as the large amphi@ammarus
wilkitzkii, are found associated with ridges, which provide shelter during the melting season
(Gradinger et al. 2010; Hop and Pavlova 2008)e widely distributed amphipoApherusa glacialis
prefers flat ice floegHop and Pavlova 2008pr ice edgeg¢Beuchel and Lagnne 2002; Hop et al.
2000)

Crucial for the functioning of the Arctic ecosystem is the role ofagsociated fauna in the energy
transfer to higher trophic Vels (Budge et al. 2008)The dominance of diatom fatty acid trophic
markers in the lipids of calanoid copepods aneaigsociated amphipods underpins the importance of
seaice algae as a critical carbon source in Arctic food w@hbsige et al. 2008; FalRetersen et al.
2009) Feeding extensively on calanoid copepdBenoit et al. 2010; Scott et al. 199anhd
amphipodgMatley et al. 2013)polar codBoreogadus saida turn represents a preferential prey for
seabirds and marine mamméBsadstreet and ©ss 1982; Finley and Gibb 1982; Welch et al. 1992)

As a key species of the Arctic system, the polar cod is believed to account for up to 75% of the energy
transfer between zooplankton and vertebrate predaf@velch et al. 1992) Ice algae
copepods/amphgalspolar codtop predators represents probably one of the most efficient pathways
in energy flux through the Arctic food web, yet all its components are closely related with sea ice
(Harter et al. 2013; Hop and Gjgseeter 2013; Scott et al. 188@ngesn composition, abundance,
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size and energy content of iagsociated communities will influence the energy flux through the
Arctic marine ecosystem and, hence, the growth and survival of top preflaaae and Heide
Jargensen 2005; Mehlum and GabrielsE993) Therefore, an accurate quantification of-ice
associated fauna on large spatial scales is crucial to understand the functioning of Adicie sea
dependent ecosystems and their future fate. Thiceeavered Arctic Ocean, however, is difficult to
access. In particular, sampling under the sea ice is challenging. Most commordgsaomgated
macrofauna have been sampled by diyaradt and Paviova 2005; Hop et al. 201This method is
excellent in describing the smaitale structure of ice habisaduring sampling, yet the spatial
variability of the organism distributions may not be covered representatively. Ice floes which appear
biologically poor are not sampled due to limited time at ice stations, while it is impossible to obtain all
organisms fom ice floes with rich faunéHop and Paviova 2008 new sampling gear used in the
Southern Ocean for the first time, the Surface and Under Ice Trawl (ki Franeker et al. 20Q9)
overcomes the spatial limitation of observations by di{Elsres ¢ al. 2012) SUIT enables large

scale horizontal sampling of the@m surface layer both under sea ice and in open water.

The aim of the present study is to describe the association of macrofaunal communities in the surface
layer (3-2 m) under ice and inpen water, with habitat properties of the sea ice and the underlying
water column. In particular we address the following objectives:

1. We identify key environmental variables of sea ice and water column that structurécender
habitats.

2. We provide a baswide inventory of undéce fauna in the Eurasian central Arctic Ocean and
to highlight key species defining the uimecommunities.

3. We investigate the role of under habitat properties in structuring the uitdecommunity.

4.2 Materials and methods

4.2.1 Study area and sampling technique

Sampling was performed during RRblarsternexpedition ARK XXVII/3, between 2 August to 29
SeptembeR012, across the iamovered Eurasian part of the Arctic Ocean deegp basin, from 82° to

89°N, and 30° to 130°E (Fig).1Thirteen horizontal hauls were performed under different ice types
(MYI1, FYI), and in open water. Sampling was performed with an improved version of the Surface and
Under Ice Trawl (SUIT)van Franeker et al. 2009y he improved SUIT consisted of a dtéame

with a 2 x 2 m opening and 2 parallel 15 m long nets attached: (1) a 7 mmdsifcommercial
shrimp net, lined with 0.3 mm mesh in the rear 3 m of the net, covered 1.5 m of the opening width and
(2) a 0.3 mm mesh zooplankton net covered 0.5 theobpening width. Floats attached to the top of

the frame kept the net at the surface or theicmanderside. To enable sampling under undisturbed
ice, an asymmetric bridle forces the net to tow off at an angle of approximatetyrboard of the
ship’'s track, at a cable |l ength of 150 m. A deta
provided as supplementary material FFigres et al. (2012) Depending on the ice conditions, SUIT

haul durations varied between 3 and 38 min, with a méaa min.
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Figure 1. SUIT (Surface and Under Ice Trawl) station map during RV 'Polarstern’ expedition lceARC
(ARK XXVII/3). Seaice concentration on 16 September 2012 (data acquired from Bremen
University; www.iup.unibremen.de:8084/amsr/) and mean-isesextent for August and September

2012 are represented on the map (data acquired from NSIDC Fetterer et al. 2002, updated daily).
Number codes next to sampling locations indicate station numbers

4.2.2 Environmental data

A sensor array was mounted in the SUIT fearoonsisting of an Acoustic Doppler Current Profiler
(ADCP), a Conductivity Temperature Depth probe (CTD) with bnifluorometer, an altimeter, 2
spectral radiometers, and a video camera. Water inflow speed was estimated using a Nortek
Aquadopp® ADCPThree acoustic beams operating at a frequency of 2 MHZ allowed constructing 3
dimensional profiles of the currents in the net opening. The ADCP measured the current velocity at 3
locations across the SUIT opening. The ADCP was also equipped with sensprssiure, pitch,

role, and heading. These data were used to reconstruct the position of the SUIT in the water during
each haul as an indicator of the catch performance. Temperature and salinity profiles were obtained
with a Sea and Sun CTD75M probe. TReactical Salinity Scale (PS®) was used for salinity
values (Fofonoff 1985) A built-in Turner Cyclops fluorometer was used to estimate uicder
chlorophyll concentration. Calibration of fluorometric chlorophg/ltoncentrations was done from
water sarples obtained during stationary sea ice work. The calibration coefficients were derived from
the linear relationship between chlorophgltoncentrations of water samples (measured with High
Pressure Liquid Chromatography) with fluorometric chlorophgll concentrations of the
corresponding 1 m depth range (n =2484; atlj=r0.63; p < 0.001). Data gaps in the CTD
measurements caused by low battery voltage were filled using complementary datasets from the
ADCP data (pressure) and the shipboard sensors (tatupe and salinity), using correction factors
determined by linear regression. An altimeter Tritech PAS&0/€onnected to the CTD probe
measured the distance between the net and theeseaderside. Seae draft was calculated as the
difference betwee the depth of the net relative to the water level, measured by the CTD pressure
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sensor, and the distance to the-iseaunderside, measured by the altimeter, and corrected for pitch
and roll angles. Draft was then converted into ice thickness by ussaiaesdensity value of 834 kg
m*, determined from seiae core samples.

During each haul, changes in ship speed, ice concentration (%) and irregularities were estimated
visually by an observer on deck. GPS waypoints were recorded by the observer evB&HTthwas

deployed and hauled in, when it behaved abnormally, or when the environment changed, e.g. when
the SUIT entered or exited the sea ice. The distance sampled over ground was estimated by
multiplying the amount of time the SUIT was in the watem(gh the average speed in water (M).s

The distance sampled under ice was estimated in an analogue way for the period during which the
SUIT was under ice. The distance sampled under ice was then expressed as percentage ice coverage
of the total distanceampled over ground.

Gridded daily se#ce concentrations for the Arctic Ocean derived from SSMIS satellite data using the
algorithm specified byppreen et al. (2008yere downloaded from the s& portal of the University
of Bremen yvww.meereisportalyle

A CTD probe with a carousel water sampler was used to collect environmental parameters from the
water column near SUIT stations. The CTD (Seabird SBE9+) was equipped with a seafloor altimeter
(Benthos), a ltiorometer (Wetlabs FLRTD), a dissolved oxygen sensor (SBE 43) and a
transmissiometer (Wetlabs &ar). Details of the CTD sampling procedure were providdgbitius

et al. (2013) Data are available online in the PANGEA databi@abe et al. 2012)Amongall CTD
stations, the closest in time and space to the SUIT stations were chiabés 1). Nutrients were
analysed in an atonditioned laboratory container with a continuous flow auto analyser (Technicon
TRAACS 800) following the procedure describe®ioetius et al. (2013) Measurements were made
simultaneously on 4 channels: PSi, NG, + NO; together and N@separately.

The depth of the upper mixdayer was calculated from the ship CTD profiles afdtaw et al.
(2009) who define the depth of ¢hmixed layer as the depth of the profile where the density
difference to the surface exceeds 20% of the density difference between 100 m and the surface.

The relative light intensity was calculated by dividing the solar elevation angle during the SUIT hau
by the solar elevation angle at solar maximum for the corresponding location. Solar elevation angles
were calculated using the National Oceanic and Atmospheric Administration's (NOAA) online solar
calculator with latitude, longitude, date and time asiisgvww.esrl.noaa.gov/gmd/grad/solcglc/

Table 1. Station table of Surface and Under Ice Trawls (SUITs) and the corresponding conductivity
temperaturelepth (CTD) stations; NB is Nansen Basin aflis Amundsen Basin

SUIT CTD
Haul Basin Station Station | aiitude  Longitude Bottom Station  Station Latitude Longitude
code date °N) (°E) depth code date °N) (°E)
(mo/d/yr) [m]
1 NB 204 8/5/2012 81.45 31.10 423 208 8/6/2012 81.46 31.04
2 NB 216 8/7/2012 82.48 30.03 3610 215 8/7/2012 82.49 30.00
3 NB 223 8/9/2012 84.07 30.43 4016 227 8/9/2012 84.02 31.22
4 NB 233 8/11/201 84.04 31.30 4011 227 8/9/2012 84.02 31.22
5 NB 248 8/16/201 83.93 75.50 3424 242 8/16/2012  83.90 76.07
6 NB 258 8/20/201 82.74 109.63 3575 254 8/20/2012 82.69 109.12
7 AB 276 8/25/201 83.07 129.12 4188 281 8/26/2012 82.89 129.82
8 AB 285 8/26/201 82.89 129.78 4174 281 8/26/2012 82.89 129.82
9 AB 321 9/4/2012 81.71 130.03 4011 324 9/4/2012 81.92 131.12
10 AB 331 9/5/2012 81.90 130.86 4036 324 9/4/2012 81.92 131.12
11 AB 333 9/6/2012 82.99 127.10 4187 333 9/6/2012 83.00 127.18
12 AB 345 9/9/2012 85.25 123.84 4354 342 9/9/2012 85.16 123.35
13 NB 397 9/29/201 84.17 17.92 4028 387 9/28/2012 84.37 17.52
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4.2.3 Biological data

The catch was partially sorted on board. Polar cod and ctenophores were immediately extracted from
samples. The remaining samples from the shrimp and the zooplankton nets were then each equally
divided into 2 parts with a plankton splittévlotoda 1959) From each sample, part of the material

was immediately preserved in 4% formaldehyde/seawater solution for quantitative analysis. After the
cruise, the quantitative samples were analysed for species composition and density at the Alfred
Wegener Igtitute in Bremerhaven, Germany. Macrofauna (> 0.5 cm) densities were derived from the
analysis of the shrimp net samples. Copepod densities were derived from analysis of the zooplankton
net samples. With few exceptions, all animals were identified tepbeies level and, in copepod
species, to developmental stage and sex. The adult copepods and their larger juvenile stages (the
copepodites CV and CIV) were both considered in density calculations. Densities were calculated
dividing the total number of amials per haul by the trawled area. The trawled area was calculated by
multiplying the distance sampled in water, estimated from ADCP (Gtees et al. 2011)with the

net width (0.5 m for the zooplankton net and 1.5 m for the shrimp net).

4.2.4 Data analysis

Scatter plots between each possible combination of 2 environmental variables were used to identify
pairs of datasets with high colinearifguur et al. 2007) I n pairs with Spear man
coefficients >0.7, only one variable was chosen forsegbent analysis based on the ecological
relevance to the scientific objectives of this study and the comparability with other studies. From a

total of 30 variables analysed, 12 were retained for further statistical analysis (Table 2). A Principal
Componen Analysis (PCA)(Mardia et al. 1979vas applied on the environmental dataset to reveal
patterns in habitat typologies according to properties of the sea ice and the underlying water column.

In order to investigate patterns of diversity over the samliag, 3 diversity indices were calculated

for the whole biological dataset, as well as for-guliupings derived from environmental data
analysis: (1) species richness (the number of species observed at each §at{@htt{e Shannon

index H) (Shanna 1948) and (3) Pi e | d)uSpeacieseaccanmulators airves watee x  (
plotted to assess the impact of sampling effort on species diversity. To assess the statistical difference
between sulgroupings, the MandiVhitney-Wilcoxon test was performed aliversity indices and on
cumulated species densities at statidriann and Whitney 1947)

Species density data were analysed using Non Metric Multidimensional Scaling (N(WRSkal
1964)based on a Bragurtis similarity matrix(Bray and Curtis 1957NMDS is commonly regarded

as the most robust unconstrained ordination method in community ec@digghin 1987)
Squareroot transformations and Wisconsin double standardization were applied to the data to
gradually downwveight the dominant taxa. The parftance of the NMDS was assessed with Shepard
plots and stress valué€larke and Warwick 2001; Legendre and Legendre 2042DSIM (Clarke

& Ainsworth 1993) was used to test for significant differences in the community structure batween
priori defined goupings, e.g. ocean basins and-iseaegimes.

Table 2. Environmental variables characterising-sgahabitats

Variable (abbreviation) Unit Value range
Sampled ice coverage during SUIT hauls (Coverage) % Oto 100
Modal ice thickness (Thickness) m 0to 1.25
Standard deviation of ice thickness (SD) m 0t0 0.88
Surfacevater temperature (Temperature) °C -1.76to -1.06
Surfacewvatersalinity (Salinity) 29.380 32.87
Chlorophyllaconcentration at the surface (Ghigace) mg m3 0.06to 0.24
Chlaophyllaconcentration at the depth of the chloropdgibximum (Chla) mg m3 0.15t0 0.63
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Silicate concentration at the depth of the chloropmdkimum (Si) pumol 1
Combined nitrate + nitrite concentration at the depth of the chidrapmaximum pumol 1
Phosphate concentration at the depth of the chlor@ghglkimum (PQ) pumol K1
Relative daylight intensity (Relative light) -
Mixed layer depth (MLD) m

1.17t0 4.80

0.12to 6.84

0.20to 0.55
0t00.91
9to 25

The association of theommunity structure with the physical environment was evaluated with a
Mantel test(Mantel 1967) The Mantel test relates 2 distance matrices, one from the biological and

one from the environmental dataset, using Pearson correléBamouse et al. 1986)The

bootstrapping procedure was applied with 999 iterations. Afterwards, the association of the
community structure with all possible combinations of environmental variables was evaluated with
the BioEnv analysigClarke and Ainsworth 1993)The BioEnv analsis estimates the subset of
environmental variables that has the highest correlation with the biologicalltlethest subset was

r a nGurtiscsonilarity madrik of o n

found wusing

t he

Spear man’ s

the species density datacha Euclidean dissimilarity matrix of the environmental variables.

c

For all analyses, R software Version 3.1.2 was used with the libraries vegan, FactoMineR, plyr and

MASS (R Core Team 2015)
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Figure 2. Environmental variables recorded at sampling stati¢A) sedce thickness (upper panel)

and sedce coverage (lower panel). White portion of bars: percentage etesamverage at each
station; grey portion of bars: remaining percentage of open water at each station. (B) Temperature,
salinity and chlaophyll a concentration in the-2 m surface layer. (C) Nutrient concentrations at the
depth of the chlorophyk maximum. Nansen Basin stations are shown on dark grey background and
Amundsen Basin stations on light grey background
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4.3 Results

4.3.1 Environmental con ditions

Across the Eurasian Basin 13 stations were sampled. Seven stations were located in the Nansen Basin,
and 6 stations in the Amundsen Basin. Six of the Nansen Basin stations were sampled during the first
half of August, and the Amundsen Basin statidaring late August to mi8eptember.

The last station was sampled in the Nansen Basin on 29 September 2012 at the onset of winter (Table
1). All stations had water depths > 3400 m, except Stn 204 in the Nansen Basin, which was located in
open waters ovehe continental slope at a depth of 423 m. Because oceanographic conditions at the
slope station differed markedly from those in the rest of the sampling area, it was not included in the
multivariate analysis, but is discussed separately. Besides Stin28é Nansen Basin, 2 of the
Amundsen Basin stations were nearly-fime. At all other stations sea ice was present, ice
concentrations ranging from 56 to 100% (Fig. 2A). Modal ice thickness ranged from 0.45 to 1.25 m.
Within the deegsea basins, surfactemperatures ranged betweeh8 and-1°C. The surface
temperature at the slope station 204 was@ (Eig. 2A).

In the PCA of physical variables, 63.6% of the variance in the dataset was explained on the first 2
axes (Fig. 3). The first axis explaine@.8% of the variance and was mainly driven by gradients of
nutrients, salinity and sdee properties. Along this axis a clear distinction was evident between 2
environmental clusters that corresponded to the stations situated in the Nansen Basin and the
Amundsen Basin, respectively.

Because the environmental gradients in our dataset represent not only spatial patterns, but also an
often inseparable temporal signal over the 2 month sampling period, the clusters are referred to as
spatiot e mp or al rdughlg goiresmording to the 2 ocean basins-iGea&oncentration and
thickness gradients increased towards the Nansen Basin regime. The-Rabd@estations in the
Amundsen Basin were clearly distinguished from all other stations, and were assodiatéuew

lowest sedce concentration and thickness values. Furthermore, the Nansen Basin regime was
associated with high values of salinity and nitrate + nitrite, and low values of silicate and chlorophyll

a concentrations in the-@ m surface layer. Conkaely, the Amundsen Basin regime was associated
with high chlorophylla concentrations, high silicate concentrations, and low values of salinity and
nitrate + nitrite. The second axis explained 26.94% of the variance and was mainly associated with
gradiens of temperature, chlorophydl concentration at the chlorophyll maximum depth and relative
light intensity. Along this axis, 2 stations were distinguished from the Nansen Basin regime cluster.
Stn 216 had 100% ice coverage, high surface water temperaanceshigh chlorophylla
concentrations at the chlorophyll maximum depth (Fig. 2). Stn 397 had the lowest -swaface
temperatures and lowest relative light intensity. The apater station (Stn 333) was distinguished
along the second axis from the ckrstof the Amundsen Basin regime by high surfaeger
temperatures and high chlorophgltoncentrations at the chlorophyll maximum depth.
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Figure 3. Principal Component Analysis of environmental variables at the sampling stations. Variable
labels as defied in Table 2. Nansen Basin stations are represented by circles; Amundsen Basin
stations are represented by triangles; ice: uiwderstations; ow: opewater stations. Percentage
values on the axes represent the explained variance on the first (PCAl Be@nd (PCA 2)
dimensions.

When single environmental parameters were compared between the 2 regimes, surface salinity was
significantly higher in the Nansen Basin regime-&8) than in the Amundsen Basin regime—29)
(Wilcoxon test: W = Op-value <0.01) (Fig. 2B). The mixed layer depth (MLD) was shallowest at the
first ice station (Stn 216; 9 m), which was situated at the ice edge. At the beginning of the cruise in the
Nansen Basin regime, the MLD was around 15 m deep and increased with timengegctd 30 m

in the Amundsen Basin regime. At the last station sampled in the Nansen Basin regime (Stn 397), the
MLD was again shallower. High average values of nitrate + nitritep#@® 1), and phosphate (0.4

umol ™), and low values of silicate (@ umol M) characterised surface waters of the Nansen Basin
regime (Fig. 2C). The opposite conditions were encountered in the Amundsen Basin regime, with low
values of nitrate + nitrite (1.4 pmotf'), and phosphate (0.2 pmot), and high values of silate (3.5

pmol 7). The differences between the 2 regimes in nutrient concentration were statistically
significant (Wilcoxon test N@Q W = 2, p-value < 0.01; P@ W = 4, p-value < 0.05; SiW = 36, p-

value < 0.01). At the station positioned over the Ghkdge (Stn 258), all nutrients had very low
concentrations. In the 2 opevater stations in the Amundsen Basin regime (Stns 331 and 333), nitrate

+ nitrite and phosphate were depleted in the surface waters. The averaged surface chkrophyll
concentratia over the entire sampling area was 0.27 mgnanging between 0.12 and 0.43 mg.m

The surface chlorophyl concentrations were slightly higher in the Amundsen Basin regime than in
the Nansen Basin regime (Wilcoxon téd£30, p-value < 0.1). The higkst value was found at Stn

345 in the Amundsen Basin regime (Fig. 2B).
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4.3.2 Taxonomic composition

In total, 28 species belonging to 10 phyla were identified in our samples (Table 3). Copepods had the
highest densities, accounting for 69% of the mean relatresity over all stations, followed by
amphipods with 28% (Fig. 4). The balance between copepods and amphipods, however, was
markedly different between the 2 environmental regimes: in the Nansen Basin regime, copepods
accounted for >82% of the mean densiyhereas, in the Amundsen Basin regime, copepods
contributed only 53%. Here the amphipodsdominated the species composition, accounting for
43% of the mean density (Fig. 4). Appendicularians contributed 1.3% to the overall density, but this
value was dven by extremely high densities at only 2 stations. Ctenophores had a high frequency of
occurrence over the entire sampling area, but with highly variable densities. At 2 stations ctenophores
heavily dominated the biomass of the samples. The other taimgomups accounted for <1% of the
density.

Table 3. List of species with mean densities and frequency of occurrence over the sampling area; SD:
standard deviation

Mean nsi D Ran Fr n f
e e S nge ey o
CTENOPHORA
Berospp Fabricius, 1780 211 4.75 0015.79 0.85
Mertensia oveabricius, 1780 0.19 0.38 0061.35 0.85
MOLLUSCA
Clione limacihipps, 1774 0.69 0.87 002.76 0.69
Limacina helicittapps, 1774 1.13 2.89 0010.64 0.62
ANNELIDA
Unidentified polychaete <0.01 0.02 0.23
ARTHROPODA
Apherusa glacldéissen, 1888 58.19 70.48 0.339221.84 1.00
Eusirus holiMansen, 1887 0.19 0.22 0060.62 0.69
Gammaracanthus lorgaiirse, 1821 <0.01 0.01 060.04 0.15
Gammarus wilkitAgirula, 1897 0.10 0.18 060.71 0.92
Onisimus glactadiss, 1900 1.12 1.34 0063.97 0.85
Onisimus nan&ans, 1900 0.35 0.57 0061.66 0.46
Themisto abyssBasguk, 1871 0.75 1.07 0063.13 0.69
Themisto libelllitzhtenstein, 1822 20.14 25.69 0.116 85.36 1
Euphausiacea
Thysanoessa ingnoyer, 1861 0.03 0.07 060.25 0.31
Unidentified euphausid <0.01 0.01 060.04 0.08
Copepoda
Calanus finmarcl@euserus, 1765 52.40 187.39 00676.04 0.23
Calanuglacializaschnov, 1955 641.27 1078.52 3.7853052.83 1
Calanus hyperbétenyer, 1838 104.08 174.46 00494.62 0.85
‘PseudocalaspsBoeck, 1872 24.60 33.29 00109.22 0.92
Metridia longabbock, 1854 172.47 619.49 002234.26 0.31
Paraeuchagitecialldansen, 1886 0.08 0.17 060.44 0.23
"Unidentified harpacticoid 0.32 0.69 081.96 0.31
"Tisbe spp. 20.13 20.26 00668.26 0.92
Ostracoda
Boroecia bor&alis, 1866 <0.01 0.01 060.04 0.08
CHAETOGNATHA
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Eukrohnia hamaabius, 185 11.01 36.3 00131.76 0.69
Parasagitta elegarl, 1873 0.15 0.28 001.01 0.54
CHORDATA

Oikopleura vanhoéfémnann, 1896 47.37 145.39 00526.54 0.31
VERTEBRATA

Boreogadus dadqechin, 1774 0.41 0.42 0901.2 0.77

*values might be underestimatedtdwgmall size of the organisrefative to the mesh size used

4.3.3 Variability in species diversity, density and distribution

The highest number of species (20) was encountered at Stn 285 in the Amundseaddas. Three

other stations, 2 situated in the Nansen Basin regime and one in the Amundsen Basin regime, had 19
species each. The lowest species richn&s Shannon diversity H) and evennessJ) were
encountered at the slope Stn (204), where onlyeBiss were found (Table 4.). The highest Shannon

and evenness indices were encountered at anvegin station (Stn 331) in the Amundsen Basin
regime. Species richness and Shannon diversity showed no significant difference between the 2
environmental reignes (Wilcoxon tesS W = 29, p-value > 0.1;H: W = 32, p-value < 0.1), while

species evennesd)(was significantly higher in the Amundsen Basin than in the Nansen Basin
(Wilcoxon test:W = 34,p-value < 0.05).

Table 4. Diversity indices calculated at@asampling station

Station code Richness Shannon Evenness
204 8 0.04 0.02
216 13 1.30 0.51
223 17 1.68 0.59
233 13 0.74 0.29
248 19 1.21 0.41
258 19 1.16 0.40
276 18 1.61 0.56
285 20 1.43 0.48
321 16 1.78 0.64
331 19 2.02 0.69
333 18 1.52 0.53
345 18 1.76 0.61
397 17 0.45 0.16
Nansen Basin 24 0.94 0.34
Amundsen Basir 24 1.69 0.58
Total 28 1.28 0.45

Cumulated densities of all species ranged from 0.3 iffdan$tn 216 to 69 ind. fat Stn 248 (Fig.

5). Overall densities were signifidin higher in the Nansen Basin regime than in the Amundsen
Basin regime (Wilcoxon testV = 6, p-value < 0.05) (Fig. 5). This difference between the 2
environmental regimes remained relevant even when Stn 248, which had the highest abundance, was
excludedfrom statistical analysis (Wilcoxon test/ = 6, p-value < 0.05). The most abundant species

were the copepodsalanus hyperboreusndC. glacialis The low density exception at Stn 216 was
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caused by exceptionally low numbers of copepods. Stn 248 was unique in its species composition
Only at this station, didC. finmarchichusdominate numerically, and high densities of the
appendicularianOikopleura vanhoeffenand the chaetognatSukrohnia hamataand Parasagitta
eleganswere encountered. The biomass composition at this station was heavily dominated by
ctenophores and tunicates. The last station (Stn 397) in the Nansen Basin regime fdiffie rait

other stations by a dominance Metridia longa over all other copepod species. Among the
amphipods, the icassociated specids glacialis was numerically dominant at all stations, except the

2 openwater stations (Stn 331 and 333) in the Amamd8asin. Here, the amphipdthemisto
libellula was most abundant, though also present throughout the samplinB@egacod was present
over the survey area with few exceptions: the open water-stafien (Stn 204), a station (283) at

which techngal trawling problems probably affected the catch efficiency of the net fesastming

fish, and theearly winter station (Stn 397The density of polar cod ranged from 0.3 to 1.2 ind. 100
m?, with highest densities at Stn 285 and 345 in the AmunBsein regime. In contrast to nearby
underice stations, polar cod densities at the 2 epater stations in the Amundsen Basin (331 and
333) were close to zero.
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4.3.4 The association of environment and biota

The NMDS ordination of the community resembled the gradients of environmental variables of the
PCA. In the NMDS ordinadn, stations grouped mainly according to the 2 environmental regimes of
the Nansen and Amundsen Basins (ANOSIM: R = 0.3&lpe = 0.016) (Fig. 6). The copepods
hyperboreusindC. glacialisand the amphipoBusirus holmiiwere associated with the NamsBasin

regime. Polar cod and the amphipd@eisimus nanserand T. libellula were associated with the
Amundsen Basin regime. Stn 216 in the Nansen Basin grouped closer to the Amundsen Basin regime
due to its high density of polar cod afd nanseniand bw copepod density. The amphipods
glacialis, G. wilkitzkii and Onisimus glacialisgrouped in the centre of the NMDS plot, indicating
equal association with Nansen Basin regime and Amundsen Basin regime stations. The stations from
the Amundsen Basinragie wer e mor e homogenous, presenting
positions in the NMDS ordination than those in the Nansen Basin regime. The-@ateerstations,
however, grouped clearly apart from the other stations in the Amundsen Basin rélgayevere
associated with the pelagic amphipbdibellula.
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Figure 6. Non-Parametric MultDimensional Scaling (NMDS) plot of the undee community
structure. Station symbols (circles: Nansen Basin; triangles: Amundsen Basin; ow: open water; ice:
under-ice) indicate the relative position of the community composition at each sampling location in
the NMDS ordination. Species names indicate the relative position of polar cod and numerically
dominant species in the NMDS ordination. DIM 1 & 2: NMDS dimensixes

The Mantel test and BioEnv analysis both showed a strong positive correlation between the
environmental and biological datasets (Mantel test: Pearson correlation coefficient = 0.65, p < 0.001).
In the BioEnv, nitrate + nitrite concentration in thaface layer had the highest correlation of a single
environmental variable (0.60) with the variability of denditsed species distribution (Table 5). The
highest correlation (0.75) with the variability of dendiysed species distribution was achitby a
combination of nitrate + nitrite concentration, surfaeger temperature and salinity, ice thickness,
mixedayer depth and surface chlorophgitoncentration (Table 5).

4.4 Discussion

4.4.1 Under-ice habitat properties

During summer 2012 the Arctic Ocearperienced a historical minimum sea extent(Parkinson

and Comiso 2013)Polarstern cruise ARK XXVI8 sampled in the high central Arctituring that

time, first across thdlansen Basimluring early August, and then across tAenundsen Basimluring

late Augustearly September, almost reaching the North Pole at 87.833965°E. Daily seaice
concentration data, from passive microwave satellite measurements, were >90% in the Nansen Basin
during August and approximately 70% in the Amundsen Basin duripgei®ber (data source:
www.meereisportal.tiniversity of Bremen). These values were in good agreement with the range of
seaice concentrations determined from SUIT sensors. At only one station (Stn 216) did these
observations differ from the SUIT sensiarived ice coverage of 100%, whereas satallitéved ice
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coverage was 40%, averaged over 35, kptacing this station in the marginal ice zone. Our
sampling area was mainly covered with FYI (>95%), with onlgléfractions of MYI(Boetius et al.

2013) In our icethickness profiles, modal ice thicknesses ranged from 0.45 to 1.25 m. In general,
modal ice thickness was higher and more variable in the Nansen Basin regime than in the Amundsen
Basin regime. Modal & thicknesses from our SUIT hauls resembled the general pattern of airborne
ice thickness measurements carried out in the survey area during ARK XXVII/3 (Lange & Hendricks
pers. comm.). Electromagnetic airborne-gm®athickness measurements confirm thisge as mainly

FYI (Haas et al. 2008)herefore, our local sampling profiles largely resembled the general regional
scale situation in terms of sea ice concentration, age class and thickness.

Apart from sedce properties, our PCA results indicated tlaatvariety of other environmental
parameters structured our sampling stations into 2 regimes, which were broadly coherent with the 2
ocean basins sampled. These differences could in part be explained by seasonal processes, such as the
melting of sea ice othe deepening of the mixed layer in the Amundsen Basin in late summer. We
acknowledge the difficulty of disentangling spatial from temporal trends over our sampling area. We
sampled within the pack ice, first in the Nansen Basin during early August, whereaompact sea

ice cover was present. At the end of August, while sampling in the Amundsen Basin, the pack ice
began to loosen and ice was thinning, leaving locally large-op¢er areas, for example at Stns 331

and 333. Therefore, gradients of $ea properties were highly associated with the seasonal
progression towards the end of summer, until the minimuniceeaxtent occurred on 16 September
(Parkinson and Comiso 2013reakup of sea ice by early September likely allowed more light to
penetraténto the water column. This favoured the increased chloroploghcentration we observed

in the Amundsen Basin regime, locally depleting nutrients in the surface layer. This was demonstrated

by the association of the open water stations with higheraptgll a concentrations (Fig. 2). Our

last station sampled at the onset of winter in the Nansen Basin (Stn 397), however, had typical
‘“Nansen regi me values again, i . e. high salinit
chlorophyll a maximun (Fig. 2). This indicates that there was a strong regional component
structuring the 2 regimes, besides some undoubtedly present seasonal trends.

The regional differences between the 2 regimes can largely be explained by water mass properties and
circulaion patterns. The Eurasian Basin is a permanentigogered basin with depths >4000 m. The
Gakkel Ridge subdivides this basin into the nearly equally sized Nansen and Amundsen Basins. The
Transpolar Drift current crosses both basins, transporting Baldiace Water and sea ice from the
Siberian shelf through the central Arctic Ocean towards the Fram Strait. A portion of the sea ice cover
is recirculated within the antiyclonic Beaufort Gyre in the central and western Arctic Ocean,
contributing to the drmation of MYI (Rigor and Wallace 2004)A considerable portion of the
marginal sea ice, however, is advected out of the Arctic Ocean through the FranK@toditet al.

2004)

Nutrientrich Atlantic Water is advected into the Eurasian Basin by 2 mainches: the Fram Strait
branch and the Barents Sea branch. The Fram Strait branch of warm Atlantic Water is largely
recirculated within the Nansen Basin, whereas the remaining Arctic Ocean basins, including the
Amundsen Basin, are dominated by the Baredes branch(Rudels et al. 2013)This branch
experiences water exchange by advection from the Laptev Sea continental margin, which is enriched
in silicate (Bauch et al. 2014)Consequently, we found high silica and low nitrate + nitrite and
phosphate conodrations in the Amundsen Basin regime, and the opposite situation in the Nansen
Basin regime. Generally, Eurasian Basin regions with higher salinity indicate a higher Atlantic
influence and can have surface nitrate concentrations in excesspuio5I* even in summer
(Codispoti et al. 2013PDuring our sampling, high salinities, high nitrate + nitrite, and high phosphate
concentrations were present in the surface water of the Nansen Basin regime. Two stations, Stns 204
and 248, were exceptionally rich mitrate + nitrite, with values at the chlorophyll maximum depth
reaching up to 6.8mol I*. Stn 204 was situated on the Svalbard slope, near the inflow of Atlantic
Water into the Arctic Ocean. Stn 248 was located near a convergent front formed by tiie Atla
Water boundary currenfLalande et al. 2014)Nearby surface salinity and temperature profiles
suggest freezing occurred prior to our arrival. The mixing due to haline convection during freezing
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could have added nutrients to the mixed layer from betoylaining the higher nitrate + nitrite and
chlorophylla concentrations.

Table 5. Combinations of environmental variables selected by BioEnv analysis. Variables were
ranked according to their correlation coefficients with the biological datasgpearman correlation
coefficient;other abbreviations see Table 2

No of

variables Environmental variables r

1 NOx 0.60

11 NOx + Temperature + Salinity + Thickness + SD + Coverage + MLD +<tinface + Chle 0.67
+ Relative light + Si

2 NOx + Temperature 0.69

3 NOx + Temperature + Salinity 0.69

10 NOyx + Temperature + Salinity + Thickness + SD + MLD + @hlg#ace + Chla + Relativ 0.69
light + Si

5 NOy + Temperature + Salinity + Thickness + MLD 0.72

9 NOyx + Temperature + Salinity + Thickness + SD + Mt[Chlasurface + Chla + Relativ 0.72
light

4 NOy + Temperature + Salinity + Thickness 0.73

6 NOx + Temperature + Salinity + Thickness + Ghlgace + Chla 0.73

7 NOy + Temperature + Salinity + Thickness + SD + MLD + Chla 0.75

8 NOx + Temperature + $aity + Thickness + SD + MLD + Chlsurface + Chla 0.75

4.4.2 Under-ice community composition

We identified a total of 28 species in the upper 2 m of the mostgoieered water column. In terms

of species numbers, amphipods and copepods equally domihatednmunity with 8 species each
(Table 3). Our overall species richness was low compared to previous, geographically more extended
studies on Arctic epipelagic faufauel and Hagen 2002; Kosobokova and Hirche 2000; Kosobokova

et al. 2011; Kosobokova andopcroft 2010) Such comparisons are, however, complicated by
differences in net type, mesh sizes and samgiguth interval. Most Arctic zooplankton studies
integrated the epipelagic community over at least the upper 50 m. The species compositionsom tho
studies is thus much more influenced by pelagic fauna, mostly dominated by the often deeper
dwelling copepodg¢Kosobokova and Hirche 20Q0Fonsidering iceassociated species reported from

the northern Barents Sea, Svalbard, Laptev Sea, or GreenlangH@eat al. 2000; Werner and
Arbizu 1999; Werner and Auel 2005; Werner and Gradinger 2008) study found the highest
species richness compared to any individual study. This might be due to a largeicerslaface

area of approximately 4 Knsampledper station in our study. Sampling effort in previous under
studies was spatially limited to single ice floes and was mainly performed by divers with pumps or
estimates made from video survei#op et al. 2011; Hop and Pavlova 2008; Werner and Gradinge
2002) These studies described -#@gsociated species related to ice concentration and topography
(Hop et al. 2000; Werner and Gradinger 20@2)t seace properties vary greatly from one ice floe to
another, as does the iassociated fauna. Using tB&JIT enabled us to integrate both floes with low
faunal densities and floes with high faunal densities. This approach can representatively capture the
mesascale variability of the undece environment and facilitate largeale density estimates if other

error sources are minimal. Such error sources may be the low efficiency of the SUIT to sample
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animals from crevices and wedges in the ice, or the ability of polar cod to avoid or escape the net.
Reported habitat preferences and behaviour of the speamslesain this study indicate that
underestimation due to preference of crevices may apply to single predatory speci&s. (e.g.
wilkitzkiii), but not to those species clearly dominant in density in our and othericedsudies,

such asA. glacialis or O. glacialis (Gradinger et al. 2010; Gradinger and Bluhm 2004; Hop and
Pavlova 2008)Videos from the SUIT camera show no indication of escape or avoidance of the net by
polar cod, but the loss of fish through behavioural response cannot be assessedaiitly. CEne
omnipresence of Polar cod in undee catches rather indicated that the sluggish lifestyle of this
specieqGradinger and Bluhm 2004hay have worked in favour of sampling this species with a net
that is relatively ineffective for catching taswimming fish.

We found higher densities of undee fauna in the Nansen Basin regime than in the Amundsen Basin
regime. This pattern was mainly driven by high densities of large calanoid copepods. In the central
Arctic Ocean, the mesozooplankton comityiin the surface 50 m is known to be dominated by
Calanus spp(Auel and Hagen 2002T he big herbivorou€. hyperboreusndC. glacialisdominated

in our samples, contributing on average 9 and 38%, respectively, to the total density of the surface
layercommunity.C. glacialislargely dominated the surface community at the slope station (Stn 204),
with 99%. The Atlantic water speci€s finmarchichusappeared in high numbers at only one station

in the Nansen Basin (Stn 248). Situated near a convergemted freezing event prior to our arrival

is believed to have caused convective mixing and entrainment of nutrients from the subsurface
Atlantic Water at that statiofLalande et al. 2014More nutrients added to the euphotic layer could
have favourednicreased productivity and subsequent immigration of grazers from the deeper Atlantic
Water layer.

Besides the EalanusspeciesM. longaand the smaller copepo@seudocalanuspp. are important
contributors to the surface community, in both the eagtéosobokova et al. 2018nd the western
Arctic Ocean(Matsuno et al. 2012A switch in dominance occurred at our last station, at the onset of
freezing. Coincident with the migration Gfalanus sppinto deeper layer@Darnis and Fortier 2014;
Fortier etal. 2001; Hirche 1997; Madsen et al. 2Q08). longa largely dominated the surface
community (Fig. 5). This species is known to remain active-s@mand (Ashjian et al. 2003)but
seldom occurs above depths <25fortier et al. 2001)Table 3). Low compt#tion, avoidance of
visual predators, and food availability at the ice underside might explain their rise to-thatéce
interface at Stn 397. Also active yeaound are the small copepods of the geRssudocalanus
(Fortier et al. 2001)They were widspread across the 2 basins without any seasonal or regional
patterns. The yeaound active copepods might represent a nutritious food source for polar cod and
other predatory members of the undEr community during Arctic winter.

Six species of icas®ciated amphipods were found in our study area. Our results are in agreement
with numerous unddce studies in finding thad. glacialisdominates the icamphipod community

in FYI-dominated environments (Werner and Auel 2005). Where MY| and ridges aeepnevalent,

G. wilkitzkii occurs in higher abundancéBeuchel and Lgnne 2002; Lgnne and Gulliksen 1991)
WhereasA. glacialis is found mainly in the water just below the ic@, wilkitzkii stays mainly
attached to the undside of ice and hides in i@@acks(Hop and Paviova 2008; Hop et al. 2000)e

found only few G. wilkitzkii individuals at each station, but consistently over both basins. Ice
thickness was highly variable, with ridges at alléosered stations, even though we sampled mainly
underFYI. Interestingly, we found youn@. wilkitzkii juveniles just released from the brood pouch in
September, whereas the release period was previously documented to occur between April and May in
the northern Barents Se@Poltermann et al. 2000)One femaleof the rare iceamphipod
Gammaracanthus loricatusnd a fewOnisimus sppfemales were also observed carrying juveniles in
their pouches. Such a difference in the timing of juvenile release could be relatedc® seasonal
dynamics and consequentlyofib availability. Near Svalbard and in the Barents Sea, ice melting starts
earlier. The spring bloom usually occurs in April, followed by high abundanc&alahusspp. This

spring to summer succession in the food chain is regarded as an importantdiacebedsing the
amphi po d(®alpadado2002)

Swarms of the pelagic amphipddlibellula have been reported to rise under landies{Gulliksen
1984) We noticed high numbers ®f libellulajuveniles under the ice in the Amundsen Basin regime.
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At 2 locations, we observed a distinct change in community structure between nearaatgreand
underice sampling locations. The difference in ice coverage was accurately mirrored by a clear
dominance of the icassociated amphipodl. glacialisin ice-covered waters, versus a dominance of
the pelagic amphipod. libellula in the surface community of ifeee waters. This pattern suggests
that habitat partitioning between sympagic and pelagic species is abrupt, creatingsEalaalattern

in the surfae-layer community according to sé&ze conditions.

4.4.3 Two environmental regimes

I n terms of species’ p rice soenmunigy ,compositioris enuthe dNansen mi | ar
Basin and Amundsen Basin regimes. When the relative community structure wasersuhsid

however, gradual changes in community composition were ordered according to the 2 environmental
regimes (Fig. 6). The Nansen regime was characterised by heavier sea ice, which can be considered as

a compact, stable habitat. Both ice thickness andtitsdard deviation (an expression of-mea

underside roughness) were correlated with the dicdecommunity structure. Around Svalbard, ice

thickness was found to be the key variable impactingags®ciated faunal variabilittHop and

Pavlova 2008)

Copepods Calanusspp.) and the large iessociated amphipdd. holmii were associated with the
Nansen Basin regime (Fig. 6). In the water column, low chloroptgdincentrations under a compact

ice cover may indicate limited food availability due to titjmitation, attracting copepods capable of
underice grazing to the icevater interface laye(Runge and Ingram 1991)n the more open
Amundsen Basin regime, undee feeding was probably less important €@alanusspp., causing

them to disperse in theater column. The Amundsen Basin was sampled 2 weeks after the Nansen
Basin and was characterised by autumn conditions with looseeseaverage, indicating a decaying
seaice habitat with low nutrient concentrations but with higher chlorophybncertrations in the

water column. Undeice faunal densities in the Amundsen Basin regime were lower, but had higher
diversity than in the Nansen Basin regime (Table 4). The density of adult copepods in the surface
layer was considerably lower than in the NamBasin regime. There were, however, high numbers of
Calanusspp., stages ClI to CllI, present. These stages were not included in our density calculations,
because the numbers caught did not represent true abundances due to our 0.3 mm mesh zooplankton
net. These findings agree with the general patterns of seasonal vertical migrattalaafisspp

(Darnis and Fortier 2014)Migration of Calanus spp. starts in August in the Amundsen Gulf
(Beauford SeajDarnis and Fortier 2014nd Fram Strai(Auel et al.2003) At the end of summer,

most copepods and their smaller stages have stored lipids, accounting for up to 50% of their body
weight (Scott et al. 1999)to prepare for diapaugéuel et al. 2003)Only the juvenile stages ClI to

Clll of C. hyperboreus wer noted to remain in the surface lay®arnis and Fortier 2014)The
progressive reduction of copepod numbers in our samples suggests that emigration from the surface
layer might have gradually started at the end of August. With the decreased copejitydirdémes
Amundsen Basin regime, the amphipods numericallydaminated the undéce community.
Particularly, the carnivorous amphip@dlibellulawas more abundant in the Amundsen Basin regime
than in the Nansen Basin regime (Fig. 5). As a preferreg @iT. libellula (Auel et al. 2002; Noyon

et al. 2009) the small copepodites could have attradetlbellulato the surface layer. Overall, the
Amundsen Basin regime appeared to support more carnivorous fauna, with a higher proportion of
larger animad, such ag. libellula, O. nanseniand polar cod. Higher sinking fluxes of detritus in the
Amundsen Basin caused by melting sedqicdande et al. 2014hdicate that additional food became
available in the icevater interface layer for opportunisticefders, such as the amphip@lsglacialis

O. nansenandG. wilkitzkii (Werner 1997)

A high degree of heterotrophy in the food web is supported for the entire Eurasian Basin by a
tentative comparison of primary production versus food demand of the alungrazers during our
sampling period. In iceovered waters of the Eurasian Basin, the integrated (median) primary
production rate measured at the time of our sampling was 0.7 mgdC im sea ice, and 18 mg Cm

d* in the water columiFernandeaMéndez 2014)Experimentally derived mean ingestion rates range
between 2.8 and 84g C ind:* d* for C. hyperboreusand between 6.0 and 18.9 C ind:* d™ for

C. glacialis (Olli et al. 2007) For the herbivorous amphipdd glacialis the mean ingeisin rate is
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about 13ug C ind* d* (Werner 1997)Based on the mean densities of these species found in the ice
water interface layer (Table 3), their cumulative mean carbon demand ranged from about 0.1 to 0.2
mg C n¥¥ d. Only a fraction of the carbgoroduced by ice algae, however, is available for grazers at
the ice underside. This implies that the production of ice algae could have barely matched the food
demand of undeice grazers during the sampling period. Locally, however, they may have benefite
from feeding on biomassch algal aggregates floating under the sea(f@nandeaMéndez et al.

2014) In the water column,-200 m integrated densities 6f hyperboreusndC. glacialisderived

from multinet sampling during the same cruise (B. Niel8of. Ehrlich unpubl. data) imply a mean
carbon demand range of 9.5 to 28.4 mg €dhbased on copepod ingestion rates accordir@jltat

al. (2007) In sea ice and the water column combined, a nearly 1:1 ratio of primary production versus
grazer fod demand could have contributed significantly to the low overall chloropayll
concentrations in sea ice and water during our sampling period. It further indicates that peak
production levels generating zooplankton growth had passed at most samplimgn&batiore our
sampling. This scenario agrees well with the mass export of algal biomass to the sea floor observed by
Boetius et al. (2013t several icesampling stations during our cruise, suggesting a major production
peak in the investigation area qrito our sampling. At the time of sampling, the increased
populations of zooplankton and undee fauna resulting from this bloom relied more on
heterotrophic carbon sources than on autotrophic production.

4.5 Conclusions

This first largescale survey of werice fauna in the Arctic deegea shows that a variety of species,
including amphipods and polar cod, are present virtually everywhere in the Eurasian Basin, in spite of
its presumed low productivity. Although undee faunal densities were relativdlyw compared to

seaice habitats on the shelf, the omnipresence of animals in the vasseedyasins highlights the
large-scale importance of the undiee habitat in the Arctic Ocean.

Differences in se#&ce properties and nutrient concentrations wére key factors separating the
sampled environments into the Nansen and Amundsen Basin regimes. The separation of these 2
regimes had both a seasonal and a strong regional component related tmagatéistribution, ice

drift and current patterns. The wrdce community structure followed this environmental gradient,
indicating a decisive role of both se® and watecolumn characteristics for the distribution of
species in the surface layer. Abrupt changes in the dominance-agsoeiated amphipods @e-

covered stations versus pelagic amphipods at neardyeieestations emphasised a distinct influence

of sea ice on smaficale patterns in the surfalegrer community.

With respect to the decades of $emdecline before 2012, it is likely that thituation encountered in

our study reflected a snapshot of a system in transition. Whether the past central Arcticaunder
community was more or less abundant, or differed in diversity and composition, is impossible to
assess in the absence of apprderibaseline data. In the future, the central Arctic wimker
community will be exposed to continuing changes, including a further shortening of ttwvered
season, the complete disappearance of +ype#ir ice and changes in stratification and nutrient
regimes. Due to their position around the North Pole, the central Arctic basins may constitute a
critical refuge for the specifically ieadapted biota of the Arctic Ocean for several decades. Whether
or not the central Arctic Ocean can fulfil this fumctiwill depend on the many direct and indirect
changes affecting the Arctic pagte and the resilience of individual iessociated species. The
subtle response of the undee community to many of these changing parameters suggests that
changes alreadyave impacted Arctic undéce communities and will continue to do so in the future.
Monitoring the course of changes in Arctic biodiversity and ecosystem structure will be key
requirements for successful resource and conservation management in an éeatidrotransition.
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Key Points:

1
Abstract

To better prediciecological consequencaed changing Arcticsea ice environmegtwe aimed to

qguantify thecontribution ofice algaeproduced carbofo.e) to pelagic food webs in the centraictic

Ocean. Eight abundant undee fauna species were submitted to fatty acid (FA) analysis, bulk stable
isotope analysis (BSIAdf nitrogen( '8N) and carbon&3C) isotopic ratiosand compounéspecific

stabl e isot ope  Gimteophiymarker FAsAighmeanadntritiution, was found

in Apherusa glaciali®nd other sympagic (ieessociated) amphipods (BSIA: 87 to 91 %, CSIA: 58 to

92 %). The pelagic copepod3alanus glacialis and C. hyperboreusand the pelagic amphipod
Themistoibellula showed substantial, but varying. values (BSIA: 39 to 55 %, CSIA: 23 to 48).

Lowesta,.. mean values were found in the ptero@bnelimacina(BSIA: 30%, CSIA: 14to 18%).
Intra-specific differences in FA compositions related to two dififié environmental regimes were

more pronounced in pelagic than in sympagic species. A comparison of mixing models using different

i sotopic approaches i nisignaturesdront Hoth diateapecifio ahe | usi
dinoflagellatespecific marke- As pr ovi ded t he mos . Ouraesdtgmply at i ve
that ecological key species difie central Arctic Oceanthrive significantly on carbon synthesized by

ice algaeDue to the close connectivity between sea ice and the pelagic foodheglges in sea ice
coverage and ice algal production will likely have important consequences for food web functioning
and carbon dynamics of the pelagic system.
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5.1 Introduction

Arctic sea ice coverage and thickness have significantly decreased in thegaaglohannessen et

al. 2004; Kwok et al. 2009; Maslanik et al. 201This has beeaccompaniedy a dramatic loss of
old, thickmulti-year seace and a transition ta seasonate-dominated Arctic Oceawith moreopen
water during summegiKwok 2007;Lindsay et al. 2009; Maslanik et al. 201The loss of summer sea
ice has consequences for ice algae that depend on sea ice as habitat and represent an important carbon
source in high Arctic regions. Estimates of ice algal primary production range ftoras3% of the
total primary production within Arctic marine systerf&ubba Rao and Platt 1984; Legendre et al.
1992)to as high as 50 to 57 % in high Arctic regiq@osselin et al. 1997; Fernande#ndez et al.
2015) Climate change is expected to halramatic consequences in terms of timing, magnitude, and
spatial distribution of both iecassociated and pelagic primary production, with a subsedirent and
indirectimpacton highertrophic organisms such as zooplank{@vassmann et al. 2006; Sgregteal.
2013)

The declining sea ice extent could lead to changes in the reproduction and growth cycles of some
Arctic zooplankton, such as copepods, that adapt their life cycles to food availability between ice
associated and pelagic bloof8areide etla2010) Consequently, these changes at the lower trophic
level may affect pelagic and benthic food webs. In order to understand how the loss of sea ice and
potential changes in primary production may affect zooplankton, we need to gain insight on the
importance of sea ice algae carbon to Arctic zooplani&orfar,the contribution of ice algal biomass

to higher trophic levels compared to pelagic phytoplankton is scarcely investigated, particularly in the
central Arctic basins. The few available studiesused on shelfound ecosystem@Hobson et al.

1995; Sareide et al. 2006; Budge et al. 2008)

Fatty acids(FAs) can be used asophic markers to track predatgrey relationships within marine
food webs(e.g. FalkPetersen et al. 1998; Mayzaud et all20Certain FAs that are biosynthesized
by primary producers are considered to be markers of those primary producers, and are assumed to be
transferred conservatively through the marine food (&aeve et al. 1994a; Bergé and Barnathan
2005; Budge et al2012) For example, Bacillariophyceae (simplified to diatomghich often
dominate algal communities in sea i@xpresshigh amounts ofthe FAs 16:1n7 and 20:5¢8,
accompanied with high levels of C16 polyunsaturateds. Dinophyceae (simplified to
dindflagellates) areoften more abundant in the water column and corttggh amounts of the FA
22:6n3 and C18 PUFA¢e.g. Dalsgaard et al. 2003)he fatty acid approach alone, however, cannot
provide information on the proportional contribution of ice algeersuspelagic phytoplankton
producedFAs, becausehe sameFAs can originate from sea iadiatoms or diatoms in the water
column(Sgreide et al. 2008By combining FA biomarker analysigith stable isotope anadis of the
bulk organic carbon contef¢.g. Dehn et al. 2007; Feder et al. 2011; Weems et al. 201)ecific
compoundssuch as FA$e.g. Budge et al. 2008; Graham et al. 2014; Wang et al. 2iDiSpossible

to quantify the relative transfer aka ice and pelagic phytoplanktederivedorganic matter to the
consumers.

The isotopic signature of sea 4ipeoduced carbon is assumed to be causea learborimiting
environment of the sea ice systdmg. Fry and Sherr 1984; Peterson and Fry 1987; Hecky and
Hesslein 1995)The semiclosed systm in sea ice results in a significantly high& enrichment in

ice algae relative to pelagic phytoplankton. This difference in isotope values allows for the tracking of
carbon from ice algae and pelagic phytoplankton to higher trophic ig¥elbson etl. 2002; Sgreide

et al. 2013) The quantification of ice algaproducedcarbon based on bulk stable isotope parameters
(BSIA), however,can becomplicated by the effect of metabolic processes, isajopic routing
(Gannes et al. 1997Metabolic effectscan be largely excluded when the variability of the stable
isotope composition is considered only in FAs, which are not biotransformed in consBynasing

gas chromatographyombustioAsotope ratio mass spectrometry (GIRMS), it is possible to
analyze the stable isotope composition of individE&ls (compoundspecific stable isotope analysis
CSIA, see description of method in Meiugenstein 2002with high sensitivity regarding both
concentratiorof FAsandisotopic compositioriBoschker and Middburg 2002)

114



Chapter 3 - Paper 5: Ice algae derived carbon

We analyzed FAs, bulk and Fgpecific stable isotope compositions tescribe the trophic
relationships between phytoplankton, ice algae,amchdanunderice faunaspecies throughout the
Eurasian Basin of thérctic Ocean during summer 2B1We also used this twdimensional
biomarker approach to estimate the relative contribubfocarbon produced bgea ice algagersus
pelagic phytoplanktonn different macrofauna specieat different levels of heterotrophy and ice
association, and itsensitivity to the methodological approach chos&ecording to David et al.
(2015) two environmental regimes could be distinguishredur sampling areaDuring the sampling
period, he Nansen Basin (NB) was characterized by higher salinities and ritratentrations
compared to the Amundsen Basin (ABmong other propertie$he community structure of under
ice faunal organisme/as also separated according to these two environnregiahes(David et al.
2015) Besides the basiwide perspective, wenalyzed differences in the FA parameters between the
two environmental regimes.

5.2 Materials and Methods

5.2.1 Study area and sampling

The ample collection was conducted duritihgg RV ‘Polarsterh expedi ti on | ceArc (|
to 7 October 2012 the Eurasan Basin of thérctic Oceamorth of 80°N Figure 1, Table 1). More
detailedinformation onthe sampling area, including ice types and properties, is givBavid et al.
(2015)andFernandeaMéndez et al. (2015)

Ice-associated particulate organic mat(ePOM), representative of the ice algae community, was
sampled by taking ice cored 8 sitesusinga 9 cm interior diametecé corer (Kovacs Enterprises).
Ice thickness of the cores varied between 0.9 and 2.0 m. Chlorep{@#il a) concentrations othe
entire ice cores varied between @d 6.5 mg M (0.3 to 8 mg if; FernandeMéndez et al. 2015)
Whole ice cores were melted in the dark at 4 °C on bdaedshipand filtered via a vacuum pump
through preconbusted 0.7 um GF/F filters (3.5 1®.5L, Whatmann, 3 h, 550 °C).

Pelagic particulate organic matter {fPOM), representative of the phytoplankton community, was
collected at 8 sites by a CTD probe (Seabird SBE9+) with a carousel water sampler. Further
information about the CTD probe equipmearan be found irDavid et al. (2015) Details of the
sampling procedure are accessibl@oetius et al. (2013)The water collection was germed at the
surface layer, or at the depth of the @hrhaximum(between 30 and 50 mJhe water at th€hl a
maximum showed Chh concentrations betweeh?2 and 1.2mg mi® throughout the sampling area
Depending on th®-POM bhiomass concentration, between 6.4 and 110D Wwaterwasfiltered using
precombusted GF/F filters. All-POM and PPOM filters were stored ta-80 °C until further
processing
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160:l w 1OP°
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Figurel. Map of the sampling area during RV ‘“Polarst

part of the Arctic Ocean. The Gakkel Ridge geographically separates the Nansen and Amundsen
Basins. Sea ice concentmti for 13 September 2012 (concentration data acquired from Bremen
University (http://www.iup.unbremen.de:8084/amsr/)) and mean sea ice extent for August and
September 2012 are represented on the (ah@fa acquired from NSIDC, Fetterer et al. 2002tter

codes correspond to sampling locations. Station information for the individual sampling sites is given
in Table 1.

Samples ofdominant species of the undeice community, such agopepods, ic@ssociated
(sympagic)amphipods, pelagic amphipods, and ppets were collected at 14 statipmnsth varying
ice conditions usinga surface and undére trawl (the SUIT, Van Franeker et al. 200®etailed
information onthe SUIT operation and sampling conditions during the expedidonbe found in
David et al.(2015)

The copepod€alanus glacialisand C. hyperboreusvere sorted by developmental stag€¥ (and
femalg. Due to the small organism siz8alanusspp.and Apherusa glacialisvere pooledspecies
specifically (up to 27 individuals per sample) in order obtain sufficient sample material for
subsequent processing aagialyss (Table 2). All samples werémmediately frozeron boardat -80
°C in precombusted and pieeighed sample vials (Wheaton, 6600 °C).
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Table 1. Sample information for icas®ciated particulate organic mattefROM), pelagic particulate
organic matter (FPOM), and undeice fauna (UIF) collected in the Eurasian Basin of the Arctic
Ocean during PS80 in 2012.

Location Sample type Date (m/dd/yyyy) Station no. Latitude (°N) Longitude (°E)

A P-POM 8/6/2012 209 81.296 30.103
B UIF 8/7/2012 216 82.483 30.027
C P-POM 8/8/2012 220 83.599 28.500
UIF 8/9/2012 223 84.070 30.434
[-POM 8/9/2012 224 84.051 31.112
P-POM 8/11/2012 230 84.022 31.221
UIF 8/11/2012 233 83.934 31.298
D [-POM 8/14/2012 237 83.987 78.103
P-POM 8/16/2012 244 83.551 75.583
UIF 8/16/2012 248 83.934 75.500
P-POM 8/18/2012 250 83.353 87.271
E -POM 8/20/2012 255 82.671 109.590
UIF 8/20/2012 258 83.076 109.627
P-POM 8/22/2012 263 83.476 110.899
F UIF 8/25/2012 276 83.076 129.125
-POM 8/25/2012 277 82.883 130.130
P-POM 8/26/2012 284 82.537 129.462
UIF 8/26/2012 285 82.896 129.782
G UIF 9/4/2012 321 81.717 130.033
[-POM 9/4/2012 323 81.926 131.129
UIF 9/5/2012 331 81.905 130.863
UIF 9/6/2012 333 82.989 127.103
H -POM 9/7/2012 335 85.102 122.245
P-POM 9/7/2012 341 85.160 123.359
UIF 9/9/2012 345 85.254 123.842
-POM 9/18/2012 349 87.934 61.217
UIF 9/19/2012 358 87.341 59.653
[-POM 9/22/2012 360 88.828 58.864
UIF 9/25/2012 376 87.341 52.620
J UIF 9/29/2012 397 84.172 17.922

5.2.2 Lipid class and fatty acid analyses

The analytical workwas conductedt the Alfred Wegener Institute in Bremerhav&grmany.

Prior to lipid extraction,all sampleswere freezedried for 24 h. Dry weights were determined
gravimetrically (Table 2). The undefice fauna samples wefegomogenied mechanically using
PotterElvehjem homogenizer. Total lipids were extractisthga modifiedprocedure fronfolch et
al. (1957)with dichloromethane/methanol (2:1, v/v). The extrddipids were cleaedwith 0.88 %
potassium chloride solutioithe total lipid content was determined gravimetricallglgle 2).

Lipid classeof the undeiice fauna speciewere determined directly from the lipid extracts by high
performane liquid chromatography using &aChrom Elit€ chromatograph (VWR Hitachi,
Germany), equipped with a monolithic silica column ChromBIRerformanceSi (VWR, Germany)

and an evaporative light scattering detector Sedex 75 (Sedere, France). Further information about the
chromatographic mibod wasgiven byGraeve and Janssen (200Rgsults of the lipid class analysis

were provided as supplementary contérab]e S1).

The extracted lipids were converted infimity acid methyl ester@AMES) and free alcohols derived
from wax esters by traasterification in methanptontaining 3 % concentrated sulfuric gatl 50 °C
for 12 h.
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After a subsequent hexane extractitime FAMEs and alcohols were separated enAmilent 6890N
Network gas chromatograph (Agilent Technologies, USA) with aHBBP @pillary column (30 m,
0.25 mm 1.D., 0.25 um film thickness), equipped with a split injection afteth@e ionization detector
using a temperature program (16®40 °C). The samples were injected at 160 °C. Helium was used
asacarrier gas. FAMEwereidentified viastandard mixtures and quantified withiaternal standard
(23:0)that was added prior to lipid extraction.

Fatty acids were expressed by the nomenclature -X.Brhere A represents the number of carbon
atoms, B the amount of double bonds, ¥ giving the position of the first double bond starting
from the methyl end of the carbon chalihe proportios of individual FAs wereexpressed as mass

percentage ahetotal FAcontent

5.2.3 Bulk stable isotope analysis

Frozen sampleswere freezedried for 24 h and underice fauna samples wermechanically
homogenized prior to thBSIA. In order to get an adequate amount of sample matewdaljdualsof
Calanusspp. andA. glacialiswere pooledspeciesspecificallyfor eachsampling site. The poveded

material and filters were filled into tin capsulasd analyzed with a continuous flow isotope ratio
mass spectrometer Delta V Plus, interfaced with an elemental analyzer (Flash EA 2000 Series) and
connected via a Conflo IV interface (Thermo Scientlfarporation, Germar)y

According to the following equatiorihe isotopic ratioswere conventionally expressed as parts per
t housand ( %) (Coplent2bilg) & not ati on

(1) 6><=[ (SRﬂé|&ade'lr]<d1000

wherex represents the heavy carbon isot6je or the heavy nitrogen isotopl. Rsample represents
the *C/*2C or **N/*N isotope ratio relative to theorresponding standaf®sndard. Theinternational
Vienna Pee Dee Belemnite standaraks usedor carbon measuremendasd atmospheric nitrogdior

nitrogen measurements.

Since lipids have a high turnover and are depletetfGnrelative to proteins and carbohydrates
(Deniro and Epstein 1977they are often removegkior to the analysis in order to reduce the

v ar i ab 1%C dud ty seasdnal BuctuatiofBamelander et al. 2006@nd to make the C:N rations

more comparable among spedi8greide et al. 2006[Previous tidies howeverhave showrthat the
extraction can cauder a c t i o n°A {Pinmegas and Rolunin 1999; Sweeting et al. 20@6pur

study, the lipids were not removed, since the removal process might create uncertain changes in the
isotopic compositions, particularly in small organisfiidurell et al. 208; Mintenbeck et al. 2008;

Kirten et al. 2012)

The calibrationof the stable isotope measuremefBsand et al. 2014jvas done byanalyzingthe

secondary reference matefidlS GS 4 0 ( c'WeEtdi. f5i26°@% -2 8. 39 %, Mesasured:
4. 46 %2®. 24n%B) USGS41 “ele®.t5 ™C%A7 5633 %, MMeasured
=47 . 12%C%3 7 5 4 9rovided by the International Atomic Energy Agency (IABAJstria).

The analyticalerrors were indicated as®2 for nitrogenand +0 . 3 for%arbon measurementsr

both USGSI0 and USGS41 (representing the 1 SD of 7 analyses.damh)he verification of

accuracy and precisipithe laboratory standasdisoleucineand Acetanilide were analyzed every 5
sampleswith analytical errors of 0 . ar bdalsdleucinenitrogen and carbon isotope ratiesd
+0landt0. 2 % f or nittogem aind oarboniisdtepe ratios, respectively (representing the 1

SD of 7 analyses each)he samples were analyzed in duplicatesand true & values
after twopoint linear normalizatiofPaul et al. 2007)
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Table 2. Dry weight, total lipid content (TLC) by dry weight, and fatty acid content (FAC) by dry weight of-iself&auna species (mean + 1 SD).

Calanus Calanus Apherusa Onisimus Gammarus Eusirus Themisto  Clione
glacialis hyperboreus glacialis glacialis wilkitzkii holmii libellula limacina
Ind./sample 15+6 8+5 12+4 1 1 1 1 1

Dry weight/Ind. (mg)| 0.6 £ 0.2 1.1+0.7 42+12 46.0+33.4 103.2+43.5 86.3+21.1 64.6+36.9 26.0 +20.6
TLC/dry weight (%) | 40.5+16.3 36.4+15.3 423+7.0 374+79 265+6.2 263+9.7 357%48 16.1+87

FAC/dry weight (%) | 16.9+6.5 18.7+9.2 29.1+56 228+56 16.1+3.1 164+6.0 24735 7.1+40

Table 3. Statistical parameters of ANOVA tests and Tukey HSD-posttests with significant results.

ANOVA

Parameter n F df p Tukey HSD

level FA 16:1R7 | 98 28.3 7,90 <0.001]| A. glacialis> all amphipod specieg: < 0.001
C. limacina< all species: g 0.05
level FA 22:6Rr3 | 98 39.3 7,90 <0.001| Calanusspp.> all amphipodspecies: p< 0.01

C. limacina> all species (except @yperboreus p < 0.001

FA: fatty acid,n: sample size
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5.2.4 Compound-specific stable isotope analysis

Prior to theCSIA, FAMEs were sepadited from the wax estelerivedfatty alcohols in order to avoid
overlapping peaks. An insufficient baseline separation between FAMEs and alcohols can potentially
cause carrpver effects and, thus, potentially lead to imprecise calculations &f & E**C &alues

For this purpose, FAM&were isolated from the fatty alcohols via column chromatography with silica
gel (6 % deactivated). The FAME fraction was eluted with hexane/dichloromethanev(@:1fatty
alcohols with hexane/acetone (1viy).

Carbon table isotope ratiosvere determined foretectedmarker FAsusing a Thermo G&€-IRMS

system, equipped with a Trace GC Ultra gas chromatograph, a GC Isolink and Delta V Plus isotope
ratio mass spectrometeconnected via a Conflo IV interfaceliermo Scientific Corporatign

Germany. The FAMEs, dissolved in hexane, were injectedsiplitess mode and separated on a DB

FFAP column (60 m, 0.25 mm 1.00.25 pm film thickness)T h €*C ®alues of a free FA and the
corresponding FAME can differ slightly due to the added methyl group during the transesterification

(e.g. Budge et al. 2011; Wang et al. 20dwever, in a previous study, we did not find significant
differences bete e n  fChvaluesdof the free FA and the FAME (e.g. 160 FA8 . 56 + 0. 12
160FAME:-28 . 57 + 0. 16 %o C. Al bers unpubl . ). Ther e
differences.

T h €% @alues of the individual FAMEs were calibrateglanalying the certified standard FAME

14:0( c er t PCf=i-20.68%0, d me as'Cre@®:. 58 MW)0( aadt PCf=i-223d.:2 45 %o,
me a s u *@=d-2 3 .52 9supplipd byindiana Universityevery 5 samples. The analytical error
was £0.3%. f lwth 14:0and 180 (representing the 1 SD of 10 analyses ea€hjthermore, for
guality assurance and analytical precisidithe determined carbon stable isotope ratlwslaboratory
standard 23:0 was measurtiermittently during the sample runsvith an analyical error of + 0.4 %
(representing the 1 SD of 10 analys@%)e samples were analyzed in duplicates.

5.2.5 Data analysis

Thespecies peci fic FA proportions were used as an in
days and weeks before the samplingng€umers alower trophic levelssuch asCalanuscopepods,
show a quicHipid turnoverrateranging between hours and dd¢@aeve et al. 2005)

The investigation ofthe FA compositionvariationswas based on sixnarker FA. The FAs 16:1#/
and 20:5A3 are mainly produced by diatoms and can therefore be treated as valid -djzoific
marker FAqe.g. Graeve et al. 1997; Fdfletersen et al. 1998; Scott et al. 1998 FAs 18:4nr3 and
22:6n3 areproduced in high mounts by dinoflagellates and ateerdore used as dinoflagellate
marker FAs(Viso and Marty 1993; Graeve et al. 1994bhpngchainedFAs 20:1 and 22:1 (&l
isomers) were used to indicatee presence dfalanusspp within the diets of the investigatechder
ice fauna specie®.g. FalkPeersen et al. 1987; Sgreide et al. 20E3principal component analysis
(PCA) wasapplied on the FA dataset to visualin¢er-specificdifferences Spatial variability in the
FA patterns between the two environmental regimes characterizddatig et al. (2015) were
visualized with bar plots.

Similar to FAs, stable isotope compositions can provide dietary information over a longer period
(Tieszen et al. 1983Bu | KC abd FAs p e ¢ i*C vatues dvere determined to estimate the
proportonal contribution dice algaeproducedcarbon( @) to the diet of the undéce fauna species.
Bayesian multisource stable isotope mixing mod€SIAR; Parnell et al. 2010jere usedto
det er mi n estimatasefromboth analyses, BSIA and CSlA&or the CSIA modelingtwo
different FA combinations were use@) 20:5/3 and(b) 20:5r3 + 22:6r3, in order to account for
the potentially overlapping compositions of the ice algae and phytoplankton communiiees.
diatomspecificFA 20:5n3 wasused in the modebecausé-POM is typically dominated by diatoms
(Horner 1985; Gosselin et al. 1997; Arrigo et al. 20H)wever, diatoms can also be present-n P
POM (Gosselin et al. 1997; Wang et al. 2014he dinoflagellatespecific FA 22:6n3 was used
because the water cohn can contain high amounts of dinoflagellates and flagel(&esrr et al.
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1997) Besides sea ice systems may also be dominated by flagellates, particularly during ice melt
(Tamelander et al. 2009)

The moded allow the incorporation ofrophic enriciment factors(TEFs) to account for isotopic

turnover rates in the consumers that are tispaeific. From lower to highertrophic leve] an

enrichment of the heavy carbon dtab i s ot ope bet wefiemobservefiDeriroahd 1 % Wwae
Epstein 1978; Raet al. 1983; Post 2002%ince the true value of the carbon TEFs in the uiwer

fauna species is unknown, carbon TEFs for both BSIA and CSIA models were assumed to be zero
(Budge et al. 2011; Wang et al. 2015)

The models also allow the incorporationcoincentration dependencies to account for different levels

of the investigated marker FAs in the primary producEng. discrepancy in the proportions of 20:5n

3 between-POM and PPOM during maximum ice in 2010 reported\Wang et al. (2015 as higher

than in our dataset. Howevaang et al. (2015y¥id not find substantial differences between the
results using models with and without concentration data. Thus, we did not incorporate concentration
dependencies in our models.

Due to the small sample sjize t h e c a |ovas based oo the ntedn stable isotope values, with
no differentiation between the two environmental regimes, for both BSIA and CSIA data.

The ice algagroduced carbon demand of the most abundant herbivregacialis C. hypeboreus
andA.glacialis;, was esti mated by myddrivegpfiom CIAmModelbrwittp r opor
ingestions rategOlli et al. 2007)and observed species abundances under sea ice and in the water
column(David et al. 2015; Ehrlich 2015)

All data analyses were conducted usiting opers o ur ce soft war grR CoR'Teamver si C
2015) Intra-specific andinter-specific variations irfatty acid and stable isotope compositions were

tested using -lvay ANOVAs followed by Tukey HSDposthoc tess. Sudent’s #tess were applied

for comparisom between two groups. Prior to testintge FA data werdransformed applying an

arcsine square root function followilBudge et al. (2007Ap improve normality. The statistical output

reported in the text was sunarized inTables 3 (ANOVAS) and4 (t-tests).

5.3 Results

5.3.1 Marker fatty acid compositions

5.3.1.1 Ice-associated and pelagic particulate organic matter

Thel-POM samples were dominated by the diatkpecificFA 16:1r7, showingsignificantly higher
levels than the P-POM samplesThe proportional contributions ofthe second diatorspecific FA
20:5n3 were however, significantly lowein the FPOM samples compared to theP®M samples

The poportions ofthe dinoflagellatespecific FAs 18:4n3 and 22:6r3 showed signitanty higher
values in PPOM compared to-POM (Figure 2, Tables 4 and5).
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Figure 2. Relative composition of marker fatty acids (FAs) in&ssociated particulate organic matter
(I-POM) and pelagic particulate organic matterP®@M). 16:1R7 and 20:5¢8 represent diatom
marker FAs, 18:43 and 22:6¢8 represent dinoflagellate marker FAs. Horizontal bars in the box plots
indicate median proportional values. Upper and lower edges of the boxes represent the approximate
1st and 3rd quartiles, respectiveWertical error bars extend to the lowest and highest data value
inside a range of 1.5 times the intprartile range, respectively (R Core Team 2015). Outliers are
represented by the dots outside the boxes. Sample size is reported in Table 5.

5.3.1.2 Under-ice fauna species
In all species, the bulk of the determined FAs were incorporated into neutral (storage) lipids, whose

proportions far exceeded the levels of polar (membrane) lipatsl€ S1, supplementary).

The largestvariability amongall specieswas obsered in thediatomspecific FA16:1n7 andthe
dinoflagellatespecific FA22:6n3. The levels of the diatorspecific FA20:5nr3 were comparable
among all speciesndthe proportions of thdinoflagellatespecific FA18:4n3 weregenerally low in
all speciegFigure 3, Table 5).
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Figure 3. Relative composition of marker fatty acids (FAS) in selected dicddiauna species. 16:-n

7 and 20:5¢8 represent diatom marker FAs, 183and 22:618 represent dinoflagellate marker FAs,
20:1n9 and 22:1f11 represenCalanusmarker FAs. Box plot design as in Figure 2. Sample size is
reported in Table 5.

The meandvels of 16:1#7 in both CalanusglacialisandC. hyperboreusverelower than in all other
species except forClione limacina In contrast, their content i80:5n3 was high compared to the

other species, witk. hyperboreuseaching the maximum mean value of this stu@yglacialisand

C. hyperboreugontained significantly higher amounts of 22Brompared to all amphipod species
(Tables 3 and5). The mea level of theCalanusspecific FA 20:1M was only higher imThemisto
libellula relative toCalanusspp, and inOnisimusglacialis relative toC. hyperboreusThe second
Calanusspecific FA 22:1n11 was detected in generally higher amounts in b&@hlanws spp.
compared to all other species. There was no significant difference found in the FA patterns between

CV and female within the san@alanusspecies ftest p > 0.05).

A. glacialis had a significantlyhigher proportion ofl6:1n7 than all other amphigbspecies;n
addition to relativelyhigh levels of 20:5f8 (Tables 3 and5). The kevels of 20:1¥0 and 22:1rl1 were
close to the detection limih this speciesGammaruswilkitzkii and Eusirus holmiiwere generally
similar to each other ither FA composition E. holmiihad the secontighest proportional content of
16:1n7 amongall amphipod specied.. libellula had ahigher proportional content @2:6n-3 than all
otheramphipodsand high leels 0f20:1n9 and 22:1r11.

The FA 16:1n7, which was dommant in all investigated copepods and amphipods, showed
significantly lower levels irC. limacinacompared tall other investigated speciegables 3 and5).
Conversely, e proportional contribution of 22:6hwas significantly higher i€. limacinaconpared

to all other investigated specjesxcept forC. hyperboreugTables 3 and5). The FAs20:1n9 and
22:1n11 were only found in small amounisthis species.

The first two principal components of the PCA explained 69.8 % of the variance in theaFanutang

the samplesHigure 4). The first axis (PCA 1¥eparated the sympagic amphipods with high levels of
16:1n7 on one side from the pelagic copepods with high levels of 22:80:1r9, and 22:11 on

the other side. The second axis (PCA 2) empleasihe difference in the marker FA proportions
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between the pelagic speci€slibellula with higher levels of 16:17 and bothCalanusmarker FAs,
andC. limacinawith distinctly higher levels of 22:68. In general, the FA profile &. limacinawas
clealy isolated from all other species.

» © C. glacialis
e C. hyperboreus
i 1N =y A A, glacialis
g A Q. glacialis
> 0 G, wilkitzkii
© o B : & E holmii
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Figure 4. PCA biplot of marker fatty acid (FA) proportions in undeg fauna species. Biplot arrows
correspond to gradients of FAs in the PCA ordination. Diatom marker FAs:-I§@A) 20:5r3 (B);
dinoflagellate rarker FAs: 18:4+8 (C), 22:6R3 (D); Calanuamarker FAs: 20:149 (E), 22:1R11 (F).
Sample size is reported in Table 5.

In addition to thedifferences btween the species, there was intraspecific spatial variability of
certainmarker FAproportions oberved SUIT station 258 was located close to the Gakkel ridge, on
the border between the Nansen Basin (NB) and the Amundsen Basin I(ABgneral the FA
composition of individuals from station 28@monstratea higher similarity tothe FA profiles ofthe

same species frothe AB regime.Thus, station 258 was considered as an AB regime sample for the
statistical testdn Calanusspp.andall five amphipod species, the proportional amount of 18:fras
higher in the AB regimsampleghan in the NB regne samplesThis pattern was significaff-test p

< 0.05)in C. hyperboreugA. glacialis,G. wilkitzkii, E. holmii andT. libellula, andnearsignificant in

O. glacialis (p = 0.06). Converselythe levels of 18:4r3, 20:5R3, and 22:6A3 were significatly
higher in the NB regime iA. glacialis, O. glacialisandG. wilkitzkii. In E. holmii the poportions of
20:5n3 and 22:6¢8 were significantly higher in the NB reginsamplescompared to the AB regime
samplesIn T. libellula, the levels of 18:4A3, 20:1n9 and 22:1rl1 were significantly higher in the

NB regime than in the AB regim@igure 5). As all but one station in the AB regime were sampled
later in the season than stations in the NB regime, these patterns could reflect the seasonal progression
of the systenfe.g. Basedow et al. 201®) addition, the fundamental differences in the environmental
characteristics of the two regimes probably played an important fWtle. AB regime was
characterizey lower nitrate and phosphatsoncentrations antbwer Chla concentrations in the
surface layer compared to the NB regifbavid et al. 2015)
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Figure 5. Intra-specific differences in the proportions of marker fatty acids (FASs) in tinddauna
species between Nansen Basin (NB) and Amundsen Ba8ih r@gimes. Columns and error bars
correspond to the median and interquartile ranges, respectively. Naxesyhave different scales.

Associated bars marked with asterisk *‘*-testpeprese
< 0.05). Samplsize is reported in Table 5.

5.3.2 Bulk stable isotope compositions

Both POM typesdisplayedt h e | ONwel®ets ® et ween 3 -POMarml betwden2.1 % i n
and 5. 8POB, rapreserfing the trophic baseliffalfle 6) . 1@ walued in FPOM varied
between22.8and2 6 . 8 %P O M¥FCaalubs varied betweer25.4and2 8 . 7 %o

Among the undeice fauna species. glacialiss h o we d t H°M values betwedn 5.6 and 5.7
%o, E. holmiis howe d t HBlvahe g hleestt weden 8Tabde6land 12. 2 % (

The highest carbon stable isotope values were fanndl. glacialis (-20.0 t0-23.3 %o). The lowest
&"C valueswere foundn Calanusspp, T. libellulaandC. limacina(-24.1 t0-31.2%o).

A comparison of the bulk stable isotope ratios in POM and tlgerice fauna species between the
two environmental regimes was providedliable S2 (supplementary).
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5.3.3 Compound-specific stable isotope compositions

The 3C valuesof 18:4n3, 20:5r3 and 22:6r3 were significantly higherin the I-POM samples
comparedd the P-POM samplegTables 4 and7). The stable isotope values of 16:1alemonstrated
little variation betweertthe two source communities

There was no significant difference in the carbon stable isotope values of the individual marker FAs
between thewo Calanusspecies(t-test p > 0.06 Th e  méCavaluesdof18:4n3, 20:5n3, and

22:6n3 werelower in both Calanusspp.compared to all other species, exceptTolibellulaandC.

limacina Amongall speciesA. glacialisdisplayedt h e h i g h**wvaluesrofd&4n3, :5n3

and 226n-3. Among the amphipodd. libellulad i s pl ay ed t h% vdlueswel8:4MB, mean &
20:5n3 and 22:618 (Table 7).

A comparison of the fatty acisbecific stable isotope ratios in POM and the widerfauna species
between the two environmental negs was provided ifiable S3 (supplementary).

Table 4. Statistical parameters of Studenttests with significant results.

t-test

Parameter n t df p

level FA 16:1A7 | 19 7.1 13.6 < 0.001[ I-POM > RPOM
level FA 18:4R3 | 19 9.8 16.3 <0.001| I-POM < RPOM
SC FA18:14n3 |12 7.3 4.7 <0.001|1-POM > RPOM
level FA 20:53 | 19 2.3 10.9 <0.05 | I-POM < RPOM
5°C FA20:5r3 | 13 6.4 9.9 <0.001|1-POM > RPOM
level FA 22:6R3 | 19 9.0 12.8 <0.001| I-POM < RPOM
SCFA22:6nr3 |11 5.9 4.4 <0.01 |I-POM>PRPOM

FA: fatty acid,n: sample size

Table6.Bul k stable nitrogen (0615N) -assatiatedgarticwdare i sot
organic matter (POM), pelagic particulate organic matte-FPM), and undeice fauna species
(mean = 1 SD %) .

n 5N dC
I-POM 6 [48+x13 -249+16
P-POM 17| 4.0+£1.2 -27.3+0.9
Calanus glacialis 4 |75+£09 -26.8+£3.1
Calanus hyperboreus 4 | 7.8+1.4 -26.6x1.1
Apherusa glacialis 4 |54+03 -223%15
Onisimus glacialis 4 |7.1+18 -22.4+1.7
Gammarus wilkizkii 4 | 7.1£0.6 -24.4+0.4
Eusirus holmii 4 |10.0x15 -23.3+£0.7
Themisto libellula 4 |88+15 -257+1.8
Clione limacina 4 |86+£08 -26.9+£05

n: sample size
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Table 5. Relative composition of the most abundant fatty acids (FAs) iaseseciatd particulate organic matterRPIOM), pelagic particulate organic matter
(P-POM), and undeice fauna species (mean + 1 SD mass % of total FA content) collected in the Nansen Basin (NB) and Amundsen Basin (AB). Not

detected FAs--"are reported as

I-POM P-POM Calanus Calanus Apherusa Onisimus Gammarus Eusirus  Themisto Clione

] ] glacialis  hyperboreus glacialis glacialis  wilkitzkii holmii libellula  limacina
NnB 1 7 3 2 4 7 5 5 2 3
Nag 9 2 7 4 8 9 3 9 14 13
14:0 53+15 6.0+21 81+12 46+19 42+04 34+09 39105 38+06 49+13 26+1.8
16:0 16.3+4.1 203+19 88+15 7.3+3.2 134+05 115+21 122+08 127+16 92+13 12.1+1.6
16:1n7* | 53.6+17.9 9.8+6.0 26.2+7.3 20.3+10.2 48.1+8.1 27.0+9.6 31.4+56 36.4+85 27.9+8.,5 10.3+2.9
18:0 45+75 53+12 12+05 16+1.1 07+02 05+02 06+01 06+02 05+01 28=%19
18:1n9 | 7.0+45 65+25 36+04 3.3+06 79+15 18.1+44 16.1+29 98+14 81+15 42+13
18:In-7 |04+04 18+11 15104 1807 20+05 34+07 40+05 30+x06 3.0+x07 46x14
18:4n3" [1.2+05 6.4+14 22+16 3.0+16 19+07 15+09 19+05 15+07 24+13 1815
20:1n9° | -- -- 98+43 8756 0.7+0.4 89+45 32+21 49+45 11.3+4.1 2.7+0.7
20:An7 | -- -- 05+04 1.0+0.9 05+02 14+06 07+x01 10+05 15+08 25%0.6
20:5n3* |48+22 7.1+13 11.9+19 153+3.7 11.7+36 97+3.8 128+3.4 11.8+33 9.7+16 121+29
22:1n11° | -- -- 43+23 6.2+48 02+01 25+16 21+19 18+18 37+16 02102
226n3” | 1.2+18 104+21 114+35 141+78 20+08 34+13 33+08 43+18 7.1+27 175+7.0
Total 94.3 73.6 89.5 87.2 93.3 913 92.2 91.6 89.3 73.4

a: diatom marker FA, [inoflagellatemarker FA, cCalanusmarker FA,n: sample size
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Table7.Car bon stable isotope val ues -aésdbclakdparticalite mar k e
organic matter (POM), pelagic particulate organic matte-FPM), and undeice fauna species

(mean = 1 SD %) . Not dktected FAs are reported a
n |16:1n7 20:5n3 18:4n3 22:6n3
I-POM 7 |-249+41 -266+2.7 -284+3.2 -23.4+3.7
P-POM 7 |-26.4+34 -356+23 -39.3+1.1 -355+2.3

Calanus glacialis 10| -25.0+3.8 -32.2+1.7 -35.6+1.8 -32.0+2.1
Calanus hyperboreus 6 | -27.3+3.6 -32.1+1.2 -36.2+1.1 -33.8+2.3
Apherusaglacialis 10| -242+26 -26.6+1.3 -29.2+19 -285+1.6
Onisimus glacialis 8 |-22.9+3.0 -28.4+1.6 -324+3.6 -30.4+1.0
Gammarus wilkitzkii 4 |-248+2.1 -29.0+1.0 -31.2+0.9 -31.3+1.5

Eusirus holmii 8 |-23.4+21 -289+1.0 -30.1+1.2 -30.4+1.3
Themisto libellula 7 | -23.9+2.3 -31.4+1.4 -35.6+x2.2 -33.7+1.8
Clione limacina 9 |-28.7+19 -34.1+1.6 -- -33.8+x 1.1

n: sample size
5.3.4 Proportional contribution of ice algae-produced carbon

All three gproaches indicated that the sympagic amphigadglacialis O. glacialis G. wilkitzkii,
andE. holmiishowed the highest dependency on ice algal ca®alanusspp.andT. libellula took
an intermediate position, ar@l limacinashowed the lowest depdency {[Table 8). The results from
the SIAR models using the carbon stable isotope values @3 (model a)weresimilar to those
from the BSIA models, and were generally higher tharofaestimates derived from model b, which
combined 20:5{8 and22:6n3 (Table 8).

A. glacialis showed the highesti.. estimates among all species, accompanied with the lowest
variation between the estimates derived from the BSIA model and the two CSIA models (overall
mean > 85 %). BotiCalanusspp. indicated Igh similarity between the estimates derived from the
BSIA model and CSIA model a (BSIA: mean 43 %, CSIA model a: mean 44 %). Furthermore, all
approaches provided similag, estimates foO. glacialis G. wilkitzkii, andE. holmii (BSIA: mean ~

90 %, CSIAmodel a: mean ~ 80 %, CSIA model b: mean ~ 60 %).

A high discrepancy between the BSIA model and CSIA model b was found in the pelagic $pecies
libellula (BSIA: mean 55 %, CSIA model b: 23 %) a@dlimacina(BSIA: mean 30 %, CSIA model
b: mean 14 %).
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Table 8. Proportional contribution of ice algger o d u c e d )cim unbedce fafna species
(mean %) from SIAR mixing models based on bulk stable isotope analyses (BSIA; Table 6) and
stable isotope compositions of marker fatty acids (a) 28:&nd (b) 20:5/8 + 22:6nr3 (Table 7).

R a n g e g areoshowmin parentheses.

Model BSIA (a) 20:5n-3 | (b) 20:5n-3 + 22:6n-3
Calanus glacialis 47 (1076) | 48 (2653) | 33 (2643)
Calanus hyperboreu| 39 (6:86) | 40 (3548) | 25 (2027)
Apherusa glacialis | 90 (8595) | 92 (9194) | 86 (8G90)
Onisimus glacialis | 87 (7995) | 77 (7381) | 61 (5368)
Gammarus wilkitzkii| 91 (8893) | 76 (6381) | 58 (4866)
Eusirus holmii 90 (8%92) | 79 (7484) | 60 (5664)
Themisto libellula | 55 (687) | 45(40-50) | 23 (2628)
Clione limacina 30 (1653) | 18 (1328) | 14 (1021)

5.3.5 Ice algae-produced carbon demand

We calculated a tentative estimate of the overall demand of ice-@igdeced carbon by the most
abundant grazer8. glacialis C. hyperboreusind A. glacialisbased on thei values derived from
CSIA model b Table 8). Altogether, these species consumed between 2.9 and 8.5 mg ice algae
produced carbon ™Td™. Due to its high abundance, the bulk of the ice algal carbon demand was
attributed toC. glacialis(Table 9).

Table 9. Ice algaeproduced carbon demand in abundant herbivoreSalanusspp., only adults and
CV stages were i ncl udeg= proportiendl wontdlutionr ef ice algad mat e s
produced carbon derived from SIAR model b (Table 8).

Ojce Ingestion Abundance Ice algal carbon demand
rate’
(g Cind* o (ind. m?) (mg C n¥*d*?)
1
)
Under Pelagic| Underice Pelagic Total
ice?
Mea| Min  Max Mean Mean |Min Ma Min Ma Min Ma
n X X X
0.0 2.3 2.3
Calanus glacialis | 0.33| 6.0 18.0 6.4 1180 | 1 004 4 701 5 7.05
Calanus 0.0 0.4 0.4
hyperboreus 0.25| 2.8 8.4 1.0 700 0O 000 9 147 9 147
0.0 0.0 0.0
Apherusa glacialis | 0.86| 13.0 13.0 0.6 0 1 001 0 000 1 0.01
0.0 2.8 2.8
Total 21.8 394 8.0 1880 | 2 0.05 3 848 5 8.53

'Olli et al. (2007); “David et al. (2015); °Ehrlich (2015)

5.4 Discussion

5.4.1 Variability in marker
under -ice fauna species

fatty acid compositions among algal communities and

In our study, the FA profiles of theHOM samples suggested a diatdominated ice algal
community. The small amounts of thmaflagellatespecific FAs 18:48 and 22:6¢8 in the HPOM
samples indicated that a small part of the sea ice flora consisted of dinoflagellates, which was in
agreement with the results of molecular analyses of the primary community structures (K. édardge
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al. subm.). Based on the marker FA proportions, the phytoplankton community consisted of a mixture
of both diatoms and flagellates. The dominance of dinoflagellates in the water column and a
substantially higher proportion of diatoms in the sea ice ammityn compared to the pelagic
community during our sampling were also confirmed by genome sequencing (K. Hardge et al. subm.).
The lower levels of the diatospecific FA 20:5A accompanied with the distinctly higher levels of

the diatomFA 16:1r7 in thel-POM samples compared to thePPM samples could indicate a
different diatoracommunity in sea ice compared to the water column. Supporting our assumption,
previous studies found a dominance of pennate diatoms in sea ice versus a dominance of centric
diatams in the water columfGosselin et al. 1997; Arrigo et al. 2010)

The FA profiles of the undeace fauna species revealed variable associations with diaboim
dinoflagellaterelated marker FAs. Although it may be possible for herbivorous invertebrates to
synthesize20:5n3 and 22:6¢8 from 18:3r3 (Moreno et al. 1979)FA 18:3n3 was only found in
trace amountg< 1%) inthe species from this study. This indicatleat biosynthesis of 20:58 and
22:6n3 likely did not occur, and these FAs were derivedugh the trophic chain from algal sources

Both Calanus spp. are known to be key Arctic grazers, utilizing both ice algaed pelagic
phytoplanktorderived carbon(Sgreide et al. 2010; Durbin and Casas 20I3jere was little
difference in the FA proféds betweerC. glacialisand C. hyperboreusindicating that the primary
carbon sources were similar for baflalanusspeciesAs frequentlyshown the FA composition of
Arctic Calanusspp. was characterized by high amounts thfe diatomspecific FAs16:1n7 and

20:5n3 (Graeve et al. 1994b; Wang et al. 2Q1=)rthermorepur results showed thabth copepod
speciescontainedhigh amounts othe dinoflagellatespecific marker FA22:6n3, which together
suggests sources of carbon from both diatoms and dgeifates.

The FA composition of the amphipodl. glacialis indicated a diet dominated kgiatomderived
carbon evident byhigh proportions ofhe diatoraspecificFAs 16:1R7 and 20:5¢8, accompaniedby

low levels ofthe dinoflagellatespecific FA22:6n3. A diatomdominated diet isn agreement with
several studies showintipat A. glacialis primarily feedson the undeice flora and phytodetritus
(Bradstreet and Cross 1982; Scott et al. 1999; Tamelander et al. .ZD0Gedher withO. glacialis
and G. wilkitzkii, A. glacialis is known to live permanently associated with the Arctic sea ice
(Poltermann 2001; Gradinger and Bluhm 200@)us, it is not surprising th@. glacialisand G.
wilkitzkii containedhigh levels ofthe diatom marker&6:1n7 and 20:5¢8, with considerably lower
levelsof the dinoflagellatespecificFA 22:6n3.

Calanuscopepods are able to synthesilze long-chain FAs 20:1n9 and 22:1rl1 in large amounts
de novo These FAscan also be used as trophic indicators for a copeglated dét in higher
consumergSargent et al. 1977; Wold et al. 201Rccordingly, high values of the FA 20:®n
indicated a partlfCalanusbased diet in the omnivorous amphig@dglacialis G. wilkitzkii has been
reportedto also feed extensively on copepqdgrimarily during adult stagegScott et al. 2001)
However, we foundonly small amounts othe Calanusspecific FAs 20:1R9 and 22:1rl1 in this
amphipod, indicating thalalanusmay not have been important in their diets before the sampling

Carnivorousamphipods, such &s. holmiiandT. libellula, constitute important linkbetween lipid
rich herbivores and top predatdigéoyon et al. 2011)These two amphipospecies also showed high
levels ofthe diatormspecific FAs 16:1R7 and 20:5¢8. In T. libellula, a higher proportion of the
dinoflagellatespecific FA 22:6r3 indicated a greater importance of dinoflageldeived carbon
than inE. holmii Both species, bytarticularlyT. libellula, displayecelevatedevels ofthe Calanus
specific marker FAs.Our findings are consistent witlother feeding studieswhich identified T.
libellula as a part of th€alanusbased food welScott et al. 1999; Dalpadado et al. 2008; Kraft et al.
2013)

The carnivorous pteropdd. limacinais assumed to feeelxclusivelyon Limacinahelicina (Conover
and Lalli 1974; Phleger et al. 2001ln our study,the FA composition ofC. limacina was
characterized byhe lowest proportion of the diatespecific FA 16:1A7 and the highest proportion
of the dinoflagellatespecific FA 226n-3, possibly reflectinga pelagiebased diet of diatoms and
dinoflagellatesin L. helicina The pteropod.. helicinawas first described as a pure herbiydrat
more recent studiggportedan omnivorous diet consisting of small copepods and juvenhelicina
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(Gilmer 1974; Gilmer and Harbison 1991; F&lktersen et al. 200I)he low levels of th&Calanus
specific FAs found in our study i@. limacina however, indicated th&alanuscopepods were not
important in the_. helicinabased pathway of tHeod web during the weeks before our sampling.

Besides the expected imngpecific variations largely confirming known feeding patterns, we also
found considerable intrspecific variability in the FA profiles of the investigated unider fauna
species.All amphipod species an@€alanus spp. from the Amundsen Basin regime had higher
proportions of the FA 16:1A compared to the samples from the Nansen Basin regime. Additionally,
all amphipods from the AB regime showed lower proportions of all other aliyaltRan those
sampled in the NB regime. The FA 16:1rwas largely limited to-POM samples in our dataset.
Hence, the observed variability between the two environmental regimes was probably driven by
variability in ice algal communities rather than phy&mkton, assuming lipid turnover rates in these
herbivores were fast compared to changes in algal compo&iaeve et al. 2005An impact of the
variability of sea ice communities on the FA composition is corroborated by pronounced differences
in the @mmunity composition of protists in sea ice between the two environmental regimes (K.
Hardge et al. subm.), as well as by differing drift pathways of sea ice between the NB and the AB in
2012(David et al. 2015)

5.4.2 Importance of ice algae-produced carbon to the Arctic under -ice community

I n most i nvest j.gsimates basep enBEIA were highertham those based on the
single FAs. Unlike CSIA of FAs, which is limited to molecules assumed to be unchanged by
metabolic processedhd interpretation of BSIA results can be maremplicated. Besides the lipid
components, proteins and carbohydrates are also subject to variouslepasdent metabolic
processes, influencing the carbon stable isotope signal of a species. Compared to proteins and
carbohydrates, lipids are more deptete the heavy carbon stable isotdPeniro and Epstein 1977;
Sgreide et al. 2006)o correct for a potential bias in the BSIA results introduced by variability in

lipid content, botha priori lipid removal and posanalytical corrections, e.g. with tm®rmalization
algorithm proposed bylcConnaughey and McRoy (197%ave been used in previous studies.
Severalsudi es showed, however, that t'IN¢Pineegarandact i on
Polunin 1999; Sweeting et al. 2006; Post et al. 200#A)the other hand, there are studies indicating

that normalization models do not account for different lipid levels in different species in an
appropriate waySweeting et al. 2006; Post et al. 2Q0Merefore, we based our calculations on the
noncorrected data. It remains difficult tbonclude to which degree and in which species Bi&i8ed

est i madgver inftuénced by lipid content, taxapecific, habitatelated, and/or trophic level

related effects on metabolically active compounds. Weth BSIA and CSlAderiveda. estimates

yielded a consistent hierarchical order of the investigated species, ranging from a highly sea-ice algae
related trophic dependencyAn glacialisto a considerably lower trophic dependency on sea ice algae

in C. limacinawithin the food web.

Basedon the CSIA results, the isotopic values of carbon in the 20863 and 22:6¢8 wereusedto
investigate the proportional contributions of sea ice ajgaeo d u ¢ e d. versus fihytaplankten
produced carbon to the body tissue of abundant tinddauna specie8udge et al. (2008yaced the

carbon flux in an Alaskan coastal ecosystem qushre stable isotope values of carbon in the FA
20:5n3, which they assumed to represent a realistic estimate of the ice algae contribution relative to
all other types of phytoplanktoiVang et al. (2015alsosuggested that the use of only FA 20%n

could be most accurate if diatoms dominated the POM composition. Due to the mixed taxonomic
composition of the primary communities in our dataset, we additionallylcalcu g dsingothe FA
22:6n3 in combination with 20:58 to account for the contribution of the dinoflageHdteminated
pelagic communities in our samples.

To estimate the relative contributiaf carbon sourcet higher trophic levelsBudge et al(2008)

made several assumptions and simplifications that weradkaledin our studyWe assumed thae

major source of FA 20:5n3 were either icerelated diatoms or pelagic diatomand isotopic
fractionation and routing processes were negligibl#thermore, weassumedhat our measured
carbon stable isotope ratios actually reflectritéo at the base of the food web. This means that the
algaederivedlipid composition during the time of sampling was representative of the time when they
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were ingeted. Consumers aower trophic levels show a quidlpid turnoverrateranging between
hours and dayfGraeve et al. 2005)ndicating that this was indeed the case for the more herbivorous
species.

Th e hi géstnmtes were found when only thetdia-specific FA 20:5r3 was used (model a).
The dinoflagellatespecific FA22:6n-3 showed generally low&**C valuescompared to-POMiin all
underi ce f auna scpesticnates svereorisidarablylowenin some species when 20:8n
was used in aobination with22:6rn3 (model b). This indicates that the sole use of diaom
specific FA 20:5m underestimateshe contributionof dinoflagellateproduced carborwhen the
proportion of diatoms versus dinoflagellates varies between sea ice and wafen,ccausing a
potential bias towards ice algpeoduced carban

As expected, the sympagic amphipods showed a high trophic dependency on the ice algal production.
Surprisingly, many species classified as rather pelagic also showed a considerableiogatgaie
produced carbon, further emphasizing the importance of ice algae for the entire food Gellanims
spp, the estimated relative contribution of ice alghezived carbon based on tBSIA and the CSIA
profiles indicated a mix of pelagic and iassociated carbon sourc€sir results were comparable to
a recentstudyin the Bering Seasuggesting that the mean proportiain20:5n3, which originated
from ice algagwasbetween39 and57 % in Calanusspp., depending on the ice conditigigang et
al. 2015) T he r e p o rtvalues fareha comhnation of 20:8nand 22:6¢8 were somewhat
higher than our values, ranging between 31 and §8V&ng et al. 2015)Theice algaedependency
of Calanusspp., however, seems to have a high variabiligpethding on region, season, and
environmental properties. For exampigreide et al. (2008pund a higher ice algae contribution for
both Calanuscopepods in autumn compared to spring, based on bulk stable isotope values.

Among the amphipod#\. glacials showed the highestependency on ice algatoduced carbarO.
glacialis, G. wilkitzkii, andE. holmiishowedalso highai. valuesfor both BSIA and CSlAindicating

a generally high trophic dependency on the ice algae production for all investigated sympagic
amphipods, which is consistent with previous stu@8mreide et al. 2006; Tamelander et al. 2006a)
In contrastBudge et al. (2008 stimatedhe meanice algaecarboncontributionin Apherusasp.near
Barrow, Alaska based on FA 20:58, to bedistinctly lower (61 % than our results. fie mean
proportioral contributions of ice algaeroduced carboim Onisimussp.andGammarussp., estimated

by Budge et al. (2008were also clearljower than our findings@nisimus sp 36 %, Gammarussp.:

46 %). These differences could be explained by a combination of regional, seasonal;aminatr
variability. In a shelf syem, pelagic production may be higher due to higher nutrient and light
availability, and amphipods have better access to recycled pelagic POM. In -ttevdéced high
Arctic deepsea, however, ice algae represent a highly important carbon source fos,spadieas\.
glacialis or Onisimus spp and pelagic production is lofifernandedMéndez 2014)

Based on FA 20:58, Wang et al. (2015)eported thafl. libellula consumed substantial amounts of

ice algaeproduced FAs with a proportional contributionweén 47 and 63 % in the Bering Sea, with
variations according to ice conditions. These values correspond well to the results of our BSIA
analysis and our model a, which is based on the same FA. Our results from model b, however,
indicate that the true depaency of this species on sea-meduced carbon was probably lower when

the proportional consumption of dinoflagellggeduced FAs is considered. In fact, previous studies,
based on bulk stable isotope compositions, also indicatd thibellula primarily depends on pelagic
carbon sourcefSgreide et al. 2006)

In the pteropodC. limacing we foundthe lowest trophic dependency me algaeproducedcarbon
comparedo all other speciedrrespective of the method and the mixing model ugeldw trophic
dependency ( < 20 %) on ice alga®duced carbon based on BSIA values was also fourgldoy
Sgreide et al. (2006)However, the subsequent loss of shelter from predators might be more
pronounced in certain species than the dependency on sea icesiotéowd supply.

Altogether, a CSlAbased approach including the effect of multiple potential carbon producing taxa at
the base of the food web (such as our model b) appears to be the most conservative approach to
estimate the contribution of sea ice &ga food web studies.
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We estimated the overall demand of ice algemduced carbon by the most abundant herbivGres
glacialis, C. hyperboreugndA. glacialis(David et al. 2015)Due to its high abundance in the water
column, the bulk of the ice algahrbon demand was attributed@o glacialis The outcome of this
estimation should be considered as a minimum range, because the carbon demand of other abundant
potential ice algal grazers, such@sisimusspp. anddithonaspp., was not included in owrtative
calculation (David et al. 2015) BecauseC. glacialis is known to constantly change its vertical
position in the water column, it is unlikely that the estimate,Qfvas biased by our sampling in the
underice water layerAt an integrated (median) primary production rate by ice algae of abootg).7

C m® d* (FernandeMéndez 2014)the minimum ice algal carbon demand of the three species in our
study exceedede ice algal primary production by a factor of 4 todi®ing the sampling period. To

some extent, the apparent discrepancy between low sea ice primary production rates and high carbon
demand of herbivores may reflect high ice algae production ratest@riar sampling, inferred by
Boetius et al. (2013)who observed a high export of ice algaethe sea floor durindwugust and
September 2012n the light of less than one day turnover times in herbiv(Beaeve et al. 2005)
however, minimum ice algalacbon demand rates ranging potentially an order of magnitude above
measuredn situprimary production rates of ice algae, indicating that the interaction between ice algal
production and food web dynamics is far from understood. To improve the quaatitatierstanding

of this interaction, efforts to quantify the spatiamporal dynamics of both ice algal production and
grazer populations must be considerably increased.

5.5 Conclusions

The results of this study showed an Arctic uAder community with gradal differences in the
dependency on sea ice algaeduced carbon, ranging from nearly 100 % in sympagic amphipods to
less than 30 % in the pelagic pterofgitbne limacina Particularly in ecologically important pelagic
carbon transmitters, such &alanws spp. andThemisto libellulathe dependency on sea ice algae
produced carbon was overall significant, leading to a cumulative carbon demand that considerably
exceeded sea ice algae primary production estimated in the field. With a significant depemdency
sea ice algaproduced carbon in almost all investigated species, our results show that the Arctic sea
ice-water interface is a functional node transmitting carbon from the sea ice into the pelagic food web.
Hence, the role of zooplankton and untber fauna in the central Arctic Ocean may change
significantly in the future, as the spat@mporal extent of sea ice declines and its structural
composition changes. Our results indicate that these changes will likely first have the most
pronounced impact osympagic amphipods, but will consequently affect food web functioning and
carbon dynamics of the pelagic system.
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Chapter 4: Assessing springtime spatial variability
of sea ice algal habitat: MYI vs. FYI

Conceptual diagram of sea ice algae distribution at the bottom of different ice types.
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Paper 6. Comparing springtime ice -algal chlorophyll a and physical
properties of multi -year and first -year sea ice from the
Lincoln Sea

Published inPLoS One10(4), e012248, doi:10.1371/journal.pone.0122418

Benjamin A. Lange, Christine Michel, Justin F. Beckers, J. Alec Casey, Hauke
Flores, Ido Hatam, Guillaume Meisterhans, Andrea Niemi, Christian Haas

Abstract

With nearcomplete replacement of Arctic multear ice (MYI) by first-year ice (FYI) predicted to
occur within this century, it remains uncertain how the loss of MY will impact the abundance and
distribution of sea ice associated algae. In this study we compare the chlorapfofil a)
concentrations anghysicalproperties of MYl and FYI from the Lincoln Sea during 3 spring seasons
(20102012). Cores were analysed for texture, salinity, and.cWe identified annual growth layers

for 7 of 11 MYI cores and found no significant differences inacbbncentratiorbetween the bottom
first-yearice portions of MY|, upper okice portions of MYI, and FYI cores. Overall, the maximum

chl a concentrations were observed at the bottom of young FYI. However, there were no significant
differences in chh concentrations beteen MYI and FYI. This suggeslistle or no change in algal
biomass with a shift from MYI to FYand that the spatial extent and regional variability of refrozen
leads and younger FYI will likely be key factors governing future changes in Arctic seayate al
biomass Bottomrintegrated chla concentrations showed negative logistic relationships with snow
depth and bulk (snow plus ice) integrated extinction coefficients; indicating a strong influence of
snow cover in controlling bottom ice algal biomass. Teimum bottom MY chia concentration

was observed in a hummock, representing the thickest ice with lowest snow depth of this study.
Hence, i this and other studies MYI cld biomass may beinderestimated due t@n under
representation of thick MY[eg., hummocks) which typically hae a relatively thin snowpack
allowing for increased light transmission. Therefore, we sughesbrgoing loss of MYI in the

Arctic Ocean may have a larger impact on-&ssociated production than generally assumed
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6.1 Introduction

Arctic first-year sea ice (FY])from lower latitude and shelf regionis,generallymore prodative

than multiyear ice (MYI), which leads$o the assumption that a replacement of MYI by FYI will
result inan overallincrease of sea ice algal hiass. Arctic sea ice has already undergone a diamat
reduction of MYlwith pronounced losses of the oldest and thickest KKwok & Rothrock, 2009;
Maslanik et al., 2011; Stroeve et al., 2Q1h) September 2012, a new record Arctic sea ice extent
minimumwas set, far exceeding the previous record minimum of 2007, which was itself a remarkable
decline from previous yeaf#*CC, 2013; Parkinson & Comiso, 2013he decline of summer sea ice
has occurred concurrently with an increase in duration of theseedbn and changes in the timing of
melt onset and freeag (Howell et al., 2009; IPCC, 2013; Markus et al., 2009; Stammerjohn et al.,
2012) These findings in conjunction with climateodel simulations(Massonnet et al., 2012;
Overland & Wang, 2013; Steve et al., 2007; Stroeve et al., 20@i2jnonstrate that continued Arctic
warming and declining Arctic sea ice, with the replaceantdrMY| by FYI, is likely to catinue
unabated into the futurehaving profound congeences for climate fedmhcks, physidaocean
processescosystentinkages, and Arctic biodiversiAMAP, 2011; IPCC, 2013)

The rapid loss of sea ice represents an equally rapid change in habitat for sea ice algae, protists, and
ice-associated faun&ea ice algae represent an importamt high quality food sourcedirectly or
indirectly, for many key organisms foundpnolar regions(e.g. copepods, amphipodsa birds, polar

cod, seals, polar bear@rrigo & Thomas, 2004; Budge et al., 2008; Sgreide et al., 2013; Sgreide et
al., 2006). In the Arctic, the timing of ice algal growth is important for the reproduction and growth

of key grazing zooplankton species, such as copefddidtel et al., 1996; Sgreide et al., 201@e
algaeprovidefood for pelagicgrazers omay sink at the timeof ice meltto the benthos where they

are consumed by benthic communities or sequestered into the sediengn(Boetius et al., 2013)
Therefore, changes in ice algal biomass and distribution are expected to strongly impact Arctic food
webs and the Actic carbon cycle, which can have cascading impacts on egob#d ecological
interactions and the global carbon budget

Sea ice decline, thinning of Arctic sea ice, and the loss of MYI have resulted in reducedviktetic

sea ice albed¢Riihela et al.,2013)and more light reaching the undee environment in summer
(Nicolaus et al., 20125uch conditions have been suggested to be conducive to the development of
under ice phytoplankton blooms, which may become more prominent in the (Amigo et 4.,

2012) Reductions in sea ice thickness and extent have also been linked to increases in primary
production in coastal shelf regio(rrigo et al., 2008; Arrigo & van Dijken, 2011 owever, current

and future estimates for primary productioncluding ice algal and phytoplankton growtim, the

central Arctic Ocean remain uncertain. Even with increased light availaptiityary production may

be limited by nutrient supply, resulting in part from increasadiace watestratification(Tremblay et

al., 2012)

The development of sea ice algal communities is influenced by sea ice microstructure (e.g., salinity
and temperature which influence permeability), nutrient supply, and transmitted irra@i@acecent
review in (Vancoppenolle et al., 2013)During spring, the main influences on undes irradiance

are the snow depth distribution, with snow extinction coefficients between 4 td'@amre et al.,

2004; Jarvinen & Lepparanta, 2011; Maykut & Grenfell, 1975; Thomas, 1868)ice thicknes$o a

lesser extentwith extinction coefficients between 0.8 to 1.55(@renfell & Maykut, 1977; Light et

al., 2008; Nicolaus et al., 2010; Thomas, 196&dj}ial growth of sea ice algae, during early spring, is
primarily controlled by the snow distributiomhich is typically evident by a negative relationship
between chlorophyla (chl @) and snow depth (e.g¢Campbell et al., 2014; Mundy et al., 2007)
During the progression of melt, light transmission increases due to changes in the optical properties of
snow and icgNicolaus et al., 2010; Perovich, 199&onsequently, ice algal growth incremsand

shifts to a more nutriedimited system, which can be accompanied by a combination of other
limiting factors such as: se#hading, diurnal light patternsy ice ablation(Cota & Smith, 1991;
Gosselin et al., 1990; Lavoie et al., 2008) some instances when light transmission increases faster
than algal communities can adapt, the increased light field can reduce activity andsbadratgal
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communities de tophotainhibition (Barlow et al., 1988; Michel et al., 1988e algal growth and
the bloom period are terminated during advanced and rapidlragtiie et al., 2005)

Many studies have characterized the relationship between snow depth, transraittadde, and chl

a for FYI (e.g.,(Campbell et al., 2014; Mundy et al., 200 Mowever, little is known about these
relationships for MYIlIn general, théarge majority of studies dealing with ice algaecbka biomass
focus on landfast FYI (e.giAlou-Font et al., 2013; Cota et al., 1991; Leu et al., 2011; Mundy et al.,
2011; Nozais et al., 20013ee also summary (Arrigo et al., 2010) These limitations stem from the
logistical constraints of sampling within the Arctic Ocean, particularly witbgions dominated by
MYI.

A summary of studies concerning Arctic MY| chlbiomass Table 1) reveals the need for more
recent observations within MYdominated regions during the onset of algal growth (e.g., April to
May). The availableMY| studies arall currently ovemineyears old with the majority covering the
summer seasonTéble 1). The four studies conducted during the wintgring transition were
conducted within the Bering Sea, Greenland Sea, Fram Strait and BeaufofiaBleel) leaving a

large portion of the MYI covered Arctic with no observations during tthissitional period Of all

these MYI studiesTable 1), nonecharacterize the clatsnow depth relationship grovide a detailed
comparison between FYI and MYI chlbiomass for thesame region, which could provide insight
into a future Arctic Ocean with little or no MYI. Most of the MY studies listed @ble 1, exceptfor

the threemost recent studiefe.g., (Gradinger et al., 2010; Gradinger et al., 2005; Schinemann &
Werner, 200p, were conducted in a different Arctic system when the melt season was shorter
(Markus et al., 2009)temperatures were coldéBcreen & Simmonds, 201,03ea ice was thicker
(Kwok & Rothrock, 2009)and MYI| dominatedMaslanik et al., 2011)Thus, it maybe stated that

our current understanding of Arctic sea ice algae andadiibmass is based on observations with
limited spatial and temporal coverage from regions that have experienced pronounced changes. As a
result, there is a need for additional M¥ilarophyll observations to fill important spatis&mporal

and seasonal (i.e., spring perigayps.

The north-eastern coast of Canada, including the Lincoln Sea, represents an important region as it is
home to some of the oldest and thickest ice in tfaidand will likely be one of the last remaining
refuges for MYl in the futuréHaas et al., 2006; Haas et al., 2010; IPCC, 2013; Maslanik et al., 2011)
Despite the importance of this regiove are aware of only tweea ice biogeochemical studies ie th
Lincoln Seacharacterizingnicrobial communitiegHatam et al., 20143nd denitrificationRysgaard

et al., 2008)rhe Lincoln Seas one of the lastemainingplaces where baseline observatiofislder

(>3 years)MYI biogeochemical properties are pdssi and a comparison between MYI and FYI
would provide much needed insight into the future of Arctic marine ecosyassd on the limited
studies of MYI and the spatial bias of FYI studigss difficult to estimate how Arctic sea ice algal
biomass wi change with a shift to a FYl dominated system.

The main goal of our study was to determine if FYI has, oth@agpotential for, highechl a biomass
than MYI in the Lincoln Seaand discuss the implications of our results in the context of a future
Arctic with little or no MYI. We address our scientific questfost by providingdetailed analyss of

the physicalpropertiesandchl a concentration®f sea icgboth MYI and FYI)in three consecutive
spring seasons, from a region where ndlainstudieshave been reported. Then wakiate potential
differences ofce-algal chla concentrations andiophysical sea ice properties between ice types, ic
ages, and texture classes. Lastly, meegtigate the relationship betwessa icechl a concentrations
and environmentgroperties such as snow depth, sea ice structanel light availability

Table 1. Summary of relevant studies on Arctic MY| chlorophyll a biomass.

Region Season Year(s) Study
BeaufortChukchi Seas Yearround 19971998 Melnikov et al. 002)(Melnikov et
al., 2002y
Fram Strait Winter 1993 Thomas et al. (199%homas et al.,
1995)
Fram Strait Winter-Spring & 2002 & 2003 Schinemann and Werner(2005)
Summer (Schiinemann & Werner, 2005)
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Greenland Sea & FramStrgd ~ SpringSummer 1997 Werne and Gradinger(2002)
(Werner & Gradinger, 2002)
Bering Sea Spring <1974 McRoy and Goering (197@IcRoy
& Goering, 1974)
Central Arctic Ocean Summer 1991 & 1994 Gradinger (1999{Gradinger,

1999)Gosselin et al(1997)
(Gosselin et al., 1997)

BeaufortChukchi Seas Summer 2002 & Gradinger et al. (2005¥5radinger et
20032005 al., 20055 radinger et al(2010)
(Gradinger et al., 2010)
Greenland Sea Summer 1994 & 1995 | Gradinger et al. (1999¥5radinger et

al., 1999)Werner and Zhang
(2002)Werner & Gradiger, 2002)

Barents Sea Summer 1993 Gradinger and Zhang (1997)
(Gradinger & Zhang, 1997)

*studies conducted during multiple seasons

6.2 Materials and Methods

6.2.1 Study region

In order to conduct this research project in accordance with regulations set fotte lgoverning
agencies responsible for the study regionreddlvant research licenses and permissions were acquired
from the Nunavut Researthstitute License number€2-075 10RM; 02-108 11RM; 02 012 12R

M) andNunavut Impact Review Boar&¢reeningecision Repor@8YNO057).

The Lincoln SeqFig. )has been called the “Last |IbasedoAr ea”
recommendations from Arctic Council Assessments, indicating that the Lincoln Sea requires specific
attention and researdfiKovacs etal., 2011; Michel, 2013)Most studies in this region focus on
physical propertiegof the MY1) and have documented a slight decline in modal ice thickness since
2004 from between 48nd4.5 m (pre2008 observations) to 3.5 m (p&i08 observations), vith is

likely the result of less old ice along the northern coast of Cafiats et al., 2010; IPCC, 2013)

The Lincoln Sea is a dynamic area due to interaction with, and exchange of, sea ice with the Arctic
Ocean.The Lincoln Seace cover is comprisedf immobile landfast coastal sea iaethe southern
edgesand mobile pack ice at its northern extefle landfast ice consists primarily of consolidated
pack ice with smaller amounts of FYI forming in the interstitial space during ftgeZ€he division
between landfast ice and pack ice is not a distinct line but rather a transitional tregi@an be
characterized by ice with limited mobility due to geographic barriers and the intermittent nature of ice
export to the south through Nares Str8ita i@ in the Lincoln Sea typically comes from the Central
Arctic Ocean transported by the Beaufort Gyre and Transpolar Drift circulation pafigas &
Wallace, 2004; Rigor et al., 2002)lowever, theorigin of sea ice in the Lincoln Sea is uncertain
becaus ice ages are typically betweena?s years, \ith a decreasing proportion ob year old ice
(Maslanik et al., 2011)Thismeans that ice in this region could have originatechfamywhere in the
Arctic Ocean.
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Fig 1. Overview Maps of the study regiomaice coring sites. a) Map of the Arctic Ocean with an
outline of the study region. b) Map of the Lincoln Sea and neighboring regions. Drifting ice sites
(pack ice), ocean bathymetry, and an outline of landfast ice sites are indicated. ¢) Map of ilendfast
coring sites, immediately offshore from CFS Alert.

6.2.2 Sampling

Sampling was conducted during spring in the first two weeks of May 2010, 2011 and 2012 in the
Lincoln Sea. One site was located north of the Lincoln BigaX). Sea ice cores were taken dbtal

of 18 sites11 MYI sites (4 in 2010, 4 in 2011 and 3 in 2012), and 7 FYI sites (1 in 2010, 2 in 2011
and 4 in 2012), including landfast ice and mobile packkig. 1). Landfast ice sites were visited by
snowmobile, and pack ice sites were visibgchelicopter or Twin Otter aircrafts.

During this time of year, when temperatures are typically beld®C and thdow salinity MY is
very hard, coring thicker than ~3.5 m becomes exponentially more diffitldt.therefore chose
relatively level siteghat we knew were below ~3.5 m based ondrilted 2 inch auger thickness
holes.

At each site three ice cores were extracted within 1 m of each other using a 9 cm inner diameter ice
corer (Kovacs Enterprise Mark 1) and stored in sterileike bags. Oa core was sampled for texture

andbulks al i ni ty ( “ofeeotefouchleropleylbar( ¢hla)c,o0 r e ”one tatwalcoresor

microbial genetic{genetcmet hodol ogy/ pr ot ocol andl ifesentddt s f r @
elsewhere, seatam et b, 2014). Due to small discrepancies between core lengths at the same site,
texture core lengths were adjusted to correspond tohiteecore length by linearly interpolating each

depth value (e.g. texture cladsjlk salinity, temperature and brine wwhe) of the texture cores
proportionally. All cores were transported from the field backh®Canadian Forces Station (CFS)

Alert, Nunavut, Canada (82.5 °N, 62.5 °W) and stored&to-20 °C in the dark.
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6.2.3 On-site measurements

At each core locatigrsrow depth(here after referred to as cdoeationsnowdepth) freeboard and

core length were measurethese measurements represent the local conditions (i.e., one single point)
at sampling locations, which should not be confused with the taogde snw depth and ice
thickness survey measuremenigernal ice temperatures were measured on texture cores by drilling
holes and inserting a thermometer (Testo 720) immediately after core extraction. Temperatures were
measured from surface to bottom at intdsvof 0.1 m (cores:-10, 310 and 410) and 0.5 m (core-5

10).In 2012, only ice surface temperature (depth 0.1 m) was measured. For these cores the internal
ice temperatures were linearly interpolated between the surface and assumed (theoretical) bottom
temperature of1.78 °C with typical surface water salinities in the Lincoln Sea of (N&2vton &

Sotirin, 1997) During the study periodiaily temperature variation within the igeas minimal and

based on the measured temperature profiles a lineaoralaipwith ice depthdemonstrated a gd

fit (R? = 0.94). Brine volume estimates were calculated for cores with temperature measurements
using equations ifCox & Weeks, 1983)Brine volume values are reportad parts per thousand

(Pp9).

Snow depth andcee thickness surveys were conducted along transects adjacent to each coring site.
These measurements represent the lesgalle characteristics of the sampled ice floes, which should

not be confused with the point measurements:-loma&tionsnowdepth andctore lengthSnow depth

was measured using a metal probe at 1 or 10 m intervals and ice thickness was measured in 2 inch
augers holes drilled in the ice at 10 m intervals. The length of each transect and number of
measurements were dependent on ice tygktiane constraints (range =t@®400 m, mean = 100 m).

Snow density measurements were calculated for 5 snow samples collected, atOsitgsidg an
Adirondack snow sampler. Additional density values from the same study region were acquired
during the CyoSat Validation ExperimerfCryoVEXx: 11 to 18 April, 201(Haas et al., 201})

Air temperature data were provided by the Environment Canada weather station located on shore at
CFS Alert, Nunavut. Mean daily air temperatures during the study were on evE248fC (2010to

2012 combined), with a range betwe&®.3 to-7.4C, and a maximum temperature &1 °C.
Downwelling total solar irradiance measurements representative of the sampling area were also
measured at the nearby CFS Alert weather stalitean and range of values were calculated for the
period May 111, 20100 2012 (mean = 984, range = 2tt8313pmol photonsm™? s?; data acquired

from NOAA / ESRL / GMD / GRAD, the GMERadiation Group,
ftp://aftp.cmdl.noaa.gov/data/radiation/baseling/alt

6.2.4 Texture cores

Texture analysis was conducted atl5°C. Texture cores were cut into 0.1®0.15 m vertical

sections that were further cut into vertical thick sectiors5-mm thin, using an electric band saw.

For each sectiorthe ice remaining &r cuttingwas put into plastic containers, melted and analyzed

for bulk salinityusing a salinometer (WTW 3300Bulk salinities are reporteth parts per thousand

(ppY). Thick sections were imaged under crossed polarizers. Analysis of the imagesdgravid
stratigraphic description of each ice core by identifying different ice texture classes and the
boundaries between classes. Here we divided ice types into 7 texture classes based on grain structure
and appearance, following classification systemsirmdlin (Eicken & Lange, 1989; Eicken et al.,

1995; Lange, 1988; Lange et al., 198%ble 2 and Fig. 2). For each section of thehl a cores, the
dominant texture class (i.e. the texture class with the highest areal coverage) from the corresponding
texture core was assigned. For surface pieces the uppermost texture class was always assigned to the
section because deteriorated ice and sivevare distinct layers and only located at the surface.

I n MYI cores, we identif i adcotehby idgntifying peaksimulk y ear ' s
salinity profiles that corresponded with changes in crystal structure at the same depth, as described in
(Jeffries & Krouse, 1988; Schwarzacher, 1958¢cordingly, MYI cores were divided into two

groups: the sectiorabove the annual layer (older ice) were classified as-yedti (MY) and sections

below the annual layer (new ice) were classified as¥gar (FY). Therefore, in later analyses ice

type categories comprise MYI cores and FYI cores, whereas ice ager@ecomprise MY (muki
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year sections of MYI cores), FY (firgear ice sections of MYI cores) and FYI (fisgtar ice cores).

MY portions represent ice that has survived at least one summer. The FY portions represent ice that
has grown under the MY paohs and typically begins to form during freage in September
October(Markus et al., 2009)In general FYIl and FY represent ice of similar ages (e.g. < 1 year),
however, FYI can represent ice that started to form either during fopeaeat a later age as open

water leads form and refreeze. FY also grows slower than FYI due to increased thermal insulation of
the thicker ice (MY) and snow layer above it.

Table 2. Description of each sea ice texture class.

Ice Class Description

Snowlce Looks like ganular but is clear in upolarized images. Forms during floodi
or with presence liquid water and snow near freezing and forms small gr
crystals during rapid freezing.

Melt Pond Fresh water, clear in appearance, at or very near the surface daeth
Sometimes overlaid by sneie.

Retextured Clear ice with unusual crystals or very large crystals, forms near surface
water level

Deteriorated Transformed columnar or mixed ice with large brine or air pockets, neg
surface usually aboveater level.

Granular Consolidation of frazil ice usually near the surface (typically with mixed |
underneath). This can occur within MY| and is evidence of sopeling,
turbulent water and/or presence of adjacenfrgezing lead which creatg
condtions for rapid freezing and formation of frazil ice.

Mixed col./gran. | Mixture of congelation and granular ice. This class also includes intermg
congelation/granular ice because they are difficult to distinguish.

Columnar Elongated crystals
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a. Snow-Ice (0.0-0.07 m)

b. Retextured Ice
pe 0.29-0.39 m

¢. Granular Ice
pc0.2-04m

d. Deteriorated Ice (0.0-
0.14 m) pc 0.0-0.2 m

e. Smow Ice (0.0-0.03 m)
Melt Pond (0.03-0.07 m)
Columnar (0.07-0.17 m)

f. Mixed Ice (2.0-2.13m)
Annual Layer ~2.13 m
Columnar lIce (2.13-2.2

m) Top piece (2.0-2.1 m)
Bottom piece (2.1-2.2 m)
= "n‘/"'v.\'l::“a x

Fig 2. Cross polarized imagery of ice core thin sections showing different ice types. a}I&ird)7
core 712; c) core 210; d) core 3l1; e) core 412; and f) core -42.

6.2.5 Chlorophyll acores
In order to minimize any potential influences on the &imeaswements thesecores were always

stored below15 °C in the dark, for a maximum ofnedays. The cores were then shipped, via ar at
maximum temperature e10°C in the dark, to Resolute Bay, Nunavut, where they were stored below
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-20 °C in the dark forl to 2 days. Cores wereut using an electric band saw (sterilized with 95%
ethanol) in &20°C walk-in freezer. Cores were cut into 10 cm sections except for end pieces (range:
0.09t0 0.17 m), placed in sterile WhiRack (NASCO) bags and melted in therk. End pieces for

2010 and 2012 samples refer to the-ageinterface. The 2011 cores were cut in the opposite
direction, therefore these end pieces refer to thevater interface. Core sectiongere melted
without the addition offiltered sea wate(FSW) lecause we were also measuring dissolved
constituents (i.e. DOC, nutrientdata not presented hgiia the core sectiondt has been shown that

for common biological analyses (e.g., chloroptayltoncentrations) melting without the addition of
FSWis an acceptable procedyRintala et al., 2014)

Chl a concentratioa were determined asubsamples filtered onto Whatman GF/F filters, after 24 h
extraction in 90% acetone af@ in the dark, using a 10AU Tuner Design fluorometer calibrated with
purechlorophyll extract fromAnacystis nidulan§Sigma;(Parsons et al., 1989)Chl a concentrations
were determined using equations fr@aarsons et al., 1988nd corresponding instrument calibration
coefficients. Chla concentrations are expressed voluiatly (mg m°) or are vertically integrated
(mg m?) for the bottom 0.2 m core sections (hereafter referred to as binttegnated), age class core
sections, or total core length.

6.2.6 Statistical analys es

Initial data exploration demonstrated that the distibns of chla datawere highly skewed. To

achieve the normal distribution patterns required for parametric statistical analyses, log
transformations were applied the chl a data. Twesample #tests were conducted to determine the

effect of ice type (M1 & FYI) on the chl a concentrations of the sea ice. Variance analyses
(ANOVAs) were conducted in order to determine the effect of ice age class (MY, FY & FYI); year

and texture class on tlobl a concentrationsf the ice. Posh o ¢ t est s ( Taucknelucteds HSD)
when both parametric ANOVA (transformed data) and -parametric KruskaWallis (non
transformed data) analyses showed significant differences.

To investigate the potential influence of snow depth aed ice optical propertiesn bottom
integrated chl concentrations a logistic regression model was applied. A logistic regression was used
in order to identify potential critical values (inflection point) of the independent variables (e.g., snow
depth andbulk integratedextinction coefficients that could indicate a threshold value for optimal
algal growth. Logistic regression analysis required values of the dependent variable in the range 0 to
1.Therefore, bottoAntegrated chh values were normalized to the range 0 to 1 by dividing each chl
value (y) by the maximum value for all coresf)). The relationship between bottentegrated cha
concentrations and bulk integrated extinction coefficients, for visible radiation, was analyzed in a
similar manner. For all calculations we used esttom coefficients for snow:gke 20.0 m' (Thomas,

1963) MYI: k,, = 1.55 nt; and FYI: k = 1.45 nt* (Grenfell & Maykut, 1977) The value of k used

here, was chosen from a table gfvklues(Thomas, 1963pased on a corresponding snow density
comparal® to measured values for our study region between 260 to 287 keem sectioPhysical
propertie¥. The values of k k., and k were integrated over the depth of the corresponding ice and

snow | ayers for each coreonmiteefrfeisawiléntng” i (ndi“met
value for each snow and i ce plisacg)dntegratetl extinetionh s i t €
coefficient?” is simply the sum of the integrat

dimensionless), i.e.pne value for each core site. In the resulting bulk integrated extinction
coefficients, larger values mean shallower penetration of light.

Results are reported as arithmetic meame standard deviatiop & 10).

All statistical analyses were conducted with the R software packadEs\2 (R-DevelopmenCore
Team, 2012)
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6.3 Results
6.3.1 Physical properties

Based on sitaveraged drill holghicknessmeasurements.e., characterizing the larger scale ice
propertes of the sampled floeBY| sites were more than twice as thick (328.56 m) as FYI sites
(1.42+ 0.42m). Mean MYI core length (2.62 0.24m), i.e., only characterizing local ice properties
of core sampling locationsyas also nearly twice as thicls &Yl (1.39+ 0.52 m), with higher
variability in FYI core lengths. FYI sites represedtwo different kinds of ice: ice that formed during
the fall when the landfast ice consolidated.( older and thicker FYI with more snow); and ice that
formed laterin mobile ice when open leads foedand then refsze(i.e., younger and thinner ice with
typically less snow).

Site-averaged snow depth at MY sites (0:30.10 m) in general, was thicker that FYI sites (0.26

+ 0.15 m). Although MYI had lower vaimlity between siteaveraged snow depth values, FYI had
lower variability when considering each site individuallyhis was illustrated by thmean of site
standard deviations for FYI snow depth: Omfi8compared to MYI: 0.1H. Mean snow density at site
2-10 (Fig. 1) was 260+ 0.03 kg nT (n=5) and during CryoVex 2011 was 2810.7 kg n?® (n=11
(Haas et al., 201}))

There was no significant inteannual difference in the mean physipabpertieqe.g. snow depth and
ice thickness)of FYI or MYl (ANOVA, p > 0.05). For FYI, there were significant positive
relationships betweecorelocationsnowdepth andce core length (R= 0.56, p = 0.05, n = 7), and
between snow depth amdean ice thickness survey measurements=(R.66, p < 0.05, n = 7). For
MY, there was an inverse relationship between snow depth and ice core lehgtB. &, p = 0.01, n

= 11), and no significantelationship between snow depth and mean ice thickness survey
measurements (R 0.12, p = 0.3, n = 11).

Two FYI cores were exceptionaB-(0 and €12; Table 3), exhibiting considerably lower ice
thickness, snow depth and core length than the other FYI cores analyzed in this study. These 2 sites
were determined to be refrozen leads that correspond to younger FYI that formed later isdhe sea
Although core 411 core length was not exceptionally low, survey measurements indicateelgite 4

had the thinnest ice and snow pack (excluding sit&8 8nd 612, Table3). The location was also at

the edge of the landfast ice where unstable ickkéy even after freezep, therefore was also
considered to be a younger FYI site, although older than sit6saBd 612.
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Table 3. Summary of physical data for each core and core site.

Site Overview Core Location Ice Thickness Surveys Snow Depth Surveys Texture Class Lengths
Year | Type | id lat lon bath. | Core | Snow | Sal | BV Od |o d N | fb 0d | o d N col mx | gran | retex | mp | s-i det
2010 | FYl | 3-10| 82.6| -62.0| 257 | 0.93 | 0.09 | 6.1 | 1894 | 0.93] - 25 |4 |007|008|00]|45 |10 | 0.88]|003|0.02 | - - - -
MYl | 1-10 | 825 | -62.6 | 91 223 | 042 |31 | 881 307|09|100|6 |013|0.37|01]|100] 6 0.67 | 1.40 | - - 0.16 | - -
MYl | 2-10 | 82.8 | -62.3 | 95 280 | 032 |34 |- 34904 |200|9 |023|033[02|200]|42 |1.94|019]|0.27 |- 022 0.16 | -
2010 | MYI | 410 | 82.6 | -62.0 | 199 | 2.54 | 050 | 2.0 | 1330 | 245 - 0 1 | 009|050 - 0 1 0.73| 1.00| 0.72 | - - - 0.10
MYl | 510 | 82.5| -62.6 | 90 311 | 005 |21 |733 31007 |200|9 |032|022]02]|200]|41 | 071|007 227 |- - - 0.05
od |- - - 119 | 267 | 032 | 2.6 | 98.2 303|07|125|6 |019|0.36|02|125|23 | 1.01| 0.66 | 1.09 | - 0.19 | 0.16 | 0.08
FYl | 211|826/ -623|189 | 1.60 | 0.38 | 45 | - 167 | - 0 3 | 0.04|038]- 0 1 023|006 | 132 | - - - -
2011 | FYl | 411|826| -62.2| 242 | 152 | 017 |55 | - 131 02|40 |5 |007|021|- |40 |5 140 0.11 | 0.01 | - - - -
Od |- - - 215 | 156 | 0.28 | 50 | - 149 02|20 |4 |0.06|0.30] - 20 | 3 0.82| 008 0.66 | - - - -
MYl | 1-11 | 825| -62.4 | 100 | 241 | 055 | 35 | - 385|1.1|100| 10 | 0.29| 0.36| 0.2 | 100 | 10 | 1.51| 0.24 | - 0.18 | 0.39| 0.09 | -
MYl | 311 | 826|-620| 199 | 296 | 032 |21 |- 28006100 |12 |0.17|052| 02| 100| 12 | 1.45| 052 | 0.81 | - - - 0.17
2011 | MYI | 511 82.6| -62.2| 159 | 253 | 0.32 | 3.9 | - 448 | 141009 | 0.33]0.39| 02100 9 1.20 | - - 1.01 | 0.26 | 0.06 | -
MYl | 6-11 | 83.5| -66.0| 260 | 259 | 0.30 | 2.4 | - 30208100 |10 | 017 | 055| 0.2 | 100 | 10 | 2.35| 0.13 | - - - - 0.11
6d |- - - 180 | 262 | 037 | 3.0 |- 354 | 10| 100 | 10 | 0.24 | 0.46 | 0.2 | 100 | 10 | 1.63| 0.30| 0.81 | 0.59 | 0.33 | 0.08 | 0.14
FYl | 2-12 | 825 -62.7 | 57 177 | 020 | 4.4 | 90.4 2.00 | - 100 | 4 | 0.11|0.28| 0.1 | 100 | 101 | 1.42 | 0.07 | 0.28 | - - - -
FYl | 312|825 -62.4| 99 134 | 033 |37 |- 151 01|20 |2 |005/033|01|20 |21 |1.25]0.04]|0.05 |- - - -
2012 | FYl | 412 86.1|-78.1| 2156 | 1.77 | 0.47 | 3.1 | 87.7 1.68 | - 0 1 | 006|047 - 0 1 1.42 | 0.34 - - - -
FYl |612|829|-586| 125 |0.83 | 004 |59 | 1414 |083|/01|40 |3 |0.00|0.07|00]|40 |41 |0.77| 005|001 | - - - -
Od |- - - 609 | 143 | 026 |43 |1065 |151| 01|40 |3 |005|/029|01|40 |41 |1.21]013]| 011 - - - -
MYl | 1-12 | 825 -62.7 | 86 267 | 047 |33 | 1165 | 3.69|0.9|400| 11 | 0.24| 0.39| 0.2 | 400 | 401 | 1.79 | 0.81 | - - 0.04 | 0.02 | -
oo1p | MY! | 512 | 829 | 586 | 125 | 257 | 031 |20 | 1159 |3.23]13|120|7 |0.29)030|01 | 140140231019 - - - - 0.06
MYl | 7-12 | 825 -62.4 | 99 246 | 060 | 3.6 | 1840 | 2.90|0.5| 200 | 10 | 0.20 | 0.40 | 0.2 | 200 | 221 | 1.69 | 0.29 | - 0.30 | 0.11| 0.07 | -
O - 103 | 256 | 046 | 3.0 | 1388 |[3.27|09|240|9 | 024|036 0.2 | 247 | 254 | 1.93 | 0.43 0.30 | 0.07 | 0.05| 0.06
All measurements are in meters (m). Abbreviations and symbols: lat=latitude, lon=longitude, bath.=bathymetry, core gth;osedan cordocationrsnowdepth, sal =
bulk salinity (ppt), BV = core averaged brine volume (pjpt}, = aritllbmet ioccnemesatnandard deviati on, d=di stance,
col=columnar,mx=mixed, gran=granular, retex=retextured, mp=poeitl, si=snowi ce, det =det=erNootr aatveadi.| a'b | e .
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In all cores, observed internalei temperatures increased towards theniater interface. Surface ice
temperatures ranged betwedn .5 and5 °C. Bottom ice temperatures were consistently close to the
freezing point of sea water (1.78°C; see sectioOn-site measurements). All FYloces followed
typical Gshapedbulk salinity curves(Fig. 3a) except for core 42 which showed &ulk salinity
profile similar to MYI. MYI cores followed typical verticdlulk salinity profiles for MYI with low
salinities (Oto 2) near the surface andganeral increasing trend towards the bottom kig. 3b).
Brine volume also increased with depth in most cores. Only cd Had a brine volume peait
0.57m

Based on the measured length of each texture class, FYI cores consisted predominanthgnair colu
ice (76%), with only minor proportions of granular (17%) and mixed (7%) ice. Retextured, melt pond,
showice and deteriorated texture classes were not identified in FYI and representidof MYI

but in some instances represented up to 608YI (e.g., core 8L.1; Table3). MYI cores had a lower
proportion of columnar ice (57%), over twice the amount of mixed ice (1&%g),approximately
equal proportions of granular (14%) icemparedo FYI. Annual growth layers were identified in 7
out of 11MYI cores(1-10, 210, 410, 510, 111, 512 and 712 Fig. 4). The FY portions (i.e., ice
below the annual layer) had a mdangthof 0.67+ 0.31 m and the MY portions (i.e., ice above the
anrual layer) had a medangthof 1.90+ 0.40 m. Potential annugtowthlayers werealsoidentified

for the remainingt MYI cores (212, 311, 511 and 611: Fig. 4); however, these were not assigned
as annual layers in the analysis due to lack of confaléag. presence of multiple layers or lack of
correspondence between texture changebatidsalinitypeak/change).

A summary of all sea ice physical properties is providethinle 3.
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Fig 3. Example vertical profiles for MYI and FYI. Chl a, brine vola (BV), bulk salinity, and
texture classes for: a) FYI corel@ and b) MYI core 82.
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Fig 4. Vertical profiles of chl a concentrations for all cores. Solid horizontal lines represent identified
annual layers used in the analyses and dashed horizimetalrépresent potential annual layers not
used in the analyses-éxis is log scale).

6.3.2 Chlorophyll a

All ice cores, with the exception of corel®, had chi concentration peaks or maximum values in
the bottom sectionsF{g. 4). Most core sections hadhlca concentrations < 81g m™ (Fig. 4). Two
FYI cores had chi concentrations > 10 mgin the bottom sections (~0.1 m): cord @ (14.1 mg
m3) and 411 (15.4 mg ii; Fig. 4). Thesewo FYI cores also corresponded to younger FYI sites (e.g.
refrozenlead). Two MY cores had sections with entoncentrations > 5 mg th core 510 (14.1 mg
m’>; section midpoint 0.18n from bottom), which correspondedadvYl hummockwith the lowest
corelocationsnowdepth and core 412 (8.4 mg ri; section midpoin0.57 m from surface), which
had a brine volume peak at the same depth as tteepddk.In all MY coreswith confirmedannual
layers, peaks in ctd concentrations closely matched the depths of the annual l&igss3 and4).

Ice cores with rdrozenmelt ponds (e.g.-10, 111, 112, 210, 511 and #12) also showed local chl
a peaks near the surfackig. 4). Examples ofchl a, bulk salinity, and brine volumprofiles with
coincident texture classes are showfimn 3.
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Fig 5. Chl a concentrationis each texture class. a) FYI; and b) MYI. Bars show median values with
error bars delineating the 25 and 75 percentiles.

6.3.3 Comparison of ice classes

We found significantly higher bulk salinity values in FYl compared to MYl cores had higher
mean corentegrated chi concentrations (0.98 0.68 mg m?) than FY! (0.7 0.92 mg m?). These
differences, however were nstatisticallysignificant (t-test, p= 0.1). We also found no significant
effect of ice type on volumetric or areal chlconcentratias (Fig. 6). However, therelative chl a
concentratios (e.g.fraction of the total corntegratedchl a) in the bottom 0.2 mveresignificantly
higher inFYI than in MYI (Fig. 6).

Oneway ANOVA tests were conducted to compare the effect of ice agetifieeupper multear
portion of multiyear ice [MY]; the bottom firsyear portion of multiyear ice [FY] and firsyear ice
cores [FYI]) on thechl a distributionof sea ice. There was no significant effectrafice ageportions
on age clasaveraged/olumetric or areal chd concentrationgTable4).

Table 4: Statistical summary of results comparing chlorophyll a between ice age portions (MY, FY
and FYI).

Variable Description FYl FY MY
P mean + SD mean + SD mean + SD
chla mean (mg ™) 0.58+0.83 0.55+0.56 0.21+0.09

integrated g %) 0.71+0.92 0.36+0.40 0.40+0.20
* Indicates significant test result at p < 0.05

When all ice cores were compared, bottiomegrated and cosmtegrated chk concentrations were
significantly higher in ladfast ice thann pack ice Figs. 7a and §. Multi-yearlandfast icehad
significantly highercoreintegratedchl a concentrationsthan multiyearpack ice (Fig. 7b). No
significant differences were observed when we compingeyearlandfast ice tdirst-yearpack ice,
landfastMY|1 to landfastFYl, or packMYI to packFYI (Table5; and Figs7b and d.
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Fig 6. Summary of chl a concentrations in different ice types and age portions. Bars show median
values with error bars delineating the 25 and 75 pétesifor: a) corantegrated chl a in MY| (dark

gray) and FYI (lightgray); b) bottordntegrated chl a for MYl and FYI; ¢) percent of the total chl a in

the bottom 0.2 m for FYI and MYI; and d) chl a integrated over lengths of FYI coresdfiayit and

over age class sections for fisgtar (FY) and multyear (MY) portions of MY (darigray).

Table 5: Statistical summary of results comparing chlorophyll a between ice types (MYI vs. FYI and

landfast ice vs. pack ice).
Variable

Bulk salinity (ppt)

Percent of totathl a inbottom
0.2 m (%)

chl a (bottom 0. 2 m):

chl a (entire core)

chl a (bottomintegrated):

chl a (coreintegrated):

chl a (bottomintegrated):

chl a (coreintegrated):

Description

mean (mg r)
integrated ifhg m?)
mean (mg i)
integrated ifhg m?)
landfast ice (mg i)
pack ice (ng m?)
landfast ice (mg i)
pack ice (ng m?)

all cores (g ni?)
MYI (mg nm?)
FYI (mg ni?)
all cores (g ni?)
MYI (mg m?)
FYI (mg m?)

FY1 mean £ SD
*** 475 +1.02
** 46 +27

2.58+3.76
0.52+0.75
0.58+0.77
0.71+0.85
0.70+£0.91
0.04+0.01
0.92+1.02
0.16+0.11
Landfast ice mean = SD
*0.41+£0.61
0.22+0.25
0.70£0.91
*1.07£0.78
*1.16+0.66
0.92+1.02

MY mean = SD
**%2 85 +0.69
*20 £10

0.89+1.07
0.18+0.21
0.35+0.22
0.93+0.64
0.22+0.25
0.06+0.04
1.16+0.66
0.32+0.14
Pack ice mean + SD
* 0.05+0.03
0.06+£0.04
0.04+0.01
*0.26+0.14
*0.32+0.14
0.16+0.11

Note: entire core mean values account for the length of each section in terntoofritaition to the
core mean value and therefore can be slightly different from mean values reported in text for core
sectionsSignificant test results indicated by: * p < 0.05; ** p < 0.01; *** p < 0.001.
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*indicates significant t-test result at p < 0.05

Fig 7. Summary of chl a concentrations compgrlandfast ice and pack ice. a) Cartegrated chl a

for all cores (MYl and FYI combined); b) cemetegrated chl a categorized into FYI (liginay) and

MYI (dark-gray), then by landfast ice (left) and pack ice (right); c) bofitwegrated chl a for &l

cores; and d) bottofimtegrated chl a categorized into FYI (liggttay) and MYI (darkgray), then by
landfast ice (left) and pack ice (right). Bars show median values with error bars delineating the 25 and
75 percentiles.

6.3.4 Relationships between chl a, snow depth, and bulk integrated extinction
coefficients

Logistic regressions were conducted to assess the relationship of normalizedib@ttpaied chh
concentrations with snow depth amalk integrated extinction coefficients, respectivafyg( 8). Core
6-12 wasexcluded fronthis analysis because it was located on a recently refrozerinadikely
experienced different growth conditions ahdd differentsnow propertiege.g., thinnest ice and
snowpack compared to the other two young FYI sit#8 @nd 411). The logistic regression for snow
depth showed a stepise transition with an inflection point at approximately 0.17Fig.(8D. The
logistic regression fabulk integratedextinction coefficients shows a more abrupt stége transition
with an inflection point aa value 056.8 (Fig. 89.
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Fig 8. Snow histogram and logistic regressions. a) Histogram of snow depth survey measurements at
MYI sites (n = 538). Logistic regressions of normalized botiotagrated chl a concentrations as a
function of: b) snowdepth at core locations; and c) bulk (snow plus ice) integrated extinction
coefficients.

6.4 Discussion

6.4.1 Sea ice thickness

MYI1 in the Lincoln Sea constitutes some of the thickest sea ice remaining in the Arctic Bleaan

et al., 2006; IPCC, 2@). Our total thicknesgsnow plus icesurvey measurements (MY3.0to 4.9

m; FYIl: 0.9t0 2.3 m) are in agreement with aerial and grotrabed total thickness measurements
conducted in the same study region, with modal total thickness values for MYdere®v1land5.0

m, and for FYI between 0.8nd2.0 m(Haas et al., 2006; Haas et al., 20M)jth a range of 0.86
2.24 m, the total thickness (core lengils corelocationsnowdepth of core sites for FYIl was in
line with the larger scale survey maesments. MYI core sitehioweverdemonstrated slightly lower
total thicknesgcore lengthplus corelocationsnowdepth values (2.650 3.28 m) than in the survey
measurements. MYI, especially in the Lincoln Sea, has a very broad thickndabsitthstrAlthough

the total thickness of the MYI coreemained within the broader thickness distribution they do not
represent the thicker end of a typical ice distribution in the Lincoln Sea. This sampling bias is due to
the increasing difficulty and time reqedfor samplingasice thicknessncreases.

6.4.2 Snow depth
The mean snow depth for MYI of 0.39 m (present study) was representative of the region when

compared to the mean snow depth of 0.3 m foun(Hagas et al., 2006)Ihe controlling factors for
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show accmulation and distribution on MYI and FYI, however, were different. When analyzing all
FYI sites together, we found a positive relationship between core snow depth and ice core length. This
was surprising since on a FYI floe of uniform age a negative oakitip between snow depth and ice
thickness is expected due to the thermal insulating effect of snow on ice ofatikut &
Untersteiner, 1971Based on the variability of si&veraged FYI thicknesses, it is clear that FYI sites
had formed at differeritmes Therefore, snow depth was rather a function of ice Rgethat formed

earlier had more time to accumulate snow, and for ice to grow, compared to nevireraiddition,

snow redistribution and/or snow fall later in the season would have a minimsalation effectOn

MYI, snow depth and core length had a negative relationship. Apart from the thermal insulating
effect, surface topography also plays an important role for snow distribution on{Sft¥im et al.,

2002) In contrast tomore level FYI,MYI has an undulating surface due to accumulation of melt
ponds, presence of hummocks, pressure deformation and differential Thidt.subsequently
promotes the accumulation of snow in thinner low spots during @rinénre-distribution, leading to

the dserved negative relationship between ice thickness and snow depth.

6.4.3 Annual layers

The FY portions of the MYI1, and all of the FYI cores were representative of ice forming locally in the
Lincoln Sea during the previous winter. FY ice portions had thickeelseaveen 0.4nd 0.7 m,
which agrees well with reported literature values for 4m@vgrowth at the bottom of MY| between
0.45and0.55 m(Maykut & Untersteiner, 1971; Perovich et al., 2003; Schwarzacher, .1888d on
general sea ice circulation patie(Rigor & Wallace, 2004jhe MYI in our regionhad most likéy

spent a substantial portion of its life within the central Arctic Oc&narefore the MY portions of the
MYI, were likely representative of central Arctic MYI.

Annual layers in MY| cores we identified at the transition from columnar ice texture of FY portions

to granular and mixed texture in the MY portitiocal chla peaks were observed to coincide with

of the identifieda n n u a | |l ayers and are pr obsdgalgommuisn ant s
A previous studyThomas et al., 1995)Iso observed internal chlpeaks that corresponded with a
transition from mixed to columnar ice types, but did nohatede it was an annual layerh&
correspondence of both texture amak sdinity profiles with local chla peaks and the agreement

with literature valuegprovides strong evidence that tirdernal chla peaks correspondei the

bottom icealgaelayers from previous years.

6.4.4 Overview of chlorophyll a concentrations

A comparison ofour maximum bottorintegrated chla concentration(1.9 mg chla m? with
maximum bottorrintegrated chla concentrationgeported for different regionduring spring(see
summary in(Arrigo et al., 2010and references thergiahowsthat our chla valuesfrom the Lincoln

Sea were low compared to other regions of the western Arctic Oaeahe |Canadian Arctic
Archipelagg valueswere one to twardess of magnitudehigher (14 to 340 mg chla m?), and in the

Baffin Bayand the Beaufort Sea they were owae order of magnitude high&4 to 64mg chla m’

%). The large majority of these and other seasitalies however focus primarily on FYI(Arrigo et

al., 2010) Consequently a comparison with spring MY| eldoncentrations is limited to only a few
studies. Our range of comveraged MYIchl a concentrationg0.1 to 0.8 mg chla m?®) is in
agreement with other spring MYI valués 0.1to 0.65 mg chla m™ (Melnikov et al., 2002)
observed during a drifting studt slightly lower latitudes (78 80°N) in the Beaufort and Chukchi
SeasOur FYI maximum coreaveraged chi concentration value (2.1 mg cain®), howeverwas an

order of magnitudénigher than maximum FYI coreaveraged concentratiomseasuredduring that
studyin April to May (~0.2 mg chla m™). Melnikov et al. (2002) (Melnikov et al., 2002yeported
highest MY chla concentrations during July providing some evidence that our study was conducted
during the early stages of the growth season, and maximum biomass levels had not yet begn reach
Spring MY chl a concentration valuesomparable to our studyere also reported from the Bering
Sea with coréntegrated concentrations between @3.0 mg chla m? (McRoy & Goering, 1974)

the Greenland Sea with cergegrated concentrations betan 0.730 2.63 mg chla m? (Werner &
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Gradinger, 2002)and Fram Strait with section concentrations betweentd®®4 mg chla m?®
(Schinemann & Werner, 2005)

6.4.5 Comparison of Ice Age Portions (MY, FY, FYI)

It is well documented that differences in eldiomass are observed in FYI at the same locatuento

small scale variations in snow and ice properfgEe reviewin (Vancoppenolle et al., 2013)We

have shown that FYI and MYI have different snow and ice properties; suggesting differentcender
light regimes. Based on FYI and FY samples that have grown in the same region (i.e., similar water
properties), it might be expected to observe different ranges matricentration values between the

ice ages, due to differences in the light regimas. @bservationson the other hand, showed similar

chl a concentrations for FY| anfibr FY samplesand similar bottom chd concentrations for FYI and

MYI. This indicates that the range of undles light conditions may be similar under FYI and MY

(FY), regardless of large differences in their physical properties.

It might alsobe expecedthat the upper MY portion would have had lower aldoncentrations than

the other ice age portions, because it experienced vertical flushing of the ice column ldeiring t
previous melt season(s), and had no access to nutrient replenishment from the underlying water
column. However, during our study the upper MY still hadachbncentration values similar to FY

and FYl This observation can battributed to the presenad remnant communities within the
previous year ' s bot tRefrozen nelpendswera idehtifiedeal or near ¢ha d s .
surface of 6out of 11 MYl cores Each coincided with a elevatedchl a concentration in the
corresponding core section. Alggommunities in surface layer$ Arctic sea ice are not common.
However, similar features were observed in summer sea icgrdginger et al., (2005and were
attributed to freshwatemelt pond inhabitant@Gradinger et al., 2005)

Maintenance of therpevi ous year s al gal bi omass | evels
separation of bacterial communities in one MYI coreMAtl site 1-11, distinct bacterial assemblages
were observed at different depth®(, surface melt ponds, MY, and FY) bdsen analysesf the

16S rRNA gendrom onecoincident coréHatam et al., 2014)his suggests that carbon sources were
high enoughand vertical exchange was sufficiently lde sustain different bacterial communities
within the entire MYI column at sité-11. Although the presence of sequences classified as closely
related to cyanobacteria have been reported in Arctic summer pa@oisean et al., 2011}these
sequences were not observed in the MYI core from sité (Hatam et al., 2014)This suggestthat

the chla maxima, observed throughout the core, originate from phototrophic eukaryotes (i.e. diatoms
and flagellates), which is in agreement with a previous study that reported high flagellate and diatom
biomass in the upper and bottom portions, eetipely, of Arctic summer icéGradinger, 1999)

6.4.6 Chla-snow/ice relationships

The relatively highbottomintegrated chla concentratios at sites with the lowest snow depth and
highest potential light availabilitindicatesthat the limiting factor for gal growthduring this study
was light availability. This is consistent with other studies that found light tioniteng algal growth
duringthe earlyspringgrowth seasor{e.g.,(Lavoie et al., 2005; Riedel et al., 20p6yhe difference
between landfasce and pack ice clal concentrations may also suggadimited influence ohutrient
availability on algal growth during our study.

The logistic regression analysis showed that-comnalized bottom integrated chlconcentrations

were nearly zero anow depths > 0.17 m, or latilk integrated extinction coefficients 5.8 (Figs. 8b

and 9. Ice cores that had snow depth and bulk integrated extinction coefficients below these critical
values for algal growth also had the highest bottom ica cbihcentations between 6.4 and 15.4 mg

m>. A similar influence of snow depth on chlconcentratiorhas been reported previoudly using

an exponential relationship, identifying a similar threshold value for snow depEY| (Mundy et

al., 2007) The main feaire of the logistic regression is the identification of a critical threshold
(inflection point) The critical valuadivides the snow depth and bulk integrated extinction coefficient
values intatwo conditions either: 1)favorable for algal growthhigherchl a); or 2) not favorable for

algal growth fower chla).
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Combining the mean downwelling incoming radiation values with ¢hgcal thresholdbulk
integrated extinction coefficient value (5.8) parameteran a simplified light extinction model
(equaton 1 in(Grenfell & Maykut, 1977), results in an estimated daily mean available irradiance for
bottom ice algae of Amol photonsm? s™. This estimateis in good agreemerwith reported critical
minimum undevice irradiance levels to maintain algal gith between ~2 and [@mol photonsm? s
(Gosselin et al., 1985; Gosselin et al., 1986; Horner & Schrader, .19B88) strong relationship
betweensnow depthand bottomintegrated chh concentration emphasizes the dominating effect of
show depth on lightransmission and subsequent algal growth. The combined effect of snow and ice
on light transmission and subsequently on &ldoncentration in the lowermost O of sea ice
demonstrates that both parameters should be considered when comparing icéblef tracknesses
and snow depths.

Although snow typically has a dominating effect on lighttsmission compared to sea ice, witels
typical extinction coefficients between (ad1.55m™ (e.g.,(Grenfell & Maykut, 1977; Light et al.,
2008; Nicolaus eal., 2010; Thomas, 1963)extinction coefficients of snow in the visible spectrum
can vary by over an order of magnitude from 4for wet snow to between 4nd80 ni* for fresh

snow (e.g.,(Hamre et al., 2004; Jarvinen & Lepparanta, 2011; Maykut &nfelle 1975; Thomas,
1963). The low extinction coefficients associated with wet snow or high coefficients associated with
fresh snow are likely not representative of our study regidn temperatures were well below
freezing during the study anihe fresh snow extinction coefficient as the name implies, is an
intermittent propertyof the snowthat is not representative over longer periods. Therefoee,
considerthe extinction coefficient for snow of 20c8* used here, based on the mean snow density, a
realisticestimate of snow properties for the study region. Biomass in sea ice also reduces available
light for other inice or undeiice phototrophic organism@vundy et al., 2007)Using observed
specific absorption coefficients for sea ice algae betv@e@d3and0.010m™*[mgchlam®]™ in the
spectral range 40t 500nm (Arrigo et al., 1991would amount to absorption coefficients between
0.02and0.15m™, for our maximum ch& concentrations (6.t 15.4mgm™). This suggests that light
limitation and selshading by ifice algae would have been minimal during our study.

Based on the combined effect of snow and ice on bottom integrated @bhcentration,it is
important toaddress the representativeness of the ice cores in terms axdttiaice thickness and
snowdistribution inthe Lincoln Sea. Bottom cla concentrations were highest in 2 FYI cores from
refrozen leads that were likely younger than the other FYI sites based on snow depth and ice thickness
survey measurements. A third corel@ that was also from a younger refrozen lead did not have
high biomass even though it was the thinnest core and had lowest snow depth. This could be
explained by higheunderice irradiance,which would havenhibited algal colonization until light
levelsbecamemore favorableor until algal cells would have had sufficient time to adapt to the light
conditions (e.g.(Barlow et al., 1988; Campbell et al., 2014; Luddnsen et al., 2014; Michel et al.,
1988). Second, theecent or currenite growth rate my have been too rapid to establish substantial
algalbiomasqLegendre et al., 1991)

A common feature, which influencése formation of refrozen leads and FY], in the Lincoln Sea is an
ice arch that forms at the entrance to Nares iaibk, 2005; Kwok et al., 201Q)With the presence

of an ice archand more stable ice conditignBY| represented less than 15% of ailtborne ice
thicknessmeasurements the Lincoln SegHaas et al., 2006; Haas et al., 20li8pwever, in the
absence of an ice arch Frepresented up to 20% of alirborne ice thicknesmeasurements due to a
more mobile ice packHaas et al., 2006)Under typical stable conditioria the Lincoln Sea (e.g.,
with the presence of an ice aret®wer refrozen leads would likely represesnaaller fraction othe
overall FYIl cover This implies the 2 cores with highest bottom ehtoncentrationsvere not
representative of typical FYI in this region. However, in years with unstable condi@@nsno ice
arch forming)in the Lincoln Sea ahin a future Arctic system with a more mobile ice pack the
relative coverage of refrozen leads will likely increase and perhaps become an increasingly more
important component of overall sea ice algal biomass in the Lincoln Sea and Arctic ((Re@n
2013).
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6.4.7 Underestimation of MY| Algal biomass

As discused previously, there & sampling bias towards thinner Mivil this and many other studies
In this study the core with thmaximum MYI bottom chla concentration wagxtracted froma
hummock. The hummoc&ore, 510, corresponded tthe thickestcorewith shallowest snow depth
and high chla biomass Table 3). Thisindicatesthe potential for relatively higher algal biomass in
underrepresented thick MYl hummocke/hichtypically have lower snow coverage. a study from
the Fram Strai{Schiinemann & Werner, 20Q05haximum spring bottom chd concentrationsvere
also observeth the thickest MYI core with lowest snow depth when compé&oado other second
year icecores.

From a total of 538 snow depth nse@ements conducted on MY, 15% were below the critical snow
depth value of 0.17 mF{g. 8a). This value of 15% may be a good estimate for the distribution of
hummocks in the regiomue to the significantly stronger influence of snow depth than ice téskn
on light attenuation, these regions of thicker ice and less $éeag@w hummocksgould be the only
regions of MYI where transmitted undiee PAR is above a threshold value for algal groddhing
spring This becomes more apparent if we consider plag¢ential bulk integrated extinction
coefficients of different ice types using a range of extinction coefficiddased on typical snow
densities in the regionwye use snow extinction coefficient§ 20 and 25 m combined with the full
range of reportedalues for ice of 0.8 and 1.55"mThese calculations result in bulktegrated
extinction coefficients between 2t8 5.4 for a 3.5 m hummock with no snow, 4d87.9 for a 3.5 m
hummock with 0.1 m of snow, and 88.1 for a snow covered melt pondd®n of snow and 2 m of
ice). Light attenuation is likely different between cefen melt pond ice and hummocks, which is
apparent when you compare the texture images for deteriorated ice (Fig. 2d), typical of hummock
surface ice, and melt ponds (Fig. 2&he correspondingpring time extinction coefficients are
unknownfor hummocks and melt ponds atietrefore the full range of reported values were used to
account for the potential variability. Although extinction coefficients for snow are highly vaviable
used an upper limit of 25 frto account for some variability in snow properties and the influence of
small amounts of fresh snow that may be intermittently present throughout the spring season.

The above mentione@dnges of extinction coefficients deamstrate that thick hummock ice, with little

or no snow, has the potential for higher amounts of available icel€fAR and more importantly
bulk integratedextinction coefficients below the critical value of SRirthermore, this suggests that
under sinflar nutrient and incoming solar radiation conditions, 15% of M¥tich has little or no
snow coveragehas the potential for bottom algal layers similar to or greater than the observed
maximum MY] chla concentration of 6.4 mg ' This value is low comgred toFY| in the Canadian
Arctic Archipelagowhere bloom values at the ice bott@an reach concentrations greater than 100
mg ni® (e.g.,(Alou-Font et al., 2013; Mundy et al., 2007; Smith et al., 1p98pwever, taking into
account that our study wasrducted during the earlglgal growth season, we would expect to
observe more algal growth and higher ehtoncentrations later in the season. If the observed
maximum MY value was extrapolated over 15% of the thicker MYI regions (e.g., 3+ year old MYI
extent for March 2011vas >1.5 x 10km?® (Maslanik et al., 201)) taking into account the potential

for higher biomass expected during bloom, these regions could represent a substantial amount in
terms of chla biomass and, possibly, primary production.

6.4.8 Implications for a changing Arctic (shift from MY to FYI)

In light of the limited number of recent studies)e may argue that our current understanding of
Arctic sea ice aldabiomass in MYI is based on a historic Arctic that was different from totlag.

melt seasomas lengthene(Howell et al., 2009; Markus et al., 200@9ndsea ice thickness, extent
and volume have undergone drastic charffeSC, 2013) MYI is disappearingrom the Arctic at a

rate faster than predicted by models, with a seasoicalfyee Arctic likely to occur before the end of
this century possibly as early as 202QStroeve et al., 2012)esultingin the complete, or near
complete, loss of MYIMeasurements of primary production in the central Arctic Ocean indicate that
sea icgproductioncan account for over 50% of total primary producti@Gosselin et al., 1997put it
remains unclear how iegssociated production will change with a shift from MY to FYI.
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Arctic FYI studiesin generahave shown a higher rangelafttomchl a biomassn FYI compared to
MYI. FYI values include highly productive regio(esg. Arctic shelvesyvhere MY1 is not present or
has not been studied. Here sleowthat FYI and MYI in the Lincoln Sea can have comparableachl
biomass during the spring pedigMay). Previous studies have also demonstratadparable or even
slightly higher chla biomass in MYlcompared td-YI (Melnikov et al., 2002)In addition, maximum

chl a biomass values have also been observed in the thickest sea ice durind&grimgmann &
Werner, 2005and summe(Gradinger et al., 2010Based on our results and previous studies that
show generally highemor similar,chl a biomass potential in MY| compared to FYI, we suggest that
the general view of higher productivity in FYI thanMY| should be revisited in order to achieve a
better understanding of the current and future state of the Arctic system.

If we base future estimates of iaégal production on the fathat FYIfrom Arctic shelf regionss
more productive than MYih generalthis would lead to the assumptitmat sea ice algal production
would increase with a replacement of MYI by Fduring the icecovered period However, our
results suggest only minor changes in ice algal biomass when all MYI is replaced byh#srl.
considered in combination withe underestimatechl a biomasgpotentialof thick MYI (hummocks)
suggest the ongoing loss of MYI in the Arctic Ocean may have a larger impact oragsociated
production than generally assumed

Our results alsshowedthat younger FYI (e.g., refrozen leads) had the highest bldmass and that

the comparable values between MYI and FYI are likely driven by the higher biomass in the younger
FYI. The relative proportion of younger FY| and refrozen leads in the cenwat Acean will likely
increase with continued increases in ice drift velocities and a thinning icéAlslé®, 2011; IPCC,

2013; Rampal et al., 2011Jhe increase in younger FYI and refrozen lead8 likely result in a
generalincreaseof ice algal bimnassduring the bloom period, the extent of which vdépend on the
spatial extent and regional variability of these features.

The expected higher bloom biomass of thinner FYI, however, may not result in a net increase in ice
algal production over the Bre growth season. Even with larger areas of thinner FYI, the expected
increase in maximum iealgal biomass may not compensate for the increased vulnerability of thinner
ice to rapid changes in the light field and rapid snow/ice melt. These vulnegahiiiduld result in

earlier termination of the iealgal bloom due to photimhibition and/or rapid melCampbell et al.,

2014; Lavoie et al., 2005karlier termination of the iealgal bloom has been linked to a mismatch

with the reproductive cycles ofely grazers having negative consequences for the entire food web
(Leu et al., 2011; Sareide et al., 2010) addition, sea ice decline has already been linked to
increased export of POC and algal aggregates to the sea floo(Redgius et al., 2013; lande et

al., 2009), which indicates an associated removal of carbon and nutrients from surface waters. Higher
carbon and nutrient export rates in the future may result in a situation where a rapid increase followed
by a rapid decline in icassociated jmary production would not be sustainable for longer periods
due to the removal of nutrients. This would be analogous to a-bastrcycle. The MYI system,
however, is less vulnerable to rapid environmental changes and therefore could be considered a more
sustainable system where rapid sinking ofdtgae (i.e., carbon and nutrients) is less likely. Thus, the
MYI system may have the potential to sustain biogeochemical cycles required to maintain moderate
levels of algal biomass over longer periods (i.ghér net primary production).

6.5 Conclusions

Studies comparing biogeochemical properties of-fiestr sea ice (FYI) with mulyear sea ice (MYI)

in the high Arctic are essential to understand the potential biogeochemical changes to sea ice
ecosystems in duture Arctic Ocean withlittle or no MYI. In light of the current limited
investigations of Arctic MYlalgae the present study provides a unique rratthual dataset
comparing icealgal chla and physical propertiesf both FYI and MYI during spring froma high

Arctic system.The low variability in chla concentrations, both within and between MYI and FYI in

the coastal Arctic Ocean, suggests little or no change in algal biomass with a shift from MYI to FYI.
The apparent relationship between ehbiomassin the bottom layer of ice andulk integrated
extinction coefficient®f the snowice matrix, implies that an appropriate representation of areas with
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low snow depths, such as MYl hummocks, is critical for a realistic estimation of the MY contribution
to overall ice algal biomass estimates in the Arctic Ocean. The potential for higher ice algal biomass
in thick MY1 with less snow, in conjunction with a lack of significant difference between FYI and
MYI chl a biomass during our study suggests thatonrgoing loss of MYl in the Arctic Ocean may

have a more negative impact on+associated production than generally assumed.
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Paper 7. Suitable ice -algal habitat and biomass are largely
und erestimated over multi -year sea ice
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Abstract

There is mounting evidence that mgldar sea ice (MYI) is a unigue and important component of the
Arctic system and it may play a more important ecologicaltt@e previously assumed. In this study

we aimed to improve our understanding of the suitability of MYl as a habitat for sea ice algae by
testing the hypothesis that MYl hummocks have the potential to host high biomass of-ibettom
algae due to their typadly snowfree surface.

We sampled sea ice cores from MYI (22.1 m), firstyear sea ice (FYI; 1.3 1.8 m) and lead ice
(0.8 — 0.9 m) within the Lincoln Sea during four consecutive spring seasons. Snow depth at core
locations ranged between 0.600.60 m (MYI), 0.15- 0.47 (FYI), and 0.04- 0.09 m (lead ice).
Bottomice integrated chi biomass ranged between 8.8.6 mgm® (MY]I), 0.0 — 1.9 mgm (FY]),

and 0.1- 1.5 mgm? (leadice). We sampled four MYl hummocks with a mean @hiomass of 2.0
mgm?. Three of the four hummocks cored had the three highest biomass values of all cores from alll
ice types. MYl hummocks also had significantly higher alidiomass than FYI and refrozen melt
pond MYI cores. We identified a threshold value of 6.75 forkihié& (snow plus ice) integrated light
extinction coefficient (k), above which nearly zero biomass was observed. Snow and ice surveys
were classified as not suitable; (k 6.75) or suitable k< 6.75) habitat for ice algae. The coverage of
suitable icealgal habitat was < 6% for thiddYI (> 3m), 17— 38% for thinMYI (< 3 m), 87% for

FYI low-snow (< 0.20 m), 18 37% for FYI highsnow (> 0.20 m), and 100 % for leaak. Our
results confirmedhe hypothesis that MYl hummocks do have the potential to host substantial ice
algae biomass.

We applied our habitat classification to parctic Cryosat2 sea ice thickness and snow depth data
products and showed over an order of magnitude greater pecsemage of suitable iesgal habitat

when we considered the variability of the snow and ice properties compared to a block model
approach assigning one snow and one ice thickness value. A simple 1D model showed initial model
conditions set for chh had a larger influence on algal growth than variable light conditions between
ice types. The initial chh values were, however, ultimately the result of the variable light conditions
experienced at the different ice types. Our case study results furtheasirgothe need to implement
variable snow and ice conditions for-gpaling and modeling studies, in addition to improved model
parametrization of initial conditions.
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7.1 Introduction

The extent of multyear sea ice (MYI) has declined dramatically in thelss record from 75% of

the total Arctic sea ice padk the mid1980s, to 45% in 201Maslanik et al., 2011)This trend is
expected to continue, given large sea ice volume losses observed from satellite ice thickness data
(Laxon et al., 2013and modding studies(Schweiger et al., 2011fFurthermore, sea ice extent has

been declining in all seasons with the most pronounced rates of decline in s(Btrmeve et al.,

2012; Stroeve et al., 2011The record minimum summer sea ice extent set in Septehiier
(Parkinson & Comiso, 2013which was a remarkable decline from the previous 2007 record,
demonstrates the continued vulnerability of the Arctic climate system. The Arctic ecosystem may be
particularly vulnerable to climate change, however, monigpriological and biogeochemical
processes and interactions is much more difficult as these components are not easily observed from
satellites or airborne systems. Of great consequence to our understanding of the Arctic sea ice system
is the lack of ecologally relevant studies within the vast MYI covered region of the Arctic Ocean
(Wassmann, 2011)

A disproportional amount of research effort regarding sea ice ecology has been dedicated to coastal
regions dominated by firgtear sea ice (FYI). In order tanderstand and monitor changes we need a
greater understanding of the current state of the entire Arctic sea ice ecological system. This requires
baseline studies of MYI covered regions of the Arctic Ocean, which is already too late in many
regions due tohe disappearance of a large portion of the MYI cover. From the limited number of
studies conducted within MY| covered regions there is mounting evidence that MY| is a unique and
important component of the entire Arctic sea ice system and that MYI mayaplayre important
ecological role than was previously assumed. For instéiat@m et al. (20163uggested that a shift

from a predominantly MYl to predominantly FYI sea ice cover will result in more functional
instability within sea ice bacterial commuegi causing a reduced capacity to adapt to environmental
disturbances. This has important consequences for nutrient dynamics for the Aentioe
Furthermore, during summer, high latitude regions dominated by MY showed the highest proportion
of icerelaed primary production compared to the water colyfernandesMéndez et al., 2015;
Gosselin et al.,, 1997)Maximum undetice algal aggregate biomag¢Katlein et al., 2014apnd
maximum irice algal biomasg¢Lange et al., in reviewyvere also observed with MYl dominated

regions compared to the lower latitude FYI dominated regions. These higher biomass observations
were attributed to reduced melt, likely resulting from a combination of higher latitude and thicker sea
ice. There remains a significant knoddge gap in terms of MY1 algal biomass and production during
spring due to the logistical constraints of sampling within this region at this time of the year.

One approach to improve our understanding of the ecology of MYl would be to identify key
relatiorships between the algal communities and the physical sea ice environment, which can be
substantially different between the two ice types. These relationships would vastly improve our ability
to: i) model sea ice biogeochemical processes; and ii) devel@ble sea ice algal habitat
classification system$fased on critical/threshold properties that are strongly related to ice algal
growth and biomass, which can be applied toAentic satellite and airborne observations.

Threshold light levels (i.e., itical light levels) for icealgal growth have been proposed and may be
determined by lab experimern{tSosselin et al., 1985; Gosselin et al., 198&wever, it is difficult to
re-create the natural environmental variability using experiments, partictitaerice algae, and thus

may not be representative of the natural communities. During spring, ice algae growth is primarily
controlled by light availability and thus largely influenced by the physical properties of the snow and
ice that control light trasmittance to the bottoiee, where the highest algae biomass is locéted

review inVancoppenolle et al., 2013)ue to the influence of snow and ice on light transmission
(Maykut & Grenfell, 1975; Thomas, 1963now and ice thickness have the poterntabe used as
proxies to identify regions of suitable sea ice algal habitat. Incoming solar radiation can generally be
assumed to have higher temporal variability (e.g., diurnal patterns and cloud cover) than the physical
snow and ice properties, whichvegaa dominant influence on light transmittance. We must note that
events such as snow storms or sea ice ridging can also influence the snow and ice light field on
relatively small timescales, however, these events can be considered less frequent amavéhas
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smaller albeit important influence on light availability. Therefore, we propose the physical
environment may be a robust proxy of leegm light availability for ice algae and should
demonstrate some key relationships that can be used for aaedablice habitat classification
system.

A similar approach to identify a proxy for ice algal growth was previously suggesteanigg et al.
(2015) Lange et al. (2015%onducted a muklyear study within the Lincoln Sea and demonstrated no
significant dfferences between springtime MYl and FYI algal ehlbiomass. However, it was
proposed that MYl hummaocks (i.e., relatively large surface undulations protruding ~ 1 m above the
adjacent level ice) may be suitable habitat for high accumulations of algsddsdecause of the low
snow cover on hummocks, which could lead to higher light levels at the ice bottom, despite
hummocks being thicker than the surrounding level ice. This hypothesis was proposed based on one
MY ice core that showed high botteite chla biomass, which was identified as a hummock post
hoc. Schiinemann and Werner (20G830 observed the highest springtime-atgal chla values in

the bottom of the thickest ice with lowest snow cover, which may also be considered a MYI
hummock. This hypinesis has potential pakrctic implications as hummocks are a common feature

of MYIl and may represent a largely undstimated region of suitable ice algal habitat currently
neglected from largecale estimates and modelling studies.

Here we test the hgphesis that MYl hummocks have the potential for higher biomass than other ice
types due to the increased transmission of light in these regions. To this end, we have extended the
work presented iLange et al. (2015)with an increased sampling effort Yl hummock (MYI-

Hum) locations. In addition, we sampled other ice types including FYI and deeper snow covered
regions with relatively lower surface elevation, which we refer to here asméttiponds (MY{MP)

as these locations are commonly refrozen npelhds due to accumulation of melt water in
topographically low regions. Furthermore, we conducted uicgelight measurements to assess the
variability of the undeice light field for the different ice types and related the optical observations to
ice-algal biomass. Based on the observed ophaabgical relationships at the ice core locations, we
classified sea ice hab-stuat ab bagalgrovght Wehegtrapolatedi t a b | €
this classification from the ice core locations éadl scale snow and sea ice surveys to assess the
cover age o f-aldalsseaiice hdbitats for different ice types. We applied the developed
physicatbiological relationships to two case studies:

1. Developed a habitat classification system andiagpt to parArctic satellite ice thickness
(Cryosat2) and snow depth climatology data products to demonstrate the potential
importance of MYI algal biomass on pamtic scales.

2. Used the different habitat classes to initialize and parametrize 1D sp@@@ss models in
order to demonstrate the importance of parameterizing different types and snow covers of ice
in sea ice biogeochemical models.

7.2 Material and Methods

Here we present observations conducted in early May 2013 at two FYI stations and sitahbris

in the Lincoln Sea, north of Ellesmere Island, CanaB@ufe 1). These observations are
supplemented with data from 202012 that were previously presentedLenge et al. (2015)All

sites from 2016- 2013 are grouped by location and showifrigure 1. Groupings are listed ifable

1. Methods described in the present study refer to sampling conducted during the 2013 campaign
unless otherwise stated. Site naming follows the same protocolLasge et al. (2015)n the form

“SBY” witlhigaths2te “SS” enumerated in consecut |
digit) year *“YY". During the 2013 season, at S C
regions from the same site, which were classified as different ice types. Wsaalpted at different

revisit periods of the snow removal experiments. For example: at sit8 @& sampled a refrozen

melt pond (06L3-MP) and hummock ice (663-Hum). In addition, we sampled the melt pond at

different revisit days {t= day 1 = 0613-MPty; and § = day 3 = 06L3-MPt;).
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Figure 1: Map of the study region north of Ellesmere Island, Canada. Site groupings are shown, and
the corresponding sites for each group are provided in Table

7.2.1 Snow, sea ice and surface topography surveys

Snow depth ad ice thickness surveys were conducted as describeégrige et al. (2015)In
combination with the drill hole ice thickness measurements and snow depth surveys, measurements of
the snow and ice surface elevation were conducted using a laser level \ad regr. The laser

survey provided snow and ice surface elevation relative to the reference laser level plane and were
conducted as described Hicken and Salganek (201@y tying these data in to sea ice freeboard
measurements at the drill hole locaspthe surface elevations were converted to relative elevations
from the local sea surface height, i.e. the ice surface elevations represent sea ice freeboard. In 2012
the snow and ice surveys were conducted along a single transect at each site. larthatvey
transects were conducted along a MYI floe (sitel@), a FYI floe (0212), and at one site that
spanned a MYI floe and a refrozen lead-{(. Survey data from site @& was split into two
separate surveys at the boundary between the MY bftoethe refrozen lead. Survey transect lengths

for each site are shown ifable 1. In 2013 the snow and ice surveys were conducted on two FYI
stations (0213 and 03L3) and six MYI stations (013, 0413, 0513, 0613, 0713, 0813). In 2013

the surveys we carried out along two perpendicular 100 m long transects that intersected in the
middle of each transectéblel).

Coincident electromagnetic (EM) ice thickness surveys were conducted during the 2012 campaign
using thr Geonics EM3 (9.8 kHz, 3.66 m cbispacing obtaining ice thickness values using an
exponential fit method as described @¥eissling et al., 2011)During the 2013 campaign EM

thickness surveys were conducted using the HRI® from GSSI (9 kHz, 1.21m coil spacing).

Results were obtainedsing a model analysis (2400 mS water conductivity) that finds the best fit
between modelled and measured quadrature values, assigns the according ice thickness and averages
data over 5m intervalsThickness values were then interpolated to 1 m intengitsguthe spline

interpolation method provided by the R software funcipiinei n t he “ st ats” package
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Bulk integrated light extinction coefficientsg kdimensionless; i.e., the bulk extinction of light over
the entire column of snow and ice), were agkdted for the snow and ice surveys based on common
literature values, symbolized hereafter as,k For all calculations we used extinction coefficients for
snow k = 20.0m™ and sea ice ke 1.55m™ (Grenfell & Maykut, 1977; Thomas, 1963Jhe valueof

ks was chosen from a table of valug§homas, 1963based on a corresponding snow density
comparable to measured values for our study rediange et al., 2015)The values of kand kwere

integrated over the depth of the correspondingice and snawy er s t o provi de “int e
coefficients” (di mensionless) for all measur eme
core site. The “bulk (snow plus ice) integrate

calculated as thsum of the integrated extinction coefficients for snow and ice. In the resulting bulk
integrated extinction coefficients, larger values mean shallower penetration of light.
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Table 1: Summary of sea ice survey sites. Physical and optical properties sddtice and snow cover are provided for each site and ice type.

hi

kB,ca\Ic 5

Site Group  Profile® Ice Type (mean) hi (IQR) hs (IQR) b (IQR) rmsgy  Kgcaic (IQR) 6.75 (%) Pi P Pty
A5-12 A Line (50 m) Leadlce 0.8 0.8(0.80.8) 0.06 (0.040.09 ) 2(38) 8 24(2.129) 100
A212 A Line (100 m) FYI 18 18(1.719) 0.29 (0.220.33) 11(815) 12 8.6 (7.49.2) 18 - - -
A2-13 A Cross FYI 1.7 1.8 (1.71.8) 0.17 (0.110.23) 11 (1014) 12 5(3.96.2) 87 31 29.5 39.0
A3-13 A Cros FYI 16 1.6 (151.7) 0.29 (0.240.38 ) 5(27) 6 7.3(6.39) 37 27 44.8 24.6
Al-12 A Line (400 m) MYI 3.4 3.4(2.93.8) 0.41(0.240.53) 22 (7#44) 37 13.5 (10.715.8) 3 - - -
A5-12 A Line (130 m) MYI 3 2.6(2.23.8) 0.28 (0.210.36 ) 22 (1444) 32 10.5(8.412.1) 5 - - -
Al-13 A Cross MYI 2.9 2.7(2.23.4) 0.31(0.110.44) 14 (334) 29 8.6 (5.411) 38 235 19.6 25.2
A4-13 A Cross MYI 3.1 3(2436) 0.32 (0.140.43) 14 (-335) 27 9(6.210.9) 28 21.2 24.7 23.3
A5-13 A Cross MYI 3.7 3.5(3.14.2) 0.43(0.290.64) 30 (243) 36 11.8 (9.315.6) 6 24.0 9.9 10.4
A6-13 A Cross MYI 2.8 2.9(2.33.2) 0.28 (0.170.42 ) 23(535) 27 8.2 (6.410.5) 30 14.9 9.4 8.3
A7-13 A Cross MYI 25 2.5(2.32.8) 0.33 (0.260.44 ) 205(10.530) 27 9(7.510.8) 17 135 9.0 6.1
A8-13 E Cross MYI 2.1 1.9(1.825) 0.33(0.240.43) 11 (618) 17 8.4 (6.810.5) 25 23.4 23.6 7.8
Total FYl 17(1618) 0.25(0.180.31) 6.7 (5.48.3) 53

Leadlce 0.8(0.80.8) 0.06 (0.040.09 ) 2.4(2.12.9) 100

MYI 2.9(2.435) 0.34 (0.210.46 ) 10.1(7.512.5) 18
“Cross” profiles refer to surveys conducted al ongransesto per pendicul ar 100

h; is the ice thickness;slis the snow depth; fb is the ice freeboard; grtse root mean squared of the ice freeboard (i.e., proxy for surface roughnress)s khe bulk
integrated light extinction coefficient calculated from the snowiaadsurveys. P Ps, and R, are the patch sizes determined from autocorrelation analyses (Supplerr
Material Figures S 9 S 16) of ice thickness, snow depth, and ice freeboard, respectivtelyjuartile range (IQR) represents mediar{%thd 258" — 75" percentiles.
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7.2.2 Under-ice light measurements

Spectral irradiance measurements were acquired BAMSESspectral radiometers (TOS GmbH)

with a wavelength range from 350 to 920 nm and a resolution of 3.3 nm, which were subsequently
interpolateda a 1 nm grid followindNicolaus et al. (2010)ncident solar radiatioreg) and undeice
irradiance E;) were measured using an irradiance sensor (RAMSEGS) containing a cosine
receptor with al80° fieldof-view (FOV). All spectral measurements areepented for the
photosynthetically active radiation range (PAR) between 400 to 7Q0unless stated otherwise.
Additional details about thRAMSES sensors and spectral data processirggavailable iNicolaus

et al. (2010) Spectral transmittancés) is defined as the ratio & to Es(Nicolaus et al., 2010)

Underice spectral measurements were conducted umingndefice L-arm sensor systemith a
mounted irradiance sensdrhe undetfice L-arm sensor systenmpreviously described ihange et al.

(in review), was deployed below the ice through a ~14 cm diameter hole drilled using a Kovacs Mark
I 9 cm internal diameter corer (Kovacs Enterprise, Roseburg, USA). Onceaim Wwas below the

ice, the lower ~1.2 m of the aluminum bar setup, with moussesbr, was extended horizontally, and

then slowly raised so the sensor was ~10 cm from the ice bdit@rsnowice surface directly south

of the L-arm hole was kept undisturbed durithge initial snow coveredpectral measuremenfbo
minimize shading byhe swtem equipment and operator, the spectral measurements used for further
analyses were conducted with the senmesitioned directly south of the-drm hole at distance of

~1.2 m Additional spectral measurements were conducted at equal intervats @albemisphere,
centered in the south direction. A total of BEP measurements were taken with two measurements
conducted directly south of thedrm hole.CoincidentEs measurements were conducted above the
ice directly before and directly after the umdee survey Tg was calculated for all combinations of
underice spectral measurements (N=10) and above ice incoming irradiance (N=2) for a total of 20
transmittance measurements. The two incoming irradiance and 20 transmittance spectra were assessed
to ensure no significant variability of the incoming light field.

A total of 6 undeiice L-arm surveys were conducted at sites with an undisturbed snow cover- Under
ice light surveys were conducted at one FYI-{@FY), three MYI refrozen melt pond (all3-MP;
06-13-MP; 0713-MP) and two MYI hummock core locations (a8-Hum; 0813-Hum). No surveys
were conducted under ledk (Table2). The 0613-MP and 0613-Hum L-arm sites were adjacent to
each other, separated by ~5 m.

In addition to the undisturbed smaover measurements, snow removal experiments were conducted
at two sites, 04L3-MP and 0613-MP. On the first day of the snow removal experimentqQ1-13-

MPt, and 0613-MPt1y) an L-arm survey was conducted with the original undisturbed snow pack. We
then measured the snow depth at 10 locations within the snow removal area. The snow was then
removed from a 2 m by 2 m square area with the center of the square ~ 1.2 m directly south of the L
arm hole (i.e., directly above where the two main spectra wersume. We then repeated the L

arm survey with no snow. Finally, an ice core was extracted from the main measurement location ~
1.2 m south of thedarm hole to determine chlorophgiconcentrations (see next section 2.3).

We revisited site 013-MP twice, one revisit was 3 days afte(ts; 01-13-MPt;) and the other revisit
was 6 days aftep {01-13-MPtg; Table2). There was a fresh ~1 cm layer of snow covering the snow
removal area on day 3 (B-MPts; Table2). We recored the refrozen ice from thearm hole while
minimizing disturbance to the fresh snow cover and conducted the fashlsurvey. The refrozen
ice core (refr.) from the darm hole was kept and processed for &hlThe thin snow layer was
removed and the-Brm survey was repeated with-snow. Finally, we extracted one ice core ~1.2 m
southeast of the karm hole (still within the snovfree area), which was processed for &hl he site
was snowfree when we revisited it on day 6 (@B-MPts). We conducted one-arm survey with no
snow(01-13-MPt3); no cores were extracted on this day.

Site 0613-MP was revisited once, 4 days afief06-13-MPt,; Table2). No fresh snow was present at

t, so only one snoviree L-arm survey was conducted. After theatm survey, we sampled the
bottom Q1 m of the Larm hole refrozen ice core (refr.) and the bottom 0.1 m of an ice core extracted
~1.2 m southwest of the karm hole, which were processed for ahl
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We also calculateltg based on the darm spectral surveys, symbolized hereaftekzg,, according
to (Thomas, 1963 the form:

CHo, (1)

wherezis the total combined depth of snow and sea ice in mé&ieis,the undeice irradianceEs is
the incident solar raation, anda is the surface albedo for the snow and ice types present at each L
arm survey. Here we used valuedJdfom Perovich (1996)which are listed iTable2.

7.2.3 Chlorophyll a

Sea ice core sampling and processing were conducted following praeedtlined inLange et al.
(2015) Chl a concentrations were determined fluorometrically using equations Rarsons et al.
(1989) We vertically integrated cld over the bottom section of each ice core, which varied in length
between 0.1 0.2 m, herefter referred to as the bottemtegrated chla concentrations (mgi?).
Here we used the botteimtegrated chh concentrations presentedliange et al. (2015)N= 18) in
addition to the cores collected in 2013. A total of nine bofimencore sections eve collected from
undisturbed sites during 2013.

Four additional cores were collected during later stages of the snow removal experiments (i.e.,
disturbed sites) and are considered separately to the undisturbed aitgbsblvations. Sea ice cores
extracted at ¢4 of the snow removal experiment were considered undisturbed as the cores were
removed within 1 hour of the snow removal andatgal biomass was unlikely to be significantly
influenced in such a short time. At the snow removal sitédWPt;, two cores were extracted, one

from a site ~1.2 m soutbast of the tkarm hole and one from the ice that had refrozen in thent

hole. For these two cores, the full length of the ice cores were melted (i.e., the-igettaas not
sectioned off); therefey;, the chla concentrations for these cores represent the bulk integrated chl
(also in mgm?) and are therefore integrated over the entire length of the core and not the bottom
section.

At snow removal site 6&3-MPt, two bottomice core sections werampled, one extracted ~1.2 m
southeast of the karm hole in the snow removal area, and one from the refrozen ice extracted from
the L-arm hole. Ice coring and andrm survey were also conducted at an adjacent hummaock (site 06
13-Hum). At this hummock #&, three bottorice cores were sampled in order to assess the
representativeness of ice cores from a Nidim site (0613-Hum-a, -b, -c), which was important to

test the hypothesis. We used the mean of these three cores as one sample for the stastitsdco
between ice types (663-Hum).

7.2.4 Statistical Analyses

To test if there were significant differences in botiom algal chla biomass and calculated bulk
integrated extinction coefficientsglk,) between the different ice types (FYI, leiad, MYI-MP, and
MYI1-Hum) we used an analysis of variance (ANOVA) applied to thdrbrgsformed ché and g caic
observations. Logransformations were conducted to conform with the assumptions of statistical
analyses. For a significant ANOVA test (p <®).0which indicated significant differences between
ice types, we performed a pdsic Tukey HSD test to identify which ice types were significantly
different (p < 0.05).

The 2013 snow and ice surveys were conducted in two perpendicular direction&aV€8VE) and
SouthNorth (SN). Snow depth, ice thickness, ice freeboard, ang.kalues were individually

compared between the two profile directions at

level of p < 0.05.
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7.2.5 Spatial autocorrelation an alyses

Spatial autocorrelation was used to investigate the horizontal variability of sea ice thickness, snow
depth and sea ice surface topography (i.e., sea ice freeboard). Autocorrelation was estimated using
Mo r alrflegendre & Fortin, 1989; Moran, 195Qvhich was calculated for each of the eight sites at

30 equally spaced (3.3 m) distance classes between—2%535 m. Individual autocorrelation

coef fi ci entl sstimates wite plaited’ f&r each distance class in the form of a spatial
correlogam (Legendre & Fortin, 1989) Al | anal yses were conducted u:c
correlogf rom the “pgirmess’” package. Autocorrelatio
assigned a twgided pvalue following methods in(Legendre & Fortin,1989) We used a
significance level of p < 0.05 to identify insignificant spatial autocorrelation (i.e., the null hypothesis

is true at p= 0.05 indicating a random spatial distribution) or the presence of significant spatial
autocorrelation (i.e., reject null hypothesis at p < 0.05 indicating possible pattern or patchiness). We
focused on the first-intercept of the correlogram line, whidtientifies the patch size (P) of the
variables(Legendre & Fortin, 1989)n our case: ice thickness;\Psnow depth (¥, and ice surface

topography (B; i.e., sea ice surface freeboard). This methodology is consistent with spatial
autocorrelation angses used in other snow and sea ice studies to identify patch sizes of both
biological and physical variablds.g., Gosselin et al., 1986; Granskog et al., 2005; Rysgaard et al.,

2001; Sggaard et al., 2010)

7.3 Results

7.3.1 Snow and sea ice properties

FYI ice sites had relatively uniform ice thicknesses, with site median thicknesses in the range 1.6
1.8 m, and the interquartile range (IQR) witki®.1 m of median thickness at each sitalflel). Ice
thickness was more variable between MYI sites, withsi¢dian thicknesses in the range-135 m,

and within the individual MY1 sites (IQRvithin £ 0.1— 1.2m of median;Table1). Two MYI sites

were exceptionally thick with site median thicknesses of 3.4 r120Jand 3.5 m (04.3; Tablel).
These two sés also had the thickest snow cover with median snow depths of 0.4112)(@dd 0.43

m (0513; Table 1). The median snow depth at the remaining MYI sites was consistently ~0.3 m
(Tablel). One FYI site (02L3) had a noticeably thinner snow cover thanatier two sites with a

site median snow depth of 0.17 m compared to 0.29 m for both of the other FYTsibés1). In
general, the snow cover was thicker on MYI (median for all sites 0.34 m) than on FYI (median of all
sites 0.25 m), however, the lowmnge of snow depth observations'{2®rcentile) were comparable

at 0.18 m for FYIl and 0.21 m for MYT@ablel). One survey was conducted on léeel (site 0512),

which consisted of very thin uniform ice M8thick (IQR within+ 0.05 m of median) and\aery thin

and uniform snow pack (median: 0.06; IQR: 0:02L09; Table1).

Overall, leadice had the lowest survalerived k .. (median: 2.4) and the lowest variability (IQR:
2.1-2.9;Tablel andFigure2). FYI generally had lower and more uniforomgey-derived lg cocthan
MYI, with overall median (IQR) values of 6.7 (548.3) for FYI and 10.1 (7.5 12.5) for MYI
(Table1 and Figure 2). There was high variability in the median values gf.k for both FYI sites
(5.0-8.6) and MYI sites (8.2 13.5; Table 1 and Figure 2). The two MYI sites with the highest
surveyderived kg ., c0f 11.8 (site 08L3) and 13.5 (site 012) also had the two largest median snow
depth and ice thickness valudsblel).

ANOVA and post hoc Tukey HSD tests indicatldttice core K..c were not significantly different
between FYI and MY-Hum ice types, however, all other combinations of ice types were significantly
different from each otheiT@ble 3; Figure3). Leadice cores had the lowesg k. and MYI-MP had

the highest K . (Table3; Figure3b). MYI-Hum and FYI k ., values were in between leazk and
MYI-MP ice cores. MY4Hum ice core K., Values were generally more uniform than F¥igure

3b) but within the range of FYlgkac values. The represaiiveness of ice core sampling for each ice
type is indicated ifrigure4 with vertical lines depicting ice corg kvalues. The probability density
functions Figure4) are the survegerived lg .o values for all sites summarized per ice type slt i
apparent from the density plots and vertical ice core lines, that the lower range of fydrd the
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higher range of leatte ks .o could be better represented with more ice core samples in these regions,
whereas ice cores from MY| are well repneisel over the full range of surveyeg k.

Each directional profile conducted in 2013 (WEsst and Southlorth) of snow depth, sea ice
thickness and surface topography combined with coincidggf. kprofiles are shown in the
supplementary materiéFigures S1S8). The directional comparison, Wsst vs. SoutiNorth, of

the eight perpendicular snow and ice surveys showed significant differences for ice thickness at four
sites, for snow depth at five sites, for ice freeboard at three sites, dadfoat six sites Table4).

From the snow and ice survey data we found strong, significant (p < 0.05) negative correlations
between snow depth and ice freeboard on-leadr =-0.56), FYI (r =-0.69), and MYI (r =0.73;
Table5). We also observed\aery strong, significant correlations between snow depth and calculated
bulk integrated extinction coefficients leadice (r = 1.00), FYI (r = 0.97), and MYI (r = 0.9Table

5).
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Figure 2: Probability density distributions of bulk integrated extiotcoefficients (ka¢ calculated
from the snow and ice surveys for individual sites. Dashed vertical line is the threshQkd & 75.
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Figure 3: Comparison between ice types of a) ehbiomass; and b) calculated bulk integrated
extinction cefficients (kcad. Bars represent the median and error bars the interquartile rarfge (25
and 7% percentiles). Dashed horizontal line in b) is the threshglg.k 6.75.
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Figure 4: Density distributions of snow and ice survdgrived bulk integratd extinction coefficients

(Ks.card Shown for the combined surveys grouped by ice type. Solid vertical lines correspang.to k

of ice core locations from the corresponding ice type. Dashed vertical lines corresponds to the
threshold k .5 cvalue of 675.

Table 3: Posthoc Tukey HSD test results showing the adjustedly® matrix for multiple
comparison of the means of the lwgnsformed chh biomass and correspondirglculated bulk
integrated extinction coefficientsgk, 9 for the different icaypes.

Variable Ice Type FYI Lead-Ice MYI-MP MYI-Hum
Chla FYI (N=6) -

LeadIce (N=2) 0.87 -

MYI-MP (N=13)  0.986 0.735 -

MYI-Hum (N=4)  0.047 0.52 0.013
I(B.calc FYI (N:6) -

LeadIce (N=2) 0.00 -

MYI-MP (N=13)  0.007 0.00 -

MYI-Hum (N=4) 0.22 0.001 0.0001

Bold values indicate significant difference between ice types (p < 0.05).
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Table 2: Summary of the tarm measurements and corresponding ice cores. Summaries are per site and revigittsddy ) for snow removal
experiments. Snow conditions indicate if theatm measurements were conducted under snow or no snow.

Site Ice type ?Zr(;(r)\\(ljvitions hg h; Es Er Te ,:\Lbedo Ko calc Koobs Chla Core (section)
(m) (m)  (umols photons 2 s2) No units mg i’

01-13-MPty MYHFMP Snow 0.36 2.25 1019.3 0.5 0.0008 0.81 10.6 55 -

01-13-MP1, MYMP No snow 0 2.25 707.5 8.8 0.0165 0.4 3.4 3.6 -

01-13-MPts MYMP Snow 0.01 2.22 996.6 12.6 0.0153 0.87 3.6 2.1 1.04 Refr. entire core
0.01 2.21 1.12 entire core

01-13-MPts MYMP No snow 0 2.25 1035.7 145 0.0180 0.4 3.4 35 -

01-13-MPts MY EMP No snow 0 2.25 1218.0 13.9 0.0148 0.4 3.4 3.7 -

02-13-FY FYI snow 0.13 1.77 1045.9 25.9 0.0297 0.81 5.3 1.9 0.57 bottom 0.16 m

06-13-Hum MYI-Hum No show 0 4.09 951.2 3.0 0.0044 0.7 6.3 4.2 3.59 Huma bottom 0.1 m
0 4.12 2.73 Humb bottom 0.1 m
0 4.03 1.26 Humc bottom 0.1 m

06-13-MPty MYFMP Snow 0.41 3.3 1380.2 1.0 0.0012 0.81 13.3 5.0 0.55 bottom 0.1 m

06-13-MPty MYFMP No snow 0 3.3 1114.2 5.8 0.0083 0.4 5.1 4.3 - -

06-13-MPt, MYMP No snow 0 3.29 620.5 5.0 0.0111 0.4 5.1 4.0 1.17 Refr. (bottom0.1 m)
0 3.24 0.98 bottom 0.1 m

07-13MP MYFMP Snow 0.24 2.32 931.7 0.5 0.0008 0.81 8.4 55 0.06 bottom 0.17 m

08-13-Hum MY FHum Snow 0.1 3.07 1074.8 3.3 0.0049 0.81 6.8 3.7 0.62 bottom 0.1 m

values taken fronfPerovich, 1996ipr corresponding snow or ice type.
Table 4. Directional comparison of snow and sea ice surveys from 2013 summarized bE&Se8VE and SoutiNorth (SN) transect directions.

. ¥Mean h ¥Median (IQR) h ¥Median (IQR) h #Median (IQRYb a . . Ko cac <
Site Ice i i s rmsg, Median (IQR) Kg caic 6.75
(m) (m) (m) (cm) %)
WE SN WE SN WE SN WE SN WE SN WE SN WE SN
0213 FYl | 1.7 18| 1.7(1.61.7) 18(1.71.8 | 0.20(0.150.25)  0.13 0.080.19) | 11 A0-12) 12 (1016 11 13 | 56 (4.665) 4.3 (3.45.4) 84 89
0313 FYl | 16 16| 1.6(1.61.7) 16(15.7) | 0.280.240.34) 0.310.25040) | 5(37) 4 (17) 6 6]7(6.382) 7.6 (6.59.3) 44 30
01-13 MYl | 27 31| 27(2132) 28@239) | 036015047  0.28004041) | 11@-31) 18 (245 22 34| 9.2(6.2115)  7.8(4.8105) 32 44
0413 MYl | 34 27330840 27(2232 |032(017.42) 0.34(0.1045) |16¢337) 115¢3-33) | 28 27|9.1(7.310.7) 8.9 (5.111) 22 35
0513 MYl | 37 3.7|32(304.1) 3.6(3.24.3 | 044(0310.68) 041(022.6) |220-36) 33 (1648 30 40| 12.5(9.815.8) 115(88144) | 4 8
0613 MYl | 26 29|25(2129 32(253.3 |0.26(0.1043) 028(020.42) | 22(435  23(1534) 26 27| 7.7 5105 8.5 (7.110.8) 44 17
0713 MYl | 26 25260428 25@.128) |028(0210.35) 0.4(0.31053) |25(1632) 17 (727) 22 31| 8.26.99.4) 10.3(8.6126) | 22 13
0813 MYl | 21 21190725 20825 | 035027042 027021043 | 8(514) 13 (619) 15 19| 8.6(7.310.9 7.7 (6.210.6) 15 35

®Bold values correspond to significant differences (p < 0.05) and italics correspond to differences with 0.05 < p <dOoh, t@sgés comparing
the WE and NS perpendicular transects.

181



Chapter 4 - Paper 7: MY algal biomass under-estimated

® MYI-Hum

T
1
|
® 06-13-Hum-a o MYI-MP
| A FYI
s | A FY|-Lead
] |
- ® 06-13-Hum-b
v |
E |
[+ |
E o~ ® .
: :
z A |
[ ] 0'5-13-’41117!-0
- o
| A3
02-13.FYA  ®08-13-Hum 05-12Mm0
‘ ;
06-12-Lead | 07-13-MP O O . B
o A a0 29 ' O J_'::J . O
; :
T
0 5 10 15
K, cae (MO units)
T
e .
]
1
1
]
o - I
- .
— 1
. ® 06-13Hum
E '
[+ ]
E ~N - !
g 1
= '
= '
[+
01-13-MPt3 '
U O O 06-13-MP14
1
08-13-Hum |
H L ® 0B-13-MPt0
02-13-FY 1
]
o ®07-13-MP
! T
0 5 10 15

Kg c0s (MO UNIts)

Figure 5: Ice core chla biomass versus a) calculated bulk integrated extinction coefficiggiik

and b) observed bulk integrated extinction coefficients.yk obtained during the Hfarm light
transmittancesurveys. Red dots indicate suspicious points explained in main text. Dashed vertical
lines indicate the determined critical light extinction thresholdsggfidof 6.75, and kB,obs of 5.5,
which separate suitable and rsuntable sea ice algal habitats.

7.3.2 Chlabiomass at undisturbed sites

ANOVA and post hoc Tukey HSD tests indicated that ice cora bidmass was significantly higher
in MYI-Hum ice cores than FYlI and MYIP ice cores (p < 0.05Table 3 and Figure 3a). No
significant differences in ice cerchla biomass were observed between the other ice tyifaddq3
andFigure3a). Three bottonice cores (triplicates) were taken from the same hummock at sit8 06
(i.1., 0613-Huma, -b, -c); the mean of the triplicate core sections, 2.53T|rﬁgwas he maximum
value used in the ANOVA and Tukey tests. Two of the triplicate cores had the highest (3159 mg
06-13-Hum-a) and second highest (2.73 mg; 06-13-Hum-b) biomass values of all corgSigure5;
Table2). The third triplicate had the sixth higst biomass (1.26 mg?; 06-13-Hum-c; Table2). The
three other MYI hummocks sampled had the third (2.061Ag seventh (0.82 mm®) and eighth
(0.62 mgm?®) highest biomass of all botteive cores Figure 5). Two of the six FYI cores had
relatively Hgh biomass; the highest biomass FYI core (1.9Imdghad the fourth highest biomass of
all cores and the second highest FYI core (0.57mAghad the ninth highest biomass of all cores
(Figure5). One of the two leaite cores had high biomass (1.48 m@) while the other was near
zero (0.05 mgn'?; Figure5).
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Table 5: Correlation matrix between the snow and ice sudeyved properties: snow dept)( ice
thicknesslf), ice freeboard (fb) and calculated bulk integrated extinction coefficiesdgXk

Ice Type Variable hs fb Kscalc
Leadice hg -

fb -0.56¢ -

Ks calc 1.00* -0.54* -

h; -0.13 0.34* -0.07
FYI hs -

fb -0.69 -

Ks calc 0.97 -0.56 -

h, -0.41* 0.5% -0.25*
MYI hs -

fb -0.73 -

Ks.calc 0.91* -0.49* -

h; -0.27* 0.66° 0.07*

*indicate significant correlations (p < 0.05) amald are strong correlations (r > 0.5

Two suspicious ice cores were identified and depicted with small redriigis€5): core 0613-MPt,

had anomalously high chlbiomass given ithigh ks cac Value and cor@6-12( | ab e |-12-leela d '0 6
in Figure5a) had anomalously low ché biomass given its lowde, value (Figure5a). Core 0613

MP1,, however, showed a better fit, relative to all other cores, withgthgvialue Figure5b).

Based on the relationship between ehbiomass and bulk integrated light extinction coefficients
(ks.cai) We separated the samples into two habitat classes using the identified thrgsholdlke of
6.75 Figure5a). The threshold value of k. was visually identified at the clear division between
high biomass and low biomass cores (dashed vertical liRgyire5a). The two classes are: i} ki

< 6.75 was classified as suitable habitat fordtgmal growth as biomass values below this threshold
had the highest biomass of all cores (with the exception of oneideacbre; Figure 5a); ii)
conversely, > 6.75 was considered-goitable habitat foice-algal growth due to nearero or very
low biomass values above the threshéligigre5a). This pattern was similar based on the relationship
between biomass and the observgg.kvalues Figure5b). The threshold value ot k,swas slightly
lower at5.5 than the 6.75 determined for the.de (Figure5), however, only one low biomass core
was available so this may be a less reliable threshold estimate thanfttareshold. Nevertheless,
the anomalous core &3-MPt, (Figure5a) shows a bettaelationship with the kppsand the K carc
was higher than thgkps This indicates that there was more available boit@right than expected

at the 0613-MPt1, site, which is likely the result of horizontal scattering from the adjacent hummock.
The higher than expected light values also helps explain the higher than expecteditettgal
biomass.

7.3.3 Under-ice light surveys and snow removal experiments

Underice L-arm surveys were conducted under undisturbed snow and ice conditions at five sites
(Table 2). One undisturbed site was a snfree hummock (043 MYI-HUM) with a thickness of

4.08 m and transmittance of 0.004. The undisturbed snow sites were highly variable in terms of
physical properties with mean snow depths (measured at 10 locatibimsan2 x 2 m square centered
above the light measurement) ranging between 0.13 rl3®#) — 0.41 m (0613-MPty), ice
thicknesses between 1.77 {02FY) — 3.30 m (0613-MPt,), and transmittance values ranging
between 0.001 (013-MPty) —0.03 (0213-FY; Table2).

Snow removal experiments were conducted at two sitedFMP and 0613-MP). Disturbed (no
show) L-arm surveys showed little variability with transmittance values ranging between -0.015
0.018 (0IMP) and 0.0083- 0.011 (0O6MP; Table 2). Revsit site 0tMPt3 had a fresh 1 cm snow
layer present, which had a relatively minimal influence on the light transmittance with values of
0.0153 (with fresh snow) and 0.018 (fresh snow removabte?2).
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The literaturebased k.. values compared to thebgervatioAdbased ko, values showed minimal
differences for all surveys conducted with no snow cover, whether they were measurements from
snowfree undisturbed sites or from disturbed (srrewoved) experiment site§dble?2). Differences
between K acand k onsfrom L-arm survey measurements were greatest at-sovered undisturbed

sites 0113-MPt, (difference of 5.1) and 063-MPt, (8.3; Table2). Noteworthy differences were also
found between k.acand k o,sfrom L-arm surveys at all other untlisbed sites where a snow cover

was presentlable2).

Ice cores were extracted at the snow removal sites during the first visit (i.e., basedim®mEd) and
the second revisit {ite 0113-MPt; and {, site 0613-MPt,) after snow removal. Unforturely, the
baseline core sample from site-BPt0 was lost. Core 063-MPt, had a chla biomass of 0.55
mgm? and the biomass at this site nearly doubled after four days with no snow; two-bmstoanes
extracted during the revisit survey (@8-MPt,), had chl a biomass values of 0.98 and 1.17 m{g
(Table2). Entire ice cores extracted at site IBMPt; had relatively high chh biomass (note: chl a
was integrated over the entire core, not the bottom section). We cannot assess the magnitude of
change m chl a biomass during the 3 day period with no snow, froml83MPt, to 01-13-MPts.
However, it is likely that there was an increase inahlomass since under the original thick snow
cover (0.36 m) with Kqps (5.5) equivalent to the observed threshehlue, we would have expected
low or near zero biomass.

7.3.4 Spatial coverage of suitable sea ice algal habitats

Based on the determined & threshold value of 6.75, we identified the spatial coverage along each
snow and ice survey withgka,c < 6.75 andclassified these regions as suitable habitat foiaigel
growth. The percent coverage of suitable-atgal habitat for all ice types showed a significant
relationship with site median snow depttf €R0.82). Overall, leaite had the highest coverage o
suitable habitat at 100%, with FYI second at 53 % and MYI| the lowest coverage atTbRblj.
However, there was high variability in the percent coverage of suitabldgakhabitat within the

FYI and MYI ice types. For FYI sites the percent coverafjsuitable icalgal habitat ranged from
18 — 87 %. For MYI sites the percent coverage of suitableaigal habitat ranged from -3 38 %.

Two FYI sites (0212 and 03L3) had suitable habitat coverages (18 and 37 %, respectively) within
the range obseed for MYI sites Tablel). The thickest MYI sites (012 and 0513) were among the
lowest suitable habitat coverage values with 3 and 6 % suitable habitat, respectively-12ital€b

had low suitable habitat coverage (5%) but was not considered astcice site with a mean
thickness of 3 m. Al other “thin” MYl sites hact
—38 % (Tablel).

7.3.5 Spatial autocorrelation

Spatial autocorrelation analyses and spatial correlograms indicated larger sekinasghpatch sizes
(P) for FYI, with patch sizes around 30 m, than for MYI, which had patch sizes between 2815
(Tablel). Snow patch sizes {Pwere generally larger for FYI (3045 m) compared to MYI (9 25

m; Tablel). Freeboard (surface topaghy) patch sizes (p were also typically larger for FYI (25

40 m) than MYI (6- 25 m); however, two MY sites (613 and 0413) had patch sizes comparable to
FYI (23 —-25 m;Tablel). The other four MYI sites had surface topography patch sizes beéveen
10 m (Tablel). Spatial correlograms are shown in supplementary matErgalres S9 t&16).

7.4 Discussion

7.4.1 Seaice algal chla biomass

Sea ice cores sampled from MYIl hummocks had significantly highea bidmass than ice cores
sampled from FYIl and M¥MP (Figure3 andTable3). To the best of our knowledge, the biomass
values from our hummock botteime samples in the range 0.623.6 mgchlam? (6.2 — 35.9
mgchlam?®) are among the highest reported from Arctic springtime M¥élnikov et al. (200
observed comparable maximum bottae algal chla concentrations of 9.3%gm™ during a
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seasonal study of MYI; however, their maximum values were observed inStliyinemann and
Werner (2005)eported generally low chd biomass values for all samplesllected during late

winter (April) with the exception of one core, which had bottomachbncentration of 3.4 mg

This core also was the thickest ice (2.46 m) with the thinnest snow cover (L.angg et al. (2015)
proposed that MYl hummocks aaesuitable habitat for sea ice algal growth due to the typically thin
snowcover on these featurelsange et al. (2015argued in combination with th&chinemann and
Werner (2005)study that lowsnow, highbiomass hummocks may be common feature of MYI.
However, with only two ice cores showing the potential suitability of hummocks falges growth,

further data was required to test the hypothesis that hummocks could represent a significant portion of
suitable habitat for icalgae in the Arctic. Using #hresults fronLange et al. (2015pgether with our
additional samples from MYI hummocks, we have demonstrated that these features do in fact have
high sea ice algal cfa biomass, with higher biomass than FY| sampled from the same region within
the Lincdn Sea. Furthremore, our MYl hummock biomass values are among the highest chl
concentrations reported for MYI in the Arctic Ocean. We can therefore confirm the hypothesis
proposed byange et al. (2015hat MYI hummocks are a suitable habitat for seadlgal biomass,

which can be attributed to more available light due to a typically thinner snow pack than the
surrounding MY1 with a more uniform surface topography.

Ice core chh biomass values from ledde were not significantly different than humnkschowever,

this should be interpreted with caution since we only had two beétersamples from leaide. One
leadice core had high biomass, which we can also attribute to high bm¢ohght levels due to a
thin, uniform snow pack. The other lei@ core had the thinnest snow cover and thinnest sea ice of
any cores considered in this study but it had-zean chla even though light levels at the bottéoe
would have been high.ange et al. (2015ttributed the low biomass to either light leviiat were

too high and inhibited algal colonizati¢gBarlow et al., 1988; Michel et al., 198&)r sea ice growth
rates were too rapid to establish substantial algal biothagendre et al., 1991Regardless of the
higher light levels present under leiae, higher chia biomass was observed in three of the bottom
ice hummock sampled=igure 5), which also suggests there could be some limitation imposed on
algal growth by higher light levels.

Two bottomice FYI samples had relatively high biomass; one ggsparable to MYAHum bottom

ice chla biomass. Our proxy for potential light availability; &, for these two FYI cores were also
comparable to the MYHum core sitesKigure 5). However, if we also consideg ks for the FYI

core at Larm site 0213-FY, the observed value is actually lower (i.e., more available light) than the
MYI-hum cores Kcac and lgons Values Figure 5). kg ons from site 0213-FY is actually more
comparable to.acfor the highbiomass leadce core but has lower biomatssan would be expected
relative to other bottorite chla values with similar potential light availability.

One explanation for the lower than expectedachiomass from FYI sites with high potential light
availability is that the snow cover is continuudeing redistributed, which would result in a
continuously changing light regime for the Halgal communities at the bottom of FYI. This is a
consequence of the level surface topography typical of FYI, which is apparent from the snow and ice
survey at ¥l site 0212 (Figure6a). This results in a drifted snow pack that is redistributed based on
wind speed and direction and is continuously changing as there are no surface ice features (e.g., ridges
or hummocks) t hat can “tr @fprfing to fkeeel F¥YIhMichel €t Alot e : W
(1988) showed photanhibition has a rapid response to increasing light conditions whereas- photo
adaptive strategies to higher light conditions (i.e., adjusting photosynthetic rates to increased light
conditions) havédeen linked to cell division time, which is on the order of a few days. The influence

of a continuously changing snow cover would have resulted in intermittent periods of suitable light
conditions for algal growth. Together with the lag in adaptive sfiegeto changing light conditions,
changes in the FYI snow cover may have resulted in the diminished capacity for FYI to accumulate
chl a biomass compared to MYl hummock ice.
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Figure 6: Snow and sea ice surveys conducted at a) FYI sit2Gshowing the &ith-North transect;
and b) MYI site 0613 showing the WedEast transect.

Snow redistribution likely has an important influence on-gal communities, however, little is
known of the temporal evolution of snow on FYI and at what-scedes it variesTherefore, another
explanation could be that igdgal biomass between the ice types was not different for the identified
relatively higher biomass sites. Rather, the carbon ta cdtios were different between ice types due

to differences in photadapation, which typically range between 2810 i.e., mg C/mg chd (Arrigo

et al., 2010) Possible differences in pheadlaptation were supported by the large differences in
observed light conditions, with an observegkat site 0213-FY of 1.9, which tanslates to three

times more light transmittance { F 0.03) than the averaged snow removal sitd ®MP (kg ops =

4.15; Te = 0.01;Table2). Furthermore, bottorte chla biomass of site 023-FY was only half the
bottomice biomass of snow removal si-13-MPt,;, which had three times less light conditions
during a period of four days. Snow removal site13IMPt; also showed similar entire cere
integrated chh biomass and slightly higher light availabilitys¢s= 3.5—3.7; Te = 0.015 to 0.018)
compared to snow removal site-A8-MPt,. We assumed the entire core aHbhiomass observations

were predominantly the result of recent botiime algal growth, due to higher light levels, since one

core was refrozen sea water frograhd the other was a futore of original ice present & {This
excludes the possibilities that substantial biomass was incorporated into the refrozen ice core from the
sea water or that the biomass was within upper portions of the sea ice because both cores showed
similar bianass values.

We note that the significantly higher cabiomass observed in MY#Hium should not be interpreted

as having more actual igdgal biomass than FYI. This is due to the presence of two FYI cores that
were within the range of M¥Hum chla values and may actually have higher or comparable biomass
if we consider phot@daptation (i.e., carbon to chlatio). If we assume the higher light conditions at
FYI site 0213-FY resulted in a higher carbon to chtatios (i.e., more available light reqedr less
light harvesting chéa per cell) and applied the upper range of the typical sea ice algae carbomto chl
ratio of 40 mg C/mg chh (Arrigo et al., 2010}his results in a bottofite carbon concentration of
22.8 mg C . Conversely, applying thewer range carbon to chd ratio value of 20 mg C/mg clal
(Arrigo et al., 2010jo the three lower light condition MYHum site 0613-Hum cores (a, b, c) results

in carbon concentrations in the range 2521.8 mg C rif. Considering the possibility défential C

to chla ratios suggests that this particular MYl hummock-{@8Hum) had higher bottosite algal
biomass than FYI site 023-FY, however, the other hummock sites would have carbon
concentrations in the range 12.41.2 mg C rif. Using the samapproach for the high biomass, high
light leadice site (411) results in a carbon concentration of 76.2 mg € which is slightly higher
than the highest biomass M¥um site (0613-Hum-a). Therefore, based on our data we cannot state
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that MYIl-Hum hadhigher algae biomass. Rather, the fact that Mm cores showed significantly
higher chla biomass can only confirm MYiHum ice as a suitable habitat for algal growth.

These results indicated a complex and dynamic relationship of potential light dxgil&) with

ice-algal biomass, which is difficult to estimate from ehimeasurements alone, particularly from
highly variable environmental conditions. Therefore, we do not assess the magnitude of the
differences in actual icalgal biomass between thee types but rather quantify the coverage of
suitable sea ice algal habitat for different ice types based on the overall observed relationship between
chlabiomassand ks .., Which holds for all ice types.

7.4.2 Suitable sea ice algal habitat classificati on

The relationship between k. and bottorrce chla biomass showed a consistent relationship for all
ice types with a threshold ag k 6.75. This relationship was also observed between-drenLbased

ks obs Values and chh biomass, which showedshift to low chla biomass at a slightly lowerk,s0f

5.5 (Figure5b), however, we had only one sample above the threshold. The small difference between
the calculated @9 and observed k9 threshold values is likely the result of large vawoias in

snow properties, which can have light extinction coefficiengsitkthe range 4- 40 ni* (Perovich,

1996) The range of surface albedo values used to calculatg thenlay have also contributed to the
differences as these can also have aelai@nge of values depending environmental conditions
(Perovich, 1996) Furthermore, horizontal scattering due to the snow cover was evident from the
substantially larger differences betwden,.and k .nsfor the notdisturbed Larm surveys compared

to the disturbed surveys (i.e., snow removed so light attenuation primarily influenced by ice). This
emphasizes the influence of a highly varying snow pack on light conditions, which make it difficult to
accurately calculate light extinction from observasig@Rerovich, 1996)Nevertheless, the difference

of 1.25 in the threshold values identified fay.k and ks is rather small considering the large
variability of the horizontal scattering, albedo and light extinction values. Therefore, we used the
ks cac threshold to classify the suitability of sea ice algal habitats based ondaajerobservations of
physical snow and sea ice properties.

The surveyderived percent coverage of suitable-étgal habitat showed some general patterns
between and wiitin ice types. Overall leaide had the highest coverage of suitable habitat, which was
attributed to the uniform and thin snow pack. FYI had the largest range of suitable habitat coverage
between sites, with generally higher percent suitable habitatagevénan MYI. The range of suitable

habitat on FYI was attributed to high variability of snow depth on this ice type. A thicker overall snow

pack meant less suitable habitat and vice versa. It is important to note that the gwgrdilek,

median ofall survey location k.. was 5.0 on FYI site 023, with a median snow pack of 0.17 m

and median ice thickness of 1.8 able 1). Site 0213 could therefore be classified as FYI with

100% suitable habitat i f we ¢eéobhkea“"bBbobokkmomdel! ”
an approach in modeling or 1ggaling where each grid cell, which is typically very large (on the

order of 10s of kilometers), is assigned one ice thickness and one snow depth value and typically does

not account for any sgial variability of these properties within the grid cell. However, on sitd 2

the observed spatial coverage of suitable habitat is not 100% but rather 87% due to the presence of
snow drifts, which are features we observed at all FYI sitesHigere 6a). Conversely, the overall

ks cacwas 7.3 at FYI site 633 with median snow depth of 0.29 m and median ice thickness of 1.6 m.
Therefore, site 033 could be classified as 0% suitable-acé g a | habitat using th
approach, whereas the obsst spatial coverage of suitable habitat was 3r&ble1).

Spatial heterogeneity of sea-akgal biomass is related to the distribution of snow on FYI, due to the
large influence of snow on light transmission, with snow patch sizes reported betwee®02®
(Gosselin et al., 1986)0Our spatial autocorrelation analyses demonstrated snow patch sjzes, P
between 36-45 m for snow on FYI, which we interpreted as the sizes of snow drifts. Our results also
showed that the variability of suitable habitatfeyil was largely controlled by the snow pack, which

is spatially redistributed by wind creating the walike snow drifts with peaks (high snow) and
troughs (low snow)Gosselin et al. (19868uggested winthduced drifting resulted in shetérm
variability of the snow pack, which also influenced the distribution and perhapstréution or re
colonization of bottomice algal communities. This supports our suggestion that ice algal biomass
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growth and accumulation may be limited based on the -snt €mporal variability of the snow
pack and hence shadrm variability of available light for bottofice algal communities.

The overall snow distribution also had a large influence on the spatial coverage of suitaldalice
habitat for MYI. There were diinct differences, however, between FYI| and MYI as a result of the
different mechanisms and features controlling the distribution of snow on MYI. Contrary to FYI,
which has a snow pack in a continuous state of change due tedwied redistribution, thenow
distribution on MYI is strongly influenced by the highly undulating ice surface topography where
show accumulates in topographic lows or regions adjacent to hummocks and is removed or has
substantially less accumulation on the surface of hummocks.r@lationship between snow and ice
surface is apparent from the MYI snow and ice profifegre 6b), and was a consistent feature
observed at all MYI sites (see all 2013 profiles in supplementary material FigureS&1 Spatial
autocorrelation analgs for MY| sites showed surface topography patch sizes mostly betwetd 6

m, however, ~25 m patches were observed at two sites. The surface topography patch sizes were
interpreted as the size of hummocks. The ® m hummock size range was obvious friti@ snow

and ice profiles and was the most obvious size range for the undulating surface features in all profiles
with only a few larger hummocks ~25 rRigure 6b and supplementary Figures S1S16). The
observed distribution of snow in relation to thghiy undulating MY surface indicates that the
horizontal variability of snow on MYI is also a relatively constant feature with more snow at low
points (e.g., refrozen melt ponds) and adjacent to hummocks (or ridges) but no or little snow
accumulation on timmocks. This snovce relationship on MYl was previously documented by
Perovich et al. (2003and Sturm et al. (2002Wwho also observed that hummocks and ridge peaks
typically had the thinnest snow cover. This is an important distinction from FYI, ashM¥imocks
represent a constant suitable habitat for sea ice algal growth, which are not subject to rapid changes in
show depth and bottcime light availability, and thus can be considered a more stan;e habitat for sea
ice algae.

The quantification of tygial MYl hummock sizes and FYI snow drift sizes has important
implications for airborne and satellite remote sensing of snow. The common size range -of snow
free/lowrsnow hummocks between-610 m suggests that airborne or satellite sensors would need to
hawe at least the same spatial resolution in order to capture the variability of the snow on these
features. This is also the case for FYI with our observed snow drifts ranging betweel®b 30 and

other studies between 2090 m (e.g., Gosselin et al., 1986Therefore, in order to observe the
variability of snow on MYI and FYI there is a need for improved satellite and airborne sensors that
can resolve these spatial scales. Currently, even the best airborne snow radar measurements have too
coarse of a spati resolution and large uncertainties to be useful for characterizing the spatial
variability of snow depths at the required scale, and further improvements in snow depth observations
are neede(Kurtz & Farrell, 2011YKwok & Haas, 2015]Newman et al., @14)

Suitable sea ice algal habitat for MY had high variability between sites, which was related to overall
site ice thickness (i.e., median ice thickness). Thick MYI sites (median ice thickness > 3 m) had
substantially lower suitable habitat (< 6%) ththim MYI sites (median ice thickness3 m; 17—

38%). This was the result of thicker hummock ice with,kvalues greater than the threshold value
(6.75); under snow free conditions gk of 6.75 corresponds to an ice thickness of 4.35 m. This
means that MYI sites with median ice thiesses greater than 3 m were dominated by hummocks
greater than 4.35 m that even under snow free conditions do not represent suitagld icabitat.

One exception to this pattern was sitel@5 which had median ice thickness of 2.6 m but a suitable
habitat coverage of only 5% &ble 1). However, the entire survey or the median ice thickness value
may not be representative for two reasons: first, the IQR of ice thickness is larger than the other thin
MY sites (Tablel); and second, this survey wasiagle linear profile with a shorter length than any
other MYI site (130 m). The shorter length and larger range of ice thickness values may indicate the
profile was not representative of the surveyed floe. Furthermore, comparison between the
perpendiculawesteast and southorth profiles at each site indicated significant differences between

all physical parameters at most sites. This demonstrates that perpendicular profiles are important to
capture the variability of the snow and ice properties at s#éelGosselin et al. (1986)lso showed

that the orientation of survey transects was critical in identifying the spatial variability of snow on
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FYI and the influence on the spatial distribution of boticmalgal biomass. On level FYI snow drift
patternsare wavelike undulations of snow depth with uniform snow features (e.g., snow drifts or
valleys) forming perpendicular to the wind direction. Therefore, it is possible to conduct single linear
profiles oriented parallel to a snow drift that do not ctibessnow drift. On MYI the snow drifting
pattern is less likely to have a similar influence on the representativeness of the sampling. The
distribution and orientation of ice surface features, however, are likely more important as they
primarily control sow distribution. Though hummocks may not have direct relationship to wind
direction it would stildl be possible to survey
between hummocks and does not representatively capture the undulating surdgceptop and

snow distribution on MYI. This sampling bias is eliminated or significantly minimized when
conducting perpendicular survey transects.

One limitation of the presented observatimased habitat classification approach is that it does not
accountfor any horizontal (anisotropic) scattering of light through sea(k@lein et al., 2014b)
Another study byKatlein (2012)showed that ~90 % of the light field received at the bottom of the ice
comes from a circular footprint with a radius equal toire$ the ice thicknes$herefore, the spatial
uncertainty in k on thinner FYI was likely lower than the thicker MYI. This would be particularly
important for regions of high light transmittance (e.g., low snow cover). For MYI horizontal
scattering woulde most pronounced around hummocks with low or no snow cover. The influence of
horizontal light scattering was observed at sitel88/Pt, with higher than expected light
transmittance values observed during the undisturbaarisurvey. These higher tharpected light
levels were the result of horizontal scattering from an adjacent hummock (digeHafim) located at

a distance of ~5 m. The chlbiomass recorded at a8-MPt, was also much higher than expected
form the correspondinggka. value. Howeve the site 08VIPt0 ks onsWas substantially lower than

ks calo therefore, based on thg kscould be classified as suitable habitat. This suggests that regions in
close proximity to hummocks may also be classified as suitable habitat or at leasitentraone
between suitable and naeuitable habitat. Thus, our habitat suitability classification may under
estimate the suitable habitat coverage of MY regions.

We also observed the influence of horizontal scattering on FYI sile3®Y. The kg .., Which was

based on the mean snow depth above Haenh survey (0.13 m), was substantially larger than the

ks onsvalue. The range of snow depth was between 0.085 m. There is a considerable range of
light transmittance associated with this range dfwsrdepths, with an almost tripling of light
transmittance from 0.15 m of snow (0.07) to 0.08 m of snow (0.20). As a result, the available light is
predominantly coming from shallow snow regions, and the median snow depth is not necessarily
representativefahe median light availability under the ice. This demonstrates the potential influence
of snow variability on horizontal scattering and subsequently uncertainties (i.e ;astideates) that

may be present in suitable habitat coverage estimates onlfFY@rizontal scattering had a large
influence on the spatial coverage of suitable habitat on FYI it would have been more likely to sample
regions with relatively high snow that also had aldiomass values higher than would be expected,
similar to what vas observed at site d8Pt0. The small sample size of thick snow FYI cores (N=4)
makes it difficult to assess this compared to MW®P for which 13 samples were available. The
influence of horizontal light scattering on FYI algal biomass may also be medmiy the
continuous ralistribution of snow (as discussed previously).

For MYI, we have demonstrated a reliable observatiased habitat classification system, which was
possible due to the relatively stable pattern of snow distribution on MYI (thiw snohummocks,

thick snow on refrozen melt ponds), which was independent of overall snow depth. This also implies
that upscaling such a habitat classification system to laage satellite or airborne remote sensing
observations would be more robust fdiYl. This is due to the fact that observation systems and
modelling of sea ice thickness are much more reliable and established than observations and forecasts
of snow depth on sea igKurtz & Farrell, 2011; Kwok & Haas, 2015; Newman et al., 2014)
Modelling a static system, such as the distribution of hummocks, can be assumed to be more reliable
than a dynamic system, such as wandyen snow distribution.

For FYI we have fewer survey sites, and high variability in snow depth at the surveyed sitaso With
constant sea ice surface features the snow surface and suitable habitat can vary on short time scales in

189



Chapter 4 - Paper 7: MY algal biomass under-estimated

an unpredictable manor. With no concrete relationships to ice thickness, which could be used for the
basis of upscaling to largescale observatianor in modelling studies, it may be less reliable to up
scale the habitat suitability classification system to lasgate observations from models. That being
said, we did observe a relationship between suitable habitat coverage and overall snowitdepth w
low-snow (snow < 0.2 m) had high suitable algal habitat coverage (87%) anshioigh(snow > 0.2

m) had low suitable algal habitat coverage {187 %). Based on this, we divided FYI into two
classes based on the amount of overall snow accumulatiosh twblds for our dataset. This provides

a reliable aspect to the habitat classification that could be used to upscale based on snow climatologies
or large scale models. However, there remains a strong need for more-gyrakimg) of snow depths

on FYI in order to assess the reliability of applying the habitat classification to larger scales.
Regardless of the accuracy of these estimates to identify a representative classification of suitable
habitat for FYI, we have demonstrated based on observati@isariit attempt at characterizing the
variability of snow on FYI and MY will likely result in more accurate representations of suitable ice
algal habitat or biomass than simply using single values for snow depth and ice thickness to describe
this habitat.

7.5 Case Studies

7.5.1 Case Study 1: Application of our sea ice algae habitat classification system to
Cryosat-2 data products

The main objective of this case study was to demonstrate the application of such an obdwsaton
habitat classification system atetiparArctic scale using reliable sea ice thickness and snow depth
data. Furthermore, we aimed to demonstrate the potential significance of MYl in terms of suitable ice
algal habitat coverage, which has been generally neglected in the existing literature.

7.5.1.1 Data and methods

Here we used the Cryosatsea ice thickness data producRitker et al. (2014)Snow depth values

are included in theRicker et al. (2014 Cryosat2 data product and are derived using a modified
version of the Warren snow water @glent climatology(Warren et al., 1999)This included
reduction of snow depth over FYI by 50% as suggesteluryz and Farrell (2011)Ricker et al.
(2014) used sea ice type data (FYI and MYI) from the daily ice type product as described by
Eastwood (R12) Snow depth corrections were conducted on the according ice type. The correction
of snow depth over FYI was first introduced to CryeBalata processing dyaxon et al. (2013and

is now an established standard practice. All Cry@Sdata are aveged over an entire month, with
data gridded to a 25 by 25 km grid spacing. For the habitat classification we used the data derived for
April 2013 to be closest in time to our sampling period (30 April to 07 May 2013) (Figure 7). There is
no Cryosaf2 dataavailable for the month of MayVithin the CryosaR data there were grid cells

with missing or unreliable data, which were removed from our analyses (e.g., blank redgtangén

7). We applied a mask to the Cryogatlata as described Ricker et al. 2014) Data outside this
mask were excluded because the snow deptiVvaitren et al., 1999% not valid in these regions.

We used two different approaches to classify the Crydskta products into different habitat classes
based on ice typé;e thickness and snow depth:

1. Observation-based approach: each grid cell is assigned one of five habitat classes based on
classification criteria of ice type, ice thickness and snow depth threshold values determined
from in situ ice core chh biomass, ath snow and ice survey observations (outlinedable
6). Each habitat class has a single value or range of values for the percent coverage of suitable
habitat.

2. “Block-Model” approach: a single value of kwas calculated for each grid cell integrated
over the ice thickness using K1.55 m'), and snow depth using K0 m™). Based on the
threshold k value of 6.75, each grid cell was assigned a habitat class of either suitable (k
6.75) or notsuitable (k > 6.75) for ice algal growthT@ble6).
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The olservationbased habitat classes were based on the results and relationships determined from the
in situ snow and ice surveys, as described previously. The two MYI habitat classes were separated
based on the mean monthly ice thickness: thick (> 3 m) M¥idsé&clL;Table6) had a lower percent
coverage of suitable habitat (<6 %) compared to tid ) MYI (class 2: 17 38 %; Table6). FYI

was separated into three habitat classes based on the modified Warren monthly climatology snow
depth and ice thickness: FYI with ice thickness < 1.1 m was considered lead/new ice (Cédns6);

and was asghed a suitable habitat coverage of 100%; BYI1 m was separated into thin snow
covered FYI (class 4s< 0.2 m;Table6), which had a higher percent coverage of suitable habitat (87

%) than thick snow covered FYI (classi3:> 0.2 m, 18- 37 %;Table6). These ice thickness and

snow depth criteria were applied to the Cryegsalata products and assigned the according value or
range of values for the percent coverage of suitable habitat for ice algal gfabteq).

7.5.1.2 Results and Discussion

Excluding nissing data and grid cells outside the data mask, MYI had a total area of 1.88n¥10
(28 % of total ice area), FYI had a total area of 4.3%f (67 %), and lead/new ice had a total area
of 0.31 x 16 km? (4.7 %; Table6). Thin-snow FYI (class 4) &d the largest areal coverage of suitable
habitat with 2.6 million krh (40 % of the total ice area). The areal coverage of suitable habitat for
leadice (class 5) was 0.31 million Krtd.7 % of total ice), which was comparable to thiek-snow

FYI (class3) and thiRMYI (class 2)with suitable habitat coveradgeetweer0.24— 0.49 million knf

(4 — 8 % of total ice) and 0.24 0.53 million knf (4 — 7.5 % of total ice), respectively (Tab®.
Thick-MY]1 (class 1) had the lowest areal coverage of suitabledtabith 0.03 million kn (0.4 % of

total ice Table6).

The observatiothased approach showed comparable coverage of suitable habitat for thentvick
FYI and thirMYI classes. MY accounted for28 %of the total ice area, with an associated suitable
habitat coverage corresponding to 3.8.2 % of the total ice area. This indicates that MYI is an
overlooked region in terms of potential for4akgyal growth and likely has a significant and currently
underestimated contribution to the total algal biamand carbon budget of the Arctic Ocean.
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Figure 7: Maps of the Arctic Ocean showing: a) Crye8aderived sea ice thickness for April 2013
(Ricker et al., 2014)b) snow depth for April 2013 based tre modified Warren snow climatology
(Warren et al.,1999) and c) in situobservatiorbased habitat classification sgaled to sea ice

thicknes and snow depth froma) andb) a n d
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habitat compared to the observatlmsed apmach Figure7 andTable6). It is apparent from Figure

7d that a large majority of the MYI cover is classified asswtable for icealgal growth with an
estimated suitable MYI habitat area of only 0.01 X k6" (0.14 % of total ice arealable 6).

Accounting for the variability of MYl snow and ice properties using the observhtised
classification approach habitat resulted in suitable habitat coverage estimates ~26 to 55 times greater
than the blockmodel based approach.
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Table 6: Summary of the suitable ice algae habitat area derived by applying the in situ observation-based criteria and a “block model” approach to
the April 2013 CryoSat-2 ice thickness and snow depth data.

'(;Lasﬁg;i?]tion Habitat Class Class Criteria % suitable habitat ’aArreeeS g/olo%fkﬁtz?l ice (S(;(: t:fb tlgtall_it?eb;trita) Area
Observatiorbased 1 thickMYI MYl >3 m <6% 0.45 0.03(0.4%)

2 thinMYI MY | < 3 m 17-38% 1.39 0.24-0.53 (3.7-8.2 %)

3 FYI high-snow FYI > 1.1 m and 18-37% 1.31 0.24-0.49 (3.7-7.5 %)

4 FYI low-snow FYI > 1.1 <m2and 87 % 2.99 2.60 (40.4 %)

5 lead/newice ice<ldm 100 % 0.31 031(4.7%

MY total 1.83 (28.4 %) 0.26 —0.55 (4.1 - 8.6 %)

FYI (excl. lead) total 4.30 (66.8 %) 2.83 —3.08 (44.0 — 47.9 %)

Total 6.44 3.40 —3.94 (52.8 — 61.2 %)
Block model 1 NotSuitable Ks caic> 6.75 100 % 2.54 MYI: 1.83 (28.4 %)

FYIl: 0.71 (1.1 %)
Leadice: 0.001 (0.01 %)

2 Suitable Kecacs 6. 75 100 % 3.90 MYI: 0.01 (0.14 %)
FYI: 3.89 (60.4 %)
Lead-ice: 0.004 (0.06 %)
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Suitable FYI habitat largely comes from the tsimow FYI class, which indicates that snow depth
over FYI is of high importance. This means the accuracy of suitalbigah@&stimates for FYI is

highly dependent on the accuracy of the snow depth measurements, which are currently derived from
the modified Warren climatology. Of particular importance is the variability of the snow depth on
FYI. We have demonstrated an innfant relationship between surveyed snow depth variability and
overall survey snow depth; however, these are based on few surveys, which would largely benefit
from more observations covering more regions to capture any regional variability. Furthermore, we
have also suggested, in agreement with other st(eligs Gosselin et al., 1988)at the snow cover

on FYI is highly variable on small tircales, which is also an important consideration in terms of
uncertainties in the FYI| habitat classes. Convgrséhe MYI| suitable habitat estimates are
independent of overall snow cover since the distribution of snow is controlled by the surface
topography, which results in low or +smow hummocks that are quasi permanent features of MYI.
Thus the MYI habitat areastimates are more reliable than the FY| habitat area estimates. Regardless
of the uncertainties, such an exercise is crucial to demonstrate the potential of MYI in comparison to
FYI and further emphasize the importance of assessing, observing andnigdioelivariability of

snow and ice properties in largeale estimates and modelling studies.

Most of the thick MYI with low suitable habitat coverage is in the region north of the Canadian Arctic
Archipelago where the thickest sea ice in the Arctic istled(Haas et al., 2006; Haas et al., 2010)
Submarine sonar ice thickness measurements conducted during the perietBI898d mean ice
thicknesses well over the 3 m in all regions of the Arctic Ocean except the Beaufort and Chukchi
Seas. Bashwide Ardic sea ice thickness observations during winter 1980 had a mean of 3.64 m
(Kwok & Rothrock, 2009) Furthermore, since the early 1990s mean ice thicknesses for all regions
have been well below 3 rfKwok & Rothrock, 2009) Based on our established threshséh ice
thickness of 3 m, we speculate that this shift from thick MYI, which dominated the Arctic Ocean up
until the 1980s, to thin MYI in the 1990s resulted in a substantial increase of the suiteddtgaice
habitat coverage. As MYI continues to thindabe replaced by FYI, our findings suggest that the
spatial coverage of suitable iatgal habitat will largely depend on the temporal and spatial
distribution of snow on sea ice, which will be influenced by continued warming of the Arctic. Our
findings fa FYI suggest that with increased snow precipitation there would be similar or decreased
spatial coverage of suitable iatgal habitat. Conversely, if snow precipitation remains the same or
decreases our findings suggest increased spatial coverageabfeshibitat. Regardless of the future
snow situation there will be one inevitable difference. The permanent and reliablgdtéabitat

found under MY will be replaced by a continuously varying habitat under FYI. How this will change
the overall icedlgal biomass is uncertain, however, it is possible that this could have a drastic impact
on undefice organisms that rely on sea ice algae, particularly in the early spring when no other food
sources are available.

The application of this habitat clagsition does not account for the presence of sea ice ridges, which
can makeup a substantial portion of the overall ice pédkas et al., 2010)We did not conduct snow

and ice surveys or sea ice coring on ridged ice so we cannot include these featuresnialyses.
Nevertheless, considering the snow distribution on MYI was largely controlled by the undulating
surface, we speculate that this same process could result in extensive snow free regions on ridged sea
ice. When travelling on sea ice it is commto see ridged sea ice regions with large, vertical snow

free ice chunks. Therefore, we could also speculate that light transmittance unddresnddges

may also produce a suitable habitat in much the same way hummocks are considered a suitable
habitat; however, sea ice ridges are typically thicker than hummocks, which may limit the number of
ridges that are below the threshold ice thickness of 4.35 m (equivalent to kB of 6.75). Nevertheless, if
we also consider the influence of horizontal scattetimgplausible that ridges could act as source of
available light for adjacent undeformed ice. The study of sea ice ridges is logistically demanding,
even more so than 4 m hummock ice, nevertheless, we strongly recommend physical and biological
sampling & sea ice ridges in order to assess the potential of sea ice ridges as an another overlooked
region of suitable ice algal habitat.
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7.5.2 Case Study 2: Application of a 1D sea ice process model

The aim of this case study was to demonstrate the importance ofgtar&aing different types of sea

ice and snow cover, particularly MYl hummocks, within a 1D sea ice process model, which can also
provide insight into the implications for the more computationally expensivedagje 3D iceocean
models.

7.5.2.1 Model setup

We used a simple NPD model consisting of the following classes: phytoplankton (P), nutrients (N)
and detritus (D). For nutrients we used Nitrate, the most abundant nutrient in sea surface waters in the
Arctic. We used the following equations to describe edads:

— “ _; 0 _ © (2)
— © _; 0 _ 0 —0 (3)
— _ 0 _ O (4)

wherep is the algal growth rateg,y. represents the loss ofgale due to respiration/gain of nitrate due

to uptake,<,, represents the algae loss due to mortality, ghdepresents the transformation of
detritus into nitrate due to remineralization. These terms were taken as constant except for the growth
rate {1) which is a function of available liglffassby & Platt, 197&nd nutrientfMonod, 1949)in

the form:

o —p Q! (5)
wherepy is the maximum growth rate (constari),is the half saturation constant foitrate taken
from (Sarthou et al.,, 2005 is the photosynthetic efficiencyg,, is the light saturated specific
photosynthetic rate (or maximum photosynthetic rate), BRAR is the photosynthetically active
radiation (400- 700 nm) available for bottofice algaePARwas calculated based on equations from
(Grenfell & Maykut, 1977)n the form:

00'Y "OQ (6)

wherel, is the incoming PARk andks are the literaturddased bulk light extinction coefficientsr

snow (1.55 ) and sea ice (20 M), respectively (see section 2.1), amdand hs are the sea ice
thickness and snow depth (m), respectively (TaBlePAR was converted to bottoime scalar
irradiance according t(Katlein et al., 2014b)For the ncoming radiation we used NCEP Climate
Forecast System Version 2 reanalysis data. The ice thickness and snow thickness are chosen
according to the mean of all ice cores for the corresponding ice types: FYI lead, FéhbighFYI
low-snow, MYFMP, and MYFHum (Table7). We included one observatitmased modified ice type

for MYI melt ponds directly adjacent (~5 m) to snéwe hummock (MYIMP~hum) and used the
observed k value determined from the unédiee light measurements then converted intarid k
values (Tabler). The snow depth, ice thickness and light extinction values (k) were kept constant
during the entire model runs. Bottage algal chla values were initialized using the mean of all ice
core observations for the corresponding ice type @8bl

The first day of the model was set to 01 May 2013 and the model was run for 250 days. We focused
our analyses on the first 42 days (until June 12) as this is a good approximation for the onset of melt at
which point the optical properties of the sndrastically change and transmit larger amounts of light
(Perovich, 1996)We limit the analyses to this period since the model does not account for variable
snow and ice optical properties (e.qg), Khe onset of melt was determined for the region baseal

rapid transition from high to low backscatter observed between Advanced Scatterometer (ASCAT)
satellite images acquired during the summer of 20@%ge, 2012) Although the year is different

than our study period for the purposes of the model wenssst provides us with a good
approximation for a realistic melt onset date. The shift from high to low backscatter corresponds to
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the presence of liquid water in the snow, which is a good indicator of melt, and causes increased
absorption of microwave engy and decreased backscatter received by the safBlitber et al.,
2001)

7.5.2.2 Results and Discussion

The high biomass ice types (Leam&, FYI low-snow, MYFhum and MYtMP~hum) all had similar

patterns of for N, P, and D in the model riigre8 a, h d, f). Initially, light conditions were not

limiting as would be expected for this time of y§see review in Vancoppenolle et al., 20183 a

result of the nutrient dynamics within the model. Maximum biomass values were rather dependent on

the initial chl a values set for the model, which were ultimately the result of actual variable light
conditions experienced between the different ice types. This was evident from the minimal increase in
biomass from the initial value due to the almost complete amdediate drawdown of nutrients

(NO3). The biomass began to decay as a result of initial nutrient limitation and then slowly the
biomass began to level oufigure 8 a , b, d, f) . At t his point, whi
bi omass zone” stained ly ha siwrienivrageneratian. There were consistent ratios

bet ween the maxi mum biomass values and the appr
zone"” bet ween 2.67 to 2.75, which furthlkchh empha:
avalues.

There was another rapid drop in biomass after 1
rapidly declined due to decreasing incident sun angligsi(e8 a, b, d, ). It was at this point that the

different ice types showed differess in the timing of the rapid decline, which was attributed to the

different light conditions cause by the snow and ice properties. An earlier decline was observed for

t he r el altii gtet-NP idd¥ype (observationsk,) approximately at day B2(Figure8 f),
decline was observed driogumnd -skaexyandlMygdwumtidedypes medi ur
(Figure8b , d) , and the | atest -degh tldaei€eMypesaroonddag r v e d
160 (Figure8 a).

Table 7: Summary of parameteused in the 1D model for case study 2, for each ice type class.

Ice Type Chla Ice thickness Snow depth Kk Ki kg
(m) (m)

FYI Lead 3.8 0.88 0.07 20 1.55 2.61
FYI Low-Snow 6.3 1.65 0.16 20 1.55 5.75
FYI High-Snow 0.2 1.68 0.36 20 1.55 9.71
MY1-hum 16.6 3.70 0.00 20 1.55 5.73
MYI-MP 0.5 2.54 0.36 20 1.55 11.14
MYI-MP~hum 5.6 3.30 0.41 3.87% 1.55° 6.70°

® ks and k values were back calculated to achieve the resulting observed valge®Dkused for this ice typ:
only.

Light extinction coefficiats were set as constants for each ice type over the duration of the model
run, which is likely only representative during the first 42 days before the onset of melt. However, this
likely did not have a large influence because nutrients primarily reglaiathss growth and decay

until the light conditions declined near the end of summer. Therefore, the decline in biomass may be
later than shown in the models if we consider that there would likely be no snow cover at the end of
summer.

The high biomass aerved at the different ice types indicated that there were already suitable
conditions for icealgae.The fact that algal growth does not continue in the models was the result of
using a closed system of nutrients and regeneration, which in reality rng tiee case since there is
likely nutrient exchange between the bottm® and the surface ocean waters resulting in highest
biomass accumulations and primary production rates within batterfMock & Gradinger, 1999)
Therefore, it is difficult to asss the role of variable light conditions using such a model setup.

The low biomass ice types (FYI higimow and MY4MP adjacent to hummock withs k, Figure8 c
and e) had complete decay of the biomass present and no drawdown of nutrients but irathessen

196



Chapter 4 - Paper 7: MY algal biomass under-estimated

of nutrients due to the regeneration by decaying biomass. This demonstrates that at the end of summer
and into polar night, when light levels cannot sustain growth, the decay of the biomass likely
regenerates nutrients, which may become impoftarihe beginning of the following growth season.

Overall, these results perhaps do not represent an extensive modelling study but rather demonstrate
the implications of including different ice types and observabiased parameterizations of initial
corditions. The difference between the high and low biomass ice types were the result of different
initial conditions of chla biomass and not directly the different light conditions, however, actual light
conditions resulted in the observed alliomass sindirectly the light did have an influence but just

not within the model itself. This suggests that this particular model was more sensitive to the initial
chl a and nutrient values compared to the light levels, which emphasizes the general need for better
model parameterizations of physical and biogeochemical conditions.
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Figure8: Sea ice algal ctd biomass growth results based MBP modeling results for different snow conditions and ice typasameters for each ice type
are listedTable7): a) FYllead ice; b) FYI lowsnow; c) FYI highsnow; d) MYl hummocks; e) refrozen melt pond on MYI adjacent to a hummock; and f)
same as e) but using the observed bulk integrated light extinction coeffigigptdNkrefers to nutrients (NOn mg m°), D refes to detritus, and P refers to
chl a biomass (mg ). P values were initialized based on mean observations for each ice type. N values were initialized using one vateetypes||
which was the mean of botteite observed N@concentrations relatevsto brine channel volume

198



Chapter 4 - Paper 7: MY algal biomass under-estimated

7.6 Conclusions

Our findings strongly support the hypothesis proposedidnge et al. (2015hat MYl hummocks

have the potential to support high-akgal biomass due to the typically snén@e/low-snow surface,
which results in stable light conditions for icalgal growth. We observed higher {akgal chla
biomass in the bottosice of MYl hummocks than in the botteite from FYI. Our MYl hummock

chl a biomass observations were some of the highest springtime bbt¥inchl a biomass
observations reported in the literature. We demonstrated a reliable proxy for suitatmideabitat

by using the bulk integrated light extinction coefficient, which holds for all ice types and confirmed
by observations. We applied this proxy toge-scale snow and ice surveys, which showed that thin
MYI (median ice thickness < 3 m) had substantial coverage of suitabl@g@e habitat. We
demonstrated that the suitable habitat on MYIl was the result of the typically undulating surface
topographyand the presence of hummocks, which are permanent-fseeflowsnow features
observed on all surveyed MYI floes and represent a reliable habitat for ice algae. Over thick MY
(median ice thickness > 3 m), far less suitable habitat was observed, as hgmaoekhick enough

to limit the availability of light at the bottofite even in the absence of snow on the sea ice. In
contrast to MYI, FYI has a level surface resulting in a snow cover with high temporal variability,
which may induce some limitations fatgal growth due to the intermittent nature of suitable light
availability at the bottonice.

The higher spatial coverage of suitable habitat at thin MY sites indicates that the observed shift from
thick-MYI to thin-MYI, which occurred sometime in thatk 1980s, likely resulted in increased
coverage of suitable habitat. As MY continues to be replaced by FYI, the subsequent changes to the
sea ice ecosystem, in terms of suitable habitat coverage, may be less reliable as FYI habitat coverage
is largely d@endent on the snow cover, which have large uncertainties in future projections.

The upscaled habitat classification case study showed that when the variability of snow depth on
MYI is not considered the suitable habitat for sea ice algae may be dhastitderestimated by

over an order of magnitude. The coupled NPD model case study did not provide obvious differences
between the ice types based on the different light regimes due to limitations imposed by the nutrient
dynamics of the model. The largdstfluence on biomass growth was rather influenced by the
observatiorbased initial conditions set for k@dgal biomass, which were ultimately the result of
different light conditions of the ice types. These results emphasize the complexity of coupédsl mod
and that the combined influence of initial conditions and parameterization of variable light conditions
are important to accurately estimate sea ice algal biomass.

Overall we showed strong evidence that current springtime estimates for-widgicseaice algae
biomass and primary production are likely to be drastically uagiémated. Therefore, we strongly
recommend the implementation of variable snow and sea ice properties for-saaling and
modelling studies, and better model parameterizatiamtal conditions.
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Chapter 5: Discussion

D 5.1 Improving the spatial representativeness of sea ice related
environmental properties

The sea ice bottom and undee environment remains one of the most poorly understood
components of the Arctic ecosystem due to logistical constraints, limieesss and the general
difficulty in sampling the bottorrce and at the icevater interface. The limited knowledge of this
system requires methodological advancements and innovations in order to accurately and
representatively sample and capture the hidfdierogeneous sea ice and uriderenvironments.

With a more accurate and representative assessment of the sea ice environment we could develop
accurate relationships of the distribution of sea ice algae and theicad®mmunity with important
implications for largescale estimates, tgraling to satellite observations and #&auotic ecological
modelling studies. As a main component of this thesis, we substantially improved the spatial
representativeness of sampling methods for important ses$oeated habitat properties, and sea ice
algae carbon production and biomass using two diedenorizontal profiling platforms: the Surface

and Undeiice Trawl (SUIT) and a Remotely Operated Vehicle (ROV).

In Chapter 2 Paper 1, we showed that the spatialalzlity of sea ice and undéce water properties,
observed over ~ 1.5 km lengths using the Shidunted environmental sensor array, were not
accurately represented by nearby smaitsle or local point measurements (e.g., ice station and ship
based obarvations). Therefore, the SUMounted sensor array is a key advancement necessary to
accurately and representatively sample both the sea ice environment and thigeucdermunity
simultaneously. These results further justify the robustness of thegwmablonodels developed by
Chapter 3— Paper 4: David et al. (2015@nd (David et al., 2015ajsing these environmental
observations. The fact that the sea ice environmental and-iwedeommunity observations are
coincident substantially reduces uncertgiin the representativeness of the observations and derived
ecological models. This provides an ideal approach to further develop these relationships towards
application in largescale estimates using remote sensing data anréngic ecosystem models.

In addition to developing an environmental sensor array, we developed upon previous established
algorithms to derive icalgal chla from undefice spectral measuremelfesg., Campbell et al., 2014;
Campbell et al., 2015; Melbourfidhomas et al., 2015; Muly et al., 2007fo produce a robust
statistical model to spectrallyerive summertime sea ice algal ehdcross the entire Eurasian Basin

of the Arctic Ocean. We applied our statistical model to horizontal tinderofiling platforms, the

SUIT and ROV and provided, for the first time, fleecale (i.e., on the order of the size of a sea ice
floe ~ 100- 5000 m) estimates of ie@gal biomasg¢Chapter 2 Paper 2: Lange et al., in reviewhe
development of the SUlmounted environmental sensor arraydaprocessing methods was an
essential first step in order to characterize the behavior of the SUIT movement and location in the
water relative to the ice. This information was necessary in order to assess the quality of spectral
measurements from the SUBNd to filter data based on influential features such as: open water,
regions where there was a large distance of water between the sensor and the bottom of the ice and
where SUIT movement was rapid and erratic.

These ROV and SUFbased spectralgerivedestimates of icalgal chla are at scales, which are

key to address the representativeness of traditional sampling methods, particularly sea ice coring,
which are typically used to parameterize {fantic distributions of icealgal biomass and primary
production(e.g., Fernandeliéndez et al., 2015; Gosselin et al., 199@)Chapter 2 Paper 2: Lange

et al. (in review)we focused primarily on a methodological description of this novel approach.
However, we also provided a preliminary assessment of @épeegentativeness of icere chla
estimategFernandedMéndez et al., 20150 comparison to the ROYased spectraligerived ice
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algal chla estimates from one ice station. We demonstrated that ice coring may not accurately
represent the true spatialrability of sea icealgal biomass, which can cause subsequent biases in
large-scaleice algalbiomass and PP estimates

Upon more detailed analyses of data produced usi
were able to investigate the spatigpresentativeness of ice caterived chla and PP estimates for 7

ice stations spread across the central Arctic Ocean. We used a combined approach, which required the
use of ice coringlerived photosynthetic parameters, tesgple primary production &sates to the

entire ROV surveys at each of these stations. This was only possible with the novel approach for
deriving chla described inrChapter 2= Paper 2: Lange et al. (in reviewyhich is not only a robust
statistical model but can be used undeghhi variable environmental conditions. This was
particularly important during the 2012 cruise (PS80) to the central Arctic since it covered a large
geographical region and the transition period from high to low solar radiation. Our detailed
comparison, mvided in Chapter 3- Paper 3, indicated that io®re based icalgal chla and PP
estimates were not representative of thescgled estimates derived from ROV and SUIT sensor
measurements. Furthermore, we identified sea ice ridges as potentially dwighsbiand high PP
features. This has important ecological implications for wimiorganisms particularly in the light

of other studies that observed the large herbivorous amphifpathmarus wilkitzkii,in close
association with sea ice ridges during aatved mel{Gradinger et al., 2010Dur results suggest that
besides using ridges for shelter from environmental stress, sea ice ridges may provide an important
food source with higher biomass at ridges due to lower-imdliced biomass losses. Unfortuaigt

ridge identification processing was not includedChapter 3— Paper 2: David et al. (2015k)nd

therefore the association of organisms with ridges could not be further assessed as suggested by
Gradinger et al. (2010However, later in this sectidrwill introduce a brief statistical analyses, using

a similar approach as iGhapter 3— Paper 2: David et al. (2015knd (David et al., 2016)to
incorporate all variables not previously included in statistical analyses because they have been
developedafter these studies were completed.

Based on the presented sampling and processing methods described in Chdpter2er ° s 1 and
and applied in Chapter3Paper’' s 3 and 4, we have demonstrated
for the ROV and JIT-mounted environmental sensor array ultimately resulting in:

1. Improved representativeness of sea ice and undenvironmental properties;

2. an essential contribution to deriving largeale icealgal chla biomass and PP estimates; and
3. provided key enivonmental properties, which were incorporated into statistical models with
important ecological implications for pdgirctic ecological modeling and largeale

distribution estimates of undere fauna.

In the rest of this section, we present a prelimjiraralyses, which combines methods and data that

were not previously presented (Talllevariables denoted by asterisk) and/or combined in order to
conduct improved statistical analyses and modelling.
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Table 1. Summary of variables, and environmémieoperties that can be observed or derived using
the undetice horizontal profiling platforms presented throughout this thesis or introduced in this
section (denoted by *).

Under-ice Horizontal

Profiling Platform Sensor Variables observed/derived

Surfae and Undeifce | CTD / altimeter / 9 water undeiice: chla, salinity, temperature
Trawl (SUIT) fluorometer  seaice: draft/thickness, ridge density
9 water depth and distance to-lsettom
9 *Water under ice PP
ADCP 1 Pitch, roll, heading (ice draft correction)
9 draft (from depth sensor)
Spectral 1 Underice light
radiometers 1 Ice-algal chla
9 *Ice-algal PP
Remotely Operated CTD 9 Water Depth, salinity, temperature
Vehicle (ROV) Tilt sensor { Pitch, roll, heading
Spectra T coaigalcnia
radiometers q Ice-algal PP

Using the same approach to estimate sea ice algal PP from ROV surveys as described in Ehapter 3
Paper 3, we applied this method to the Sldidunted sensor array derived-aigal chla and under

ice light measurements combined withe icecore derived photosynthetic parameters from the
closest ice statiorfFernandeaMéndez et al., 2015)Furthermore, using a similar but somewhat
modified approach we applied the same procedure to estimate water under ice primary production
using photsynthetic parameters derived from uniber water samples collected at the closest ice
station(FernandeaMéndez et al., 2015 ombined with the undece light (PAR) measurements and

the CTD fluorometer chh biomass observations. These values were riated for the 2 m region

under the ice because this is the approximate vertical sampling coverage of the SUIT.

For one SUIT haul we provided profiles of the sea ice propertieslded chla biomass, icalgal

PP, water under ice chlbiomass, and watamder ice PP (Figurg). Based on this one station we

can see that the ice core and water sample derived PP estimates from a nearby i¢Eestadiotez

Méndez et al., 2015)ere different compared to the SUtiErived icealgal PP (Figurd d; Table2)

and water under ice PP (Figutd; Table 2). The water under the ice at the nearby ice station (360)

PP of 0.1 mgC m?d™* was lower than the SU}dlerived median (IQR) values of 0.23 (0-19.34)

mgC m?d* (Table2). Conversely, the ice station icere derived icalgal PP of 0.39 mg m?d*

was higher compared to both the ROV values of 0.07 (8.032) mgC m?d* and SUIFderived

NPP values of 0.09 (0.060.28) mgC m? d™ (Table2). As described in detail in Chapter®aper 3,

these diffeences were primarily driven by differences in bothatmgal chla biomass and the bottem

ice light. Based on the profiles of iedgal chla biomass, water under ice calbiomass, and the

under ice light regime (Figurkb,c,e) we can see that thesepgauies are highly heterogeneous and
therefore likely resulted in the differences of the NPP estimates compared to the ice station water
under ice and ice core based estimates. These results further emphasize the need and importance of
capturing the spatiavariability of key environmental properties such asdtgal biomass and NPP,

and water undeice NPP and chh biomassat larger scales, as is feasible with ROV and SUIT
surveys. The implications for largeale estimates based on a limited numbercefdorebased
measurements may also carry the same uncertainty and therefore may not accurately represent the true
spatial variability that exists within and under a highly heterogeneous habitat.

Our results have previously demonstrated relationships batesvironmental sea ice properties and
the undeiice community as described @hapter 3- Paper 4: David et al. (2015bndDavid et al.
(2015a) These statistical analyses did not include important phyisickigical properties such as:
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sea ice ridgeidtributions, icealgal chla biomass and NPP, and water under ice NPP. Therefore, we
can further develop upon these already robust ecological models with additional parameters to further
improve the relationships, which can then be used indscgke parArctic ecosystem models and for
up-scaling habitat

Table 2. Summary of net primary production (NPP) associated with sea ice andicadeter at ice
station 360 derived from ice cores, CTD profiles, water samples and ROV profiles, and nearby
Surface ad Underlce Trawl (SUIT) station 376;Results are given as median (interquartile range) for
surveys. Single values represent single location ice station observéfhglata presented in
FerndndeaMéndez et al., 2015)

Ice Station 360 (FM) ROV Station 360 SUIT Station 376
Ice NPP
(mg C m? d) 0.39 0.07 (0.05-0.12) 0.09 (0.06-0.28)
Water under ice NPP b
(mg C m? d) 0.1 not measured 0.23 (0.15-0.34}

integrated over 2 m of water under iBéntegrated over euphotic zone depth (1% of incorfAR)
equal to 7 n{FernAndeaMéndez et al., 2015)
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Figure 1. Surface and undédce trawl profile at station 376 showing sensor amaasured and

derived parameters from the environmental sensor array : a) sea ice draft, identified riddes and t
depth of the SUIT CTD, the black line shows the smoothed draft used for ridge detection; b)
transmittance; c) spectraltjerived icealgal chla; d) ice-algal net primary production (NPP), dashed

line is ice core derived NPP and dotted line ROV derNB® (see Table 2); e) water under iceahl
concentrations; f) water under ice phytoplankton NPP integrated over the 2 miasnderface,

dashed line is ice station CTD and water sample derived NPP integrated over euphotic zone depth (7
m; see Table).
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D 5.2 Spatial variability of ice algae biomass: a synthesis
D 5.2.1 Primary production and carbon biomass availability as a food source

Our previous estimates of tHeod webcarbon budget for the CAO based on observations during
PS80(e.g., Chapter -3Papers 4 and Bavid et al., 2015b; Kohlbach et al., 20puped all the
available data for the entire cruise and quantified the total carbon budletd et al. (2015b)
estimatedan approximatelyl:1 ratio of total net primary production (water + sea ice) to carbon
demand of the thremostdominant grazer speci€s glacialis, C. hyperhoreusindA. glacialis This
estimate does not consider differences in the type of carbon source, e.g., icevaiga® pelagic
phytoplanktorderived carbon. This was addressed leywork ofKohlbach et al. (20168)ho showed
high dependency on iedgae derived carbon for all three of the dominant species. Taking into
account the relative contributions of ialgae and pelagic phytoplankton derived carbon for the three
dominant speeis, Kohlbach et al. (2016t¢alculated ice algal carbon demand exceededhlgs
carbon production by a factor of 4 to 12 during our sampling period.

These approaches to estimate one pammentof the carbon budget are not without limitations. In
particulr, they do not account for the spatial variability of #rmmal communities, which were
previously identified in the undéce communitiegDavid et al., 2015bjpnd pelagic zooplankton
distributions observed during this cruigghrlich, 2015)and other wdies to the CAO(e.g.,
Kosobokova & Hirche, 2009)During PS80, total abundances of the three dominant sp€cies
glacialis, C. hyperhoreysand A. glacialis within the undetice water(SUIT catches; David et al.,
2015b)and 0 to 200 m surface layer tfet water columrfmulti-net cacthes: Ehrlich, 2018)d not
show any obvious regional differend@sable4). This ismay be contrary t&Kosobokova and Hirche
(2009)who found higher biomass of zooplankton in lower latitude regior@5{¢). We could not,
however, assess whethegasonal downwanaigration had already occurréidosobokova, 1982)

Kosobokova and Hirche (2009uggested, based on the limited studies of PP estimates for the high
central Arctic that the lower PP rateand hence lower food avallility, were the reason for their
lower zooplankton biomas3his may be correct, however, the estimates foawilable at that time
eitherdid not include icealgal PP ohada limited spatiatemporal coveragdce-algaerepresent one

of the dominantarbon producers within the CAf&hd therefore should be quantified representatively
in order to assess the true estimate of thealigal derived carbon budgefocusing on pelagic
production,Kosobokova and Hirche (2008uggested highdiood availabilityand thus potentially
higher zooplankton biomasgksea ice declinemeglecing the important role of sea ice algae in the
diet of keyArctic zooplanktonand top predatoré@udge et al., 2008; Kohlbach et al., 2016; Wang et
al., 2015; Wang et al., 2018) simplistic focus on phytoplankton productivity, however, ignores the
importance ofiming and qualityof algal bloomdor zooplankton secondary productidtor example,
other studies demonstrated a key rofeice-algal bloom timing for zooplanktogrowth and
development(Leu et al., 2011; Michel et al., 1996; Sgreide et al., 20&i®glly, Kohlbach et al.
(2016)showed thahot onlysympagicorganisms have a high contribution of ice algae derived carbon
in their diets but also abundant pelagic speciesh asCalanusspp., strongly depend on iedgal
derived carbon. This highlights the importance of ice algae and their-spaporal dynamics for all
domains of the Arctic ecosystem and not just theagsociated communities.

In the central Arctic Ocem the temporal evolution of ice algal growth from the beginning of the
bloom to the end of the growth seassmpoorly documented so fak temporal study byelnikov et

al. (2002)wasconducted in the shelf regions of the Beaufort andk€hiuSeas only reading 8N
near the end of thi EDNA drift study. They found that biomass pealk¢dhe bottom oMY in late
July. This indicates that even at higher latitudes in the (&@k production is likelgimilar andnot
much later than midugust whendeclining solar energyegins to limit production. During the
Polarstern cruise PS80conducted from midAugust to the end of September, our sampling was
conducted during a post bloom periaatdicated by high export of ice algal biomass to the sea floor
beforeour arrival(Boetius et al. (2013)

Ice algal primary production represented up to 60% of the total (water + sea ice) primary production
at ice stations near the north pole during the period of our san{plmgandeaMéndez et al., 2015)
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A similar proportional contribution to total PP by sea ice algae of 57 % was previously observed by
Gosselin et al. (1997ithin the CAO. Gosselin et al. (1997pbserved maximum sea iedgal
biomass and primary production at the same high latitude statioAN)~®&hile the second highest
ice-algae biomass and PP was observed near the North Pol€N)-90hese higHatitude stations
were sampleih mid-August when solar irradiance wapidly declining Thus,ice algal biomass and

PP can be assumed to have been ewgher previous to samplind/elnikov (1997)also observed
high bottomice-algal biomass of 2thgchl a m? near the north pole in summer 1977, further
indicating that high biomass and a high contribution ofaigal PP at high latitude regions seems to
be a consistenteature late in the summedryased on the limited number of studies available for-high
latitude regions of the CAQHigh biomass standing stocks petisigtat high latitudeslue toreduced
meltinduced algal losemay partially compensatior the relatively low carbon assimilation rates
caused by low solar radiatioim contrastphytoplankton would not be able to maintain high biomass
at lower assimilation ratedecause the phytoplanktaells may sink to the sea floor at higher rates
than praucing new cells. Thikiigh downward particle flux of biological material is supportsd
RocaMarti et al. (2016Wwho observed a high export efficiency of the primary produced carbon to the
seafloor within the CAOHowever, his is not the case for icegale aftethe melt seasgrsince the
remnant community is entrained or attached to thdatom and thus will likely not detach from the
ice and sink.

In Chapter 3 Paper 3 we identified regional and sredhle variability of sea ice algal biomass and
primary production, whichvasnot representatively captured using traditional ice coring observations
alone(e.g., Fernandekéndez et al., 2015Based on the mounting evidence that sea ice algae are of
key importance for many Arctic organisntkere is aneed to accurately and representatively assess
the icealgae derived carbon budget. Therefave,took a more comprehensive approach by adding
an important dataset, which representatively captures the spatial variability -afyatecarbon
production andvailable carbon biomass standing stocks using datalfamme et al. (in reviewand
Lange et al.(in prep (Chapters 2- Paper 2and Chapter3 — Paper 3) These data were converted
from mg chl a m?to mg C n¥ using icecore and watesample derived : chl a ratios (mg C : mg

chl a) from all eight ice stations. The mean (x one standard deviation) £rakibs were 44.9 + 0.7

mg C: mg chla for sea ice algae and 41.9 + 1.5 mg C:mgecfdr water column phytoplankton (l.
Peekenunpublished dataBecause multhet, SUIT-, andice stations were not always conducted
coincident to each other we grouped stations by proximity in time and spatde 4; Figure2). We

used these groups to investigate the spatial variability of the carbon supply amdl dimiag our
sampling period.

In previous carbon budget estimates we assessed ordgrthenproductionrates (e.g., NPRh terms

of a carbonfood supply.It may be intuitive to expect that there wasver carbon production than
carbon demand becauselatesummer solar energy is very low and thus production is shutting down.
This is what we observed in the previous carbon budget asses¢bwyritset al., 2015b; Kohlbach et
al., 2016) Similarly, the overall updated estimates of-&lgal derived carin demand werethree
times greater than iealgal carborproduction. For the lower latitude stations the supply was only
75% of the demand buwtith high regionalvariability with production to demand ratias the range
0.03 to 3 The ratio exceedetl atonly the first stationgroup which waslocatedin a low latitude
region near the icedgeand sampled earliest in the seagbable4). For all but one group, ieglgae
carbon production was not sufficient to sustain the commuhniteslgal carbon denmal. In high
latitude regions the misatch between supply and demand was even greater with demand exceeding
supply by a factor of 13, similar to estimates (Kohlbach et al., 2016)and relatively lower
variability between stationd¥e must also note that order for a food supply to be sustainable the
carbon supply must be much greater than a 1 to 1 ratio with carbon demand.

Phytoplanktonderived carbon demand, although difficult to compare to ice algae due to the
drastically different integration depthsverall showed a generally better agreement between carbon
supply and demand with a mean production to demand ratio of 2.2. The two station groups near the
North Pok (H and I; Figure) had the lowest ratios (Tab#g. The combined water columand sea
ice—derived carbon production to demand ratio was 1.6 : 1 (Tdblagain with large regional
variability. The two highest latitude station groups (H and 1) had by far the lowest ratios of 0.03 and
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0.16 while the other groups ranged between 0.49 toTall€4). These results further highlight the
mis-match between overall primary production and carbon demand. Furthermore, the large regional
variability of these results validates the need for improved spatial representativeness of all
observations.

Thereare important limitations of this comparison. First, water column production is integrated over a
large depth and therefore appears likely greater just because of the fact that there is more water. This
does not necessarily mean the density of food isenigRather, the availability of carbon in the water

may require a lot more effort and thus energy cost to actively swim and search for this food source.
Sea ice algae production is a more localized and stationary food source-diman&ional plane,
making it a far more attractive food source in terms of energylmsefit. This is more obvious if we
convert the deptintegrated concentration values of ice and water PP and biomass estimates into
volumetric concentrations (Tab®. Ice algae carbon comueations (mg C ) on average were 8

times larger than in the water column (Tab)eSimilarly, the ice algal PP, expressed volumetrically,

was also on average 8 times greater than in the water column @)alblewever, to quantify the
costbenefit rehtionship between food sources more detailed distributions of the vertical structure of
both zooplankton and primary producers are required. Furthermore, energy requirements of the
zooplankton would need experimental derivations to understand how mugyy @&neosts to search

for food in the water column compared to staying at the underside of the ice and feeding there with
minimal movement.

So far we have only considered primary production rates in terms of contribution to the carbon budget
as a carboifood source. Production, however, shuts down early at the end of summer, particularly in
higher latitude regions and thus may not be a good proxy for food availability. Therefore, we provide
an additional assessment of the standing stock of carbon bidonabe ice and water column and
determine how much is available for the communities and how long could these communities
potentially be sustained by the standing stock of biomass dlakéng this different approachwe

found that theavailable standingtock of carbon biomasa high-latitude (>85 N) stations had more
available icecarbon than lowatitude stationgFigure 2 a), which may beattributed to lower melt
induced algal lossedn contrast, the lowdatitude stations had higher iedgal carba demand.
Based on ingestion ratethis available biomasmay sustain théhreedominant species;.glacialis,
C.hyperboreus, A.glacialigor up to~50 adiitional days into polar night~gure 2c andTable 4).
Whereas at lower latitude (<85 N), lower a@lgoiomass regions, albeit also with higher overall
zooplankton biomass and higher carbon demand, the availakdgalebiomass would sustain only

an additional ~15 days of feedingigure2c andTable4).

All of the sea ice algae carbon, however, maybe easily accessible to undiee organisms because
some is entrained in the upper portions of thqécg., Lange et al., 201.53ased on a mean of all ice

core chla profiles from all stations, 75% of the chbiomass was observed in the bottomtioor of

the ice. Nevertheless, the iatgal carbon in the upper portions could be available {oerfauna,

which may have limited but enough mobility within the ice to transfer carbon within different layers
of the ice and perhaps to the ice bottomaasiffor higher trophic levels. Another question that arises

is: how long will this biomass remain viable as a food source? The answer is not easy but
experimental work byZhang et al. (19983howed that samples of autumn sea ice algae exposed to
161 daysof darkness had 40% of the initial abundance remaining after the 161 day period. This was
attributed to facultative heterotrophy (mixotrophy) and energy storage, which allowed the survival
during the artificial polar night. This indicates that high biommaay persist well into the polar night
and that al gal remineralization or “decay” may
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Table 4. Carbon budget for sea ice and water column derived carbon and the three most dominant herbivores inbiemass€. glacialis, C.
hyperhoreusandA. glacialiscaught during each station of the 2012 Polarstern cruise PS80 to the central Arctic Ocean.

Location aA.bunda>r210e PCarbon ng»e}nd Primary Pr(_)zdu_(l:tion Auvailable ch_lza "Available C{izrbon .Ratio 9Days of feeding
(ind. m™) (mgCm=d) (mgC m=d™) (mg chl am™) (mg C m™) Production to Demand
Group unc\i\(,a;tig(re & ice? watef ice uiw  water | “ice  %uiw  °water ice uiw  water ice water total ice water
B 1035 35 9.6 107 129 250 | 16 0.13 3.2 717 54 1341 3:1 26:1 27:1 20.4 14.0
C 1951 13.5 28.2 0.8 - 31.0 1.3 - 17.0 58.4 - 712.3 0.06:1 11:1 0.76:1 4.3 253
D 474 35 7.2 2.0 - 11.0 1.8 - 8.0 81.8 - 335.2 | 0.56:1 15:1 12:1 23.3 46.8
E 803 4.0 9.3 0.5 1.19 6.0 | 0.4° 0.33 8.0 180 137 3352 | 0.11:1 0.65:1 0.49:1 4.5 36.1
F 1022 4.8 114 0.2 4.66 60.0 15 0.33 11.0 69.6 13.7 460.9 0.03:1 53:1 3.7:1 145 404
G 348 2.2 31 0.2 633 280 | 28 044 17.0 1257 183 7123 | 0.09:1 9.2:1 54:1 58.4 2335
H 542 2.0 2.4 0.2 0.58 0.5 1.9 0.32 3.0 84.0 135 1257 0.11:1 0.21:1 0.16:1 42.0 52.4
| 848 51 4.0 0.1 0.29 0.1 5.3 0.28 1.2 2379 11.7 503 0.03:1 0.03:1 0.03:1 47.1 12.7
mean 877.7 4.8 9.4 1.8 24 20.2 21 0.3 8.6 934 127 358.2 038:1 215:1 16:1 27 58

# cumulative abundances f@x. glacialis C. hyperhoreusandA. glacialisdata correspond to the cummulative data fthenSUITintegrated for the 2 m of water under the (Chapter 3 Paper 4:
David et al., 2015h)and multinet catches integted for the surface 0 to 200 m water colui@hrlich, 2015)

® Carbon demand calculated using the mean of the ingestions rates-df8ly C ind:* d for C. glacialis 2.8—8.4 pg C ind:* d* for C. hyperhoreusiccording taOlli et al. (2007) and 13.0 g
C ind:* d* for A. glacialisaccording tdWerner (1997)According to values frorEhapter 3 Paper 5: Kohlbach et al. (201§ further separate the carbon demand into water and ice derived
Carbon by multiplying by the proportional contrilirtiof ice algae derived carbam.§; or 1- o for the water Carbon demand) to the die€Coflacialis(ci.e = 0.33 for groups B~ andai. = 0.6
for groups G- 1), for C. hyperhoreusi.. = 0.25 (no regional differences), and farglacialisoe = 0.87 (no regional differences).

¢ data from Chapter 3 Paper 3.

4 data from SUIT presented in previous secfiotegrated for @ m depth under ice)

¢ data fromFernandeavéndez et al. (2015htegrated for the euphotic zone<33 m).

fcalculated usingneasured (samples from this cruise) Carbon tachtios (mg C to mg chd) of 44.9 + 0.7 for sea ice algae and 41.9 + 1.5 for phytoplankton (Peeken et al., unpublished d:
9 Days of feeding corresponds to the number of days the available statodikgaf carbon biomass can sustain the carbon demand (based on species specific ingestion rates and species
abundances)
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Figure 2. Map of the Arctic Ocean with sea ice extent and concentration data, and the locations of the
corresponding station gupings conducted durinthe 2012 PS80 cruis8ea ice concentration data
acquired from www.meereisportal.de according to algorithn®pireen et al. (2008pea ice extent
correspond to the 2012 September monthly mean (extent data acquired from R&IEE€r et al.

(2002, udpated 2011)
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Figure 3. Ice-algae derived carbasupply and demand summarized by high latitude stations (> 85 N)
and low latitude stations (< 85 Nj) carbon supply in terms of available ice algae carbon biomass in
the sea ice (mg @-2) converted using the C:chlratio of 44.9 mg C:mg chd ; b) the demand of
carbon from the highest biomass species (thus, ~highest carbon de@aadys glacialis, Calanus
hyperhoreusandApherus glacialisThis is the total combined demand fdrsgecies at the undére

2 m (determined from SUIT catches) and the surface 0 to 200 m of water column (determined from
multi-net catches; see Table 4¢)the number of days of feeding the ice algae biomass can sustain
based on the totalarbondemandrequirements of the three high biomass speCeanus glacialis,
Calanus hyperhoreus, and Apherus glacialis
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Figure 4. Days elapsed since the onset of zero light conditions of ice algae biomass within the sea ice
determined from a simple 1D model (debed in Chapter 4 Paper 7) for three different latitudinal
ranges. Initial chh biomass was determined from the mean of all stations in the respective latitudinal
range groups.

We further assessed the potential limitations imposed by-calka algal* decay” process
established modeling parameterizations to estimate the time it would take for the ice algae to
disappear and become a negligible food source. We applied the simple 1D model described in Chapter

4 - Paper 7. We used reanalysis datadownward radiation (PAR) geographically divided into the
selected latitudinal ranges of -82°N, 83-84°N, and >88N, to correspond with the high and lower

latitude classification. Initial conditions of ice thickness and a@hlvere also divided into the

lati tudinal groups and summari zed as the mean of
days” as the period from wh e nacanteptration ggdstundara ac he s
certain limiting value. We chose the minimum valueabfthree latitudinal groups to be the limiting

chl a end value of the survival period. Model results of algal biomass decay over time are shown in
Figure4. These results indicated high latitude, higher biomass stations can retain algal biomass for up

to 218 days, while lower latitude, lower biomass regions can retain biomass for oAl3 2 2Iays.

Figure 4 clearly shows that the retention of biomass is greater for the higher latitude stations
compared to the lower latitude stations and is primarily tealtref the initial biomass, which is
controlled by the remaining biomass at the end of the melt season and the start of polar night. It
remains unclear if this remaining biomass is used to feed the under ice faundacantaima or fuel

microbial activty. However, the potential that substantial amounts of carbon biomass remain for a
considerable amount of time during a period typically characterized by zero production has significant
ecological implications.

Based on this comprehensiamalysisof the ce algal derived carbon component of the carbon budget
we proposehe following hypothesisthat during latesummer when primary production shuts down,
the remaining icaalgal biomass in high latitude regions may represent a crucial food source to
sustainice associated organisms during the onset of polar nifgtis suggestshat when summer sea
ice andthusremnant icealgal biomass are absent from regions >85 N, certain orgawiswstire
communitiesmay not be able to survive through the winteith strongimplicationsfor the foodweb

and winter survival

213



Chapter 5: Discussion

Table 5. Primary production and available carbon biomass for the water column and -Hxtom
algae, summarized volumetrically. Water column carbon concentrations given for the depth of chl
maximum

Bottom-ice Carbon Carbon @ chl a max. |ce Prlmgry Water Column_
group (mg C m) depth (mg C m™) Producgor]1 Primary Prc_n;:iu_(itlon

(mgCm~d)) (mgCm~d))
B 1135 14.0 16.864 1.042
C 71.4 40.0 1.015 1.069
D 194.5 40.8 4,718 0.367
E 35.9 36.8 0.9 0.207
F 108.3 45.0 0.264 1.818
G 208.1 43.2 0.336 0.966
H 145.3 27.2 0.363 0.033
I 454 .4 12.7 0.252 0.014

D 5.2.2 Revisiting the ecological importance of thick sea ice (features)

A common overl|l apping theme within t htesummehesi s f
(“Polar Dusk”) seasons °N)isthat thiek séhiicg Bhowkd somd of theOc e a n
highest bottorrice algal biomass levels. This challenges the view that low light is negatively
associated with ice agal biomass, and conversetgased light will simply lead to increased primary
production and thus biomass for the Arctic Océauy., Arrigo & van Dijken, 2015; Fernandez

Méndez et al., 2015Perhaps this is the case for pelagic phytoplankton, of which we have a far more
comprehesive understanding in terms of the physiologeavironmental relationships compared to

sea ice algae. For ice algae in summer, thinner sea ice will ultimately lead to more light transmitted
through the icgNicolaus et al., 2012)which will give ice alge more PAR and thus can locally

increase primary production rates. However, the thinner ice is also more vulnerable to higher melt
rates, meaning meibhduced algal lossesill be experienced earlier in the season and thus the period

of ice algal growth vl likely be shortenedLavoie et al., 2005; Lavoie et al., 2010)

In spring, sea ice algae distribution is primarily controlled by sf@wsselin et al., 198 Cota &

Smith, 1991; Gosselin et al., 199@nd therefore future changes to the springtimeié snow cover

will likely determine how sea ice algae will respond to ongoing climate change during the onset of the
growth season (i.e., Polar Dawiavoie et al. (2010and Leu et al. (2015hrgued that ice algal
growth and production will likely bénampered due to a combination of earlier snow melt and
increased precipitation in the Arctic. One important factor that is commonly neglected in assessments
of future springtime sea ice algal growth is the sreadlle spatial distribution of the snow cavispt

only is the overall snow depth and mass balance important but how this snow is (re)distributed on the
surface is one of the most important factors controlling the atmosjaesseean heat fluxSturm et

al., 2002)and the transmission of ligf@rerfell & Maykut, 1977; Perovich, 1996)

During the SEDNA drift studyiMelnikov et al. (2002showed an ice algal peak in lately during a

period of ne or low-snow with an overall mean snow depth of only 3 cm by the end of(Sturen et

al., 2002) Thisindicated a different seasonal progression of sea ice algal growth within the central
Arctic Ocean showing an iealgal biomass peak around 100 days later than all other documented
seasonal studies, albeit which were from regions characterized by sesssoradLeu et al., 2015)

This suggests some clear differences between sea ice algal growth in regions characterized by
seasonal sea ice compared to the High Arctic Ocean, and that these differences should be considered
when assessing the future of amtiag Arctic system.

In Chapter 3 we demonstrated that sea ice algal biomass was higher at higher latitude, thicker sea ice
stations and occasionally also at thick sea ice ridges. The presence of high biomass observed at the
bottom of ridges is not fully nderstood and requires further investigation. Because the ice is thicker

we could assume melting may be reduced, howd¥erpvich et al. (2003)ndicated that sea ice

ridges experienced more melt than the surrounding undeformed sea ice. The highemalesll
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ridges was partially attributed to a few very thick ridges extending deep into the water, which were
experiencing melt the entire year even during winter. The temporal evolution of the melt rates
revealed that ridges follow the overall mean daibytom ice melt rates for all ice types during most

of the spring season until beginning of August where only one point (representing < 1 week) is above
the mean. After this one peak point the melt rates are lower than the mean and were among the lowest
of all ice types for the entire month of August. In the beginning of September, ridge melt rates
returned to following the megRerovich et al., 2003Altogether this suggests that sea ice ridges may
have overall (i.e., annual mass balance) more melttttesurrounding ice cover for the entire year

but sea ice ridges can also experience some of the lowest daily melt rates during advanced melt
stages, which supports our findings.

Gradinger et al. (201®howed sea ice ridges had elevated concentratfdos meiofauna and under

ice amphipods, which was attributed to the flushing of the sea ice and salinity stress imposed at the
thinner sea ice environment. Sea ice ridges may also extend into higher salinity water compared to
adjacent lower salinity watexccumulations under thinner i¢&radinger et al., 2010hese results

may add additional reasons for high ice algal biomass at ridges, such as: reduced flushing and lower
environmental stress. Furthermore, the presence of high algal biomass as aifoedvsy provide

an additional explanation for the observed accumulation of organisms at ridgasdipger et al.

(2010)

Sea ice ridges represent a complex and interesting feature with an important ecological function.
Therefore, the distribution of aeice ridges is also an important parameter in order to assess its
relative areal contribution of the overall ice cover. Our results from Chapt&aper 3 showed that
ridges represented on average 10% (a conservative estimate) of the surveyed semndicaat

portion of the overall sea ice pack. The identification of high biomass ridges in addition to observed
accumulations of icassociated fauna with ridgéSradinger et al., 201@heans these features could
become even more prominent sanctuagesea ice continues to experience enhanced melt associated
with continued sea ice thinning and declining areal coverage. Therefore, more detailed studies are
required to assess how sea ice ridge distributions will change in the future and to unraal theme
uncertainties associated with the physwablogical interactions of a highly unekampled feature of

the Arctic system.

In Chapter 4, we showed during spring that thick sea ice features also had significant contributions to
overall sea ice algabiomass. We attributed this to the thin or absent snow cover observed at
hummocks (Figureél b). This snowice relationship was previously shown Bgrovich et al. (2003)
andSturm et al. (2002vho also observed that hummocks and ridge peaks typicallyhbatiinnest

snow cover. Furthermore, the coverage of suitablaligal habitat for MYI was surprisingly large

and was drastically undestimated using a bloakodel approach, which characterized all MY as
thick sea ice with a deep snow cover. Our masults indicated that the thick hummock sea ice
features had high botteine biomass and represented a stable habitat for sea ice algae. The spatial
distribution of these features was relatively constant for all MY| sites, which further emphasized the
importance of hummocks in terms of potential algal biomass for the entire Arctic perennial sea ice
zone, which represented ~ 45% of the entire Arctic sea ice coverage if\N2@dlanik et al., 2011)
Combined with the fact that sea ice algae are an impdadadtsource, we suggest that hummocks
represent a reliable, high biomass source of carbon during the early spring when other sources are still
not available in significant amounts. Furthermore, the disappearance of hummocks as a potentially
reliable feedig ground and the replacement by a more temporally variable FYI snow cover may
result in a more unpredictable and highly variable sea ice algal distribution with unexpected
ecological consequences.

During our spring sampling we did not conduct in depthvesys over sea ice ridges. However,
Perovich et al. (2003ndSturm et al. (20023lready documented sea ice hummocks and sea ice ridge
peaks as low snow regions. This suggests that the relationship betwestoleaummocks and high
bottomice biomass maglso be applied to sea ice ridges (FigbyeTherefore, not only do sea ice
ridges represent an important ecological feature during summer, as outlined in Chaftep& 3

and e.g. byGradinger et al. (2010put sea ice ridges may also have imporéaaiogical implications
during spring. In Chapter-4Paper 7, we identified an upper ice thickness limit foraicml biomass,
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which may indicate that sea ice ridges are too thick to provide suitable light conditions at the bottom
of the ice. As also ightified in Chapter 4 Paper 7, horizontal light scattering may also play an
important role in creating suitable habitat in the regions surrounding hummocks. Thus, the regions
surrounding sea ice ridge keels, such as the edges of the keel, may bedafatigh biomass and

not the keel bottom itself, due to the horizontal scattering of light from the regions of low snow at the
surface of the ridge (i.e., sail; Figusg

The hypothesis of increased light at sea ice ridges creating suitable lightamniéit high icealgal

biomass has already been applied to a modelling gdstellani et al., in prep.JThe preliminary
modelling results showed that there was algae growth at the bottom of ridges; however, the biomass
was less than the level i¢€asellani et al., in prep.)Another interesting feature of the model, was

that the sea ice ridge algal bloom was experienced later in the season, which in terms of future sea ice
decline and thinning may be able to sustain some of the carbon demand biceratganisms later

into the season when the level ice has already experienced advancedduodt algal losses.
Furthermore, latsummer biomass was highest in the regions with the thickest sea ice, which is
consistent with our results and conclusiofidhigher biomass under thicker ice due to lower melt
induced algal losses (Chapte—Zaper 2 and Chapter-3Paper 3). We should also mention that
because the sea ice ridges were very thick in the model runs and because the model does not account
for any horizontal light scattering this may be the reason why the blooms did not occur until later
during solar maximum.
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a) Algae distribution under a First-Year sea Ice floe (FYI) with a ridge

during “Polar Dawn”

b) Algae distribution under a Multi-Year sea Ice floe (MYI) with a ridge

during “Polar Dawn”
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D 5.2.3 Temporal stages of sea ice-algae variability for different ice types:
implications for the future Arctic Ocean

Although a full emporal study was not conducted for-adgal growth in the central Arctic Ocean, in

the absence of other temporal studies within the CAO or high latitude regions (>80°N) we provide
some insights into the temporal stages ofalgal growth for differentde types based on our results.
The implications of our results in terms of changes to overahligal biomass under different future
scenarios for the Arctic Ocean are summarized in Téable

The temporal progression and distribution of ice algal biorsaskepicted in a simplified diagram

(Figure 6) covering 5 general temporal stages, which are representative of high latitude regions
(>80°N):a) end of polar ni ght ;bioldgical proBuctiola;r ®OawhPo l(ami
meltonset coincidip approxi mately with solar maxi mum; d)
e) t he onset Wibhinthés®sedsanal stdgiesgvh only consider the temporal evolution of

sea ice algae and not phytoplankton, which we must note is also an imparbart source. ABerge

etal. (20l15n ot ed, terms | ike “Polar Night” and “Pol ar
“winter” and “summer’” are typically wused in r1e€
ambiguities we have classified thges in terms of both the light regime (e.g., Polar Night vs. Polar

Day) and in relation to temperature driven processes (e.g., advanced melt) where necessary. We
introduced the term “Polar Dawn” to rfkofareDay t o t he

with steadily increasing solar radiation, and t
between Polar Day and Polar Night with steadily decreasing solar radiation. For the purposes of this
temporal assessment, followiBgrge etal(2015) s | i ght regi me cl assificat

latitudinal variability for the high central Arctic Ocean (380 during each stage.

At the end of Polar Night (Figuré a) there must be algae present, in at least very small amounts, in
order b seed the icalgal community during the onset of growth (depicted by small black dots Figure
6 a). During the onset of growth MY and older FYI (i.e., ice that likely formed during previous years
freezeup ~October) have similar biomass concentrations areal coverage of suitable habitat
(Figure6 b) as described in Chapter 4. Old leads in transition to young FYI (i.e., ice that formed mid
to-late winter) likely have high biomass concentrations with high areal coverage due to the uniformly
thinner snowcover. However, the relative difference between ice types in terms of overall biomass
depends on their overall areal coverage within the Arctic Ocean.

The relative difference between MYI and FYI in terms of overall biomass contributions is difficult to
assess since snow, which is poorly characterized on aApetit scale, is the main driver for the
spatial distribution of suitable algae habitat on Fvilthe present state of the Arctic Ocean, MYI
dominates the region between Canada, Greenland and ttiePdbe whereas the rest of the Arctic is
dominated by FYI. Since the FYI snow cover has high spimboral variability, it is difficult to
compare with MYI, which has a relatively more stable snow surface even with large variations in
overall snow preapitation. The older FYI forming during initial freezg and at higher latitudes
likely has deeper snow cover (evident from the generally large snow depth values from the Zryosat
data products presented in ChapterPaper 7) and therefore lower sphtiaverage of suitable algae
habitat (Tables). The younger FYI with thinner snow cover, found in lower latitudes, likely has larger
spatial coverage of suitable algae habitat. A generalized situation with the complete replacement of
MYI1 by FYI would resut in comparable or lower overall biomass during the onset of growth in
regions of older FYI with generally deeper snow cover, which is likely to dominate in regions of the
high CAO (Table6). In contrast, a shift to younger FYI with thinner snow cover lik#lly increase
overall biomass in lower latitude regions. Some forecasts predict an -Afdgc increase in
precipitation (IPCC, 2013) which would then result in an overall decrease iraigae biomass
during the initial growth stage (Tab&.
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o) End of Polor Night ¥ : . : ¢ d) "Polar Dusk”: odvanced melt
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Figure 6. Conceptual diagram showing the temporal progression of ice algal biomass and distribution
for different ice types summarized by seasonal stages experienced at high latituélds du80g: a)

end of pol ar ni ght ; b) “sPot apr “ Pa wariset fpmgding mat it o
approximately with solar maxi mum; d) “Polar Dus|
Ni ght ” aup.dsreénrpatahes én the water column are ice algae expelled from the ice during

melt. Grey arrows idicate the possibility of seasonal downward migration of organisms.

Although leadice may represent a small fraction of the overall ice cover, the potential for higher
biomass likely means ledde is an important contributor to overall biomass during PDEawvn and

the initial growth period. The percent coverage of open water leads and new ice forming within the
leads (i.e., leaite) also has large regional variability representif892in the CAO and-8% in the

CAO peripheral regionfLindsay & Rothrock 1995) and seasonal variability with 10% in October

and 3% in April(Laxon et al., 2003)The relative proportion of younger FYI and refrozen leads in the
central Arctic Ocean will likely increase with continued increases in ice drift velocities amhzgh

ice pack(AMAP, 2011; IPCC, 2013; Rampal et al., 201TIhe increase in younger FYI and refrozen
leads will likely result in a general increase of ice algal biomass during the bloom period, the extent of
which will depend on the spatial extent aedional variability of these features (Tab)e
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Figure 7. Conceptuaprogression of total icalgal biomassi.e., areallyaveraged total biomassyer
different seasonal stagésonsistent withFigure6) for the different ice typegoung FYI and leadtce;
older FYl and MYI.

The expected higher bloom biomass of thinner FYI, however, may not result in acnease in ice

algal production over the entire growth seagsdpn.r i ng what may be call ed a
less certain what is happegiat the bottom of hummocks in comparison to adjacent thinner sea ice or
FYI. One may expect that higher light conditions will induce higher primary production rates and thus
higher biomass accumulations. This assumption although highly probable, igkalgstortlived,

since the bloom period is typically terminated earlier under thinner sea ice with high light regimes due

to photoinhibition(Campbell et al., 2015nd/or increased melt ratfsavoie et al., 2005)shown in

Figure6 b, c, d and Figurd. Hummocks and in some cases thicker ice, on the other hand, have a
surface deteriorated layer present throughout the entire year, which enhances albedo and thus reduces
light transmittance even when the snow (if present on hummocks) melts(@vexfell & Maykut,

1977) This may maintain a stable and suitable light environment for algal growth during maximum
solar radiation when photoinhibition is likely to occur (Figdje. T h e h u mmicediorhass bot t o
may also be able to persist through the advameel stage in latsummer due to the thicker ice,

thus, resulting in stable and modest algal biomass levels through most of the growth season and into
the initial stages of polar night (FiguBec, d, e; ). This temporal progression of totalatgal bionass

in different seasonal stages for the different ice types is illustrated in Figumea future Arctic

Ocean with thinner sea ice and a reamplete replacement of MYI by FYI, the presence of high
biomass during advanced melt and into the onset lafr Adght is less likely due to enhanced melt.

This may have important ecological implications, particularly in the high Arctic region where the
growth season and available biomass is already severely limited Gf &idgire6 and Figurer).
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Table 6. Possible future scenarios with predictions for changes in overall (areal) ice algal biomass in
different seasonal stages and under different scenarios of snow and sea ice conditions.

Season Scenario

Potential changes to Physical
Sea Ice environment

Predicted outcome of overall sea ice algae
biomass

LateSummer Su0

Presensituation:

f

High biomass at end of summer in high latitud

‘Po-Das k 1T MYI~FYI thick ice regions
9 Thick ice covering most of { Low biomass inhin ice regions of seasonak
high latitudes
Sul 91 Thinnerice and increased { Low to nobiomass at the end of the year due 1
melt more extensive melhduced algal losses
Su2 1 Overall hinner ice and 1 Increased ipmass in regions, which at present
increased meltut are covered by FYI or seasonal ice
1 Increased sea ice deformatic 1 Decreased biomass for regions, which at pres
1 Larger areal coverage of are covered by thick ice
ridges
Su-3 1 Almostzerosea ice in 1 No biomass
summer
Spring Sp0 Presensituation: 1 Biomassin: MYl ~ FYI < leads
“Po-Dawn 1 MYI~FYI
Spl 1 Nearcomplete replacement { Biomassn: FYI < MYI < leads
of MYI by FYI 9 Overall decrease in bioma$sit leads may
9 increased snow precipitation compensate if areal coveraigereases
Sp-2 1 Nearcomplete replacement { Biomassn: MYI < FYI < leads
of MYI by FYI 1 Overall increase in biomass due to snow
9 decreased snow precipitatiol decrease
Sp3 1 substantialljfarger areal 1 Overall biomass increase
coverage of new ice leads
Sp4 1 increased sea ice deformatio | If snow increases, high biomass ridges could
1 larger areal coverage dtlges compensate for level ice biomass decline.
9 If snow decreases, more ridges may cause nc
change or a decrease in biomass
D 5.3 Outlook

Throughout this thesis we have addressed important issues in terms ioé sdgae distribution
during different times of the year in a poorly understood region of the Arctic Ocean. Furthermore, we
have identified some key questions that require further investigation in order to build upon our
findings. We also developed essahtools to address these questions in future research projects.

The springtime (“Polar Dawn”) wuse of the SUIT

some key questions from Chapter 4. In particular, the sgatigdoral variability of snow oRYI and

MYI, and how this influences the light regime and growth of sea ice algae. Expeditions have already

ar

deployed the SUI'T and ROV during spring (“Polar
perhaps not representative of the CAO. The resuttsldiprovide important first steps to understand

these processes.

Furthermore, the identification of thick sea ice features as highlge¢ biomass regions warrants
further investigations into the ecological implications of such features. Dedicated &8dIROV

surveys should also provide more information on these features. In the past, these features were

generally underepresented due to the difficulty in sampling thicker ice. Now that we know increased
effort has high priority, this sampling bias siftb be avoided whenever possible. Specific sampling

should investigate the distribution of snow around hummocks and ridges, and conduct detailed under

ice surveys of the light field and 3D undee topography in order to quantify 3D light scattering and
the spatial variability of the undée light regime at these features. These results could then be
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related to detailed biogeochemical samples (e.g., ice cores) from these features to assess the spatial
variability of ice algae and relationship to the tighgime.

During spring, access to the CAO and high Arctic regions by ice breaker is limited-tatilomte,
peripheral regions with thinner sea ice. Thereftaag-based campaigns will continue to be the best
way to access the CAO and the heart of NN covered Arctic during spring, particularly North of
Canada and Greenland where the thickest sea ice in the Arctic is I@dagsiet al., 2006; Haas et

al., 2010) Although the SUIT cannot be deployed without a ship, deploying an ROV in addition to
the standard set of field measurements (e.g., ice coring, snow ice thickness surveys) using
snowmobiles or aircraft to access the MYI is a promising way to improve the dpat@dral
resolution of observations required to address some remaining key gsedtieese observations
would then be combined with undiee and pelagic fauna sampling to provide a comprehensive
assessment of the kedgal derived carbon budget during spring, as provided earlier in this Chapter.

Melnikov et al. (2002pemonstrated thiahe peak icalgal bloom period was around the end of July

within the southern extent of the CAO. This highlights the need to sample during the middle of the
summer (“Polar Day”) i -algabbiomassand pmoductianperiodaddtet h e p e ¢
these to the undéce and pelagic fauna iedgal carbon demands.

The proposed hypothesibat remnant icalgal biomass in high latitude regions may represent a
crucial food source to sustain ice associated organisms during the onset of polaisnahime
sensitive question that can only be addressed if observations are conducted soon before further
environmental changes occur within the CAO. To test this hypothesis we would need a
comprehensive field study beginning at the onset of Polar Nighein ice floe of sufficient thickness

to have remnant ice algal biomass. As many of the methodological approaches presented within this
study would be limited in the absence of light we would need to develop or modify sampling
strategies to assess the tigdaemporal variability of ice algae and its importance for usicerand

pelagic organisms during Polar Night.

Using the same methodologies and approaches presented throughout this thesis, in addition to new or
modified approaches during Polar Nighgesifically for the four identified sampling periods: 1) onset

of Polar Dawn; 2) middle of Polar Day; 3) onset of Polar Dusk; and 4) onset of Polar Day, are
essential steps to further our understanding of the annualgakderived carbon budget and hibvg

likely to be modified with continued changes to the sea ice environment.
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Appendix A:

A 1. SUIT sensory array deployment and processing protocols

Laptop:

1. You will want to connect to the network and setup the computer to automatically
connect to network drives upon startup (there is a tutorial for thikeoship site)

2. You will also want to sync the computer time to the ship time (the instructions for this
are also available on the ship webksite

A 1.1 Sensor array pre - and post-deployment

Sensor PC ready!

USB-serial adapter ready and connected!

A 1.1.1 Aquadopp -ADCP(2nd priority to remove, download and/or turn off)

O O O0OO0Oo

o

Connect sensor via US&erial adapter
Launch Software package (AquaPro)
Communication> Connect
Check battery and memory capacity by online measurement
Load settings from standard deployment file
C 2MHZ
C 4cells, cell size 0.3 m
C Blanking: 0.2 m
C Measurement interval 1 s
Start measurement. Aquadopp can run up to 1 hour before deployment.
Mount protection cap on dafdug!
Mount Aquadopp in SUIT protection case

A11.2CTD

(0]

(0]

Every once in a while apply some silicon (itube in the CTD box) to the-ings in the CTD
probe lid (what you open to get to the batteries).

At first operation make sure there are batteries in the unit. Use allen keys in the CTD box to open

and add b a-tell matteiies.s 8 x *‘ ¢’

After severabperations check the batteries status. In the data file there is a column with the
battery Voltage, if it drops under ~10 then change the batteries!

Connect Sensor via provided serial cable (USB should work but during testing the USB did not
work so we use the serial cable).

Launch Software (SST) SDA:

C Goto File

C Modify and Load Project

C Load “ABRIBMUT T.srj” for SLuiitcelidwles sand
on where you are deploying the CTD

C Next it will ask you to select a profile: Go-toArbeitplatz> C drive-> sst_sda

confgg> sel ect the “CTM689. prb” file
Select COM port 1
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o Options:
C MemoryProbe

~

C CTM689

Q Start Communications
C close

o Calibrate (Kalibrierung with German operating system) do this every time before you

deploy so the CTD resets pressure tmye
C Air pressure compensation (Luftdruck Kompensation)

C Make sure to turn the probe on with t
the window and then click “Now” check
is zeroed.

C Save and Exit

he
t

C Options>MemayProbe>CTM689

C Start Communications

C Last configuratior> Continuous Mode

Cclick “Configure Continuous Mode”

Cclick “OK, send config to probe” (the st
C click activate and switch off probe

o0 The probe is now in sleep modastil activation with magnetic stick.

0 Mount protection cap on data plug!

***MAKE SURE THE CAP IS REMOVED FROM THE FLUOROMETER****

0 When the CTD is loaded into the SUIT and you are ready to fish turn on with the
magnet ...t he red | iedsdolidlightitheruafted a féewusecandsomill a s a
change to a&eally fast blinking light (this is important because it tells you that it is
working properly).

o Shortly before SUIT launch, activate probe and mount in SUIT protection case

o Connect altimeter.

Retrieving Data:

C Options>MemoryProbe>CTM689
C Start Communications
C Read Out data
C Save in a folder with appropriate name and use automatic enumeration for multiple
files
C Header information is not crucial, this can be ignored. Close the header
window if it opers.
C Close the window
C At question whether to start loggin again at reoper\&y
C Options> Export Data
Cclick “close”, save the file, then
C select Dataset rate “everyone” (make
C Ok, show
C Save file as .CSV (there usually will be tiplle files so make sure to always

keep the raw data as well as exported data). Naming
“ PcBiisenumbeCTDhaulenumber CS V"~
***Make sure to export all the data

232

S



Appendix A-1

***Make sure that the cap of the altimeter connection is clean!!!

0 To make the probe ready fortinext haul (but we need to make the pressure
compensation before every measurement, so | would suggest to make the following
procedure only if the SUIT will go in the water really soon):

Menu Extras (Zusatze)
Memory probe (Speichersondey CTM 689
Stat communication (Beginne Kommunikation)
A Check: Memory, battery status
Chose: Previous configuration (Letzte Konfiguration): Contin. Mode
Chose: OK, Transmit to probe (OK, zur Sonde Ubertragen)
Chose: Rdaunch probe (Sonde neu starten)

O O

OO O

The probe is now isleep mode until activation with magnetic stick.

Mount protection cap on data plug!

Shortly before SUIT launch, activate probe and mount in SUIT protection case
Connect altimeter.

©O O0OO0OOo

A 1.1.3RAMSESthis should be the first priority to remove from SUIT)

Essential: Two RAMSES sensors must operate simultaneously during SUIT hauls
(Radiancecylindrical tip and Irradianceonical tip)

o Datalogger: make sure battery is plugged in (mostly important for first time use)
1 Battery pack should have more than5 vwith nothingplugged in (this is not clear
though so be careful)
o Itis a good idea to keep the battery unplugged in order to avoid useless data acquiring
that would simply consume the batteries.

1. Plugin the battery of the DataLogger

2. ConnectPS101 to PC and Power, swit on

3. Open MSDA_XE (if not already open) should be on the desktop. Close all the
windows that open automatically and leave open only the Device Manager window.

4. Connect RAMSES sensors (irradiaramnical and radianeeylindrical) to the
datalogger

5. Connect talogger to PS101. This should be the last step
6. Program SUIT sensors:
a. If Device manager window not open go to Devie&evice Manager
b.1f Devices do not show up press “Scan
window

c. The devices should show up in COM1 and ¢hsmould be the datalogger
“DSP_EO3A” and under that there shoul
have different IDs depending on the sensor used) Irrad sensor should be
SAMIP_5080 (SAM_83D1)

IMPORTANT: it could happen that in the device manager window only the Datal.ogger
is visible and not the sensor. In this case disconnect all, unplug the battery of the
Datal.ogger and redo all the steps from 1 to 5 in the exact order as it is written. (So far |
could not find a better solution to this problem)
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S o

[S—

537 x

o I mport the calibration f
has not been used before (
i mport e
t

t

d il es”) you may have to
files an

d

c f
ut gthémlidert he tdenfdeskt op.
t -8 poftvane>RAMPMET2 RAMSES _confi g’ .
When installing the config files you n
sensor from the Databasémport Device. Then you need to gothe Device
Manager window and click “import
you need.

Highlight DSP_EO3A and click Control

New window will appear, click the advanced tab.

Click “sync with PC”

Click “consumpti on” theodataslogger onyomcanrmu c h d a
also use this function to test if the sensor it taking measurements.

I f you are certain the data has been d
datalogger

The “Logging Active” tab should have a
“Prlofnig” tab should also have a green
Press the “Prepare autarchic usage”’
Data Logger configuration window will

and

.The “Run” tab at the top of the window

Now you can disconnect the PS101 from tlatalogger and put the water cap
on the datalogger plug. Now you are good to go. (Keep the sensors attached to
the DatalLogger)

7. PostHaul

a.

You can disconnect the sensors from the datalogger directly after the haul but
remember that the datalogger is siging power until you connect and turn it

off.

Connect the datalogger to the PS101 (the sensors do not need to be plugged

into the datalogger to download the data)

You want to press the “scan” tab in ei
Control window(wait for the system to recognize the datalogger because this

can take a minute or so).

I n the control window go to the “I mpor
run and not from the Devide manager window)

Name the file by clheck“imigl e”hendmeg (tNabm
P<ruisenumbeRAMhaulnumberlogger.dat)

Click “Read | ogger data and st
measurements..this can take a |
Now click “Read fide” atnldi 3§ mplos
time

Go into the Database table by clicking DatabaBata in the main window

dropdown menu

The data will be at the end of the table and you can usually search by date/time

to highlight only the data from the most recentlha

To highlight the data select the last record in the table by clicking the square to

the left of the entry then scroll up to the first entry of the haul (you can tell this

by the date/time) hold the select button and press the square at the left of the

first entry this should highlight all entries for that haul in pink.

At the bottom of the table click the *

ore in f
ong ti me
a tiakeos d
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. Now fill in the first field (CO0O) with
will take a minute for albf the fields to be filled in).

m. Make sure the data from the haul are still highlighted and click the disk with
red arrow icon “export selected data t
P&ruisenumbdRAMhaulnumberdat)

n. Make sure at the top thed “tThrei OSSiFogrlnea’t

on the |l eft is selected then click the
probably want to save this on the network or on the laptop and on the network,
using the same filename as before e.g.

cruise,RAM is for RAMSES and 13 is the haul number).

0. To ensure minimal power usage make sure to unplug the battery in the
datalogger after you are finished downloading the data (this is done because
on the previous cruise there was some unexpected dataloggisitemtgiand
power consumption even when it was thought to be turned off).

p. Now you can calibrate the data (follow pg. 37 of the Manual)

A 1.1.4GoPro

o Check battery and memory
0 Mount camera in protective housing on SUIT frame
o Shortly before Il aunch: Press

rec?’ butto

A 1.1.5Sensor Recovery

Recover sensors:
o0 AquadoppADCP
o CTD (switch off with magnetic rod)
0o RAMSES (SUIT sensor + DSP logger + ship sensor + RAMBESnd PS101)
o Camera (rinse while in watg@roof case)
o rinse all sensors immediately after haul then dry with t@mel store safely in
drylab before further processing
Sensor Checklist:

AquadoppADCP

Clean sensor

Connect to sensqguc via uskserial adapter

Download data

Check battery statusif necessary, change batteries (when down to ca. 9 v)

Check memory-if necesary, erase memory

Convert data and save as .csv files

Prepare for next measurement

Disconnect sensor

Store safely in case

Copy data on external hard di sk and on ship’:

Clean CTD

Connect to sensquc via usbkcable

Download data

Check bakry status- if necessary, change batteries
Check memory-if necessary, erase memory
Prepare for next measurement

Disconnect sensor

coooooo YUoooooooooo
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o0 Store safely in case, or mount back in SUIT protection case for next use
o Copy data on exter naworkiBeaverd di sk and on ship’
RAMSES

0 Clean all parts

o Consecutively connect SUIT and ship sensors to PS101 and download data

0o Check memory-if necessary, erase memory

0 Prepare for next measurement

0 Store safely in case, or mount SUIT sensor and ISP back in SUIT protectidarazese use

o Copy data on external hard di sk and on ship’ ¢
GoPro Video camera

0 Open Camera housing and check for leakages

0 Bring Camera to drylab

o Download video files from sd card

o Prepare for next measurement

0 Mount back in SUIT protection cas

o Copy data on external hard di sk and on ship’:

A 1.2 Data preparation for processing scripts
A 1.2.1Pressure correction

9 This should be done first because then you can implement the offset when you import the data
by setting “pressEacktordngiyt ” = TRUE or FALS

1 This needs to be done manually because you need to look at the profiles and select the range
of values you want to use to average the pressure values for the offset. This is done because
before and after the haul the sensors are on thefoledkferent periods of time and therefore
the length at the start and at the end of the hauls are different.

1 Alook at the profiles at this stage is also good to check the quality of the data and if there
appears to be anything wrong with it.

1 The CTD dta should be pretty good with very small correction values but if you did not
calibrate to the atmospheric pressure before your haul then this calibration becomes more
important.

1 Look into the R script and you must load each file separately and lduok pidfile then
select the range before it is in the water, usually about 100 points on both sides, but keep the
number the same before and after (e.g. n = 100 before in water and n =100 after in water).

1 With the ADCP the pressure correction is more ingarbecause there appears to be some
drift in the pressure values during the haul. There usually is some discrepancy between the
before and after pressure means but for these purposes the mean offset from the two (before
and after) should be adequate.

f You may have to change the sep = “,” o0or se
other scripts change this automatically b

1 Also you must be careful with the column names because if for some reason one of the files
has a diffeent number of columns then the plotting will look different. These values are
|l oaded into an “offsets dataframe which are
directory after for use with the main scripts.

p:
ut |

A 1.2.2Importing Data

1 Make sure alldataaretin. csv” file formats and you do no
been exported from the sensor or sensor sof
When exporting data make sure to use “;7 or
Name files with the following conventisfPS80CTDO01.csv”
o “PS80” refers to the cruise number

t
t

T
)l
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o “"CTD” refers to sensor (ADP = ADCP, RAM =
sensor
o “01” is the haul number . Make sure to use

from 1-9. This is important for keepinggeence in the naming and how the script
processes the data
9 Briefly take a look at the files or a few of the files and compare to the template files for each
sensor provided.

1 CTD data:
o0 Count the number of rows to skip in the csv files and if it is not dquad you must
change this value in the “import_ CTD. R"” f

1 Create &ruise summary file with aminimum of the following columns:

0 You must provide the name of this file in one of the first lines of the R script.

0 Haul numbers: consecutive numbering everaithaul is not included keep all
integers between “Haul 1" and “Haul n

0 HaulStart time column naméstart” format*“hh:mm” 24 hour clock, no seconds
(this is important for subsetting based on time as there could be formatting issues)

o Haul End time column rame“end” format“hh:mm” 24 hour clock, no seconds
(this is important for subsetting based on time as there could be formatting issues)

T GPS or others files: you have an issue when
argument i f orhight eeanghattyou have emnpty cells or sows at the end of
the .csv file that are NAs. You must go into the .csv file and delete these rows and try again.

1 Also, with the GPS data if you have consecutive lat and lon values that are the same you
might getsome error values when calculating distances so you should check the .csv file and
correct this manually if you can.

1 GPSfiles: there might be an instance where the lat and lon are incorrectly represented (e.g.
0.0000825 but should be 82.5 degrees) whickhis in the .csv files
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A 2. Supplementary Material for Chapter 2 - Paper 1: The Surface and
Under -lIce Trawl (SUIT) -mounted environmental sensor array

SUIT station 216
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Al- 1: Surface and under ice trawl (SUIT) sensory array profile for SUIT st&iénconducted
during RV Polarsterrcruise PS80.3 showing sea ice properties, salinity and temperature (dashed line
represents typical freezing point of1-8°C).
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Al- 2: Surface and under ice trawl (SUIT) sensory array profile fdif Station 223 conducted
duringRYV Polarsterrcruise PS80.3 showing sea ice properties, salinity and temperature(dashed line
represents typical freezing point ofl-8°C).
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Al- 3: Surface and under ice trawl (SUIT) sensory amagfile for SUIT station 233 conducted
during RV Polarsterncruise PS80.3 showing sea ice properties, surface watea, callinity and
temperature (dashed line represents typical freezing poirid&°ec).
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Al- 4: Surface and uret ice trawl (SUIT) sensory array profile for SUIT station 248 conducted
duringRYV Polarsterrcruise PS80.3 showing only AD@ferived sea ice properties because CTD
data were not valid.
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SUIT station 321
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Al- 5: Surface and under ice trawl (SUIT) sery array profile for SUIT station 321 conducted
during RV Polarsterncruise PS80.3 showing sea ice properties, surface watea, callinity and
temperature (dashed line represents typical freezing poirid&°ec).
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Al- 6: Surface and under ice trawl (SUIT) sensory array profile for SUIT station 345 conducted
during RV Polarsterncruise PS80.3 showing sea ice properties, surface watea, callinity and
temperature (dashed line represewscal freezing point of -1.8°C).
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SUIT station 358
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Al- 7: Surface and under ice trawl (SUIT) sensory array profile for SUIT station 358 conducted
during RV Polarsterncruise PS80.3 showing sea ice properties, surface watea, callinity and
temperature (dashed line represents gidireezing point of -1.8°C).
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A 3. Supplementary Material for Chapter 2 z Paper 2: Spectrally -
derived sea ice -algal chlorophyll a concentrations using under -ice
horizontal profiling platforms

Table S1. Overview of ice coresand coincident spectral measuremedtsing PS78 and PS80.

“Type” corresponds to the platfoams aseBROVp. t aRa
refers to if the measuremets was conducted at a melt pond (1) or not a melt pond (O; i.e.).bare ice

“X" and “Y"giaven piosiaifohee fixed coordinate syst
“lrrad” refers to irradiance and “Rad” refers
or No). “NA” means hatdocatian.t(Tablesison theafall@ning taedopbges).f or t
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Cruise/ Date Core-Name chia Core Length (m]lce Thickness (m]Snow (m)] Scattering layer (m|Freeboard (m|Type |Pond Irrad| Rad|
Station (mg m?)

PS78/196 11-Aug-1§1108110PT1 0.17 0.9 1.52 0 0.0§ 0.224L-arm 0 yes |no
PS78/203 14-Aug-11§1108140PT1 0.05 0.05 NA NA NA NA L-arm 0 no no
PS78/212 19-Aug-1111108190PT1 0.6] 1.04 NA NA NA NA L-arm 0 no no
PS78/212 19-Aug-11§1108190PT2 0.83 1.04NA NA NA NA L-arm 0 yes |no
PS78/212 19-Aug-1J1108190PT3 0.3 0.7|NA NA NA NA L-arm 1 yes |no
PS78/227 29-Aug-111108290PT1 0.0 1.42 1.42 0 0.04 0.1L-arm 0 yes |yes
PS78/227 29-Aug-111108290PT2 0.08 0.8] 0.8] 0.001 0 -0.43L-arm 1 yes |yes
PS78/227 29-Aug-1111108290PT3 0.39 3.53 3.53 0 0.03 0.2|L-arm 0 yes |yes
PS78/238 6-Sep-1311109060PT1 0.1 0.73 NA NA NA NA ROV 0 yes |no
PS78/238 6-Sep-111109060PT2 0.49 2.07NA NA NA NA ROV 0 yes |no
PS78/238 6-Sep-111109060PT3 0.62] 2.13NA NA NA NA L-arm 0 yes [no
PS78/245 8-Sep-111109080PT1 0.01 0.11 0.29INA NA NA ROV 0 no |no
PS78/245 8-Sep-1311109080PT2 0.32 1.18NA NA NA NA ROV 0 yes |yes
PS78/245 8-Sep-1311109080PT3 0.19 1.18NA NA NA NA L-arm 0 yes |no
PS80/224 9-Aug-11CORE-OPT-1 0.63 NA 1.7 0 0.5] 0.28 ROV 0 10.3 183.9no |Jyes
PS80/224 9-Aug-121CORE-OPT-2 0.3 NA 1.11 0 0 -0.2 ROV 1 12.71 180.3no |Jyes
PS80/224 10-Aug-14CORE-OPT-1 0.79 1.12 1.08 0 0.04 0.12ROV O] 111.4 199.4no |yes
PS80/224 10-Aug-1 CORE-OPT-2 0.21 0.925 0.94] 0 0.04 0.09 ROV O] 101.4 203.4no |yes
PS80/224 10-Aug-141CORE-OPT-3 0.33 0.865 0.92 0 0.049 0.17]ROV 0 73.2 212.94no |yes
PS80/224 10-Aug-14 CORE-OPT-4 0.42 1.96 1.92 0 0.0 0.22ROV 0 16.3 299.4no |yes
PS80/224 10-Aug-14 CORE-OPT-5 0.1§ 1.74 1.72 0 0.0§ 0.32ROV 0 16.4 318.9gno |Jyes
PS80/224 10-Aug-11 CORE-OPT-6 0.12 1.18 1.2 0 0 -0.3]ROV 1 16.4 318.9gno |Jyes
PS80/237 15-Aug-141CORE-OPT-1 1.04] 1.7 1.66 [0] 0.05 0.199 ROV 0 25.9 226.3yes |yes
PS80/237 15-Aug-14 CORE-OPT-2 0.71 1.77) 1.69 0 0.1] 0.23 ROV 0 45.4 222.)yes |yes
PS80/237 15-Aug-14 CORE-OPT-3 0.17 0.87 0.84] 0 0 -0.19 ROV 1 63.94 215.4yes |yes
PS80/237 15-Aug-11 CORE-OPT-4 1.32 1.424 1.36 0 0.05 0.1 ROV 0 82.9 208.7yes |yes
PS80/237 15-Aug-141CORE-OPT-5 2.25 1.429 1.39 0 0.05 0.17/ROV 0] 101.4 203.3yes |yes
PS80/237 15-Aug-14 CORE-OPT-6 0.45 1.88 1.78 0 0.04 0.19 ROV 0 15.] 249.)}yes |yes
PS80/237 15-Aug-14 CORE-OPT-7 0.5¢4 1.66 1.61 0 0.04 0.2)ROV 0 15.9 269.qyes |yes
PS80/237 15-Aug-11 CORE-OPT-8 0.53 1.519 1.45 0 0.05 0.1 ROV 0 15.94 290.)jyes |yes
PS80/237 15-Aug-141CORE-OPT-9 0.98 1.27 1.2¢§ 0 0.03 0.0§ ROV 0 16.3 309.9yes |yes
PS80/237 15-Aug-141 CORE-OPT-1( 1.14 1.304 1.2¢f 0 0.04 0.1 ROV 0 16.71 329.4yes |yes
PS80/237 16-Aug-141CORE-OPT-1] 0.25 0.72 0.7 0 0 -0.33 ROV 1 -450 130lyes |yes
PS80/237 16-Aug-11CORE-OPT-14 0.47 2.895 2.82 0 0 -0.3]ROV 1 -415 210|yes |yes
PS80/255 21-Aug-141CORE-OPT-1 0.55 0.765 0.71 [0] 0.04 0.089 ROV 0 22.7 217|yes |yes
PS80/255 21-Aug-11CORE-OPT-2 2.0 0.89 0.89 0 2483 0.04 0.1]ROV 0 -5.6] 191.qyes ]yes
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Cruise/ Date Core-Name chia Core Length (m]lIce Thickness (m]Snow (m)] Scattering layer (m]Freeboard (m|Type |Pond| X Y Irrad] Rad|
Station (mg m?)
PS80/255 21-Aug-11CORE-OPT-3 0.87] 0.5 0.49 0 0| -0.1JROV 1 -6.2] 170.4no |no
PS80/255 21-Aug-141CORE-OPT-4 0.7 0.86 0.83 0 0.04 0.09 ROV 0 -2.3] 161.9yes |yes
PS80/277 26-Aug-141CORE-OPT-1 0.49 0.8 0.8 0 0.09 0.17JL-arm 0] -73.2 91.9no |no
PS80/277 26-Aug-141CORE-OPT-2 0.05 0.3 0.25 0 0 -0.27|L-arm 1] -75.7 85.2Ano |no
PS80/277 26-Aug-141CORE-OPT-3 0.29 0.92] 0.92 0 0.08 0.14L-arm o] -57.11 138.4dno |no
PS80/277 26-Aug-141CORE-OPT-4 0.03 0.372] 0.3 0 0 -0.16|L-arm 1] -55.2 12 no |no
PS80/277 26-Aug-141CORE-OPT-5 0.09 0.78 0.75 0 0 -0.33|L-arm 1] -55.2 42.gno |no
PS80/323 5-Sep-12CORE-OPT-1 0.35 1.809 1.74 0.07] 0 0.07]ROV 0] -117.3 230.34no |no
PS80/323 5-Sep-12CORE-OPT-2 0.25 0.7 0.64 0.05 0 0.0 ROV 0] -136.)) 237.9yes |yes
PS80/323 5-Sep-13CORE-OPT-3 0.19 0.75 0.74 0.04 0 0.14 ROV 0] -153.1 244yes |yes
PS80/323 5-Sep-13CORE-OPT-4 0.0 0.17] 0.17] 0 0 0.04 ROV 0] -164.4 308.qno |no
PS80/323 5-Sep-13CORE-OPT-5 0.16 0.69 0.66 0.05 0 0.1 ROV 0] -172.4 290.4yes |yes
PS80/323 5-Sep-13CORE-OPT-6 0.02] 0.25 0.23 0.04 0 0.05 ROV 0] -181.1] 273.4yes |yes
PS80/335 8-Sep-13CORE-OPT-1 1.08 1.2 1.23 0.02 0 0.1]ROV 0] -14.21 389.74yes |yes
PS80/335 8-Sep-13CORE-OPT-2 0.03 0.25 0.9 0 0 0.0 ROV 1| -14.7 385 yes |no
PS80/335 8-Sep-13CORE-OPT-3 0.79 1.33 1.35 0.17] 0 0.05 ROV 0] -90.4 345.9yes |yes
PS80/335 8-Sep-12CORE-OPT-4 0.24 0.74 1.14 0 0 0.0 ROV 1] -86.5 352.3yes |yes
PS80/335 8-Sep-12CORE-OPT-5 1.04 1.23 1.17 0.13 0 0.1} ROV 0] -70.8 344.94yes |yes
PS80/335 8-Sep-12CORE-OPT-6 2.6 1.63 1.49 0.4 0 0.1} ROV 0] -30.3] 339.9yes |yes
PS80/348 19-Sep-12CORE-OPT-1 0.59 0.2] 0.19 0 0 -0.35 ROV 1] -217.3 -89|no |yes
PS80/348 19-Sep-12CORE-OPT-2 3.47 0.38 0.19 0 0 -0.43 ROV 1] -217.3 -89)yes |yes
PS80/348 19-Sep-12CORE-OPT-3 5.54 0.78 0.7| 0 0 -0.4|ROV 1] -222.94 -118.qyes |yes
PS80/348 19-Sep-12CORE-OPT-4 0.25 0.77] 0.93 0.0 0 0.05 ROV 0] -258.3 -69.2%yes |yes
PS80/348 19-Sep-12CORE-OPT-5 0.14§ 0.78 1.0 0.0 0 0.03 ROV 0] -287.1 -43.2yes |yes
PS80/348 19-Sep-12CORE-OPT-6 0.26 1.64 1.64 0.0 (o) 0.22ROV O] -303.4 -31.4yes |yes
PS80/348 19-Sep-13CORE-OPT-7 1.04 1.65 1.58 0.02 0 0.2} ROV o] -342 0.3lyes |yes
PS80/360 23-Sep-13CORE-OPT-1 6.46 0.79 0.79 0.02 0 0.03 ROV 0 72.71 278.9yes |yes
PS80/360 23-Sep-13CORE-OPT-2 11.83 1.57] 1.5 0.04] 0| 0.221ROV 0| 12.71 246.9yes |yes
PS80/360 23-Sep-13CORE-OPT-3 8.03 0.8 0.9 0 0 0.04 ROV 0 3.4 241.4yes |yes
PS80/360 23-Sep-13CORE-OPT-4 0.05 1.22 1.22 0.08 0 0.17|ROV 0] -13.5 230.9yes |yes
PS80/HELI-64] 27-Sep-13CORE-OPT-1 0.02] 0.05 0.05 0 0 ojL-arm 0 (o] Olno [no
PS80/HELI-64] 27-Sep-132CORE-OPT-2 0.04] 0.06 0.09 0 0 OjL-arm 0 20 O]jno [no
PS80/HELI-64] 27-Sep-132CORE-OPT-3 0.02 0.04] 0.04 0 0 OjL-arm 0 50 O]jno [no
PS80/384 29-Sep-12CORE-OPT-1 1.12 1.574 1.5¢ 0.03 0 0.28 ROV 0] -254.4 1569.9yes |yes
PS80/384 29-Sep-12CORE-OPT-2 0.14 0.99 1.13 0.06 0 0.03 ROV 1] -257.4 1575.4yes |yes
PS80/384 29-Sep-12CORE-OPT-3 0.27] 1.53 1.57 0.03 0 0.28 ROV 0] -261.3 1575.4yes |yes
.|PS80/384 29-Sep-12CORE-OPT-4 0.04] 0.19 0.17 0.05 0 O|ROV 0] -326.71 1607.gno |no
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Table S2. Summary of the “ Best " measutbmdrsatistical approaedata subsatgmbication 6 models). N” rhd ers to
sample size of data wused to fit the model . *“ NA” r enfamuscsptor tberechi® ereonedbul at ar
data based on calcul ation of the summaiygytetatViasiiabseé®. gorresposdanat b
generalized linear model such as: modes used from S “sshwnindrackdtshTables q u ar ¢
continued on next page.

Model Statistics Bias of Model applied to subset: R of Model applied to subset: 10-Fold Cross Validation Ranking

Model Statistical Approach Spectral MeasurementData subsetN Predictor Variables R RMSE Bias high low All  PS78 PS80 MYI low high Mean RMSE NRMSE Mean-R NRMSE Mean Final

M1 EOF irradiance all 49 s4 +S5+S7 +s7"2+s8"2 0.82 111 -0.48 0.44 0.00 NA -0.04 0.83 093 0.06 0.82 0.52 12.11 1.03 5.5 66 35.75 27|
M2 EOF irradiance PS78 11 s4+S7 + 82 + 542 + s9"2 0.99 0.03 0.00 .14 0.00 0.24NA 0.24 004 019 0.33 0.21 0.07 0.09 24 2 13 6
M3 EOF irradiance PS80 38 s4+5+S7 +87"2 +58"2 0.81 1.28 -0.60 -0.24 0.00 0.81 -0.06 NA 0.87 0.01 0.85 0.50 2.90 0.25 7 29 18 9
M4 EOF irradiance PS80-MYI 10 s5+S7 +S3"2 +84"2 +s7"2 1.00 0.25 0.01 -0.02 0.00 -0.01 0.01 -0.02NA 0.02 -0.07 -0.01 1.69 0.14 7 5 41 40,
M5 EOF irradiance low 34s4+s8 0.51 0.17 0.00 0.00 0.00 -0.02 031 -0.02 -0.12NA 0.02 0.03 0.19 0.20 61 19 40 36|
M6 EOF irradiance high 15 s1+s5+S7 +59+82"2 0.96 0.60 -0.05 -0.05 0.00 0.17 -0.07 0.17 020 O0.08NA 0.11 1.44 0.13 385 4 21.25 11
M7 EOF radiance all 50 s4+S7 +59+87"2 +59"2 0.59 1.53 -0.47 0.03 0.00 NA NA 0.58 0.65 0.00 0.61 0.46 10.60 0.90 8 64 36 28
M8 EOF radiance PS78 NA NA 0.00 0.98 0.00 NA NA NA NA NA NA NA NA 12.11 39.4€ 96 77.5 86.75 96|
M9 EOF radiance PS80 46 s4 + S5 +s7 +58"2 + 592 0.74 1.48 -0.80 0.00 0.75NA NA 0.93 -0.02 0.88 0.64 4.05 0.34 1 45 23 13|
M10 EOF radiance PS80-MY!l 10 s2+s4+s5+s7+s1"2 0.99 0.33 -0.07 0.00 -0.02NA -0.02NA 0.07 -0.04 0.00 >50 13.7C 70 75 725 84|
M1l EOF radiance low 35 S2+ 54 +S3"2 +54°2 0.60 0.15 0.00 0.00 0.03NA 0.04 -0.10NA 0.07 0.01 0.17 0.18 65 9 37 30.5]
M12 EOF radiance high 15 s4 + 85+ 56 + 522 +s8"2 0.95 0.66 -0.08 0.00 0.56 NA 0.55 0.55 -0.02NA 0.41 181 0.17 9 7 8 2
M13 EOF transmittance all 49 S2 + 54 +S6"2 + ST"2 + S92 0.88 0.77 0.01 0.00 NA -0.0¢ 0.88 086 0.06 0.89 0.52 4.14 0.35 5.5 49 27.25 14|
Mi14 EOF transmittance PS78 11 s3+s4+s5+58+56"2 0.98 0.03 0.00 0.00 0.04NA 0.02 -0.10 0.01 -0.07 -0.02 0.07 0.09 83 1 42 43|
M15 EOF transmittance PS80 38 s2+54 +56+S7°2+s9"2 0.90 0.77 -0.02 0.00 0.88 -0.11NA 0.94 -0.01 0.93 0.53 1.81 0.15 4 6 5 1
M16 EOF transmittance PS80-MYI 10 s6 + S8 + S5"2 + 6”2 + s8"2 1.00 0.25 -0.03 0.00 -0.01 -0.07 -0.02NA -0.01 -0.07 -0.04 9.79 0.83 90 62 76 87.5
M17 EOF transmittance low 34 s4+s7+s8+s9+5s4"2 0.56 0.16 0.00 0.00 0.13 041 0.14 0.00NA 0.16 0.17 0.25 0.26 28 38 33 23]
M18 EOF transmittance high 15 Ss1+86+S7 +S1"2 + 842 0.97 0.49 0.01 0.00 -0.02 -0.10 -0.02 0.95 -0.03NA 0.16 >50 >50 30 82 56 57|
M19 EOF transflectance all 50 s2+54+S7 +s9+s9"2 0.74 112 -0.12 -0.01 0.00 NA NA 0.74 076 0.00 0.82 0.58 2.46 0.21 2 23 125 4.5
M20 EOF transflectance PS78 NA NA 0.00 0.98 0.00 NA NA NA NA NA NA NA NA 12.11 39.4€ 95 77.5 86.25 95
M21  EOF transflectance PS80 46 S2 + 54 + 832 + S6"2 + 582 0.73 1.27 -0.36 0.00 0.73NA NA 0.69 0.07 0.78 0.57 39.58 3.35 3 72 37.5 32.5|
M22 EOF transflectance PS80-MYI 10 s2+s4 +S7 + 59 +s9"2 0.99 0.36 -0.03 0.00 -0.02NA -0.02NA -0.03 -0.03 -0.03 1.28 0.11 87 3 45 47|
M23 EOF transflectance low 35 s2+54 +s8+s9+s4"2 0.55 0.16 0.00 0.00 0.03NA 0.05 -0.05NA 0.11 0.04 0.22 0.23 56.5 28 42.25 44
M24  EOF transflectance high 15 s1+8S2+56 + S22 +s7"2 0.95 0.69 -0.06 0.00 0.29NA 0.28 0.94 0.06 NA 0.39 2.07 0.19 11 18 145 7
M25  NDI-440 irradiance all 49 NDI (463:476) 0.09 2.10 0.02 0.78 NA 0.02 0.06 -0.08 0.00 -0.05 -0.01 2.20 0.19 7 15 46 48|
M26  NDI-440 irradiance PS78 11 NDI (462:468) 0.02 0.22 0.00 0.04 0.09NA 0.07 -0.08 -0.02 -0.04 0.00 0.25 0.34 70 a4 57 58
M27  NDI-440 irradiance PS80 38 NDI (400:408) 0.07 2.34 -0.02 1.06 0.06 -0.06 NA -0.08 -0.02 -0.01 -0.02 2.45 0.21 83 22 52.5 52|
M28  NDI-440 irradiance PS80-MYI 10 NDI (426:450) 0.40 2.90 0.25 69.62 -0.02 -0.11 -0.03NA 0.02 -0.06 -0.04 12.51 1.06 90 67 78.5 93]
M29  NDI-440 irradiance low 34 NDI (400:680) 0.07 0.24 0.00 0.00 -0.02 -0.07 -0.02 -0.11NA -0.07 -0.06 0.25 0.26 94 36 65 72|
M30 NDI-440 irradiance high 15 NDI (412:418) 0.06 2.92 0.00 273 0.07 -0.06 0.07 0.01 -0.03NA 0.01 5.26 0.49 65 53 59 62.5]
M31 NDI-440 radiance all 50 NDI (463:469) 0.10 2.07 0.03 0.76 NA 0.78 0.09 -0.08 0.12 -0.05 0.17 2.16 0.18 28 11 195 10|
M32  NDI-440 radiance PS78 4 NDI (467:473) 0.77 0.05 0.00 0.02 0.06 NA 0.06 -0.10 0.15 -0.04 0.03 NA NA 61 91 76 87.5)
M33 NDI-440 radiance PS80 46 NDI (463:469) 0.09 214 0.02 0.81 0.10 0.78NA -0.08 0.12 -0.05 0.17 2.22 0.19 28 17 225 12|
M34  NDI-440 radiance PS80-MYI 10 NDI (406:472) 0.06 3.59 0.09 16.32  -0.02 -0.08 -0.02NA 0.05 -0.0s -0.02 5.03 0.43 83 51 67 74
M35 NDI-440 radiance low 35 NDI (469:475) 0.18 0.21 0.00 0.00 0.07 0.74 0.06 -0.0SNA -0.05 0.15 0.22 0.23 315 27 29.25 17.5]
M36 NDI-440 radiance high 15 NDI (427:435) 0.03 2.97 0.02 2.90 0.03 062 0.04 -0.06 -0.02NA 0.12 3.28 0.30 35.5 43 39.25 35|
M37  NDI-440 transmittance all 49 NDI (473:479) 0.14 2.04 0.07 0.82 NA -0.08 0.12 -0.06 -0.03 0.01 -0.01 >50 43.30 77 79 78 91
M38 NDI-440 transmittance PS78 11 NDI (480:660) 0.02 0.22 0.00 -0.03 -0.02NA -0.03 -0.12 0.08 -0.08 -0.03 0.26 0.34 87 46 66.5 73]
M39 NDI-440 transmittance PS80 38 NDI (473:479) 0.13 2.26 0.07 1.03 0.15 -0.08 NA -0.05 -0.03 0.01 0.00 >50 >50 70 83 76.5 89|
M40 NDI-440 transmittance PS80-MYI 10 NDI (426:449) 0.53 2.55 0.22 14.36 -0.02 -0.11 -0.03NA 0.01 -0.04 -0.04 5.64 0.48 90 52 71 80.5)
M41  NDI-440 transmittance low 34 NDI (400:672) 0.09 0.23 0.00 0.00 -0.02 -0.02 -0.03 -0.12NA -0.08  -0.05 0.25 0.26 92.5 35 63.75 71
M42  NDI-440 transmittance high 15 NDI (474:482) 0.05 2.95 0.04 2.58 0.20 -0.08 0.18 0.00 -0.03NA 0.05 35.81 3.32 50.5 71 60.75 64.5]
M43 NDI-440 transflectance all 50 NDI (460:466) 0.13 2.03 0.06 0.78 NA 093 013 -0.05 0.05 -0.01 0.21 4.25 0.36 24 50 37 30.5
M44  NDI-440 transflectance PS78 4 NDI (461:467) 0.92 0.03 0.00 -0.14 0.06 NA 0.06 -0.10 0.08 -0.04 0.01 NA NA 65 92 78.5 93]
M45  NDI-440 transflectance PS80 46 NDI (460:466) 0.13 2.10 0.06 0.86 0.14 0.93NA -0.05 0.05 -0.01 0.21 4.11 0.35 24 47 35.5 25.5)
M46  NDI-440 transflectance PS80-MYI 10 NDI (406:471) 0.20 3.32 0.15 18.21 5.94 -0.02 0.09 -0.02NA 0.01 -0.04 0.00 6.76 0.57 70 56 63 68
M47  NDI-440 transflectance low 35 NDI (402:677) 0.02 0.23 0.00 -2.98 0.00 -0.02 016 -0.02 -0.12NA -0.08 -0.02 0.24 0.25 83 33 58 60
M48  NDI-440 transflectance high 15 NDI (478:484) 0.00 3.02 0.01 0.01 2.58 0.16 -0.50 0.15 -0.04 -0.01NA -0.05 3.77 0.35 92.5 48 70.25 77.9)
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cont

nued ...

Model Statistical Approach Spectral MeasuremeniData subsetN  Predictor Variables
M49  NDI-670 irradiance all 49 NDI (662:672)
M50 NDI-670 irradiance PS78 11 NDI (683:700)
M51  NDI-670 irradiance PS80 38 NDI (661:667)
M52  NDI-670 irradiance PS80-MY!l 10 NDI (672:682)
M53  NDI-670 irradiance low 34 NDI (657:671)
M54  NDI-670 irradiance high 15 NDI (669:683)
M55  NDI-670 radiance all 50 NDI (665:671)
MS56  NDI-670 radiance PS78 4 NDI (671:677)
M57  NDI-670 radiance PS80 46 NDI (665:671)
M58  NDI-670 radiance PS80-MYI 10 NDI (679:685)
M59  NDI-670 radiance low 35 NDI (658:666)
M60 NDI-670 radiance high 15 NDI (678:684)
M61 NDI-670 transmittance all 49 NDI (662:672)
M62 NDI-670 transmittance PS78 11 NDI (655:661)
M63 NDI-670 transmittance PS80 38 NDI (661:667)
M64 NDI-670 transmittance PS80-MY! 10 NDI (672:682)
M65 NDI-670 transmittance low 34 NDI (658:671)
M66 NDI-670 transmittance high 15 NDI (678:684)
M67 NDI-670 transflectance all 50 NDI (665:671)
M68 NDI-670 transflectance PS78 4 NDI (671:677)
M69 NDI-670 transflectance PS80 46 NDI (665:671)
M70 NDI-670 transflectance PS80-MY!l 10 NDI (679:685)
M71  NDI-670 transflectance low 35 NDI (658:665)
M72  NDI-670 transflectance high 15 NDI (679:685)
M73  multi-NDI irradiance all 49 NDI (463:476) + NDI (662:672)
M74  multi-NDI irradiance PS78 11 NDI (462:468) + NDI (683:700)
M75  multi-NDI irradiance PS80 38 NDI (400:408) + NDI (661:667)
M76  multi-NDI irradiance PS80-MYI 10 NDI (426:450) + NDI (672:682)
M77  multi-NDI irradiance low 34 NDI (400:680) + NDI (657:671)
M78  multi-NDI irradiance high 15 NDI (412:418) + NDI (669:683)
M79  multi-NDI radiance all 50 NDI (463:469) + NDI (665:671)
M80  multi-NDI radiance PS78 4 NDI (467:473) + NDI (671:677)
M81 multi-NDI radiance PS80 46 NDI (463:469) + NDI (665:671)
M82  multi-NDI radiance PS80-MYI 10 NDI (406:472) + NDI (679:685)
M83  multi-NDI radiance low 35 NDI (469:475) + NDI (658:666)
M84  multi-NDI radiance high 15 NDI (427:435) + NDI (678:684)
M85  multi-NDI transmittance all 49 NDI (473:479) + NDI (662:672)
M86  multi-NDI transmittance PS78 11 NDI (480:660) + NDI (655:661)
M87  multi-NDI transmittance PS80 38 NDI (473:479) + NDI (661:667)
M88  multi-NDI transmittance PS80-MYI 10 NDI (426:449) + NDI (672:682)
M89  multi-NDI transmittance low 34 NDI (400:672) + NDI (658:671)
MO0  multi-NDI transmittance high 15 NDI (474:482) + NDI (678:684)
M91  multi-NDI transflectance all 50 NDI (460:466) + NDI (665:671)
M92  multi-NDI transflectance PS78 4 NDI (461:467) + NDI (671:677)
M93  multi-NDI transflectance PS80 46 NDI (460:466) + NDI (665:671)
M94  multi-NDI transflectance PS80-MYl 10 NDI (406:471) + NDI (679:685)
M95  multi-NDI transflectance low 35 NDI (402:677) + NDI (658:665)
M96  multi-NDI transflectance high 15 NDI (478:484) + NDI (679:685)

R

Model Statistics

0.09
0.08
0.14
0.59
0.19
0.73
0.11
0.67
0.10
0.24
0.08
0.20
0.14
0.11
0.18
0.54
0.16
0.70
0.16
0.83
0.16
0.23
0.07
0.33
0.11
0.12
0.15
0.59
0.20
0.73
0.12
0.99
0.11
0.24
0.28
0.26
0.16
0.20
0.20
0.56
0.17
0.71
0.17
1.00
0.16
0.27
0.10
0.63

RMSE

2.09
0.21
2.25
2.38
0.22
1.58
2.06
0.07
2.13
3.24
0.22
271
2.04
0.21
2.19
2.52
0.22
1.65
1.99
0.05
2.06
3.25
0.22
2.49
2.08
0.21
2.24
2.37
0.22
1.57
2.05
0.01
212
3.23
0.20
2.61
2.02
0.20
217
2.48
0.22
1.64
1.99
0.01
2.06
3.19
0.22
1.84

0.00
0.00
0.05
0.14
0.00
0.02
0.00
0.00
0.00
0.17
0.00
0.09
0.04
0.00
0.08
0.14
0.00
0.06
0.03
0.00
0.03
0.17
0.00
0.11
0.03
0.00
0.06
0.10
0.00
0.04
0.03
0.00
0.02
0.15
0.00
0.06
0.07
-0.01
-0.05
0.21
0.00
0.07
0.05
0.00
0.05
0.20
0.00
-0.07

-1.72
-3.00
-1.3¢
-0.23
-2.90

0.02
-1.75
-3.08
-1.68

0.40
-2.95

0.08
-1.5¢
-2.94
-1.30
-0.21
-2.88

0.06
-1.62
-3.05
-1.56

0.03
-2.94

0.11
-1.68
-2.88
-1.39
-0.41
-2.86

0.04
-1.67
-2.26
-1.62

0.18
-2.21

0.06
-1.56
-1.66
-1.33

2.29
-2.81

0.07
-1.58
-1.80
-1.52

1.80
-2.87
-0.07

Bias of Model applied to subset:

0.76
-0.03
1.08
1.73
0.00
2.09
0.75
-0.10
0.81
2.93
0.00
2.65
0.75
0.01
1.06
1.82
0.00
1.96
0.73
-0.08
0.78
2.37
0.00
2.46
0.78
0.01
1.09
1.77
0.00
213
0.76
-0.03
0.82
3.14
0.00
2.41
0.80
0.12
1.16
2.78
0.00
2.03
0.75
-0.15
0.81
2.70
0.00
2.49

R of Model applied to subset:

All  PS78 PS80 MYI low high

NA 0.01 009 -002 0.21 -0.04
0.07NA 009 011 012 0.10
0.11  0.00NA 0.00 0.2 0.01
0.50 -0.07 0.56NA 0.04 0.63
0.04 001 0.04 -0.08NA -0.07
0.54 -0.08 0.60 0.68 0.07NA

NA 0.03 010 -001 0.05 0.00
-0.01NA -0.02 0.16 -0.01 0.04
0.11 0.03NA -0.01 0.05 0.00
0.16 0.67 0.17NA -0.03 0.24
0.00 015 0.01 -0.10NA -0.07
0.17 042 018 0.17 -0.03NA

NA 0.03 0.14 -0.01 0.17 -0.01
0.02NA 0.00 -0.11 0.03 -0.05
0.15 0.01NA 0.01 0.08 0.04
0.47 -0.05 0.53NA 0.04 0.58
0.08 0.00 0.07 -0.08NA -0.05
063 001 064 062 0.06NA

NA 0.32 0.16 0.01 0.03 0.05
0.00NA 0.00 0.14 -0.01 0.10
0.17  0.32NA 0.01 0.03 0.05
0.25 0.72 0.25NA -0.01 0.32
0.03 033 0.04 -0.10NA -0.06
025 071 025 0.23 -0.01NA

NA 0.04 0.09 -0.05 0.23 -0.04
0.15NA 0.13 0.4 0.07 0.02
0.12 -0.01NA -0.01 0.13 0.01
0.37 0.01 0.50NA 0.00 0.63
0.05 002 0.04 -0.08NA -0.06
0.52 -0.08 0.58 0.69 0.09NA

NA 0.42 011 -0.04 0.13 -0.02
0.08NA 0.07 -0.08 0.20 -0.05
0.12 0.34NA -0.04 0.12 -0.02
0.03 091 0.05NA 0.00 0.19
0.06 0.75 0.06 -0.08NA -0.05
0.16 -041 0.16 0.34 -0.03NA

NA 0.06 0.14 -0.03 0.18 0.00
0.06 NA 0.05 -0.08 -0.03 -0.03
0.04 -0.01NA 0.12 0.03 0.08
0.04 -0.11 0.03NA -0.03 -0.06
0.09 -0.01 0.07 -0.08NA -0.05
0.62 001 063 0.62 0.06NA

NA 0.39 016 -001 0.05 0.03
0.08NA 0.07 -0.08 0.13 -0.03
0.17  0.41NA -0.01 0.06 0.03
0.04 -0.04 0.04NA -0.02 -0.07
0.06 041 0.06 -0.10NA -0.05
0.13 0.85 0.13 0.60 -0.01NA

Mean
0.05
0.10
0.05
0.33

-0.01
0.36
0.03
0.03
0.04
0.24
0.00
0.18
0.06

-0.02
0.06
0.31
0.00
0.39
0.11
0.05
0.12
0.31
0.05
0.29
0.05
0.10
0.05
0.30

-0.01
0.36
0.12
0.04
0.10
0.24
0.15
0.04
0.07

-0.01
0.05

-0.03
0.00
0.39
0.12
0.03
0.13

-0.01
0.08
0.34

10-Fold Cross Validation

RMSE

>50

NA

>50
NA
>50

>50

NA

>50

>50

>50

>50
NA
>50
>50

NRMSE

217
0.36
>50
3.23
0.24
1.89
2.15
NA
2.22
8.85
0.24
9.40
2.20
0.52

3.54
0.25
2.01

NA

>50
8.90
0.24
5.75
2.32
4.78

>50
13.55
0.24
2.22
2.48

NA

0.21
8.30
>50

>50
6.95
0.25
21.62

>50

NA

>50

0.25
11.77

0.18
0.49

0.27
0.25
0.18
0.18

0.19
0.75
0.25
0.87
0.19
0.70

0.30
0.26
0.19

0.76
0.25
0.53
0.20
6.41

1.15
0.26
0.21
0.21

0.21
24.78
0.22
0.77

0.59
0.26
2.00

4.63
0.26
1.09

Mean-R

50.5
41
50.5
16
w7
135
61
61
56.5
215
70
26
45.5
83
455
17.5
70
11
38.5
50.5
35.5
17.5
50.5
20
50.5
41
50.5
19
77
13.5
35.5
56.5
41
215
315
56.5

7
50.5
87
70
11
35.5
61
33
7

15

Ranking

NRMSE

Mean

31.25
47.5
70.25
28.5
54.5
10.75
35.5
77
36.25
40.25

60.75

78.5
59
75

41.5

41.5

Final

21
49
77.5
15|
54.5

25.5

29|
37|
51|
46
17.5]
79
69.5
19|
53]
4.5
69.5
83|
66

39
32.5
24
59
76|
45|
56

20|
86|
22|

16|
61
67|
80.5
75|
82|
54.5
38|
64.5]
93|
62.5]
85
41.5
41.5
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B 1 Supplementary Material for Chapter 3 z Paper 3: On
improving the spatial representativeness of sea ice algae
chlorophyll a biomass and primary production estimates

= N\
\ ey 3 ROV,
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ROV - ROV-Grid Overlapping | W, Llens Area chla, Weighted
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a3 9

Figure S1. Detailed diagram and example calculation of thesampling process described in
Materials and Methods.
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Figure S2. Gridded spatial distribution maps for ROV station 237a of: a) sea ice draft; b)
transmittance; c) cld biomass; and d) net primary pradion (NPP).
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Figure S3. Gridded spatial distribution maps for ROV station 237b of: a) sea ice draft; b)
transmittance; c) chl a biomass; and d) net primary production (NPP).
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Figure S4. Gridded spatial distribution maps for ROV station 255 ajf sea ice draft; b)
transmittance; c) cld biomass; and d) net primary production (NPP).
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Figure S5. Gridded spatial distribution maps for ROV station 323 of: a) sea ice draft; b)
transmittance; c) cld biomass; and d) net primary production P
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Figure S6. Gridded spatial distribution maps for ROV station 335f of: a) sea ice draft; b)
transmittance; c) cld biomass; and d) net primary production (NPP).
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Figure S7. Gridded spatial distribution maps for ROV station 335m of: a)icealraft; b)
transmittance; c) cld biomass; and d) net primary production (NPP).
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ROV station 349

Figure S8. Gridded spatial distribution maps for ROV station 349 of: a) sea ice draft; b)
transmittance; c) cld biomass; and d) net primary production (NPP).
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Figure S9. Gridded spatial distribution maps for ROV station 360 of: a) sea ice draft; b)
transmittance; c) cld biomass; and d) net primary production (NPP).
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Figure S10.
Surface and Undeéce trawl profile for station 216 of spectrafierived &l a biomass (width of line is footprint of measurement), sea ice draft (negative
values), and identified ridges. Black line represents the smoothed sea ice draft used for the identification of sea ice ridge
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Figure S11.
Surface and Unddce trawl prdile for station 223 of spectralgterived chla biomass (width of line is footprint of measurement), sea ice draft (negative
values), and identified ridges. Black line represents the smoothed sea ice draft used for the identification of sea ice ridge
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Figure S12. Surface and Unddce trawl profile for station 233 of spectrallierived chla biomass (width of line is footprint of measurement), sea ice draft
(negative values), and identified ridges. Black line represents the smoothed sea ice diaftthisedentification of sea ice ridges.
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Figure S13. Surface and Unddce trawl profile for station 248 of spectrallierived chla biomass (width of line is footprint of measurement), sea ice draft
(negative values), and identified ridges. Blaclelrepresents the smoothed sea ice draft used for the identification of sea ice ridges.
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Figure S14. Surface and Unddce trawl profile for station 285 of spectrallierived chla biomass (width of line is footprint of measurement), sea ice draft
(negative values), and identified ridges. Black line represents the smoothed sea ice draft used for the identificati@riofgesa ic
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Figure S15. Surface and Undece trawl profile for station 321 of spectralfierived chla biomass (width of lines footprint of measurement), sea ice draft
(negative values), and identified ridges. Black line represents the smoothed sea ice draft used for the identificatierridgssa
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Figure S16. Surface and Unddce trawl profile for station 345 of speally-derived chla biomass (width of line is footprint of measurement), sea ice draft
(negative values), and identified ridges. Black line represents the smoothed sea ice draft used for the identificatierridgssa
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Figure S17. Surface and Utterice trawl profile for station 358 of spectrallierived chla biomass (width of line is footprint of measurement), sea ice draft
(negative values), and identified ridges. Black line represents the smoothed sea ice draft used for the identifezatmnrafges.
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Figure S18. Explained variance @ of NPP by upscaled chik and bottorrice light per hour
for each ROV station and survey listed in Table 1.
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Chla (mg m?) Net Primary Production (mg C o)
Sampling Method Summary MYI FYI MYI FYI
statistics
FM-CORES Mean (range) [N] 55 (0.4-8.0) [3] 0.84 (0.3-1.7) [5] 0.48 (0.05- 1.0)[3] 2.36 (0.02-10.16)[5]
ROV Mean (range) [N] 3.4 (0.0- 19.8) [1993] 1.46 (0.0- 18.9) [3333] 0.18 (0.0-4.42)[1993]  2.06 (0.0- 140) [3333]
SUIT Mean (range) [N] 2.5 (0.3- 16.7) [132] 1.7 (0.0-18.5) [242] _ -
FM-CORES Median (IQR) 8 (4.2-8.0) 0.6 (0.4-1.2) 0.39 (0.22-0.70) 0.56 (0.45-0.62)
ROV Median (IQR) 2.6 (1.8-3.9) 1.3[1.1-1.6] 0.11 (0.06-0.20) 0.71 (0.17-1.17)
SUIT Median(IQR) 1.8 (L.4-2.7) 1.3(0.8-2.1) - -

Table S1. Ice-algal chl a biomass and NPP summarized for sampling gears into MYIl and FYI. Means, rangen@r)n and sample size [N] are provided
for comparison as these are the values used in FernBfétedezet al. [2015] for upscaling to the entire Arctic Ocean.

Station Variable Ridge 1 (N=20) Ridge 2 (N=21) Level Ice (N=427)

294 Draft (m) 4.5 (2.4-5.0) 2.8 (2.7-2.9) 1.1 (0.95-1.4)
Chl a (mg rf) 1.8 (1.7-17.9)* [0.91] 3.4 (2.5-5.3)*[0.58]° 1.0 (0.97-1.1)[0.78]
NPP (mgC m?) 6.9 (5.7-17.9) 4.0 (2.9-4.2)* 8.7 (65.9-12.3)
| (umol photons i s%) 11.6 (4.8-12.9)*[0.79]* 2.5 (2.2-5.6)*[0.0]° 39.0 (22.8-61.2)[0.71F

* indicates statistically significarttest between #hcorresponding ridge and Level Ice at p < 0.05
#value within square brackets represents the explained variance of NPP by the corresponding variable and data subséd\eflridge

Table S2. Comparison of chl a biomass and net primary productitvwéen sea ice ridges and level ice at station 224. Ridges are identified in Figure 3 a.
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SUIT station Ridge count Total Distance (km) Density (ridges km™) mean ridge width ridge coverage (% of
(m) total ice)

216 4 1.6 2.5 47.6 3.0

223 12 0.8 15.8 79.5 10.5

233 12 15 8.1 60.8 4.1

248 4 15 2.7 91.1 6.2

285 4 1.3 3.1 91.5 7.1

321 3 0.7 4.6 100.3 15.4

345 8 1.2 6.6 49.3 4.1

358 11 2.0 5.6 48.7 2.5

376 3 0.2 18.0 49.5 29.6

Table S3. Summary of ridge identification analysis from and erind hauls conducted during
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B 2 Supplementary Material for Chapter 3 - Paper 5:

Table S2 Bul k st a®BN)e annidt rd@yisdtopenyadifesin ieassociated particulate
organic matter (POM), pelagic particulaterganic matter (FPOM), and underice fauna species
(meant 1 S Bpeéels p e ¢ PN i acri’@dvaldies are shown separately for Nansen (NB) and
Amundsen Basin (AB) regimes.

NB AB
Me Nag | 8°N 8°C "N 8"C

I-POM 2 5 [37+03 -23.2+0.6/5.3+0.8 -257+1.2

P-POM 6 11 |3.3+0.6 -27.2+0.5/4.4+1.3 -27.4+1.0

Calanus glacialis 2 2 70+£1.0 -29.0+3.1/8.1£0.2 -246%0.2

Calanus hyperboreu: 2 2 6.8+1.3 -26.8+£0.7|8.8+£04 -264+17
Apherusa glacialis 2 2 54+0.2 -22.1+0.4|54+£05 -21.6+£2.2
Onigmus glacialis 2 2 76+29 -229+0.8/6.7+0.1 -21.9+1.6
Gammarus wilkitzkii 3 1 |74x04 -245+0.4|6.3 -24.0

Eusirus holmii 2 2 9.1+0.3 -22.7+£0.3/ 10.9+£1.8 -23.8£0.2
Themisto libellula 1 3 |7.1 -28.0 9.3+x1.2 -250%1.1
Clione limacira 1 3 7.4 -26.6 8.9+£05 -269+0.5

n: sample size
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Table S1. Relative composition of most abundant lipid classes in-iedizuna species (mean £ 1 SD mass % of total lipid content).

Calanus Calanus Apherusa Onisimus Gammarus Eusirus Themisto Clione
glacialis  hyperboreus glacialis  glacialis wilkitzkii holmii libellula limacina
n 2 2 6 6 6 6 6 6
WE |726+54 856+75 15+11 16.0+11.3 45+50 149+199 474+18.8 1.4+0.6
TAG |1.7+24 19+19 86.4+4.0 73.6+11.5 80.0+4.8 627+17.5 46.1+18.0 61.2+29.1
PE |79+18 43+36 32+12 20+11 32+12 49+19 16+05 81+6.2
PC |171+7.1 7.3+5.0 6.2+13 59+16 65+15 11.7+89 40+20 13.3+93
Total | 99.3 99.1 97.3 97.5 94.2 94.2 99.1 84.0
NL | 75.0 88.5 90.2 91.8 89.3 81.7 94.3 72.4
PL |25.0+8.8 11.5+8.6 9.8+25 8.2+15 10.7+29 183+98 57+15 27.6+18.0

n: sample size, NL: neutral lipid, PC: phosphatidylcholine, PE: phosphatidylethanolamine, PL: polar lipid, TAG: triacylglycero

WE: wax ester

Table S3Car bon st abl e of markerpfatty acids|(FAS ; iessbeiated particulate organic matteP@M), pelagic particulate organic
matter (RPOM), and undeice fauna species (mean + 1 %b). Speciess p e ¢ ’d valwes a¥e shown separately for Nansen (NB) and Amundsen Basin

(AB) regimes. Not detected FAs are reported as °
NB AB NB AB NB AB NB AB
N Nag 16:1n-7 20:5n-3 18:4n-3 22:6n-3
[-POM 1 6 -23.3 -252+4.4 | -25.8 -26.7£3.0 | -26.7 -28.8+3.5 |-21.3 -24.1+4.1
P-POM 5 2 27337 -241+12 |-36.3+23 -33.8%x0.7 [-392+0.7 -396x06 |-357+x27 -347x+1.2
Calanus glacialis 3 7 -299+19 -229+20 |-321+12 -31.8%x14 |-352+22 -359%+16 |-31.2+21 -324%22
Calanus hypdyoreus 2 4 -308+24 -255+27 |-316+20 -323%x09 [-360+x1.2 -363+1.2 |-327+x20 -343%25
Apherusaglacialis 3 7 -26.2+20 -234+24 |-27.3+09 -264%+14 |-314+x10 -286%x16 |-302+x16 -27.7x1.0
Onisimus glacialis 4 4 -248+13 -21.1+31 |-293+x0.7 -275%+18 |-345+04 -303x47 |-306+x1.2 -30.1+0.7
Gammarus wilkitzkii 2 2 -265+08 -231+11 |-295+13 -284%0.1 |[-316+x09 -304x+35 |-306+x14 -327x1.0
Eusirus holmii 2 6 -252+05 -228+21 |-296+x1.1 -28.7%+1.0 [-309+0.2 -298+1.3 |-31.6x04 -299%+1.2
Themisto libellula 1 6 -28.6 -23.2+1.2 |-334 -31.1+1.2 |-385 -35.2+19 |-334 -33.7+2.0
Clione limacina 2 7 -29.8£05 -284+21 |-33.2+20 -344%15 |- -- -33.0£15 -340x1.0

n: sample size
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C 1 Supplementary Material for Chapter 4 - Paper 7: Suitable ice-
algal habitat and biomass are largely underestimated over multi -

year sea ice
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Figure S 1. Snow and sea ice profiles for MYI site-@B showing the diérent directions WedEast
(WE) and SoutiNorth (SN) with the corresponding calculated bulk integrated extinction coefficient
(Kg,cai) profil es. Not e: use of prefix “A” for sites
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