
261© The Author(s) 2020
S. Jungblut et al. (eds.), YOUMARES 9 - The Oceans: Our Research, Our Future, 
https://doi.org/10.1007/978-3-030-20389-4_14

Progress in Microbial Ecology  
in Ice- Covered Seas

Tobias R. Vonnahme, Ulrike Dietrich, 
and Brandon T. Hassett

Abstract
Sea ice seasonally covers 10% of the earth’s oceans and 
shapes global ocean chemistry. The unique physical pro-
cesses associated with sea ice growth and development 
shape the associated biological diversity and ecosystem 
function. Microbes make up the base of all marine food 
webs and the overwhelming majority of biomass in the 
sea ice ecosystem. Despite their biomass, microbial pro-
cesses are not fully integrated into marine ecosystem 
models. Recent applications of novel molecular biology 
technologies to studies of marine ecology have elucidated 
numerous microbial-mediated processes interfaced by 
previously unknown organisms and processes. These dis-
coveries are yielding more in-depth studies on the rele-
vance of mixotrophy, the ecology of fungi, and the 
interplay between major microbial clades. In ecosystem 
studies, the basis of the food web is frequently neglected 
even though the accessibility of energy, recycling of nutri-
ents, and parasitism are crucial factors shaping the envi-
ronment for grazers and higher trophic levels. In this 
review, we focus on the species composition, abundance, 
and functions of microalgae, bacteria, archaea, fungi, and 
viruses in the sea ice-covered seas throughout the year. A 
strong emphasis will be put on advances in molecular 
methods that empower scientists to further investigate 
microorganisms in more detail. Since microbes make up 
the majority of all oceanic biomass, we believe that it is 
impossible to accurately forecast the biological fate of 
polar marine ecosystems without placing a proportional 
emphasis on microbes relative to their biomass.
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14.1  Introduction

Sea ice seasonally covers approximately 10% of the global 
ocean surface and is responsible for altering global ocean 
chemistry. The main ice-covered marine ecosystems are 
found in the Arctic Ocean, the Southern Ocean, and the 
Baltic Sea. Within the polar marine ecosystems, sea ice for-
mation and subsequent coverage influence light transmit-
tance that seasonally governs under-ice primary production 
and the associated heterotrophic biological community. 
Specifically, sea ice can support 50% of total primary pro-
ductivity in permanently ice-covered ecosystems (Gosselin 
et al. 1997; Fernández-Méndez et al. 2015) and constitutes a 
habitat and feeding ground for various organisms. It provides 
microhabitats for microalgae, chemoautotrophic and hetero-
trophic bacteria, archaea, viruses, fungi, and multicellular 
organisms (Bluhm et al. 2018) that inhabit the hypersaline 
brine channels (Hunt et al. 2016). The sea ice habitat is char-
acterized by strong gradients in temperature, salinity, nutri-
ents, and light. The small-scale spatial distribution of sea 
ice-associated (sympagic) biota is determined to a large 
extent by these physical properties (Krembs et  al. 2011). 
Organisms within the brine channels are exposed to extreme 
temperatures from 0 °C in summer to below −15 °C in win-
ter with associated brine salinities ranging from 0 to over 200 
(Gradinger 2001). Most of the biomass within brine channels 
is localized near the warmer ice-water interface, where tem-
peratures are about −1.8  °C, the brine-volume fraction is 
greatest, and a continuous exchange of nutrients from the 
water below takes place.

The two major ice types found in polar environments pro-
vide different habitat characteristics (e.g., thickness, ice bulk 
salinities, age, and albedo), relevant for the associated bio-
logical processes (Weeks and Ackley 1986). Multiyear ice 
(MYI) persists at least one melting season, whereas first-year 
ice (FYI) follows a seasonal pattern of ice formation and 
melt. On average, the surface salinity of FYI is typically 
around 10–12, whereas MYI typically has surface salinities 
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that approach 0 (Weeks and Ackley 1986). FYI is often struc-
turally less complex, characterized by greater light penetra-
tion through the ice that is prone to an earlier onset of 
seasonal melt (Moline et  al. 2008). Contrasting studies 
between FYI and MYI indicate that FYI hosts a higher num-
ber of organisms, but a less rich microbial community. 
Changes within the ice biological system might have cascad-
ing effects on the ice-associated ecosystem (Secretariat of 
Arctic Council 2017).

The open water in sea ice-covered seas is a special system 
in itself. At the marginal ice zone or in open leads, a system 
with high levels of light and nutrients may support ice edge 
phytoplankton blooms dominated by different species com-
pared to sea ice (Assmy et al. 2017). With climate change, 
these areas are expected to increase, changing the microbial 
community structure in sea-ice covered seas (Oziel et  al. 
2017). The consequences for higher trophic levels and car-
bon export are a topic of recent studies. In the Arctic and 
Antarctic, a large part of the ocean is ice-free during the 
polar night. The absence of light challenges the pelagic 
microbial food web due to a lack of photosynthetic primary 
production. Nevertheless, microbes have been found to be 
active throughout the polar night and different biogeochemi-
cal cycles may be dominant (Zhang et al. 2003; Berge et al. 
2015; Nguyen et al. 2015).

The polar marine environment is in a state of rapid transi-
tion with tremendous changes in the abiotic environment. In 
the Arctic Ocean, air and surface-layer temperatures are 
increasing faster than the global average (Serreze and Francis 
2006; Holding et al. 2015) and is driving the replacement of 
MYI with thinner FYI (Maslanik et al. 2011; Perovich et al. 
2014; Barber et al. 2015). This replacement has contributed 
to an earlier onset of seasonal ice melt, an increased duration 
of ice melt (Stroeve et al. 2014), and persistent open water 
conditions in the seasonal ice zone (Lange et  al. 2016). A 
strong reduction in overall Arctic sea ice extent occurred 
over the last two decades, with the lowest summer minimum 
ice extent in 2012 (3.61 × 106 km2), which had been 18% 
below the previous low of 2007 (Beitler 2012). In contrast to 
the Arctic, the Antarctic is characterized by a large extent of 
seasonally forming ice that grows from 4 × 106 km2 in sum-
mer to approximately 19 × 106 km2 in late winter (Cavalieri 
et al. 1999). Specifically during autumn, the surface of the 
ocean surrounding the Antarctic continent begins to freeze, 
forming sea ice of about 0.4 m thickness (up to 1 m; Worby 
et al. 2001). Overall, the ice extent in the Antarctic has been 
much less impacted compared to the Arctic. In the Antarctic 
Peninsula and Bellinghausen Sea region, the ice-free sum-
mer season is extended by three months, whereas in the 
western Ross Sea region, the ice-free season is shortened by 
two months (Lange et al. 2016). Due to strong wind events, 
large quantities of heat are extracted from the surface ocean, 
facilitating rapid formation of frazil ice (Eicken 2003).

The Baltic Sea is one of the world’s largest brackish water 
basins with a surface area of 422,000 km2 and a mean depth 
of only 55 m. Surface salinities vary from 9 in the southern 
part to below 1  in the innermost parts (Voipio 1981). 
Annually, sea ice covers about 40% of the Baltic Sea 
(Kaartokallio et al. 2007). Even though the seasonal ice of 
the Baltic Sea has many similarities with the seasonal ice in 
the polar areas, fresher water results in sea ice with lower 
bulk salinities and smaller brine channels, despite the com-
parably high temperatures (Meiners et al. 2002). Low brine 
volumes reduce the rate of seawater exchange across the ice- 
water interface that affects rates of nutrient replenishment, 
convective heat transport, and desalination processes (Lytle 
and Ackley 1996). Due to milder climate in the Baltic Sea 
region, snow and freeze-melt cycles occur throughout win-
ter, leading to a greater contribution (up to 35%) of sea ice 
mass in the form of metamorphic snow (Granskog et  al. 
2006). The high dissolved organic matter (DOM) content in 
Baltic Sea water and ice leads to different chemical charac-
teristics and causes increased absorption of solar radiation at 
shorter wavelengths than are utilized for photosynthesis 
(Granskog et  al. 2006). During early winter most of the 
Baltic Sea is ice free and below the Arctic Circle, where day-
light is available for photosynthesis throughout the year in 
contrast to the polar night in polar regions. As a result, the 
microbial community differs considerably from polar sea ice 
environments.

14.2  Advances in Microbial Ecology

Advances in marine microbial ecology are driven by meth-
odological advances in understanding both, the environment, 
as well as the biological taxa that inhabit the environment. 
Microbial methodology and associated observations 
advanced marginally from the late 1800s during Nansen’s 
First Fram Expedition to the 1960s and 1970s, where light 
microscopy and cultivation-based studies of microbes shaped 
science’s understanding of microbial ecology (e.g., Hobbie 
et  al. 1977; reviewed by Baross and Morita 1978). With 
advancing resolution in microscopy, it was possible to get a 
better understanding of microbial diversity and abundances 
that has now ushered in the -omics era. These microbial 
methodologies have evolved in parallel with in situ technolo-
gies. Early approaches measured primary production in 
slices of an ice core incubated in surrounding ice (Mock and 
Gradinger 1999). Since these early studies, technological 
advancements have allowed for in situ measurements of pri-
mary production; oxygen microsensors have been used suc-
cessfully in artificial sea ice experiments to measure in situ 
ecosystem production (Mock et al. 2002). However, the stan-
dard method is to still work on melted sea ice, which may be 
an underestimation of primary production (Søgaard et  al. 
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2010). Stable- and radioisotope incubations allowed esti-
mates of microbial activities and associated organic matter 
utilization. The future of methods for studying biogeochem-
istry in sea ice may be in situ technologies (reviewed by 
Miller et al. 2015). Methods for water sampling and biogeo-
chemical studies have been similar to traditional work in 
other pelagic systems.

The application of molecular fingerprinting methods 
(e.g., denaturing gradient gel electrophoresis, restriction 
fragment length polymorphism), clone library sequencing, 
and in recent years, metagenomics have generated a detailed 
understanding of microbial phylogeny, taxonomy, and more 
recently, function and ecology in the seasonal ice zone. 
Amplicon-based sequencing of the taxonomically informa-
tive small ribosomal subunit became a standard genetic bar-
code, which allowed the identification of microbial taxa 
down to the level of ecotypes. Advancing sequencing tech-
nologies are generating more sequence reads at a lower cost, 
affording high spatial and temporal resolution of microbial 
(primarily bacterial) communities and subsequent investiga-
tion of their connectivity, seasonal successions, and biogeog-
raphy (e.g., Brown and Bowman 2001; Brinkmeyer et  al. 
2003; Collins et al. 2010; Hatam et al. 2016; Yergeau et al. 
2017; Rapp et al. 2018). Novel sequencing tools, such as the 
Nanopore MinION have the potential to be used for in-field 
sequencing, and have been used in remote polar regions 
(e.g., Johnson et  al. 2017), but not yet in sea ice. Novel 
sequencing technologies are evolving in parallel with bioin-
formatic tools that can identify small, yet significant com-
munity differences. When used together, these novel 
sequencing technologies and bioinformatic tools are yielding 
novel ecological insights that are, in turn, shifting sciences’ 
understanding of microbial community complexity. 
Consequently, there is an emerging trend away from the tra-
ditional 97% to 98% similarity cutoff that defines microbial 
taxa toward network- and nucleotide entropy-based cluster-
ing methods (e.g., Rapp et al. 2018).

Recent studies are focusing more on full genome, metage-
nomic shotgun sequencing approaches. Approaches, which 
simultaneously generate taxonomic and functional gene 
information. So far, only several studies have applied 
metagenomic shotgun sequencing to sea ice samples (e.g., 
Bowman et al. 2014; Yergeau et al. 2017), but the potential to 
elucidate complex polar microbial ecology questions is gen-
erally unrealized. Metagenomic sequencing efforts have 
demonstrated bacterial-mediated chemical cycling in frost 
flowers (Bowman et al. 2014) and the importance of select 
photoreceptors in Antarctic and Arctic sea ice (Koh et  al. 
2010; Vader et  al. 2018). With increasing throughput of 
sequence generation and decreasing costs, deep sequencing 
(i.e., sequencing the same locus multiple times) of the envi-
ronment should allow comparative studies of full metage-
nomes to describe the metabolic potential (including 

uncultured strains) and strain level microbial diversity (e.g., 
Delmont et al. 2017) in sea ice ecosystems.

Other -omics studies that target byproducts of protein 
synthesis and secondary metabolism are rare in sea ice. 
While metagenomics can demonstrate the genetic potential 
of microbes, RNA-based studies, such as metatranscrip-
tomics, can show whether the genes are expressed. For 
example, Koh et al. (2010) and Vader et al. (2018) showed 
that the genes for proteorhodopsin are actively transcribed in 
Antarctic and Arctic sea ice, indicating an active photo-
trophic bacterial community. Interdisciplinary research with 
biochemists identified the functions of translated proteins 
and ascribed a functional purpose for gene products used in 
survival and metabolism in sea ice (reviewed by Feller and 
Gerday 2003; Feng et al. 2014). Metaproteomics is not only 
possible for cultured bacteria, but can be used for under-
standing the biochemical functions of the in situ community 
(Junge et al. 2019). Ultimately, combined -omics studies are 
important for a thorough understanding of microbial ecology 
and biogeochemistry (Junge et  al. 2019). In cultures, the 
potential to combine proteomics and genomics has already 
been shown to help understanding key genes for a life in sub-
zero temperatures (Feng et  al. 2014). To date, metapro-
teomics and metabolomics studies of the whole community 
have yet to be applied to studies of sea ice.

Ribosomal gene sequencing data have been used to 
develop fluorescently labeled nucleotide probes that target 
taxonomically informative genetic loci, namely, fluorescence 
in situ hybridization (FISH) (Pernthaler et  al. 2002). The 
application of FISH has informed analyses of spatial interac-
tions and abundances of specific taxa, without the known 
biases associated with DNA sequencing (De Corte et  al. 
2013), nonspecific fluorescent stains (e.g., 4′,6-diamidino- 2-
phenylindole), or cultivation (e.g., Brinkmeyer et al. 2003; 
Baer et al. 2015). Combined with isotope probing methods, 
catalyzed reporter deposition-FISH (CARD-FISH) has been 
used to identify microbial taxa responsible for the uptake of 
specific organic compounds (e.g., Alonso-Sáez et al. 2008; 
Nikrad et al. 2012). Consequently, CARD-FISH is a robust 
method that should be used to supplement DNA sequencing 
analysis. Only a few of the metabolic capacities mentioned 
in this chapter have been measured and a common limitation 
is still the separation of biogeochemical rate measurements 
and investigations of the genetic potential of communities, or 
organisms. Studies coupling the function, activity, and diver-
sity of bacteria are lacking in sea ice systems, but their poten-
tial has been shown in other marine systems. RNA stable 
isotope probing is one recent method, which could be used to 
overcome these limitations. For example, Fortunato and 
Huber (2016) coupled stable isotope probing with metatran-
scriptomics to identify taxa and pathways involved in chemo-
lithotrophic processes at hydrothermal vents. Methods for 
visualization of radioisotope (Microautoradiography, 
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(Nierychlo et al. 2016) or stable isotope (Nanoscale second-
ary ion mass spectrometry, Gao et al. 2016) enrichments in 
single cells coupled to CARD-FISH could be another method 
to quantify biogeochemical fluxes of certain taxonomic 
groups.

One of the major applications of novel ecological data is 
the incorporation into ecosystem models. Despite the 
increasing computational power, the representation of micro-
bial interactions in ecosystem models is still rudimentary. 
For example, bacterial activities are often hidden in func-
tions for organic matter remineralization and respiration 
(e.g., Tedesco et  al. 2010; Wassmann et  al. 2010; 
Vancoppenolle and Tedesco 2017). A recent ecosystem 
model in the Baltic Sea started realizing for the first time the 
importance of bacteria beyond nutrient remineralization. 
Specifically, aerobic and anaerobic bacterial taxa were sepa-
rately considered, both as crucial for remineralization pro-
cesses and for generating anaerobic conditions linked to 
algal production (Tedesco et  al. 2017). Linking metabolic 
pathway models, bacterial functions (such as denitrification 
and nitrogen fixation), and viral lysis may further improve 
the accuracy of models with increasing data availability and 
computational power. In most ecosystem models and discus-
sions, the role of sea ice bacteria and archaea is seen in the 
heterotrophic aerobic remineralization of DOM (e.g., 
Tedesco et al. 2010; Wassmann et al. 2010; Vancoppenolle 
and Tedesco 2017).

14.3  Sea Ice-Associated Microorganisms

The base of polar food webs is comprised of microbial 
organisms allied to multiple clades of life. Polar organisms 
are well adapted to the seasonality of light, nutrient/food 
availability, and cold temperatures. Additional challenges 
arise for ice-associated biota, with extreme cold tempera-
tures, highly variable salinities and only temporary existence 
of their habitat (Meier et al. 2014). The balance between pro-
ducers and consumers seasonally shifts with light availabil-
ity which drives taxa-specific abundances. Diatoms and 
other microalgae (haptophytes, prasinophytes, dinoflagel-
lates) are some of the most common eukaryotic producers 
that support a diverse heterotrophic community of prokary-
otes, fungi, and fungal-like organisms, ciliates, and larger 
multicellular organisms. These organisms are all presumably 
susceptible to viral infection, which can rapidly shunt organic 
material into the available dissolved organic material pool. 
Together, these organisms cycle carbon and exchange genes 
that maintain ecosystem function and support the feeding 
needs of higher trophic levels.

14.3.1  Microalgae

The microalgae community in polar sea ice is dominated by 
diatoms that comprise the most biomass and greatest species 
richness, including up to 170 species predominated by 
Nitzschia sp., Thalassiosira sp., Fragilariopsis sp., and 
Navicula sp. (Arrigo 2010). Pennate diatoms dominate the 
spring ice algal bloom in Arctic FYI, as well as in Antarctic 
sea ice due to the nutrient-rich Southern Ocean (Arrigo et al. 
2014). Sea ice associated phytoplankton blooms are often 
dominated by aggregates of Phaeocystis sp., capable of pro-
ducing large biomasses and drawing down large amounts of 
nutrients (Assmy et al. 2017). Other algae groups in the pico- 
and nanoplankton-size fraction contribute substantially to 
the pelagic and sympagic winter community. Micromonas 
sp., Cyanobacteria, and Ostreococcus sp. have been found to 
be abundant phytoplankton species in the polar night (Joli 
et  al. 2017; Amargant Arumí 2018) but only constitute a 
small fraction of the biomass during spring and summer 
(Riedel et al. 2008; Niemi et al. 2011; Vader et al. 2018) and 
therefore have not been studied in more detail until recently. 
Still, reliable identification and quantification of pico- and 
nanosized eukaryotes are lacking (Piwosz et al. 2013) or are 
purely based on sequencing (Vader et al. 2018).

As a consequence of the lower water salinity and corre-
sponding small-sized brine ice channels, the Baltic Sea ice is 
dominated by smaller protists (Kaartokallio et al. 2007). In 
early spring, centric diatoms dominate under-ice biomass. 
These centric diatoms are supplemented by large contribu-
tions of Melosira arctica and the cyanobacterium 
Aphanizomenon sp. that can predominate abundances in the 
brine channels (Majaneva et al. 2017). In contrast to Arctic 
and Antarctic sea ice communities, dinoflagellates and green 
algae contribute to a large fraction of the biomass in Baltic 
Sea ice and open water (Kaartokallio et al. 2007; Piiparinen 
et  al. 2010). Furthermore, the surface-layer algal biomass 
can significantly contribute to the overall sea ice algal bio-
mass (Meiners et al. 2002; Piiparinen et al. 2010). So far, the 
knowledge of species composition and distribution is lim-
ited, and there is only little known on the overwintering of 
cyanobacteria, which are typical for the Baltic Sea (Laamanen 
1996).

14.3.2  Bacteria

The most common orders found in sea ice are 
Alteromonadales (Gammaproteobacteria) and 
Flavobacteriales (Bacteroidetes) with the most common 
genera Pseudoalteromonas, Colwellia, Shewanella, 
Flavobacterium, and Polaribacter (Bowman et  al. 2012, 
2014; Boetius et al. 2015; Yergeau et al. 2017). Rarer phyla 
are the Alphaproteobacteria, Betaproteobacteria, 
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Actinobacteria, and Firmicutes (Bowman et al. 2012, 2014; 
Boetius et al. 2015; Yergeau et al. 2017). Archaea are mainly 
found in autumn and winter; they consist primarily of the 
genus Nitrosopumilus, known for its nitrification capability 
(Brinkmeyer et al. 2003; Collins et al. 2010). However, most 
studies are biased toward sampling in summer and spring, 
but a few studies in winter indicate differences in communi-
ties (Collins et al. 2010). On the operational taxonomic unit 
(OTU) level (97% cutoff), there seem to be no endemic spe-
cies for sea ice in certain ice zones so far (reviewed by 
Deming and Collins 2017), but further studies focusing on 
strain variability may find differences. It has been shown 
that the bacterial OTUs are more variable in seasonal sea ice 
and more related to temperate communities compared to 
MYI (Hatam et al. 2016). Several bacteria found are known 
to be psychrophilic (e.g., Feng et  al. 2014), and a large 
 fraction could be cultured (up to 60%, Junge et al. 2002). 
The bacterial and archaeal communities in the water column 
of sea ice systems are significantly different with 
Nitrosopumilus sp., Pelagibacter sp., Flavobacteriales sp., 
and Oceanosprillaceae sp. as dominating taxa (e.g., 
Bowman et al. 2012, 2014; Yergeau et al. 2017), indicating 
a strong selection of potentially endemic sea ice bacteria.

14.3.3  Fungi

Fungi are eukaryotic, spore-bearing, heterotrophic organ-
isms that secrete extracellular enzymes used for interfacing 
symbiosis and facilitating osmotrophy. Within this ecologi-
cal definition, fungi are a polyphyletic functional group that 
include the Labyrinthulomycota, Mesomycetozoea, 
Oomycota, select Amoebozoa, the True Fungi, and several 
additional clades. True Fungi are distinct from ecological 
fungi (fungal-like organisms) by possessing cell walls made 
of chitin and forming a molecular monophyletic clade among 
the opisthokonts. The True Fungi include many prominent 
mycelial-producing members, such as the Ascomycota, 
Basidiomycota, and Mucoromycota, as well as reduced zoo-
sporic varieties, such as the Blastocladiomycota, 
Chytridiomycota, and Neocallimastigomycota. In this 
review, fungi are explored within their ecological definition, 
unless otherwise noted. The often inconspicuous morphol-
ogy of fungi has challenged the easy identification and sub-
sequent integration of mycological data into ecosystem 
ecology. As a result, the relevance of fungi remains unreal-
ized in ecosystem modeling efforts globally. Historical 
culturing- based studies have resulted in the description of 
hundreds of marine fungal species (Johnson and Sparrow 
1961; Kohlmeyer and Kohlmeyer 2013), whose global distri-
bution remains largely unexplored. The more-recent applica-
tion of molecular methods to studies of marine ecosystem 
ecology helps to circumvent challenges associated with 

visual classification and have identified an abundant and 
dynamic fungal community in subseafloor sediment (Orsi 
et  al. 2013), in association with pelagic marine snow 
(Bochdansky et al. 2017), in coastal marine habitats (Ueda 
et  al. 2015; Picard 2017) as parasites of phytoplankton 
(Hanic et  al. 2009; Lepelletier et  al. 2014; Hassett and 
Gradinger 2016; Jephcott et al. 2016; Scholz et al. 2017a, b) 
and metazoans (Polglase 1980; Mclean and Porter 1982; 
Bower 1987; Shields 1990; Rahimian 1998). Relative to 
lower latitudes, knowledge of Arctic marine fungi is consid-
erably less developed, in part due to the logistical constraints 
and inaccessibility of sampling sites. The state of ecological 
knowledge on Arctic marine True Fungi has largely centered 
on establishing presence-absence data, supplemented with 
baselines of diversity and richness, currently estimated at 
several hundred species (Rämä et al. 2017), with a low suc-
cess rate of culturing (Bubnova and Nikitin 2017). DNA 
sequence-based analysis identified overlapping True Fungi 
taxa from the Bering Sea region and Svalbard, demonstrating 
a broad distribution of fungal taxa across the Arctic Ocean 
(Hassett et al. 2017) that are selectively predominated by the 
Chytridiomycota (Terrado et al. 2011; Hassett and Gradinger 
2016) and comprise a novel, uncharacterized branch of life 
(Comeau et al. 2016; Hassett et al. 2017). The diversity and 
distribution of Arctic marine fungal-like organisms is cur-
rently unknown and unreported in assessments of unicellular 
eukaryotic biodiversity (Poulin et al. 2011).

14.3.4  Viruses

Historically, the study of viral diversity was limited by the 
co-cultivation of the virus and its host (Borriss et al. 2003; 
Wells and Deming 2006b). Sea ice viruses are cold-adapted 
(Luhtanen et al. 2018) and may be less host-specific than in 
more temperate regions (Wells and Deming 2006b). 
Cultivated viruses only include Siphoviridae and Myoviridae 
as sea ice-specific taxa (Borriss et  al. 2003; Wells and 
Deming 2006a; Sencilo et al. 2015). With increasing -omic 
efforts, more viruses could be found indicating a higher 
diversity than previously thought, and taxa such as 
Podoviridae, Nodaviridae (RNA), Iridoviridae (DNA), and 
Caudovirales have been detected (Allen et al. 2017).

14.4  General Ecology of Sea Ice-Associated 
Microbes

14.4.1  Autotrophy

14.4.1.1  Photoautotrophy
The activity of the microbial food web follows the fixation of 
carbon and its subsequent turnover into the DOM pool 
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(Arrigo and Thomas 2004). While sea ice algal annual pri-
mary production rates are generally low compared to the 
phytoplankton fraction, they are often the main source of 
fixed carbon for higher trophic levels in ice-covered seas. 
During winter, ice algae are of special importance, when 
other sources of food are lacking (Lizotte 2003). Chlorophyll 
a (Chl a) concentrations in sea ice vary by region, ice type 
and season and covers a range somewhat typical for oceanic 
values up to the highest concentrations found in aquatic envi-
ronments (Arrigo 2010). In the Arctic, the balance between 
annual phytoplankton to ice algal primary production differs 
regionally. In the northern Barents Sea, ice algae account for 
about 20% of total primary production (Hegseth 1998), 
whereas in more heavily ice-covered areas like the Central 
Arctic Ocean, ice algae can contribute more than 50% to the 
total primary production (Gosselin et al. 1997). Chl a con-
centrations vary between 22 mg m−2 in Allen Bay, Nunavut, 
during spring (Campbell et al. 2014) and 0.3–8 mg m−2 in the 
Central Arctic in summer (Fernández-Méndez et al. 2015). 
In ice-covered waters of the Antarctic, sea ice algae account 
for up to 25% of total annual primary production (Arrigo and 
Thomas 2004). Chl a concentrations vary from 1 to 
50 mg m−2 in the Weddel Sea region (Ackley et al. 1979), 
whereas sea ice attached to the coast of Antarctica (fast ice) 
accumulates biomass of up to 2120  mg  m−2 (Arrigo and 
Sullivan 1992). On average, under sufficient light intensities 
for photosynthesis, Chl a concentrations exceed 200 mg m−2 
during spring and summer (Palmisano and Sullivan 1983; 
Trenerry et  al. 2002). In contrast, productivity by sea ice 
algae in the Baltic Sea is much lower, contributing about 
10% to the primary production during the ice-covered season 
(Haecky et al. 1999). Average Chl a values range between 
0.2 and 5.5 mg m−2 (Haecky et al. 1999; Kaartokallio 2001, 
2004).

Based on sequencing results and detection of photopig-
ments, sea ice and sea ice-associated bacteria have also been 
speculated to be capable of photoautotrophic carbon fixation 
(Petri and Imhoff 2001; Koh et al. 2011, 2012; Boetius et al. 
2015). Despite their high abundance in other cold environ-
ments, such as glaciers (Vonnahme et al. 2016), phototrophic 
cyanobacteria and anoxygenic phototrophs (e.g., purple sul-
fur bacteria, Chloroflexi) are not as abundant as eukaryotic 
sea ice algae, but are frequently detected in the Arctic (Petri 
and Imhoff 2001; Boetius et al. 2015; Yergeau et al. 2017) 
and Antarctic (Koh et al. 2011, 2012). Their pigments (phy-
cobiliproteins and bacteriochlorophyll), as well as their 
genes (e.g., 16S rRNA genes), have been found (Cottrell and 
Kirchman 2009; Koh et  al. 2012; Boetius et  al. 2015). 
However, a proof of their phototrophic activity in sea ice is, 
yet, lacking. Cyanobacteria are more abundant in the snow 
layer of sea ice suggesting aeolian origin in the Antarctic 
(Koh et  al. 2012). It appears that cyanobacteria are more 
abundant in fresher systems, such as melt ponds and the 

Baltic Sea (Petri and Imhoff 2001; Rintala et al. 2014) and 
that they become more abundant in winter (Cottrell and 
Kirchman 2009). In the water column, anoxygenic photo-
trophs may contribute to up to around 15% of the bacterial 
communities in the Arctic, which is 1000 times more than 
cyanobacteria such as Synechococcus sp. and may indicate a 
high importance of this pathway in addition to photosynthe-
sis by sea ice algae (Cottrell and Kirchman 2009). In contrast 
to cyanobacteria, anoxygenic phototrophs appear to be more 
abundant in summer (Cottrell and Kirchman 2009). 
Proteorhodopsin, a pigment for using light energy to create a 
proton motive force, which can be used for energy produc-
tion, or nutrient transport, is commonly found in seasonal sea 
ice in the Arctic and Antarctic and can be seen as another 
way of phototrophic carbon fixation by Alphaproteobacteria, 
Gammaproteobacteria, and Flavobacterium (Koh et  al. 
2010, 2012; Yergeau et  al. 2017). A combination of these 
alternative photosynthetic pathways using different wave-
lengths efficiently may be an important component of the 
primary production in the seasonal ice zones, but their pho-
totrophic activity has not been quantified in sea ice, yet.

14.4.1.2  Chemoautotrophy
In the water column, chemoautotrophy (inorganic carbon 
uptake, using chemical energy), appears to be an important 
autotrophic carbon acquisition process. During nitrification, 
ammonium is used as energy source, which delivers energy 
during reduction to nitrite and nitrate for inorganic carbon 
fixation. The ammonium originates commonly from primary 
production by sea ice algae and phytoplankton. The nitrate 
produced via nitrification can be used as recycled inorganic 
nitrogen for primary production. Archaea constitute a large 
fraction of potential nitrifiers in the water column, with sig-
nificantly higher abundances than in sea ice (Yergeau et al. 
2017). Nitrifying bacteria appear to be important in coastal 
areas of the Arctic seasonal ice zone, potentially due to a 
high supply of ammonium from the bottom water (Damashek 
et al. 2017). Nitrifying taxa have also been found in deeper 
stations, but nitrifying archaea are more abundant (e.g., 
Yergeau et al. 2017). Other autotrophic pathways have not 
been described yet and are rather unlikely due to the lack of 
sources for reduced ions in sea ice.

Aerobic bacterial production may become high enough to 
leave anoxic pockets in the sea ice, where anaerobic pro-
cesses become energetically favorable. Denitrification and 
anaerobic ammonia oxidation (Anammox) rates comparable 
to sediments have been measured in sea ice, reducing the 
overall nitrogen availability for primary production 
(Rysgaard and Glud 2004; Rysgaard et al. 2008). New pro-
duction of nitrogen is possible via upwelling from nutrient- 
rich bottom waters, bacterial recycling of organic matter, or 
N2 fixation. So far, the nifH gene for nitrogen fixation has 
been detected in Arctic seasonal sea ice connected to a 
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diverse group of cyanobacteria (Diez et al. 2012). The poten-
tial for nitrogen fixation has also been found in the central 
Arctic Ocean, but the genes are mainly related to heterotro-
phic bacteria indicating different communities for N2 fixa-
tion in the Arctic (Fernández-Méndez et al. 2016). However, 
the importance of nitrogen fixation in sea ice remains unclear 
until nitrogen fixation has been measured directly or the gene 
expression has been assessed via omics approaches. Nitrogen 
fixation measurements from open water in the seasonal ice 
zone suggest that 27.1% of the nitrogen lost via denitrifica-
tion can be resupplied via nitrogen fixation (Sipler et  al. 
2017).

14.4.1.3  Others
Other biogeochemical cycles have been discovered in 
metagenomic and metatranscriptomic datasets (reviewed by 
Bowman 2015), indicating the potential for mercury cycling 
and dimethyl sulfide (DMS) production (Bowman et  al. 
2014), hydrocarbon degradation (Gerdes et  al. 2005), and 
vitamin B12 synthesis (Taylor and Sullivan 2008) in and 
under sea ice, all processes which can effect primary produc-
tion in sea ice-covered seas.

14.4.2  Mixotrophy

Mixotrophy in algae is the combination of a heterotrophic 
(phagotrophic and/or osmotrophic) and phototrophic nutri-
tional mode within a single cell (Sanders 1991). The aware-
ness of the importance of mixotrophic behavior in aquatic 
systems has increased tremendously (Hansen 2011) and has 
been reported to be widespread among flagellate algal groups 
such as dinoflagellates, prymnesiophytes, and cryptophytes 
in the marine system (Ballen-Segura et  al. 2017). Many 
bloom-forming algal species have been recognized to be 
mixotrophs causing an increased interest in this field. The 
potential benefits of particle ingestion include the acquisition 
of organic carbon, energy, major nutrients, vitamins, and 
trace metals (Caron et al. 1993). Mixotrophy is particularly 
beneficial when there is a limitation in inorganic nutrients 
(Unrein et  al. 2014) or light availability (Hansen 2011). 
Under oligotrophic conditions, flagellated algae can account 
for up to 80% of total bacterial grazing (Unrein et al. 2007; 
Sanders and Gast 2012). Predation by flagellated algae is 
among the primary mortality factors of prokaryotes in plank-
tonic communities, constituting an important selective pres-
sure (Ballen-Segura et al. 2017).

The Arctic nanoplankton species Micromonas pusilla is 
abundant in polar waters throughout the year and was identi-
fied as being independent of the availability of light based on 
a mixotrophic life style (Unrein et al. 2007; Sanders and Gast 
2012). Under thick ice cover in the Canadian Arctic, 
Micromonas sp. contributed up to 93% of autotrophic cell 

abundance (Sherr et  al. 1997). Micromonas pusilla ingests 
higher rates of fluorescently labeled bacteria at oligotrophic 
conditions, but only if exposed to light. This suggests that the 
ingestion supplemented nitrogen and/or phosphorus supply 
to allow for balanced growth when photosynthesis rate is 
high (McKie-Krisberg and Sanders 2014). In the dark, the 
tested strain would take up less fluorescently labeled bacte-
ria, which points to an osmotrophic uptake of carbon and 
energy.

Although the potential importance of mixotrophy within 
the sea ice community has been recognized, comparably few 
studies have focused on this environment. Facultative heter-
otrophy and energy storage have been suggested to be the 
main processes enabling winter survival in sea ice (Syvertsen 
1991; Zhang et al. 2003). Piwosz et al. (2013) found bacte-
rial cells in the food vacuoles of picoeukaryotes from various 
trophic groups in FYI of the Arctic. Phagotrophic ingestion 
was investigated in mixotrophic nanoflagellates (MNF) of 
Antarctic sea ice during spring where they comprised 5–10% 
of the autotrophic nanoflagellates (Moorthi et  al. 2009). 
Mixotrophy has been proposed to be an important mode of 
winter survival in sea ice algae. However, Horner and 
Alexander (1972) only found low uptake rates of organic 
substances by sea ice diatoms. Osmotrophy is widespread 
among pennate and centric diatoms from Antarctic and 
Arctic marine environments. The uptake rate of organic 
material is dependent on solar radiation and shows great 
interspecific variability (Ruiz-González et  al. 2012). Algae 
are able to take up a variety of organic substrates such as 
pyruvate, acetate, lactate, ethanol, saturated fatty acids, glyc-
erol, urea, and amino acids (Parker et al. 1961; Lewin and 
Hellebust 1976; Amblard 1991; Bronk et  al. 2007). Ruiz- 
Gonzáles et al. (2012) concluded that osmotrophy together 
with phagotrophy suggest that algae may play a more diverse 
role in aquatic biogeochemical cycles than only supplying 
heterotrophs with photosynthetically fixed organic matter.

14.4.3  Cryptic Carbon Cycling 
and Underrepresented Microbes

Both ecological and phylogenetic fungi are prominent para-
sites of cyanobacteria, macro-algae, and animals that also 
biogeochemically cycle nutrients and degrade recalcitrant 
molecules. Fungal-like organisms in the Oomycota have 
been reported as parasites on algae in the Canadian Arctic 
(Küpper et  al. 2016) and have been observed in the 
Norwegian Sea and Svalbard region (Fig. 14.1). The detec-
tion of fungi on Arctic marine bird feathers (Singh et  al. 
2016) and in association with driftwood (Rämä et al. 2014) 
suggests additional ecological niches occupied by the fungi 
that currently remain unexplored. Arctic members of the 
Labyrinthulomycota can exceed 105 cells L−1 (Naganuma 
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et  al. 2006) and are capable of degrading pine pollen  
(Hassett and Gradinger 2018), suggesting that these organ-
isms might be seasonally important in degradative processes. 
Members of the Mesomycetozoea (namely, the genus 
Ichthyophonus) primarily exist as parasites of Arctic fish 
(Klimpel et al. 2006) but whose abundance, distribution, and 
relevance to other ecosystem processes remain unknown.

Ecologically, the Arctic marine Chytridiomycota are sea-
sonally abundant parasites that can infect approximately 1% 
of all diatoms in the near-shore sea ice environment (Hassett 
and Gradinger 2016) and 25% of a single diatom species 
(Hassett et al. 2017). Specifically, the Chytridiomycota para-
sitize light-stressed diatoms within sea ice brine channels 
(Horner and Schrader 1982; Hassett and Gradinger 2016). 
True Fungi have been reported in sea ice as far north as the 
North Pole (Bachy et al. 2011) and across the Western Arctic 
(Hassett et al. 2017). Beyond these observations, there is lit-
tle information detailing the sea ice ecology of Fungi and 
fungal-like organisms. Seawater advection into sea ice and 
entrainment processes of particulates (Eicken et  al. 2005; 

Gradinger et al. 2009) suggest that many fungi and fungal- 
like organisms observed in sediments and seawater are likely 
present in sea ice. However, little to no known specific 
empirical evidence exists to suggest this phenomenon.

Viruses play an important role in nutrient recycling via 
the viral shunt. Especially in winter and autumn, viral lysis is 
known to be the most important mortality factor for bacteria 
(Krembs et al. 2002b). Besides, viruses may have important 
roles for horizontal gene transfer. In an extensive virome 
study by Allen et al. (2017), a diverse virus community was 
found, including viruses with photosystem genes. Data min-
ing of published metagenomes and metatranscriptomes 
revealed similar patterns of evolutionary important genes 
(e.g., photosystem) in viruses. The sea ice metagenome from 
Cottrell and Kirchman (2012), for example, showed cyano-
phages, synechococcus phages, and prochlorococcus phages 
with photosystem genes in their genome. The high bacterial 
density in sea ice, the close spatial connection, and low host 
specificity may allow a rather quick evolution via viral gene 
transfer compared to other systems. This may help to develop 

Fig. 14.1 Unidentified fungi and fungal-like pathogens. (a) A proba-
ble oomycete pathogen of Chaetoceros sp. captured in southern Norway 
(Drøbak). (b) A probable oomycete pathogen (Saprolegnia sp.) fruiting 
at the tip of benthic red macro-algae (image from samples collected in 

Drøbak by the authors). (c) Unknown pathogen parasitizing the dinofla-
gellate Tripos sp. in a Tromsø fjord (photo provided by Richard 
Ingebrigtsen, UiT). (d) Unknown pathogen with extensive branching 
inside a benthic red algae. (Image from Drøbak)
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hypotheses on the evolution of life and life on other planets, 
such as Europa. With further studies of transposons in 
metagenome assembled genomes, these hypotheses can be 
developed and tested further.

14.5  Seasonal Cycle in Ice-Covered Seas

Sea ice-covered systems are characterized by highly sea-
sonal variabilities of temperature and light. In sea ice, brine 
channels spatially constrain biota and increase interactions 
between consumers (bacteria and fungi) and primary pro-
ducers. Therefore, the sea ice habitat is more comparable to 
biofilms and processes taking place within biofilms (Krembs 
et al. 2000). Ice algae and bacteria release extracellular poly-
meric substances (EPS) that protect cells from high salinities 
and low temperatures, foster the adhesion to surfaces, and 
alter the microstructure and corresponding desalination pro-
cesses of sea ice (Krembs et  al. 2011). Thus, sympagic 
microalgae and bacteria can cause physical changes to their 
immediate environment, improving sea ice habitability 
(Krembs et  al. 2002a, 2011). Concentration and chemical 
composition of EPS significantly differed in response to gra-
dients in temperature and salinity in Antarctic sea ice and 
simulated sea ice formation experiments with cultures of the 
bi-polar diatom Fragilariopsis cylindrus (Aslam et al. 2018). 
Under combined conditions of low temperature and high 
salinity, the relative contribution of EPS to total carbohy-
drates and their monosaccharide composition changed sig-
nificantly, both in the field and lab. Increased concentrations 
of uronic acids and mannose at low temperatures increase 
the stiffness of EPS gels (Aslam et al. 2012), needed to pro-
duce protective cell coatings as observed in natural sea ice 
brines.

The initial colonization stage during sea ice formation is 
followed by a low-productive, heterotrophic winter stage, 
dominated by pelagic organisms (Fig. 14.2) (Grossmann and 
Gleitz 1993; Joli et  al. 2017; Amargant Arumí 2018). 
Biomass accumulation follows the seasonal increase in solar 
radiation during winter-spring transition. The sea ice algal 
bloom is terminated either by nutrient depletion or sea ice 
melt in late spring/early summer. At the ice edge phytoplank-
ton blooms of Phaeocystis sp. may contribute to high pri-
mary production (Assmy et al. 2017). The post-bloom stage 
is dominated again by heterotrophic processes in the sea ice 
and water column (Haecky et al. 1999; Kaartokallio 2004).

14.5.1  Autumn

In autumn, sea ice starts forming as frazil ice, which can 
form at the surface or in deeper water layers (Petrich and 
Eicken 2010). During ice formation, larger particles, such as 

eukaryotes or sediment particles, can be transported to the 
water surface and incorporated into the ice. Ice formation 
begins in autumn when there are still substantial microbial 
populations left over in surface waters from the preceding 
spring bloom (Arrigo and Thomas 2004). As the frazil crys-
tals rise to the surface, particles such as microalgae, hetero-
trophic protists, and bacteria are scavenged (Garrison et al. 
1989). During wave movement, the frazil ice may further act 
as a sieve, concentrating biomass from the water column 
(Reimnitz et al. 1993; Weissenberger and Grossmann 1998). 
This process is thought to select for sticky bacteria, diatoms 
and organisms attached to larger organisms or particles 
(Grossmann and Dieckmann 1994; Weissenberger and 
Grossmann 1998). Another concentration process is the 
brine exclusion during the ice formation, concentrating 
nutrients, salts, and organisms in small and densely packed 
brine channels (reviewed by Deming and Collins 2017). The 
brine channels are very rich in nutrients and organic matter 
but may limit bacterial and algal activities at low tempera-
tures and high salinities, which may fluctuate greatly. Thus, 
the organisms that are concentrated into the ice are further 
selected by their capability to survive or grow in the extreme 
physical conditions (Grossmann and Dieckmann 1994). 
Survival may be enhanced by EPS production or cryoprotec-
tants and changes in biochemical structures to withstand 
osmotic shock and freezing (Krembs et al. 2011). Studies in 
the autumn are rare, but the overall bacterial production is 
low compared to the rest of the year and exceeds that by 
microalgae (Grossmann and Dieckmann 1994). Grazing 
seems to be a minor impact, while viruses and phages are 
enriched 10–100 times (e.g., Gowing et al. 2002; Collins and 
Deming 2011). Knowledge on bacterial and algal diversity 
and functions are rare, but the community structures seem to 
differ from the other seasons and are more similar to the sea-
water below the newly forming sea ice (Collins et al. 2010). 
Archaea and oligotrophic bacteria (e.g., OM182) become 
more dominant, while Alteromonadales become less abun-
dant (Collins et al. 2010). Throughout the winter, large cen-
tric diatoms are gradually reduced, shifting to a dominance 
of small pennate species such as Fragilariopsis sp. (Lizotte 
2003). A water column bloom may start due to the nutrient 
upwelling after autumn storms which are increasingly abun-
dant with the effects of climate change and retreating sea ice 
(Ardyna et al. 2014).

14.5.2  Winter

In winter, the temperature in sea ice drops and the brine vol-
ume may decrease giving little space for eukaryotes and high 
concentrations of DOM for bacteria (reviewed by Deming 
and Collins 2017). Absence of light, extreme salinities, and 
cold temperatures challenge the microbial survival and 

14 Progress in Microbial Ecology in Ice-Covered Seas



270

 activities. Grazers are mostly absent in winter and bacterial 
mortality is mainly caused by viral lysis (Krembs et  al. 
2002a). Overall, bacterial production is low, but certain bac-
teria are active allowing viruses to produce (Wells and 
Deming 2006a, b). Up to 86% of winter sea ice bacteria have 
been found to be active in FISH counts and 4% showed res-
piration during 5-Cyano-2,3-ditolyl tetrazolium chloride 
staining (Junge et al. 2004). Bacterial activity is crucial for 
surviving the harsh conditions, ion transporters have to be 
active and the membranes intact to compensate for large 
osmotic differences between the brine water and cell interior 
transportation of ions and compatible solutes (Collins and 
Deming 2013). EPS has been found in winter sea ice, which 
can be important as cryoprotectant and which is mostly pro-
duced by bacteria due to the low abundances of eukaryotic 
algae (Krembs et al. 2002b, 2011). As in autumn, heterotro-
phic bacterial production is higher than primary production, 
making the system net heterotroph (Kottmeier and Sullivan 
1987). Little is known about the community structure, but 
the community becomes more similar to typical heterotro-
phic sea ice communities. Archaea appear more abundant in 

winter and autumn sea ice, compared to spring and summer 
indicating their potential importance for autotrophic nitrifi-
cation (Brinkmeyer et  al. 2003; Collins et  al. 2010). The 
microalgal winter diversity in the Beaufort Sea is similar to 
spring with pennate diatoms dominating, and Nitzschia 
frigida being the most abundant species (Niemi et al. 2011). 
The dominance of pennate diatoms during the spring algal 
bloom indicates a competitive advantage, due to their high 
production rates of EPS and potential for heterotrophy as 
survival strategies (Niemi et al. 2011). In the water column, 
picophytoplankton becomes dominant with Micromonas sp., 
Ostreococcus sp., and cyanobacteria as main phototrophic 
organisms (Vader et  al. 2015; Joli et  al. 2017; Amargant 
Arumí 2018). In the absence of light, mixotrophic pathways 
may be important for their survival and explain their domi-
nance (Sanders and Gast 2012; Vader et al. 2015). Nitrifier 
abundances based on bacterial and archaea amoA genes in 
the Arctic water column may become 30–115 times more 
abundant in winter indicating that nitrification may be an 
important autotrophic process (Christman et al. 2011).

Fig. 14.2 Sea ice and microbial dynamics in the seasonal ice zone. Figure produced based on references in the text
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14.5.3  Spring

With the returning sun and increasing temperatures in spring, 
microbial activities generally increase. At the bottom of the 
ice, sea ice algae may form blooms supporting bacterial pro-
duction. The under-ice production is generally higher than in 
autumn and winter but only about 10% of sea ice algal pro-
duction (Deming and Collins 2017). In the upper ice layers, 
bacterial activity is still increasing to levels higher than algal 
primary production (Gradinger and Zhang 1997). The pro-
duction can be fueled by degradation of cryoprotectants 
(e.g., EPS) which are not needed anymore, or by old organic 
matter (Collins and Deming 2013; Arrigo et al. 2014; Firth 
et al. 2016). Overall, the system may become net heterotro-
phic and even anoxic, allowing denitrification and annamox 
to play a role (Rysgaard et  al. 2008; Rysgaard and Glud 
2004). In oxygenated zones, bacteria play an important role 
in recycling nutrients from organic matter into ammonium 
and eventually into nitrate (e.g., Rysgaard et al. 2008). Viral 
concentrations increase, but viral lysis is a minor mortality 
factor of bacterial mortality, while microzooplankton graz-
ing becomes more important (Maranger et al. 1994; Piwosz 
et  al. 2013). The community structure changes toward a 
community with significantly less archaea and more repre-
sentatives of the Alteromonadales clade (Collins et al. 2010), 
indicating a system in favor of faster-growing heterotrophic 
bacteria. Primary production in the water column is limited 
by light absorbed through the sea ice.

14.5.4  Summer

In summer, the sea ice starts melting from the bottom releas-
ing concentrated organic matter and algal biomass. Large 
algae aggregate together with their bacterial community may 
sink to the bottom seeding sediment communities and feed-
ing deep-sea animals (Rapp et al. 2018). In the deep central 
basins, this process may be a permanent loss, while seeding 
of new sea ice with the sediment communities is possible 
down to depth of about 30 m. With a retreating seasonal ice 
zone toward the central Arctic Ocean, this may become prob-
lematic. The communities are dominated by Flavobacteriia 
and Gammaproteobacteria, but Flavobacteriia are only a 
minor fraction in sediment associated communities and 
autumn communities (Collins et al. 2010; Rapp et al. 2018). 
Archaea are mostly absent (Collins et al. 2010). The water 
column becomes more heterotrophic with increased bacterial 
production with decreasing phytoplankton biomass 
(Kirchman et al. 2009) and a community shift toward hetero-
trophs and mixotrophs (e.g., Stoecker et al. 2014).

14.5.5  Climate Change Effects

Changes in sea ice properties are forecasted to drive climate 
feedback loops and impact biological processes, such as ele-
ment cycling (Holding et al. 2015; Tremblay et al. 2015). As 
sea ice melting starts earlier in the year, habitat loss occurs 
before solar radiation is sufficient for algal productivity and 
growth in the high Arctic (Arrigo et al. 2008) and near the 
Antarctic Peninsula. Sea ice algae are an important high- 
quality energy source for grazers in early spring and can seed 
the pelagic phytoplankton bloom. A shift or loss of the sea 
ice bloom is forecasted to change the productivity of the sys-
tem and negatively affect the reproduction success of highly 
synchronized grazers like Calanus glacialis (Søreide et  al. 
2010), krill (Hoshiai et al. 1987), and of calanoid copepods 
such as Acartia bifilosa (Werner and Auel 2004) in the Arctic, 
Antarctic, and Baltic, respectively. In addition, the nutrient 
and light conditions in which sea ice algae thrive induce the 
synthesis of polyunsaturated fatty acids, a crucial constituent 
of the diet of grazers, especially during winter (Nichols et al. 
1999; Arrigo and Thomas 2004). Increased light intensities 
reduce the nutritional value of ice-associated (sympagic) 
microalgae (Leu et al. 2010). Due to warming, the water col-
umn may become more stratified (Tremblay et  al. 2015), 
reducing the vertical supply of nutrients to the euphotic zone. 
On the other hand, a longer ice-free period might counteract 
stratification through re-mixing of nutrients by wind and 
storms, but only minor effects on vertical mixing could be 
observed (Toole et al. 2010; Lincoln et al. 2016). Extended 
ice-free periods and thinner sea ice in the Arctic increases 
light availability to pelagic and sympagic microalgae, 
enhancing annual primary production (Wassmann et  al. 
2011). The community structure may shift to more pelagic 
algae species, such as Phaeocystis sp. (Assmy et al. 2017). 
However, the overall consequences of sea ice retreat on pri-
mary production remain under debate (Arrigo et  al. 2014; 
Tremblay et al. 2015).

14.6  Conclusions

Knowledge on the distribution and abundance of sea ice pro-
tists is crucial to understand and foresee possible changes in 
microbial communities that potentially have great impacts 
on food webs of the ice-covered oceans. Even though -omics 
provide thorough insights into species composition and pro-
cesses, one should not neglect the importance of assessing 
their respective abundances. New methods have the potential 
to shed more light onto the functions of sea ice microorgan-
isms. However, one should not overlook the limitations and 
restrictions when it comes to sea ice sampling. Melting of 
sea ice material exposes organisms to changes in physical 
and chemical conditions, to which microorganisms might 
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react instantaneously. Good care needs to be taken to manip-
ulate the community as little as possible. In the future, the 
development of good practices and standards is crucial to 
ensure intercomparable observations of ice biota and proper-
ties. A strong seasonality in the seasonal ice zone determines 
the community structures and functions of the sea ice eco-
system and the associated water column. With climate 
change, some of the annual processes change (e.g., timing of 
ice formation), while others will stay the same (length of the 
polar night). This will eventually change the communities 
and functions in sea ice, as we know it now. We believe that 
a focus on microbes, and a proportional representation of 
their activity (relative to their biomass contributions) in eco-
system models will help to forecast the biological fate of 
polar marine ecosystems under forecasted climate change 
scenarios.

 Appendix

This article is related to the YOUMARES 9 conference ses-
sion no. 17: “Bridging disciplines in the seasonal ice zone 
(SIZ).” The original Call for Abstracts and the abstracts of 
the presentations within this session can be found in the 
Appendix “Conference Sessions and Abstracts”, Chapter 
“13 Bridging disciplines in the seasonal ice zone (SIZ)”, of 
this book.
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