
Chapter 9

Microbes and the Arctic Ocean

Iain Dickinson, Giselle Walker, and David A. Pearce

Abstract It is surprising how little we really know about the microorganisms that

live within the Arctic Ocean and in particular their role in the marine food web. A

comprehensive food web study is yet to be conducted, and although many studies

talk of an Arctic marine food web, publications normally focus on just one aspect of

it. In some way, it mirrors our knowledge of the deep sea. We know it exists, we

know the main interactions and pathways, but a great deal of the background

information and detail is lacking. The single most important part of our research,

therefore, is to understand the role and function of microorganisms in the environ-

ment. A fitting analogy is perhaps an iceberg. We know what it looks like, we know

roughly what it does and how it behaves, we even know that the majority of the

iceberg is hidden from view. However, we know very little about the effects of an

iceberg on the general environment around it. Further, if we induce change in the

behaviour of that iceberg, we have little idea what effect it might have. This is due

to a combination of factors; (1) the complexity of the science, (2) the ambition, cost

and logistics of conducting experimental work in these systems, (3) the fact that the

existing, relatively simple model is sufficient for most purposes, (4) technological

and methodological limitations and (5) research funding tends not to favour

supporting ambitious long term ecological studies which can be very expensive.

However, as with most questions in science, the harder we look, the more there is to
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find, and for every question we answer, a number of new questions arise. In this

chapter, we attempt to give an overview of what is known about the microbial

community in the Arctic marine food web, assess why this knowledge is relatively

limited and pose some of the questions that remain to be answered.

9.1 What Is a Food Web?

A food web describes feeding relationships in an ecosystem. A simple food chain

describes a linear flow of energy from primary producers to consumers, eventually

leading to the apex predator. Decomposers recycle material from the food chain

back into the environment. However, in reality there are trophic links between

many different producers and consumers of various sizes, so it is more appropriate

to consider the whole food web rather than a simple chain.

9.2 What Is Special About the Arctic Ocean?

The Arctic Ocean and its environment encompass parts of Russia, Canada, Green-

land, Norway, Alaska and Iceland. The Arctic Ocean is unique, due to its location

on the planet and its relationship with the sun. North of the Arctic Circle beginning

at 66�3300N, the region experiences 24 h daylight in the summer and 24 h darkness

in the winter, and this, perhaps more than any other factor, drives the Arctic Ocean’s
unique ecology. As well as light, low temperatures may also have cascading effects

on the interlinked and delicately balanced food web. The Arctic Ocean is relatively

shallow and is mostly surrounded by land, unlike the Southern Ocean. Land masses

surrounding the Arctic Ocean drain huge areas of land and contribute vast quantities

of nutrients into the coastal ecosystem. As a result of the unique nature of the Arctic

Ocean, the nutrients available and the long periods of daylight during the summer,

the Arctic Ocean is rich in life. The presence of ice and its attendant snow cover,

and total darkness during the winter months, means that this region has a distinctive

ecology, in terms of the phytoplankton and zooplankton, the animal populations

and their associated environmental factors. The Arctic Ocean ecosystem therefore

has a distinct and complex food web, quite unlike those found elsewhere. Arctic

marine species have adapted to the cold temperatures to take advantage of the

nutrient-rich waters surrounding the ice edges and continental shelves. Indeed, the

highest biomass occurs along the coastlines. This observation is consistent with

river runoff, nutrient availability and increased stability along coastlines, as well as

the convergence of Atlantic water and Arctic water in the Barents Sea (Smetacek

and Nicol 2005). Examples of specialist species endemic to the Arctic Ocean are

exemplified by the charismatic megafauna: the polar bear, the walrus and the
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narwhal, all of which depend on sea ice for hunting, reproduction or protection

(Stirling 1997; Tynan and DeMaster 1997). However, most of what we know about

this ecosystem is based mainly on summer observations as expeditions to the

remote Arctic in the winter are both difficult and expensive.

9.3 The Fundamental Importance of Sea Ice

Sea ice still covers significant portions of the Arctic Ocean, particularly in winter,

forming at temperatures below the freezing point of seawater. In the polar regions,

with an ocean salinity of 35 ppt, the water begins to freeze at �1.8 �C (NSIDC

2015). The formation and structure of sea ice is reviewed in detail by Petrich and

Eicken (2009). With its high albedo, the ice and its snow cover reduce the amount

of incoming solar radiation absorbed at the ocean surface by reflecting much of that

radiation back into space. Changes in the timing of formation and extent of ocean

coverage by the sea ice impose temporal and spatial variation in energy require-

ments and food availability for higher trophic levels. Mismatches in the patterns of

climate and biology can lead to decreased reproductive success, lower abundances

and changes in the distribution of organisms (Moline et al. 2008). Sea ice is critical

for Arctic marine ecosystems in at least two important ways: it provides a habitat

for photosynthetic algae and a nursery ground for both invertebrates and fish during

times when the water column does not support phytoplankton growth. As the ice

melts, releasing organisms into the surface water, a shallow mixed layer forms

which fosters large ice-edge blooms important to the overall productivity of Arctic

seas (Nielsen et al. 2002). Sea ice is one of the largest habitats in polar oceans and

can cover up to 13 % of the world’s surface in winter, so it has a massive influence

on the Arctic marine food web (Eicken 1992). In winter, sea ice constitutes a

thermal barrier against the cold winter atmosphere with the result that the interface

between the ice and the seawater remains near the temperature of seawater (Krembs

and Deming 2011).

Sea ice imposes a three dimensional structure on the Arctic Ocean microbial

community. Sea-ice algal growth is limited by space availability within the sea ice

itself rather than by nutrient availability, due to the high retention of nutrients in the

sea ice and low abundance of prokaryote grazers (Becquevort et al. 2009). Frost

flowers contain high concentrations of bacteria compared to other formations of sea

ice; they can mediate long-range wind transportation of microbes, which can

themselves influence atmospheric processes by influencing (e.g.) photochemistry

(Bowman and Deming 2010). Bacterial–algal relationships in sea ice are also

hindered by substrate and temperature limitations, limiting primary production

through the microbial loop within the sea ice (Stewart and Fritsen 2004).

The Polar regions have, so far, shown the greatest sensitivity to rising global

temperatures. Sea ice has shown a rapid decrease in both area and thickness over the
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past 10 years (Comiso et al. 2008). Multilayer sea ice occurs when sea ice survives

the summer months and refreezes, often increasing in thickness. Bowman

et al. (2012) found unique microbes in multiyear ice not seen in first year ice,

including Cyanobacteria, Spartobacteria and Coraliomargarita in sufficient num-

bers to suggest a niche occupation. However, the thickness of the sea ice has rapidly

reduced in recent years (Serreze et al. 2007). Ongoing climate warming is causing a

dramatic loss of sea ice in the Arctic Ocean, and it is projected that the Arctic Ocean

will become seasonally ice-free by 2040 (Kedra et al. 2015). The thickness of sea

ice can also drastically alter the activity and composition of marine microorganisms

(Mock and Junge 2007). The common theory that the formation of first year sea ice

acts as a selective pressure on microbial communities was found to be false by

Collins, Rocap and Deming (2010), who sampled sea ice on a weekly basis over

winter and only found a drop in microbial abundance rather than a change in

community structure. High latitude changes in ice dynamics and their impact on

polar marine ecosystems are reviewed by Moline et al. (2008). Whilst the effect of

ice dynamics is easily visible when considering the impact on organisms higher in

the food chain such as polar bears (through reduction in hunting grounds, etc.),

the effect of changing ice dynamics is much less visible on microorganisms at the

base of the food chain. Marine microorganisms play a vital role in global biogeo-

chemical cycling (Helmke and Weyland 2004), and are important primary pro-

ducers in polar environments (Legendre et al. 1992), a decline in microbial activity

will have a direct influence on species higher up the food chain such as mammals,

fish and birds.

Sea ice can be divided into four distinct parts: ice surface, ice matrix, under the

ice and brine channels and pockets. When sea water freezes and sea ice forms,

dissolved air, inorganic and organic matter are expelled into concentrated brine

which forms pockets and channels in the ice depending on the temperature of the

ice (Eicken 1992). Temperature affects the salinity of the pockets, with colder

temperatures forcing a higher salinity into a smaller volume of brine. In columnar

ice, �5 �C is the tipping point between permeable and impermeable ice, allowing

channels to form between brine pockets. This is because warmer ice has a higher

volume of brine in the channels (above 5 %) allowing for more convective flow

within the sea ice (Golden et al. 1998). Conditions within these pockets and

channels can vary greatly depending on their depth in the sea-ice column. Virus-

containing bacteria that were isolated from brine pockets in sea ice had a much

greater viral load than those isolated from sea water (Wells and Deming 2006).

Typically, the ice closer to the ice–air interface is much colder than the equivalent

ice–sea water boundary, reducing surface ice volume and increasing its salt con-

centration. Conversely, irradiance will be higher at lower depths in the ice since the

light has less ice to travel through than to deeper ice layers. When sea ice begins to

freeze, diverse mixed populations of microorganisms are forced into a new cold,

dark, hypersaline environment and must possess the correct adaptations to survive

and remain active. As the season progresses, there is a gradual transition from a

microbial population similar to that of the open seawater to a new psychrophilic

heterotrophic population (Thomas and Dieckmann 2002) which is fuelled by the
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organic carbon released from the death and lysis of microorganisms less adapted to

survive (Thomas et al. 2001).

The Arctic marine food web relies heavily on the availability of organic carbon

within the sea ice. Microbial heterotrophs rely on dissolved or organismal organic

carbon, provided by marine autotrophs or indirectly via the microbial loop (Fenchel

1982; Sanders et al. 1992). The melting or thinning of sea ice in spring releases a

vast number of microbes into the water column under the sea ice, and coupled with

the phytoplankton bloom brought about by increasing light availability, this melting

provides a high concentration of organic matter into the underlying seawater (Sherr

and Sherr 2007). There are two main beneficiaries of this influx of organic matter.

Cells avoiding high-wavelength radiation, and dead cells, quickly sink and provide

nutrients to the benthic community such as crustaceans and molluscs. Cells growing

in surface waters provide a food source to pelagic zooplankton. The water column

directly below the sea ice of both poles is dominated by calanoid copepods, along

with pteropod gastropods, siphonophores, appendicularians, chaetognaths, hyperiid

amphipods, mysids and benthic invertebrate larvae (Schnack-Schiel 2003). The

high concentration of these organisms provides the perfect feeding ground for polar

fish including the polar cod, a species that represents the bridge between the upper

and lower trophic levels (Gradinger and Bluhm 2004).

Higher trophic level organisms such as seals and birds must rely on polynyas to

access the rich pelagic zone below the sea ice. Polynyas are characterised by an

open water source surrounded by sea ice (Stringer and Groves 1991), and allow

diving mammals and birds to hunt for polar cod and other fish, which in turn feed on

pelagic and benthic invertebrates. The sea ice also provides nesting grounds for

these birds and mammals, which in turn provides larger predators such as Polar

bears and Arctic foxes with an opportunity to hunt for these animals as food.

Seasonal sea ice can have a great effect on primary production in an area. However,

the decline in primary production associated with sea ice formation may not have as

great an effect on species at it does at higher trophic levels, who can change their

diet from fresh algal material to detritus when primary production drops (Norkko

et al. 2007).

9.4 Structure of the Arctic Marine Food Web

In its simplest form, the Arctic marine food web starts with primary producers,

which comprise photosynthetic microbes that use either chlorophyll or bacterio-

rhodopsins to convert light into carbon (Béj�a et al. 2000). Microorganisms exist

within the sea ice in pockets and channels containing high concentrations of salt and

other elements such as carbon, nitrogen, silica and iron. The cycling of these

elements by microorganisms plays a vital role in the initial food chain, altering

the abundance of microorganisms available to grazers between summer and winter.

Carbon dioxide, ammonium, silicic acid and iron are all mass utilised in summer

months by photosynthesising microalgae, which in turn provide organic carbon and
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oxygen for heterotrophic bacteria during the winter, which provides a large biomass

for grazers during spring melts. The two main sources of primary production in

Arctic ecosystems are sea-ice algae and phytoplankton in the water column

(Søreide et al. 2006). These are then consumed by primary consumers, hetero-

trophic protists, other small eukaryotes, larvae and also bacteria (Fenchel 1988;

Sanders et al. 1992; Sherr and Sherr 2007). Ice algae are a very important part of the

marine food web, contributing on average 57 % to the total Arctic marine primary

production (Gosselin et al. 1997). The organisms that eat algae, called zooplankton

grazers (such as Gammarus wilkitzkii), seek not only food in this algal-rich ice but

also protection from their own predators. Arctic cod (Boreogadus saida), an

important food source for many marine mammals and birds, use the same habitat

as nursery grounds (Krembs and Deming 2011), and their larvae feed on single-

celled protists (i.e. algae and protozoa). The protists and bacteria are also lysed by

the virus community, known to be about 10� as numerous as the bacteria. Large

phytoplankton cells, such as diatoms and dinoflagellates, are the primary food of the

zooplankton. Secondary consumers, largely fish species including polar cod, feed

on these zooplankton, acting as a bridge between lower trophic levels and apex

predators such as seabirds, whales, arctic foxes and polar bears. Excretions of

metabolic products and debris from dying cells contribute to an increasing pool

of organic material. As the ice melts in summer, this material releases into the water

column, where it contributes to the vertical flux of material that fuels both pelagic

and benthic food webs (Krembs and Deming 2011). However, this simplified

description does not take into account the huge number of species involved,

estimated to be between 9500 and 54,500 taxa (Archambault et al. 2010). In a

recent study, Lovejoy and Potvin (2011) estimated that the number of picoplankton

(plankton species less than 2 μm in diameter) operational taxonomic units (consi-

dered as roughly analogous to species) was ~45,000 (which include the archaea,

picoeukaryotes and bacteria) in the Arctic Ocean. The food web is complex: species

of different sizes can compete for the same sources of food, and losses of energy

(through e.g. death, viral lysis, leakage of nutrients) at each trophic level can be

picked up by heterotrophs at lower trophic levels (Azam et al. 1983). This makes

the complexity absolutely staggering and our knowledge of the detailed interactions

limited. To add to this, at least 10 % of the prokaryote population is as yet unknown.

Many studies of distinct aspects of the Arctic food web now exist. Indeed, a number

of very good reviews cover what is known of the topic in some detail: Bluhm and

Gradinger (2008), Gradinger (2009), Darnis et al. (2012) and Kedra et al. (2015).

9.5 Viruses

Viruses are an important and often overlooked component of the marine food web

(Fuhrman 1999; Suttle 2005, 2007), and they have been known to exist in the

Polar regions for some time (see review by Pearce and Wilson 2003) where high

viral infection rates have been observed (Säwstr€om et al. 2007). Genome size
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distributions indicate variability and similarities among marine viral assemblages

from diverse environments (Stewart and Possingham 2005). Sequence analysis of

marine virus communities reveals that groups of related algal viruses are widely

distributed in nature (Short and Suttle 2002). Global diversity is very high, pre-

sumably encompassing several hundred thousand viral species, and regional rich-

ness varies on a North-South latitudinal gradient. The marine regions have been

shown to have different assemblages of viruses, e.g. prophage-like sequences are

most common in the Arctic (Angly et al. 2006), following similar patterns to other

Polar environments (Aguirre de Cárcer et al. 2015). However, ubiquity has also

been described. To this end, nearly identical bacteriophage structural gene

sequences are widely distributed in both marine and freshwater environments

(Short and Suttle 2005), with marine T4-type bacteriophages found to be a ubi-

quitous component of the dark matter of the biosphere (Filée et al. 2005). Regional

differences include the abundance and production of bacteria and viruses in the

Bering and Chukchi Seas (Grieg et al. 1996). These communities are not static and

can be quite dynamic, over time (Wells and Deming 2006). Studies exist which

target specific aspects of the microbial ecology of Arctic marine viruses, such as

those that infect psychrophiles (Borriss et al. 2003) and whether there is a cost

associated with virus resistance (Lennon et al. 2007). High-throughput sequencing

will allow better studies of specific microbiomes, such as the highly divergent

picornavirus found in marine mammals (Kapoor et al. 2008), and lead us to better

understand the natural role of viruses in gene exchange (Hambly and Suttle 2005).

Going forward, we are sure to gain a better understanding of what shapes viral

distribution, including how viral activity controls both prokaryotic and eukaryotic

populations, their activity and other interactions within the Arctic food web.

However, the cultivation of key viral groups and an understanding of the activity

of specific virus populations in biogeochemical cycling remain as key challenges in

this field.

9.6 Prokaryote Microbial Diversity

Much more is known about the diversity and phylogenetic relationships of the

prokaryote community in Arctic marine food webs. In particular, there are several

studies dealing with total prokaryote diversity and its limits (Curtis et al. 2002),

diversity in permanently cold marine sediments (Ravenschlag et al. 1999) and the

water column (Bano and Hollibaugh 2002), the differences between Arctic and

Antarctic pack ice (Brinkmeyer et al. 2003), the abundance and production of

bacterial groups in the western Arctic Ocean (Rex et al. 2007) and the ecology of

the rare microbial biosphere of the Arctic Ocean (Galand et al. 2009). Indeed,

global patterns have been recognised in the diversity and community structure in

marine bacterioplankton (Pommier et al. 2007), and a latitudinal diversity gradient

has been observed in planktonic marine bacteria (Fuhrman et al. 2008). It has

recently been suggested that hydrography shapes the bacterial biogeography of
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the deep Arctic Ocean (Galand et al. 2010), and new insights emerge frequently,

into specific bacterioplankton groups, for example, the alpha-Proteobacteria in

coastal seawater (González and Moran 1997). Psychrophiles are clearly important

in the polar regions (Deming 2002), and a great deal of work has been done on the

diversity and association of psychrophilic bacteria in sea ice (Bowman et al. 1997).

However, biodiversity of many taxonomic groups remains relatively unknown

(Archambault et al. 2010), including areas of the High Arctic where biological

data are almost non-existent (Piepenburg et al. 2011).

Unlike the virioplankton, great strides have been made in the cultivation of

marine bacteria, including the numerically important Arctic sea-ice bacteria cul-

tured at subzero temperatures (Junge et al. 2002). High-throughput methods for

culturing microorganisms in very-low-nutrient media have yielded diverse new

marine isolates (Connon and Giovannoni 2002) enabling researchers to focus their

attention on specific groups such as the ubiquitous SAR11 marine bacterioplankton

clade (Rappe et al. 2002) or the oligotrophic marine gamma-Proteobacteria (Cho

and Giovannoni 2004). Such amenability to culture also permits bioprospecting for

cold-active enzymes such as the lipases, amylases and proteases, from culturable

bacteria, for example from Kongsfjorden near Ny-Ålesund in Svalbard (Srinivas

et al. 2009). The cold-active glutaredoxin enzyme was discovered in a sea-ice

bacterium Pseudoalteromonas sp. AN178 (Wang et al. 2014).

Studies of the prokaryote community in the Arctic Ocean have included activity

measurements, for example, the bacterial contribution to respiration in the water

column may be substantial: 3–60 % in the Chukchi Sea and Canada Basin and 25 %

on average in the Arctic (Kirchman et al. 2009). Bacterial activity has also been

studied at �2 to �20 �C in Arctic wintertime sea ice (Junge et al. 2004). Specific

functional activity has been studied relating to biogeochemical cycling such as the

analysis of the sulphate-reducing bacterial and methanogenic archaeal populations

in contrasting Antarctic sediments (Purdy et al. 2003) and the fact that anaerobic

ammonium-oxidising bacteria in marine environments are of widespread occur-

rence but low diversity (Schmid et al. 2007), although progress in this area is far

more restricted compared to other bacterial groups.

9.7 Eukaryotic Microbial Diversity

Single-celled eukaryotes, or protists, a category largely comprised of protozoa and

micro-algae, make up most of the diversity of eukaryotes. Typically, the first

classification applied in microbial ecology is that of size classes. Protists typically

range in size from 0.2 to 200 μm (some are larger) and are usually segregated into

the pico- (<2 μm), nano- (2–20 μm) and micro-sized fractions (20–200 μm) of

the scaling plankton nomenclature (Murphy and Haugen 1985). These size classes

may be referred to as “picophytoplankton” or “nanozooplankton”, etc. according to

whether the groups under study are photosynthetic or heterotrophic, though
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many taxa include heterotrophs, autotrophs and mixotrophs, due to the

complex evolutionary history of gains, transfers and losses of chloroplasts among

microbial eukaryotes.

During the classification of the eukaryotes, what has recently emerged is a tree

that splits into mostly previously unknown large groups, dubbed “supergroups”:

Opisthokonts (including animals and fungi), Amoebozoa (amoebae and slime

moulds), Excavates (e.g. trypanosomes, amitochondriate parasites), Archaeplastida

(green algae and plants, red algae), Stramenopiles (brown algae and kelps), Alveo-

lates (ciliates, apicomplexa, dinoflagellates), Rhizaria (foraminifera, radiolaria,

cercozoans) and several smaller groups such as the clade containing the haptophyte

algae (all reviewed in Walker et al. 2011). These groups are now widely accepted

and are increasingly referred to in ecological literature, meaning that the taxa

discussed in recent ecological analyses of particular environments (e.g. Massana

et al. 2004) have different affiliations from their former placements as “protozoa” or

“algae” in classical literature (Van den Hoek et al. 1996).

In the Arctic, protists have mostly been described from the upper water column

in coastal and oceanic areas or in ice-associated (sympagic) communities (Poulin

et al. 2011). Arctic marine protists in the water column contribute about 98 % of

primary production in coastal regions, while in the mid-Arctic ocean about 57 % of

primary production is in ice-associated protist communities (Gosselin et al. 1997).

Poulin et al. (2011) estimated that 1874 taxa of phytoplankton organisms and 1027

of sympagic unicellular eukaryotes had been described by microscopical methods

from Arctic samples. Protists are important as primary producers and as consumers

of prokaryotes such as the cyanobacteria. They are key to the “microbial loop”, the

set of trophic interactions that operates below the level of classical food chains,

from dissolved organic carbon through to unicellular organisms that are eaten by

invertebrates (Azam et al. 1983; Fenchel 1988).

The microbial food web sustains the Arctic Ocean under most circumstances,

dominating where there is not a large phytoplankton bloom. Energy is released as

Dissolved Organic Matter from phytoplankton (either through death of cells, viral

lysis or “leaky” photosynthesis) and taken up by bacteria and the smallest eukary-

otes, who are then eaten by heterotrophic or mixotrophic protists, who are in turn

eaten by larger protists and zooplankton, with energy losses at every stage permit-

ting blooms of smaller taxa and heterotrophy permitting blooms of larger taxa

(Sheldon 1972).

9.8 Adaptations

Abiotic extremes characterise the Arctic Ocean. These extremes include the inten-

sity, duration and wavelength of incoming solar radiation, the extent, thickness and

duration of ice cover, temperature extremes, stratification of the water column and

structures associated with the sea ice (Gosselin et al. 1997). Temperatures within

the sea ice form a depth gradient, where temperatures at the surface can be �20 �C
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and temperatures within the sea ice itself around �2 �C. There are several mecha-

nisms employed by microorganisms to survive this rapid decline in temperature.

Mykytczuk et al. (2013) describes the mechanisms used by Planococcus
halocryophilus to grow and divide at �15 �C, the lowest temperature recorded to

date, suggesting cryoenvironments harbour a more active microbial ecosystem than

previously thought. One mechanism sea-ice diatoms employ to thrive in the sea-ice

environment is the production of ice binding proteins, which act as a cryoprotectant

(Janech et al. 2006). These ice binding proteins have both strong recrystallisation

inhibition activity and act to slow the drainage of brine from sea ice, allowing them

to maintain a liquid environment around the diatom (Raymond et al. 2009). A

method often employed by algae and protozoans in particular is to form a robust

stress resistant cyst, triggered by low temperature or a lack of nutrients—depending

on the species (Stoecker et al. 1998). Whilst a viable method of survival the cyst is

often dormant, not contributing to nutrient cycling or affecting the microbial

population. Similarly, some bacteria may become associated with particles such

as soil already present in the seawater before freezing occurs (Junge et al. 2004).

This allows the bacteria to survive in the slightly less harsh microenvironment of

the soil (higher temperature, less salinity, etc.) until the sea ice thaws in spring.

However, in order to continue population growth and metabolic activity, micro-

organisms need to possess two key adaptations: the ability to maintain membrane

fluidity in order to allow nutrients and waste to enter and leave the cell (Thomas and

Dieckmann 2002) and cold functioning enzymes. Membrane fluidity at sub-zero

temperatures can be achieved in three ways; by an increase in the proportion of

unsaturated fatty acids, a decrease in membrane chain length and an increase in

polyunsaturated fatty acids (Russell 1997). The increase in polyunsaturated fatty

acids is brought about by an increase in the activity of the polyketide synthase group

of enzymes (Metz et al. 2001) and as well as being important to the microorganism,

it plays an important part in the diet of grazers (Thomas and Dieckmann 2002).

Another limiting factor is the reduced affinity for substrates due to enzyme de-

naturation. Psychrophilic bacteria must maintain high catalytic activity at

low temperatures, which is best achieved by either maintaining enzyme structure

or increasing enzyme concentration. Psychrophilic bacteria have been found to

contain cold-adapted proteases, β-galactosidases, phosphatases and amylases

(Pomeroy and Weibe 2001). Maintaining enzyme structure allows for a higher

proportion of substrate–active site binding and allows the microorganism to main-

tain its function. If the microbe does not possess psychrophilic enzymes, it can

maintain catalytic activity by increasing the concentration of the enzyme, an option

which allows more active sites for substrates to bind to, although with less speci-

ficity. This increase in total activity at the cost of specificity can be seen in some

microalgae with the photosynthetic enzyme, Ribulose-1,5-biphospate carboxylase/

oxygenase (Devos et al. 1998).

Tolerance to salinity is an important characteristic for sea-ice microorganisms.

They must be able to survive both the high salinity of the brine pockets and

channels and the sudden exposure to hypo saline conditions that occur when the

sea ice melts in spring (Thomas and Dieckmann 2002). The hyper-saline conditions
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of brine pockets can cause severe dehydration stress, as they can contain up to three

times the salinity of open seawater (Eicken 1992). In order to cope with this stress,

microorganisms must carefully regulate the uptake of osmolytes such as proline,

mannitol and inorganic ions to restore osmotic balance (Thomas and Dieckmann

2002). Alongside, salt-tolerant enzymes have been described in psychrophilic iso-

lates (Nichols et al. 2000) as has the regulation of fatty acid proportion for

temperature tolerance.

Low light conditions primarily affect photosynthetic algae, and as they are

important primary producers, their success affects the whole food chain. In order

to continue to carry out photosynthesis within brine pockets, algae must be able to

carry out extremely efficient photosynthesis reactions to maximise the little light

they receive. The algae may also contain pigments that absorb those wavelengths

which can penetrate sea ice. One such pigment, Fucoxanthin, is highly effective at

absorbing said wavelengths and shows an increase in concentration during winter

months (Lizotte and Priscu 1998). The early bloom depends on light, as is the case

for the spike in photosynthetically active radiation which affects the prasinophytes

in late January when sun comes back (Terrado et al. 2008).

The analysis of nutrient concentrations and the pulse-amplitude-modulated

fluorescence signal of ice algae and phytoplankton suggests that nutrients are the

prime limiting factor for sea-ice algal productivity (Gradinger 2008). Over much of

the Arctic Ocean’s vast shallow continental shelf, brine rejection during sea-ice

formation triggers convective mixing that replenishes nutrients into surface waters

(Stabeno et al. 2010). The traditional bloom depends on nutrients (Lovejoy

et al. 2004), but very early and late seasonal blooms are light-dependent (Massana

et al. 2007; Seuthe et al. 2011). Such strong dependence on light, and dominance by

successive blooms of photosynthetic taxa (and in turn heterotrophic taxa), also

suggests that the Arctic Ocean may have a different ecology from those of other

oceans. However, as sampling intensity increases, it may become apparent that the

ecology of the Arctic Ocean is similar to that of other oceans (Seuthe et al. 2011).

Marine psychrophiles form the base of the Arctic Ocean food web, and their

population and species distribution is affected by the presence of organic and

inorganic compounds. The cycling of carbon, nitrogen, silica and iron is responsible

for the waxing and waning between population groups that influence species higher

up in the food web.

Light availability plays the most important role in the sea-ice carbon cycle, with

seasonal changes in light having an effect on autotroph/heterotroph dominance.

During the summer, light availability is at its highest and at some latitudes photo-

synthesis can occur for 24 h a day. This leads to an increase in the autotrophic

population both within the sea ice and in sea water (Horner and Schrader 1982).

Pre-bloom to post-bloom algal cell concentrations can go from <104 cells to >109

cells within some brine pockets (Arrigo et al. 2010). The high populations of

autotrophic microorganisms exhaust a lot of CO2 from the brine pockets, causing

a supersaturated O2 solution of up to 932 μmol kg�1 (Skidmore et al. 2012).

During the transition to winter, the population switches to a dominant hetero-

trophic one. Free sea water autotrophs are forced into brine channels during sea-ice
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formation and those not adapted die releasing organic carbon into the sea ice.

Within the sea ice, autotrophs go into a dormant state, and the high O2 concentration

coupled with the readily available organic carbon allows a heterotrophic population

increase. The increase in the heterotrophic population uses up O2 and replenishes

CO2 inside the ice pockets. During the following spring, the increase in light

availability and high CO2 concentration allow another autotroph bloom. The

melting sea ice also releases a high concentration of microbial cells into the water

column, providing a food source for grazers.

The uptake of nitrogen happens in two distinct ways; through nitrification

(oxidation of ammonium (NH4
+) to produce NO2 or NO3) or assimilation (absorp-

tion of nitrites or ammonium, followed by reduction and incorporation into amino

acids, etc.). As with carbon, the assimilation or nitrification of nitrogen seems

highly dependent on light availability and species distribution, with assimilation

at a much higher rate in summer. Experiments have shown that nitrification rates

show no difference over a temperature gradient (Horak et al. 2013), so changes in

the balance of nitrification/assimilation of NH4
+ are driven by species abundance

and distribution which are in turn a consequence of light and organic carbon

availability.

Although bacterial nitrifiers are present during the summer (Hollibaugh

et al. 2007), there is a sudden increase in autotrophic algae brought about by

increased light availability. Phytoplankton outcompete nitrifiers for NH4
+ in well-

lit ocean layers (Bronk and Ward 2005) which could account for the spike in NH4
+

assimilation seen in the winter months. When light availability is little to none in

winter months, and autotrophic populations are severely reduced, there is little

competition for nitrifying bacteria, and nitrification becomes the prominent way in

which NH4
+ is utilised.

Silicon in sea ice is most common in the form of Silicic acid Si(OH)4 and is

present in the sea ice through exchange with the surrounding water column

(Vancoppenolle et al. 2010). Silicic acid is a vital component of diatom cell

walls, and studies have shown that Silicic acid is a major limiting factor in

sea-ice autotroph growth (Gosselin et al. 1990). Perhaps the best example is the

correlation of Si(OH)4 and chlorophyll concentration in sea ice shown in Cota

et al. (1990). Iron is required for phytoplankton growth, photosynthesis and enzyme

production (Wang et al. 2014). The concentration of iron present in the ocean is

often a limiting factor to primary production, especially in Antarctica (Boyd and

Abraham 2001). It has however been shown that sea ice has a much higher

concentration of iron (up to two orders of magnitude (Lannuzel et al. 2010) than

the surrounding ocean, and so iron is unlikely to have a limiting effect on sea-ice

ecosystems.
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9.9 Methods Used to Study the Arctic Marine Food Web

Stable isotopes have been used extensively to study the flow of energy and matter

between organisms (or food-web function). Earlier studies in this field were based

on the natural variability of isotopes and limited to larger organisms that could be

physically separated from their environment. For example, the stable carbon and

nitrogen isotopic fractionation between diet and tissues of captive seals (Hobson

et al. 1996). However, recent methodological developments have allowed isotope

ratio measurements of microorganisms, and this in turn allows the measurement of

entire food webs, from primary producers at the bottom to apex predators at the top

(Middelburg 2014; Søreide et al. 2006). Fatty acid (FA) analysis is a well-

established tool for studying trophic interactions in marine habitats (Budge

et al. 2008; Dalsgaard et al. 2003). It is now being used for comparatively large-

scale studies such as that published by Thiemann et al. (2008) who used quantitative

fatty acid signature analysis (QFASA) to examine the diets of 1738 individual polar

bears (Ursus maritimus) sampled across the Canadian Arctic over a 30-year span.

The results of their large-scale study indicated a complex relationship between

sea-ice conditions, prey population dynamics and polar bear foraging. The method

also allows for experimental manipulations (Fraser et al. 1989) and for specific

studies of environmental function (Knoblauch et al. 1999).

A significant issue in the Arctic is the bioaccumulation of toxic substances in the

food chain. These include polybrominated diphenyl ethers (PBDEs) (Kelly

et al. 2008b), hydroxylated and methoxylated polybrominated diphenyl ethers

(Kelly et al. 2008a), organochlorines (Skarphedinsdottir et al. 2010), methyl sul-

fone PCB, 4,40-DDE metabolites (Letcher et al. 1998) and mercury (Atwell

et al. 1998; Gobeil et al. 1999) among many. One fortunate benefit of such bio-

accumulation of toxins is that it can actually be used to trace the route of those

chemicals through the food chain.

Most targeted food web studies, by necessity, require some form of environ-

mental manipulation, and this can occur at a number of different spatial scales.

From laboratory microcosms, people have been able to examine topics such as

seasonal carbon and nutrient mineralisation (Rysgaard et al. 1998), nutrient cycling

(Freitag et al. 2006), methane production (Damm et al. 2010) and biodegradation

studies (Bagi et al. 2014). Mesocosm experiments have been used to study response

to elevated CO2 levels (Niehoff et al. 2013; Pavlov et al. 2014), nutrient mani-

pulation (Larsen et al. 2015), ocean acidification (Riebesell et al. 2013) and

differential transfer of marine bacteria to aerosols (Fahlgren et al. 2015). Then

there are the exclosures, where specific components are excluded that can be both

biological or chemical, and which have been used to study diet-induced changes in

the fatty acid composition of Arctic herbivorous copepods (Graeve et al. 1994) or

the effects of crude oil on marine phytoplankton (Harrison et al. 1986).

At the still larger scale, there have been foraging behaviour studies, particularly

of seabirds, for example, northern fulmars (Hobson and Welch 1992), thick-billed

murres (Falk et al. 2002), little auks (Karnovsky et al. 2011), shallow-diving
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seabirds and Arctic cod (Matley et al. 2012). In addition, population monitoring has

been used for organisms such as marine mammals (Kovacs 2014; Laidre et al. 2008,

2015; Moore and Huntington 2008; Tynan and DeMaster 1997). Ultimately, satel-

lite remote sensing data is also used over very large areas to examine recent trends

in sea-ice cover and net primary productivity (NPP) (Brown and Arrigo 2013). So,

as food web studies cover an ever wider range of spatial scales (Smith et al. 2005),

modelling becomes an essential component in understanding the Arctic marine

food web in order to disentangle complex trophic relationships (Legagneux

et al. 2012).

Observations of Whole Cells and Pigments Traditionally, protistan diversity in

the Arctic has been detected through light microscopy of live samples (Poulin

et al. 2011), meaning this seems the ideal method to combine new data with

previous observations. Given taxonomically experienced observers, sufficient res-

olution and magnification on the microscope and the ability to capture uninterpreted

records (photographs or videos rather than drawings), light microscopy provides

records that are easy to interpret (e.g. Daugbjerg and Moestrup 1993; Vørs 1993;

Ikävalko and Gradinger 1997; Lovejoy et al. 2004) in the light of the worldwide

taxonomic and natural history literature from the last two centuries (e.g. Larsen and

Patterson 1990; Vørs 1992).

The efficiency of microscopy-based sampling can be improved in ecological

studies (where species-level identification may not be important) by the use of

epifluorescence microscopy, whereby specific cellular compounds such as DNA,

chlorophylls a, b and c or phycobiliproteins have fluorescent signals at particular

wavelengths. Stains such as DAPI, primulin and lysotracker can be used to show

cellular features, e.g. the nucleus, endomembrane system and extracellular scales

(Sintes and del Giorgio 2010; Vaulot et al. 2008). Photosynthetic pigments and their

cellular distribution in unicellular algae are taxonomically diagnostic

(e.g. phycoerythrins in cryptomonad chloroplasts) and can be used to count types

of cells very quickly with the aid of image analysis. This technique has been widely

used in ecological studies that have established the abundance and importance of

bacteria and protists in food webs (Hobbie et al. 1977; Murphy and Haugen 1985).

Samples can be cooled and returned to laboratories for subsequent microscopy

(Tong et al. 1997), dilution culturing to estimate abundances (Throndsen 1978;

Throndsen and Kristiansen 1991), enrichment culturing to study specific organisms

from the culture in higher numbers (e.g. Daugbjerg and Moestrup 1993; Vørs 1993)

or isolation of individual species for culture and further study (Andersen and

Kawachi 2005). Fine-structural diagnostic features of these organisms can further

be studied by electron microscopy, either of filtered environmental samples or of

cultures, with numerous rare and novel taxa often described this way (Andersen

et al. 1993; Booth and Marchant 1987; Moestrup 1979; Thomsen 1980 inter alia).
Where species-level diagnosis is less important than information on abundances

of higher-level taxa, the size structure and photosynthetic (fluorescent) character-

istics of populations of cells can be studied by flow cytometry (Li and Dickie 2001;

Marie et al. 1999; Simon et al. 1994; Vaulot et al. 2008). Pigment signatures can
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also be analysed in detail by HPLC (e.g. Andersen et al. 1996), which provides

relatively taxon-specific information at varying levels of diversity, dependent on

the group, and can be analysed using algorithms such as CHEMTAX (Mackey

et al. 1996; Wright et al. 2009), along with the analysis of plankton blooms

observed in satellite images (Batten et al. 2003; Gons et al. 2002). Interpretation

of HPLC signals can be difficult, as there can be huge diversity within a taxon

despite all having a common signature (e.g. haptophytes, Liu et al. 2009), some taxa

can share pigment signatures (e.g. diatoms and bolidophytes, Guillou et al. 1999)

and other taxa can have multiple signatures, even among ecotypes of a single

species (Latasa et al. 2004).

Recently, the powerful tools of molecular biology have been applied to the study

of biodiversity in Arctic seas (Radulovici et al. 2010). These new approaches have

revealed a surprising diversity including new taxa of bacterioplankton and archaeans

(Galand et al. 2009; Kirchman et al. 2009), eukaryotic microbes (Lovejoy and Potvin

2011; Lovejoy et al. 2007) for example gregarine parasites (gregarines are

apicomplexans) of amphipods (Prokopowicz et al. 2010). The precise role of these

recently discovered assemblages in the pelagic marine food webs and in the cycling

of organic matter remains obscure. As well, benthic processes and biodiversity are

not yet well resolved for the Arctic seafloor although increased attention has been

given in recent years to study the coupling between pelagic production and benthic

carbon turnover (Morata et al. 2008; Renaud et al. 2007).

9.10 Biogeography

Whilst on the surface, the Arctic Ocean may seem relatively homogeneous, it is

important to remember that there are quite a number of distinct biogeographical

zones. This includes the different vertical layers of the Ocean from the air–sea

interface down to the benthos. There is then the distinction between coastal regions

as compared to the open ocean. For example, Arctic shelves comprise roughly 50 %

of the Arctic Ocean and are the regions where sea-ice conditions have changed most

dramatically over the last decades (Hassol 2004). There are also the transition and

brackish zones such as fjord systems and polynyas. The differences between pack

or sea ice and fast ice impose different selection pressures, and there is also the issue

of special ecosystems such as hydrothermal vents and commensal communities on

or inside marine organisms. Niederberger et al. (2010) carried out a microbial

characterisation of a terrestrial methane seep into an Arctic hypersaline, subzero

perennial spring. It was found to support a viable microbial community that may

use methane as an energy and carbon source to sustain anaerobic oxidation. Then

there is the issue of locational stability, with microorganisms being moved around

by both air and water currents. Picocyanobacteria are wind transported year round

from warmer ocean waters and can establish themselves in the warmer summer

climate of the Arctic. This can be demonstrated in Polar ice cores, which contain

higher concentrations of chlorophyll and tryptophan at depths corresponding to
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local summers that bore similarities to regional fluorescence patterns seen in the

picocyanobacteria Prochlorococcus and Synechococcus (Price and Bay 2012).

Next there is the issue of research effort, for example, the fact that proximity of

research facilities and comparative ease of logistic access results in specific Arctic

locations such as the Amundsen Gulf, Lancaster Sound, Disko, Zackenberg or

Svalbard often being more studied than any others. Within each of the separate

Arctic zones, there will be also differences in coverage, connectivity and spatial

patchiness.

The total number of microbial species is estimated to be between 103 and 109,

and the bacteria are responsible for around half of photosynthesis on Earth (Pedr�os-
Ali�o 2006). Marine microorganisms, collectively present at billions of cells per

litre, grow at rates of around one doubling per day in surface waters and are

consumed at the same rate (Whitman et al. 1998). There could therefore be huge

untapped potential in Arctic marine food web biodiversity. It was previously

believed that due to small body sizes and huge population sizes, few geographical

barriers and mixing of waters due to wind, waves and currents (Collins 2001),

marine planktonic microorganisms should not exhibit biogeographical patterns

across latitudinal gradients like those seen in many macroscopic animals and plants

(Hillebrand 2004). Furthermore, marine planktonic microorganisms should be

cosmopolitan, endemic species should be rare and their global diversity low

(Fenchel and Finlay 2004; Finlay 2002). However, Pommier et al. (2007) have

shown that compositions of marine free-living microbial taxa differ in different

locations and this difference may correlate with environmental factors (Giovannoni

and Stingl 2005; Martiny et al. 2006) such as salinity gradients (Bouvier and del

Giorgio 2002; Crump et al. 2004), depth stratification (Garcia-Martinez and

Rodriguez-Valera 2000; Giovannoni et al. 1996; Gordon and Giovannoni 1996;

Riemann et al. 1999) and Ocean fronts (Pinhassi and Berman 2003). Arctic bio-

diversity is therefore much more extensive, ecologically diverse and bio-

geographically structured than previously thought. Understanding how this

diversity is distributed in marine ecosystems, the mechanisms underlying its spatial

variation and the significance of the microbiota concerned is growing rapidly

(Chown et al. 2015). To date, there have been a variety of specific studies of

bacterial biodiversity in Arctic waters. The distribution (Ferrari and Hollibaugh

1999) and phylogenetic composition of bacterioplankton assemblages from the

Arctic Ocean (Bano and Hollibaugh 2002) were the first to be addressed, but now

we know that hydrography may shape bacterial biogeography of the deep Arctic

Ocean (Galand et al. 2010) and that pole-to-pole biogeography of surface and deep

marine bacterial communities may exist (Ghiglione et al. 2012).
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9.11 DNA Sequencing

A partial, but very powerful solution to the limitations of microscopy is provided by

sequencing DNA directly from environmental samples, without first observing or

culturing the organisms in the environment (Giovannoni et al. 1990; Pace 1997).

For Arctic microbial samples, this specifically removes both the logistical and

time limitations associated with light microscopy and eliminates the need to

identify organisms by morphology; hence, considerably more organisms can be

detected (e.g. Lovejoy et al. 2002, 2006).

Initially, sequencing methods relied on PCR amplification of marker genes from

environmental genomic DNA or RNA samples and cloning and sequencing of these

PCR products for phylogenetic identification (Giovannoni et al. 1990). By com-

paring libraries from genomic DNA with ones based on RNA, it is possible to

distinguish between DNA samples from cells that are active in the environment,

and ones that are from resting stages or dead cells (Stoeck et al. 2007), though the

comparison is made complex by the copy number of rDNA molecules contained in

the genomes of some taxa (Not et al. 2009). Typically, the marker used to identify

protists has been SSU rRNA (small subunit ribosomal RNA), which is highly

abundant within cells, evolves slowly enough to provide consistent relationships

within distantly related groups and has no evidence of lateral gene transfer. Frag-

ments of this gene may be used for broad phylogenetic identification, although

using either the whole gene or both SSU and large subunit ribosomal RNA (LSU

rRNA) subunits produces better phylogenetic resolution (Marande et al. 2009;

Vaulot et al. 2008). Either universal or specific primers for particular taxa can be

used (Bass and Cavalier-Smith 2004), and multiple PCR-primer approaches have

considerably improved detection of diversity (Stoeck et al. 2006). Specific

“barcoding” markers such as ITS, psbA or RuBisCO have been developed to easily

identify diversity at lower levels in particular eukaryotic groups (Frezal and Leblois

2008; Goldstein and DeSalle 2011), including among the protists (e.g. Nassonova

et al. 2010).

The clone library approach has revealed significant novel diversity, particularly

of very small eukaryotes (Massana and Pedr�os-Ali�o 2008; Vaulot et al. 2008) such

as prasinophytes (Guillou et al. 2004) and haptophytes (Liu et al. 2009); and

including whole clades that had previously not been recorded, such as the MAST

(marine stramenopile) and MALV (marine alveolate) groups (Lopez-Garcia

et al. 2001; Moon-van der Staay et al. 2001). Some of the groups found by clone

library sequencing methods, such as picozoa (Seenivasan et al. 2013 http://www.

ncbi.nlm.nih.gov/pubmed/23555709), were initially deemed unaffiliated with any

other eukaryotic taxa (Dawson and Pace 2002; Not et al. 2007), although most of

the diversity detected was related to already-known groups (Berney et al. 2004).

However, clone libraries are subject to inherent biases of their own, such as

taxon-specific PCR amplification biases, errors in amplification, ligation biases

towards short sequences, chimaeric sequences, the expense of Sanger sequencing,

the occurrence of rDNA genes in multiple copies within a single cell and the
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capacity of DNA to persist as extracellular material (Berney et al. 2004; Foerstner

et al. 2006; Stoeck et al. 2010; Vaulot et al. 2008). Libraries also do not show

sampling saturation, so even the most intensive library analyses have only recov-

ered a relatively small proportion of the diversity detectable by metagenomic

approaches (Not et al. 2009; Stoeck et al. 2010).

Metagenomic sequencing, the direct cloning and sequencing of fragments of

environmental DNA (DeLong et al. 2006; Venter et al. 2004) have been developed

on the basis of recent advances in high-throughput sequencing technology, based on

micro-fabricated high-density picolitre reactors (Margulies et al. 2005). By remov-

ing the ligation and transformation steps, it removes some of the larger biases of the

clone library approach and considerably more sequencing can be done as hundreds

of thousands of sequences are produced in a single sequencing run. The tagging of

sequences also allows direct quantification of their abundance (Tedersoo

et al. 2010). In prokaryotic microbial communities, metagenomic sequencing has

permitted the identification of two orders of magnitude of further novel diversity,

particularly of very rare taxa (Sogin et al. 2006) that are impossible to detect by

clone-library techniques (Pedr�os-Ali�o 2006). Not et al. (2009) and Stoeck

et al. (2010) applied these methods to eukaryotic microbes and discovered that

their samples were similarly dominated by very rare sequences. While high-

throughput sequencing methods are relatively new, there is increasing application

of metagenomic sequencing methods in microbial ecology, allowing the exami-

nation of questions regarding diversity, abundance, correlation with abiotic factors

(e.g. Comeau et al. 2011) and biogeography.

9.12 Linking Microscopy and Sequence Data

9.12.1 Quantitative Approaches: FISH, FACS and qPCR

Whole-cell microscopical approaches can be linked to environmental sequence data

of cultured or uncultured protists through the use of specific oligonucleotide probes

targeting taxonomically specific genes such as 18S rRNA (DeLong et al. 1989; Lim

et al. 1999). This allows environmental sequences to be tied to their “owners”, as

seen by microscopy using fluorescent in-situ hybridisation (FISH), and can thus be

used to determine both biological identity and abundance (Not et al. 2004), com-

plex morphology (in combination with other stains as examined by Hirst

et al. 2011), enabling studies of ecological succession (Larsen et al. 2004), and

the ecological functions of unknown protists through stained, live feeding experi-

ments (Massana et al. 2009). Such probes can also be hybridised to gold nano-

particles, for performing simultaneous FISH correlated with immunogold electron

microscopy, allowing taxonomically diagnostic morphological details to be

observed in previously unknown, uncultured taxa (Gerard et al. 2005; Kolodziej

and Stoeck 2007; Stoeck et al. 2003). The same fluorescent oligonucleotide probes
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can also be used in flow cytometry (FACS), allowing isolation of individuals

(Seenivasan et al. 2013 http://www.ncbi.nlm.nih.gov/pubmed/23555709), quantifi-

cation of the abundance of particular taxa in a sample, as well as sorting of the

sample into pure populations from which large numbers of cells can be obtained

(Li 1994; Simon et al. 1994). Quantification and spatiotemporal mapping of protists

can also be done using quantitative PCR (qPCR), where oligonucleotide probes are

hybridised to PCR-amplified products from environmental samples (Marie

et al. 2006; Suzuki et al. 2000; Zhu et al. 2005). This allows a complex picture of

distribution and abundance to be built up quickly, even for uncultured organisms of

relatively unknown biology, such as the MAST stramenopiles (Rodriguez-Martinez

et al. 2009).

9.12.2 Qualitative Approaches: Detecting Species

Sequencing of isolated or cultured protists has linked ecological data based on

microscopy and sequence identity, permitting studies on the distribution of parti-

cular morphological species or ecotypes (Koch and Ekelund 2005). However, the

correspondence between identity determined from isolated organisms, “operational

taxonomic units” (OTUs) in environmental sequencing, population genetic struc-

ture and morphospecies or morphological ecotypes is highly variable and complex

(Schlegel and Meisterfeld 2003), and cases where the alpha-taxonomy of a group is

well-known both from sequences and from morphology are rare (Alverson 2008).

There is also considerable sequence diversity within many morphospecies

(e.g. Micromonas pusilla, c.f. Throndsen and Kristiansen 1991; Slapeta

et al. 2006), meaning that the degree of correspondence between uncultured

environmental sequencing records and natural history records from the last two

centuries is unclear (Lopez-Garcia and Moreira 2008). Some progress has been

made in distinguishing species from OTUs, using algorithmic methods to distin-

guish species-level clades (Leliaert et al. 2009) and ribosomal RNA internal

transcribed spacer (ITS) sequences (Coleman 2009), which can predict interbreed-

ing in diatoms (Poulickova et al. 2010; Sorhannus et al. 2010) and can potentially be

used to detect clades to species level in uncultured stramenopiles (Rodriguez-

Martinez et al. 2012).

9.13 Methodological Limitations

The overall picture of ecological diversity of protists is currently changing, due to

major improvements in methods for detecting diversity, from light-microscopy-

based to sequencing-based approaches. The taxonomy of protists has also recently

changed significantly, formerly being based on light microscopy, but more recently

reflecting results from molecular phylogenetics (Walker et al. 2011). It is now clear
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that ecological studies of Arctic protists have only begun to scratch the surface in

understanding population diversity (Archambault et al. 2010; Poulin et al. 2011),

despite protists make up a large proportion of the diversity present in Arctic food

chains. As the Arctic climate changes rapidly in the next few decades, changes in

the communities of protists may have significant effects on food webs generally.

However, while whole-cell methods maintain the link between “real biology” in

the field and laboratory-based observations, there are disadvantages and biases

inherent in most methods. The length of time required to make taxonomically

useful observations using either a light or fluorescence microscope often severely

limits the amount of work that can be done on fresh material during time-

constrained fieldwork in remote locations such as the Arctic. Culturing-based

methods show strong biases, excluding “unculturable” organisms from study. For

ecological studies where cells are being counted sometime after initial collection,

samples are often preserved in fixatives such as Lugol’s iodine, formalin or

glutaraldehyde, which can significantly change estimates of diversity and abun-

dance (Epstein 1995; Montagnes et al. 1994). Similar fixatives are also used for

electron microscopy of ecological samples and can similarly change estimates of

diversity and cell volumes (Vaulot et al. 2008). Sampling, observation time and

preservation aspects of microscopy can lead to biases in observations such as

missing the early “spike” in prasinophyte green algae during yearly succession in

marine communities (Terrado et al. 2008), or very strong biases towards observa-

tion of easily-preserved diatoms and dinoflagellates, over unarmoured taxa that

become unrecognisable after preservation (Poulin et al. 2011). There are also strong

biases in sampling effort, particularly due to the highly variable numbers of taxa

observed across the Arctic. For example, the number of taxa observed in Hudson

Bay and the Barents Sea tends to be larger than that from Alaska; however, this

reported variation is likely to be related to an unintentional bias in the number of

field stations present in these regions, the number of microbial researchers often

visiting them (Poulin et al. 2011) and the research funding directed to each field

station (Archambault et al. 2010). The “taxonomic impediment”, linked to the

continuous declining numbers of specialist taxonomists with skills in identifying

organisms, also affects the documentation of Arctic microbial diversity

(Archambault et al. 2010). The unfortunate flip side to that impediment is the fact

that many individual taxonomists are able to recognise only certain taxa, often

specialising in particular groups and consequently under-reporting other taxa,

leading to strong biases in detecting diversity. These factors are compounded by

other extrinsic factors such as nomenclatural instability (Lee and Patterson 1998).

However, it is worth remembering that despite these biases and limitations, micros-

copy is the key to both understanding the biological interactions among diverse

microbial eukaryotes and linking new data to past records.
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9.14 Arctic Microbial Diversity and Endemism

The potential for direct impacts of sea-ice loss begins at the base of the food web,

where significant numbers of obligate low-temperature, shade-adapted algal species

(Lovejoy et al. 2006, 2007) and radiolarian species endemic to the Arctic Ocean

Basin have been found (Lovejoy et al. 2007). The ecological consequences of

understanding species-level sequence variation are in detecting diversity from

environmental sequence data and assessing whether there is endemism in particular

environments (Caron 2009). With this in mind, environmental sequence data can be

used to address the ubiquity hypothesis in microbial ecology, which states that

“everything is everywhere, but the environment selects” (De Wit and Bouvier

2006). This suggests that latitudinal gradients do not exist in microbial ecology

(when ecological factors are accounted for) and, consequently, microbial ecology is

fundamentally different from that of macroorganisms (Fenchel and Finlay 2003).

This has long been a prevailing paradigm in protistan ecology, though it has

generated considerable debate (Caron 2009). The pattern of endemism in protists

that emerges from morphological data is mixed (Schlegel and Meisterfeld 2003),

with some observations suggesting overwhelming cosmopolitanism of

morphospecies (Larsen and Patterson 1990) and that apparent endemism is strongly

dependent on extrinsic factors such as the distribution of taxonomically experi-

enced microbial ecologists (Lee and Patterson 2000; Poulin et al. 2011). Other

observers have emphasised the hidden diversity in morphospecies (e.g. Mann

1999), and studies of haptophytes, diatoms and green algae in the Antarctic point

to strong endemism and geographical isolation with strong latitudinal gradients

(Gravalosa et al. 2008; Vyverman et al. 2010). Sampling in polar regions, partic-

ularly, is often incomplete and inconsistent, making it difficult to determine

whether data supports endemism or cosmopolitanism (Chown and Convey 2007).

Diversity and endemism detected by sequence data provide a mixed picture,

suggesting some cosmopolitanism (Cermeno et al. 2010; Finlay et al. 2006; Koch

and Ekelund 2005) and some endemism (Bass and Cavalier-Smith 2004; Bass

et al. 2007), and the assessment may also strongly depend on the relevance of the

data to the question. Trivially, the level of sequence identity that is considered an

“operational taxonomic unit” determines what diversity is detected, and different

taxa may vary at different levels of identity for particular sequences, giving very

different overall pictures of diversity between, for example, 95 % and 99 %

sequence identity or the V4 and V9 regions of SSU rRNA (Stoeck et al. 2010).

Both alpha- and beta-diversity, and endemism, also depend strongly on the genetic

marker used (Bass et al. 2007), with rDNA copy number in genomes potentially

confounding some results (Not et al. 2009). Considerable morphological diversity

presently is known from microscopy of live samples ( e.g. Vørs 1993; Ikävalko and

Gradinger 1997; Daugbjerg and Moestrup 1993); however, most of the data gath-

ered suggest that a large proportion of this diversity is composed of cosmopolitan

species, rather than endemic (e.g. Larsen and Patterson 1990; Vørs 1992; Lee and
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Patterson 2000), possibly as a consequence of still relying upon traditional

microscopy-based species concepts.

9.15 Yearly Dynamics

To superimpose another layer of complexity onto understanding the biodiversity of

different geographic regions, there is also the issue of yearly dynamics (Giovannoni

and Vergin 2012; Seuthe et al. 2011; Terrado et al. 2008). The winter Ocean is dark,
ice-covered, cold, with fresh water at the surface beneath first-year ice, and warmer

water below. While autotrophs from previous seasons persist (Niemi et al. 2011),

alveolate heterotrophs dominate in this environment (Terrado et al. 2008, 2009),

and more heterotrophs are present for longer in high snow regions (Riedel

et al. 2008). In the winter–spring transition, there is a rapid increase in solar radi-

ation, and although the ocean is still ice-covered, cold (with temp gradient below)

and with freshwater at the surface; multiyear ice contains old communities (Terrado

et al. 2009). A Prasinophyte spike occurs in late January, while diatoms dominate at

least around Svalbard. In spring, there is a rapid increase in solar radiation,

retreating ice, upwelling of nutrients and runoff from rivers providing silicates

and iron (Andreassen and Wassmann 1998), during which time pennate diatoms

dominate in the retreating ice, while haptophytes and centric diatoms start to appear

in the now open water. Terrado et al. (2008) have suggested that photosynthetically

active radiation drives such changes. Although alveolate diversity still dominates

during the spring, prasinophytes bloom early in the season. There occurs a second

bloom during which diatoms and cryptophytes subsequently dominate the total

activity (Terrado et al. 2011), while ciliates and dinoflagellates come to dominate

the diversity (Lovejoy et al. 2002). The Arctic microbial marine food web is

dynamic at this point in the yearly cycle with high levels of nutrients and unlimited

growth. During spring, and throughout the summer, when light becomes available

for photosynthesis, a large biomass of unicellular photosynthetic ice algae develops

within the lowermost sections of the ice (Krembs and Deming 2011). In summer,
very high solar radiation penetrates into the surface layers, and no ice occurs in

almost all areas. The microbial loop becomes important at this part of the annual

cycle, with characteristically low levels of nutrients and high dissolved organic

carbon. July sees the highest biomass for heterotrophs and large autotrophs (Seuthe

et al. 2011), and while alveolates still dominate the genomic DNA libraries, there is

a radiolatian spike and stramenopile diversity decreases (Terrado et al. 2009).

Alveolates also dominate sediments, although they do also appear in surface layers,

and stramenopiles dominate between the depths of 20–30 m down from the surface

(Luo et al. 2009). In the autumn, solar radiation now rapidly starts to decrease, sea

ice forms and upwelling returns. In Kongsfjorden on Svalbard, all biomass starts to

decrease by July, although a later bloom during August and September does occur

in the far north (Seuthe et al. 2011). As for the autumn, alveolates strongly dominate

and heterotrophs increase throughout the season(Terrado et al. 2009). Sanders and
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Gast (2012) found that in the Canada Basin, around the autumn equinox,

mixotrophs dominate a low biomass level. Some algae remain dormant in the ice

throughout the winter, bloom when the spring sunshine kick-starts a growth cycle

and, eventually, migrate down to the bottom of the ice and enter the water column

where they provide a nutritious dietary food source to many marine organisms.

9.16 Environmental Change

Environmental changes are already observed at a pan-Arctic scale and include a

decline in the volume and extent of the sea-ice cover (Comiso et al. 2008), an

advance in the melt period (Comiso 2006; Markus et al. 2009), and an increase in

river discharge to the Arctic Ocean (McClelland et al. 2006; Peterson et al. 2002)

due to increasing precipitation and terrestrial ice melt (Peterson et al. 2006).

Changes in the microbial community composition can have a direct effect on

environmental function. The degree of ice nucleation activity of microbes, either

limited ice nucleation activity (as seen by sea-ice bacteria) or high nucleation

activity (as seen by Pseudomonas antarctica and Pseudomonas syringae) will

depend on the bacterial diversity and activity in the atmosphere (Junge and

Swanson 2008). Human activity in the area is also on the increase. Gerdes

et al. (2005) incubated sea ice with crude oil, in order to assess how an oil spill

would affect a sea-ice community and saw a shift in community structure to a

Marinobacter-, Shewanella- and Pseudomonas-dominated population. The sea-ice

community was also shown to degrade [14C] hexadecane at 2–50 % the efficiency

of a mesophilic Marinobacter.

9.17 Warming Ocean

Global sea surface temperature is approximately 1 �C higher now than 140 years

ago and is one of the primary physical impacts of climate change. Sea surface

temperature is increasing more rapidly in some areas than others. Projections show

the temperature increases will persist throughout this century. Ice-free summers are

expected in the Arctic by the end of this century, perhaps even as early as 2040.

Already, there is evidence that many marine ecosystems are affected by rising sea

temperature. Over the past 25 years, the rate of increase in sea surface temperature

has been about 10 times faster than the average rate of increase during the previous

century. The microbial communities in the Arctic Ocean are changing due to rising

sea temperatures and the dramatic loss of sea ice. In particular, the archaea Marine

group I of Thaumarchaeota went from being 60 % of the archaeal community in

2003 to less than 10 % in 2010, and Bacteriodetes populations dropped dramatically

greatly affecting bacterial community diversity (Comeau et al. 2011).
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9.18 Loss of Sea Ice

Since the mid-twentieth century, the Arctic Ocean has experienced unprecedented

sea-ice loss that has accelerated in recent years (Stroeve et al. 2007; Walsh and

Chapman 2001). Future sea-ice loss will likely stimulate additional net primary

production over the productive Bering Sea shelves, potentially reducing nutrient

flux to the downstream western Arctic Ocean (Brown and Arrigo 2013). Increased

ice-free conditions may also favour and extend northward the intrusion of Atlantic

phytoplankton species (Poulin et al. 2011). On the other hand, sea-ice loss creates

additional open-water habitat for phytoplankton, whose growth is traditionally

thought to be light-limited under the sea-ice cover (Hill and Cota 2005; Loeng

et al. 2005; Smetacek and Nicol 2005). Area-normalised rates of CO2 fixation in the

ice-free zone are generally far higher than in adjacent sea-ice habitats (Arrigo and

van Dijken 2003), so sea-ice loss potentially leads to a more productive Arctic

Ocean (Brown and Arrigo 2013). A freshening of surface waters may significantly

change mineralised eukaryote ecology and distributions; though this may also

affect the climate via dimethyl sulphide (DMS) production. Sea-ice loss is also

accelerating (Comiso 2006; Comiso et al. 2008; Stroeve et al. 2007) with less

multiyear ice, increases in autumn, and winter temp, more wave actions and coastal

erosion. The salinity of the Arctic Ocean is also decreasing (McClelland et al. 2006;

Peterson et al. 2002, 2006) due to a changing balance between increased river flow

from a rainier Eurasia concurrent with decreased inflow originating from a warming

and drying North America. We might expect a northwards movement of taxa as

polar conditions become more favourable (Hegseth and Sundfjord 2008; Poulin

et al. 2011).

9.19 Productivity

Annual mean open water area correlates with primary production (Pabi et al. 2008),

and marine phytoplankton accounts for ca. 45 % of the net annual Arctic primary

production (Falkowski et al. 2004). Ice algae contribute 57 % of total primary

production in Arctic Ocean (Gosselin et al. 1997) and 3–25 % in the Arctic shelf

regions (Legendre et al. 1992). Satellite data of phytoplankton concentrations since

1979 suggest decadal-scale fluctuations linked to climate forcing. Data from ocean

transparency measurements and chlorophyll suggest global phytoplankton declines

by approximately 1 % per year overall, with local fluctuations linked to climate

(Boyce et al. 2010). Primary production increases as ice retreats (Frey et al. 2014);

encouraged by an earlier melt and later freeze particularly in the Siberian and

Svalbard Arctic (Markus et al. 2009).

364 I. Dickinson et al.



9.20 Toxin Accumulation

Organochlorine, total mercury (THg), methylmercury (MeHg) and polybrominated

diphenyl ether (PBDEs) contaminants accumulate in Arctic marine food chains

(Campbell et al. 2005; Kelly et al. 2008a; Norstrom et al. 1998). Borgå et al. (2010)

simulated climate change-induced alterations in bioaccumulation of organic con-

taminants in an Arctic marine food web. Their study demonstrated that organisms

with a limited natural habitat range are likely to suffer the most under changing

climatic and oceanic conditions. Organisms with a wide natural range are likely to

cope better. Climate change is expected to alter environmental distribution of

contaminants and their bioaccumulation due to changes in transport, partitioning,

carbon pathways and bioaccumulation process rates. The magnitude and direction

of these changes and resulting overall bioaccumulation in food webs are currently

unknown.

9.21 Atmospheric CO2 Concentration and

Ocean Acidification

Such increasing CO2 concentration in the atmosphere, leads to increased concen-

trations in the Oceans, resulting in a decrease in pH. Haptophytes are considered to

be the most productive calcifying organisms on the planet (Fiorini et al. 2011) as

they play a crucial role in the marine carbon cycle through calcification and

photosynthetic carbon production. More specifically, they note that cocco-

lithophores are responsible for about half of the global surface ocean calcification

and contribute significantly to the flux of organic matter from the sea surface to

deep waters and sediments (Klaas and Archer 2002). Consistent findings have

inferred that coccolithophore mass has increased in relation to rising atmospheric

pCO2 over the past two centuries (Halloran et al. 2008; Iglesias-Rodriguez

et al. 2008).

9.22 Questions Raised

So as we start to understand more and more about Arctic marine food webs, a

number of lines of enquiry stand out. Much of the current interest in the area

concerns the functioning of different parts of the communities and their interactions

with each other; nonetheless, perhaps most importantly, we are interested in

understanding how these interactions and functions might or would change in the

face of a changing environment. As the global temperature warms and the climate

changes, we are seeing in some places increased terrestrial run off, which will

deliver more nutrients to the marine food webs, along with progressively melting
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permafrost, which releases both nutrients and potentially new biodiversity into the

Arctic Ocean. We know little of the role of sea ice and the effect of its loss. As the

sea ice recedes, the patterns of Ocean circulation may change. These circulation

patterns deliver nutrients and biodiversity to different regions of the world. We

know very little about keystone microbial species and in particular, why are they

“keystone” species. With changing selection pressures, we may see colonisation by

“new” species, and we have scant understanding of this displacement process.

Adding to this are the unknown rates of evolution of species in a changing

environment. Gene exchange and dispersal (and indeed gene flow through the

microbial community), particularly from the “rare” diversity, have unknown levels

of functional redundancy. Rising sea surface temperature is moving us towards

ice-free Arctic summers and a changing marine food chain, with progressive Ocean

acidification, deoxygenation, bioaccumulation of toxins and oil exploration in the

Arctic. Yet we still do not know the full extent of microbial diversity and bio-

geography, its extent and importance, interactions and feedback loops. The extent

of this unknown diversity was vividly illustrated with the recent description of

35 new bacterial phyla (Brown et al. 2015).

9.23 Conclusions

Arctic marine food webs are important because they regulate productivity, biogeo-

chemical cycling and biodiversity, essentially controlling ecosystem function. Polar

regions, and more specifically the Arctic, have received a growing interest over the

past decades due to the threatening impact of global warming (e.g. Johannessen

et al. 1999; Moritz et al. 2002; Serreze et al. 2007; Thomas and Dieckmann 2010).

The extreme climate that has prevailed over the Arctic Ocean for several million

years has shaped unique marine ecosystems characterised by organisms that are

adapted to frigid temperatures, the alternation between polar night and midnight

sun, a perennial or seasonal sea-ice cover, limiting nutrients in the stratified surface

layer and an extremely pulsed cycle of primary production (Darnis et al. 2012).

Sea-ice loss and enhanced productivity have characterised the Arctic Ocean over

recent years, and it has been hypothesised that as the ice recedes human impact on

these environments will increase in the form of ship traffic, exploration, industrial

activities and fisheries. This increase in pollution and further introduction of foreign

contaminants will surely have a negative effect on the native species distribution

and populations, further exacerbating the problem (Moline et al. 2008). Many

questions still remain, and in particular the gaps in our knowledge of the winter

microbial food web, so what is urgently needed is a large coordinated, compre-

hensive “food web” study, the likes of which occurred in the recent International

Polar Year.
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