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Abstract: We compare and contrast the ecological impacts of atmospheric and
oceanic circulation patterns on polar and sub-polar marine ecosystems. Circulation
patterns differ strikingly between the north and south. Meridional circulation in the north
provides connections between the sub-Arctic and Arctic despite the presence of
encircling continental landmasses, whereas annular circulation patterns in the south
tend to isolate Antarctic surface waters from those in the north. These differences
influence fundamental aspects of the polar ecosystems from the amount, thickness and
duration of sea ice, to the types of organisms, and the ecology of zooplankton, fish,
seabirds and marine mammals. Meridional flows in both the North Pacific and the North
Atlantic oceans transport heat, nutrients, and plankton northward into the Chukchi Sea,
the Barents Sea, and the seas off the west coast of Greenland. In the North Atlantic, the
advected heat warms the waters of the southern Barents Sea and, with advected
nutrients and plankton, supports immense biomasses of fish, seabirds and marine
mammals. On the Pacific side of the Arctic, cold waters flowing northward across the
northern Bering and Chukchi seas during winter and spring limit the ability of boreal fish
species to take advantage of high seasonal production there. Southward flow of cold
Arctic waters into sub-Arctic regions of the North Atlantic occurs mainly through Fram
Strait with less through the Barents Sea and the Canadian Archipelago. In the Pacific,

the transport of Arctic waters and plankton southward through Bering Strait is minimal.

In the Southern Ocean, the Antarctic Circumpolar Current and its associated
fronts are barriers to the southward dispersal of plankton and pelagic fishes from sub-
Antarctic waters,; with the consequent evolution of Antarctic zooplankton and fish
species largely occurring in isolation from those to the north. The Antarctic Circumpolar
Current also disperses biota throughout the Southern Ocean, and as a result, the biota
tends to be similar within a given broad latitudinal band. South of the Southern
Boundary of the ACC, there is a large-scale divergence that brings nutrient-rich water to
the surface. This divergence, along with more localized upwelling regions and deep
vertical convection in winter, generates elevated nutrient levels throughout the Antarctic
at the end of austral winter. However, such elevated nutrient levels do not support
elevated phytoplankton productivity through the entire Southern Ocean, as iron

concentrations are rapidly removed to limiting levels by spring blooms in deep waters.
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However, coastal regions, with the upward mixing of iron, maintain greatly enhanced
rates of production, especially in coastal polynyas. In these coastal areas, elevated
primary production supports large biomasses of zooplankton, fish, seabirds, and
mammals. As climate warming affects these advective processes and their heat
content, there will likely be major changes in the distribution and abundance of polar

biota, in particular the biota dependent on sea ice.

Key words: advection, climate change, polar and sub-polar biota, polar marine

ecosystems, sea ice

Geographic locators: Arctic, sub-Arctic, North Pacific Ocean, Bering Sea, Chukchi
Sea, Beaufort Sea, Arctic Ocean, North Atlantic Ocean, Barents Sea, Baffin Bay,
Southern Ocean, sub-Antarctic, Antarctic, Ross Sea, Weddell Sea, West Antarctic

Peninsula region, South Georgia

Short Title: Advection and Polar Marine Ecosystems
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1. Introduction

Advective processes, in both the atmosphere and ocean, are critical for
connecting polar marine ecosystems to those at lower latitudes. Atmospheric circulation
carries heat from lower latitudes to polar regions, and helps drive the major high-latitude
surface ocean currents. These currents transport nutrients and particulate carbon, in the
form of detritus, phytoplankton, and zooplankton, between ecosystems. Spatial and
temporal variability in these transports influence organisms at all trophiclevels, from
phytoplankton to marine birds and mammals. In this review paper, we seek to highlight
the different ways in which advective processes in the Northern and Southern
Hemispheres affect their high latitude marine ecosystems, and how climate change may

alter these systems.

Much can be learned from comparisons of aquatic biomes, especially since direct
experimentation on large marine ecosystems is impossible. The comparative approach
can provide insights into fundamental ecosystem processes and what might be unique
to a particular ecosystem (Murawski et al., 2010). Such mechanistic information can
also be used to understand and model other marine ecosystems where such
comparisons have not been completed. Comparative studies have been successfully
applied and have helped to understand the impacts of climate on marine ecosystems
(e.g., Megrey etal., 2009; Barange et al., 2010; Moline et al., 2008; Mueter et al., 2012;
Hunt et al., 2013). Many studies comparing the Arctic and Antarctic have been
undertaken in the past, focusing on such topics as: climate change (Turner and
Overland, 2009; Marshall et al., 2014), microbes (Bano et al., 2004), ice bacteria
(Brinkmeyer et al., 2003), sea-ice algae and phytoplankton (Tremblay and Smith, 2007;
Arrigo et al., 2010), foraminifera (Darling et al., 2000), fungi (Robinson, 2001), benthos
(George, 1977; Starmans and Gutt, 2002; Zacher et al., 2009), zooplankton (Deibel and
Daly, 2007; Falk-Petersen et al., 2000; Walkusz et al., 2004; McBride et al., 2014),
fishes (Eastman, 1997; McBride et al., 2014) and seabirds (Hunt and Nettleship, 1988;
Joris, 2000). However, no comparative studies have focused on the role of advection,

which can play a defining role in the structure and functioning of polar marine
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ecosystems. By looking at both polar systems, it was our intent that this paper would be
useful as a means of increasing our understanding of connections within the systems by

contrasting two superficially similar but very different systems.

Our geographic focus in the Arctic is the waters in the deep basins (3000-4000
m), which are separated by a series of ridge systems, and the surrounding continental
shelves. We also address processes in the Bering Sea that modify Pacific Water flowing
into the Arctic, and processes in the Canadian Archipelago, as large quantities of water
from the Western Arctic Ocean flow southward through the straits of the Archipelago
(Fig. 1). The Arctic Ocean is mostly surrounded by land; the only seawater exchange
with the Pacific Ocean occurs through Bering Strait (Fig. 2), while exchanges with the
Atlantic Ocean occur through Fram Strait, the Barents Sea, and the Canadian
Archipelago (Figs. 1, 3). The Arctic is greatly influenced by its broad, shallow (50 to 200
m) continental shelves that comprise approximately 50% of the Arctic Ocean area.

The Southern Ocean physically encompasses the region from the Antarctic
continent north to the Subtropical Front, but here we mainly focus on the regions south
of the Polar Front (Orsi et al., 1995). Bottom depths are typically 4000-5000 m, with
relatively narrow but deep (50 - 800 m, mean 500 m) continental shelf regions (Fig. 4).
There are also deep shelves around the sub-Antarctic islands, such as at South
Georgia and at the'Kerguelen Plateau. The open Southern Ocean encircles the
continent of Antarctica with waters of the Antarctic Circumpolar Current that mainly flow
clockwise in latitudinal bands separated by frontal zones at which current speeds are
elevated (Fig. 4). This current and its associated fronts limit lateral exchange between
the Antarctic and sub-Antarctic surface waters, thereby tending to isolate the upper
layers in Southern Ocean. South of the Antarctic Circumpolar Current, marked by the
Southern Boundary of the Antarctic Circumpolar Current, the Antarctic Coastal Current,
flows counterclockwise around the coastal region. Between the Southern Boundary of
the Antarctic Circumpolar Current and coastal regions, there are major clockwise-
flowing gyres in the embayment areas of the Ross and Weddell Seas. Dense waters,

which form on the continental shelves through cooling and brine rejection, sink and flow
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away from the Southern Ocean at great depths, thereby playing a major role in the
global thermohaline circulation (Sloyan and Rintoul, 2001). Wind-driven upwelling in the
Southern Ocean is equally important to this global circulation as a return path from the

interior ocean to the surface (Marshall and Speer, 2012).

Here we synthesize knowledge of the major polar ocean currents, and how these
influence the marine ecosystems in both northern and southern regions. We begin with
the major atmospheric circulation patterns (Section 2), examining how they impact the
ocean circulation patterns at high latitudes and how these currents serve to influence
polar oceans and their ecosystems (Section 3). We explore the meridional fluxes of
heat, nutrients and plankton in the Northern Hemisphere, and how these help to support
local primary and secondary production, as well as benthic biota, fish, and marine birds
and mammals. For the Southern Hemisphere, we examine how the annular currents
isolate the Southern Ocean from regions to the north and disperse organisms. Sections
4-9, respectively, focus on major ecosystem functional groups: sea ice and its
associated biota, nutrients and phytoplankton, benthos, zooplankton, fish, and seabirds
and marine mammals. In Section 10, we provide a discussion of how a warming climate
may affect these advection patterns and consequently the marine ecosystems of the

high latitudes. The final section (11) summarizes our findings.

2. Atmospheric Conditions and Circulation

The mean atmospheric conditions in the Arctic and Antarctic have some
similarities: cold air temperatures, strongly seasonal light and heat input, relatively low
precipitation, high sea-level pressure, and characteristic cyclonic wind patterns
(counter-clockwise in the Arctic, clockwise in the Antarctic). However, there are marked
differences in the mean sea level pressure fields (Fig. 5), and therefore in the near-
surface winds between the Arctic and Antarctic, which are a result of the differences in

the topography and land-sea distributions between the two Polar Regions.
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The mean sea level pressure in the Arctic is generally higher than in the Antarctic
(Fig. 5), and the winds are weaker on average. In the Arctic, there is no comparable
feature to the Antarctic circumpolar trough; rather the lowest mean sea level pressure
values are found in the two main storm centers of the Iceland and Aleutian lows. While
few significant lows penetrate into the high interior of the Arctic, low pressure systems
travel from Iceland to north of Norway (Fig. 5a), indicating that, because of the
topography, cyclones commonly enter the Arctic basin.

2.1. Atmospheric conditions and circulation in the Arctic

Atmospheric circulation plays an important role in the advection of heat between
lower latitudes and the Arctic. Indeed, the mean meridional heat transport is
predominantly atmospherically driven in the Northern Hemisphere, with a much smaller
contribution by ocean currents (Trenberth and Caron, 2001; Serreze et al., 2007;
Rhines et al., 2008). Rhines et al. (2008) point out, however, that as the air moves
northward, it receives heat and moisture from the oceans through air-sea fluxes and
thus, at least part of the meridional atmospheric transport is coupled with ocean heat

transport.

Arctic air temperatures have increased at almost twice the global average over
the last few decades (ACIA, 2005; IPCC, 2013). This phenomenon, termed Arctic
amplification, is consistent throughout the region (Overland et al., 2004), and has been
attributed to amplified ice-albedo feedbacks associated with reduced sea ice extent,
concentration, and thickness (Sereeze and Francis, 2006; Screen et al., 2010; Screen
and Simmonds, 2010; Walsh et al., 2011; Stroeve et al., 2012). However, Graversen et
al. (2008) concluded that increases in the meridional atmospheric heat transport might
also be playing a significant role in the Arctic amplification, noting that warming has
occurred in the upper atmosphere over the Arctic well above where snow and ice

feedbacks play a role.

Variability in Arctic air temperatures is closely linked to the large-scale

atmospheric pressure patterns as expressed by the Arctic Oscillation, which is also
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known as the Northern Annular Mode (Fig. 6). This is the leading mode of winter sea-
level-pressure variability over the Arctic and the Northern Hemisphere mid-latitudes. It
represents a reorganization of mass between the high and mid-latitudes in the Northern
Hemisphere that is associated with variability in the high over the central Arctic and the
Aleutian and Iceland lows located over the North Pacific and North Atlantic, respectively
(Thompson and Wallace, 1998). It is strongly correlated with the North Atlantic
Oscillation.

The Arctic Polar Vortex is the intense cyclonic (counter-clockwise) circulation that
develops in winter in the mid-troposphere between the very cold air to the north and
milder air in mid-latitudes. High interannual variability in the strength and shape of this
feature results in large uncertainties in its temporal trends (Solomon et al., 2007), which
depend strongly on the time period over which analyses are conducted (Langematz and
Kunze, 2008). During colder-than-normal periods in the Arctic, the vortex tends to
become more symmetrical, and the anticlockwise winds surrounding the vortex
strengthen. This acts to decrease the atmospheric connections between the Arctic and
sub-Arctic regions. In contrast, during warming periods in the Arctic, the Arctic Polar
Vortex tends to weaken (Fig. 6), allowing outbreaks of cold Arctic air masses to flow
farther south over the continents, which can bring extreme cold and snow to regions
normally not exposed to such conditions (Francis and Vavrus, 2012; Walsh, 2014). This
advection of cold air linking the Arctic to the sub-Arctic and mid-latitude areas has been

termed the “warm Arctic, cold continent” pattern (Overland et al., 2011).

Winds not only play important roles in the advection of atmospheric heat and
moisture, but also drive ocean currents both into and out of the Arctic, thereby affecting
oceanic fluxes of heat, salt, nutrients and biota. In the Pacific sector, frequent low-
pressure systems (storms) exert strong control over the western Arctic and sub-Arctic
through their influence on ocean circulation patterns, mixing and upwelling (Wilson and
Overland, 1986; Isoguchi et al., 1997; Pickart et al., 2009), and link the two regions
through oceanic forcing. For example, these storms mediate flow variations in Bering
Strait (e.g., Roach et al., 1995; Cherniawsky et al., 2005; Woodgate et al., 2005b;

10
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Danielson et al., 2014) and hence influence the variability of transport of nutrient-rich
Pacific waters into the Arctic. Storms that move into the Gulf of Alaska tend to shift the
climatological Aleutian Low eastward, reducing transport through Bering Strait over daily
to weekly time scales, but cause increased transport anomalies over annual time scales
(Danielson et al., 2014). The annual transport anomalies are associated with a changing
Pacific-Arctic sea-level elevation difference that is caused in part by changes in Ekman
suction over the deep North Pacific. In contrast, the shorter-time-scale (synoptic)
anomalies are driven by local wind forcing and continental shelf waves that propagate
into and through Bering Strait. Bering Strait flow reversals are common in winter, but
generally persist for only a few days; multi-week reversals occur infrequently
(Coachman and Aagaard, 1981; Woodgate et al., 2005a, b).

Winds and pressure systems influence other oceanic flows between the Arctic
and sub-Arctic. For example, the Ekman response to northeastward winds in the
Canadian Beaufort Sea produces higher sea level elevations along the coast of this
Arctic region. This results in a sea level elevation gradient across the Canadian Arctic
Archipelago that drives flow from the Arctic towards Baffin Bay (Peterson et al., 2012).
In the Northeast Atlantic, Ingvaldsen (2005) noted that stronger southwesterly winds
produce higher velocities and greater Atlantic inflow from the Sub-Arctic into the Barents
Sea. Lien et al. (2013) recently showed co-variability of this current with the flow into

Fram Strait in response to Ekman transport off the northern Barents Sea shelf.

2.2. Atmospheric conditions and circulation in the Antarctic

Atmospheric conditions over the Southern Ocean are strongly influenced by
lower latitude processes, especially in the South Pacific sector, with variability in the
tropical region of the Pacific Ocean associated with the EI-Nino Southern Oscillation
being particularly important. The low-high latitude connections are related to the Pacific
South American Mode, which is a series of quasi-stationary mean sea-level pressure
anomalies that link the central tropical Pacific to the Amundsen-Bellingshausen Seas
(Turner, 2004). This teleconnection is strongest in austral winter and is not present in

summer. The influences of EI-Nino Southern Oscillation are, however, episodic and

11
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non-linear and there are complex interactions with other Southern Hemisphere climate
modes (Turner and Marshall, 2011). The Pacific South American Mode teleconnection
acts over rather short time-scales of days to weeks, but the signals can propagate
eastwards to other sectors of the Southern Ocean over longer time-scales. However,
separating these within the large intrinsic variability found at high southern latitudes

presents a number of problems.

The Antarctic generally has zonally-symmetrical mean sea level pressure and
winds (Fig. 5), which reflect the lack of major land masses immediately north of the
Antarctic continent. The mean sea level pressure field is dominated by the belt of low
mean sea level pressure between 60° and 70° S, known as the circumpolar trough,
which is present because of the large number of storms that move south from mid-
latitudes or develop in the strong thermal gradient just north of the Antarctic coast.
These annular winds drive the major annular current of the Southern Ocean, the

Antarctic Circumpolar Current, and its associated eddies (Langlais et al., 2015).

The pattern of atmospheric circulation around the Antarctic is dominated by an
alternating system of low and high pressure systems (a wave number 3 pattern, Turner
and Marshall, 2011), with low pressure centers around 20° E, 110° E and 130° W.
Interannual variability in this pattern changes the geopotential height field resulting in
fluctuations between zonal (or meridional) patterns of circulation (Raphael, 2007; Turner
and Marshall, 2011). The clockwise wind flow around the Amundsen Sea Low is
responsible for the relatively warm, northerly winds on the West Antarctic Peninsula and
the cold, southerly winds that flow over the Ross Sea. North of the circumpolar trough
there is the belt of strong westerly winds over the Southern Ocean, while to the south of

the trough there are coastal easterlies.

The low pressure center in the Ross Sea — Amundsen Sea region is known as
the Amundsen Sea Low and is the most variable region of the Antarctic atmosphere
(Krutz et al., 2000; Turner and Marshall, 2011; Turner et al., 2015). This is the high-

latitude end of the Pacific South America Mode and hence is the main region where El-

12



Master Copy of all updates to the 2016 08 15 ms 2016 09 27

Nino Southern Oscillation variability impacts the Southern Ocean. Increased intensity of
the Amundsen Sea Low over recent decades has been associated with Antarctic-wide
atmospheric changes that relate to the formation of the ozone hole (Turner et al., 2009;
Fogt and Zbacnik, 2014), and has dominated changes in wind stress across the region.
Lower ozone concentrations over recent decades have been linked to summer
strengthening (of ~15 - 20%) of the large-scale clockwise winds, which have acted to
further isolate Antarctica atmospherically (Turner et al., 2005). This strengthening of the
westerlies (Marshall et al., 2006) is demonstrated by changes in the Southern Annular
Mode index, which is a measure of the principal mode of variability in the atmospheric
circulation of the Southern Hemisphere (Fig.7). Over the same period, interannual
variability associated with the intensity of the Amundsen Sea Low has dominated the
fluctuations in ocean temperatures and sea ice in the Southeast Pacific and West
Atlantic sectors of the Southern Ocean.

The Southern Annular Mode index generally increased from 1970 to about 2000,
and positive values have been related to an increase of greenhouse gas concentrations
and depletion of stratospheric ozone (Thompson et al., 2011) There have been
associated decreases in sea-ice extent and duration in the Bellingshausen Sea and
Antarctic Peninsula regions of the Southern Ocean (Lefebvre et al., 2004; Stammerjohn
et al., 2008a, b), and increases in the sea-ice coverage in the Ross Sea (Lefebvre et al.,
2004; Stammerjohn et al., 2008b). This strengthening of the westerlies has contributed
to cooling air temperatures over eastern Antarctica and the Antarctic plateau, but
warming over the Antarctic Peninsula (Thompson and Solomon, 2002; Turner et al.,
2005; Stammerjohn et al., 2008b). Regional warming in western Antarctica has also
been linked to increased sea surface temperatures in the tropical Pacific that generate
long, quasi-stationary atmospheric waves (Rosshy waves), leading to southward
advection of warm air associated with the Pacific South America Mode toward the west
coast of Antarctica (Ding et al., 2011; Stammerjohn et al., 2008a). However, the large
annual variability and limited number of land-based stations acquiring data have
resulted in the conclusion of no significant trend in mean air temperature for the
Antarctic as a whole (IPCC, 2013).

13
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3. Physical Oceanography

3.1. Physical conditions and circulation in the Arctic

The Arctic Ocean consists of four deep basins (Canada, Makarov, Nansen, and
Amundsen) (maximum depth ~3000 - 4000 m) separated by seafloor ridges
(Lomonosov, Gakkel, Alpha, and Mendeleev) that are surrounded by broad, shallow
(typically <150 m) continental shelves (Chukchi, Beaufort, Barents, Kara, Laptev and
East Siberian seas; Fig. 1). Flow from the Pacific through the shallow (50 m) and narrow
(85 km) Bering Strait (Fig. 2) from 1990 to 2004 resulted in an annual mean northward
transport of ~ 0.8 +/- 0.3 Sv (Roach et al., 1995; Woodgate et al., 2005b). Between
2002 and 2013 (with the exceptions of 2005 and 2012), the flow exceeded this
climatological mean transport with a maximum flow of 1.1 Sv in 2011 (Woodgate et al.,
2012, 2015). These mean flows are primarily driven by a Pacific-Arctic pressure head
(difference in sea level height between the North Pacific and the Arctic Ocean)
(Stigebrandt, 1984; Aagaard et al., 2006). Earlier estimates indicated the pressure head
was ~0.7 m, but from 2001 to 2011, it increased by approximately 30% (Woodgate et
al., 2012). The Pacific inflow is'a source of heat, freshwater, and nutrients to the Arctic
Ocean (Walsh et al., 1989; Woodgate et al., 2005a).

The greatest water mass and volume exchange between the Arctic and the
Atlantic is through Fram Strait, the deep channel between Greenland and Spitsbergen,
with a maximum depth of ~ 2600 m (Fig. 3). The residual transport through the Strait
(~2 Sv) consists of 12 Sv into the Arctic on the eastern side and 14 Sv flowing out on
the western side, but with high variability (Schauer et al., 2008; Rudels et al., 2008).
Other exchanges with the Atlantic (Fig. 3) include a net inflow into the Barents Sea of ~2
Sv (Skagseth et al., 2008; Smedsrud et al., 2010). These waters flow through the
Barents Sea, losing heat during transit, and eventually enter the Arctic Basin via the St.
Anna Trough (Smedsrud et al., 2010) (Fig. 3). An additional net outflow from the Arctic
of approximately 1.8 Sv runs through the Canadian Archipelago (Melling et al., 2008).

14
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Despite numerous efforts to measure accurately the mean volume fluxes through
the various gateways to and from the Arctic Ocean, they only balance to within the
uncertainties of the estimates (Beszczynska-Mdller et al., 2011). These uncertainties
are relatively large due to several factors, including large variability on time scales of
days to decades, relatively short-term data sets, and incomplete observational coverage
across the exchange regions. Also, non-overlapping time periods of the measurements
may contribute to the failure to balance the mean volume flows into and out of the
Arctic. The difficulties in balancing the volume flows result in an inability to balance
other fluxes such as heat and nutrients.

The dominant Arctic surface circulation features include the Transpolar Drift that
flows from the Pacific Sector of the Arctic towards Fram Strait, the clockwise Beaufort
Gyre located over the Canada Basin, and low-salinity boundary currents within the
riverine coastal domain (Carmack et al., 2015) that flow around the continental shelves
in a counter-clockwise direction (Fig. 1). Pacific Water, which enters through Bering
Strait, tends to remain in the upper layers (< 200 m) of the Arctic owing to its density
being less than that of the Atlantic Water of the Canada Basin. Pacific Water eventually
flows south out through Fram Strait into the Greenland Sea (Falck et al., 2005) or
through the Canadian Arctic Archipelago and into the Labrador Sea (Jones et al., 2003),
in both cases influencing sub-Arctic regions (Fig. 1). Dense Atlantic Water enters Fram

Strait to form the intermediate and deep layers of the Arctic Ocean (Rudels et al., 1994).

The residence time of the upper layers of the Arctic Ocean is estimated to be 5 -
10 years (Ekwurzel et al., 2001; Macdonald et al., 2003), owing to the relatively rapid
circulation in the boundary currents around the basin. Mean currents in the central basin
tend to be relatively weak; however, eddies may accelerate the transit times. In the sub-
halocline waters, the estimated residence times are much longer, on the order of

several hundred years (Schlosser et al., 1994; Macdonald et al., 2003).

Approximately 2400 km? of freshwater is seasonally added through river runoff

directly into the Arctic each year; this freshwater is augmented by nearly equal amounts
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of freshwater arriving through Bering Strait and from precipitation (Aagaard and
Carmack, 1989; Sereeze et al., 2006; Carmack et al., 2015). The freshwater helps to
maintain low salinities and strong vertical stratification in the upper Arctic Ocean and
isolates the warmer, saltier and denser Atlantic Water in the subsurface layers (Aagaard
et al., 1981). In recent years, coastal runoff into the Arctic has increased (McClelland et
al., 2006). Most of this freshwater eventually enters the sub-Arctic seas, although
recently there has been an increase in the storage of freshwater within the Canada
Basin (Karcher et al., 2005; Proshutinsky et al., 2009; Giles et al., 2012). Freshwater
outflow from the Arctic occurs through Fram Strait and the Canadian Archipelago, and
can alter overturning circulation locations and rates in the Greenland and Labrador
seas. At times, the freshwater influence of Arctic outflows can be traced as salinity
anomalies within the northern North Atlantic (Sundby and Drinkwater, 2007); they may
reach as far south as the Gulf of Maine (Greene and Pershing, 2007).

High variability on interannual and decadal time scales occurs in the Arctic
circulation patterns. In the central Arctic during the 1970s through to the mid-1990s,
surface winds typically produced anticlockwise motion, strong Transpolar Drift, and a
large Beaufort Gyre (Morison et al., 2012). In the late 1990s and into the 2000s, higher
clockwise winds caused by a stronger Beaufort High resulted in a shift of the Transpolar
Drift closer to North America and a smaller Beaufort Gyre (Morison et al., 2012). These
changes, along with the increased storage of freshwater in the Beaufort Gyre, are linked
to an increase in the Arctic Oscillation index (Fig. 6). Many Arctic regions cooled by 0.5°
C per decade over 1930 -1965 during a mostly negative phase of the Arctic Oscillation,
while warming occurred over 1965-1995 when the Arctic Oscillation was mostly in a
high phase (Steele et al., 2007).

3.2. Physical conditions and circulation in the Antarctic

No land masses extend north-south across the Southern Ocean, which allows a
circumpolar flow around Antarctica driven by the strong westerly winds (Langlais et al.,
2015). This ocean current, the Antarctic Circumpolar Current (Fig. 4) connects the

world’s ocean basins. The major water mass of the Antarctic Circumpolar Current is

16



Master Copy of all updates to the 2016 08 15 ms 2016 09 27

Circumpolar Deep Water, which is derived from deep-water flows and formation across
the North Atlantic. Circumpolar Deep Water upwells as it moves south across the
Antarctic Circumpolar Current and reaches the surface in areas near the continent. In
the northern regions of the Antarctic Circumpolar Current, surface water masses sink as
they flow northwards into the surrounding ocean basins. In areas close to the continent,
where sea ice is formed and interactions with ice shelves occur, very dense water is
generated that sinks and forms Antarctic Bottom Water. This water mass spreads out

across the deep ocean and is a key element in driving global thermohaline circulation.

The surface Southern Ocean is a relatively isolated regime (Longhurst, 1998),
having been nominally separated from the other ocean basin water masses for about 25
to 30 million years by the series of deep eastward flowing jets that comprise the
Antarctic Circumpolar Current system (Rintoul et al., 2001; Lawver and Gahagan, 2003)
(Fig. 4). Much of the transport in the Antarctic Circumpolar Current (previously referred
to as the West Wind Drift) is contained in zonal jets associated with circumpolar fronts.
However, within the Antarctic Circumpolar Current there also exist numerous eddies,
meanders, and other mesoscale features (Langlais et al., 2015). Mean wind stresses
drive surface flow equatorward through Ekman transport, which is nearly balanced by

poleward eddy fluxes (Karsten and Marshall, 2002).

The Antarctic Circumpolar Current frontal zones are functionally water mass
boundaries, but their locations are highly variable (Orsi et al., 1995; Sokolov and
Rintoul, 2009). From north to south they are: the sub-Antarctic Front, the Antarctic Polar
Front, the Southern Antarctic Circumpolar Current Front, and the Southern Boundary of
the Antarctic Circumpolar Current (Orsi et al., 1995). The first denotes the northern
boundary of the Antarctic Circumpolar Current and the southern boundary of the sub-
Antarctic waters. Farther south is the Antarctic Polar Front, also referred to as the
Antarctic Convergence. There, the northward flowing cold Antarctic waters submerge
below the warmer more northerly Antarctic Intermediate waters. The strong horizontal
temperature gradients between these two are an effective physiological barrier to the

exchange of organisms between sub-Antarctic and Antarctic ecosystems (Patarnello et
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al., 1996). The Southern Boundary of the Antarctic Circumpolar Current roughly
separates the Upper Circumpolar Deep Water to the north from the Lower Circumpolar
Deep Water to the south.

Closer to the continent, the Antarctic Coastal Current (previously known as the
East Wind Drift) follows the Antarctic coastline and is a discontinuous current that flows
counter to the Antarctic Circumpolar Current (Tchernia and Jeannin, 1980; Moffatt et al.,
2008; Nufez-Riboni and Fahrbach, 2009) (Fig. 4). It is driven by the polar easterlies
caused by airflow off the Antarctic land mass. An associated shelf-break front is known
as a transport avenue for icebergs and an area of high biological activity (Ainley and
Jacobs, 1981; Jacobs, 1991; Ainley et al., 1998; Williams et al., 2010). The Southern
Boundary of the Antarctic Circumpolar Current roughly separates the Antarctic Coastal
Current from the Antarctic Circumpolar Current. In numerous locations, the Antarctic
Circumpolar Current (and other coastal currents, e.g., Shelf-Slope Current) impinges on
the slope causing intrusions of Circumpolar Deep Water onto the shelf and providing a
source of heat and nutrients to the shelf (Jacobs, 1991; Dinniman et al., 2011; Meijers
et al., 2010; Williams et al., 2010; Assmann et al., 2013). For example, at the west
Antarctic Peninsula, upwelling of warm, high-nutrient Circumpolar Deep Water

influences ocean and ice physics and ecosystem processes.

The Antarctic Circumpolar Current is the dominant flow, with an estimated
volume transport of up to 174 + 22 Sv (Damerell et al., 2013); it extends to a depth of
2000-4000'm, and is up to 2000 km wide. Since the 1950s, strengthening of the
westerly winds may have shifted the Antarctic Circumpolar Current southward and
resulted in slight changes in frontal positions (Downes et al., 2011; Sokolov and Rintoul,
2009a, b). The effect of the increased wind strength is, however, the subject of some
debate as it appears to have led to an intensification of the eddy activity rather than an
increase in Antarctic Circumpolar Current speed (Fyfe and Saenko, 2005; Meredith and
Hogg, 2006; Boning et al., 2008; Hogg et al., 2008, 2015; Downes et al., 2011, 2013).
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Southern Ocean water temperatures have, in some sections, been increasing in
recent years (Gille, 2002, 2008; Whitehouse et al., 2008), probably associated with the
southward movement of the Antarctic Circumpolar Current caused by the current’s
increasing intensity (Boning et al., 2008). At the same time and in some areas, the
strengthened winds have led to an increased flux of relatively warm, nutrient-rich
Circumpolar Deep Water onto the continental shelves through Ekman-induced
upwelling (Dinniman et al., 2011). The relatively rapid flow of the Antarctic Circumpolar
Current and the opposing Antarctic Coastal Current flows can connect water in the near
surface layers from opposite sides of the Southern Ocean in less than 3 years (Thorpe
et al., 2007).

The Antarctic Circumpolar Current generally provides zonal connectivity between
different areas. However, there are some large latitudinal shifts within the Antarctic
Circumpolar Current associated with strong steering by bathymetry (Orsi et al., 1995;
Sokolov and Rintoul, 2009a; De Broyer and Koubbi, 2014). This is particularly marked in
the Scotia Sea, which lies to the East of Drake Passage. West of the Antarctic
Peninsula, the Southern Antarctic Circumpolar Current Front occurs close to the
Southern Boundary of the Antarctic Circumpolar Current at ~65°S, while to the east in
the northern Scotia Sea it occurs north of 55° S, reflecting a strong northward
component of the Antarctic Circumpolar Current flow east of Drake Passage (Fig. 4).
The Antarctic Peninsula and the mountainous Scotia Arc that connect the Antarctic
Peninsula with- South America cause deflection of the current to the northeast, with the
deeper waters flowing through a number of restricted passages that cut across the
Scotia Arc. This also results in upwelling of deeper waters that has important influences
on epipelagic ecological processes by disrupting the zonal pattern of the Southern
Ocean (Murphy et al., 2007a; Atkinson et al., 2008). Large changes in the latitude of the
flow of the Antarctic Circumpolar Current are also apparent in other regions, such as the
Pacific - Antarctic Ridge and the Kerguelen Plateau (Williams et al., 2010; De Broyer
and Koubbi, 2014).
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The Ross and Weddell Gyres (Fig. 4) are large-scale clockwise circulation
features that are formed by the interaction between the Antarctic Circumpolar Current
and the Antarctic Continental Shelf. As the Coriolis force acts to the left in the Southern
Hemisphere, the resulting Ekman transport is directed outward from the gyres’ centers;
thus these regions are the sites of upwelling of relatively warm, nutrient-rich water. In
the Weddell Sea, the gyre is dominated by a strong seasonally-varying boundary
current around the basin that is several hundred kilometers wide and carries
approximately 90% of the 30 Sv transport of the gyre (Fahrbach et al., 1994). Flows in
the interior of the gyre tend to be weak, transporting less than 4 Sv and are dominated
by shorter-term variability. Warm Circumpolar Deep Water is advected onto the
continental shelves through wind forcing in limited locations associated with specific
bathymetric features (Dinniman et al., 2003). Between the 1950s and 2000, increased
precipitation, melting of the West Antarctic Ice Sheet, and reduced sea ice production
caused by warmer ocean temperatures have resulted in freshening of the waters of the
Ross Sea continental shelf (Jacobs et al., 2002). This freshening is expected to have
significant future impacts on the Ross Sea’s contribution of deep water and the oceanic
thermohaline circulation (Smith et al., 2014a). Elsewhere around the continent south of
the Southern Boundary of the Antarctic Circumpolar Current, the oceanographic flows
are complex and influenced by local and regional topographic conditions, resulting in a
series of meso-scale gyres during summer (Nicol et al., 2000; Nicol, 2006; Williams et
al., 2010).

Regional Southern Ocean temperatures and sea ice vary with changes in the
atmospheric and oceanic circulation. Changing influences of warm and cold air flows
and oceanic temperature anomalies advected by ocean currents result in fluctuations in
winter sea-ice extent (Murphy et al., 1995; Nicol et al., 2000, 2008; Kwok and Comiso,
2002a, b; Comiso et al., 2011; Turner and Marshall, 2011). These latter variations are
most marked in the Amundsen Sea-Bellingshausen-Sea and South Atlantic regions,
and are linked to changes in atmospheric circulation in the area of the Amundsen Sea
Low (Yuan and Martinson, 2001; Turner and Marshall, 2011). Decadal variations in

these processes involve complex interactions in Southern Hemisphere atmosphere and
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ocean processes with the Southern Annular Mode, El Niflo-Southern Oscillation, and
other climate modes (Kwok and Comiso, 2002a, b; Stammerjohn et al., 2008b; Comiso
et al., 2011; Murphy et al., 1995, 2014; Turner and Marshall, 2011; Clem and Foqgt,
2013; Yu et al., 2015).

4. Seaice and its biota

In both Polar Regions, sea ice is impacted by heat advected in the atmosphere
and the ocean, and is itself advected by currents and wind. Because sea-ice movement
is a function of wind on short time-scales, as well as ocean currents and internal stress,
sea ice moves in a different manner than the underlying ocean. On shallow shelves,
immobile land-fast ice that is anchored to the seafloor.can isolate the underlying ocean
waters from wind forcing. Drifting ice is classified as first-year ice (generally < 2 m thick),
and multi-year ice (usually > 2 m thick). First-year ice forms over shelf and basin regions
that have been ice-free during the previous summer (e.g., Carmack et al., 2006). Multi-
year ice is relatively scarce in the Antarctic, and most common in the central Arctic (Fig.
8). First-year ice is more responsive to wind forcing and may be more susceptible to
deformation. The recent replacement of multi-year ice with first-year ice in the Arctic
(Rothrock et al., 2008) is associated with a higher mobility of sea ice there (Babb et al.,
2013).

Sea-ice biota.includes organisms that live in and/or on sea ice, or are associated
with it (Horner et al., 1992; Ackley and Sullivan, 1994). First-year ice represents a
simpler habitat than multi-year ice since the former generally consists of a relatively flat
under-surface interrupted by pressure ridges (Fig. 9). In contrast, multi-year ice provides
a more stable and complex environment with large ridges and tunnels formed by rafted
and refrozen ice. Thus, multi-year ice often harbors a more diverse biota with higher
abundance and biomass of sympagic fauna than first-year ice (Hop et al., 2000; Arndt
and Lenne, 2002) (Fig. 9). Sea-ice organisms are transported with the ice as it moves.
Upon melting, these organisms either join the pelagic community or sink to the bottom
where they fuel the benthos (Poltermann, 1998; Werner et al., 1999; Berge et al., 2012).
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Sea ice also transports sediments and wind-deposited dust and its associated trace
elements (NuUrnberg et al., 1994). This transport can be important for plankton blooms
and carbon export in regions that are replete with macro-nutrients, but depleted of

micro-nutrients such as iron (Aguilar-Islas et al., 2008).

4.1. Transport of sea ice in the Arctic and Antarctic

The Transpolar Drift is the main export route for sea ice exiting the central Arctic
basin (Vinje, 2001; Pavlov et al., 2004). It transports both multi-year ice and first-year
ice south through Fram Strait into the Greenland and Iceland seas (Fig 3), where the
majority of the ice eventually melts (Vinje, 2001; Rigor et al., 2002). Ice formed along
the Siberian Coast is transported within 3 — 5 years towards the Greenland Sea,
whereas ice originating from the central and western Arctic Ocean needs at least 5
years to reach Fram Strait (Rigor et al., 2002). Variability in the origin of the ice that is
transported out of the Arctic is affected by atmospheric pressure anomalies and
associated wind stresses (Rigor et al., 2002; Ogi and Rigor, 2013).

Around 15% of the ice volume in the Arctic Ocean is transported annually out
through Fram Strait (Kwok, 2009) (Fig. 3), with the largest seasonal transport during the
winter (Hop and Pavlova, 2008). The annual ice transport south through Fram Strait
(areal transport 706 km? y*, volume transport 2200 km®y*; Kwok, 2009) is
approximately three times the areal transport into the Barents Sea from the Arctic (Hop
and Pavlova, 2008). Comparatively little ice (100-140 km® y%) is transported through
Bering Strait on an annual basis; it largely forms in the Bering Sea and is advected into
the Arctic (Woodgate and Aagaard, 2005; Babb et al., 2013). The southern limit of the
sea ice in the Bering Sea occurs where the rate of southward advection is equal to the
rate of melting from contact with warmer waters and varies greatly within and between
years (Pease, 1980; Niebauer et al., 1999; Stabeno et al., 2001)

In the Southern Ocean, the Southern Boundary of the Antarctic Circumpolar
Current tends to be the northern limit of winter sea-ice extent. Ice drift in the Southern

Ocean is greatly affected by the eastward flow within the Antarctic Circumpolar Current
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and a northward dispersal via Ekman transport. Sea ice is also advected by the Ross
and Weddell Gyres (Schwegmann et al., 2011), as well as in smaller mesoscale gyres
(Nicol et al., 2000; Nicol, 2006). Near the coast, the Antarctic Coastal Current leads to a
westward ice drift (Emery et al., 1997). Sea ice does occasionally drift across the
Southern Boundary of the Antarctic Circumpolar Current, especially in the
Weddell/Scotia Sea and Ross Sea regions. Between the Antarctic Circumpolar Current
and the Antarctic Coastal Current, the Southern Ocean is largely a divergent region for

sea-ice cover.

Icebergs are frequently released from the glaciers and ice shelves of Greenland
and Antarctica and can have a substantial impact on both freshwater transport and the
surrounding biotic community. Icebergs tend to be formed in large numbers at a limited
number of locations and are advected by the prevailing currents in those regions (e.g.,
Gladstone et al., 2001). Icebergs melt during their movements, imparting fresh waters
locally (e.g., Smith, K.L., et al., 2007; Schwarz and Schodlok, 2008; Biddle et al., 2015)
and provide a source of micro-nutrients (Raiswell et al., 2008). Upwelling in the
immediate vicinity of icebergs, through vertical motion generated by subsurface ice
melting, has been observed in fjords (Horne, 1985), as has wind-induced upwelling near
grounded (Stern et al., 2015) and drifting icebergs (Duprat et al., 2016). This upwelling
in turn can enhance primary production (Horne, 1985). These small-scale systems can
have a significant impact because of their relatively slow movement and large numbers.
It has been suggested that the iceberg effect is a significant component of the ecology
of open waters in the Antarctic (Arrigo et al., 2002), but a pan-Antarctic quantitative

assessment is lacking.

In both Polar Regions icebergs have a strong impact on the benthos through
deposition of ice-rafted material over large regions of the ocean through iceberg drift
(Thomas et al., 1995) and disturbances of shallow shelf benthic communities through
iceberg groundings (Gutt et al., 1996; Jones et al., 2007). Iceberg scouring of the
benthos occurs more frequently in the Arctic than the Antarctic owing to the shallower
shelves in the former (Clarke, 1996).
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4.2. Advection of sea-ice biota in the Arctic and its fate

Advection of sea-ice fauna in the Arctic may be considered in two ways:
advection through ice drift while associated with the sea ice, or through ocean currents
once released (passively or active migration) into the underlying water masses. The
distribution of sea-ice biota within the Arctic is determined by the characteristics of the
sea ice itself: structure, thickness and age, as well as by seasonal cycles of melting and
accretion at the underside of ice floes. Wind and surface currents transport sea ice and
associated biota around, and eventually out of, the Arctic (Hop and Pavlova, 2008). The
main regional differences in the species composition of the sea-ice fauna are found in
fast ice, which also tends to contain more species with partly benthic life cycles (e.g.,
Pike and Welch, 1990; Melnikov, 1997; Weslawski and Legezynska, 2002).

Estimates of the biomass (wet weight) of sympagic amphipods transported out of
the Arctic range between 478 - 3800 x10° tons y* for export to the Greenland Sea and
between 150 - 194 x10° tons y™ to the Barents Sea (Arndt and Lgnne, 2002; Hop et al.,
2006; Wassmann et al., 2006; Hop and Pavlova, 2008). The biomass transported
depends not only on the ice flux, but-also on the type and origin of the ice. Recent
losses of multi-year ice are expected to decrease the southward transport of ice fauna
and flora, thereby reducing the carbon contribution to sub-Arctic seas. High biomass
export was observed in the 1980s in Fram Strait and north of Svalbard (Lgnne and
Gulliksen, 1991; Arndt and Lagnne, 2002) as a consequence of a large export of thick
multi-year ice from the central Arctic (Rigor et al., 2002). In the 1990s, winds associated
with a prevailing positive Arctic Oscillation drove a high proportion of young, thin ice
from the eastern Arctic towards Fram Strait (Rigor et al., 2002), which resulted in a
relatively low export of amphipod biomass between 1998-2002 (Arndt and Pavlova,
2005). During the past decade, the abundance and biomass of ice-associated
amphipods, particularly Gammarus wilkitzkii, have declined (Hop and Pavlova, 2008;
Barber et al., 2015).
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Biota associated with sea ice that exits the Arctic is likely “lost” from the system,
as the ice will eventually melt and release the sympagic community into the water
column in the sub-Arctic (Werner et al., 1999). Ice fauna released over deep water will
be dispersed over vast areas as they sink towards the seafloor (Arndt and Pavlova,
2005; Hop and Pavlova, 2008), thereby contributing to both pelagic and benthic food
webs (Werner et al., 1999). Sympagic fauna released from sea ice over the Arctic
shelves and in sheltered areas may be retained during the ice-free period in the water
column or in the benthos, from which they can subsequently recolonize a new ice
substrate when ice reforms (Poltermann, 1998; Arndt et al., 2005). Berge et al. (2012)
suggested that the ice amphipod Apherusa glacialis is adapted to seasonal habitats by
migrating to deeper waters where counter currents transport them northward, thus

retaining populations within the sea-ice zone.

4.3. Advection of sea-ice biota in the Antarctic and its fate

The circumpolar patterns of seasonal sea ice drift in the Antarctic strongly affect
the distribution of planktonic organisms associated with Antarctic sea ice, which typically
lead to species having circumpolar distributions (Dahms et al., 1990; Kirkwood, 1993,
Metz, 1995; Costanzo et al., 2002). Larval and juvenile stages of Antarctic krill
(Euphausia superba) use the undersurface of the ice as a refuge from predation and as
a source of food (Daly, 1990; Daly and Macaulay, 1991). By incorporating the effects of
sea-ice advance/retreat and drift on transport pathways, Thorpe et al. (2007)
demonstrated that krill interactions with sea ice were important in governing the
variability of the circumpolar distribution of Antarctic krill (see also Nicol et al., 2000;
Nicol, 2006).

Northward advection of sea ice in the Ross Sea along the Victoria Land Coast is
driven by local winds and basin-scale ocean circulation (Smith et al., 2007a). In spring,
thin, young ice recently formed in the Ross Sea polynya can contain relatively high
concentrations of ice algae (Arrigo et al., 2003). As the ice ages, it drifts northward and
algal concentrations increase, reaching a peak at about 72°S. At this stage, the algal

community is dominated by diatoms (Arrigo et al., 2003). Over time, snow accumulates
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and reduces light transmission, and algal concentrations drop substantially. Thus, there
is a net flux of sea ice microalgae and their associated microbial community from the
Ross Sea northward. A similar pattern might be expected for the Weddell Sea where

the flow of ice is similar.

In the South Atlantic region of the Southern Ocean, the productivity of krill has
been tied to the extent of seasonal sea-ice coverage (Siegel and Loeb, 1995; Quetin
and Ross, 2003; Wiedenmann et al., 2009), which affects krill recruitment and larval
survival (Kawaguchi and Satake, 1994; Siegel, 2000; Atkinson et al., 2004). Regional
decreases in krill stocks since the 1970s are thought to be associated with the
cumulative effects of sea-ice reduction in the Scotia Sea and west of the Antarctic
Peninsula (Atkinson et al., 2004; Flores et al., 2012; Saba et al., 2014). In the East
Antarctic, variation in the distribution of krill south of the Southern Boundary of the
Antarctic Circumpolar Current has been linked to fluctuations in regional ocean
circulation and sea ice conditions (Nicol et al., 2000).

5. Nutrients and Primary Production

Primary production-has been estimated in the Arctic (> 66° N, i.e., north of the
Arctic Circle) at ~ 1.5 Gt C yr* (Arrigo and Van Dijken, 2011; Tremblay et al., 2015).
Given that the area of the Arctic north of 66° N is ~14 x 10° km?, production there, on
average, is ~107.g C m? yr'’. Primary production in the Southern Ocean south of 50° S
is between2 - 4 Gt C yr* (Moore and Abbott, 2000; Arrigo et al., 2008). The area of the
Southern Ocean south of 50°S is ~ 45 x 10° km?, and thus the average rate of primary
production over the Southern Ocean is ~ 44-89 g C m-? yr'*. In both polar regions,
vertical and horizontal advection of nutrients, including micro-nutrients, to the euphotic
zone play an important role in the local magnitude and spatial distribution of primary
production. Part of the difference in primary production rates may be due to iron

limitation over much of the Southern Ocean when compared to the Arctic.

5.1. Impacts of advection on primary production in Arctic
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Waters entering from the Pacific or the Atlantic can be delineated by their
different nitrate:phosphate ratios, as well as their concentrations of dissolved silicate
(Jones et al., 1998) (Fig. 10). These differences have been used to track Pacific-derived
Arctic waters into the Atlantic sub-Arctic (Jones et al., 1998; Falck et al., 2005). While
the nutrient concentrations are higher in the Pacific, the higher volume transports from
the Atlantic probably result in a higher nutrient flux into the Arctic from the latter. The
input of nutrients to the Arctic Ocean basin by Arctic rivers is small (Le Fouest et al.,
2013). Nutrient supply from the deep basins of the Arctic Ocean into the upper layers is
restricted because of strong stratification (Aagaard et al., 1981), although in some shelf-
slope areas, winter upwelling can fuel primary production (Falk-Petersen et al., 2015).
Thus, horizontal advection is the main source of nutrients supporting new primary
production in the Arctic. Large portions of the ice-free Arctic Ocean are seasonally
limited by the lack of available nitrogen (surface nitrate concentrations < 2 uM, Fig. 10).

Nutrient inputs from the Pacific result in elevated levels of primary production
over much of the Chukchi Sea shelf. There, high-nutrient Anadyr Water and Bering Sea
Shelf Water fuel some of the highest rates of production in the Arctic. Primary
production in these waters has increased dramatically over the last fifteen years (Arrigo
and Van Dijken, 2011, 2015), likely due to a longer growing season resulting from a
longer ice-free period, and to the increased advection of water through Bering Strait as
observed from 2001-2013 (Woodgate et al., 2012, 2015). Some of this water flows west,
where it supports high rates of production on the East Siberian Shelf (Pabi et al., 2008).
Most, however, travels northward across the Chukchi Shelf along three pathways
(Weingartner et al., 2005) (Fig. 2) that converge on Barrow Canyon, where
phytoplankton blooms can persist for most of the summer, resulting in a biological “hot-
spot” (Grebmeier et al., 2015). Not all of the water traveling across the Chukchi shelf
reaches Barrow Canyon. Some is entrained off the Chukchi Shelf by eddies that inject
this high nutrient water into the permanent halocline, where it and associated plankton
can be transported far into the Arctic basin (e.g., Mathis et al., 2007; Watanabe et al.,
2012).
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Advection of nutrient-rich water from the Atlantic Ocean into the southern Barents
Sea generates high local rates of primary production (Pabi et al., 2008). These waters
originate in the North Atlantic, where winter mixing and convection brings them to the
surface. Because they are also warm (Smedsrud et al., 2010), the southern Barents
Sea remains ice-free, even in winter, facilitating a long growing season (Hodal and
Kristiansen, 2008; Arrigo and Van Dijken, 2011). As a result, the Barents Sea is one of
the most productive regions of the Arctic Ocean, both in total primary production and
per unit of surface area (Wassmann et al., 2006; Arrigo and Van Dijken, 2011). In the
northern Barents Sea, however, advection of water and sea ice from the Arctic Ocean
results in cold, low nutrient conditions, and it is usually ice-covered through the winter,
causing a shorter growing season (Loeng, 1991). This contributes to lower primary
productivity, typically a half to a third of that in the southern Barents (Loeng and
Drinkwater, 2007; Reigstad et al., 2011). Some of the Atlantic Water is advected farther
to the north and east via the Barents Sea, where it eventually fuels more modest, but
still substantial, rates of primary productionin the Laptev and Kara seas.

In the outflow shelves of the Canadian Archipelago and Baffin Bay, rates of
production are lower than in the Barents Sea (Pabi et al., 2008; Arrigo and Van Dijken,
2011). These regions receive much of their nutrient supply from the advection of Pacific
waters that flow through the Chukchi and Beaufort seas. During this transit, many of the
nutrients in surface waters are consumed, reducing potential rates of primary production
in Baffin Bay and the Archipelago (Arrigo and Van Dijken, 2015). However, locally
enhanced production occurs in areas of upwelling and vertical mixing such as in the
North Water Polynya and in the narrow channels of the Canadian Archipelago
(Tremblay et al., 2015).

5.2. Impacts of advection on primary production in the Antarctic

The primary result of advection with respect to phytoplankton processes is to
move nutrient-rich waters (Fig. 10) into areas that have favorable irradiance for
phytoplankton growth. In the Southern Ocean, this happens in two important ways.

First, strong cyclonic (clockwise) winds drive northward Ekman transport (Thomson and
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Solomon, 2002), resulting in upwelling (Lovenduski and Gruber, 2005). During positive
phases of the Southern Annular Mode, the cyclonic winds intensify and move
southward, altering the intensity and position of upwelling as well as the magnitude and
location of primary production (Hauck et al., 2013). For example, Montes-Hugo et al.
(2009) demonstrated that surface chlorophyll maxima along the Antarctic Peninsula
have shifted southward as ice duration has decreased and vertical mixing has increased
in the northern Peninsula region. Northward advection in the Bellingshausen, Scotia and
northern Weddell seas keeps sea ice at relatively low latitudes and therefore in areas of
higher irradiance between fall and spring (Smith and Comiso, 2008; Murphy et al.,
2007a). This allows a low level of primary production to continue even during winter,
thereby providing a food source for larval and juvenile krill (Kottmeier and Sullivan,
1987; Thorpe et al., 2007).

Secondly, Circumpolar Deep Water, a relatively warm water mass located at a
depth of ~200-800 m, is advected onto the Antarctic continental shelf through localized
upwelling (Clarke et al., 2008; Dinniman et al., 2011). Circumpolar Deep Water brings
macro- and micronutrients onto the shelf where they may mix with surface waters and
fuel phytoplankton growth. The Southern Boundary of the Antarctic Circumpolar
Current, which is the poleward extent of the upwelled Circumpolar Deep Water, and
waters to the south, have been identified as areas of enhanced biological productivity
(Tynan, 1998; Nicol et al., 2000). In the Ross Sea, Circumpolar Deep Water is advected
onto the shelf in troughs between shallow banks (Dinniman et al., 2011; Smith (WO) et
al., 2007a; 2012, 2014a, b). Although this water mass is located hundreds of meters
from the surface when it advects onto the shelf, convective mixing driven by sea-ice
formation during winter can bring this water to the surface. In spring, increased
concentrations of iron in this convectively-mixed water support large blooms of
phytoplankton (Arrigo et al., 1999). The Ross Sea exhibits a great deal of spatial
variability in both the presence of Circumpolar Deep Water and the depth of surface
mixing (Smith et al., 2014b); therefore, the influence of Circumpolar Deep Water on

surface layer processes is also highly variable (McGillicuddy et al., 2015).
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Circumpolar Deep Water is also advected via troughs onto the Amundsen Sea
shelf, but these waters only infrequently reach the surface layer due to a strong vertical
density gradient (Dinniman et al., 2012). However, in some places like Pine Island Bay,
this relatively warm water advects beneath floating ice shelves, melting them at their
base (Jenkins et al., 2010). This releases iron, and the iron-rich water subsequently
rises to the surface near the ice shelf front (Gerringa et al., 2012), stimulating
substantial phytoplankton growth and accumulation. Indeed, the highest phytoplankton
concentrations in the Southern Ocean are found near the ice shelves of the Amundsen
Sea (Arrigo and Van Dijken, 2003; Arrigo et al., 2008, 2015), although the spatial extent
of the Amundsen blooms is far less than those in the Ross Sea (Smith et al., 2014b).
Advection of modified Circumpolar Deep Water beneath the ice shelves of the Amery
Ice Shelf in East Antarctica is associated with ice shelf melting (Herraiz-Borrengeuro et
al., 2015).

Near the West Antarctic Peninsula, currents impinging on the edge of the
continental shelf upwell Circumpolar Deep Water (Clarke et al., 2008), supporting
phytoplankton production in such areas as the Marguerite Trough (Prézelin et al., 2000;
Dinniman et al., 2011). As in the Amundsen Sea, these waters often remain at sub-
euphotic depths, but bathymetric features force Circumpolar Deep Water into the
surface layer and stimulate diatom blooms (Prézelin et al., 2000). The episodic nature of

these blooms contributes to the spatial and temporal mosaic in productivity on the shelf.

Currents passing around South Georgia, Crozet, the Kerguelen Plateau, and
other islands in the Southern Ocean result in turbulence, resuspension of sediments,
and upwelling of micro-nutrients that support extensive blooms downstream of the
islands. The signature of the bloom generated around South Georgia extends
downstream over 2700 km to the east in the Antarctic Circumpolar Current (Korb et al.,
2004; Murphy et al., 2007a). On the Kerguelen Plateau, natural iron fertilization caused
by resuspension of sediments as the Antarctic Circumpolar Current flows past
Kerguelen Island fuels one of the largest phytoplankton blooms in the high-nutrient low-
chlorophyll Southern Ocean (Blain et al., 2015; Pollard et al., 2009; Quéguinér, 2013).
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6. Benthos

Benthic organisms are strongly affected by advective processes. Their habitats
and food supplies are determined by wind and surface currents advecting sea ice,
open-ocean currents redistributing organic material in the pelagic zone, and near-
bottom currents interacting with bottom topography. The deep-sea floor is thought to be
food-limited in many areas. Advective processes impact the distribution/redistribution of
organic carbon fixed within the sea ice or surface waters, and therefore, influence the
coupling of pelagic and benthic processes, affecting benthic community structure and
function. In general, strong tidal or residual bottom currents result in dominance by
suspension-feeding epifauna where horizontal advection/resuspension of particulate
organic material provides a reliable food source. In contrast, deposit feeders are most
abundant in deeper trough areas where depositional processes dominate. These
physical-geological-biological interactions are fundamental in structuring communities in
both the Arctic (Piepenburg, 1988; Ambrose and Renaud, 1995; Piepenburg et al.,
1995; Cochrane et al., 2009; Kedra et al., 2013) and the Antarctic (Brey and Gerdes,
1997; Gili et al., 2001, 2006). Because of these factors, the Antarctic presents a
community mainly constituted by epifauna (Arntz et al.,1994; Sirenko, 2009), whereas in
the Arctic, the infauna is the main constituent of benthic communities (Sirenko, 2009;
Piepenburg et al., 2011). Many consequences of advective processes are similar in the
Arctic and Antarctic, and below we stress examples where the relative importance of the

processes appears to vary regionally.

6.1. Impacts of advection on Arctic benthos

The advection of organic material from the sub-Arctic into the Arctic Basin
impacts the benthos differently in the Atlantic and the Pacific regions. In general, a low
proportion of the primary production in the northern Bering and Chukchi Seas is
consumed in the water column (Campbell et al., 2009), leaving a considerable fraction
for vertical or horizontal transport (Kedra et al., 2015). Pelagic organic matter, including

living Bering Sea plankton, is advected through Bering Strait into the Chukchi Sea. The
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ultimate distribution of this material is then controlled by bathymetrically-steered
currents, resulting in deposition centers in depressions on the shelf (Dunton et al., 2005;
Grebmeier et al., 2006a, 2015) and off the Arctic shelf (Clough et al., 2005; Grebmeier
et al., 2006a). Both sediment properties (organic content) and benthic community
structure and function (biomass, carbon remineralization, and bioturbation) reflect these
spatial patterns (e.g. Clough et al., 2005; Dunton et al., 2005). This suggests that
advection and redistribution of organic matter may lead to an apparent decoupling of
pelagic and benthic processes, at least on a local scale. However, tight pelagic-benthic
coupling has been observed in the Chukchi Sea region (Grebmeier and Barry, 1991,
Dunton et al., 2005), indicating that pelagic production can directly influence local

benthos.

The advection of organic matter from the sub-Arctic Atlantic to the Arctic benthos
is of less importance than in the Pacific sector. The high biomass of potential grazers,
the long distance that material from the Norwegian Sea must travel before entering the
Barents Sea, and the deep water it traverses (> 2000 m) all limit the amount that
remains available for sea-floor communities. Advected organic matter and nutrients
contribute to in situ pelagic production and food-web interactions, which are linked with
the Arctic benthos. Strong links between local sea-ice algae and phytoplankton and
benthic processes occur, e.g., in the Barents Sea (Tamelander et al., 2006; Renaud et
al., 2008; Morata and Renaud, 2008; Cochrane et al., 2009) and on the Greenland shelf
(Hobson et al.; 1995; Ambrose and Renaud, 1995; Piepenburg et al., 1997), suggesting

a relatively low importance of advected carbon for those benthic communities.

Whereas organic carbon subsidy from the Norwegian and Bering seas per se
may be of variable significance to Arctic benthic communities, advection of reproductive
organisms from sub-Arctic to Arctic regions is clearly important in both. It is the main
source of spreading of boreal taxa with subsequent reductions in Arctic fauna, which
largely occurs in inflow shelf regions (Berge et al., 2005; Grebmeier, 2012; Renaud et
al., 2015). This spreading may be through direct transport of benthic organisms by the

currents or indirectly through current-driven hydrographic changes that provide suitable
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habitat to allow certain benthic organisms to expand their geographic boundaries, or
both. Expansion of sub-Arctic species occurred in the Barents Sea and around
Spitsbergen during the early to mid 20™ Century due to an increase in the warm Atlantic
Current inflows (Brooks, 1938). These increased flows subsequently resulted in an
expansion of boreal benthic species northward and eastward, and a retreat of Arctic
species (Blacker, 1957, 1965; Cushing, 1982). Such major expansions and contractions
of benthic organisms tend to occur over long time scales (e.g., decadal or multidecadal).
Some of the species recently observed to have expanded (e.g., blue mussels, Mytilus
edulis) can be exploited by other taxa, while other invasive species such as king crab,
Paralithodes camtschaticus, and snow crab, Chionoecetes opilio, have strong top-down
impacts on the existing community (Alsvag et al., 2009; Oug et al., 2011). These
examples suggest that there is a large potential for impact of expanding taxa on Arctic
food webs (Christiansen et al., 2015). It is important to note that advection as a vector
for species range expansion on both sides of the Arctic has been considered primarily
to be from south to north, despite significant inputs of Arctic waters into the Atlantic.

Arctic rivers bring considerable freshwater, sediments, and terrestrial organic
matter onto the interior shelves. This organic matter appears to be largely refractory
relative to pelagic primary production, but dominates the sedimentary organic content of
alluvial plains, and may be an important carbon source for food webs (e.g., the lagoon
system of the Alaskan Beaufort Sea shelf (Dunton et al., 2006), the near-shore regions
of the Laptev Sea (Schmid et al., 2006)). Advection also has strong impacts on shelf-
canyon systems that steer organic matter, produced or initially deposited on the
shelves; into the deep basin. Barrow Canyon, for example, exhibits an enriched benthic
community structure and function (Clough et al., 2005; Dunton et al., 2006; Grebmeier
et al., 2006a, 2015) due to its role in focusing transport of organic material (e.g., Moran
et al., 2005).

6.2. Impacts of advection on the Antarctic benthos
Antarctic benthos often dwells on relatively deep (> 500 m) continental shelves

that receive pulses of sedimentary organic matter during the spring-summer season
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when material released from melting sea ice and the seasonal phytoplankton bloom
rapidly sinks to depth (von Bodungen et al., 1986; Dunbar et al., 1989, 1998; Bathmann
et al., 1991; Wefer and Fischer, 1991; Riebesell et al., 1991; Park et al., 1999; Lizotte,
2001; Palanques et al., 2002; Isla et al., 2009). These pulses provide the major organic
flux to the benthos, although the temporal relationship of flux to biomass accumulation
can vary (Smith, R.C., et al., 2008). The organic matter can, in some locations,
accumulate as green mats on the seabed (Gutt et al., 1998; Smith and DeMaster, 2008;
Smith, C.R., et al., 2012), providing a high quality food supply for benthos during the
autumn and winter months (Mincks et al., 2005; Isla et al., 2006b) when the pelagic
input of organic matter to the benthic realm is negligible (Wefer and Fischer, 1991,
Dower et al., 1996; Palanques et al., 2002, Isla et al., 2006b). During this time, the
benthos continues to feed and metabolize (Barnes and Clarke, 1995; McClintic et al.,
2008), at least in part due to the near-bottom currents that resuspend and redistribute
material (Gardner et al., 2000; McClintic et al., 2008; Isla et al., 2006a).

Winds and currents advect suspended particles from surface production for great
distances (hundreds of km), determining the place where pelagic organic matter will
reach the benthic realm (Dunbar et al., 1998; Dieckmann and Kuhn, 1999; Isla et al.,
2004; Holland and Kwok, 2012). Thus, advection acts to separate, in both space and
time, the source of organic matter from its location on the sea floor (Smith et al., 2006).
These horizontal fluxes can maintain macro-benthic life in unproductive environments
such as those under large, floating ice shelves (e.g., the Larsen and Ross ice shelves),

where organic matter is supplied only by lateral advection (Safié et al., 2011, 2012).

Decoupling between production and deposition areas can make the habitat
characteristics of the sea floor more important in shaping benthic community patterns
than upper ocean processes (Barry et al., 2003). The deposition site of the organic
material determines the spatial distribution and composition of Antarctic benthic
communities (Orejas et al., 2003; Thrush et al., 2006; Thatje et al., 2008). The
redistribution of pelagic production, together with physical factors (e.g., iceberg

scouring, anchor ice, resuspension) and the location of polynyas, appear to be the main
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factors controlling spatial variability in diversity patterns along the western coast of the
Ross Sea (Barry et al., 2003; Thrush et al., 2006). As in the Arctic, the transport of
reproductive forms by currents is likely an important factor in determining the species
composition of the Antarctic shelf benthos. The invasion of the king crab in Antarctica
may well have been due to advection of larvae through the Antarctic Circumpolar
Current to the shelf regions (Thatje and Fuentes, 2003); alternatively, Griffiths et al.
(2013) suggest that these are relict populations and not new arrivals.

7. Zooplankton

Current flow and direction leads to dispersal or retention of zooplankton, which
impacts scales of connectivity and, therefore, zooplankton dynamics, genetic diversity,
biogeography, and resilience to human exploitation (Huntley and Niiler, 1995).
Knowledge of the scales and links between physical and biological processes impacting
zooplankton in both polar ecosystems is critical, as the dominant species are relatively
long lived (copepods 1-4 years, Arctic euphausiid species 3-4 years, Antarctic
euphausiids > 5 years, and possibly as many as 9 years) (Ikeda and Thomas, 1987;
Murphy et al., 1998; Falk-Petersen et al., 2009). These zooplankton are important
grazers on microplankton and ice algae, and form important couplings to the upper

trophic levels.

7.1. Impacts of advection on zooplankton in the Arctic

The Arctic Ocean contains a mix of Arctic endemic species and boreal species of
either Atlantic or Pacific origin that are advected to the Arctic Ocean by the inflow
currents from the Atlantic and Pacific or the Arctic shelf (Kosobokova and Hopcroft,
2010; Kosobokova et al., 2011). The advection of zooplankton biomass through the
Atlantic gateways is 2—3 times higher than through the Pacific gateway, a difference that

is driven by the large volume of inflows from the Atlantic (Wassmann et al., 2015).

In the North Pacific, large oceanic copepods, such as Neocalanus spp., dominate

mesozooplankton biomass in the waters of the shelf-slope of the eastern Bering Sea
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and Aleutian Basin, along with several species of euphausiids. On-shelf fluxes of this
water along the eastern shelf-slope supply a major component of the zooplankton
biomass available in the Outer Shelf Domain of the eastern Bering Sea (Gibson et al.,
2013). Some of this water flows northwestward as the Bering Slope Current and enters
the Gulf of Anadyr, eventually passing northward through Anadyr Strait between Siberia
and St. Lawrence Island (Figs. 1, 2). In spring, the mixture of Anadyr Water and Bering
Shelf Water that enters the Chukchi Sea is depleted of large copepods because of the
long transit time from the Bering Sea Basin, where they overwinter at depth (Springer et
al., 1989; Hopcroft et al., 2010; Hunt et al., 2013). However, by mid-summer the Anadyr
Water carries an estimated zooplankton biomass of 175 - 205 x102 tons dry mass d*
(Springer et al., 1989) northward through the Chirikov Basin and into the Chukchi Sea
as far as Barrow Canyon (Berline et al., 2008; Ashjian‘et al.; 2010). On the eastern
Bering Sea shelf, flows are weaker in the mean and are less persistent in direction
(Danielson et al., 2012b). Nevertheless, considerable zooplankton biomass is
transported north in Bering Shelf Water around St. Lawrence Island into the Chukchi
Sea (Springer et al., 1989; Piatt and Springer, 2003; Hopcroft et al., 2010; Wassmann et
al., 2015; Fig. 1, 2).

Although southward flows through Bering Strait are generally not strong or
prolonged, when they occur, they provide the potential for advecting Arctic zooplankton
or fish eggs and larvae southward into the Bering Sea. Passively drifting organisms that
remain near the surface may have a stronger propensity to be carried southward

through Bering Strait because the surface waters are more strongly influenced by wind.

In the Atlantic sector of the Arctic, there are major fluxes of zooplankton from the
Norwegian Sea to the Barents Sea, and to the Arctic Ocean via Fram Strait (Fig. 3). The
most important of the advected zooplankton are euphausiids and copepods, especially
Calanus finmarchicus, which is a major food source for juvenile Atlantic cod (Gadus
morhua), herring (Clupea harengus) and capelin (Malotus villosus) in the southern
Barents Sea (Dalpadado and Bogstad, 2004; Pedersen and Fossheim, 2008;
Dalpadado and Mowbray, 2013; Hunt et al., 2013). The estimated 8 x10° tons of
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zooplankton advected into the Barents Sea annually is equivalent to about one third of
the annual zooplankton production in the southern Barents Sea (Dalpadado et al.,
2012a; Dalpadado, and Mowbray, 2013).

Zooplankton are advected into the Arctic Ocean through eastern Fram Strait
north of Svalbard and around the Yermak Plateau, through the northern Kara Sea
region via the eastern St. Anna Trough, and through Bering Strait following three main
pathways across the Chukchi shelf (Wassmann et al., 2015). An allochthonous
assemblage of mostly Atlantic zooplankton species dominates the zooplankton in the
Amundsen and Nansen basins and zooplankton biomass is highest in the core of the
Atlantic inflow along the Eurasian continental margin (Kosobokova and Hirche, 2000,
2009, Hirche and Kosobokova, 2007; Kosobokova et al., 2011). The biomass and
proportion of Atlantic species decreases rapidly towards the interior shelf seas and the
central basins (Kosobokova and Hirche, 2000, 2009; Wassmann et al., 2015). Pacific
expatriates are largely restricted to the Canada and Makarov Basins (Kosobokova and
Hirche, 2000; Nelson et al., 2009).

Little is known of the actual fate of Atlantic expatriates in the Arctic Ocean. For
example, the Atlantic C. finmarchicus can be transported as far as the Makarov Basin,
but not to the Canada Basin (Kosobokova and Hirche, 2009; Kosobokova et al., 2011).
It is unlikely that boreal zooplankton species are able to reproduce on the Arctic shelf
due to the low water temperatures and the short growing season (Jaschnov, 1970;
Tande et al., 1985; Slagstad et al., 2011; Wassmann et al., 2015). Whether boreal
species like C. finmarchicus can complete their life cycle in the Arctic Ocean is still
unknown (Wassmann et al., 2015). A modeling study by Ji et al. (2012) concluded that,
even if water temperatures increase by 2°C or the growth season is prolonged by 2
weeks, conditions would not become favourable enough to allow C. finmarchicus to

intrude farther north and colonize the Arctic Ocean.

Arctic zooplankton, including C. glacialis and C. hyperboreus, are advected south

from the Arctic Ocean into the northern Barents Sea, where they are an important
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component of the diets of fish and seabirds (Falk-Petersen et al., 2007; Dalpadado and
Mowbray, 2013). Some of this water eventually passes around the southern tip of
Spitsbergen as the Sgrkapp Current, which then turns northward along the west coast
of Spitsbergen (Fig. 3). Arctic zooplankton are also carried south through the west side
of Fram Strait in the East Greenland Current (Hirche, 1991; Fig. 3).

7.2. Impacts of advection on zooplankton in the Antarctic

Advection of zooplankton is recognized as an important characteristic of
Southern Ocean ecosystems and is central to our understanding of their population
structure and ecological function (Hofmann and Murphy, 2004). The strong annular
currents disperse zooplankton widely around the Antarctic. In contrast, the strong
temperature gradients of the Antarctic Polar Front appear to be an effective
physiological, albeit leaky, barrier to physical exchange of pelagic zooplankton between
sub-Antarctic and Antarctic ecosystems (Patarnello et al., 1996). Thus, the Antarctic
zooplankton fauna has evolved largely in isolation from that of the sub-Antarctic.

In the Antarctic, horizontal advection controls whether zooplankton reside in
food-poor (e.g. northern zone of the Antarctic Circumpolar Current) or in food-rich areas
(e.g., waters south of the Southern Boundary of the Antarctic Circumpolar Current,
including coastal shelves, ice edge blooms, frontal zones). The Southern Boundary of
the Antarctic Circumpolar Current is leaky and there is extensive exchange, particularly
from south to north, through oceanographic flows, eddy transfers and sea ice drift
(Falco and Zambianchi, 2011). In addition, different types of mesoscale circulation
features (i.e. eddies, fronts) govern the residence time of zooplankton in a given food
regime, thereby exerting control on zooplankton dynamics (Huntley and Niiler, 1995),
and mesoscale gyres are an important influence on the distribution of krill around the
coast of East Antarctica (Nicol et al. 2000). It has also been suggested that such
mesoscale features may be important in the circumpolar distribution of krill (Nicol et al.
2006).
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The highest zooplankton biomass in coastal regions occurs in waters west of
the Antarctic Peninsula, followed by an order of magnitude lower biomass in waters
over the Weddell and Ross Sea continental shelves, and another order magnitude lower
over all other shelves (Deibel and Daly, 2007). The variation in biomass is likely due to
differences in bottom-up processes (recruitment from off-shelf areas, ice cover, primary
production) and top-down predation in different regions and seasons (Ainley et al.,
2006, 2015; Ainley, 2007; Deibel and Daly, 2007). In East Antarctica, krill populations
increase in years when sea ice cover expands and extends farther north (Nicol et al.,
2000).

Investigations of zooplankton transport in the Southern Ocean have focused
primarily on Antarctic krill, given their importance as akey link in the Antarctic marine
food web and as the focus of a commercial fishery (e.g., Hofmann et al., 1998; Murphy
et al. 1998, 2004a, b; Hofmann and Murphy, 2004; Fach and Klinck, 2006; Pifiones et
al., 2013a, b). Krill have a heterogeneous circumpolar distribution, with about 70% of
the stock occurring between 0 and 90° W, including the open waters of the Antarctic
Circumpolar Current in the Atlantic sector (Scotia Sea) and the western side of the
Antarctic Peninsula (Atkinson et al., 2008). Krill distributions in the Pacific and Indian
Ocean sectors are more closely associated with continental shelves, (e.g., Jarvis et al.,
2010; Pifiones et al, 2016). Recent results indicate that Antarctic krill are genetically
relatively homogeneous at large geographic scales, thus supporting the notion that
dispersal by circumpolar currents prevents genetic differentiation in Antarctic

zooplankton (Bortolotto et al., 2011).

The Antarctic Circumpolar Current provides a connection between many regions
of the Southern Ocean, including open ocean and continental shelf habitats (Fig. 11).
The Antarctic Circumpolar Current also transports krill into regions where there do not
appear to be sustainable populations. For example, around South Georgia, the
combination of few young stages, low growth rates, and the strong eastward flow of the
Antarctic Circumpolar Current past the island suggest that krill in this region depend on

recruitment from waters to the west (Thorpe et al., 2004; 2007; Murphy et al., 2001,
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20044, 2007a; Tarling et al., 2007) (Fig. 11). Circulation models using simulations of
particle trajectories indicate that krill west of the Antarctic Peninsula are an important
source population for South Georgia (Hofmann et al., 1998; Murphy et al., 2007a, b).
The Antarctic Circumpolar Current flows eastward near the continental shelf break off
the Antarctic Peninsula where krill are abundant. Larval and juvenile krill entrained.in
this current could reach South Georgia in <10 months (Fach and Klinck, 2006; Fach et
al., 2006). Krill originating in the Weddell Sea also could be transported to South
Georgia, but over a time scale of about 20 months (Murphy et al., 2004a, 2007a; Thorpe
et al., 2007). A krill physiological growth model coupled to a circulation model indicated
that krill larvae and juveniles entrained west of the Antarctic Peninsula could grow to the

age- and size-classes observed in South Georgia (Fach et al., 2006).

Regional circulation features also impact recruitment dynamics of krill. Variability
in oceanographic conditions may result in larvae being dispersed from local populations
or retained in others. For example, Young et al. (2014) used a high-resolution
hydrodynamic model to examine the potential for retention, dispersal and cross shelf
exchange around South Georgia, and highlighted the variability of the system with
regard to transport and retention of plankton within the region. Likewise, the scale of
connectivity and the magnitude of self-recruitment versus remote connectivity were
explored by Pifiones et al. (2013a) for the Bellingshausen Sea and western Antarctic
Peninsula region. During 2002, relatively high abundances of young krill larvae were
observed offshore of the shelf break, while much lower densities of late stage larvae
were recorded on the inner shelf (Daly, 2004). These findings suggest that remote
connectivity from regions in the Bellingshausen Sea with persistently elevated summer
chlorophyll might be important for maintaining populations of krill on the Antarctic
Peninsula shelf (Marrari et al., 2008). Modeled particles from the Bellingshausen Sea
were transported along the Southern Boundary Front of the Antarctic Circumpolar
Current to the southern region of the Antarctic Peninsula (Marguerite Bay) in about 120
days, which is approximately the time required for krill eggs to develop into late-stage

larvae under summer food conditions (Pifiones et al., 2013a). About 23% of the
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particles at the shelf break were advected onto the shelf as part of onshore intrusions of
Circumpolar Deep Water though Marguerite Trough.

In addition, some areas of the Antarctic Peninsula, including Marguerite Bay,
have gyre-like circulations (Smith et al., 1999) that could retain krill on the shelf. The
numerical model of Pifiones et al. (2013a) showed that particles released in the mid-
and inner-shelf regions of Marguerite Bay had low export rates from the shelf (<20%),
whereas patrticles released on the outer shelf were more frequently advected into the
Antarctic Circumpolar Current. Thus, subpopulations of Antarctic Peninsula krill are
likely maintained by both local and remote sources of larvae. Remote sources may be
particularly important for areas influenced by intrusions of Circumpolar Deep Water
(Hofmann and Husrevoglu, 2003). Advective processes are also important influences on
the distribution of other zooplankton species, including other species of krill and salps
(e.g., Loeb and Santora, 2012, 2015).

The importance of advective processes around the Antarctic and sub-Antarctic
islands has been extensively demonstrated in the ecosystems around the Prince
Edward Archipelago in the southern Indian Ocean, which is located in the flow of the
Antarctic Circumpolar Current. Variation in the position of the Subantarctic Front in the
vicinity of the archipelago influences both local and productivity and advective inputs
Ansoge et al., 1999; Pakhomov and Fronman, 1999b; Pakhomov et al, 2000;
Perinssinotto et al. 2000). Advection influences transfer of zooplankton (copepods and
euphausiids) and micronekton into areas around the islands where they become an
important food source for maintaining the large colonies of land-based predators
(Pakhomov and Froneman, 1999a, b, 2000; Pakhomov et al., 2000; Allan et al. 2013).

8. Fish

The contrasting oceanographic regimes of the Arctic and Antarctic Oceans are
major determinants of their fish communities. The Arctic has a more recent evolutionary

history than the Antarctic, and the current diversity of fish in the Arctic developed as a
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result of direct connections to lower latitude sub-Arctic regions, as well as the relative
complexity of the Arctic Ocean habitats. The intensification of Northern Hemisphere
glaciation that began about 2.9 million years ago reduced sea surface temperatures in
the Arctic Ocean to the freezing point (Raymo, 1994), resulting in the elimination of
boreal species and the subsequent development of the modern Arctic fish fauna
(Briggs, 2008). The opening of the Bering Land Bridge approximately 11 thousand
years ago resulted in the great trans-Arctic interchange (Vermeij, 1991), with many
families of fishes that had evolved in the North Pacific contributing species to the
Atlantic fauna during this period, but few from the Atlantic contributing to the Pacific

fauna.

In contrast, the Antarctic fish fauna has been isolated for much longer (>20
million years; Brey et al., 1994) and not subject to such profound changes in
geomorphology. This has resulted in a high degree of endemism on the continental
shelf and upper slope (88%, Eastman, 2005) with 85% of the fish fauna belonging to
five families of notothenioids (ice-fishes) that arose in Antarctica and two families
(Liparididae, Zoarcidae) that invaded from the North Pacific (Briggs and Bowen, 2012).
The Antarctic Circumpolar Current isolates the Antarctic fish fauna from more temperate
waters and connects fish populations around the Antarctic, as evident in the lack of
population structure in four notothenioids (Janko et al., 2007). One of the major
evolutionary outcomes of the isolation of the Southern Ocean is there are few epipelagic
oceanic species (Knox, 2007). Mesopelagic species are present throughout much of
the Southern Ocean and can have an important role in regional epipelagic food webs
(Ainley et al., 1992; Eastman, 1993; Piatkowski et al., 1994; Pakhomov et al., 1996;
Duhamel, 1998; Ainley, 1999; Duhamel et al., 2000; Pusch et al., 2004; Collins et al.,
2012; Murphy et al., 2013).

8.1. Impacts of advection on fish populations in the Arctic
Advective exchanges between the sub-Arctic and Arctic play a dominant role in
the life-cycle of fish in the sub-Arctic to Arctic transition zone. The eggs and/or larvae of

many sub-Arctic and Arctic fish species are planktonic for several months and may be
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carried in the prevailing currents to suitable larval feeding areas, often associated with
the receding ice edge. Retention or dispersion of larvae from spawning areas is
generally recognized as a key determinant of recruitment success (Shelton and
Hutchings, 1982), and climate-driven changes in larval dispersal have been identified as
one of the major unknowns in studying these effects on fish (Petitgas et al., 2013).

Arctic cod (Boreogadus saida) is the most abundant fish species in'the Arctic and
has a circumpolar distribution that approximately matches the winter extent of sea ice
(Svetividov, 1948; Andriashev et al., 1980). Eggs are spawned and hatch under the ice
(Rass, 1968), and larvae are often found under the ice near river plumes, which they
may use as a thermal refuge during winter (Bouchard and Fortier, 2011), and as a
feeding habitat during spring (Fortier et al., 1996). Larvae remain in the upper water
column until the end of their first summer, before descending to deeper layers or to the
bottom (Geoffroy et al., 2011, 2016). However, juveniles may also remain pelagic or
associated with sea ice (Lagnne and Gulliksen, 1989; Ajiad et al., 2011; Gradinger and
Bluhm, 2004; David et al., 2016). Advection of water masses contribute to spreading of
eggs and larvae in pelagic water masses, €e.g., in a main part of the Barents Sea and
throughout the Canadian Arctic Archipelago (Bradstreet et al., 1986; Ajiad et al., 2011).
Polar cod associated with sea ice are transported from the Arctic Ocean to the marginal

seas, where they are released when the ice melts (Hop and Gjgseeter, 2013).

In the southeastern Bering Sea, major gadoid and flatfish stocks spawn along the
slope or on the outer portions of the shelf, with larvae being advected onto the shelf
where they feed on zooplankton in stratified waters before settling in demersal habitats
as juveniles. Settlement typically occurs long before larvae or juveniles are advected to
the northern Bering Sea or Chukchi Sea because current patterns on the shelf, in
particular in the middle shelf region, tend to favor retention over long-distance dispersal
(Parada et al., 2010; Richar et al., 2014; Petrik et al., 2015, 2016). Nevertheless,
interannual variability in advection of larvae towards or away from suitable nursery
areas affects the recruitment of flatfishes and Pacific cod (Gadus macrocephalus)
(Wilderbuer et al., 2002, 2013; Duffy-Anderson et al., 2013; Vestfals et al., 2014).
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Although the Bering Sea is a major source of nutrients and plankton for the Chukchi
Sea, available ichthyoplankton data suggest a discontinuous distribution of eggs and
larvae in the northern Bering Sea and Chukchi Sea for most fish species, providing little
evidence that fish eggs or larvae spawned in the Bering Sea are advected into the
Chukchi Sea (Morgan Busby, NOAA, Seattle, pers. comm.). However, the presence of
early life stages of walleye pollock (Gadus chalcogrammus), the most abundant
commercial species on the Bering Sea shelf, in both the Chukchi and Beaufort seas
(Logerwell et al., 2015) suggests they were advected through Bering Strait because
temperatures in the Arctic are believed to be too cold to support spawning of pollock
(Hollowed et al., 2013).

Major fish stocks in the Northeast Atlantic, including Atlantic cod, Atlantic herring
and haddock (Melanogrammus aeglefinus), spawn off western Norway and their eggs
and larvae are advected north to the Barents Sea where they feed on zooplankton.
Recruitment success of herring appears to be enhanced when stronger advection more
rapidly transports larvae to their nursery areas in the Barents Sea (Vikebg et al., 2010).
Recent increases in the heat flux into the Barents Sea have been associated with
increasing abundances and geographic expansions of capelin, Atlantic cod, haddock
and mackerel (Scomber scombrus) in the Barents Sea (Dalpadado et al., 2012b; Kjesbu
et al., 2014; Landa et al., 2014) and farther north to Svalbard and the Arctic Ocean
(Renaud et al., 2012; Nahrgang et al., 2014, Berge et al., 2015). Conversely, the
population of Arctic cod (B. saida) has decreased in the Barents Sea over the last 10
years (Havforskningsrapporten, 2015), likely because of increased competition and
predation by boreal species (Renaud et al., 2012; Hop and Gjgseeter, 2013). However,
the core distribution area also seems to have shifted towards the northeast, where the

population estimates are more uncertain (Havforskningsrapporten, 2015).

Changes in larval advection have also been linked to changes in the abundance
of capelin and Atlantic cod around Greenland. The East Greenland Current has been an
important feeding ground for the Icelandic capelin stocks in recent years, where they

feed on advected zooplankton (Palsson et al., 2012). The Irminger, East Greenland and
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West Greenland currents (Fig. 1, 3) also advect larval Atlantic cod, capelin, and other
species originating from spawning areas off East Greenland and Iceland around the tip
of Greenland to nursery areas off West Greenland (Storr-Paulsen et al., 2004; Pedersen
et al., 2005). Variability in the advection of larvae along this pathway has contributed to
large variations in the abundance and catches of Atlantic cod on multi-decadal time
scales (Drinkwater, 2006).

8.2. Impacts of advection on fish populations in the Antarctic

In the Southern Ocean, the potential for passive advection of fish eggs and
larvae from the north is reduced because of little southward flow of surface waters
across the Polar Front. With much cooler waters to the south of the Polar Front,
physiological constraints strongly limit the potential for'southward movement by large
migratory fish species such as tuna. However, other factors are also likely to be
important in limiting the potential for pelagic fish species to survive in the Southern
Ocean, including its: temperature, marked seasonality, great depth, relatively small shelf
area, and the patchy productivity and food supply there (Hempel, 1985; Eastman, 1993;
Knox, 1994; Murphy et al., 2007a).

Most Southern Ocean fish species are demersal or semi-demersal, occurring in
relatively restricted shelf regions around the continental Antarctic and sub-Antarctic
islands (Eastman, 1993; Kock, 1992,1994). The direct role of advection on some of
these species, which have short larval phases, is probably quite limited. Some species,
such as the Scotia Sea icefish (Chaenocephalus aceratus) and the mackerel icefish
(Champsocephalus gunnarii), however, have larval and juvenile stages that are pelagic
and can extend over several months (Damerau et al., 2012). This allows the potential
for transport over significant distances during their development (Ashford et al., 2010;
Damerau et al., 2012).

The Antarctic Coastal Current and the Antarctic Circumpolar Current connect
icefish populations along the continental shelf and between Southern Ocean islands,

although there is some evidence for population structure (Ashford and Jones, 2007;
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Ashford et al., 2010, 2012b; Young et al., 2012, 2015). For example, icefish populations
around the Antarctic Peninsula supply larvae that can be transported in the Antarctic
Circumpolar Current to the north and east where they recruit into populations around
the South Orkney Islands and South Georgia (Ashford et al., 2010; Damerau et al.,

2012). The analyses available so far suggest a high degree of variability in connectivity.

A few ecologically important fish species also use a more pelagic habitatin
coastal areas. In southern areas of the continental shelf that are associated with sea ice
for most of the year, such as the southern Antarctic Peninsula and the Ross Sea, the
Antarctic silverfish (Pleuragramma antarcticum) is an important species in food webs
(Ducklow et al., 2007; Smith et al., 2007a;Nicol et al., 2008; Heerah et al. 2013). Its
early larval and juvenile stages are associated with the seaice (La Mesa and Eastman,
2012; Vacchi et al., 2012). Thus, the movement of sea ice is likely to generate
horizontal transport that will affect these distributions. Another species of particular note
is the Antarctic toothfish (Dissostichus mawsoni), which is a large species with a
maximum length greater than 2 m, weights over 200 kg, and is the target of a
commercial fishery (Collins et al., 2010; Ashford et al., 2012a, b). Biochemical analyses
and model studies have suggested regional ocean circulation facilitates the movement
of adult Antarctic toothfish-along the shelf slope into the banks and ridges of the Pacific-
Antarctic Ridge where they spawn; their pelagic eggs and early life stages are
transported in the flow back into the coastal regions of the Ross Sea (Ashford et al.,
2012a; Hanchet et al., 2015). The ecological importance of mesopelagic species, and
particularly myctophids, in Southern Ocean food webs is being increasingly recognized
(Pakhomov et al., 1996; Duhamel et al., 2000; Pusch et al., 2004; Collins et al., 2012).
Although more analyses are required of both controls on distribution and role in food
webs, a number of studies indicate that advective processes are important in bringing
mesopelagic species into coastal and shelf regions, making them more available to
land-based predators (Pakhomov and Froneman, 1999a; Ducklow et al., 2007; Murphy
et al., 2013).
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Krill are an important component of the diet of various fish species at South
Georgia and particularly for the commercially important Patagonian toothfish (D.
eleginoides) (Belchier and Collins, 2008). When there are few krill, the condition of
mackerel icefish is negatively affected and growth rates are reduced (Everson et al.,
1997, 1999). In sub-Antarctic regions, Antarctic krill are less important, and the
advection of zooplankton and myctophid fish into shelf areas helps maintain local food
webs (Perissinotto and McQuaid, 1992; Pakhomov and Froneman, 1999b).

9. Impacts of advection on seabirds and marine mammals

There are three principal ways in which oceanic advection influences seabirds
and marine mammals: by transporting prey to the vicinity of colonies located far from
where prey are being recruited, by concentrating planktonic prey to a sufficiently high
density to be harvested efficiently, and through the effects of advection on the
availability and distribution of sea ice, and thus access to prey. The direction of basin-
scale ocean currents influences the distributions of seabird colonies. In the Northern
Hemisphere, the species composition of seabird colonies is offset latitudinally, with the
northernmost colonies of a given species located farther north on the eastern side of
ocean basins, a reflection of the warm currents that flow northward on the eastern sides
of the Atlantic and Pacific, while cold currents flow southward in the west (Hunt and
Nettleship, 1988). In contrast, in the Southern Hemisphere, seabird colonies have an
annular organization, with similar species found at similar latitudes around the continent,

again reflecting the organization of the major current systems.

9.1. Advection and the location of seabird colonies and pinniped rookeries

In both the Northern and Southern Hemispheres, many colonies or rookeries of
planktivorous seabirds and pinnipeds are located near where currents advect or
concentrate zooplankton. This is particularly important because, while provisioning
offspring, breeding birds and pinnipeds are constrained to forage close to their breeding
sites. For example, in the North Atlantic, on the south and west coasts of Spitsbergen

and the eastern shores of Greenland, advection supports millions of nesting little auks
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(Alle alle) that forage on large, lipid-rich, Arctic copepods, their preferred prey
(Pedersen and Falk, 2001; Karnovsky et al., 2003, 2010; Harding et al., 2009).

Zooplankton advected from sub-Arctic regions of the Pacific to the Arctic shelves
constitute an essential source of energy for Arctic seabirds and marine mammals. This
advected zooplankton supplements, and in some cases dominates, the local
zooplankton community and its secondary production, and may provide prey before
local production has developed sufficiently to support planktivores. Thus, much of the
biomass of large, lipid-rich copepods and euphausiids available to seabirds in the
Chirikov Basin and Bering Strait is advected in Anadyr Water from the deep waters of
the Bering Sea (Springer et al., 1989, 1996; Hunt et al., 2013). In the Chukchi Sea in
summer, zooplankton advected in Anadyr and Bering Sea Water support high numbers
of post-breeding seabirds (Springer et al., 1996; Piatt and Springer, 2003; Gall et al.,
2013; Hunt et al., 2013). Advection of zooplankton from the Bering Sea in Anadyr Water
is also important in providing foraging opportunities for fin (Balaenoptera physalus),
humpback (Megaptera novaeanglia), and bowhead (Balaena mysticetus) whales in the
western Chukchi Sea (Dahlheim et al., 1980; Heide-Jgrgensen et al., 2013; Hunt et al.,
2013), where they feed on euphausiids in the Siberian Coastal Current front (Moore et
al., 1995).

In the Bering and Chukchi Seas, benthic “hotspots” are generated through the
advection of nutrients to support high levels of primary production, which in turn provide
foraging areas for grey whales (Eschrichtius robustus) (Kim and Oliver, 1989). These
whales forage on infaunal amphipods that are supported by detritus and phytoplankton
advected in the northward flow of Bering Sea and Anadyr waters (Grebmeier et al.,
2006b; Highsmith et al., 2006).

In the Southern Ocean, bathymetric steering of the Antarctic Circumpolar Current
results in the advection of Antarctic krill to the northern coasts of the South Shetland
Islands, the South Orkney Islands, as well as to South Georgia. The resulting

concentrations of krill attract not only foraging seabirds and other predators, but also
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commercial krill fisheries seeking areas of predictable harvest (Hunt et al., 1992; Veit
and Hunt, 1992; Trathan et al., 1998). Advection of krill from the Antarctic Peninsula
region and Scotia Sea to South Georgia is essential for supporting large populations of
seabirds and Antarctic fur seals (Arctocephalus gazelle) (Boyd, 2002), which are
specialized for krill consumption. In some years the transport of krill fails, a
phenomenon thought to be associated with anomalous atmospheric and oceanic
conditions (Murphy et al., 1998, 2007b; Murphy and Reid, 2001; Trathan et al., 2006),
and this results in widespread breeding failure and starvation of South Georgia seabirds
and fur seals (Murphy et al., 1998; Trathan et al., 2006, 2007).

At a smaller spatial scale, the advection of nutrient-rich Circumpolar Deep Water
onto the shelves of the western Antarctic Peninsula helps maintain high levels of
primary production and the resultant rich foraging grounds (Prézelin et al., 2000; Clarke
et al., 2008; Marrari et al., 2011). Embayments along the west coast of the Peninsula,
such as Marguerite Bay, are important foraging areas for whales, pinnipeds, and
seabirds (e.g., Friedlaender et al., 2006, 2011). These highly productive local
ecosystems support nearby colonies of seabirds and pinnipeds. Likewise, submarine
canyons are important for steering the advection of krill and other zooplankton onto the
shelf (e.g., Ward et al., 2007; Dinniman and Klink, 2004; Pifiones et al., 2011, 2013b),
where they become available to predators (Trivelpiece and Fraser, 1995; Schofield et
al., 2013). In East Antarctica, odontocete whales take advantage of regions of high

productivity associated with physical features (Thiele et al., 2000).

9.2. Advection and the concentration of prey at fronts

In‘both the northern and southern polar regions, seabirds can forage successfully
when zooplankton are concentrated at convergent fronts and in locations generated by
currents impinging upon bathymetric features. Copepods residing in the upper mixed
layer are concentrated when a water mass descends below another at a front (e.g.,
Hunt and Schneider, 1987; Hunt and Harrison 1990; Hunt et al., 1998). In contrast,
euphausiids are concentrated at depth when currents impinge on steep bottom

topography and may be carried toward the surface if the upwelling is sufficiently strong
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(Coyle et al., 1992; Hunt et al., 1998; Russell et al., 1999). Euphausiids advected from
the Bering Sea are aggregated and upwelled to the surface northeast of Barrow, Alaska
and onto the Beaufort Sea shelf (Berline et al., 2008; Ashjian et al., 2010; Gall et al.,
2013). This advection is closely coupled to the direction and magnitude of the winds,
and influences the composition, distribution, and availability of zooplankton prey for
bowhead whales and seabirds (see also Lowry et al., 2004; Moore and Laidre, 2006).

For some seabirds of the Southern Ocean, including king penguins (Aptenodytes
patagonicus) and grey-headed albatrosses (Thalassarche chrysostoma), the fronts of
the Antarctic Circumpolar Current are important foraging locales (Rodhouse et al., 1996;
Kooyman, 2002; Trathan et al., 2008; Scheffer et al., 2010; Scheffer, 2013). The
Antarctic Circumpolar Current transports prey around the continent, and its frontal
regions concentrate prey and promote enhanced productivity (Collins et al., 2008,
2012). Seabirds fly or swim to these frontal regions, which may be 500 km from their
nesting habitat (e.g., Weimerskirch et al., 1993; Bost et al., 2009a, b). Wandering
albatrosses (Diomedea exulans) make long, looping foraging trips by keeping the wind
at least partially behind them (Weimerskirch et al., 2000, 2012). Albatrosses depend on
the advective forces of the zonal winds to give them an energetic advantage as they fly
to and from their colonies (Rodhouse et al., 1996; Trathan et al., 2008). Crabeater seals
in East Antarctica are predictably concentrated where sea ice is present over frontal
areas, such as the‘Antarctic Slope Front and the Southern Boundary of the Antarctic
Circumpolar Current (Southwell et al., 2005). Bost et al. (2009a) provide an overview of

the importance of fronts to seabirds and marine mammals in the southern oceans.

9.3 Impacts of advection on sea ice habitat for seabirds and marine mammals

Many species of polar seabirds and marine mammals require sea ice habitat for
foraging, resting, and raising young (e.g., Moore and Huntington, 2008; Kovacs et al.,
2011; Santora, 2014; Laidre et al., 2015; Delord et al., 2016). Ice flows provide refuge
for seabirds and seals from their predators, such as killer whales and leopard seals
(e.g., Visser et al., 2008; Pitman and Durban, 2010, 2012). Ice-edge habitats are also

important, as that is where ice-using seabirds and marine mammals have access to the
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air-water interface, and the concentrations of prey associated with the undersurface of
the sea ice (Bradstreet and Cross, 1982; Lgnne and Gabrielsen, 1992). Upwelling at
fronts can force divergence of pack ice, thus providing birds and mammals with access
to the air-water interface. In the Amundsen and Bellingshausen seas, seabirds and
marine mammals concentrate in the waters above the shelf edge front, where the pack
ice is less concentrated (Ainley et al., 1998). When the ice edge is far from a colony site
during the breeding season, the production of young by seabirds may be diminished by
the need for long commutes to reach locations where prey is accessible (Barbraud and
Weimerskirch, 2001; Olivier et al., 2005; Nicol et el., 2008).

9.3.1. Polynyas as seabird and marine mammal habitats

Within the sea ice habitat, polynyas are areas of open water surrounded by sea
ice that are kept open either by winds (latent heat polynyas) or by the upwelling of
“‘warm” water (sensible heat polynyas). Polynyas provide vital access to the air water
interface for seabirds and marine mammals, as well as being areas of high primary and
secondary production (e.g., Pl6tz, 1991; Stirling, 1997; Massom et al., 1998; Arrigo and
Van Dijken, 2003; Tremblay and Smith, 2007; Arrigo et al., 2015). This access is
particularly critical during winter and early spring when access to open water may be

severely limited at high latitudes (Gilchrist and Robinson, 2000).

In the Atlantic Arctic, polynyas are of particular importance in regions where cold
currents from the central Arctic result in heavy ice coverage for much of the year. For
example, in northern Baffin Bay, the North Water Polynya opens in early May, due to
the advection of ice away from the region (Yao and Tang, 2003). The North Water
Polynya is host to high numbers of migrating seabirds in spring and marine mammals
during winter and spring. Near Greenland, it supports an early phytoplankton bloom
(Mei et al., 2002), and zooplankton are available to seabirds there in early spring
(Karnovsky and Hunt, 2002; Tremblay et al., 2006). Millions of little auks nest on the
Greenland side of the North Water (Boertman and Mosbech, 1998). On Greenland’s
northeast coast, the Northeast Water Polynya forms each spring and hosts numerous

marine mammals (Born et al., 1997; Wiig et al., 2003). Both the North Water Polynya
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and the Northeast Water Polynya owe their existence, at least in part, to currents and
winds that force the movement of ice to form ice barriers, which then block additional ice
drift (Schneider and Budéus, 1994; Minnett et al., 1997; Melling et al., 2001).

Polynyas are also found in the Pacific Arctic, including the Bering and Chukchi
seas. Many of these are latent heat polynyas, which form where sea ice is blown away
from lee shores as the ice is formed. An important example is the St. Lawrence Island
Polynya, where walrus (Odobenus rosmarus divergens) and eider ducks forage in
winter on the rich benthic fauna (e.g., Grebmeier, 2012; Lovvorn et al., 2014).

Around much of coastal Antarctica, seabird colonies are most commonly found in
the vicinity of productive polynyas (Massom et al., 1998; Ainley, 2002; Arrigo and van
Dijken, 2003). Polynyas are of critical importance to Adélie penguins (Pygoscelis
adéliae) and emperor penguins (Aptenodytes fosteri) that require access to ice-edge
habitats at which they forage during the winter breeding season (Ainley, 2002). Some of
the largest Adélie (62% of known colonies) and emperor penguin colonies are located
beside polynyas in the Ross Sea (Smith et al., 2014a), the Palmer Deep, Marguerite
Bay, and elsewhere around the continent. The reproductive success of emperor
penguins in East Antarctica near Pointe Géologie is strongly influenced by whether
strong winds clear fast ice from a region near the colony, thereby decreasing the
distance the breeding penguins have to travel to open water (Massom et al., 2009).
Throughout the Antarctic, penguin colony size has been shown to be significantly
correlated to annual rates of primary production in nearby coastal polynyas (Arrigo et
al., 2003). Qutside of the breeding season, Antarctic seabirds also forage in polynyas
(Ainley et al., 1998; Thiele and Gill, 1999).

Antarctic marine mammals also depend on polynyas. For example, Santora
(2014) has documented Antarctic fur seals foraging in polynyas in the vicinity of the
Antarctic Peninsula, and Ainley et al. (2007) have found that Antarctic minke whales (B.
bonaerensis) concentrate in the nearshore polynyas of the Amundsen and

Bellingshausen seas. High levels of primary production in polynyas may also translate
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to higher pup production in Weddell seals in the McMurdo Polynya in the Ross Sea,
though the mechanistic links that result in this strong linkage at a short time scale are
not known (Paterson et al., 2015). Apparently, the seals anticipate the coming high
levels of production, which, as the food web develops, may attract the high-trophic-level
prey of the seals, the Antarctic toothfish.

9.3.2. Melting of sea ice and the availability of open water to seabirds and marine
mammals

Poleward flowing currents transport heat that melts sea ice and thereby provide
seabirds and marine mammals access to the air-water interface. For example, the warm
offshore branch of the West Greenland Current plays a crucial role in the West
Greenland ecosystem. It originates with the Irminger Current off East Greenland, travels
south at the edge of the continental slope along the east coast of Greenland around
Cape Farewell, then north (Myers et al., 2007), stimulating production, and bringing fish
larvae (e.g., Atlantic cod and capelin) from spawning areas off East Greenland and
Iceland to the banks off West Greenland (Storr-Paulsen et al., 2004; Pedersen et al.,
2005). These in turn attract bowhead whales to the vicinity of Disko Bay between
February and May (Laidre et al., 2009; Laidre and Heide-Jgrgensen, 2012), and, in
summer, foraging humpback whales. The presence of large baleen whales, including
fin, humpback, minke (B. acutorostrata), and sei whales (B. borealis) on the West
Greenland summer feeding ground is likely related to advective processes that both
melt the coastal sea.ice and shift capelin and euphausiids onto the shelf (Laidre et al.,
2009, 2010). The region supports large colonies of piscivorous seabirds nesting along
the southwestern Greenland coast, which also forage on small fish in the open waters.
In the eastern North Atlantic Arctic, northward flowing currents bring warm Norwegian
Sea Water to the southwestern Barents Sea (Loeng et. al., 1997). This warm water
sustains a year-round ice-free ocean (Hunt and Megrey, 2005; Hunt et al., 2013), which
is available to the high numbers of seabirds that nest on the coasts of Svalbard and
northern Norway and winter on the open waters of the southern Barents Sea where they

forage for small pelagic fishes and, to a lesser extent, zooplankton (Barrett et al., 2002).
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In the Antarctic, the seasonal, serial breakup of fast ice in the bays around the
Ross Sea provides open water habitat in which killer whales can seek their prey, which
includes both Weddell seals and emperor penguins (Ainley and Ballard, 2012). In the
eastern Weddell Sea, the relatively open water associated with the upwelling of warm
water over the submarine Maud Rise in the Northeast Weddell Sea is the location of
concentrations of seabirds, seals and cetaceans (Comiso and Gordon, 1987; Plotz et
al., 1991).

9.3.3. Advection of the sea ice habitat

In the Pacific Arctic, heat transferred by the atmosphere and the northward
flowing water from the Bering Sea affects the timing and extent of sea ice melt
(Paquette and Bourke, 1981). The ice melt in spring initially provides open water and
leads through which marine mammals can migrate to foraging grounds (Braham et al.,
1980; Moore and Laidre, 2006). However, in recent years as the melt-back in summer
progresses beyond the shelf edge of the Chukchi and Beaufort seas, ice-dependent
species such as walrus and bearded seal (Erignathus barbatus) have lacked ice floes

over shallow shelf waters from which they can forage for benthic prey (Jay et al., 2012).

The location of the sea-ice edge is determined by a combination of freezing and
melting, wind forcing and currents. When the sea ice is advected over regions of
upwelling, such as‘over the Antarctic Shelf Slope Front, there is enhancement of
feeding opportunities for seabirds and marine mammals as the upwelling of nutrients
supports phytoplankton growth and subsequent transfers of energy up the food web
(Ainley et al., 2007). Also of importance, in upwelling areas, there is divergence within
the pack ice, which provides access to the air-water interface. These openings benefit
not only seabirds and seals that need to haul out on the sea ice, but also cetaceans that

are foraging within the pack ice (Ainley et al., 2007).

Advection of sea ice can also impact seabird populations through its effects on
molting habitat on landfast ice. For example, emperor penguin and Adélie penguin

breeding sites are numerous in the Ross Sea (Thrathan et al., 2011) where fast ice is
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available. Important emperor molt sites are thought to occur where ice floes are
constrained to remain in the early summer (Ainley et al., 2010).

10. Climate warming, advection, and responses of polar marine ecosystems

In both the Arctic and the Antarctic, ongoing climate change is altering wind
strength and patterns (Marshall et al., 2006; Bracegirdle et al., 2008, 2013) and ocean
currents. Also, atmospheric and ocean warming are altering the onset, extent, and
duration of seasonal sea ice (Smith et al., 2008, 2014b, Stammerjohn et al., 2008a, b;
Markus et al., 2009; Turner and Overland, 2009; Massom and Stammerjohn, 2010;
Stroeve et al., 2012; Frey et al., 2015). These changes in the physical system are
impacting the biological components of polar oceans (e.g., Clarke et al., 2007; Arrigo
and Van Dijken, 2011, 2015; Constable et al., 2014; Gutt et al., 2015). Future decreases
in sea ice cover will have severe impacts on organisms dependent on the sea ice
habitat for some or all of their life activities (Smith et al., 2014a). In the ocean many
organisms depend on passive transport for dispersal. Dispersal of reproductive forms is
especially important as a mechanism for maintaining gene flow between geographically
separate segments of a population, as well as a means for colonizing new regions.
Current trajectories may change in the future, and components of populations presently
connected by dispersal may become isolated. Many ecosystem components are
dependent on today’s combination of primary production and advection. If these
change, we can expect major changes in not only the biomass and productivity of polar
ecosystems, but also in their component species and the flow of energy through them.
Changing temperatures are also expected to affect the physiology of both poikilothermic
and homeothermic organisms. In the examples below, the emphasis is on possible
direct effects of advection and their impacts, but also indirect effects through warming

and reduced sea ice.

10.1. Expected changes in atmospheric circulation
Rising temperatures globally are expected to increase latent heat transport by

the atmosphere into the Arctic, which will warm primarily the lower troposphere
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(Flannery, 1984; Alexeev et al., 2005; Cai, 2005; Held and Soden, 2006; Langen and
Alexeev, 2007; Kug et al., 2010). On the other hand, sensible heat transport will decline
due to the reduction in the equator-to-pole temperature gradient, and this will more or
less offset the latent heat transport increase (Hwang et al., 2011). Poleward shifts of
storm tracks in the Northern Hemisphere will contribute to polar warming and the
increase in moisture flux into the Arctic (Kug et al., 2010), with possible modifications to
the Arctic Oscillation (Choi et al., 2010). The Arctic Polar Vortex will likely weaken,
resulting in closer atmospheric connections between the Arctic and sub-Arctic regions,
including a likely increase in the frequency of equatorward outbreaks of cold, high-
latitude air during winter (Overland et al., 2011; Francis and Varvus, 2012). Smaller-
scale regional changes are also expected, e.g., in the Beaufort Sea region, stronger
easterly winds coupled with the near-surface warming will likely promote northward
pack ice retreat through both melting and advection via Ekman transport (Wood et al.,
2013).

In the Antarctic, future climate change will be driven largely by stratospheric
ozone recovery and increasing greenhouse gases. The depletion of the stratospheric
ozone since the late 1970s has led to a small cooling over much of the Antarctic
continent. However, the first signs of the recovery of the ozone hole have now been
confirmed (Solomon et al., 2016), and the concentrations of stratospheric ozone are
expected to recover to pre-ozone hole levels in the 2050-2070 time-frame (Newman et
al., 2006). Both the recovery of the ozone hole and an increase in greenhouse gas
concentrations are projected to result in atmospheric warming, with most models that
include both effects indicating a magnitude of warming less than the global mean at the
end of the 21% century (IPCC, 2013). The combination of ozone recovery and
anthropogenic warming suggest that the recent positive summertime trends in the
Southern Annular Mode will change to negative over the coming decades as the ozone
hole recovers (Arblaster et al., 2011; Thompson et al., 2011). This implies the likelihood
of a future reduction in the strength and a shift northward of the westerly winds
(Thompson and Solomon, 2002; Meijers et al., 2012).
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10.2. Expected changes in ocean circulation

Under future climate warming, oceanic heat transport into the Arctic by the
Atlantic inflow will increase (Koenigk et al., 2013), causing ocean temperatures in the
Arctic to continue rising, primarily in the intermediate and deep layers (Koenigk and
Brodeau, 2014). Itis very likely that the Atlantic Meridional Overturning Circulation will
decrease within an estimated mean range of 11-34% by the end of this century (IPCC,
2013). However, it remains unclear what effect this may have on the volume transport of

Atlantic water to the Arctic.

Future sea level rises in the Arctic Ocean (Church et al., 2011; Yin et al., 2010)
or in the Atlantic (Hu et al., 2008) could potentially alter the Bering Strait through-flow
into the Arctic since this flow is driven primarily by the difference in sea level height
between the North Pacific and the Arctic Ocean (Stigebrandt, 1984; Aagaard et al.,
2006). Confidence in the accuracy of such projections remains low (Church et al.,
2011), so the Bering Strait throughflow represents an unknown contributor to change,
but still a potentially important tipping point for the future Arctic ecosystem. Further
warming will also likely play some role in altering existing oceanic advection pathways

and processes such as freshwater storage in the Beaufort Gyre.

In the Southern Ocean, there will also be increased warming of surface waters
under climate change, with the greatest warming predicted to occur between 40° and
60°S, owing mostly to a southward translation of warmer subtropical waters (Sen Gupta
et al., 2009). Recent CMIP5 projections (Meijers et al., 2012) show no consistent trend
in the Antarctic Circumpolar Current among models. Despite changes in strength and
location of westerly winds, Antarctic Circumpolar Current transport anomalies under
future climate forcing scenarios (2070 — 2099 mean) varied between —-26 to +17 Sv, and
the Antarctic Circumpolar Current shifted polewards in models where the transport
increases and equatorwards in models with transport decreases. Indeed, Meijers et al.
(2012) found no significant correlation between the Antarctic Circumpolar Current
position change and that of the westerly wind jet. While the Southern Ocean presently

accounts for 75% of the global excess heat uptake and 43% of the anthropogenic
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carbon dioxide uptake (Frdlicher et al., 2014), it is uncertain how climate change will
impact the processes governing these uptake rates in the future (Sallee et al., 2013). In
addition, surface waters are experiencing declines in pH and altered aragonite
saturation states (ocean acidification), which are already impacting some marine
organisms (BednarSek et al., 2012). However, the degree to which ocean acidification

will impact food webs and trophic interactions remains unclear.

10.3. Expected changes in sea-ice cover

The advection of heat in the atmosphere coupled with changes in the wind
impact sea ice. In the Arctic, the seasonal sea-ice cover will continue to shrink and thin
during the 21 century. Based on the CMIP5 multi-model ensemble (IPCC, 2013),
projections of average reductions in Arctic sea-ice extent for 2081— 2100 compared to
1986-2005 range from 8% to 34% in February and from 43% to 94% in September
(medium confidence). The variability is based on different assumptions of the CO.
concentrations, with the lower and higher values for each month based on
Representative Concentration Pathways (RCPs) of 2.6 and 8.5, respectively. A nearly
ice-free Arctic Ocean (sea-ice extent < 1 x 10° km? for at least 5 consecutive years) in
September is likely before mid-century (Stoeve et al., 2012; IPCC, 2013; Overland et
al., 2014). This projection is given medium confidence (IPCC, 2013), as controlling
atmospheric and oceanic heat fluxes are not known with high precision, and small
changes to the heat balance (on the order of 1 W m™) have imparted large-scale
alterations to the Arctic sea ice in the past (Kwok and Untersteiner, 2011). Because we
currently lack the ability to detect and account for such subtle heat budget alterations,
our ability to predict future changes of the Arctic sea-ice system is limited. That said, it is
still expected that summer sea-ice cover will continue to decline in most of the Arctic
Ocean and its marginal seas, although continued winter sea-ice presence is expected
indefinitely (Overland and Wang, 2013; Stroeve et al., 2014; Wang and Overland,
2015).

The impact of advected heat varies for different regions in the Arctic, with higher

ice losses expected in the European Arctic and Far Eastern Russian zones, and less
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north of the Canadian Archipelago (Barber et al., 2015). With continued warming
conditions, sea-ice cover formation will continue to occur later and retreat earlier,
leading to further reduction in sea-ice duration. In a seasonally ice-free ocean, there will
be no multi-year sea-ice habitat remaining. Because wind stress couples to the
underlying ocean with different efficiencies for different ice types and concentrations
(Shulze and Pickart, 2012), and thinner ice provides potential for greater deformation
rates and ridge/keel formations, the character of the future first-year ice isdifficult to

predict.

Sea-ice cover is also expected to decrease in the Bering Sea and decrease
further in the Barents seas. Variability in ice cover on the Bering Sea shelf is associated
with wind-driven variability in the advection of warmer waters onto the shelf during
winter (Stabeno et al., 2001), with enhanced onshelf flow when winds are predominantly
from the southeast (Danielson et al., 2012a, b). Model projections suggest more ice-free
years in the southeast Bering Sea (Wang and Overland, 2015), while the winter cover of
sea ice in the northern Bering Sea north of 60° N is not expected to decline significantly
in the foreseeable future (Stabeno et al., 2012). In the Barents Sea, sea-ice variability is
linked to the heat transport carried by the influx of Atlantic Water with increased heat
transport leading to reduced seaice (Anthun et al., 2012; Sandg et al., 2014).
Previously much of the winter sea ice in the Barents Sea was transported from the
Arctic by northerly winds (Sorteberg and Kvingedal, 2006) or was formed locally.
Recently, however, the high heat flux into the Barents has acted to prevent local sea-ice
formation, resulting in reduced ice coverage. This observed northward retreat of the
position of the winter sea-ice maximum in the Barents Sea is expected to continue due
to anticipated high heat transport by the Atlantic waters (Slagstad et al., 2011; Anthun et
al., 2012; Smedsrud et al., 2013; Wassmann et al., 2015).

In the Antarctic, Hobbs et al. (2016) have reviewed recent changes in sea-ice
cover and the drivers responsible for the changes. Climate models suggest a future
decrease in sea-ice extent and volume (IPCC, 2013). The CMIP5 multi-model mean

projects a decrease between 1986-2005 and 2081-2100 in sea-ice extent that ranges
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from 16% to 67% in February, for RCPs 2.6 and 8.5, respectively, and from 8% to 30%
in September. These projections, however, have low confidence because of the wide
inter-model spread and the inability of almost all of the available models to reproduce
the mean annual cycle, interannual variability, and the present overall increase of the

Antarctic sea-ice areal coverage (IPCC, 2013; Hobbs et al., 2016).

10.4. Expected changes in biota

Climate change and its induced effects on advective processes.in the ocean will
impact the biota of polar marine ecosystems, both directly through impacts on
physiology and prey resources, and indirectly through changes in habitat quality. For
example, in the northeastern North Atlantic, the concentration of silicic acid in water
flowing into the Arctic Ocean has declined by 25% over the last 20 years because of
changes in the source regions of water masses entering the Norwegian Sea (Rey,
2012). This may lead to a decline in diatom production and a change in phytoplankton
composition, with likely impacts on the food web of the southern Barents Sea (Rey,
2012).

10.4.1 Effects of advective changes on primary production

Projected future reductions in ice cover will also increase the amount of
irradiance penetrating the water column and the duration of the growing season, both of
which will tend to increase production (Arrigo and van Dijken, 2011; Arrigo et al., 2012).
Increased production requires input of additional nutrients into the photic zone through
regeneration, vertical mixing, or advection. While the mechanisms are not clear, the
increased frequency of surface fall blooms around the Arctic shelf and slope regions
(Ardyna et al., 2014) suggests that additional nutrients are available for plankton to
benefit from a longer growing season. In the Arctic, as ice retreats beyond the shelf
break, it allows wind-induced upwelling to transport deep, warmer and nutrient-rich
Pacific or Atlantic waters from the basins onto the shelves (Carmack and Chapman,
2003). This upwelling is projected to increase primary production on the shelves
(Carmack and Chapman, 2003; Dmitrenko et al., 2006; Pickart et al., 2013; Trembly et

al., 2015). However, there is still no consensus as to whether the declining ice cover
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and thickness in the Arctic Basin will reduce or promote increased primary production,
or whether ice algal primary production will remain a minor fraction (<20%) of surface
primary production in early spring on a pan-Arctic basis (Barber et al., 2015; Leu et al.,
2015).

The main effect of changes in ice cover and timing of ice melt may be on the
timing and fate of ice algae and phytoplankton blooms (Sgreide et al., 2010; Leu et al.,
2011). Early ice retreat and thinner ice will lead to an increase of irradiance in the water
column and under the ice, which may shift the onset of ice algal and phytoplankton
production to earlier in the season (Arrigo and van Dijken, 2011; Frey et al., 2011; Ji et
al., 2013). Conversely, expanded areas of open water may delay the phytoplankton
bloom due to wind-induced mixing delaying the formation of the seasonal pycnocline, as
is apparently the case in the eastern Bering Sea (Baier and Napp, 2003; Bluhm and
Gradinger, 2008; Hunt et al., 2011). Changes in timing of bloom events may have
repercussions for herbivorous zooplankton and ice fauna species as the probability for a
“‘mismatch” increases if the sequential timing is altered for primary production blooms
relative to life history events of herbivores that rely on energetic input from the blooms
(e.g., for reproduction and recruitment; Baier and Napp, 2003; Sgreide et al., 2010;
Varpe, 2012; Daase et al., 2013).).

In the Southern Ocean, changes in advective processes will affect the type,
timing, and amount of primary production. Eventually, the advection of heat from lower
latitudes (Sen Gupta et al., 2009) will result in thinning of sea ice and earlier melt back,
although such exchanges are at present limited. Atmospheric warming will result in ice
melt, and thus an increase stratification, as well as provide increased irradiance to the
water column. The increased duration of growth will result in increased annual
production. The thinning of sea ice could allow more under-ice production, although
such production in the Southern Ocean is extremely small (Arrigo et al., 2012).
Avalilable iron in the upper water column during summer is at vanishingly low
concentrations at present. Glacial melt can provide a substantial source of iron, and

because advective processes provide the heat to drive such basal ablation, changes in
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advection can locally impact iron sources and hence productivity (Arrigo et al., 2015).
Hence, the increased duration of the growing season will result in a modestly increased
annual production, and the increase will be at daily rates similar to those found today.

It is also uncertain how wind forcing will change, although it is thought that, as
the ozone hole recovers, there may be a reduction in the westerly winds (Thompson
and Solomon, 2002; Meijers et al., 2012). This would result in diminished wind mixing
and increased stratification. Increased stratification will reduce fluxes of nutrients into
the euphotic zone in all seasons except winter, but will provide an optimal irradiance
environment for phytoplankon (Sarmiento et al., 1998). Additionally, increased
stratification generally supports diatom growth relative to other functional groups (e.g.,
haptophytes) in nutrient-replete conditions (Krupuenske et al., 2009). Certain localized
regions of enhanced production exist today where bathymetrically driven upwelling and
deep vertical supply iron to surface waters (Prézelin et al., 2000; Quéguinér, 2013), and
it is expected that these will continue with little change in the future.

10.4.2. Effects of advective changes on sea-ice invertebrate fauna

Sea ice is a critical habitat for the organisms that live within the ice and on its
surfaces. In the Arctic, further disappearance of multi-year ice will likely decrease the
abundance of long-lived (6 years), ice-dependent amphipod species, such as G.
wilkitzkii (Beuchel and Lanne, 2002; Gradinger et al., 2010; Barber et al., 2015), with
possible replacement by the more pelagic amphipod Eusirus holimi (H. Hop, diving
obs.). Species diversity has already declined, at least regionally (Melnikov et al., 2002),
but differences in sampling efforts also need to be taken into consideration when
determining change. Allochthonous macrofaunal species, as well as ice algae and
meiofauna, are expected to be less affected since they rely on sea ice for only part of
their life cycles and can re-colonize seasonal ice (Sgreide et al., 2010; Hop et al., 2011).
Changes in the location of sea ice will impact the fate of ice-dwelling organisms when
the ice melts and will also affect the vertical flux of particulate organic matter to the

benthos.
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The future role of sea ice in the reproduction and recruitment of krill and silverfish
in the Southern Ocean is uncertain. Since Pleuragramma eggs have been observed
floating in platelet ice under sea ice, sea ice may be important as a nursery ground for
this fish (Vacchi et al., 2012). Reductions in seasonal sea-ice extent may lower krill
recruitment and larval survival in the Bellingshausen and Scotia seas (Kawaguchi-and
Satake, 1994; Loeb et al., 1997; Siegel, 2000; Atkinson et al., 2004). However, krill have
many alternative behaviors that vary between location and seasons, and these may

reduce their vulnerability to declines in sea-ice cover (Daly, 2004).

10.4.3. Effects of advective changes on benthos

Changes in currents over shelves have the potential to affect the species
composition, distribution and abundance of the benthos through changing sediment
grain size (Lovvorn et al., 2014), reshaping bottom features, and modifying the
overlaying hydrography (Blacker, 1957; Cushing, 1982). Reproductive forms of many
boreal species are transported to the Arctic in Atlantic Water. When these currents
warm or become stronger, new species may find their way north. Such was likely the
case for the reappearance of the blue mussel on Spitsbergen after an apparent
absence of over 1000 years (Berge et al., 2005, 2006). Thus, under future climate
change, increased spreading of boreal species to the north is expected. Furthermore,
reductions in sea ice in the central Arctic will likely enhance invasion of benthic taxa
from the Pacific to the Atlantic due to more freely flowing currents (see discussion in
Renaud et al., 2015).

It is not known how expected changes in the Antarctic will influence the benthos,
although most of the mechanisms that apply to the Arctic might be expected to apply in

the Antarctic as well.

10.4.4. Effects of advective changes on zooplankton
In both the Arctic and the Antarctic, a faster melt-back of seasonal sea ice cover
(e.g., Danielson et al., in press) will affect the match between the needs of zooplankton

that graze on under-ice algae and its availability. For example, in the Arctic, early retreat
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of sea ice may affect the productivity of Calanus glacialis, since their reproduction
and/or the growth of the new generation depends on energy provided by ice algae,
(e.g., ice-associated diatoms, such as Nitzschia frigida), as well as on the timing of ice
algae and pelagic blooms relative to each other (Runge and Ingram, 1991; Sgreide et
al., 2010). Likewise, in the Southern Ocean, loss of sea ice would affect the productivity
of both Antarctic krill and copepods (Atkinson et al., 2004).

Zooplankton are generally expected to shift their distributions poleward as
temperatures increase. However, as most polar zooplankton are only capable of living
within a restricted temperature range, this will in part limit the extent of their possible
distributional shifts under climate change. Existing, steep temperature gradients, e.g.,
across the Antarctic Polar Front, will continue to limit how far poleward sub-Antarctic
taxa will be able to penetrate in the future (Mackey et al., 2012). In the Arctic, the high
seasonality in incoming solar radiation and the resulting seasonality in food availability
will determine how far poleward some zooplankton will be able to move (Ji et al., 2012;
Sundby et al., 2016). Changes in current flow or temperature increases are also
expected to alter the timing of life cycle development and food resources needed for

reproduction.

In the Chukchi Sea and Chirikov Basin, the biomass of zooplankton is largely
determined by northward flows through Bering Strait. Thus, any change in advection
through the Strait would be expected to affect proportionately the biomass of
zooplankton present in the Chirikov Basin and the Chukchi Sea. Flow through Bering
Strait has increased since 2001 (Woodgate et al., 2012, 2015), but it is unclear if and
how its magnitude may change under climate warming. Similarly, changes in the
advection from the Norwegian Sea into and through the Barents Sea and through Fram
Strait affect the transport of zooplankton into the Arctic Basin. Recent modeling studies
suggest a 15-30% increase in the transport of expatriate oceanic copepods into the

Arctic Basin (Wassmann et al., 2015).
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In the Antarctic, there may be increases in advection of zooplankton from the
western Antarctic Peninsula to South Georgia, as well as shorter transport times
(Renner et al., 2012). The shorter transport times may lead to lower krill mortality, but
the krill also may be smaller upon arrival, which could affect mortality due to predation.
Alternatively, future warming and the reduction of sea ice over the next century may
lead to rapid reductions in krill abundance and biomass as a result of reduced influx of
krill into the northern regions of the Scotia Sea, though this prediction is highly uncertain
(Murphy et al., 2007b). Western Antarctic Peninsula shelf regions also may experience
significant reductions of sea ice, which, in turn, may reduce food availability to larval krill

during winter and spring.

10.4.5. Effects of advective changes on fish

Advection affects fish both through the dispersal of eggs and larvae and through
the advection of their prey (zooplankton). Advection from the sub-Arctic into the Arctic in
both the Pacific and Atlantic sectors provides potential pathways of dispersal for
planktonic eggs and larvae and facilitates the expansion of fish populations into a
warming Arctic (Hollowed et al., 2013). The advection of warmer waters into the Arctic,
combined with local warming, suggests that boreal fish species may increasingly out-
compete cold-adapted, stenothermic (requiring a narrow range of ambient
temperatures) species (Peck, et al., 2004; Laurel et al., 2016), resulting in a
“borealization” of the Arctic (Fossheim et al., 2015). Significant changes in the advection
of zooplankton oricthyoplankton under climate warming would cause changes in the
populations of fish. For example, zooplankton advected from the Norwegian Sea in
Atlantic Water support fish populations in the southern Barents Sea. Seasonal and inter-
annual changes in the flow of Atlantic Water into the Barents Sea have significant
impacts on the availability of zooplankton to these predators (Dalpadado et al., 2012a,
b).

The potential changes in direction and speeds of Southern Ocean currents in the
future are highly uncertain. If changes do occur, they could disrupt the interactions of

ocean currents with the life cycles of species such as toothfish, as the currents are
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important in maintaining toothfish through determining the degree of connectivity
between populations (Ashford et al., 2010; Damerau et al., 2012).

10.4.6. Effects of advective changes on seabirds and marine mammals

Neither polar seabirds nor marine mammals use currents for their dispersal or
travel, although in both polar oceans these predators depend on the advection of
zooplankton. Likewise, the advection of detritus and particulate carbon supports rich
benthic communities on shallow Arctic shelves that in turn support benthic-foraging
marine mammals. Future increases in precipitation, river runoff, and coastal erosion
rates are expected to increase the amount of detritus delivered to the Arctic Ocean and
hence are likely to alter the structure and functioning of benthic communities (Carmack
et al., 2015).

Likely, the most important impact of advection on seabirds and marine mammals
will be to alter the spatial and temporal distributions of sea ice. In the Arctic, only a few
species of seabirds are dependent on sea ice as a platform on which to forage or rest
(e.g., Divoky et al., 2015); in contrast, in the Antarctic many species of seabirds use ice
during their life cycles. However, the response of ice-associated seabirds is likely to
differ regionally based on projected increases or decreases in sea-ice cover (Croxall et
al., 2002; Ainley et al., 2010; Younger et al., 2016). Declines in sea ice cover may or
may not have adverse impacts on seabirds in all regions of the Antarctic. For example,
in a year of extreme sea-ice cover in East Antarctica, seabird reproduction largely failed
(Barbraud et al., 2015). Many species of marine mammals in both the Arctic and the
Antarctic require sea ice as a platform on which to rest, forage, give birth to and nurse
their pups, as well as to escape from predators. As the area of ice available to them
declines, they will be forced to use alternative habitats or decline. In contrast, other
species of marine mammals may be able to move into higher latitude regions as ice
melts and the conditions change (e.g., Moore and Huntington, 2008; Siniff et al., 2008;
Costa et al., 2010).
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The availability of sea ice over shallow shelves is important for some Arctic
pinnipeds. If the only ice available to resting walrus pups is over the Arctic Basin, then
the walrus may turn to land haul-outs and utilize different and more coastal foraging
regions, with unknown consequences for the population (Jay et al., 2012). Those seal
species that utilize ice for pupping will likely suffer larger pup mortality and ultimately
reduced abundance. Polar bears use ice for migration, mating, and to prey on seals.
With reductions in sea ice, the sea-ice habitat will shrink substantially and the numbers
of both polar bears and ice-dependent seals are expected to decline (Loeng et al.,
2005; Durner et al., 2009; Rode et al., 2014). Polar bears may have to retreat to land,
which will likely lead to increased starvation for lack of appropriate food and declines in

abundance (Hamilton et al., 2014).

In the Antarctic, an important transport of zooplankton to seabirds and marine
mammals occurs in that portion of the Antarctic Circumpolar Current that carries krill
from the Antarctic Peninsula and the Weddell Sea to South Georgia (Murphy et al.,
1998, 2007a; Trathan et al., 2006; 2007). Should this transport of krill diminish or fail,
the immense populations of seabirds and marine mammals there would likely not
persist. Substantial variability.in_circumpolar transport within marginal seas occurs
relevant ecological time scales, but also over much longer spatial scales (Pifiones et al.,
2013b). If advected heat reduces sea-ice extent, and concomitantly krill production, then
organisms dependent on krill, including those at South Georgia, will have a reduced
prey base. This isalso true of other species, such as several species of penguins, many
species of volant seabirds, seals, including Antarctic fur seals, crabeater seals
(Lobodon carcinophagus), and the leopard seal (Hydrurga leptonyx) (Costa and
Crocker, 1996), as well as baleen whales. For example, Wiedermann et al. (2011)
predict that a loss of krill production due to sea-ice-loss would severely restrict blue

whale (Balaenoptera musculus) recovery.

10.4.7. Impacts of advective changes at the ecosystem level
Because of the differences in advective regimes, as discussed above, the marine

ecosystems of the Arctic and Southern oceans have had very different periods of
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isolation and thus evolutionary histories. De Santana et al. (2013) analyzed and
compared the topologies, in terms of trophic connections, of the food web of an Arctic
marine ecosystem, the Barents Sea food web, with two food webs described for the
Southern Ocean. They found that the Barents Sea has a greater diversity of predators
and “top species” and the Southern Ocean systems examined have a greater diversity
of prey and basal species (de Santana et al., 2013). They argued that the Barents Sea
may be more vulnerable to trophic cascades that could result from the loss of key
predators, and that the Antarctic systems may be more robust to random extinctions,
with the exception that the loss of the most connected species, such as Antarctic krill,
could have profound effects. Although the Barents Sea, and in particular the southern
Barents Sea, may not be typical of most Arctic marine ecosystems, it is certainly well
connected to the North Atlantic, both in terms of the advection of nutrients,
phytoplankton and zooplankton, but also in terms of its openness to invasion by fish
species from lower latitudes (e.g., Hunt et al., 2013). The de Santana et al. (2013)
comparison of these food webs is perhaps most important as it brings into focus the
potential vulnerability, not just of species, but of these entire ecosystems to
perturbations that may result from climate change. Advection, and the resulting
connections to lower latitude seas, may be an important element in determining the

resilience of marine ecosystems to climate warming.

11. Conclusions

The differences between the Arctic Seas and the Southern Ocean are profound.
The Arctic is'an ocean surrounded by land, while the Antarctic is a land mass
surrounded by ocean, which influences both the atmospheric and oceanic circulation

patterns, as well as the living marine resources in both of these polar seas.

General Circulation Patterns
The Arctic Ocean has limited but strong connections to lower-latitude oceans,
whereas in the Southern Ocean, despite its apparent broad connections to the Atlantic,

Indian, and Pacific oceans, surface and intermediate depth waters are far less
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connected to the sub-Antarctic. In the sub-polar Northern Hemisphere, ocean currents
have a strong meridional component, with northward flows through the Bering Strait,
southward flows through the Canadian Archipelago, and two-way exchanges through
Fram Strait and the Barents Sea. The northward flowing currents carry heat, nutrients,
and both phyto- and zooplankton into the Arctic.

In the Southern Ocean, strong westerly winds drive the wide and deep Antarctic
Circumpolar Current, which disperses organisms principally longitudinally. Meridional
flow is limited, and together with the strong circumpolar fronts, tends to isolate Antarctic
waters from the sub-Antarctic. The exceptions to this simple annular circulation pattern
of surface and near-surface currents are the large Ross and Weddell gyres, which
penetrate farther south than the annular flows, and the northeastward flows that follow
the Scotia Arc to South Georgia.

Freshwater input

In the Arctic, freshwater input comes directly from several large rivers and
indirectly via the low-salinity Alaskan and Norwegian Coastal currents. The Antarctic
lacks major inputs of freshwater from rivers and advection from lower latitudes. Instead,
freshwater input is mainly from sub-glacial flows, which are increasing (Meredith et al.,

2013), and, in limited areas, from the melting of icebergs.

Heat and Ice

In the Northern Hemisphere, arguably the most important impact of northward
flows in both the atmosphere and the ocean is the transport of heat into the Arctic
Ocean. This advected heat, together with solar radiation and other surface heat fluxes is
responsible for the seasonal melting of sea ice and impacts the timing of events such as
ice edge blooms. In contrast, as a result of the strong annular organization of the
Southern Ocean currents and water masses, less heat is transported poleward than in
the Arctic. With the exception of the northern Antarctic Peninsula, sea ice cover in the

Southern Ocean has statistically increased (Simmonds et al., 2015).
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Evolution

In the Northern Hemisphere, the strong connections between the Arctic and sub-
Arctic Seas have resulted in the sharing of species, not only between the sub-Arctic and
the Arctic, but also at times between the Pacific and Atlantic Oceans via transport
across the Arctic Ocean. The Arctic has been open for several thousands of years and
is still in a state of continuing colonization, with more exchanges expected (Dayton et
al., 1994). In contrast, in the Southern Hemisphere, the annular flows tend to isolate the
surface waters south of the Antarctic Circumpolar Current from the rest of the World
Ocean. This current has existed for millions of years, thereby allowing the Southern
Ocean to develop a unique flora and fauna (Gili et al., 2006; Rogers et al., 2012). This
isolation has resulted in the evolution of zooplankton and families of fish adapted to
living at extremely low, but constant temperatures. These stenothermic species may not

be able to adapt to quickly rising temperatures.

Nutrient delivery and primary production

In the Arctic, a major portion of available nutrients is replenished by horizontal
transport northward in surface or near-surface waters from both the Pacific and the
Atlantic. These waters provide the macro-nutrients required to fuel primary production in
the Arctic, the majority of which occurs on the shelves. In contrast, in the Antarctic,
vertical advection of nutrients through upwelling in the Southern Ocean is the principal
mechanism for replenishment of nutrients in surface waters. This upwelling brings
Circumpolar Deep Water towards the surface, where mixing brings this water, as well as

iron from the sediments, into the euphotic zone.

As sea ice retreats over the Arctic basin earlier in the year, wind-driven upwelling
at the shelf edge may increase the availability of nutrients. In the Antarctic, this is a less
important mechanism as the shelves are deep. Iron is not a limiting micro-nutrient in the
Arctic, which is in contrast to the Southern Ocean. The latter is a macro-nutrient-replete
system and low iron concentrations limit primary production throughout most of the

region.
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Changes in light availability and nutrient delivery to the euphotic zone will affect
the amounts of primary production in both the Arctic and the Southern oceans, and
likely as well, the species composition of the primary producers. Perhaps as important,
changes in the timing of primary production may affect its availability to herbivorous
zooplankton, and mis-matches in the timing of the needs for plant cells versus their
availability may cause a shift in the fate of the primary production.

Benthos

Advection is important in both hemispheres as a means of supplying organic
material to the benthos from distant locations of surface primary production. There is
tight pelagic-benthic coupling in some of the shallow Arctic shelves such as the Chukchi
and Barents seas, but in the deeper shelf areas of both the Arctic and the Antarctic,
pelagic-benthic coupling is less likely. These conditions have shaped different benthic
shelf assemblages in the Polar Regions.

Zooplankton

In the Northern Hemisphere, the meridional flows are important for transporting
zooplankton both from the sub-Arctic seas to the Arctic, and from the Arctic to the sub-
Arctic. In the Pacific sector, northward transport of zooplankton is essential for the
support of high numbers of seabirds and marine mammals in the Chukchi Sea. In the
northeastern Atlantic, the high secondary and tertiary productivity of the southern
Barents Sea is strongly supported by the advection of zooplankton from the Norwegian
Sea. Likewise, southward flows through the west side of Fram Strait carry ice-
associated organisms and Arctic zooplankton along the east side of Greenland. Most of
the ice-associated biomass likely sinks to the bottom as the ice melts, whereas
zooplankton are carried far south along the Greenland coast. In the Southern Ocean,
the annual flows homogenize the populations of zooplankton around the continent. Only
in places like the Scotia Sea or the Ross Sea are there significant northward transports
of zooplankton, which are vital to the well-being of colonies of seabirds and marine

mammals that depend upon the advected resources.
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Fish

Fish that have pelagic eggs or juveniles depend on advection to transport
offspring from spawning areas to suitable nursery areas. In the Arctic, advection of
pelagic stages coupled with warming waters may permit poleward advances by some
species (Hollowed et al., 2013). For others, especially cold-adapted stenotherms,
increased physiological challenges may result in range contractions because warming
waters affect the ability of poikilothermic organisms to cope with other stresses (Portner,
2010; 2012). We know little about how these physiological responses will affect species
interactions and, in turn, ecological function (e.g., Portner and Farrell, 2008; Pértner and
Peck, 2010). Changes in advection are likely to affect the rates and patterns of the
poleward advance or retreat of fish populations, but are unlikely to halt the borealization
of the Arctic. In the Southern Ocean, changes in zonal advection may affect the
connectivity among populations, but advection is likely to play a more limited role in
latitudinal shifts in distribution compared to the Arctic. However, enhanced upwelling of
deep waters may facilitate the poleward movement of deep-water species onto the
shelf.

Seabirds and marine mammals

Regionally in both the Arctic and the Antarctic, seabirds and marine mammals
depend on currents to advect zooplankton and small forage fishes to the vicinity of
breeding locations: Within regions, these predators often depend on fronts and other
physical mechanisms to concentrate prey or enhance the accessibility of prey. Changes
in the location of fronts and their associated transport may alter the predictable supply

of zooplankton prey to island and open ocean predators.

Future

The two Polar Regions, will likely respond to global warming by following different
trajectories. Currently, the Arctic is warming while much of Antarctica is cooling.
Eventually both regions are expected to warm. As they do, sea ice will be present for
shorter periods, will melt more rapidly, and will cover decreasing areas. This decline will

have a particularly severe impact on ice-dependent organisms, such as some species
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of zooplankton and fish that use the sea-ice under-surface habitat, or the seabirds and
marine mammals that require sea ice as a platform for foraging, mating, giving birth or
resting. Once multi-year ice is gone, the organisms dependent on a stable sea ice
habitat will decrease or disappear. Likewise, stenothermic cold-water species will be
disadvantaged, particularly in the Arctic, which will warm faster. Heat directly affects
physiological rates and the ecological roles of key species may be compromised by
their physiological responses to warming. New species will come to occupy the Polar
Regions, due to both range expansions and introductions, and they may outcompete or
prey on the resident polar species. New polar marine ecosystems will replace those that
are present now. It is certain that the future advective regimes in the Arctic and Antarctic
will play an important role in the composition and productivity of the future polar marine

ecosystems.
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Figure legends
Figure 1. Left: Place names in the Arctic and sub-Arctic referred to in the text; Right:
Major currents and water masses in the Arctic and sub-Arctic.

Figure 2. Pacific Arctic, with details of water masses, currents and physical features
referred to in the text. Mean annual ice flux from: Woodgate, R.A., Aagaard, K.
(2005).

Figure 3. Atlantic Arctic, with details of water masses, currents and physical features
referred to in the text. Mean annual ice flux from: Hop, H., Pavlova, O. (2008).

Figure 4. Left: Place names in the Southern Ocean and sub-Antarctic referred to in the
text; Right: Major currents and water masses in the Southern Ocean and sub-
Antarctic. Note: the Ross, Scotia, and Weddell seas are defined by circulation,
unique water mass characteristics and geomorphology; the other 'seas'

surrounding the Antarctic continent are not so defined.

Figure 5. The annual mean level pressure (MSLP) for 1979 — 2014. (a) the Arctic and
(b) the Antarctic. Scaled by: 0.01.

Figure 6. Upper:Arctic oscillation, with Left: negative phase with warm periods and
Right: ~Positive phase with cold periods (modifed from J. Masters
http://mww.wunderground.com/blog/JeffMasters/comment.html?entrynum=2393
21 May 2015. Dr. Jeff Masters, 2:52 PM GMT, April 25, 2013). Lower; Ice drift
patterns during negative and positive phases of the Arctic oscillation. Modified

from Ugryumov, A., Korovin, V. (2005).
Figure 7. The difference in annual mean mean sea level pressure (MSLP) between the

upper and lower quartile of years based on the SAM index. The areas where the

difference is significance at p < 0.05 are enclosed by a bold line. A positive SAM
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Is associated with low (high) MSLP at high (lower) latitudes and stronger westerly
winds over the Southern Ocean and a deeper Amundsen Sea Low.

Fig. 8. Top: Changes in the age of sea ice present over the Arctic ocean. Note the loss
of multiyear-ice since 1985; bottom, left, distribution of ice of different ages in
March 1983 and right, in 1915 . Downloaded 2016 03 18 from NOAA PMEL
Arctic Report Card, D. Perovich, W. Meier M. Tschudi, S. Farrell, S. Gerland, and

S. Hendricks, Sea Ice, http://www.arctic.noaa.gov/reportcard/sea_ice.html

Figure 9. Cartoon of sympagic fauna associated with first year ice and multi-year ice.

Fig. 10. Mean annual abundance of silicate and nitrate in the Arctic (top) and Antractic
(bottom). Note “tounges” of silicate and nitrate being advected into the Arctic
Ocean. The figures are based on data from the NOAA website:
http://www.nodc.noaa.gov/OC5/WOAO09/netcdf_data.html.

Figure 11. Advection of krill from the Artarctic Peninsula and Weddell Sea to the vicinity
of South Georgia. This time series of krill biomass transport is based on krill
biomass as determined in'the CCAMLR 2000 krill survey (Hewitt et al., 2004) and
the OCCAM velocity fields (depth-weighted mean for the upper 182 m) for the
three-month period following the CCAMLR 2000 Survey. The krill biomass (gm™)
field is shown for: (A) day O (original grid), (B) day 30, (C) day 60, and (D) day
90. The. colored points show the position of passive drifters released on 16
January 2000 on each of these days. Thick black lines mark the mean ice edge
(15% concentration) for each month. The circular pie chart shows the proportion
of the original krill biomass remaining in the grid area. From: Murphy, et al., 2004,

with permission.
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2016 03 18 Figures & Captions- Arctic Antarctic advection
Figure 1
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Figure 1. Left: Place names in the Ar sub-Arctic referred to in the text; Right:

Major currents and water masses in the Arctic and sub-Arctic.
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Figure 2
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Figure 2. Pacific Arctic, with details of water masses, currents and physical features
referred to in the text. Mean annual ice flux from Woodgate, R.A., Aagaard, K.
(2005).
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Figure 3.
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Figure 3. Atlantic Arctic, with details of water masses, currents and physical features
referred to in the text. Mean annual ice flux from Hop, H., Paviova, O. (2008).
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Figure 4.
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Figure 4. Left: Place names in the Sout Ean and sub-Antarctic referred to in the
text; Right: Major currents and water masses in the Southern Ocean and sub-
Antarctic. Note: the Ros@ia, and Weddell seas are defined by circulation,
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Fig. 5
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Figure 5. The annual mean level pressure (MSLP) for 1979 — 2014. (a) the Arctic and
(b) the Antarctic. Scaled by: 0.01.
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Figure 6.

Negative AO phase Positive AO phase

Figure 6. Upper:Arctic oscillation, with Left: negative phase with warm periods and
Right: Positive phase with cold periods (modifed from J. Masters
http://www.wunderground.com/blog/JeffMasters/comment.html?entrynum=2393
21 May 2015. Dr. Jeff Masters, 2:52 PM GMT, April 25, 2013). Lower; Ice drift
patterns during negative and positive phases of the Arctic oscillation ( modified

from Ugryumov, A., Korovin, V. (2005).
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Figure 7.
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Figure 7. The difference in annual mean mean sea level pressure (MSLP) between the
upper and lower quartile of years based on the SAM index. The areas where the
difference is significance at p < 0.05 are enclosed by a bold line. A positive SAM
is associated with low (high) MSLP at high (lower) latitudes and stronger westerly

winds over the Southern Ocean and a deeper Amundsen Sea Low.
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Figure 8
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Fig. 8. Top: Changes in the age of sea ice present over the Arctic ocean. Note the loss
of multiyear-ice since 1985; bottom, left, distribution of ice of different ages in
March 1983 and right, in 1915 . Downloaded 2016 03 18 from NOAA PMEL
Arctic Report Card, D. Perovich, W. Meier M. Tschudi, S. Farrell, S. Gerland, and

S. Hendricks, Sea Ice, http://www.arctic.noaa.gov/reportcard/sea_ice.html
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Figure 9.
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Figure 9. Cartoon of sympagic fauna associated with first year ice and multi-year ice.
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Figure 10
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Fig. 10. Mean annual abundance of silicate and nitrate in the Arctic (top) and Antractic
(bottom). Note “tounges” of silicate and nitrate being advected into the Arctic
Ocean. The figures are based on data from the NOAA website:
http://www.nodc.noaa.gov/OC5/WOAO09/netcdf _data.html.
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Figure 11
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Figure 11. Advection of krill from the Artarctic Peninsula and Weddell Sea to the vicinity
of South Georgia. This time series of krill biomass transport is based on krill
biomass as determined.in the CCAMLR 2000 krill survey (Hewitt et al., 2004) and
the OCCAM velocity fields (depth-weighted mean for the upper 182 m) for the
three-month period following the CCAMLR 2000 Survey. The krill biomass (gm™)
field is shown for: (A) day O (original grid), (B) day 30, (C) day 60, and (D) day
90. The colored points show the position of passive drifters released on 16
January 2000 on each of these days. Thick black lines mark the mean ice edge
(15% concentration) for each month. The circular pie chart shows the proportion
of the original krill biomass remaining in the grid area. From: Murphy, et al., 2004,

with permission.
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Highlights:

1) Advection connects the Arctic with lower latitudes but isolates the Southern Ocean

2) Northward flowing waters have impact on Arctic productivity at all trophic levels

3) Arctic & Antarctic benthos, zooplankton & fish have contrasting evolutionary histories

4)Subpolar & polar fish, seabirds and marine mammals depend on.advection of zooplankton

5) Climate change will affect polar marine ecosystem structure, function & connectivity

148



