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Abstract

The continental shelf of the Ross Sea exhibits substantial variations in phys-
ical forcing, ice cover, and biological processes on a variety of time and space
scales. Its circulation is characterized by advective inputs from the east and
exchanges with off-shelf regions via the troughs along the northern portions.
Phytoplankton biomass is greater there than anywhere else in the Antarctic,
although nitrate is rarely reduced to levels below 10 pumol L~!. Overall
growth is regulated by irradiance (via ice at the surface and by the depths
of the mixed layers) and iron concentrations. Apex predators reach excep-
tional abundances, and the world’s largest colonies of Adélie and emperor
penguins are found there. Krill are represented by two species (Euphau-
sia superba near the shelf break and Euphausia crystallorophias throughout the
continental shelf region). Equally importantand poorly known is the Antarc-
tic silverfish (Pleuragramma antarcticunr), which is also consumed by most
upper-trophic-level predators. Future changes in the Ross Sea environment
will have profound and unpredictable effects on the food web.
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INTRODUCTION

Polar systems are being dramatically affected by a changing climate (Doney et al. 2012), but in
other ways they are among the least impacted by human activity of all marine ecosystems (Halpern
etal. 2008). The Ross Sea continental shelf (Figure 1) is an excellent example of this dichotomy:
Its food web is largely pristine (industrial fishing has been limited and mostly impractical until
recently owing to heavy ice conditions), but its chemistry is changing rapidly because of increasing
carbon dioxide concentrations, decreased pH, and an aragonite saturation state approaching 1
(Orr et al. 2005, Matson et al. 2011). Sea-ice seasonality is also changing rapidly (Stammerjohn
et al. 2008, 2012). As such, some aspects of this region’s ecology and food web dynamics remain
unperturbed, whereas others are rapidly responding to environmental changes (Smith et al. 2012).
Both conditions make the Ross Sea continental shelf one of the Southern Ocean’s most ideal
“natural laboratories” to test hypotheses dealing with natural interactions and processes.
Climate change affects the Ross Sea shelf largely through the physical forcing of the environ-
ment. For example, ice concentrations in the Ross Sea sector—which lies between 130°W and
160°E and extends north to 50°S (Arrigo et al. 2008a), in contrast to the continental shelf alone—
have been changing rapidly; unlike those in the West Antarctic Peninsula region, however, ice
concentrations in the Ross Sea have been significantly increasing in extent (Comiso & Nishio
2008) and duration (Stammerjohn et al. 2012), and they are responsible for the modest net in-
crease in Southern Ocean ice extent since 1979. Models of future atmospheric and ice conditions
(e.g., Bracegirdle et al. 2008) suggest that this trend is transient and that in 50 years the Ross Sea
will experience a substantial reduction in sea ice during austral summer driven by increased atmo-
spheric temperatures and changes in winds. Hence, the changes being observed now (increased
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Bathymetric map of the Ross Sea. Based on the ETOPOL1 bathymetry, with a contour interval of 100 m.
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sea-ice cover in the entire Pacific sector, with substantial spatial variability on the continental shelf;
Stammerjohn et al. 2008) may soon reverse. When that reversal occurs, some of the ecological and
oceanographic changes that have been observed in the West Antarctic Peninsula (Montes-Hugo
et al. 2009) may occur in the Ross Sea, albeit with substantial regional differences.

We review herein various aspects of Ross Sea oceanography and ecology, including the en-
vironmental settings, chemical oceanography, phytoplankton dynamics, and higher-trophic-level
interactions. We particularly emphasize changes that we believe will occur in the near future,
based on observed temporal trends both in the Ross Sea and elsewhere in the Southern Ocean as
well as modeled impacts and predicted forcing. We also provide topics that deserve investigation
to understand the Ross Sea’s ecology, its linkages to other systems, and its role in global processes.

THE PHYSICAL SETTING

Two important factors influence the climate and surface winds over the Ross Sea (Parish et al.
20006). First, the Ross Sea is one of the most active cyclogenetic regions in the world (Jones &
Simmonds 1993, King & Turner 1997) and is thus often subject to strong storms. Second, the
physiography of the region generates strong katabatic winds that flow from land over the ocean.
The Transantarctic Mountains along the southern and western sides of the Ross Ice Shelf and the
Victoria Land coast along with the elevated East Antarctic Ice Sheet immediately inland (Parish
etal. 2006) are generation sites of katabatic winds that flow down glaciers and can extend over the
coastal ocean, leading to areas of reduced ice concentration even in winter.

One example of this phenomenon is the Terra Nova Bay polynya (Bromwich & Kurtz 1984).
Over the Ross Ice Shelf, which covers the southern half of the Ross Sea, extensive cold-air
drainage (katabatic winds) occurs from the Siple Coast region in the east as well as from glacial
valleys of the Transantarctic Mountains (Parish et al. 2006). The katabatic flow loses its forcing
once it reaches the ice shelf, but a barrier wind along the mountains is created that leads to a
persistent northward airflow along the western and central sections of the Ross Ice Shelf. This
flow, which continues northward over the Ross Sea, is known as the Ross Ice Shelf air stream
(Parish et al. 2006, Seefeldt & Cassano 2012). It results in areas of reduced ice concentration
throughout the winter along the Ross Ice Shelf as ice is driven northward to create the Ross Sea
polynya. This process continues through November, and as the solar heat input increases, open
waters expand northward (Figure 2). This open water frequently extends off the shelf during
austral summer and often (but not always) becomes contiguous with the open Pacific Ocean. Sea
ice covers the Ross Sea quickly in early March and continues to thicken and expand throughout
winter. Brine is rejected during ice formation, which subsequently sinks and helps to form High
Salinity Shelf Water. Sea ice in the Ross Sea is generally annual, with some multiyear ice along
the coast of Victoria Land and in the eastern slope region.

Inputs onto the shelf are dominated by flows from the southern limb of the Ross Gyre of saline
and warm (>1°C) Circumpolar Deep Water (CDW) drawn from the Antarctic Circumpolar Cur-
rent (Orsi & Whitworth 2005, Orsi & Wiederwohl 2009). On-shelf transport of CDW is critical
to the heat and salt budgets, regional sea-ice cycle, and basal melt rate of the Ross Ice Shelf, as
it is the oceanic source of heat (Smith et al. 2012). Different mechanisms (flow inertia around
curved bathymetry, onshore advecting eddies in troughs, and atmospherically forced exchange)
have been proposed for the on-shelf CDW transport (Klinck & Dinniman 2010), but the exact
cause remains uncertain. Unlike in the southeast Pacific, where the southern boundary of the east-
ward Antarctic Circumpolar Current flows along the shelf break, the major dynamical obstacles to
rising waters are the abrupt poleward diving of isopycnals found over the upper continental slope
(Ainley & Jacobs 1981) and the westward-flowing slope current near the shelf break that carries
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Figure 2

Temporal progression of ice area and chlorophyll # concentrations on the Ross Sea continental shelf. Sea-ice
area is derived from special sensor microwave/imager (SSM/I) data from 1997 to 2012; chlorophyll # is
estimated from Sea-Viewing Wide Field-of-View Sensor (SeaWiFS)-Moderate Resolution Imaging
Spectroradiometer (MODIS)/Aqua data from the same period. Chlorophyll # concentrations at each time
point have a different number of values used to estimate concentrations because they are dependent on
cloud-free images.

a layer of cold and fresh Antarctic Surface Water (Whitworth et al. 1998). The Antarctic Surface
Water enters the eastern Ross Sea near Cape Colbeck as a narrow coastal current that advects
continental meltwater derived from upstream (Jacobs et al. 1985). Atmospheric cooling sustains
sea-ice formation during winter, especially in the wind-driven polynyas, where ice is made contin-
ually because the relatively warm ocean waters are never insulated from the atmosphere by sea-ice
cover. Ice formation increases sea-surface salinity and produces dense shelf water that fills most of
the shelf’s troughs, including under the floating Ross Ice Shelf. The mixture of meltwater from
the base of the Ross Ice Shelf with shelf water emerges as less saline Ice Shelf Water, identified
by temperatures below the surface freezing point (<—2.0°C), facilitated by the pressure-reduced
freezing point of seawater, and indicating contact with the base of the ice shelf at depth. The
shelf water flows northward along the western flank of the troughs, and when it reaches the shelf
break sills, it increases the tilt of the isopycnals and facilitates inflow of modified CDW (MCDW;
>0.5°C) at the base of the Antarctic Slope Front (Ainley & Jacobs 1981).

Because of the low stratification over the continental shelf, the circulation on much of the shelfis
strongly forced by the bathymetry owing to potential vorticity constraints (Dinniman et al. 2003).
Poleward extensions of MCDW are apparent over the western side of the many banks (Orsi &
Wiederwohl 2009, Kohut et al. 2013) that are oriented southwestward—northeastward (Figure 1).
The most conspicuous and persistent of these inflows appear as a subsurface “warm” core
(>—1.5°C) (Jacobs & Giulivi 1998). Across the western shelf, MCDW inflows mix with sur-
face waters. Enhanced mixing of shelf waters with MCDW at the Antarctic Slope Front, possibly
driven by the strong tides along the continental slope (Whitworth & Orsi 2006, Padman et al.
2009), produces a variety of dense waters that ventilate adjacent ocean basins. In the Ross Sea,
the export of cold Antarctic Bottom Water (<—1°C) is restricted to the regions off the Drygalski,
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Joides, and Glomar Challenger Troughs (Gordon et al. 2004). The less dense waters (<0.5°C)
descend to mid-depths along much of the slope front and freshen the CDW layer of the Ross
Gyre. Approximately 30% of the combined input of shelf water and Antarctic Surface Water to the
Antarctic Bottom Water and CDW layers is attributable to Ross Sea production (Orsi et al. 2002).

ELEMENTAL CYCLES

Waters of the Ross Sea continental shelf are highly productive, sustaining an annual primary
production of approximately 83.4 Tg C y~!, equivalent to a mean shelf-wide productivity of
0.82 g C m™2 d~! over a growing season of four months (Arrigo et al. 2008a). This production
rate is as great as any in the entire Southern Ocean and is particularly noteworthy given the size of
the Ross Sea continental shelf. Despite high rates of primary production, macronutrients (nitrate,
phosphate, and silicate) are rarely depleted from surface waters during the growing season and on
average are well above levels considered to saturate nutrient uptake (Figure 3). However, isolated
locations do experience the complete removal of nitrate (Smith & Nelson 1985). The general lack
of nutrient depletion is likely caused by two factors: iron availability and the low temperature-
limited growth rates (along with a short growing season imposed by ice). Conversely, locations that
exhibit more extreme macronutrient removal must have both adequate iron supplies and optimal
irradiance conditions.

Low dissolved iron concentrations limit phytoplankton growth and biomass over much of
the deep regions of the Southern Ocean (Boyd 2002). Although there are a number of potential
sources of iron to surface waters of the Ross Sea, including atmospheric seafloor sediments, sea ice
and glacial ice, MCDW intrusions, and mineral aerosols (Sedwick & DiTullio 1997) (Figure 4),
there is evidence that iron availability can limit phytoplankton growth in the Ross Sea during parts
of the growing season (Sedwick et al. 2000, Coale et al. 2005). Recent observations suggest that
substantially reduced iron concentrations develop during spring, implying that continued growth
and biomass accumulation during the summer months require inputs of “new” iron to surface
waters during summer (Peloquin & Smith 2007, Sedwick et al. 2011). Given the spatial scale
of the summer growth, the source of such inputs remains unclear, because atmospheric inputs
(dust) are thought to be restricted to the few ice-free land areas (such as the Dry Valleys along the
southern coast of Victoria Land). Little is known about the regeneration rates of iron in the surface
waters of Antarctica, although irradiance has been suggested to be important in the photochemical
alteration of iron bioavailability (Tagliabue & Arrigo 2005).

Primary production in waters overlying the exposed Ross Sea shelf appears to be characterized
by relatively high export efficiencies, perhaps facilitated by the formation of organic aggregates
(Asper & Smith 1999). The estimated f-ratios are approximately 50% (Asper & Smith 1999,
Cochlan et al. 2002). This, along with the importance of the Ross Sea as an area of deep-water
formation, suggests that the Ross Sea plays a significant role in the Southern Ocean carbon cycle
as a major regional anthropogenic CO; sink (Arrigo et al. 2008b). The Ross Sea also constitutes
a significant regional sink for silicic acid as a result of the preferential sedimentation of diatom-
derived opal relative to organic carbon (Nelson et al. 1996), which leads to the formation of
substantial diatomaceous deposits, suggesting that the Ross Sea plays a role in the global silica
budget as well (DeMaster 2002).

THE ROSS SEA FOOD WEB: PLANKTON

Phytoplankton assemblages in the Ross Sea have been studied intensively for decades. In general,
phytoplankton biomass and composition are coupled to ice distributions, the variations in
mixed-layer depth, and irradiance availability. Smith & Gordon (1997) found that biomass is
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Spatial distribution of average January concentrations (10 m) of (#) nitrate, (b)) phosphate, and (¢) silicic acid on the Ross Sea continental
shelf. Data taken from Garcia et al. (2010).
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elevated by mid-November and that growth is proceeding rapidly by that time. This indicated
that growth is initiated in late October, which was later confirmed by direct observations (Smith
et al. 2000). Although satellite observations of ocean color during this period are often obscured
by clouds (Arrigo & McClain 1994), those data also confirm that chlorophyll begins to increase
in November (Arrigo & van Dijken 2004), when mixed layers in the Ross Sea shoal to depths
that provide sufficient irradiance for growth. High, albeit light-limited, growth rates in spring in
conjunction with low losses due to grazing and sinking are responsible for the large accumulation
of biomass that is regularly observed in the southern shelf in late December. El-Sayed et al.
(1983) described large accumulations of the haptophyte Phaeocystis near the Ross Ice Shelf, and
Smith & Nelson (1985) reported massive accumulations (the largest accumulations of biogenic
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Schematic of the potential sources of iron to the Ross Sea. These include oceanic sources (dark blue arrows)
(inputs in the modified Circumpolar Deep Water, inputs from under the ice shelf in the Ice Shelf Water, and
vertical inputs via surface mixing and mesoscale eddies), sedimentary sources (brown arrows) (including any
inputs that occur via resuspension of sediments and vertical mixing in shallow bank regions), atmospheric
sources (red arrows) (from the Dry Valleys and Mount Erebus), and ice sources (yellow arrows) (via ice melt
during spring and summer and from glacial sources). Inputs from hydrothermal vents are possible but have
not been detected in the Ross Sea.

silica ever observed) of a diatom bloom off the coast of Victoria Land, both of which emphasize
the variability in space as well as time.

The temporal dynamics of phytoplankton assemblages in the Ross Sea have been well docu-
mented in the past two decades. Spring biomass is generally dominated by Phacocystis antarctica
(Smith & Gordon 1997, Arrigo et al. 1999); its dominance is explained by its ability to pho-
tosynthesize under the reduced spring irradiances (Kropuenske et al. 2009) (Figure 5). Sur-
face mixed layers in spring (November-mid-December) are approximately 50 m deep, whereas
those in summer are often less than 10 m (Smith & Asper 2001). Chlorophyll concentrations in
P. antarctica blooms can exceed 15 pg L~!. These generally decrease rapidly to low levels over a
two-week period, possibly as a result of aggregate formation and rapid sinking of intact colonies
when growth becomes limited by iron availability (DiTullio et al. 2000, Smith et al. 2011b).
The life cycle of Phaeocystis involves both solitary and colonial stages, including seasonal changes
in the relative numbers of each (Mathot et al. 2000). The two forms are ecologically separate,
with solitary forms being ingested by heterotrophic microplankton (Dennett et al. 2001, Smith
et al. 2003) and colonies sinking and being remineralized at depth. After the seasonal decline of
P. antarctica, phytoplankton assemblages are dominated by diverse populations of diatoms, which
tend to dominate assemblages in austral summer in the shallower mixed layers and are often
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Conceptual representation of the temporal progression of several environmental variables and phytoplankton composition in the
southern Ross Sea. Irradiance is maximal on December 21. Ice concentrations begin to decrease rapidly in November and reach their
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chlorophyll are due to the growth and accumulation of Phaeocystis antarctica, whereas summer increases are largely the result of the
growth and accumulation of diatoms. A secondary diatom bloom can also occur in summer.
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associated with sea- and glacial-ice melt (Figure 5). Other groups (dinoflagellates, cryptomonads,
and silicoflagellates) occur in spatially restricted locations (Arrigo et al. 1999). Although this over-
all pattern is relatively predictable, significant interannual variations exist in the contributions of
the various functional groups to total biomass (Smith et al. 2011b).

This regular seasonal sequence imposes constraints on biogeochemical cycling because the
two dominant functional groups have markedly different elemental ratios and roles in food webs.
P. antarctica has a C:N:P ratio of approximately 139:19:1, whereas diatoms have a ratio of 76:12:1
(Arrigo et al. 2000), thus potentially impacting deep-water concentrations of nutrients and sed-
iments. Additionally, colonial P. antarctica is thought to be largely ungrazed by most mesozoo-
plankton (Tagliabue & Arrigo 2003; but see Haberman et al. 2003), although pteropods may
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Table 1 Estimates of net community production based on observed nutrient deficits (modeled
after Smith et al. 2011b)

Time period | Annual production (g C m~2) | Annual production (g C m~2 d~1)
Nitrogen

2001-2002 61.7 0.64
2003-2004 252 2.60
2004-2005 72.4 0.80
2005-2006 (n = 12) 89.8 0.98
2005-2006 (n = 58) 74.0 0.89
2010 58.8 0.71
Silicon

2001-2002 35.0 (43.3%) 0.36
2003-2004 105 (58.5%) 1.08
2004-2005 27.9 (61.4%) 0.31
2005-2006 (n = 12) 11.5 (87.2%) 0.13
2005-2006 (n = 58) 27.9 (39.2%) 0.54
2010 14.0 (61.2%) 0.27

For silicon, numbers in parentheses are the percentage of production attributable to nondiatomaceous forms (largely
Phacocystis antarctica).

consume both solitary cells and colonies (Elliott et al. 2009). In contrast, diatoms are considered
to be grazed at significant rates by zooplankton such as copepods and krill and can be incorporated
into rapidly sinking fecal pellets, thereby minimizing remineralization in the water column and
favoring their export to the benthos.

Phytoplankton growth, particularly diatom growth, has been experimentally shown to be iron
limited in summer under conditions of high irradiance (Sedwick & DiTullio 1997, Sedwick et al.
2000). Through a variety of techniques, absolute growth rates have been found to range from 0 to
0.87 d~! (Smith etal. 1999, 2000), rates that are similar to the temperature-limited rates predicted
by Eppley (1972). Given the predictability of the seasonal assemblage pattern, the low dissolved
iron concentrations in surface waters during much of the growing season (Sedwick et al. 2011),
and the small differences in taxon-specific iron requirements (Garcia et al. 2009), seasonal changes
in the assemblages may involve interactions between irradiance and iron (Boyd 2002). Peloquin
& Smith (2007) observed diatomaceous blooms that occurred after the decline of P. antarctica,
indicating additions of iron to the euphotic zone, although the mechanism by which this may occur
remains unknown. Estimates of the contribution of diatoms to annual productivity in waters of
the southern Ross Sea range from 38% to 61% (Table 1).

After the discovery of the ozone hole over Antarctica, concerns were expressed about the
impact of increased UV radiation on phytoplankton productivity. However, owing to the rapid
movement of the ozone hole over large spatial regions, the timing of the ozone hole (austral
spring), and the depths of the mixed layers during that period, it was concluded that substantial
decrease in productivity did not result from increased UV radiation fluxes (e.g., Lubin et al. 2004).
Accurate assessments remain difficult to obtain, given the poor understanding of rates of vertical
mixing and phytoplankton recovery to photochemical damage (Neale et al. 2012) as well as the
lack of adequate methodological procedures to assess the damage.

In situ and satellite-based bio-optical estimates of primary productivity demonstrate the ex-
treme productivity of the Ross Sea. The latter approach has the advantage of increased resolution
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in time and space, and is the most accurate means of assessing the shelf-wide productivity. Arrigo
et al. (2008a) estimated that the mean net primary productivity for the entire Ross Sea sector
of the Southern Ocean is 68.9 g C m~2 y~! (189 mg C m~? d~!), which represents one-third of
the total Southern Ocean annual production. Annual net primary production on the Ross Sea
continental shelf (the site of the highest productivity in the Antarctic; Smith & Comiso 2008) is
considerably higher, averaging 179 ¢ C m~2 y~!, and also shows the most interannual variability.
Such high productivity and export efficiency (Sweeney et al. 2000) give rise to large air—sea gradi-
ents in pCO,, with seawater CO; levels often dropping below 200 patm in summer. Radioisotope
incorporation estimates indicate that carbon uptake can be as large as any measured in Antarctic
waters (Wilson et al. 1986). Estimates of production derived from nutrient deficits support the
large productivity of the southern Ross Sea (Table 1). Recent simulations indicate that waters
of the Ross Sea continental shelf are responsible on average for more than 25% of the estimated
total CO, uptake of the entire Southern Ocean (Arrigo et al. 2008b).

Biological fractionation of carbon isotopes has been used in the Ross Sea to discriminate be-
tween the productivity contributions of various functional groups. §*C,,, values of particulate
matter in the Ross Sea typically range from —20%o to —35%o (Villinski et al. 2000). Particulate
organic carbon in ice can be enriched further and have §"*C,,, values of —15%0 (Arrigo et al.
2003). The two dominant functional groups, diatoms and P. antarctica, also have markedly dif-
ferent 513C0,g values, with diatoms being more enriched with *C. When grown under reduced
pCO; conditions, however, all phytoplankton experience isotopic enrichment, and the magnitude
of the discrimination is greatest at reduced pCO; levels. Long (2010) found that diatoms are sig-
nificantly enriched with C relative to P. antarctica (by approximately 6%o) and concluded that
both environmental and taxonomic effects generate the observed Ross Sea §'°Cyyy.

Annual production is influenced by variations in large-scale climate variations (Lovenduski
& Gruber 2005), particularly the Southern Annular Mode (SAM). This mode of climate vari-
ability is characterized by oscillations in the north-south gradient in atmospheric pressure that
controls the strength of the westerly winds. During the positive phase of the SAM, the north—
south pressure difference increases and westerly winds intensify, increasing the rate of Ekman
divergence at the ocean surface and stimulating upwelling along the Antarctic Divergence. More
important, the SAM was able to explain >64% of the interannual variance in chlorophyll # con-
centrations on the Ross Sea continental shelf, with the positive phase of the SAM being associated
with increased phytoplankton biomass (Arrigo et al. 2008a). Westerly winds may continue to in-
crease in coming decades (Le Quéré et al. 2007). Depending on the extent to which the sea-ice
season increases (Stammerjohn et al. 2012), phytoplankton biomass on the Ross Sea shelf could
also increase.

Bacteria (that is, heterotrophic prokaryotes) reach exceptionally high biomass levels in the
Ross Sea—comparable to those found in productive waters of the North Atlantic, despite the
near-freezing temperatures (Ducklow 1999). Abundances increase by more than an order of mag-
nitude during the growing season. However, bacteria are a tiny fraction of total biomass relative
to phytoplankton (approximately 2%) (Ducklow 1999). Bacterial biomass is loosely coupled to
phytoplankton, with the peak in bacterial abundance coming approximately one month after the
spring autotroph maximum, and bacterial production appears to be limited by labile dissolved
organic carbon inputs (Ducklow 1999).

Micro- and mesozooplankton in the Ross Sea have received relatively little attention. Caron
etal. (2000) conducted dilution experiments to assess microzooplankton grazing, but owing to the
presence of colonial P. antarctica, most of these experiments (83 %) failed to demonstrate significant
ingestion rates. The biomass of microzooplankton has been quantified (Dennett et al. 2001), but
the impact of this group on biogeochemical cycling remains poorly constrained. Investigations of
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mesozooplankton abundance and feeding are similarly limited. Deibel & Daly (2007) concluded
that the overall biomass of mesozooplankton in the Ross Sea, despite the high regional primary
production, is approximately 15% that of the Scotia Sea. Calanoides acutus, Metridia gerlachei,
and Euchaeta antarctica are the dominant copepods (Hopkins 1987). Tagliabue & Arrigo (2003)
suggested that zooplankton biomass is anomalously low as a result of the decoupling of grazers
and phytoplankton growth, but this hypothesis has not been empirically tested. Sediment traps
have collected substantial numbers of mesozooplankton fecal pellets, which at times constitute
100% of the flux (Dunbar et al. 1998, Smith et al. 2011b). This indicates that mesozooplankton
ingestion of phytoplankton in the surface waters can at times be substantial. Ainley et al. (2006)
have proposed that the low mesozooplankton abundance, particularly of euphausiids, is the result
of a trophic cascade driven by the high abundance of mesopredators and apex predators, many
of which feed heavily on krill and/or on small silverfish (Pleuragramma antarcticum) that in turn
feed principally on krill, leading to reduced grazing. Antarctic krill (Euphausia superba) are largely
absent from the inner continental shelf but occur along the shelf break; conversely, crystal krill
(Euphausia crystallorophias) occur throughout the inner shelf region (Sala et al. 2002). Ingestion
rates of krill, copepods, pteropods, and other zooplankton have yet to be studied in the Ross Sea.

THE ROSS SEA FOOD WEB: THE BENTHOS AND HIGHER
TROPHIC LEVELS

The Ross Sea benthos is among the most diverse in the Southern Ocean (Clarke & Johnston 2003).
The reasons for this richness likely stem from the diversity of habitats as determined by depth and
currents (Barry et al. 2003). In addition, the northwest corner of the shelf, unlike other Antarctic
shelves, was ice free during past glaciations (summarized in Ainley et al. 2010b). Barry etal. (2003)
suggested that, other than depth, the most important factor controlling benthic diversity is the
near-bottom current flow, which regulates the food supply. Bottom depths also vary substantially
in the Ross Sea owing to the presence of troughs and banks, and the shallower areas are often devoid
of soft sediments, which in turn restrict the types of fauna present. Conversely, the troughs are sites
of active sediment biodeposition and are covered with organic-rich muds and diatomaceous oozes
(Barryetal. 2003). In general, the amount of fine-grained sedimentincreases with depth, as does the
organic matter concentration (Smith et al. 2007). Antarctic benthic communities, including those
of the Ross Sea, are considered to be among the most ecologically stable in the world, characterized
by a marked resistance to change in composition and high levels of biomass and endemism (Clarke
& Johnston 2003). Many species show a circumpolar distribution, are eurybathic, and have slow
growth rates coupled with an extraordinary longevity (Smith et al. 2007).

Notothenioids (a perch-like group) dominate the Ross Sea fish fauna, with the remainder being
mostly liparids (snailfishes) and zoarcids; macrourids (eelpouts) occur in deeper waters of the slope
(Eastman 2005, Ainley & Pauly 2013). Several species are endemic to the Ross Sea (Ainley et al.
2010b). Most Ross Sea fish are benthic, epibenthic, or cryopelagic (within the sea-ice brash), with
the exception of two very important species, both notothenioids: Antarctic toothfish (Dissostichus
mawsoni; ~2 m long, >100 kg as adults) and Antarctic silverfish. These two species inhabit the
midlevel and surface waters as adults, employing fat and reduced skeletal elements to achieve
buoyancy; young toothfish (<120 c¢m) are benthic. Silverfish are a major prey of almost every
upper-trophic-level predator over the shelf, including toothfish, which in turn are fed upon by
Weddell seals and killer whales (La Mesa & Eastman 2011). Silverfish may be the most important
consumer of crystal krill.

The upper-trophic-level mesopredators in the Ross Sea are extraordinarily abundant, and
include toothfish, Adélie and emperor penguins (Pygoscelis adeliae and Aptenodytes forsteri,
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respectively), seals, and cetaceans (Ballard et al. 2012). As an example of abundance, Adélie and
emperor penguins in the Ross Sea represent 38% and 25% of their respective global populations,
and Antarctic petrels (Thalassoica antarctica) in the Ross Sea represent 40% of theirs; seal and
cetacean abundance is noteworthy as well (Ballard et al. 2012). The high diversity and abundance
are maintained by a mosaic of habitats, defined vertically by depth of foraging and horizontally by
sea-ice affinity and seasonal faunal movements (Ballard et al. 2012). The distribution of penguin
colonies is well known (Figure 6). Squid, fish, emperor penguins, and Weddell (Leptonychotes
weddellii ) and crabeater (Lobodon carcinophagus) seals remain in the Ross Sea throughout the year;
the other predators are present only from October to March. During spring and summer, Weddell
seals and the two penguin species remain close to the coast for breeding, but the remaining
species use various parts of the continental shelf, with habitats defined largely by sea ice.

FUTURE CHANGES IN THE ROSS SEA

Ice distributions in the Ross Sea are currently increasing by 5% per decade and more than
balance the decreases observed in the Amundsen-Bellingshausen sector (Comiso et al. 2011,
Stammerjohn et al. 2012). The ice-free period in the Ross Sea polynya has also decreased signifi-
cantly, by more than two months (Stammerjohn et al. 2012), suggesting that the mean continental
shelf productivity has also decreased substantially since 1980. Sizable interannual variability in pro-
duction and export has been observed (Arrigo et al. 2003; Arrigo & van Dijken 2004; Smith et al.
2006, 2011a,b), and although annual production is clearly a function of ice, production at smaller
spatial scales is also influenced by iron availability and vertical stratification (e.g., Long et al.
2011). All of these variables—ice distribution, iron concentrations, and vertical stratification—
will change in the coming century, but the extent and direction of change are difficult to
predict.

The westerly winds that encircle Antarctica have already been observed to be intensifying and
moving southward (Marshall 2003), and the cold winds flowing northward over the Ross Sea
have increased (Turner et al. 2009). At least for the next few decades, this is projected to lead to
continued increases in sea-ice extent and ice season in the Ross Sea (Stammerjohn et al. 2012).
However, air temperatures over the Ross Sea are predicted to increase substantially in the next
century (by approximately 3°C by 2100; Bracegirdle & Stephenson 2012), leading to decreases in
the local sea-ice extent and ice season. In addition, substantial freshening of the waters in several
locations around the Ross Sea will likely continue (Jacobs et al. 2002, Jacobs & Giulivi 2010) as a
result of advection of reduced-salinity waters from the Amundsen Sea, which itself is generated by
increased basal ice shelf melting there. However, these changes also have interactive effects that
are difficult to predict. For example, reduced salinity might enhance stratification, but increased
winds and decreased ice cover may serve to decrease that stratification (similar to the Antarctic
Peninsula region; Montes-Hugo et al. 2009).

Such changes would have substantial biological and ecological impacts. Primary production
would increase substantially, given the overall control on annual timescales by ice. Phytoplankton
composition would also change markedly, with the contribution of P. antarctica to total assemblage
biomass decreasing and that of diatoms increasing. As diatoms are considered to be primary food
sources for zooplankton such as copepods and crystal krill, their biomass may increase as well.
Owing to their life history limitations and requirement for larval development at great depth,
Antarctic krill would be unable to invade much of the continental shelf (Hofmann & Lascara
2000). Antarctic silverfish may increase in importance within the food web, as they spawn in
winter in association with ice, forage as larvae and juveniles on copepods, and forage as adults on
crystal krill. Higher-trophic-level predators (e.g., Adélie penguins, emperor penguins, and baleen
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Distribution of Adélie and emperor penguins in the Ross Sea (modeled after Ainley et al. 2010c). An
additional Emperor penguin colony is at Cape Colbeck (154°W; not shown). The sizes of the circles indicate
the relative abundance of penguins. The assemblage of apex predators is sustained largely by foraging on
three species: silverfish, crystal krill, and Antarctic krill (Pinkerton et al. 2010). There appears to be extreme
competition for prey (e.g., Ainley et al. 2006), although it is decreased by vertical and spatial segregation
during foraging. The apex predator is the ecotype-B orca (Orca orcinus), which feeds largely on seals and
possibly emperor penguins. Slightly below orcas in the trophic pyramid are leopard seals (Hydrurga leptonyx),
which are significant predators on seals and penguins. The ecotype-C killer whale (Ross Sea killer whale,
likely a distinct species) and the Weddell seal are important predators of toothfish (Ainley & Siniff 2009).

whales) should respond positively to the increased availability of fish and krill. Regardless of the
food web alterations, changes in the primary physical control—the distribution of ice—will bring
about severe ecological disruptions.

The upper trophic levels have undergone noticeable changes over the past several decades.
The number of Adélie penguins in the Ross Sea increased during the early 1970s in response to
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the reductions in stocks of Antarctic minke whales (Balaenoptera bonaerensis), a trophic competitor.
They then decreased slightly as the whale population recovered, and later began to slowly increase
again (Ainley et al. 2005, 2010a). Owing to increasing winds and the more persistent presence of
coastal open water in contrast to the trends over the greater continental shelf, the reduced ice areas
along the coast have increased in duration in nonsummer months (figure 34 in Parkinson 2002),
leading to increased ice production (Comiso et al. 2011), enhanced penguin foraging efficiency,
and increased breeding success and abundance (Ainley et al. 2010a). During the past decade,
penguin colonies of the southern Ross Sea have begun to increase rapidly (LaRue et al. 2013),
most likely as a result of increased silverfish availability (Ainley & Pauly 2013).

SUMMARY POINTS

1. The Ross Sea is largely unimpacted by direct human effects such as fishing but is being
modified by changes in atmospheric composition (stratospheric ozone and greenhouse
gases), which lead to changes in winds and altered temperatures. Such changes will
continue in the coming decades, leading to profound ecological changes.

2. Ice concentrations have increased rapidly in the Ross Sea sector and are responsible
for the net increase in ice concentrations found over the entire Southern Ocean. These
increases have resulted in a greatly reduced open-ice season (by two months) in the Ross
Sea polynya.

3. The circulation of the Ross Sea is well known and controlled largely by bathymetry.
Important features such as dense water formation are forced by the large range in the
seasonal heat budget. Significant freshening of waters is occurring, possibly through the
advection of low-salinity water from the east.

4. The Ross Sea primary productivity is as great as any in the Antarctic, making it an
important regional carbon sink. The primary control on annual cyclesis irradiance, and in
the summer the productivity is influenced by iron inputs and availability. Phytoplankton
assemblages are dominated by the seasonal progression from Phaeocystis antarctica to
diatoms, which structures the food web and trophic dynamics.

5. Large abundances of apex predators occur in the Ross Sea; conversely, zooplankton
biomass appears to be lower than that of other regions in the Antarctic. The sizes of
colonies of selected species are extraordinary and are the largest of any in the world.

6. The benthic assemblages are diverse and stable, and exhibit characteristics found
throughout the Antarctic (e.g., large size, long life spans, and low growth rates) as well
as a relatively high degree of endemism. Benthic biomass is largely controlled by food
availability.

7. Future changes in the Ross Sea will be driven by global increases in atmospheric tem-
peratures (projected to rise by approximately 3°C over the Ross Sea by 2100), as well as
the behavior of the ozone hole. The resulting changes in air temperatures, winds, fresh-
water inputs, and amounts of offshore heat inputs will likely reduce summer ice cover
substantially. Such changes will result in altered phytoplankton composition and produc-
tion, changed krill availability, and modified apex predator abundance and reproductive
success.
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FUTURE ISSUES

1. The Ross Sea has been changing as fast as any region on Earth during the past four decades
and will continue to do so in the coming century (albeit in a different direction). What
will the ecosystem impacts be of the predicted changes in ice cover and atmospheric
temperatures? Will the “natural” trophic structure and interactions be substantially
modified?

2. Will the increased CO; concentrations and decreased pH of seawater impact all levels
of the food web and benthos? Will the region remain a significant regional carbon sink?

3. To what extent will industrial fishing alter the food web of the entire region? How will
those changes compare in magnitude with those of climate change?

4. How will the changes in physical forcing alter the formation of deep water and Ice Shelf
Water in the coming century?

5. What will the full impacts of the recovery of the Antarctic ozone concentrations be on
the oceanography and ecology of the Ross Sea continental shelf?

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

We thank the National Science Foundation for supporting the individual research programs of the
authors. We specifically acknowledge support from National Science Foundation grants ANT-
0944254 (to W.0.S.), ANT-094441 (to D.G.A.), ANT-0944727 (to K.R.A.), and OCE-0927797
(to M.S.D.). This paper is Contribution No. 3286 of the Virginia Institute of Marine Science,
The College of William & Mary.

LITERATURE CITED

Ainley DG, Ballard G, Blight LK, Ackley S, Emslie SD, et al. 2010a. Impacts of cetaceans on the structure of
Southern Ocean food webs. Mar. Mamm. Sci. 26:482-89

Ainley DG, Ballard G, Dugger KM. 2006. Competition among penguins and cetaceans reveals trophic cascades
in the Ross Sea, Antarctica. Fcology 87:2080-93

Ainley DG, Ballard G, Weller J. 2010b. Ross Sea bioregionalization—part I: validation of the 2007 CCAMLR
Bioregionalization Workshop results towards including the Ross Sea in a representative network of marine protected
areas in the Southern Ocean. Rep. WG-EMM-10/11, Comm. Conserv. Antarct. Mar. Living Resour.,
Hobart, Aust.

Ainley DG, Clarke ED, Arrigo KR, Fraser WR, Kato A, et al. 2005. Decadal-scale changes in the climate and
biota of the Pacific sector of the Southern Ocean, 1950s to the 1990s. Antarct. Sci. 17:171-82

Ainley DG, Jacobs SS. 1981. Sea-bird affinities for ocean and ice boundaries in the Antarctic. Deep-Sea Res.
28:1173-85

Ainley DG, Pauly D. 2013. Fishing down the food web of the Antarctic continental shelf and slope. Polar Rec.
In press. doi: 10.1017/50032247412000757

Ainley DG, Russell J, Jenouvrier S, Woehler E, Lyver P, et al. 2010c. Antarctic penguin response to habitat
change as Earth’s troposphere reaches 2°C above preindustrial levels. Ecol. Monogr. 80:49-66

www.annualreviews.org o The Oceanography and Ecology of the Ross Sea

483



Annu. Rev. Marine. Sci. 2014.6:469-487. Downloaded from www.annualreviews.org
by 76.126.129.141 on 01/08/14. For personal use only.

484

Ainley DG, Siniff DB. 2009. The importance of Antarctic toothfish as prey of Weddell seals in the Ross Sea:
areview. Antarct. Sci. 21:317-27

Arrigo KR, DiTullio GR, Dunbar RB, Robinson DH, Van Woert M, et al. 2000. Phytoplankton taxonomic
variability in nutrient utilization and primary production in the Ross Sea. 7. Geophys. Res. 105:8827-46

Arrigo KR, McClain CR. 1994. Spring phytoplankton production in the western Ross Sea. Science 266:261-63

Arrigo KR, Robinson DH, Dunbar RB, Leventer AR, Lizotte MP. 2003. Physical control of chlorophyll #,
POC, and TPN distributions in the pack ice of the Ross Sea, Antarctica. 7. Geophys. Res. 108:3316

Arrigo KR, Robinson DH, Worthen DL, Dunbar RB, DiTullio GR, et al. 1999. Phytoplankton community
structure and the drawdown of nutrients and CO> in the Southern Ocean. Science 283:365-67

Arrigo KR, van Dijken GL. 2004. Annual changes in sea ice, chlorophyll 4, and primary production in the
Ross Sea, Antarctica. Deep-Sea Res. 11 51:117-38

Arrigo KR, van Dijken GL, Bushinsky S. 2008a. Primary production in the Southern Ocean, 1997-2006.
7. Geophys. Res. 113:C08004

Arrigo KR, van Dijken GL, Long M. 2008b. Coastal Southern Ocean: a strong anthropogenic CO; sink.
Geophys. Res. Lett. 35:1.21602

Asper V, Smith WO Jr. 1999. Particle fluxes during austral spring and summer in the southern Ross Sea
(Antarctica). 7. Geophys. Res. 104:5345-60

Ballard G, Jongsomjit D, Veloz SD, Ainley DG. 2012. Coexistence of mesopredators in an intact polar ocean
ecosystem: the basis for defining a Ross Sea marine protected area. Biol. Conserv. 156:72-82

Barry JP, Grebmeier JM, Smith J, Dunbar RB. 2003. Bathymetric versus oceanographic control of benthic
megafaunal patterns in the Ross Sea, Antarctica. In Biogeochemistry of the Ross Sea, ed. GR DiTullio, RB
Dunbar, pp. 327-54. Washington, DC: Am. Geophys. Union

Boyd PW. 2002. Environmental factors controlling phytoplankton processes in the Southern Ocean. 7. Phycol.
38:844-61

Bracegirdle T], Connolley WM, Turner J. 2008. Antarctic climate change over the twenty first century.
7. Geophys. Res. 113:D03103

Bracegirdle TJ, Stephenson DB. 2012. Higher precision estimates of regional polar warming by ensemble
regression of climate model projections. Climz. Dyn. 39:2805-21

Bromwich DH, Kurtz DD. 1984. Katabatic wind forcing of the Terra Nova Bay polynya. 7. Geophys. Res.
89:3561-72

Caron DA, Dennett MR, Lonsdale DJ, Moran DM, Shalapyonok L. 2000. Micro-zooplankton herbivory in
the Ross Sea, Antarctica. Deep-Sea Res. 11 47:3249-72

Clarke A, Johnston NM. 2003. Antarctic marine benthic diversity. Oceanogr. Mar. Biol. 41:47-114

Coale KH, Gordon RM, Wang X. 2005. The distribution and behavior of dissolved and particulate iron and
zinc in the Ross Sea and Antarctic Circumpolar Current along 170°W. Deep-Sea Res. 1 52:295-318

Cochlan WP, Bronk DA, Coale KH. 2002. Trace metals and nitrogenous nutrition of Antarctic phytoplankton:
experimental observations in the Ross Sea. Deep-Sea Res. 11 48:3365-90

Comiso JC, Kwok R, Martin S, Gordon AL. 2011. Variability and trends in sea ice extent and ice production
in the Ross Sea. 7. Geophys. Res. 116:C04021

Comiso JC, Nishio F. 2008. Trends in the sea ice cover using enhanced and compatible AMSR-E, SSM/I and
SSMR data. 7. Geaphys. Res. 113:C02S07

Deibel D, Daly KL. 2007. Zooplankton processes in Arctic and Antarctic polynyas. In Polynyas: Windows to
the World, ed. WO Smith Jr, DG Barber, pp. 271-332. Amsterdam: Elsevier

DeMaster DJ. 2002. The accumulation and cycling of biogenic silica in the Southern Ocean: revisiting the
marine silica budget. Deep-Sea Res. I1 49:3155-67

Dennett MR, Mathot S, Caron DA, Smith WO Jr, Lonsdale D. 2001. Abundance and distribution of pho-
totrophic and heterotrophic nano- and microplankton in the southern Ross Sea. Deep-Sex Res. 1148:4019—
38

Dinniman MS, Klinck JM, Smith WO Jr. 2003. Cross-shelf exchange in a model of the Ross Sea circulation
and biogeochemistry. Deep-Sea Res. 1I 50:3103-20

DiTullio GR, Grebmeier J, Arrigo KR, Lizotte MP, Robinson DH, et al. 2000. Rapid and early export of
Phaceocystis antarctica blooms in the Ross Sea, Antarctica. Nature 404:595-98

Smith et al.



Annu. Rev. Marine. Sci. 2014.6:469-487. Downloaded from www.annualreviews.org
by 76.126.129.141 on 01/08/14. For personal use only.

Doney SC, Ruckelshaus M, Duffy JE, Barry JP, Chan F, et al. 2012. Climate change impacts on marine
ecosystems. Annu. Rev. Mar. Sci. 4:1-27

Ducklow HW. 1999. The bacterial component of the oceanic euphotic zone. FEMS Microbiol. Ecol. 30:1-10

Dunbar RB, Leventer AR, Mucciarone DA. 1998. Water column sediment fluxes in the Ross Sea, Antarctica:
atmospheric and sea ice forcing. 7. Geophys. Res. 103:10741-60

Fastman J7T. 2005. The nature of the diversity of Antarctic fishes. Polar Biol. 28:93-107

El-Sayed SZ, Biggs DC, Holm-Hansen O. 1983. Phytoplankton standing crop, primary productivity, and
near-surface nitrogenous nutrient fields in the Ross Sea, Antarctica. Deep-Sea Res. 30:871-80

Elliott DT, Tang KW, Shields AR. 2009. Mesozooplankton beneath the summer sea ice in McMurdo Sound,
Antarctica: abundance, species composition, and DMSP content. Polar Biol. 32:113-22

Eppley RW. 1972. Temperature and phytoplankton growth in the sea. Fish. Bull. 70:1063-85

Garcia HE, Locarnini RA, Boyer TP, Antonov JI, Zweng MM, et al. 2010. World Ocean Atlas 2009, Vol. 4:
Nutrients (Phosphate, Nitrate, Silicate). Ed. S Levitus. Washington, DC: US Gov. Print. Off.

Garcia NS, Sedwick PW, DiTullio GR. 2009. Influence of irradiance and iron on the growth of colonial
Phaeocystis antarctica: implications for seasonal bloom dynamics in the Ross Sea, Antarctica. Mar. Ecol.
Prog. Ser. 57:203-20

Gordon AL, Zambianchi E, Orsi A, Visbeck M, Giulivi C, et al. 2004. Energetic plumes over the western
Ross Sea continental slope. Geophys. Res. Lett. 31:1.21302

Haberman KL, Ross RM, Quetin LB. 2003. Diet of the Antarctic krill (Euphausia superba Dana): I1. Selective
grazing in mixed phytoplankton assemblages. 7. Exp. Mar. Biol. Ecol. 283:97-113

Halpern BS, Walbridge S, Selkoe KA, Kappel CB, Micheli F, et al. 2008. A global map of human impact on
marine ecosystems. Science 319:948-51

Hofmann EE, Lascara CM. 2000. Modeling the growth dynamics of Antarctic krill Euphausia superba. Mar.
Ecol. Prog. Ser. 194:219-31

Hopkins TL. 1987. Midwater food web of McMurdo Sound, Ross Sea, Antarctica. Mar. Biol. 96:93-106

Jacobs SS, Fairbanks R, Horibe Y. 1985. Origin and evolution of water masses near the Antarctic continental
margin: evidence from H, 180/H, 00 ratios in seawater. In Oceanology of the Antarctic Continental Shelf,
ed. SS Jacobs, pp. 59-85. Washington, DC: Am. Geophys. Union

Jacobs SS, Giulivi CF. 1998. Interannual ocean and sea ice variability in the Ross Sea. In Ocean, Ice and
Atmosphere: Interactions at the Continental Margin, ed. SS Jacobs, RF Weiss, pp. 135-50. Washington, DC:
Am. Geophys. Union

Jacobs SS, Guilivi CF. 2010. Large multidecadal salinity trends near the Pacific- Antarctic continental margin.
7. Clim. 23:4508-24

Jacobs SS, Giulivi CF, Mele PA. 2002. Freshening of the Ross Sea during the late 20th century. Science
297:386-89

Jones DA, Simmonds I. 1993. A climatology of Southern Hemisphere extratropical cyclones. Clim. Dyn.
9:131-45

King JC, Turner J. 1997. Antarctic Meteorology and Climatology. New York: Cambridge Univ. Press

Klinck JM, Dinniman MS. 2010. Exchange across the shelf break at high southern latitudes. Ocean Sci. 6:513—
24

Kohut J, Hunter E, Huber B. 2013. Small-scale variability of the cross-shelf flow over the outer shelf of the
Ross Sea. 7. Geophys. Res. 118:1863-78

Kropuenske LR, Mills MM, van Dijken GL, Bailey S, Robinson DH, et al. 2009. Photophysiology in two
major Southern Ocean phytoplankton taxa: photoprotection in Phaeocystis antarctica and Fragilariopsis
cylindrus. Limnol. Oceanogr. 54:1176-96

La Mesa M, Eastman JT. 2011. Antarctic silverfish: life strategies of a key species in the high-Antarctic
ecosystem. Fish Fish. 13:241-66

LaRue MA, Ainley DG, Swanson M, Dugger KM, Lyver PO, et al. 2013. Climate change winners: receding
ice fields facilitate colony expansion and altered dynamics in an Adélie penguin metapopulation. PLoS
ONE 8:¢60568

Le Quéré C, Rédenbeck C, Buitenhuis ET, Conway TJ, Langenfeld R, et al. 2007. Saturation of the Southern
Ocean CO; sink due to recent climate change. Science 316:1735-38

www.annualreviews.org o The Oceanography and Ecology of the Ross Sea

485



Annu. Rev. Marine. Sci. 2014.6:469-487. Downloaded from www.annualreviews.org
by 76.126.129.141 on 01/08/14. For personal use only.

486

Long MC. 2010. Upper ocean physical and ecological dynamics in the Ross Sea, Antarctica. PhD thesis, Stanford
Univ., Stanford, CA

Long MC, Dunbar RB, Tortell PD, Smith WO Jr, Mucciarone DA, DiTullio GR. 2011. Vertical struc-
ture, seasonal drawdown, and net community production in the Ross Sea, Antarctica. 7. Geophys. Res.
116:C10029

Lovenduski NS, Gruber N. 2005. Impact of the Southern Annular Mode on Southern Ocean circulation and
biology. Geophys. Res. Lett. 32:1.11603

Lubin D, Arrigo KA, van Dijken G. 2004. Increased exposure of Southern Ocean phytoplankton to ultraviolet
radiation. Geophys. Res. Lett. 31:1.09304

Marshall GJ. 2003. Trends in the Southern Annular Mode from observations and reanalyses. 7. Clim. 16:4134—
43

Mathot S, Smith WO Jr, Carlson CA, Garrison DL. 2000. Estimate of Phaeocystis sp. carbon biomass: method-
ological problems related to the mucilaginous nature of the colonial matrix. 7. Phycol. 36:1049-56

Matson PG, Martz TR, Hofmann GE. 2011. High-frequency observations of pH under Antarctic sea ice in
the southern Ross Sea. Antarct. Sci. 23:607-13

Montes-Hugo M, Doney SC, Ducklow HW, Fraser W, Martinson D, et al. 2009. Recent changes in phy-
toplankton communities associated with rapid regional climate change along the Western Antarctic
Peninsula. Science 323:1470-73

Natl. Oceanogr. Data Cent. 2009. World Ocean Atlas 2009. Silver Spring, MD: Natl. Oceanogr. Data Cent.
http://www.nodc.noaa.gov/OC5/WOA09/pr_woa09.html

Neale PJ, Sobrino C, Gargett AE. 2012. Vertical mixing and the effects of solar radiation on photosystem II
electron transport by phytoplankton in the Ross Sea polynya. Deep-Sea Res. 11 63:118-32

Nelson DM, DeMaster DJ, Dunbar RB, Smith WO Jr. 1996. Cycling of organic carbon and biogenic silica
in the Southern Ocean: estimates of large-scale water column and sedimentary fluxes in the Ross Sea.
7. Geophys. Res. 101:18519-31

Orr JC, Fabry VF, Aumont O, Bopp L, Doney SC, et al. 2005. Anthropogenic ocean acidification over the
twenty-first century and its impact on calcifying organisms. Nature 437:681-86

Orsi AH, Smethie WM Jr, Bullister JL. 2002. On the total input of Antarctic waters to the deep ocean: a
preliminary estimate from chlorofluorocarbon measurements. 7. Geophys. Res. 107:31-1-14

Orsi AH, Wiederwohl CL. 2009. A recount of Ross Sea waters. Deep-Sea Res. 11 56:778-95

Orsi AH, Whitworth T III. 2005. Hydrographic Atlas of the World Ocean Circulation Experiment (WOCE),
Vol. 1: Southern Ocean. Ser. ed. M Sparrow, P Chapman, ] Gould. Southampton, UK: Int. WOCE Proj.
Off.

Padman L, Howard SL, Orsi AH, Muench RD. 2009. Tides of the northwestern Ross Sea and their impact
on dense outflows of Antarctic Bottom Water. Deep-Sea Res. II 56:818-34

Parkinson CL. 2002. Trends in the length of the Southern Ocean sea-ice season. Ann. Glaciol. 34:435-40

Parish TR, Cassano JJ, Seefeldt MW. 2006. Characteristics of the Ross Ice Shelf air stream as depicted in
Antarctic Mesoscale Prediction System simulations. 7. Geophys. Res. 111:D12109

Peloquin J, Smith WO Jr. 2007. Phytoplankton blooms in the Ross Sea, Antarctica: interannual variability in
magnitude, temporal patterns, and composition. 7. Geophys. Res. 112:C08013

Pinkerton MH, Bradford-Grieve JM, Hanchet SM. 2010. A balanced model of the food web of the Ross Sea,
Antarctica. CCAMLR Sci. 17:1-31

Sala A, Azzali M, Russo A. 2002. Krill of the Ross Sea: distribution, abundance and demography of Euphausia
superba and Euphausia crystallorphias during the Italian Antarctic Expedition (January—February 2000). Sci.
Mar. 66:123-33

Sedwick PN, DiTullio GR. 1997. Regulation of algal blooms in Antarctic shelf waters by the release of iron
from melting sea ice. Geophys. Res. Lett. 24:2515-18

Sedwick PN, DiTullio GR, Mackey DJ. 2000. Iron and manganese in the Ross Sea, Antarctica: seasonal iron
limitation in Antarctic shelf waters. 7. Geophys. Res. 105:11321-36

Sedwick PN, Marsay CM, Aguilar-Islas AM, Lohan MC, Sohst BM, et al. 2011. Early-season iron depletion
in the Ross Sea polynya: implications for iron dynamics on the Antarctic continental shelf. 7. Geophys.
Res. 116:C12019

Smith et al.


http://www.nodc.noaa.gov/OC5/WOA09/pr_woa09.html

Annu. Rev. Marine. Sci. 2014.6:469-487. Downloaded from www.annualreviews.org
by 76.126.129.141 on 01/08/14. For personal use only.

Seefeldt MW, Cassano JJ. 2012. A description of the Ross Ice Shelf air stream (RAS) through the use of
self-organizing maps (SOMs). 7. Geophys. Res. 117:D09112

Smith WO Jr, Ainley DG, Cattaneo-Vietti R. 2007. Trophic interactions within the Ross Sea continental
shelf ecosystem. Philos. Trans. R. Soc. B 362:95-111

Smith WO Jr, Asper V. 2001. The influence of phytoplankton assemblage composition on biogeochemical
characteristics and cycles in the southern Ross Sea, Antarctica. Deep-Sea Res. 148:137-61

Smith WO Jr, Asper V, Tozzi S, Liu X, Stammerjohn SE. 2011a. Continuous fluorescence measurements in
the Ross Sea, Antarctica: scales of variability. Prog. Oceanogr. 88:28-45

Smith WO Jr, Comiso JC. 2008. The influence of sea ice on primary production in the Southern Ocean: a
satellite perspective. 7. Geophys. Res. 113:C05593

Smith WO Jr, Dennett MR, Mathot S, Caron DA. 2003. The temporal dynamics of the flagellated and colonial
stages of Phaeocystis antarctica in the Ross Sea. Deep-Sea Res. II 50:605-18

Smith WO Jr, Gordon LI 1997. Hyperproductivity of the Ross Sea (Antarctica) polynya during austral spring.
Geophys. Res. Lett. 24:233-36

Smith WO Jr, Marra J, Hiscock MR, Barber RT. 2000. The seasonal cycle of phytoplankton biomass and
primary productivity in the Ross Sea, Antarctica. Deep-Sea Res. 11 47:3119-40

Smith WO Jr, Nelson DM. 1985. Phytoplankton bloom produced by a receding ice edge in the Ross Sea:
spatial coherence with the density field. Science 227:163-66

Smith WO Jr, Nelson DM, Mathot S. 1999. Phytoplankton growth rates in the Ross Sea determined by
independent methods: temporal variations. 7. Plankton Res. 21:1519-36

Smith WO Jr, Sedwick PN, Arrigo KR, Ainley DG, Orsi AH. 2012. The Ross Sea in a sea of change.
Oceanography 25(3):90-103

Smith WO Jr, Shields AR, Dreyer JC, Peloquin JA, Asper V. 2011b. Interannual variability in vertical export
in the Ross Sea: magnitude, composition, and environmental correlates. Deep-Sea Res. I 58:147-59

Smith WO Jr, Shields AR, Peloquin JA, Catalano G, Tozzi S, et al. 2006. Biogeochemical budgets in the Ross
Sea: variations among years. Deep-Sea Res. II 53:815-33

Stammerjohn SE, Martinson DG, Smith RC, Yuan X, Rind D. 2008. Trends in Antarctic annual sea ice retreat
and advance and their relation to El Nifio—Southern Oscillation and Southern Annular Mode variability.
7. Geophys. Res. 113:C03S90

Stammerjohn SE, Massom R, Rind D, Martinson DG. 2012. Regions of rapid sea ice change: an inter-
hemispheric seasonal comparison. Geophys. Res. Lett. 39:1L.06501

Sweeney C, Smith WO Jr, Hales B, Bidigare RR, Carlson CA, etal. 2000. Nutrient and carbon removal ratios
in the Ross Sea. Deep-Sea Res. IT147:3395-421

Tagliabue A, Arrigo KR. 2003. Anomalously low zooplankton abundance in the Ross Sea: an alternative
explanation. Limmnol. Oceanogr. 48:686-99

Tagliabue A, Arrigo KR. 2005. Iron in the Ross Sea: 1. Impact on CO; fluxes via variation in phytoplankton
functional group and non-Redfield stoichiometry. 7. Geophys. Res. 110:C03009

Turner J, Comiso JC, Marshall GJ, Lachlan-Cope TA, Bracegirdle T, et al. 2009. Non-annular atmospheric
circulation change induced by stratospheric ozone depletion and its role in the recent increase of Antarctic
sea ice extent. Geophys. Res. Lett. 36:1.08502

Villinski J, Dunbar R, Mucciarone D. 2000. Carbon 13/carbon 12 ratios of sedimentary organic matter from
the Ross Sea, Antarctica: a record of phytoplankton bloom dynamics. 7. Geophys. Res. 105:14163-72

Whitworth T III, Orsi AH. 2006. Antarctic Bottom Water production and export by tides in the Ross Sea.
Geophys. Res. Lett. 33:1.12609

Whitworth T III, Orsi AH, Kim SJ, Nowlin WD Jr, Locarnini RA. 1998. Water masses and mixing near the
Antarctic Slope Front. In Ocean, Ice and Atmosphere: Interactions at the Continental Margin, ed. SS Jacobs,
RF Weiss, pp. 1-27. Washington, DC: Am. Geophys. Union

Wilson DL, Smith WO Jr, Nelson DM. 1986. Phytoplankton bloom dynamics of the western Ross Sea ice
edge—I. Primary productivity and species-specific production. Deep-Sea Res. A 33:1375-87

www.annualreviews.org o The Oceanography and Ecology of the Ross Sea

487



Annu. Rev. Marine. Sci. 2014.6:469-487. Downloaded from www.annualreviews.org
by 76.126.129.141 on 01/08/14. For personal use only.

R

R

Annual Review of
Marine Science

Volume 6, 2014

vi

Contents

Shedding Light on the Sea: André Morel’s Legacy
to Optical Oceanography
David Antoine, Marcel Babin, fean-Frangois Berthon, Annick Bricaud,

Bernard Gentili, Hubert Loisel, Stéphane Maritorena, and Dariusz Stramski . ...

Benthic Exchange and Biogeochemical Cycling
in Permeable Sediments

Markus Huettel, Peter Berg, and Joel E. Kostka ..............................c.....

Contemporary Sediment-Transport Processes in Submarine Canyons

Pere Puig, Albert Palanques, and facobo Martin ..............................c.c....

El Nifio Physics and El Nifio Predictability

Allan J. Clarke ...

Turbulence in the Upper-Ocean Mixed Layer

Eric A. D°Asaro ......... ..o

Sounds in the Ocean at 1-100 Hz

William S.D. Wilcock, Kathleen M. Stafford, Rex K. Andrew, and Robert 1. Odom ..

The Physics of Broadcast Spawning in Benthic Invertebrates

Jobn P. Crimaldi and Richard K. Zimmer ..........................ccccciiiii..

Resurrecting the Ecological Underpinnings of Ocean Plankton Blooms

Michael J. Bebrenfeld and Emmanuel S. Boss ......................c.cccciiiii..

Carbon Cycling and Storage in Mangrove Forests

Daniel M. Alongi ...

Ocean Acidification in the Coastal Zone from an Organism’s
Perspective: Multiple System Parameters, Frequency Domains,
and Habitats

George G. Waldbusser and Joseph E. Salisbury .....................c.cccccoiiiii..

Climate Change Influences on Marine Infectious Diseases:
Implications for Management and Society
Colleen A. Burge, C. Mark Eakin, Carolyn S. Friedman, Brett Froelich,
Paul K. Hershberger, Eileen E. Hofimann, Laura E. Petes, Katherine C. Prager,

Ernesto Weil, Bette L. Willis, Susan E. Ford, and C. Drew Harvell ...............

117



Annu. Rev. Marine. Sci. 2014.6:469-487. Downloaded from www.annualreviews.org
by 76.126.129.141 on 01/08/14. For personal use only.

Microbially Mediated Transformations of Phosphorus in the Sea:
New Views of an Old Cycle
David M. Karl ... ... 279

The Role of B Vitamins in Marine Biogeochemistry
Sergio A. Saiiudo-Wilhelmy, Laura Gomez-Consarnau, Christopher Suffridge,
and Eric A. Webb .......... ... . 339

Hide and Seek in the Open Sea: Pelagic Camouflage
and Visual Countermeasures

Somke Jobnsen .......... ... 369
Antagonistic Coevolution of Marine Planktonic Viruses
and Their Hosts
Fennifer B.H. Martiny, Lasse Riemann, Marcia F. Marston,
and Mathias Middelboe ...................... ... 393

Tropical Marginal Seas: Priority Regions for Managing Marine
Biodiversity and Ecosystem Function
A. David McKinnon, Alan Williams, Jock Young, Daniela Ceccarelli, Piers Dunstan,
Robert J.W. Brewin, Reg Watson, Richard Brinkman, Mike Cappo, Samantba Duggan,
Russell Kelley, Ken Ridgway, Dbugal Lindsay, Daniel Gledhill, Trevor Hutton,
and Anthony 7. Richardson ............. ... ... 415

Sea Ice Ecosystems
Kevin R ATFIGO ..o 439

The Oceanography and Ecology of the Ross Sea
Walker O. Smith Jr., David G. Ainley, Kevin R. Arrigo,
and Michael S. Dinniman ... ... 469

Errata

An online log of corrections to Annual Review of Marine Science articles may be found at
http://www.annualreviews.org/errata/marine

Contents



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Marine Science Online

	Most Downloaded Marine Science Reviews 
	Most Cited Marine Science Reviews 
	Annual Review of Marine Science 
Errata 
	View Current Editorial Committee

	All Articles in the Annual Review of Marine Science, Vol. 6

	Shedding Light on the Sea: AndreMorel’s Legacy 
to Optical Oceanography
	Benthic Exchange and Biogeochemical Cycling 
in Permeable Sediments
	Contemporary Sediment-Transport Processes in Submarine Canyons
	El Nino Physics and El Nino
Predictability
	Turbulence in the Upper-Ocean Mixed Layer
	Sounds in the Ocean at 1–100 Hz
	The Physics of Broadcast Spawning in Benthic Invertebrates
	Resurrecting the Ecological Underpinnings of Ocean Plankton Blooms
	Carbon Cycling and Storage in Mangrove Forests
	Ocean Acidification in the Coastal Zone from an Organism’s Perspective: Multiple System Parameters, Frequency Domains, 
and Habitats
	Climate Change Influences on Marine Infectious Diseases:Implications for Management and Society
	Microbially Mediated Transformations of Phosphorus in the Sea:New Views of an Old Cycle
	The Role of B Vitamins in Marine Biogeochemistry
	Hide and Seek in the Open Sea: Pelagic Camouflage
and Visual Countermeasures
	Antagonistic Coevolution of Marine Planktonic Viruses
and Their Hosts
	Tropical Marginal Seas: Priority Regions for Managing Marine 
Biodiversity and Ecosystem Function
	Sea Ice Ecosystems
	The Oceanography and Ecology of the Ross Sea




