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Chapter 6 Southern Ocean

6 Southern Ocean

Peter H. Wiebe, Angus Atkinson, Todd D. O’Brien, Peter A. Thompson, Graham Hosie,
Laura Lorenzoni, Michael Meredith, and Hugh Venables

Figure 6.1. Map of IGMETS-participating Southern Ocean time series on a background of a 10-year time-window (2003-2012) sea sur-
face temperature trends (see also Figure 6.3). At the time of this report, the Southern Ocean collection consisted of 32 time series (col-
oured symbols of any type), of which 21 were from Continuous Plankton Recorder subareas (blue boxes). The dashed line at 45°S indi-
cates the boundary between the IGMETS Southern Ocean region and other IGMETS regions in this report (e.g. South Pacific, South
Atlantic, Indian Ocean), while the gray line at 60°S indicates the Antarctic Treaty boundary. Uncoloured (gray) symbols indicate time
series being addressed in a different regional chapter. See Table 6.3 for a listing of this region’s participating sites. Additional infor-
mation on the sites in this study is presented in the Annex.
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6.1 Introduction

The Southern Ocean is a vast ocean region that sur-
rounds the Antarctic continent. It forms the southern
connections to the Atlantic, Pacific, and Indian oceans
and, while its northern boundary is not clearly defined
ecologically, the northern limit, by treaty, is defined as
60°S (Figure 6.1, gray line). Based on hydrographic re-
gimes, the Southern Ocean extends to the Subtropical
Front (Figure 6.2), which can be found north of 40°S in
some regions (Orsi et al., 1995; Belkin and Gordon, 1996;
Moore and Abbott, 2000; Sokolov and Rintoul, 2009a, b;
Talley et al., 2011).

The cold (<~5°C) waters associated with the Southern
Ocean occupy this ~60 million km? region south of the
Antarctic Polar Front. This is a mainly deep ocean habi-
tat, especially in the eastern Atlantic, Indian, and Pacific
sectors; only 12% of the area south of the Antarctic Polar
Front comprises shelf and slope waters shallower than
2000 m (Atkinson et al., 2009). Using ETOPO2-v2 bottom
topography data (National Geophysical Data Center,
2006), 12.4% of the IGMETS-defined Southern Ocean
area was shallower than 2000 m, 9.8% shallower than
1000 m, 6.3% shallower than 500 m, and 4.6% shallower
than 250 m. Despite the depth of these shelves (most
>200m) and their limited spatial extent, they are still
important biogeochemically and ecologically due to
their effect on hydrography, nutrient supply, carbon
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drawdown, and the Southern Ocean foodweb. For ex-
ample, the elevated productivity of the Southwest Atlan-
tic sector relates to its relatively shallow and rugged,
complex bathymetry and concomitantly high inputs of
iron into the generally low iron environment of the Ant-

arctic Circumpolar Current (Atkinson et al., 2008).

The circulation in the Southern Ocean is unique in the
world’s oceans with the Antarctic Circumpolar Current
(ACC), which circulates clockwise around the continent
continuously, driven by wind stress and buoyancy forc-
ing, and transports about 100 Sv (1 Sv =106 m?3 s™) east-
ward (Orsi et al., 1995) (Figure 6.2a). The ACC has a
structured frontal system composed of three major sur-
face fronts: the Subantarctic Front (SAF), the Polar Front
(PF) in the middle, and the Southern ACC Front (SF)
(Figure 6.2b). The SAF defines the northern boundary of
the ACC, marked by a major change in temperature,
salinity, sea surface height, and speed and direction of
current flow, all which act as a major biogeographic
boundary for plankton (McLeod et al., 2010; Hosie et al.,
2014). Farther south of the SF is the southern limit of the
ACC (Southern Boundary; Orsi et al., 1995). Average sea
surface temperature (SST) is > 4°C north of the SAF and
< 2°C south of the PF. Closer to the Antarctic continent
and on the continental shelf, a westward flowing coun-
ter-current flows during some portions of the year (e.g.
Moffat et al., 2008). Between the SF and the Antarctic
continent, SST is about —-1.0°C.

Figure 6.2. a) Major Southern Ocean currents (redrawn from/retrieved from the Encyclopedia of Earth, http://www.eoearth.org). b)
Southern Ocean frontal features: ACC - Antarctic Circumpolar Current, STF - Subtropical Front; SAF — Subantarctic Front; PF — Polar
Front; SACCF - Southern ACC Front; Bdy — Southern boundary of the ACC (Fronts data from Orsi and Harris, 2001).
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Figure 6.3. a) The Southern Annular Mode (SAM) index changes since 1957 (data: https:
Multivariate ENSO Index (MEI) changes since 1957 (data: http://www.esrl.noaa.gov/psd/enso/mei/).

Figure 6.4. Map indicating regions of importance with the Southern Ocean and Antarctica landmass.
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Figure 6.5. Annual trends in Southern Ocean sea surface temperature (SST) (a) and sea surface chlorophyll (CHL) (b), and correlations
between chlorophyll and sea surface temperature for each of the standard IGMETS time-windows (c). See “Methods” chapter for a
complete description and methodology used.
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Over the past 50+ years, environmental conditions in
portions of the Southern Ocean have been changing rap-
idly, while in other portions, the change has been mod-
erate, but still substantial (Turner ef al., 2005; Gille, 2008;
Whitehouse et al., 2008; Constable et al., 2014; Gutt et al.,
2014). The changes may be related to the Southern Hem-
isphere Annular Mode (SAM), also known as the Ant-
arctic Oscillation (AAO), which describes the north—
south movement of the westerly winds that circle Ant-
arctica between the mid-high latitudes (poleward of
40°S; Ho et al., 2012). A high positive SAM has dominat-
ed for nearly two decades (Abram et al., 2014; Fig-

ure 6.3). A positive SAM is associated with significant
decreases in mean sea level pressure (MSLP) and a con-
traction of the westerly wind belt towards Antarctica.
The increased wind speeds may drive the Polar Front of
the ACC poleward.

6.2 General patterns of temperature and

phytoplankton biomass

IGMETS’ time series of satellite-derived surface temper-
atures show that, over the past 30 years (1983-2012),
around half (55.9%, 44% at p<0.05) of the Antarctic
Ocean has cooled (Figure 6.5; Table 6.1). Most of this
cooling was observed in the areas closer to the Antarctic
continent. This cooling trend was sustained over shorter
time-windows (e.g. 15 and 10 years) until the 5-year
time-window; in the latter, there was warming through-
out much of the entire Antarctic Ocean (66.8% warmed,
26.1% at p<0.05; Figure 6.5; Table 6.1). These results
may seem contradictory to numerous studies which
have reported warming in the Antarctic Ocean (Aoki et
al., 2003; Fyfe, 2006; Ducklow et al., 2007, Boning et al.,
2008; Gille, 2008; Dinniman et al., 2012; Constable et al.,
2014). The differences lay in the time-windows selected
and the spatial areas used for the calculations. Overall,
an average of temperature changes across the entire
Antarctic Ocean region over the past 30 years yields an

overall warning trend.

It is important to remember that satellite-derived tem-
perature only captures surface waters. Since the 1930s,
the Southern Ocean has warmed progressively from the
subsurface to > 700 m depth (Gille, 2008). The strength of
this long-term warming trend appears to be highly vari-
able, and depends on the time-window and location of
the study. Around South Georgia in the Southwest At-
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lantic sector, where records were compared over an 81-
year period, the warming extended to > 700 m and oc-
curred at a faster rate than the overall average noted by
Gille (2008), with a 2.3°C increase in near-surface waters
in austral winter and a 0.9°C increase in summer. On the
Antarctic continent, the central West Antarctic is one of
the fastest warming regions globally (Bromwich et al.,
2012). The nearby West Antarctic Peninsula (WAP) is
also a region with rapid change, and average air tem-
peratures have risen about 2.9°C from 1951 to 2005
(Vaughan et al., 2003; Meredith and King, 2005; Stam-
merjohn et al., 2008). In this region, substantial increases
in water heat content and SST have also been reported
(Martinson et al., 2008; Steinberg et al., 2015). The
north/south orientation of the WAP results in a latitudi-
nal climate gradient, with warmer temperatures and
much less sea ice in the north and colder and higher ice
conditions in the south (Ducklow et al., 2013; Steinberg et
al., 2015).

Changes in ocean temperature are also concomitant with
trends in sea ice. Sea ice is a major ecological habitat for
many marine species, and the timing of sea ice advance
and retreat, as well as its seasonal duration, affects the
ecology of the region. While observational data suggest
that sea ice has decreased since the 1950s (Clarke and
Harris, 2003; Curran et al., 2003; de la Mare, 1997, 2009),
the most recent 30 years of satellite data suggest an in-
crease in maximum sea ice extent for the Southern
Ocean as a whole (Gagné et al., 2015). However, there is
vast heterogeneity in sea ice extent (Stammerjohn et al.,
2012). For example, in the area west of the WAP, includ-
ing the Bellingshausen Sea, sea ice duration has been
significantly shortened due to earlier spring retreat and
later autumn advance. The summer ice-free season is
now three months longer than it was in 1979/80. An op-
posite pattern has been observed in the western Ross Sea
region, where the summer ice-free water period has
been shortened by 2.5 months (Stammerjohn et al., 2012).
For much of the rest of the Southern Ocean, the pattern

of sea ice seasonal change has been modest.

Trends in satellite-derived chlorophyll have been varia-
ble, with different regions showing significant positive
or negative trends over the past 15 years (Figure 6.5;
Table 6.2). Over the entire Southern Ocean, the spatial
distribution of trends has been quite evenly balanced.
For example, during 1998-2012, 53.3% (20.4% at p <0.05)
of the Antarctic Ocean exhibited an increase in chloro-
phyll, while 46.7% (17.7% at p < 0.05) showed a decrease.

One area of increased concentration was close to the
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Antarctic continent, consistent with regions of cooling
temperature (Figure 6.5). Near the Antarctic continent,
the spring bloom is occurring earlier and persisting
longer due to a shallowing of the surface mixed layer
and increasing solar radiation (Sokolov, 2008; Johnston
and Gabric, 2011). The Southern Ocean is largely a high-
nutrient, low-chlorophyll (HNLC) region (Banse, 1996;
Moore and Abbott, 2000). In northern portions of the
Southern Ocean that are in the “Permanently Open
Ocean Zone” (POOZ; Moore and Abbott, 2000) and
away from land areas and fronts, chlorophyll levels re-
main low year-round, largely because of iron limitation
(Meskhidze et al., 2007), light limitation (van Oijen et al.,
2004), and a result of grazing by zooplankton (Banse,
1996). Increasing chlorophyll and strong phytoplankton

blooms occur in areas in the vicinity of land masses,

such as the southern tips of South America, Africa, Aus-
tralia, New Zealand, and downstream of islands such as
Kerguelen, where iron inputs are greater (von der Hey-
den et al., 2012). There were 10- and 15-year trends of
strongly increasing chlorophyll along the STF, particu-
larly through the South Atlantic sectors (Figure 6.5).
When a positive SAM aligns with a positive ENSO (MEI,
see Figure 6.3) event, eddy kinetic energy increases sig-
nificantly along the STF (Langlais et al., 2015), potentially
stimulating blooms of coccolithophores (Balch et al.,

2011) during austral summer (December—January).

Areas of positive covariation between temperature and
chlorophyll were strongest along the STF in the Atlantic
sector, reflecting the close connection between phyto-
plankton and physics in this environment (Carranza and
Gille, 2015).

Table 6.1. Relative spatial areas (% of the total region) and rates of change within within the Southern Ocean region that are showing
increasing or decreasing trends in sea surface temperature (SST) for each of the standard IGMETS time-windows. Numbers in brackets
indicate the % area with significant (p < 0.05) trends. See “Methods” Chapter for a complete description and methodology used.

Latitude-adjusted SST data field 5-year 10-year 15-year 20-year 25-year 30-year
surface area = 59.4 million km? (2008-2012) (2003-2012) (1998-2012) (1993-2012) (1988-2012) (1983-2012)
Area (%) w/ increasing SST trends 66.8% 45.8% 57.5% 45.7% 46.7% 44.1%
(p <0.05) (26.1%) (31.5%) (40.0%) (33.4%) (34.4%) (31.8%)
Avrea (%) w/ decreasing SST trends 33.2% 54.2% 42.5% 54.3% 53.3% 55.9%
(p <0.05) (11.9%) (41.6%) (29.8%) (42.9%) (45.2%) (44.0%)
> 1.0°C decade™ warming 15.7% 4.6% 0.1%
(p < 0.05) (12.8%) (4.6%) (0.1%)
0.5 to 1.0°C decade* warming 15.3% 16.2% 9.8% 0.8% 0.0%
(p <0.05) (6.9%) (16.0%) (9.8%) (0.8%) (0.0%)
20.9% 18.9% 35.6% 31.9% 27.8% 20.0%
(4.6%) (10.7%) (29.1%) (30.2% ) (27.2%) (19.9%)
0.0 to 0.1°C decade™ warming 14.9% 6.1% 12.1% 13.0% 18.9% 24.1%
(p <0.05) (1.7%) (0.2%) (1.1%) (2.4%) (7.2%) (11.9%)
0.0 to —0.1°C decade™* cooling 6.7% 12.2% 24.5% 31.1% 36.6% 43.6%
(p <0.05) (0.4%) (6.2%) (15.4%) (21.2%) (28.7%) (31.7%)
—0.1 to —0.5°C decade ™ cooling 12.4% 29.0% 17.2% 23.1% 16.7% 12.4%
(p <0.05) (2.2%) (22.5%) (13.7%) (21.7%) (16.5% ) (12.3%)
8.4% 10.9% 0.7% 0.1%
(4.4%) (10.8%) (0.7%) (0.1%)
> -1.0°C decade™ cooling 5.7% 2.1%
(p <0.05) (4.9%) (2.1%)
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Table 6.2 Relative spatial areas (% of the total region) and rates of change within the South Ocean region that are showing increasing or
decreasing trends in phytoplankton biomass (CHL) for each of the standard IGMETS time-windows. Numbers in brackets indicate the

% area with significant (p < 0.05) trends. See “Methods” chapter for a complete description and methodology used.

Latitude.-adjusted CHL data field 5-year 10-year 15-year
surface area = 59.6 million km? (2008-2012)  (2003-2012)  (1998-2012)

Area (%) w/ increasing CHL trends 45.8% 60.8% 53.3%
(p < 0.05) (9.9%) (21.8%) (20.4%)

Area (%) w/ decreasing CHL trends 54.2% 39.2% 46.7%
(p < 0.05) (19.5%) (10.8%) (17.7%)

> 0.50 mg m~decade™ increasing 5.3% 0.7% 0.3%
(p < 0.05) (2.5%) (0.4%) (0.2%)

15.4% 7.6% 3.8%
(5.1%) (4.8%) (2.7%)

0.01 to 0.10 mg m-decade™ increasing 20.6% 41.2% 34.4%
(p < 0.05) (2.2%) (16.3%) (16.9%)

0.00 to 0.01 mg m~decade increasing 4.4% 11.3% 14.9%
(p < 0.05) (0.1%) (0.3%) (0.6%)

0.00 to —0.01 mg m—3decade™ decreasing 4.2% 10.3% 16.5%
(p < 0.05) (0.0%) (0.5%) (2.1%)

—0.01 to —0.10 mg m~decade™ decreasing 35.3% 24.7% 28.7%
(p < 0.05) (11.8%) (8.2%) (15.0%)

11.8% 3.9% 1.4%
(6.2%) (1.9%) (0.5%)

>-0.50 mg m2decade* (decreasing) 2.8% 0.3% 0.1%
(p < 0.05) (15%) (0.2%) (0.1%)

6.3 Trends from in situ time series

At the time of this report, the IGMETS Southern Ocean
region had 32 participating in situ time series (Figure 6.1;
Table 6.3). The largest collection of time series came
from the SCAR Southern Ocean Continuous Plankton
Recorder (SO-CPR) survey (Hosie et al., 2003; McLeod et
al., 2010), followed by time series from KRILLBASE, the
US-AMLR programme, and the Palmer-LTER. While
few in number, many of these time series were 10+ years
in length. Examples of trends for selected variables over
the 10-year (2003-2012) time-window are shown in Fig-
ure 6.6. The full suite of time-windows and available
variables can be viewed in the IGMETS Explorer
(http://igmets.net/explorer).

Based on the limited data available, in situ temperature
trends were mixed (Figure 6.6, top left panel). There was
some agreement between satellite and in situ SST, but
the level of agreement varied over different time-
windows and over different subregions. This was likely

due to spatial and temporal variability of the in situ and

satellite data. For example, there was general agreement
between in situ and satellite data in the area of the WAP.
However, in the ACC, the level of correspondence be-
tween the CPR time series and satellite data varied, de-
pending on the time-window. The CPR boxes each rep-
resent a large spatial area, compared to a transect line or
single station, which could have contained subareas
both warming and cooling. The overall trend shown is
an average of all those trends. In addition, the CPR tran-
sect was a single cruise within that month, while the
satellite data is a monthly average. It has also been sug-
gested that there is distinct seasonality to the tempera-
ture trends observed in Antarctica (Schneider et al.,
2012); it is possible that this also played a role in the dif-
ference observed between the satellite-derived and in
situ temperature trends. Munida, off the southeast of
New Zealand (see Table 6.3), was one of the stations that
showed consistent cooling in all time-windows (15, 10,
and 5 years). Munida is poleward of the STF and in Sub-
antarctic surface waters (SASW) in the Subantarctic zone

(SAZ), in a region strongly influenced by these mixing

103



a) In situ Temperature for 2003-2012 (TW10)
0°

\

v ‘v” .A.

NEG (p001)  NEG (p1.05) NEG (non-sig)  POS (non-sig) POS (pal05)  POS (pe001)

b) In situ Salinity for 2003-2012 (TW10)

GreenBive Symbols Legend Unitiess Trend Diroction and Statistical Significance
NEG (pa001)  NEG (p<0.05) NEG (non-sig)  POS (non-sig) POS (p005)  POS (p001)
GreenBiue symbois are used for biologicaly-related vanadles

Figure 6.6. Map of Southern Ocean region time-series locations and trends for select variables and IGMETS time-windows. Upward-
pointing triangles indicate positive trends; downward triangles indicate negative trends. Gray circles indicate time-series site that fell
outside of the current study region or time-window. Additional variables and time-windows are available through the IGMETS Ex-
plorer (http://IGMETS net/explorer). See “Methods” chapter for a complete description and methodology used.

and current regimes (Currie and Wowk, 2009). Although
there is considerable small-scale spatial and temporal
variability in SST trends in this region off southeast New
Zealand, the SASW has been cooling for the last 30 years
(Figure 6.3), possibly induced by the positive SAM. Dur-
ing a positive SAM, the southern hemisphere westerly
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winds tend to move farther southwards and increase in
intensity (Thompson et al., 2000), resulting in stronger
cold water upwelling in the SAZ and declining SST (Hall
and Visbeck, 2002; Oke and England, 2004). Munida also
showed decreasing salinity trends over the 10- and 15-
year time-windows (1998-2012 and 2003-2012, respec-
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tively), possibly indicating more SASW. Salinity trends
from the SO-CPR time series showed a mixture of
trends, possibly reflecting variations in the circulation

patterns.

Over the 15- and 10-year time-windows, most of the
chlorophyll trends around the Antarctic Peninsula (the
left-most arm of Antarctic pointing towards South
America) were positive (increasing) (Figure 6.6, bottom
left panel), while most of the chlorophyll trends from the
SO-CPR areas were decreasing (many at p <0.05). Over
this time-period, the Antarctic Peninsula area was a re-
gion of general SST cooling and increasing chlorophyll.
A notable exception was the WAP. In spite of changes at
the surface, the ocean heat content over the WAP shelf
showed an increasing trend due predominantly to en-
hanced upwelling of warm upper circumpolar deep
water (UCDW) onto the shelf (Martinson et al., 2008;
Steinburg et al., 2012; Ducklow et al., 2013). The SO-CPR
areas were mostly located over the warming ACC and
thus yielded decreasing chlorphyll trends. However, in
two locations over the 10-year time-window, the trends
were positive. These positive chlorophyll trends are po-
tentially associated with variability in wind stress
throughout summer (Carranza and Gille, 2015). The
negative chlorophyll trend at Munida is possibly related
to dynamics of the SAZ (Matear et al., 2013). In the SAZ,
phytoplankton might be seasonally limited by iron
(Boyd et al., 2001) or grazing (Banse, 1996), but they are
undoubtedly limited by irradiance for most of the year
(van Oijen et al., 2004). Thus, they are unlikely to re-
spond positively to the greater vertical mixing implied
by declining SST.

Between 2003 and 2012 (and also over the 15-year time-
window), nitrate and phosphate concentrations in-
creased significantly at Munida; an increase in surface
phosphate concentrations was also reported by Currie
and Wowk (2009). These observations support the mod-
el prediction of a more vigorous upwelling in the SAZ
resulting from the positive phase of the SAM (Matear
and Lenton, 2008). In contrast, surface macronutrient
concentrations (silicate, phosphate, and nitrate) showed
a consistent decrease over the 10- and 5-year time-
windows at the PALMER station. It has been suggested
that UCDW represents one of the major sources of nutri-
ents to the WAP region (Prézelin et al., 2000) and that
nutrient concentrations track temperature in the UCDW;
thus, nutrient concentrations are expected to increase
with increasing temperature (Ducklow et al., 2012). It is
possible that the declining trends observed in macronu-

trients are a reflection of increased phytoplankton popu-
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lations measured in the area. It has been noted that sea-
sonal nutrient depletions reflect abundance and type of
phytoplankton (Ducklow et al., 2012).

Time-window-qualifying diatom and dinoflagellate data
were not available from any of the time-series sites at the
time of this report. Montes-Hugo et al. (2009) found that,
in the northern WAP during 1998-2012, there was a shift
from diatoms to dinoflagellates due to increased winds
and deeper mixed layers. Near the Antarctic continent,
the seasonal cycle of phytoplankton production in the
Southern Ocean is strongly tied to solar radiation, cloud
cover, the ebb and flow of sea ice, and mixed-layer dy-
namics. In the ice-covered regions of the Southern Ocean
during winter, under-ice algae and other microorgan-
isms provide a source of food for larger zooplankton,
including krill (Arrigo and Thomas, 2004). During
spring, nutrients are released by the melting sea ice and
stimulate the bloom of algae in the vicinity of the retreat-
ing ice edge. Although there is evidence of data collec-
tion by researchers (Cassar et al., 2015), the lack of avail-
able information on phytoplankton species in most areas
of the Southern Ocean precludes any conclusions re-

garding regional community changes over time.

Extensive datasets on meso- and macrozooplankton
from various nations span the last 100 years; combining
these is still a work in progress. In the Atlantic sector,
the greatest abundance of macrozooplankton generally
occurred in the vicinity of the STF, while abundance was
lower in the more southern regions (Mackey et al., 2012,
a trend also seen in the mesozooplankton (Ward et al.,
2014). A warming of the Antarctic Circumpolar Current
and the shift of the currents poleward has been predict-
ed to cause decreases in the cold-water species, especial-
ly those living closest to the Antarctic continent, and
increases in the warm-water species (Mackey et al.,
2012).

Krill (principally Euphausia superba) and salps (especially
Salpa thompsoni) play key roles in the Antarctic ecosys-
tem, and their distribution and abundance has been
studied by a number of investigators (Foxton, 1966; Loeb
et al., 1997; Atkinson et al., 2004, 2008, 2009; Pakhomov et
al., 2006; Lee et al., 2010; Loeb and Santora, 2012). E. su-
perba is a cold-water species that predominately lives in
ACC waters south of the PF to the ice shelves to the
south. As adolescents and adults, E. superba aggregates
in swarms and schools and is known for avoidance of
capture by traditional net sampling. It occurs in highest
abundance in the southwestern Atlantic sector of the
Southern Ocean (Atkinson et al., 2008). In contrast, S.
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thompsoni is found in warmer, less-productive waters
than krill, and while its abundance fluctuates greatly
between years in a similar manner to krill, its overall
circumpolar distribution is more even (Pakhomov et al.,
2002; Lee et al., 2010).

The distributions and abundance of these two species of
krill and salps are related to a range of factors including
sea surface temperature, water depth, productivity, and
the extent of seasonal sea ice cover (Stammerjohn ef al.,
2008; Lee et al., 2010). Over the past several decades, an
inverse relationship between these two species has been
observed (Lee et al., 2010; Loeb and Santora, 2012). In
spite of strong 3-5-year oscillations, the longer-term (ca.
30-year) data compilations provided by KRILLBASE
suggest that krill populations have been decreasing and
salps increasing over parts of their ranges (Atkinson et
al., 2004). The population trends and oscillations of both
species have now been linked to a variety of factors in-
cluding winter sea ice (Loeb et al., 1997; Atkinson et al.,
2004), the Southern Annular Mode (Saba et al., 2014;
Steinberg et al., 2015), ENSO (Loeb and Santora, 2012),
and the Antarctic Circumpolar Wave (Lee et al., 2010), as
well as to changing top-down controls (Ainley et al.,
2007). Researchers agree that the duration and the loca-
tion of the time series are critical factors that will deter-
mine which forcing function is found to dominate spe-
cies dynamics (Loeb and Santora, 2012). In addition, a
better mechanistic understanding is still needed to make
informed projections on how these key species will re-
spond with future climatic variations (Alcaraz et al.,
2014).

The IGMETS zooplankton trends (e.g. Figure 6.6, bottom
right panel) only looked at the state of the entire zoo-
plankton community, while the literature studies men-
tioned in the above paragraphs discussed changes in
dominant species or groups. It is possible that the trends
seen in the IGMETS zooplankton reflect this shift in spe-
cies dominance. However, without looking deeper into
species assemblages, coupled with additional physical
and chemical variables, it is difficult to draw any conclu-
sions at this point. It is also important to note that, su-
perimposed on the long-term trends, 4-6-year abun-
dance oscillations have been identified for certain zoo-
plankton species and have been linked to both the SAM
and the ENSO climate indices (Steinberg et al., 2015),
adding further complexity to the picture.
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6.4 Conclusions

Both long-term trends and subdecadal cycles are evident
in the Southern Ocean on multiple trophic levels and are
strongly related in complex ways to climate forcings and
their effects on the physical oceanographic system. Ant-
arctic marine ecosystems have changed over the past 30
years in response to changing ocean conditions and the
extent and seasonality of sea ice. These changes have
been spatially heterogeneous, which suggests ecological
responses depend on the magnitude and direction of the
changes and their interactions with other factors. In the
Southern Ocean, there are few in situ time series that
measure a comprehensive suite of biological, ecological,
and hydrographic measurements; this handicap pre-
cludes a deeper understanding of changing conditions in
the region. With predictions of an overall strengthening
of westerly winds in response to the positive SAM in-
dex, it is expected that higher phytoplankton concentra-
tions will be found southward (Constable et al., 2014).
The response of zooplankton may be more regionally
specific, depending on sea ice, primary production, and

seasonal dynamics of the physical forcings.
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Table 6.3. Time-series sites located in the IGMETS Southern Ocean region. Participating countries: New Zealand (nz), United King-
dom, (uk), United States (us), and multiple-country efforts (zz). Year-spans in red text indicate time series of unknown or discontinued

status.
No. IGMETS-ID Site or programme name Year-span
1 nz-10101 Munida Time Serl'e's 1998-
D (Western South Pacific) present
KRILLBASE: Atkinson Krill 1976—
2 k-30401
ubedti) Study (Southern Ocean) 2003 (?)
KRILLBASE: Antarctic Peninsula 1975
3 uk-30402 and western Scotia Sea . "
(Southern Ocean) presen
4 uk-30403 KRILLBASE: E:clstern Scotia Sea and 1975-
South Georgia (Southern Ocean) present
KRILLBASE: Indian Ocean Sector 1981-
5 k-30404
e (Southern Ocean) 2006 (2)
6 1k-30501 Rothera Time Series (RaTS) 1998-
(Southern Ocean) present
” 1s-30501 Palmer Station Ant'arctlca LTER 1989-
D (Antarctic) present
8 us-50701 AMLR Elephant Island — EI 1995-
(Southern Ocean) present
9 us-50702 AMLR South — SA 1995-
(Southern Ocean) present
10 150703 AMLR West - WA 1995-
- (Southern Ocean) present
1 150704 AMLR Joinville Island - JI 1997-
(Southern Ocean) present
SCAR SO-CPR Aurora 080-100- 1991-
12 -40101
2240101 B5560 (Southern Ocean) present
SCAR SO-CPR Aurora 080-100- 1991-
1 -40102
3 2240102 B6065 (Southern Ocean) present
SCAR SO-CPR Aurora 100-120- 1998-
22-401
14 2240105 B5055 (Southern Ocean) present
SCAR SO-CPR Aurora 100-120- 1991-
15 7-40104
A B5560 (Southern Ocean) present
SCAR SO-CPR Aurora 100-120- 1997-
1 -40105
6 EEEEE B6065 (Southern Ocean) present
SCAR SO-CPR Aurora 120-140- 1998-
17 -40106
LS B4550 (Southern Ocean) present
SCAR SO-CPR Aurora 120-140- 1997-
1 -40107
8 2240107 B5055 (Southern Ocean) present
SCAR SO-CPR Aurora 120-140- 1995-
19 2z-40108
A B5560 (Southern Ocean) present

Oxy

Ntr | Chl | Mic | Phy | Zoo

X X = - -
- - - - X
- - - - X
- - - - X
- - - - X
- X - - -
X X - - X
- X - - -
- X - - -
- X - - -
- X - - -
_ X - - X
_ X - - X
- X - - X
- X - - X
_ X - - X
_ X - - X
_ X - - X
- X - - X
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http://igmets.net/sites/?id=nz-10101
http://igmets.net/sites/?id=uk-30401
http://igmets.net/sites/?id=uk-30402
http://igmets.net/sites/?id=uk-30403
http://igmets.net/sites/?id=uk-30404
http://igmets.net/sites/?id=uk-30501
http://igmets.net/sites/?id=us-30501
http://igmets.net/sites/?id=us-50701
http://igmets.net/sites/?id=us-50702
http://igmets.net/sites/?id=us-50703
http://igmets.net/sites/?id=us-50704
http://igmets.net/sites/?id=zz-40101
http://igmets.net/sites/?id=zz-40102
http://igmets.net/sites/?id=zz-40103
http://igmets.net/sites/?id=zz-40104
http://igmets.net/sites/?id=zz-40105
http://igmets.net/sites/?id=zz-40106
http://igmets.net/sites/?id=zz-40107
http://igmets.net/sites/?id=zz-40108

No. IGMETS-ID Site or programme name Year-span Oxy | Ntr | Chl | Mic | Phy | Zoo

SCAR SO-CPR Aurora 120-140- 1995-
20 2z-40109 B6065 (Southern Ocean) present X X ) ) X ) ) X
SCAR SO-CPR Aurora 140-160- 1999-
A 2z-40110 B4550 (Southern Ocean) present X X ) ) X ) ) X
SCAR SO-CPR Aurora 140-160- 1995-
22 240111 B5055 (Southern Ocean) present X X ) ) X ) ) X
SCAR SO-CPR Aurora 140-160- 1995-
23 2z-40112 X X - - X - - X
AEEEE B5560 (Southern Ocean) present
SCAR SO-CPR Aurora 140-160- 1997-
24 -40113 X X - - X - - X
HEES B6065 (Southern Ocean) present
SCAR SO-CPR Shirase E108111- 2000~
2 -40131 X X - - X - - X
> 2= 54550 (Southern Ocearn) present
SCAR SO-CPR Shirase E108111- 1999-
2 -40132 X X - - X - - X
6 2= 55055 (Southern Ocearn) present
SCAR SO-CPR Shirase E108111- 1999-
-40133 X X - - X - - X
z 2240133 55560 (Southern Ocean) present
28 7240151 SCAR SO-CPR Aotea B4550 2008- ) ) ) ) ) ) ) X
- (Southern Ocean) present
29 7240152 SCAR SO-CPR Aotea B5055 2008- ) . ) ) ) ) ) X
(Southern Ocean) present
30 72-40153 SCAR SO-CPR Aotea B5560 2008- ) ) ) ) ) ) ) X
(Southern Ocean) present
31 22-40154 SCAR SO-CPR Aotea B6065 2008- ) . ) ) ) } ) X
(Southern Ocean) present
n 7240155 SCAR SO-CPR Aotea B6570 2008- ) ) ) } ) } ) X
(Southern Ocean) present
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http://igmets.net/sites/?id=zz-40109
http://igmets.net/sites/?id=zz-40110
http://igmets.net/sites/?id=zz-40111
http://igmets.net/sites/?id=zz-40112
http://igmets.net/sites/?id=zz-40113
http://igmets.net/sites/?id=zz-40131
http://igmets.net/sites/?id=zz-40132
http://igmets.net/sites/?id=zz-40133
http://igmets.net/sites/?id=zz-40151
http://igmets.net/sites/?id=zz-40152
http://igmets.net/sites/?id=zz-40153
http://igmets.net/sites/?id=zz-40154
http://igmets.net/sites/?id=zz-40155
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