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Warming	  Temperature	  &	  Arc;c	  Sea	  Ice	  Retreat

Sea	  Ice	  Extent	  (September)



Documented!Changes!in!the!Arctic!and!Marginal!Seas+
@
! Substantial*loss*in*older*sea*ice*between*1988*and*2010*3

FigureBcourtesyBofBNationalBSnowBandBIceBDataBCenter,BJ.BMaslanikBandBC.BFowler@

Blue:*1*year*ice3
3
Red:*5+*year*ice3
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here as all waters north of the Arctic circle, Figure 1a) has
steadily increased each year since 2003. During this time,
mean annual open water area has risen by 14.5%, from 4.1!
106 km2 in 2003 to 4.7 ! 106 km2 in 2007 (Figure 2a), the
latter being largest open water area measured during the
30 year satellite record. More importantly, during the peak
of the phytoplankton spring bloom in May–June, open
water area rose even more rapidly, from 3.2 ! 106 km2 in
2003 to 3.9 ! 106 km2 in 2007, an increase of 23.6% over
five years (Figure 2b). However, the most dramatic changes

in open water area in the Arctic are associated with the
summer minimum sea ice extent in August–September
(Figure 2c). In 2007, open water area during the summer
sea ice minimum (Figure 1c) was 25% greater than in 2006
(Figure 1b) and 22.4% larger than in 2005, the previous
minimum sea ice year (Figure 2c). This drop between 2006
and 2007 represents by far the biggest single-year decrease
in summer minimum sea ice extent ever recorded in the
Arctic. Losses of summer sea ice in 2007 were largest in
the Laptev, Chukchi, and Siberian sectors of the Arctic

Figure 1. Arctic study region showing (a) bathymetry and location of the major geographic sectors discussed in the text,
(b) the minimum sea ice extent of 2006 (reached on 22 September), (c) the minimum sea ice extent of 2007 (reached on
16 September), and (d) the difference in the minimum sea ice extent between 2006 and 2007. Red denotes areas with open
water in 2007 that were ice covered in 2006. Much of this area had never been ice-free for as long as measurements have
been available.
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to 2007, annual primary production in the Arctic increased
by 163 Tg C yr!1 for every 1 " 106 km2 drop in mean
annual sea ice extent (n = 5, R2 = 0.92, p = 0.011). If we
extend this analysis to also include similar primary produc-
tion and sea ice cover data from 1998–2002 [Pabi et al.,
2008], the increase in annual production resulting from
an equivalent loss of sea ice drops to 122 Tg C yr!1 (n = 10,
R2 = 0.68, p = 0.003). Thus, the most recent losses of sea
ice elicited larger increases in annual production than did
the losses of ice from 6–10 years ago. Extrapolation of the
more conservative 10-year trend suggests that annual pri-
mary production in the Arctic could increase by an addi-
tional 160 Tg C (reaching almost 700 Tg C yr!1) if the ice
pack melted completely in the summer and by >1300 Tg C
if the Arctic became ice-free by the spring (assuming a
current May–June sea ice extent of 12 " 106 km2 and an

increase in annual production of 113 Tg C yr!1 for each 1 "
106 km2 drop in sea ice extent). This latter value represents
a 3-fold increase in annual primary production above the
1998–2002 mean (416 Tg C yr!1).
[11] Given that surface nutrients in the Arctic are gener-

ally low, it is possible that future increases in production
resulting from decreased sea ice extent and a longer
phytoplankton growing season will slow as surface nutrient
inventories are exhausted. This could reduce primary pro-
ductivity in waters downstream of the Arctic, such as in the
western north Atlantic. On the other hand, nitrate concen-
trations in subsurface Arctic waters are relatively abundant
(approximately 5 mM and 5–15 mM at 50 m and 100 m,
respectively). Currently, these nutrients seldom reach the
surface due in part to the presence of a cold halocline layer
that resides at a depth of 50–100 m and separates deeper

Figure 3. Annual primary production in (a) 2006 and (b) 2007. The change in (c) annual primary production (warm-
colored areas were more productive in 2007) and (d) length of the phytoplankton growing season between 2006 and 2007
was calculated for each pixel by subtracting the value in 2007 from that in 2006. The change in the phytoplankton growing
season was calculated for each pixel by subtracting the total number of days of ice cover between 1 March and 30
September 2007 from the total number of days of ice cover between 1 March and 30 September 2006. Warm-colored areas
had a longer growing season in 2007.
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here as all waters north of the Arctic circle, Figure 1a) has
steadily increased each year since 2003. During this time,
mean annual open water area has risen by 14.5%, from 4.1!
106 km2 in 2003 to 4.7 ! 106 km2 in 2007 (Figure 2a), the
latter being largest open water area measured during the
30 year satellite record. More importantly, during the peak
of the phytoplankton spring bloom in May–June, open
water area rose even more rapidly, from 3.2 ! 106 km2 in
2003 to 3.9 ! 106 km2 in 2007, an increase of 23.6% over
five years (Figure 2b). However, the most dramatic changes

in open water area in the Arctic are associated with the
summer minimum sea ice extent in August–September
(Figure 2c). In 2007, open water area during the summer
sea ice minimum (Figure 1c) was 25% greater than in 2006
(Figure 1b) and 22.4% larger than in 2005, the previous
minimum sea ice year (Figure 2c). This drop between 2006
and 2007 represents by far the biggest single-year decrease
in summer minimum sea ice extent ever recorded in the
Arctic. Losses of summer sea ice in 2007 were largest in
the Laptev, Chukchi, and Siberian sectors of the Arctic

Figure 1. Arctic study region showing (a) bathymetry and location of the major geographic sectors discussed in the text,
(b) the minimum sea ice extent of 2006 (reached on 22 September), (c) the minimum sea ice extent of 2007 (reached on
16 September), and (d) the difference in the minimum sea ice extent between 2006 and 2007. Red denotes areas with open
water in 2007 that were ice covered in 2006. Much of this area had never been ice-free for as long as measurements have
been available.
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Table 1 Reports of changes in Arctic plankton in response to climate change showing the organism and region investigated, the period of observation, and the response observed

Subject Region Climatic driver Footprint References Code

Primary production Arctic Ocean Ice changes Increased annual primary production Arrigo et al. (2008) 1
Phytoplankton biomass Barents Sea Ice changes Increased phytoplankton biomass Qu et al. (2006) 2
Primary production Arctic Ocean Ice changes Increased primary production Pabi et al. (2008) 3
Planktonic diatom Labrador Sea Altered circulation Range shift of Neodenticula seminae Reid et al. (2007) 4
Primary production Beaufort Sea Ice changes Increased primary production Mundy et al. (2009) 5
Amphipods Kongsfjord, Svalbard Altered circulation Increasing proportion of Themisto abyssorum to T. libellula Hop et al. (2006) 6
Zooplankton community West Greenland Warming Changes in zooplankton abundance and composition Pedersen & Rice (2002) 7
Copepods Kongsfjord, Svalbard Altered circulation Increasing contribution of smaller copepods Hop et al. (2006) 8
Jellyfish Bering Sea Warming Increase in jellyfish biomass Brodeur et al. (1999) 9

The code number identifies the corresponding symbol in Fig. 3
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here as all waters north of the Arctic circle, Figure 1a) has
steadily increased each year since 2003. During this time,
mean annual open water area has risen by 14.5%, from 4.1!
106 km2 in 2003 to 4.7 ! 106 km2 in 2007 (Figure 2a), the
latter being largest open water area measured during the
30 year satellite record. More importantly, during the peak
of the phytoplankton spring bloom in May–June, open
water area rose even more rapidly, from 3.2 ! 106 km2 in
2003 to 3.9 ! 106 km2 in 2007, an increase of 23.6% over
five years (Figure 2b). However, the most dramatic changes

in open water area in the Arctic are associated with the
summer minimum sea ice extent in August–September
(Figure 2c). In 2007, open water area during the summer
sea ice minimum (Figure 1c) was 25% greater than in 2006
(Figure 1b) and 22.4% larger than in 2005, the previous
minimum sea ice year (Figure 2c). This drop between 2006
and 2007 represents by far the biggest single-year decrease
in summer minimum sea ice extent ever recorded in the
Arctic. Losses of summer sea ice in 2007 were largest in
the Laptev, Chukchi, and Siberian sectors of the Arctic

Figure 1. Arctic study region showing (a) bathymetry and location of the major geographic sectors discussed in the text,
(b) the minimum sea ice extent of 2006 (reached on 22 September), (c) the minimum sea ice extent of 2007 (reached on
16 September), and (d) the difference in the minimum sea ice extent between 2006 and 2007. Red denotes areas with open
water in 2007 that were ice covered in 2006. Much of this area had never been ice-free for as long as measurements have
been available.
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Effects	  of	  Warming	  
on	  Fish

Table 2 Reports of changes in Arctic benthos in response to climate change showing the organism and region investigated, the
period of observation, and the response observed

Subject Region Climatic driver Footprint References Code

Benthic algae Spitsbergen fjords Altered circulation Advance to upper littoral Jan Marsin Weslawski,
personal communication

10*

Macroalgae Svalbard Bays Increased river
discharge

Reduced UVR damage to
Saccharina latissima

Roleda et al. (2008) 11

Amphipods Chirikov Basin,
Bering Sea

Possibly climate
change

Decline of Byblis spp. Moore et al. (2003) 12

Benthic community N Bering Sea Warming Decline in benthic biomass Grebmeier et al. (2006) 13
Blue mussel Svalbard Altered circulation Northward range shift of

Mytilus edulis
Berge et al. (2005) 14

Clam Chukchi Sea Warming Increase in Macoma calcarea
biomass

Sirenko & Gagaev (2007) 15

Clam Greenland Ice changes Changes in Clinocardium
ciliatum growth

Sejr et al. (2009) 16

Benthic community
structure

Bering Sea Warming Cod invasion reduces crab
abundance

Orensanz et al. (2004) 17

Decapods Svalbard Warming Change in composition Berge et al. (2009) 18
Crustaceans S Svalbard Altered circulation Increase in Gammarus

oceanicus proportion
Jan Marsin Weslawski,

personal communication
19*

Shrimp SW Greenland Possibly climate
change

Increased shrimp catch Overland et al. (2004) 20

Snow crab Bering Sea Warming and ice
changes

Decrease in snow crab in
their southern range

Otto & Stevens (2003) 21

Snow crab Chukchi Sea Altered circulation Change in abundance Bodil Bluhm, personal
communication

22*

Greenland Cockle NW Svalbard Climate change Changes in Serripes
groenlandicus growth

Ambrose et al. (2006) 23

The code number identifies the corresponding symbol in Fig. 3. The code numbers with asterisk are changes that have not been
documented in the published literature as yet, and therefore offer a weaker basis for the assessment.

Table 3 Reports of changes in Arctic fish in response to climate change showing the organism and region investigated, the period of
observation, and the response observed

Subject Region Climatic driver Footprint References Code

Cod Barents Sea Warming Increased cod recruitment and length Overland et al. (2004) 24
Cod and Shrimp West Greenland Warming Replacement of cod by shrimp Hamilton et al. (2003) 25
Greenland Turbot Bering Sea Warming and

ice changes
Increased spawning biomass Overland & Stabeno (2004) 26

Pacific Cod Bering Sea Warming and
reduced sea ice

Reduced spawning biomass Overland & Stabeno (2004) 27

Cod North Atlantic Warming Northward spread and increased
spawning stock biomass and
recruitment

Drinkwater (2009) 28

Cod Barents Sea NAO/temperature Positive relation between cod
recruitment and temperature

Ottersen & Stenseth (2001) 29

Snake Pipefish W Svalbard Warming Northward range shift Fleischer et al. (2007) 30
Walleye Pollock Chukchi and

Bering Seas
Warming Northward range shift Mecklenburg et al. (2007) 31

Walleye Pollock Bering Sea Warming and
ice changes

Increased biomass Overland & Stabeno (2004) 32

The code number identifies the corresponding symbol in Fig. 3.
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Fig. 2 Percent distribution of documented footprints of climate change (Tables 1–5) on Arctic biota onto different types of organisms and

responses.

Fig. 3 Map of the Arctic showing the locations where footprints of climate change impacts on marine biota have been reported.

The Arctic shelves and the mean minimum extent of ice (1979–2000) are indicated. The number of the symbols identifies the entry in

Tables 1–5, and the colours identify the reported organisms: Green: plankton; Red: benthos; Blue: fish; White: birds; Black: mammals.
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Fig. 3 Map of the Arctic showing the locations where footprints of climate change impacts on marine biota have been reported.

The Arctic shelves and the mean minimum extent of ice (1979–2000) are indicated. The number of the symbols identifies the entry in

Tables 1–5, and the colours identify the reported organisms: Green: plankton; Red: benthos; Blue: fish; White: birds; Black: mammals.
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Fig. 3 Map of the Arctic showing the locations where footprints of climate change impacts on marine biota have been reported.

The Arctic shelves and the mean minimum extent of ice (1979–2000) are indicated. The number of the symbols identifies the entry in

Tables 1–5, and the colours identify the reported organisms: Green: plankton; Red: benthos; Blue: fish; White: birds; Black: mammals.
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Our standardised data (Fig. 4) show a concentration
of krill in the SW Atlantic sector and a tail extending
around Antarctica, closer to the continent. As shown
previously (Marr 1962, Mackintosh 1973, Nicol et al.
2000a, Siegel 2005), this tail is of much lower density
than in the SW Atlantic. We have tentatively marked
the core of the distribution in Fig. 4 to highlight 2
further features:

Within the SW Atlantic, the highest mean densities
are not at the Antarctic Peninsula but further east and
north, in Sectors 32 to 35 (marked in Fig. 8). Indeed,
the Antarctic Peninsula-Scotia Sea system does not
contain most of the krill, even within the Atlantic sec-
tor. Based on the areas and krill densities within each
grid cell in Fig. 4, the CCAMLR Synoptic Survey area
(Hewitt et al. 2004) contains only 26% of the total cir-
cumpolar stock (this value is 28% if the densities are
stratified on a finer-scale 2° by 6° grid, A. Atkinson et
al. unpubl.). By comparison, the whole 0° to 90° W sec-
tor contains 70% of the total stock. These calculations
assume conservatively that the unsampled (blue) grid
cells in Fig. 4 contain no krill.

The data suggest 2 population centres between
Sectors 34 and 4 (see Fig. 8 for sectors). One aligns with
the ACC stream and the other is in the counter-current
near the continent. This result also holds for individual
surveys in the area, for example those in 1934 and
2004. Like so many aspects of krill biology, this pattern
has already been proposed many years ago (Mackin-
tosh 1973, Makarov & Spiridonov 1993). KRILLBASE
suggests a connection between the northern popula-
tion (the main ‘stock’ in the Atlantic sector) and the
remaining 30% of the stock. This connection is made
tentatively, given the paucity of sampling here—the
region clearly demands a more focussed survey effort.

Long-term change in density and distribution

The standardised data in Fig. 4 are a composite of
data spanning 80 yr, during which krill density within
the SW Atlantic sector has declined over the period
1976 to 2003. This observation was based on subsets of
un-standardised data, causing concerns over possible
sampling artefacts (Quetin et al. 2007). However,
Fig. 10 shows that, even after applying our standardis-
ation procedure, the decline persists.

This decline in krill within the SW Atlantic sector is
accompanied by a regional increase in water tempera-
ture (Meredith & King 2005) and decrease in sea ice
(Parkinson 2002) and follows larger-scale and longer-
term changes (de la Mare 1997, Gille 2002, Cotté &
Guinette 2007, Whitehouse et al. in press). Conse-
quently, an overall change in krill abundance is plau-
sible within a 30 yr period, taking into account that the

population can fluctuate greatly from year to year.
However, in the context of this synthesis, the question
is: Has this been accompanied by a re-distribution?
Within the limits of the available data, we found no
convincing evidence for any change in krill distribu-
tion between the ‘Discovery’ expeditions and recent
years, so the ‘climatology’ in Fig. 4 is a reasonable
overall picture.

Seasonal change in distribution

Our standardisation procedure (see Appendix 1)
revealed that krill density peaks in the middle of
summer (January) and declines thereafter. This re-
flects the pulse of recruitment from larvae during
spring–summer and subsequent mortality. However,
there is a latitudinal difference in this simple picture.
We illustrate this with a plot of density anomalies
(Fig. 11), calculated from standardised densities, and
comparing seasonal trends in density between the
northern and southern parts of the krill distribution
range. In our analysis, we have divided the 8137 sam-
pling stations into a standard sample size, a nominal
n = 36 groups of stations, to make it compatible to a
recent circumpolar habitat-based analysis (Nicol et al.
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Fig. 10. Euphausia superba. Change in mean density (ind. m–2)
within the SW Atlantic sector (30 to 70° W), based on stan-
dardised densities, for comparison with Fig. 2a of Atkinson et
al. (2004) based on un-standardised values. Only years with
>50 stations are plotted. The vertical line separates the 1926
to 1939 and post-1976 eras. Based on the post-1976 dataset
there is a significant decline: log10 (krill density) = 60.07 – 

0.0294 (yr); R2 = 31%, p = 0.007, n = 22 yr

Decreasing	  winter	  ice	  in	  the	  
major	  spawning	  and	  nursery	  
areas	  affects	  krill	  density
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Few krill studies, by contrast, deal both with the abil-
ity to find food and to avoid predation. Mortality is
clearly a prime force in krill population dynamics (e.g.
Pakhomov 2000, Murphy & Reid 2001), with >100 mil-
lion tonnes (Mt) of krill being removed annually by
predators—a value similar to their total biomass
(Miller & Hampton 1989, Mori & Butterworth 2006).
Near islands with breeding predator colonies, preda-
tion is especially intense (Croxall et al. 1984, Fraser &
Hofmann 2003). The concept of a ‘krill surplus’ follow-
ing the removal of large predators through whaling
during the last century reflects this top–down view of
control (Mackintosh 1973, Laws 1985, Ainley et al.
2006). Ecologists studying higher krill predators often
emphasise predation as a controlling factor (e.g. Reid
& Croxall 2001, Fraser & Hofmann 2003, Ainley et al.

2006), whilst others highlight food resources (e.g.
Atkinson et al. 2004, Siegel 2005). Clearly, these 2
approaches must be integrated (Daly & Macaulay
1991, Alonzo & Mangel 2001, Ainley et al. 2006).

Advection and migration controls on krill distribution

Are krill more like a planktonic drifter or more like a
small pelagic fish? On the one hand, krill have been
treated as drifters at the circumpolar scale, since advec-
tion probably plays a major part in their lives (Hofmann
et al. 1998, Murphy et al. 2004, Fach et al. 2006). On the
other hand, attributes more akin to those of small pelagic
fish have been argued. As well as size and lifespan
(Quetin et al. 1994, Quetin & Ross 2003), these attributes
include cruising speeds of ~20 cm s–1 (Kils 1982), school-
ing (Daly & Macaulay 1991, Hamner & Hamner 2000) and
horizontal migrations (Kanda et al. 1982, Siegel 1988,
Sprong & Schalk 1992, Lascara et al. 1999). Despite these
attributes, questions remain over the degree to which
swimming controls the circumpolar distribution of krill.

Modern models emphasise both migration (Fig. 6)
and advection (Fig. 7) in determining the distribution
of krill. Clearly, the processes work at different scales,
with the ontogenetic seasonal migration model apply-
ing to the Antarctic Peninsula area, whereas the
advection model is circumpolar. However, there is
need to integrate processes at both of these scales,
because small differences in behaviour can have major
effects on advection tracks (Hofmann et al. 1998, Mur-
phy et al. 2004, Cresswell et al. 2007).

4

Fig. 4. Euphausia superba. Circumpo-
lar distribution of krill based on stan-
dardised data from KRILLBASE (8789
stations including those north of the
Antarctic Polar Front, APF). The data
are plotted as arithmetic mean krill
densities (ind. m–2) of all stations
within each 3° latitude by 9° longitude
grid cell. We suspect that the isolated
cells with high densities near the APF
at the bottom of the map reflect a mis-
identification in one particular survey.
The distribution of sampling effort
and the circumpolar density distri-
bution from un-standardised data
are shown in Appendix 1. Fronts
shown in black lines (north to south)
are the APF (Moore et al. 1999a) and
the Southern Boundary of the Ant-
arctic Circumpolar Current (Orsi et al.
1995). The population centres of krill
were drawn by eye, relative to the
Commission for the Conservation of
Antarctic Marine Living Resources
(CCAMLR) Survey (Hewitt et al. 2004)
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INTRODUCTION

Studying micronekton in the open ocean

In ecology, our paradigms are often governed by tech-
nical constraints on methodology. A prime example in
the oceans is the issue over bottom–up or top–down con-
trol, with an emphasis on the former because it is easier
to quantify than predation (Ohman & Wood 1995, Verity
& Smetacek 1996). However, a basic ecological trade-off
exists between occupying habitats that are risky, but re-
warding, and those that are safer, but food-poor (e.g.
Suhonen 1993). While this risk–reward concept is well
accepted in the pelagic marine environment (e.g. for diel
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ABSTRACT: Surveys of Euphausia superba often target lo-
calised shelves and ice edges where their growth rates and
predation losses are atypically high. Emphasis on these ar-
eas has led to the current view that krill require high food
concentrations, with a distribution often linked to shelves.
For a wider, circumpolar perspective, we compiled all
available net-based density data on postlarvae from 8137
mainly summer stations from 1926 to 2004. Unlike Antarc-
tic zooplankton, the distribution of E. superba is highly un-
even, with 70% of the total stock concentrated between
longitudes 0° and 90° W. Within this Atlantic sector, krill
are abundant over both continental shelf and ocean. At the
Antarctic Peninsula they are found mainly over the inner
shelf, whereas in the Indian–Pacific sectors krill prevail in
the ocean within 200 to 300 km of the shelf break. Overall,
87% of the total stock lives over deep oceanic water
(>2000 m), and krill occupy regions with moderate food
concentrations (0.5 to 1.0 mg chl a m–3). Advection models
suggest some northwards loss from these regions and into
the low chlorophyll belts of the Antarctic Circumpolar Cur-
rent (ACC). We found possible evidence for a compensat-
ing southwards migration, with an increasing proportion of
krill found south of the ACC as the season progresses. The
retention of krill in moderately productive oceanic habitats
is a key factor in their high total production. While growth
rates are lower than over shelves, the ocean provides a
refuge from shelf-based predators. The unusual circumpo-
lar distribution of krill thus reflects a balance between ad-
vection, migration, top–down and bottom–up processes.

KEY WORDS:  Euphausiid · Circumpolar · Distribution ·
Growth · Mortality · Predation · Risk · Bottom–up control ·
Top–down control
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Krill Euphausia superba, which grows to a size of 6.4 cm, is at
the boundary between plankton and nekton, and supports a
large biomass of predators as well as a commercial fishery.

Photo: Chris Gilberg
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Few krill studies, by contrast, deal both with the abil-
ity to find food and to avoid predation. Mortality is
clearly a prime force in krill population dynamics (e.g.
Pakhomov 2000, Murphy & Reid 2001), with >100 mil-
lion tonnes (Mt) of krill being removed annually by
predators—a value similar to their total biomass
(Miller & Hampton 1989, Mori & Butterworth 2006).
Near islands with breeding predator colonies, preda-
tion is especially intense (Croxall et al. 1984, Fraser &
Hofmann 2003). The concept of a ‘krill surplus’ follow-
ing the removal of large predators through whaling
during the last century reflects this top–down view of
control (Mackintosh 1973, Laws 1985, Ainley et al.
2006). Ecologists studying higher krill predators often
emphasise predation as a controlling factor (e.g. Reid
& Croxall 2001, Fraser & Hofmann 2003, Ainley et al.

2006), whilst others highlight food resources (e.g.
Atkinson et al. 2004, Siegel 2005). Clearly, these 2
approaches must be integrated (Daly & Macaulay
1991, Alonzo & Mangel 2001, Ainley et al. 2006).

Advection and migration controls on krill distribution

Are krill more like a planktonic drifter or more like a
small pelagic fish? On the one hand, krill have been
treated as drifters at the circumpolar scale, since advec-
tion probably plays a major part in their lives (Hofmann
et al. 1998, Murphy et al. 2004, Fach et al. 2006). On the
other hand, attributes more akin to those of small pelagic
fish have been argued. As well as size and lifespan
(Quetin et al. 1994, Quetin & Ross 2003), these attributes
include cruising speeds of ~20 cm s–1 (Kils 1982), school-
ing (Daly & Macaulay 1991, Hamner & Hamner 2000) and
horizontal migrations (Kanda et al. 1982, Siegel 1988,
Sprong & Schalk 1992, Lascara et al. 1999). Despite these
attributes, questions remain over the degree to which
swimming controls the circumpolar distribution of krill.

Modern models emphasise both migration (Fig. 6)
and advection (Fig. 7) in determining the distribution
of krill. Clearly, the processes work at different scales,
with the ontogenetic seasonal migration model apply-
ing to the Antarctic Peninsula area, whereas the
advection model is circumpolar. However, there is
need to integrate processes at both of these scales,
because small differences in behaviour can have major
effects on advection tracks (Hofmann et al. 1998, Mur-
phy et al. 2004, Cresswell et al. 2007).
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stations including those north of the
Antarctic Polar Front, APF). The data
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densities (ind. m–2) of all stations
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grid cell. We suspect that the isolated
cells with high densities near the APF
at the bottom of the map reflect a mis-
identification in one particular survey.
The distribution of sampling effort
and the circumpolar density distri-
bution from un-standardised data
are shown in Appendix 1. Fronts
shown in black lines (north to south)
are the APF (Moore et al. 1999a) and
the Southern Boundary of the Ant-
arctic Circumpolar Current (Orsi et al.
1995). The population centres of krill
were drawn by eye, relative to the
Commission for the Conservation of
Antarctic Marine Living Resources
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Shi[s	  in	  Antarc;c	  Food	  Web

(Laws, 1984) (Fig. 2a). Increasingly, however, it is recognised that
such simple views do not apply over much of the region (Ducklow
et al., 2007; Murphy et al., 2007b, 2008; Smith et al., 2007; Pinker-
ton et al., 2010; Nicol and Raymond, 2012).

During the last few decades rapid changes have occurred across
the high latitude regions of the Southern Hemisphere that have af-
fected oceanic and cryospheric conditions (Parkinson, 2002; King
et al., 2004; Meredith and King, 2005; Turner et al., 2005). There
have also been significant biological changes, including an appar-

ent reduction in the abundance of Antarctic krill in the Atlantic re-
gion over the last 30 years (Atkinson et al., 2004; Fig. 1d), and
increases and decreases in the abundance of various seabird spe-
cies (Fraser et al., 1992; Ainley et al., 2003; Fraser and Hofmann,
2003; Clarke et al., 2007; Ducklow et al., 2007; Jenouvrier et al.,
2009). Understanding the factors responsible for these biological
changes is complicated by the confounding effects of harvesting
during the last two centuries, which generated extreme perturba-
tions of Southern Ocean food webs (Murphy, 1995; Everson, 1977;

Fig. 2. Different aspects of food web structure and function are important in determining responses to change. (a) Alternative pathways of energy flow affect overall
structure, function and resilience. (b) Climate change and fisheries affect different components of the food web generating interactive impacts. (c) Food web processes can
affect plankton dynamics, biogeochemical processes and vertical export. (d) Harvesting impacts are modified by food web processes.

76 E.J. Murphy et al. / Progress in Oceanography 102 (2012) 74–92

Murphy	  et	  al.	  2012



biogeochemical model. Biogeochemical models have been used to
examine carbon dynamics and the importance of nitrogen cycling
for the continental shelf off the western Antarctic Peninsula (Walsh
et al., 2001; Serebrennikova et al., 2008). Additional biogeochemi-
cal models based on the dynamics of sea-ice microbial communi-
ties have been developed and applied primarily in the Ross Sea.
These models focus on simulation of primary production and the
controls on this production in ice and pelagic systems, with partic-
ular focus on the role of iron (Arrigo et al., 2003; Tagliabue and Arr-
igo, 2005). Detailed simulations of pelagic microbial and sea-ice
microbial dynamics have also been the focus of a range of studies
(Veth et al., 1992; Lancelot et al., 1993, 2000, 2005, 2009; Pasquer
et al., 2005).

Global scale models, with a general focus on understanding pri-
mary production have been applied in the Southern Ocean but
have been limited in terms of both physical (e.g. vertical resolution
of mixed layers) and chemical factors (e.g. iron availability and
dynamics) affecting production. These lower trophic level models
typically include interactions among nutrients, phytoplankton,
zooplankton and detritus. They differ in the use of fixed (Franks
et al., 1986; Fasham et al., 1990) or variable (Schartau et al.,
2007) stoichiometry and in the representation of phytoplankton
functional types (e.g. Moore et al., 2002; Aumont et al., 2003;
Gregg et al., 2003; Le Quere et al., 2005; Aumont and Bopp,
2006; Gregg and Casey, 2007; Yool et al., 2011). However, there
has been little specific consideration of their performance in the
Southern Ocean.

The representation of the planktonic food web in the Southern
Ocean-specific biogeochemical models is often relatively simplistic
with inclusion of zooplankton only as a non-linear loss term for
phytoplankton, and no inclusion of higher trophic levels. However,
these models were designed to address questions of bottom-up
regulation of nutrient and carbon cycling and their structure is
consistent with this objective. Methods for linking these bottom-
up biogeochemical models to broader food web models are begin-
ning to be developed (Steele, 2009; Steele and Ruzicka, 2011),
which will allow current understanding of the importance of the
structure of the grazer community on nutrient and carbon cycling
in Southern Ocean ecosystems to be explicitly included in these
models. For example, the different major macro-zooplankton

grazer species in Southern Ocean ecosystems (e.g. krill, salps or
copepods) produce faecal material that has different rates of sedi-
mentation affecting vertical carbon flux (Perissinotto and Pakho-
mov, 1998; Dubischar and Bathmann, 2002; Pakhomov et al.,
2002; Schnack-Schiel and Isla, 2005). Although the development
of more complex models is feasible, the inclusion of more species
or groups requires a better understanding of mechanisms of regu-
lation of production, zooplankton feeding and population dynam-
ics. These can be partially addressed through simulation, but will
also require extensive data for model development and validation
(Stow et al., 2009). Priority areas for data collection include mea-
surements of micro and macro-nutrient controls on primary pro-
duction concurrent with measurements of the phytoplankton and
grazer community assemblages and associated rates of consump-
tion and export (Murphy et al., 2010). Macro-zooplankton species
and other organisms that are larger than the microbial species usu-
ally encompassed in biogeochemically based models of plankton
dynamics have complex behaviours and life-histories. These com-
plexities generate spatial and temporal differences in interactions
in Southern Ocean food webs that affect their structure and func-
tion, which requires the development of specific models for key
species.

3.3. Models of key species

Krill are an important component of Southern Ocean food webs
(Figs. 2 and 3) and considerable effort has been directed into de-
tailed modelling of this species and its ecological interactions. Ini-
tial models focused on understanding advection pathways of krill
at regional (Scotia Sea, western Antarctic Peninsula) and circumpo-
lar scales as a basis for understanding circulation controls on its
distribution (Fig. 1d). These models used Lagrangian (particle
tracking) and Eulerian (grid-based advection–diffusion) ap-
proaches that were based upon simulated and data-derived circu-
lation and sea ice distributions (Murphy et al., 1998, 2004;
Hofmann et al., 1998; Fach et al., 2002; Fach and Klinck, 2006;
Thorpe et al., 2007). The addition of details of the embryo-larva as-
cent-descent cycle, feeding and metabolism, growth and reproduc-
tion provides biological realism to the particles tracked in these
Lagrangian models (e.g. Hofmann et al., 1992; Hofmann and

Fig. 4. Illustration of alternative pathways of major energy and material flows in part of the Scotia Sea food web, showing shifts between (a) years when krill are abundant
across the Scotia Sea and (b) years when krill are scarce. Major pathways shown as black arrows (from Murphy et al., 2007b).
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Antarc;c	  Adélie	  penguins	  have	  
declined	  by	  90%



Antarc;c	  Penguins	  changing

Documented!Changes!in!the!Antarctic+
3
3
!  In*the*past*30*years*in*the*northern*west*Antarctic*Peninsula,*

populations*of*iceMdependent*Adélie*penguins*have*declined*by*
90%,*3

3
!  Populations*of*iceMintolerant*Chinstrap*and*Gentoo*penguins*have*

risen*in*the*northern*and*midMPeninsula*region*(Ducklow*et*al.*
2007).3

Maximum*extent*of*sea*ice*20013

Adélie Chinstrap	  and	  Gentoo



Schofield	  et	  al.	  2010

CHL-‐aCHL-‐a

Antarc;c	  Ecosystem	  Summary



60

End	  of	  Class


