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ABSTRACT: Antarctic krill Euphausia superba (here
after 1 krill') occur in regions undergoing rapid envi
ronm ental change, particularly loss of w inter sea 
ice. During recent years, harvesting of krill has in
creased, possibly enhancing stress on krill and 
Antarctic ecosystems. Here we review the overall 
impact of climate change on krill and Antarctic eco
systems, discuss implications for an ecosystem-based 
fisheries m anagem ent approach and identify critical 
knowledge gaps. Sea ice decline, ocean warming 
and other environmental stressors act in concert to 
modify the abundance, distribution and life cycle of 
krill. Although some of these changes can have posi
tive effects on krill, their cumulative impact is most 
likely negative. Recruitment, driven largely by the 
winter survival of larval krill, is probably the popula
tion param eter most susceptible to climate change. 
Predicting changes to krill populations is urgent, 
because they will seriously impact Antarctic eco
systems. Such predictions, however, are complicated 
by an intense inter-annual variability in recruitm ent 
success and krill abundance. To improve the respon
siveness of the ecosystem-based m anagem ent ap
proach adopted by the Commission for the Conserva
tion of Antarctic Marine Living Resources (CCAMLR), 
critical knowledge gaps need to be filled. In addition 
to a better understanding of the factors influencing 
recruitment, m anagem ent will require a better un
derstanding of the resilience and the genetic plasti
city of krill life stages, and a quantitative understand
ing of under-ice and benthic habitat use. Current 
precautionary m anagem ent m easures of CCAMLR 
should be m aintained until a better understanding of 
these processes has been achieved.

Antarctic krill Euphausia superba under a piece of sea ice in 
an aquarium.
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IN T R O D U C T IO N

The Southern O cean habitat of Antarctic krill 
Euphausia superba (hereafter 'krill') is subject to on
going environmental changes, such as sea ice de
cline (Stammerjohn et al. 2008), tem perature rise
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Fig. 1. (A) C ircum polar distribution of post-larval A ntarctic krill (re-draw n from  Atkinson e t al. 2008). The p lo t show s arith 
m etic m ean  krill densities (ind. m -2) w ithin each  5° la titude by 10° longitude grid  cell derived  from  KRILLBASE. (B) CCAMLR 
convention area , w ith FAO statistical subareas 48.1 to 88.3. (C) T rends of change in ice season duration  betw een  1979 and  
2006 in d  y r-1 (provided by E. M aksym, British A ntarctic Survey). T rends w ere calcu lated  from  sa tellite-based  daily sea ice 
concentration da ta  prov ided  by th e  N ational Snow an d  lee D ata C en ter (University of Colorado a t Boulder, h ttp ://nsidc.o rg), 
using  the m ethodology described  by Stam m erjohn e t al. (2008). (D) T rend of m idw ater ocean  tem pera tu re  change during  the 
period  1930 to 2000 in  °C y r-1 (modified from  Gille 2002, w ith perm ission). The analysis w as based  on arch ived  shipboard  
m easurem ents (1930-1990) an d  A utonom ous L agrangian  C irculation Explorer (ALACE) float da ta  (1990-2000) from  700 to 

1100 m  dep th  (© A m erican Association for the A dvancem ent of Science 2002)

(Gille 2002) and ocean acidification (Orr et al. 2005). 
Rates of warm ing and sea ice loss are fastest in the 
southwest (SW) Atlantic sector, thus affecting key 
nursery habitats and feeding grounds of krill (Fig. 1A). 
These and other environmental changes are consid
ered manifestations of the post-19th century anthro
pogenic carbon dioxide (C 02) surplus (IPCC 2007), 
here summarised in the term 'climate change'. In 
addition, the commercial catch of krill has increased,

in part as a consequence of new, efficient fishing 
techniques and the development of new  products 
and markets betw een 2008 and the present (Nicol et 
al. 2012).

Recently, concern was expressed by several scien
tists about the future sustainability of krill harvesting 
under the cumulative pressure of climate change and 
fisheries (Jacquet et al. 2010, Schiermeier 2010). 
Such concern has been initiated by reports of a
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decrease in krill abundance in the SW Atlantic sec
tor, paralleled by a decline in winter sea ice coverage 
during the last quarter of the 20th century (Atkinson 
et al. 2004), and declines in a num ber of krill-depen- 
dent predators (e.g. Trivelpiece et al. 2011). Further
more, evidence is increasing that krill fulfil complex 
roles in ecosystem feedback loops through grazing 
and nutrient recycling (Tovar-Sanchez et al. 2007, 
Whitehouse et al. 2009, Nicol et al. 2010, Schmidt et 
al. 2012).

Because Antarctic krill populations and marine eco
systems are responding to climate change, resource 
and conservation m anagement in the Southern Ocean 
will need to become much more adaptive. Conserva
tion of Southern Ocean ecosystems falls under the 
responsibility of the Convention for the Conservation 
of Antarctic Marine Living Resources (CCAMLR), 
which was established in 1982 (Fig. IB). As part of 
the Antarctic Treaty system, CCAMLR consists of 24 
m ember countries plus the European Union. The aim 
of the Convention is to conserve Antarctic marine life 
and, at the same time, allow for the rational use of 
marine living resources (CCAMLR 1982).

A multi-national group of experts on krill and 
Antarctic environmental sciences met at a scientific 
workshop on the island Texel (The Netherlands) 
from 11 to 15 April 2011 to produce an up-to-date 
evaluation of present scientific knowledge on the 
impacts of climate change and increasing human 
exploitation on krill. Here we present the conclusions 
reached during this workshop, focusing on major 
agents of climate change, such as sea ice loss, ocean 
warming and ocean acidification, as well as recent 
developments in the krill fishery. The main objective 
of this review was to highlight the likely impact of 
important drivers of climate change on krill and 
Antarctic ecosystems, to discuss potential implica
tions for CCAMLR's ecosystem-based m anagem ent 
approach and to identify resulting future research 
priorities.

PAST AND FUTURE CHANGES IN THE 
ENVIRONMENT AND THEIR IMPACT ON KRILL 

Changing sea ice habitats

There has been considerable regional variability 
in the trend of Antarctic sea ice extent over the past 
decades. In the western Antarctic Peninsula region, 
average monthly sea ice extent has been declining 
at a rate of almost 7% decade-1 betw een 1979 and 
2008 (Turner et al. 2009b). This trend has been

counterbalanced over the past 3 decades by an 
increase in sea ice extent in other regions, particu
larly an almost 5% decade-1 increase in the Ross 
Sea, leading to an overall increase in sea ice extent 
on the order of 1 % (Stammerjohn et al. 2008, Turner 
et al. 2009b). For the period 1979-1998, Zwally et 
al. (2002) estimated an overall increase in sea ice 
extent by about 10 950 km2 yr-1, with a regional 
variability betw een -13 20 km2 yr-1 in the Belling
shausen and Ammundsen Seas, and +17 600 km2 yr-1 
in the Ross Sea. This growth, however, has so far 
not compensated for a decline of the average sea ice 
coverage betw een 1973 and 1977, which accounted 
for ~2 X IO6 km2 (Cavalieri et al. 2003, Parkinson
2004). Reconstructions of the position of the ice 
edge in the pre-satellite era give strong evidence 
that the overall areal sea ice coverage in the South
ern Ocean declined considerably during the second 
half of the 20th century (Turner et al. 2009a). For 
example, de la Mare (1997) dem onstrated an abrupt 
25% decline (-5.7 x IO6 km2) in Antarctic summer 
sea ice extent betw een the 1950s and 1970s based 
on whaling records. More important ecologically 
than the areal extent of ice coverage may be its 
duration and thickness distribution. Between 1979 
and 2004, the sea ice season in the w estern Antarc
tic Peninsula region and southern Bellingshausen 
Sea has shortened by 85 d, i.e. at a rate of 37.7 d 
decade-1 (our Fig. 1C; Parkinson 2004, Stammerjohn 
et al. 2008). This trend is consistent with a declining 
areal ice coverage and increasing tem peratures in 
these regions (Turner et al. 2009b). In other regions, 
particularly the Ross Sea, the sea ice season has 
been lengthening at a rate of 23.1 d decade-1 b e
tw een 1979 and 2004, associated with the observed 
overall increase of areal ice coverage in this region 
(Parkinson 2004, Stammerjohn et al. 2008).

Only recently, reliable circumpolar ice thickness 
distributions have been generated for the Antarctic, 
averaged over the period 1981-2005 (Worby et al.
2008). These data show that the western Weddell Sea 
(between 45 and 60° W), an area of high krill abun
dance and key target region for fishing, has the high
est annual mean ice thickness, but also the highest 
variability in ice thickness compared to other regions 
of the Antarctic sea ice zone. Long-term trends in 
ice thickness of the Southern Ocean, however, are 
not yet available. Warning signs come from the 
Arctic Ocean, where average ice thickness may have 
decreased by up to 42% between the periods of 
1958-1976 and 1993-1997, concomitant with a signi
ficant decline of the areal extent of sea ice (Rothrock 
et al. 1999). The regionally divergent trends in the
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duration and extent of Antarctic sea ice coverage 
may temporarily have m asked a negative circumpo
lar trend. In the course of the 21st century, air tem 
peratures in the Antarctic region are predicted to fur
ther increase (IPCC 2007). As climate warming 
continues, coupled ice-ocean-atm osphere models 
predict a 33 % decrease in the areal extent of A ntarc
tic winter sea ice by the end of this century (Bracegir
dle et al. 2008).

Krill are associated with sea ice at all stages of their 
life cycle (Marschall 1988, Hamner et al. 1989, Daly 
1990, Siegel et al. 1990, Flores et al. 2012). Probably 
the most striking evidence of this association, in te
grating a complexity of ice-krill interactions, is the 
known positive relationship of krill abundance with 
winter sea ice extent (Atkinson et al. 2004).

Larval krill depend on sea ice biota as a food source, 
because they have no capacity to store energy from 
food taken up during autumn phytoplankton blooms 
(Meyer et al. 2002, 2009, Daly 2004). When the dura
tion of the sea ice season changes, this dependency is 
particularly critical, because the timing of ice forma
tion at a specific latitude significantly determines 
food availability in winter sea ice (Quetin et al. 2007). 
Sea ice also offers a structured habitat with pressure 
ridges and rafted ice floes, which can retain larvae in 
favourable conditions, transport developing juvenile 
krill and protect them from predators (Meyer et al.
2009). For example, the timing of break-off and 
transport of sea ice can be decisive to the recruitment 
of juvenile krill from the Scotia Sea to the South 
Georgia region (Fach et al. 2006, Fach & Klinck 2006, 
Thorpe et al. 2007). Important spawning grounds are 
located in areas of fastest sea ice loss, such as 
the Bellingshausen, Amundsen and Southern Scotia 
Seas (Hofmann & Husrevoglu 2003, Schmidt et al. 
2012). A southward redistribution of spawning grounds 
is limited by the Antarctic shelf, because the devel
opment of krill eggs towards the first feeding stage 
involves sinking to 700 to 1000 m water depth (Marr 
1962, Hempel 1979, Quetin & Ross 1984). Declining 
sea ice may thus impact krill recruitm ent due to m ul
tiple and probably cumulative effects. These include 
the role of sea ice as a shelter, as a feeding ground, 
and as a transport platform for larvae.

Post-larval krill survive winter by using a variety 
of strategies, including reduced metabolism, shrink
age and lipid storage, as well as utilisation of food 
sources other than phytoplankton, such as Zoo
plankton, ice algae and seabed detritus (e.g. Kawa
guchi et al. 1986, Meyer et al. 2010, Schmidt et al.
2011). In winter, due to metabolic depression, they 
feed opportunistically at low rates under sea ice

and/or at the benthos. This energy input, even at 
low rates, complements reduced metabolism and 
lipid utilisation and is a requirem ent for successfully 
reproducing in the subsequent spring (Meyer et al. 
2010, Meyer 2011). Juvenile krill do not have the 
storage capacity and metabolic plasticity of their 
adult congeners, and are thought to depend more 
on sea ice biota (Atkinson et al. 2002). In m id
winter, the underside of sea ice was found to attract 
both juvenile and adult krill (Flores et al. 2012), 
while adults were also observed at depths >150 m 
(Lawson et al. 2008), demonstrating the highly vari
able nature of krill distribution during this season. 
This also means that changes in the structural com
position and extent of sea ice will disproportionally 
impact larvae and juveniles. In older krill, winter 
survival may be enhanced by a longer open water 
season, allowing them to build up more energy 
reserves feeding on phytoplankton.

Ice algae are most productive during spring and 
early summer. Krill can take advantage of this pro
ductivity and concentrate under sea ice, along with a 
variety of other species (Brierley et al. 2002, Flores et 
al. 2011, 2012). As melting proceeds, sea ice releases 
algae and nutrients into the water, stimulating in
tense phytoplankton blooms in the marginal ice zone 
(Hempel 1985). It is these sea ice-induced blooms 
that play a key role in the summer feeding of krill and 
have been suggested to sustain large populations of 
top predators (Hempel 1985, Perissinotto et al. 1997). 
Also deep within ice-covered areas, a large portion of 
krill populations can aggregate in the ice-w ater 
interface layer, supporting a food chain of major 
importance, as shown by year-round high abun
dances of krill and top predators deep in the pack-ice 
(van Franeker et al. 1997, Brandt et al. 2011, Flores et 
al. 2012). The total area of ice algae grazing grounds 
and ice edge blooms is likely to shrink, and the distri
bution of these areas will move southwards. A south
ward shift of the winter sea ice zone will reduce ice 
algal productivity due to lower light availability at 
higher latitudes.

In summary, sea ice has multiple benefits for krill, 
and reductions in duration, extent and geographical 
distribution of this winter habitat will likely have 
additive cumulative negative effects, all impacting 
the reproductive success and survival of krill, with 
possible cascading effects on food web structure. If 
declines in the spatial and seasonal coverage of sea 
ice remain concentrated in the main population cen
tre of krill and key recruitm ent areas as predicted, 
sea ice retreat may become a dominant driver of krill 
decline.
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Ocean warming

The waters of the largest ocean current on Earth, 
the Antarctic Circumpolar Current (ACC), have 
warm ed more rapidly than the global ocean as a 
whole. Reported m id-depth Southern Ocean tem per
atures have risen by 0.17°C betw een the 1950s and 
the 1980s (Gille 2002; our Fig. ID), and surface w ater 
tem peratures west of the Antarctic Peninsula rose 
more than 1°C betw een 1951 and 1998, associated 
with increased upper-layer stratification (Meredith & 
King 2005). At South Georgia, the m ean tem perature 
in the top 100 m of the w ater column has increased 
by 0.9°C in January  and 2.3°C in August over the 
past 80 yr (Whitehouse et al. 2008).

Model predictions of the Southern Ocean surface 
water tem perature increase by 2100 are small com
pared with those projected in surface air tem pera
ture, because the heat capacity of the ocean is 
larger than that of the atm osphere (Bracegirdle et al. 
2008). According to Turner at al. (2009a), summer 
sea-surface tem peratures (SSTs) south of 60° S are 
likely to be betw een 0.50 and 1.25°C w arm er in 2100 
than at present. In winter, SSTs are likely to range 
betw een up to 1.00°C w arm er or -0.25°C cooler than 
they are at present, with inherent regio
nal variability. Significant warming (0.75 
to almost 2.00°C in all seasons) is p re
dicted at the surface betw een 40 and 
60° S, in the core region of the ACC.
Regardless of season, the bottom waters 
from the surface down to 4000 m along 
the continental m argin are expected to 
warm  by ~0.25°C, with the possibility of 
warm ing by up to 0.50°C or slightly more 
at depths of 200 to 500 m. The Southern 
Ocean, however, remains one of the 
regions w here the largest differences are 
found betw een models and observations, 
and among different models.

As a polar marine species, Antarctic 
krill have adapted to low, stable tem per
atures reflecting the fact that conditions 
have been cool since the opening of the 
Drake Passage 39 to 35 million years ago.
Given that there is only a difference of 
~7°C betw een the coldest and the w arm 
est habitats in the distributional range of 
krill, changes on the order of 1 to 2°C are 
likely to have a significant impact on the 
physiological performance, distribution 
and behaviour of krill. The response of 
krill to w arm er w ater is likely to operate

at a num ber of levels, of which the earliest signals 
will be seen at the level of genomic expression, 
through to physiological function, and ultimately to 
growth and production within populations. As 
stenotherm  crustaceans, krill are unlikely to tolerate 
large oscillations in tem perature outside of the main 
range of their habitat (winter water tem peratures 
ranging from -1 to +1°C; M ackey et al. 2012). Signs 
of stress will become most evident at their northern 
distributional limits, such as in the region of South 
Georgia (Fig. 2), where m ean summer tem peratures 
in the 0-100 m layer have w arm ed ~0.9to3.5°C over 
the last 80 yr (Whitehouse et al. 2008). Although krill 
are able to tolerate such tem peratures over short time 
scales (McWhinie & M arciniak 1964, Hirche 1984), 
tem peratures >3.5°C are unlikely to be tolerable over 
the longer term, as shown by an increasing penalty of 
reduced in situ growth above an optimal tem perature 
of range 0.5 to 1°C (Atkinson et al. 2006, Tarling et al.
2006). Conversely, growth and survival of adult krill 
may benefit from increasing w ater tem peratures 
through increased metabolic rates and better food 
availability in colder waters. Krill may also react 
behaviourally to w arm er surface waters by rem ain
ing in deeper waters (Schmidt et al. 2011), and this

Fig. 2. Satellite im age of the m ountainous is land  of South G eorgia disgorg
in g  p lum es of glacial flour into the ocean  (from Young e t al. 2011, w ith  p e r
mission; © Elsevier Ltd. 2011). South G eorgia currently  rep resen ts  the  
w arm est, northernm ost outpost of the krill habita t. The productive w aters 
around  the  is land  support a  rich  an d  diverse fauna, includ ing  h igher p re d a 
tor species. H ow ever, substan tia l w arm ing  of the  surface w aters reco rded  
over the  last 80 yr ra ise  questions over how  long  this ecosystem  will rem ain  
krill-dom inated. Fu tu re predictions a re  difficult. W hile w arm ing  m ay pose 
physiological stress on krill, they could avoid w arm  surface layers by  feed 
in g  a t the  sea  floor (Schmidt et al. 2011), an d  the  increased  glacial m elt an d  

runoff could enhance  iron  fertilisation of their a lgal food supply
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could have a marked effect on air-breathing preda
tors that depend on krill for food.

Future thermal stress on krill populations may 
occur both through a gradual increase in the mean 
tem perature (Whitehouse et al. 2008) and through an 
increase in the frequency of climatic anomalies, such 
as the El Niño Southern Oscillation (ENSO) and the 
Southern Annular Mode (SAM; Murphy et al. 2007, 
Whitehouse et al. 2008). Both may have a significant 
impact on the northern distributional limits of krill. 
The viability of presently krill-rich regions such as 
South Georgia as future krill habitats may be chal
lenged in light of predicted southward shifts in dis
tributional limits of Zooplankton (Mackey et al. 2012).

Ocean warming will have both positive and n eg 
ative effects on krill, depending on the geographi
cal region and the effect of increasing water tem 
peratures on their food sources, competitors and 
predators. It is likely, however, that with rising 
water tem peratures the balance is shifted more and 
more towards negative effects, and will result in a 
southward shift in the distribution change. Due to 
lower limited physiological plasticity relative to 
adults, these negative effects will strike most pro
foundly on early developmental stages, thereby af
fecting recruitment.

Changing circulation patterns

The changes evident in air tem perature (Meredith 
& King 2005), water tem perature (Gille 2002) and ice 
dynamics (Stammerjohn et al. 2008) reflect responses 
of the oceanic circulation to extra-tropical and regional 
forcing induced by climate change (Fyfe & Saenko 
2006, Boning et al. 2008). Increased westerly winds 
resulting from Antarctic ozone depletion contribute 
to a positive phase of the SAM (Lovenduski & Gruber 
2005, Cai 2006). This increase in the SAM has 
resulted in both increased poleward heat transport 
through upwelling of Upper Circumpolar Deepwa- 
ter, and southward displacement of the fronts within 
the ACC (Gille 2002). Tele-connections with global 
climate patterns, such as the ENSO, also act upon 
this increase in westerly winds (Turner et al. 2005, 
Harangozo 2006). Together these factors are largely 
responsible for changes in circulation patterns and 
oceanography that will have both positive and neg a
tive effects on the growth, survival and recruitment 
of krill, as well as Antarctic ecosystems.

On the one hand, increased wind speeds and 
stronger ENSO events may trigger better nutrient 
advection, increase connectivity of krill populations

and enhance transport of larvae into feeding 
grounds. For example, the strength of the Weddell 
Gyre is linked to ENSO events. During El Niño, the 
Weddell Gyre strengthens, potentially increasing 
transport of the coastal boundary current near the 
Antarctic Peninsula. During La Niña, the opposite 
pattern occurs. Increased transport of the colder, 
more saline Weddell Shelf Water may contribute 
iron from the shelf to the Antarctic Peninsula area 
and the Weddell-Scotia Confluence, impacting dy
namical balances and productivity, supporting krill 
growth during summer and recruitment of early lar
vae to surface waters.

On the other hand, changes in stratification pat
terns may change phytoplankton composition and 
productivity, reducing food availability for krill and 
exporting larvae out of favourable conditions. Changes 
in heat flux and eddy energy will affect the mixed 
layer depths and stratification in the ACC in many 
areas of the Southern Ocean (Law et al. 2003, 2006). 
This will directly impact the vertical flux of nutrients 
and limiting elements (e.g. iron) into the euphotic 
zone. Along the western Antarctic Peninsula, phyto
plankton community structure is already thought to 
have changed owing to impacts of climate change 
(Montes-Hugo et al. 2009). Changes in mixed layer 
depth in response to climate forcing will affect 
the spatial distribution of production and the phyto
plankton community structure, and therefore can 
affect krill populations.

Which of these effects prevails is likely to vary 
considerably among regions, depending on local 
hydrography and bathymetry. Both the sign and the 
m agnitude of their combined effect on krill popula
tion size are far from clear. The dominant paradigm 
for interpreting the population dynamics of krill, 
particularly in the South Atlantic, is that recruitm ent 
into an area is determ ined by the flux of krill adults 
and larvae from areas 'upstream ' in the ACC (Mur
phy et al. 2004b). If this is the case, then changing 
circulation patterns may well have a dominating 
effect on the distribution and abundance of krill and 
on their availability to predators. There is, however, 
evidence that krill populations may have centres of 
distribution that are associated with quasi-stationary 
circulation patterns and that self-recruitment may 
occur in these regions (Nicol 2006). Climate change 
and fishing practices would affect krill populations 
differently, if they were resident in an area as 
opposed to just passing through. Deciphering the 
relationship betw een krill populations and currents 
is thus critical for understanding change and m an
aging the fishery.
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Ocean acidification

The ecosystems of the Southern Ocean are expected 
to be some of those most severely affected by ocean 
acidification (OA) because of the higher solubilities 
of C 0 2 and C aC 0 3 in cold waters, and because of 
regional upwelling of hypercapnie deep-sea water 
(Sabine et al. 2004, Doney et al. 2009). Atmospheric 
C 0 2 concentration has risen from 280 ppm in the 
preindustrial period to presently -380 ppm (Orr et al. 
2005). Although future projections for atmospheric 
C 0 2 level are highly variable among the scenarios 
discussed by the Intergovernmental Panel on Cli
mate Change (IPCC), atmospheric C 0 2 concentra
tions are projected to increase throughout the 21st 
century according to all scenarios. The IPCC marker 
scenarios project atmospheric C 0 2 concentrations 
ranging from 535 to 983 ppm by 2100 (IPCC 2007). 
Recent studies based on in situ time series provide 
evidence of OA already progressing in extensive 
regions of the Southern Ocean (Midorikawa et al.
2012). In the Southern Ocean, model-based projec
tions of C 0 2 concentrations in seawater expressed as 
partial pressure (pC 02) and m easured in patm 
(1 patm = 1 ppm in air), suggest that surface water 
p C 0 2 levels may reach 584 and 870 patm by 2100 in 
the Scotia Sea and the Weddell Sea, respectively. At 
greater depths, levels may exceed 1000 patm by 
2100, and even reach nearly -1400 patm in the W ed
dell Sea region at a depth of 300 to 500 m (Kawa
guchi et al. 2011b). There will further be a seasonal 
variation in the concentration of C 0 2 in surface sea
water (McNeil & M atear 2008). There are also likely 
considerable regional differences in C 0 2 levels at 
surface and at depth, with some of the largest in
creases being projected for areas where a large por
tion of the krill population lives (S. Kawaguchi et al. 
unpublished data).

Studies on the effects of OA on animals are in their 
infancy. However, there has been a range of reported 
responses by organisms to elevated p C 0 2 concentra
tions, from a variety of habitats (Hofmann et al. 2010, 
Schiermeier 2011). OA is likely to have biochemical 
and physiological effects on krill, but it will also 
affect other elements of the food chain (Orr et al. 
2005, Fabry et al. 2008). These changes may have 
further ramifications for krill. The partial pressure of 
C 0 2 generally increases with depth. Thus, animals 
such as krill that routinely make extensive vertical 
migrations will spend much of their life exposed to 
higher and more variable levels of OA than organ
isms living mostly in surface waters (Kawaguchi et al. 
2011b). The only published research on the effects

of OA on krill suggests that, at high levels of C 0 2 
(2000 patm), embryonic development of krill could 
be arrested (Kawaguchi et al. 2011b). Preliminary re 
sults from long-term experiments on krill (S. Kawa
guchi et al. unpublished data), as well as published 
information on other crustacean species (Whiteley 
2011), suggest that growth, survival and recruitment 
of young krill could also directly and/or indirectly be 
affected by increased p C 0 2. Increasing C 0 2 concen
trations in seawater will compromise diffusion of C 0 2 
across gills, which leads to increased acidity in the 
haemolymph, incurring physiological adjustment. 
These acid-base adjustments are likely to be meta- 
bolically expensive in the long term (Whiteley 2011). 
For example, elevated C 0 2 concentrations and higher 
tem perature have been shown to compromise the 
aerobic scope and swimming ability of penaeid 
shrimps (Dissanayake & Ishimatsu 2011). Krill are 
active pelagic schooling animals (Hamner & Hamner 
2000); therefore, their respiratory performance is 
critical to their pelagic lifestyle.

OA-related changes to the functions of enzymes 
may also lead to higher-level physiological effects, 
affecting processes such as growth, moult and repro
duction. As krill produce a new exoskeleton regu
larly throughout their lives, they are dependent on 
physiological and chemical processes that allow 
efficient uptake of calcium and other elements from 
seawater to form the exoskeleton. It is still unclear 
whether the net calcification rate of the chitinous- 
mineralised crustacean exoskeleton will be ad
versely affected by the predicted magnitude of OA 
during this century. Potential effects on crustacean 
exoskeleton calcification could either influence 
precipitation of C aC 0 3, or interfere with post-moult 
calcification of the new exoskeleton.

In summary, the embryonic development of krill 
may be affected by OA in some regions in the 
future. In larvae and post-larvae, the acid-base re 
gulation may compromise their somatic growth, re 
production, fitness and behaviour. To date it is un 
clear at which level of OA severe effects on the 
population level can be expected. It is therefore im
portant to start/continue sustained observations of 
population and condition param eters of krill at cir
cumpolar scales in order to detect potential effects 
of OA in the future.

Elevated UV radiation

Stratospheric ozone over Antarctica is predicted to 
recover from near-depletion during the second half
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of the current century (around 2060). As long as the 
ozone layer has not fully recovered, UV radiation is 
likely to act as an additional environmental stressor 
on krill and Antarctic ecosystems. Over the last few 
decades there has been a considerable zonal asym
metry in total ozone distribution over Antarctica due 
to planetary waves in the polar stratosphere (Evtu- 
shevsky et al. 2008). In Antarctic spring (September 
to November), the minimum of the quasi-stationary 
wave (QSW) in total ozone distribution is continu
ously located over the Antarctic Peninsula and 
Weddell Sea area, where the major part of the krill 
population resides. The quasi-stationary minimum in 
ozone distribution over the northern Weddell Sea 
area can increase sea surface UV irradiation in com
parison to the Ross Sea and East Antarctica, where 
low UV radiation exists in spring.

Elevated UV radiation is known to impact marine 
organisms (Karentz 1991, Naganobu et al. 1999, Kar- 
entz & Bosch 2001). The direct impact of UV-B on the 
krill population can occur through genetic damage 
(Jarman et al. 1999, Dahms et al. 2011), physiological 
effects (Newman et al. 1999, 2000) or through behav
ioural reactions (Newman et al. 2003). Indirect effects 
can arise through declines in primary productivity 
caused by increased UV radiation and changes in the 
structure of food webs.

CHANGES IN KRILL AND FISHERIES 

Changes in krill populations

About 75 % of the circumpolar krill population live 
in the Atlantic sector 0 to 90° W (our Fig. 1A; Atkin
son et al. 2008). Within this sector, several lines of 
evidence suggest that the abundance, recruitment 
success and population structure of krill have all 
shown significant changes since the 1970s (Fig. 3A; 
see also Loeb et al. 1997, Reid & Croxall 2001, Fraser 
& Hofmann 2003, Atkinson et al. 2004, Trivelpiece et 
al. 2011). Mean population density tended to de
crease over these decades (Fig. 3A), concomitantly 
with a statistically significant increase in m ean krill 
length, from 37 to 44 mm (A. Atkinson et al. unpub
lished data: www.iced.ac.uk/science/krillbase.htm). 
Whether this is an ongoing trend, however, is a sub
ject of active research.

It should be taken into account that no directional 
trends in population size, recruitm ent or sea ice links 
have been established outside the Atlantic sector. 
This may be due to the absence of time series of suf
ficient duration, although it is likely that processes 
affecting krill distribution and abundance may vary 
regionally. It is worth noting that large tracts of this 
habitat are conducive to krill growth (Atkinson et al.
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2008) and may become increasingly viable habitat, 
for example if Ross Sea winter sea ice continues to 
expand in this productive sector (Fig. 1C).

Within the present day population centre of the 
SW Atlantic sector, the available time series of data 
from nets, acoustics and predators show considerable 
(10-fold) inter- and intra-annual variation in krill 
abundance (Fig. 1A). This inter-annual variability in 
abundance is thus of similar overall magnitude to the 
overall trend observed in some of the time series. 
Inter-annual changes correlate most clearly with sea 
ice variability, indicating strong environmental con
trol on the early life cycle and thus on recruitment 
success and population size of krill (Kawaguchi & 
Satake 1994, Siegel & Loeb 1995, Atkinson et al. 
2004, Murphy et al. 2004a, Loeb et al. 2009).

Krill have a life cycle that is closely attuned and 
adapted to the physical environment (Nicol 2006). 
One predicted outcome of habitat warming is the 
poleward relocation of species and assemblages 
(Beaugrand et al. 2002, Mackey et al. 2012). The con
sequences of such a range extension, for example a 
blocking effect of the Antarctic continental shelf, 
disruption of the oceanic life cycle and increased 
competition with Euphausia crystallorophias on the 
Antarctic shelf, clearly need to be addressed. Future 
refugia have been suggested, such as the large 
embayments of the Ross and Weddell Seas (Siegel
2005), but because these are not part of the ACC, the 
life cycle closure mechanisms would need to be fun
damentally different from those of the present day.

Species in a changing environment may also be 
able to adapt or modulate their behaviour so that 
they can remain in a particular area. Adult krill are 
an inherently flexible species and can exist in dif
ferent aggregation states, including dense swarms, 
super swarms, low-density diffuse layers and as 
individual animals (e.g. Miller & Hampton 1989a,b, 
Tarling et al. 2009, Nowacek et al. 2011), they can 
use a wide variety of food sources (Schmidt et al. 
2006, 2011, 2012), and they can express various over
wintering strategies (Quetin et al. 2003, Meyer et al. 
2009, Flores et al. 2012). They may also be able to use 
their flexible behaviour to buffer their physiological 
sensitivity, e.g. to small tem perature increases or pH 
changes. Interestingly, it was found that krill are not 
restricted to surface waters but can visit the seafloor 
down to 3500 m (Takahashi et al. 2003, Clarke & 
Tyler 2008, Kawaguchi et al. 2011a, Schmidt et al.
2011). During years when surface krill have been 
scarce at South Georgia (e.g. 1983, 2009), krill have 
been observed near the seafloor (Heywood et al. 
1985, Main et al. 2009, Schmidt et al. 2011) and can

appear in the diet of skates (Main & Collins 2011). 
This suggests that these krill can respond to ad
versely warm surface conditions by remaining in 
deeper, cooler water layers. This example points to 
the possibility for more subtle responses of species to 
changing conditions, with some parts of the food web 
being the beneficiaries, and others the victims of 
climate change.

Predictions of future krill distributions based on 
correlations with environmental variables do not 
take into account the potential for krill to persist 
through resilience and adaptation. Given that most of 
the changes considered within this article will occur 
over time scales on the order of 100 yr, there are re l
atively few generations on which evolutionary m ech
anisms can operate, assuming that krill live for about 
4 to 7 yr. Antarctic krill have been found to show little 
segregation in their population structure and a high 
level of diversity in genes such as coxi, which is 
indicative of a very large population gene pool (Zane 
et al. 1998, Goodall-Copestake et al. 2010). As a 
result, it is possible that certain genes that may facil
itate resilience in the face of environmental change 
already exist within this gene pool and may be 
selected for under certain circumstances. However, 
Antarctic krill inhabit one of the world's strongest 
current systems, and there is likely to be a continuous 
flux of individuals betw een regions with contrast
ing selective pressures. This may lower the overall 
likelihood of adaptation through genotypic change. 
Nevertheless, there are a num ber of other means by 
which gene expression may be altered without 
changes to the DNA sequence (Jaenisch & Bird
2003). Such epigenetic changes can occur within a 
single generation through mechanisms such as DNA 
méthylation, histone modifications and RNA interfer
ence. Epigenetic changes have been found in some 
other crustaceans such as Daphnia (Harris et al.
2012), which altered growth and fertility in response 
to environmental perturbations. Studies of the poten
tial for epigenetic change in euphausiids, particularly 
in facilitating physiological adaptation, are required 
in the face of changing environmental conditions.

Krill fishery and management

In the 2009/2010 fishing season, the Antarctic krill 
fishery expanded to a level of 210 000 t, after a 15 yr 
period at a level of 100 000 to 120 000 t yr-1 (CCAMLR 
2011b, Nicol et al. 2012; our Fig. 3B). This elevated 
level was m aintained in the 2010/2011 season, 
although catches were somewhat lower (181500 t;
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CCAMLR unpubl. data). The highest catch recorded 
in FAO Statistical Area 48, where the fishery cur
rently operates, was 400 835 t in 1987 (Fig. 3B). The 
historical maximum catch for the whole CCAMLR 
area was 528 331 t in 1982. After 1989, large parts of 
the mainly Soviet-operated fishery collapsed follow
ing the demise of the USSR (Fig. 3B). These catch 
levels are well below the current estimates of total 
circumpolar biomass and annual production of krill, 
both of which exceed 100 million t (Atkinson et al.
2009). However, concern remains over this fishery, 
because the current increase in krill harvesting is 
occurring after a period of declining krill populations 
in the SW Atlantic sector, and the effect of historical 
catch levels on krill populations and ecosystems 
today may be different from the situation in the 1980s 
(Fig. 3). Furthermore, Antarctic ecosystems may be 
particularly vulnerable in an era of rapid environ
mental change (Croxall & Nicol 2004, Gascon & 
W erner 2009).

CCAMLR sets precautionary catch limits on the 
krill fishery in large statistical m anagem ent areas 
using the generalised yield model (GYM, Constable 
& de la Mare 1996). The GYM is a stochastic model 
which tracks the simulated stock over a 20 yr period. 
The model incorporates functions that specify growth, 
mortality, age-dependent selectivity and seasonal 
patterns in fishing mortality (Constable & de la Mare 
1996). The GYM is used to estimate the proportional
ity coefficient y in the equation Y  = y B0 (where Y  is 
the potential yield and B0 is an estimate of the histor
ical pre-exploitation biomass). Then, 2 separate val
ues of yare  estimated by the GYM. The value yj esti
mates at which level of harvesting the spawning 
biomass does not drop below 20% of the p re
exploitation median level over a 20 yr harvesting 
period. The value y2 estimates at which level of har
vesting the m edian population size reaches 75% of 
B0. The lower of the 2 values yj and y2 is then chosen 
as the level of y for the calculation of the precaution
ary yield (Miller & Agnew 2007). This approach 
requires an estimate of the pre-exploitation biomass 
from large-scale acoustic surveys. B0-surveys were 
conducted once per m anagem ent area, e.g. in 1996 
for Division 58.4.1, in 2000 for Area 48 and in 2006 for 
Division 58.4.2. The pre-exploitation biomass B0 used 
to estimate precautionary yield of the GYM rep re
sents the historical level of krill before exploitation 
began. As a fixed parameter, it is thus robust to 
future changes. However, the param eters used in the 
GYM, such as recruitm ent variability, growth and 
mortality, are likely to be affected by climate change. 
At present, the model does not account for stress

induced by climate change, such as increased mor
tality and recruitm ent failure due to sea ice loss.

A further key point in this process of setting catch 
limits is that both the estimate of the pre-exploitation 
biomass and the annual catch limit do not incorpo
rate the enormous (10-fold) inter-annual variability of 
krill abundance and biomass. There is thus currently 
no system for validating the true variability in krill 
biomass against the GYM, and hence no mechanism 
to compensate for unexpected negative effects of cli
mate change or exceptionally poor krill years. Such 
limitations of the GYM have been recognised by 
CCAMLR. Integrated assessment models for krill are 
currently under development, which may also pro
vide an opportunity to explore structural assumptions 
about krill dynamics (CCAMLR 2011a).

In the South Atlantic (subareas 48.1 to 48.4), cur
rent catch levels are well below the annual catch 
limit of 5.61 million t yr-1 set by CCAMLR. To further 
safeguard against uncertainties, CCAMLR has adopted 
'trigger levels'. These trigger levels are effective 
catch limits that cannot be exceeded until more 
robust m anagem ent measures for the krill fishery 
have been adopted. For the South Atlantic, the trig
ger level is 620 000 t, further distributed between 
subareas 48.1 and 48.4 (our Fig. IB; Nicol et al. 2012). 
CCAMLR agreed to move towards a feedback ap
proach to krill fisheries m anagem ent, which will 
require m anagem ent measures to be continuously 
adjusted as more information becomes available. 
This approach will be able to incorporate information 
on regional and global changes (Constable 2011).

CCAMLR instituted the CCAMLR Ecosystem Moni
toring Program (CEMP) in 1985, collecting information 
on key krill predators to distinguish changes induced 
by environmental variability from those induced by 
fisheries (Agnew 1997, Gascon & Werner 2009). To 
date, CEMP remains under development with only a 
small number of sites providing standardised data 
and with no system to convert the monitoring results 
into m anagem ent decisions (Constable 2011). Conse
quently, in its current configuration, CEMP is unable 
to distinguish the impacts of fishing from those associ
ated with environmental change. However, CEMP 
data constitute a significant source of information that 
has been consistently and systematically maintained 
over more than 20 yr. CEMP will need to evolve from 
its present form to include greater spatial coverage to 
monitor at different spatial and temporal scales 
(CCAMLR 2011a). The envisioned feedback m anage
ment cannot be properly implemented without an ef
fective CEMP and consideration of other time series 
observations of krill variability.
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The fishery currently operates year-round and 
throughout the South Atlantic (subareas 48.1, 48.2 
and 48.3). This wide coverage means that it is a 
potentially huge source of high-quality information 
on the biological state of the krill resource. This 
information source has been largely under-utilised 
(Kawaguchi & Nicol 2007). Future m anagem ent of 
the krill fishery will need to make better use of 
fisheries-derived information. This process has al
ready started with krill fishing vessels conducting 
scientific surveys and collecting samples (Krafft et al. 
2011). The scientific community will need to develop 
procedures for the better use of data collected by 
fishing vessels for improved understanding of krill 
biology and ecology, and for the m anagem ent of the 
fishery.

ECOSYSTEM CHANGES

Climatic changes on short and long time scales can 
significantly impact on Antarctic ecosystems (Con
stable & Doust 2009). The most m arked ecosystem 
changes have been observed in the SW Atlantic 
sector of the Southern Ocean. In this region, a pro
nounced change in environmental conditions, most 
prominently sea ice decline and climate warming, 
has occurred in the region where the main krill fish
ing grounds are located (Gascon & W erner 2009). 
Signals of ecological change date back to the mid- 
1990s, when simultaneous declines in krill stocks and 
increases in salp populations were linked to climate 
variability (Loeb et al. 1997). While krill populations 
may have suffered from sea ice decline, salps likely 
have benefited from warming surface waters during 
the last century (Pakhomov et al. 2002, Atkinson et 
al. 2004, Loeb & Santora 2012).

These changes may be caused by perturbations of 
the physical environment, but also reflect changes at 
the lower trophic levels of the food web. In the w est
ern Antarctic Peninsula (WAP) region, net primary 
productivity has declined during the past 3 decades, 
associated with a change in phytoplankton commu
nity composition, potentially impacting negatively 
on krill and positively on salp grazing efficiency 
(McClatchie & Boyd 1983, Moline et al. 2004, 
Montes-Hugo et al. 2009, Schofield et al. 2010).

In the SW Atlantic sector, changes in krill biomass, 
whether inter-annual or longer term, affect forag
ing, breeding success and population size of krill- 
dependent predators (Croxall et al. 1999, Fraser & 
Hofmann 2003, Trathan et al. 2007, 2011, 2012, Triv- 
elpiece et al. 2011). At South Georgia, a number of

predator species, including penguins, seals and 
whales, show responses to climate variability, with a 
particular species response thought to be m ediated 
through the availability of krill (Forcada et al. 2005, 
Leaper et al. 2006, Trathan et al. 2006). Farther south 
in the Scotia Arc and in the WAP regions, penguins 
are also showing responses to environmental vari
ability, presumably mediated through reduced krill 
availability and changing sea ice (e.g. Reid & Croxall 
2001, Forcada & Robinson 2006, Trivelpiece et al. 
2011, Lynch et al. 2012). A simple interpretation of 
environmentally driven change is difficult to sub
stantiate, however, and there is increasing evidence 
to suggest that the effects of historical harvesting are 
still important (Trathan & Reid 2009, Trivelpiece et al. 
2011, Lynch et al. 2012, Trathan et al. 2012). For 
example, certain populations of Antarctic fur seals 
(Christensen 2006) and hum pback whales Megaptera 
novaeangliae (Nicol et al. 2008, IWC 2010) have 
increased considerably over the past decades.

Also in the Indian Ocean and Pacific sectors of 
the Southern Ocean, ecosystem changes associated 
with changing sea ice extent and climatic conditions 
have been reported (Dayton 1989, Cameron & Siniff 
2004, Ainley et al. 2005, Jenouvrier et al. 2005). The 
changes observed in the Indian and Pacific sectors of 
the Southern Ocean have been related to periodic 
climate fluctuations, such as the Southern Oscillation 
Index (SOI; Jenouvrier et al. 2005, Trathan et al.
2007).

Increases in water tem perature are expected to 
result in changes in phytoplankton community struc
ture, which in turn are expected to cascade upwards, 
altering primary productivity, food web dynamics 
and even the structure of marine food webs (Finkel et 
al. 2010). This is important, because krill are region
ally important grazers of the larger phytoplankton, 
especially diatoms (Ross et al. 2000, Garibotti et al. 
2003, Haberm an et al. 2003a,b). A shift in phyto
plankton community structure, from diatoms to 
cryptophytes, has already been documented in some 
years near the Antarctic Peninsula (Moline et al.
2004). The shift was observed during the austral 
summer and was correlated in time and space with 
glacial m eltwater runoff and reduced surface water 
salinities. Elevated tem peratures will increase the 
extent of coastal m eltwater zones and the seasonal 
prevalence of cryptophytes. This change in phyto
plankton composition may enhance competition 
of krill with gelatinous Zooplankton, such as salps 
(Moline et al. 2004).

Krill play a central role in several Antarctic marine 
ecosystems; for example, in the southern Scotia Sea,
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the biomass of krill was found to outweigh that of 
mesozooplankton, macroplankton and pelagic fish 
combined (Ward et al. 2012). This key role suggests 
that simplistic concepts of top-down or bottom-up 
control may not apply. For example, locally high 
grazing pressure of krill modulates phytoplankton 
species composition (Kopczynska 1992) and chloro
phyll a concentrations (Whitehouse et al. 2008), and 
even specific rates of phytoplankton ammonium 
uptake (Whitehouse et al. 2011). In addition, there is 
evidence of a significant role for krill in the cycling of 
iron for phytoplankton (Tovar-Sanchez et al. 2007, 
Nicol et al. 2010, Schmidt et al. 2011).

The krill-based ecosystem is similar to ecosystems 
dominated by small, pelagic, planktivorous fishes 
that do not act merely as passive conduits of trophic 
perturbations but, through their own internal dynam 
ics, impose major effects on the trophic levels both 
above and below. Such 'wasp-waist' ecosystems are 
characterised by having many species at the bottom 
and many at the top, but only a few dominant species 
at a mid-level of the food web (Bakun 2006). Wasp- 
waist analogies are instructive in interpreting krill 
population fluctuations, especially in relation to cli
mate signals such as ENSO and SAM. In particular, 
concepts such as expansion and contraction of distri
butional range, or alternation between dominant 
species in relation to climate signals, may be useful

when conceptualising appropriate future modes of 
management.

While krill are currently a dominant component in 
the more productive mid- to high-latitude sectors of 
Antarctica, other herbivores prevail in warmer and 
less productive parts of the Southern Ocean, as well 
as in the productive high-latitude embayments, and 
on much of the continental shelf. These food chains 
are characterised by the dominance of copepods or 
salps and by other euphausiids, e.g. Euphausia crys
tallorophias, predated on by midwater fish. They are 
the most prevalent food chains in many parts of the 
Southern Ocean, and, overall, are responsible for 
most of the secondary production by metazoans 
(Pakhomov et al. 1996, 2002, Voronina 1998, Shreeve 
et al. 2005). These food chains are often based on 
smaller phytoplankton, such as microflagellates, 
which are commonly predicted to flourish in a 
warmer world. Hence, these 'alternative' food chains 
may be a glimpse of the future state of many ecosys
tems of the Southern Ocean.

CONCLUSIONS AND RECOMMENDATIONS FOR 
FUTURE WORK

Climate change has the potential to alter the struc
ture and functioning of Antarctic ecosystems pro-
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foundly. The impact of sea ice decline, tem perature 
increase, acidification and circulation changes is p re
dicted to increase considerably during the present 
century, whereas UV radiation levels are likely to 
decline. These environmental changes will act in 
concert to modify the abundance, distribution and 
life cycle of krill. For example, in a warming world, 
increased m eltwater outflow from glaciers may en
hance iron fertilisation, phytoplankton availability 
and thus fertility, while decreased winter sea ice may 
outweigh this, greatly decreasing the winter food 
source for the critical larval phases (Fig. 2).

Most of the environmental changes discussed here, 
however, are likely to impact krill negatively. T here
fore their synergistic effects are also likely to be neg 
ative. Fig. 4 illustrates this and shows that recruit
ment, driven by the winter survival of larval and 
juvenile krill, is likely to be the population param eter 
most susceptible to these changes. This susceptibility 
is owed to the dependency of krill larvae on sea ice, 
their limited physiological flexibility and the depend
ency of successful recruitm ent on the availability of 
suitable spawning grounds and transport of larvae 
into favourable feeding grounds. With increasing 
impact of climate change, the adaptive capacity of 
krill will be increasingly challenged with changes in 
the physical environment, changes in the food web 
and new  competitors. Towards the end of the 21st 
century, levels of warming and acidification may 
reach physiologically critical levels in some areas, 
particularly for early developmental stages (Fig. 4).

Each of the life stages of krill has a variety of 
'defences' that can modulate or reduce the stresses 
imposed, for example behavioural flexibility or abil
ity to adapt in situ, or to shift the distributional range 
to more suitable habitats. This complexity makes it 
dangerous to attem pt predicting the future based on 
studies of single stressors. Flexibility and sensitivity 
are contrasting traits. Flexible traits include overwin
tering strategies, swarming, starvation resistance, 
seabed feeding and diet diversity. Sensitive traits 
include stenothermy, sea ice dependence and starva
tion intolerance of larvae. Simplifying the picture to 
identify the critical life stages most prone to future 
changes is a top priority.

This requirem ent exemplifies the power of time 
series analyses as a complement to process studies 
focussed on specific stressors. Given the intense 
inter-annual variability in recruitm ent and popula
tion size, multi-year time series help in identifying 
(albeit empirically) the net, overriding factors that 
control population dynamics. A proviso here is that 
abrupt regime shifts can alter empirical relationships

with historically-identified drivers as the system 
moves from one state to the next (Loeb et al. 2009). 
This is most clearly illustrated in the northern hem i
sphere (Beaugrand 2012), making it inadvisable to 
project too far into the future.

CCAMLR's ecosystem-based management approach 
aims to ensure that any ecosystem changes associ
ated with harvesting are reversible within 2 to 3 
decades, explicitly taking into account environm en
tal change (CCAMLR 1982). Hence, CCAMLR must 
develop m anagem ent procedures that specifically 
take into account climate change effects on ecosys
tems, as well as on the major harvested species, krill.

In addition, a concerted scientific effort, combined 
with a better use of existing knowledge, is imperative, 
because the interactions between krill and the rest of 
the ecosystem are still uncertain in many critical 
aspects. Time series observations are fundamental to 
understanding the population dynamics, biology and 
ecology of krill. Further research on developing better 
methodologies for measuring krill distribution and 
abundance and for interpreting the results of existing 
studies are essential to improve our predictive abilities 
(Nicol & Brierley 2010). This essential work, however, 
urgently needs to be complemented with research 
addressing a number of fundamental processes. In 
order of priority, the Workshop identified:

(1) recruitm ent processes: a mechanistic under
standing of the factors that lead to successful 
spawning, the survival of early larvae and subse
quent overwintering;
(2) the resilience and adaptation of krill when faced 
with environmental variability, such as changes in 
tem perature, food availability and pH;
(3) improved estimation of the biomass of krill, tak 
ing into account inter- and intra-annual variability 
and their distribution in different habitats, e.g. sea 
floor and sea ice;
(4) the role of krill in structuring food webs;
(5) the effects of changes in the habitat of krill on 
their life cycle and competitiveness;
(6) improved estimation of krill consumption by 
predators and the level to which these predators 
utilise other trophic pathways.
To evaluate and improve the effectiveness of krill 

fisheries m anagem ent, the workshop recommended 
complementary research on:

(1) operation of the fishery, including fishery- 
induced mortality;
(2) m anagem ent procedures for safeguarding krill 
stocks and their effectiveness;
The cumulative negative impact of climate change 

on krill and Antarctic ecosystems is a m atter of con
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cern to the scientific community. The changes in 
ecosystems, krill distribution and recruitm ent 
already observed imply that environmental change 
may quickly outrun the ability of current m anage
ment procedures to cope with the combined effects 
of the fishery and climate change within the time 
frame m andated by CCAMLR. The responsiveness 
of the existing m anagem ent approach needs to be 
enhanced, such that it can take into account effects 
of environmental change and intense inter-annual 
variability in krill recruitm ent and biomass, and 
potential interactions with the effects of an expand
ing fishery. To make this possible, crucial knowl
edge gaps need to be filled. CCAMLR is a highly 
progressive m anagement organisation that, uniquely, 
has taken steps to safeguard the krill resource in a 
comprehensive fashion, long before full-scale ex
ploitation has commenced. The future of the South
ern Ocean ecosystem is intimately linked with the 
degree to which CCAMLR succeeds in its laudable 
aims. Krill have occupied a keystone position in the 
Antarctic ecosystem for millions of years; however, 
this success should, not result in complacency. The 
future conservation of this important species and 
the ecosystems of which it is part will depend on 
research programmes and m anagem ent actions that 
are initiated now.
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