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Antarctic Krill FIsheries and Rapid Ecosystem Change:  

The Need for Adaptive Management 

 
 

Abstract 
This paper calls for the need for adaptive management of Antarctic krill fisheries in the Scotia Sea/ 
Antarctic Peninsula region to take account of the combined impacts of recovering populations of 
predators, future fishing and climate change. This area holds the greatest concentration of krill, has 
been subject to major depletion of hunted or fished stocks in the past, and is strongly affected by 
climate change. Therefore, a management system based on feedback procedures (adaptive 
management) is needed.  

CCAMLR’s Ecosystem Monitoring Program (CEMP) is a valuable monitoring tool that needs to be 
expanded and improved in order to meet the needs of adaptive management.  
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1 The impacts of resource extraction on the Scotia Sea/Antarctic Peninsula 
region 

 
The Scotia Sea/Antarctic Peninsula region has a long history of extraction of biotic resources, 
occurring in a sequential pattern (e.g. Hilborn et al. 2003). During the last century, the Southern 
Ocean saw the loss of more than one million baleen whales, the vast majority of which were taken 
from the SW Atlantic sector (Tonnessen & Johnson 1982), with major compensatory changes 
happening to other components of the region’s ecosystem (Laws 1977, Estes et al. 2006). In large 
part, except for humpback whales, these stocks have failed to recover (Branch et al. 2007, Branch 
2009). Antarctic fur seals were extracted earlier, but, following protection measures, have recovered 
(Laws 1977). Finally, during the 1960-80s, the demersal fish stocks of the region’s shelves were 
decimated, a condition which has yet to show much recovery (Kock 1992, 1988; Kock & Jones 2005). 
Therefore, as it has been shown in other ecosystems (Österblom et al. 2007, Watermeyer et al. 2008a, 
b), it is likely that the severe reduction in predation pressure has increased the susceptibility of this 
ecosystem to climate change and further exploitation. 
 
2 The impacts of climate change on the Antarctic krill-centric ecosystem 
The Scotia Sea/Antarctic Peninsula region has been experiencing alterations due to rapid climatic 
change that may exceed the natural abilities of many organisms to cope, especially without the food-
back loops in place brought by a naturally structured foodweb. Particularly in the marine 
environment, which is predicted to go through profound changes as a result of climate change, 
adaptation strategies need to be adopted.  

In this region, the foodweb is dominated by euphausids, and in particular Antarctic krill (Euphausia 
superba), which support the energetic demands of most of the abundant predator populations still 
remaining (Croxall et al., 1988) and also a commercial fishery. The life history and demography of 
Antarctic krill are intimately tied to seasonal sea ice conditions, climate, and the physical forcing of 
ocean currents. Key spawning, recruitment and nursery areas of krill are located along the Western 
Antarctic Peninsula; these krill are then advected northward into the Scotia Sea (Constable et al., 
2003). The climate in this area is warming rapidly (Ducklow 2007, Montes-Hugo et al. 2009), and as 
a result, the extent and duration of winter sea ice are being reduced (Parkinson 2002; Stammerjohn et 
al. 2009).  

Optimal conditions for reproductive output around the Antarctic Peninsula occur when both the 
timing of the spring sea ice retreat and its maximum extent are both close to the long-term mean 
(Quetin & Ross, 2001). As the life cycle of krill is synchronized with the timing, duration, and extent 
of sea ice cover, deviation in either direction will affect either reproductive output and/or larval 
survival (Quetin & Ross, 2003). The decrease in sea ice coverage in recent decades, seen mostly as a 
severe reduction in the sea ice season (Stammerjohn et al. 2009), is thought to have led to the 
observed 38-81% decrease in krill abundance in the Scotia Sea (Atkinson et al. 2004). 

Given that the ecosystem has been simplified by previous extractions, environmental factors 
impacting Antarctic krill populations pose even greater risks and impacts for the ecosystem. These 
effects flow upward in the foodweb to affect predator populations. With few exceptions, periods of 
reduced predator breeding performance in this region are the result of low prey availability rather than 
direct local weather or oceanic effects (Croxall et al., 1988; Fraser and Hofmann, 2003; Forcada et 
al., 2005, 2006; Trathan et al., 2006; Hinke et al., 2007; Murphy et al., 2007). 

The extent of the krill decline and the underlying factors are under vigorous debate, mainly because of 
difficulties in unraveling the effects of industrial whaling and fishing from those of sea ice retreat 
(Ainley et al., 2007, 2009; Nicol et al., 2007). There are also discrepancies between the abundance of 
krill as measured by net and acoustic methods, and the supposed historical abundance as indicated by 
former predator populations (Willis 2007). One problem is the enormous intra-annual as well as 
spatial variability needing to be considered (Hewitt et al., 2003; Saunders et al., 2007).  

Changes in predator populations concurrent to observed decreases in krill biomass have been 
documented (Laws 1977, Bengtson and Laws 1985, Ballance et al. 2006). Reid & Croxall (2001) 
have shown extreme variation in reproductive output for krill-dependent top predators breeding at 
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South Georgia (fur seals, black-browed albatrosses, macaroni and gentoo penguins) in relation to 
annual krill availability, although Ainley & Blight (2009) note that the loss of groundfish, and their 
juveniles (important top predator prey), confounds the patterns. Ducklow et al. (2007) showed that the 
decrease in winter sea ice in the western Antarctic Peninsula has significantly contributed to long-
term changes in the relative abundance of krill-dependent penguin populations.  

In the Western Antarctic Peninsula region, the population trends of Adélie and Chinstrap penguins 
appear to be affected negatively by a winter krill deficit. This deficit also affects Gentoo penguins and 
elephant seals in the opposite direction (Ducklow et al., 2007; Siniff et al., 2008). Similar results on 
population trends at the South Orkneys suggest the loss of buffering against the changing sea ice 
environment by the more abundant and ice-dependent Chinstrap and Adélie penguins, and positive 
population consequences through habitat improvement for the less ice-related Gentoo penguin 
(Forcada et al., 2006). The loss of sea ice is likely having negative effects on the availability of 
Antarctic silverfish, with corresponding effects on predators such as Adélie penguins and Weddell 
seals (Emslie and Patterson 2007, Siniff et al. 2008, Montes-Hugo et al. 2009).  

In addition, a recent SCAR report has predicted that some whale species may not get the chance to 
continue to recover further from whaling if the krill population remains at a low level (SCAR, 2009). 
In contrast, and perhaps neutral to changes in sea ice coverage, the numbers of humpback whales are 
increasing steadily in this area (Branch 2009).  

In short the changes occurring in the Scotia Sea/Antarctic Peninsula region are not simple. The 
consequences of historical harvesting reduce our ability to understand the impacts of climate change 
on krill, seals and whales (SCAR, 2009). While the mechanisms by which environmental variability 
affect sea ice cover and krill demography are being investigated, it remains unclear as to how these 
changes affect other ecosystem components, such as upper-level predators at all spatial and temporal 
scales (Fraser & Hofmann, 2003). 
 
3 The Antarctic krill fishery and the need for adaptive management 
In addition to being the main food source for most animal species, Antarctic krill also sustains the 
largest fishery in the Southern Ocean, under the purview of the Commission for the Conservation of 
Antarctic Marine Living Resources (CCAMLR). Most of the overall krill catch for the past decade 
has been taken exclusively from the Scotia Sea/Antarctic Peninsula region. Moreover, 99% of krill 
fishing takes place along the continental slope and thus in the regions where land-based (penguins, fur 
seals), as well as marine-based (cetaceans) predators forage or used to forage in the case of non-
recovering whales. Therefore, combined impacts from climate change and concentrated fishing for 
krill deserve special attention when developing adaptation strategies for the marine ecosystem in 
Western Antarctica.  

The potential cumulative impacts of climate change and fishing on krill and krill predators are 
unknown and need to be considered by CCAMLR.  In 2006, the Scientific Committee requested 
CCAMLR Members to consider “what the potential effects of climate change on Antarctic marine 
ecosystems might be, and how this knowledge could be used to advise the Commission on 
management of the krill fishery”. The CCAMLR Scientific Committee has acknowledged difficulties 
in differentiating the effects of fishing from those of climate change.1  

Since the first management arrangements for krill were developed in the early 1990’s, CCAMLR 
acknowledged that the establishment of annual catch limits based on krill biomass estimates would 
not be sufficient to account for the risk of localised fishing impact on predator populations, and that 
improved management would be needed, including the development of a “feedback management 
procedure”. Under this feedback approach, measures are continuously adjusted in response to relevant 
information, representing a truly adaptive management strategy for krill fisheries.2  

The need for developing feedback management procedures for krill becomes even more pressing 
today, with the increasing evidence of climate change effects in this region and the apparent start of 
recovery of certain baleen whale stocks. Yet despite these pressures on the ecosystem, a management 
                                                
1 SC-CCAMLR, 2006, para. 3.7. 
2 SC-CCAMLR, 1991, para. 3.66 and 3.103. 
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scheme for krill, which accounts for interactions between the fishery, krill predator populations and 
environmental factors, still remains to be developed. In its 2007 meeting, CCAMLR decided that the 
further development of feedback management approaches will be given priority from 2009 onwards.3 

However, CCAMLR has failed so far to make progress on this issue.  

An essential element in the development of a feedback management system for krill fisheries is 
CCAMLR’s Ecosystem Monitoring Program (CEMP), which is discussed in section 4. 
 
4 CCAMLR’s Ecosystem Monitoring Program (CEMP) 
CEMP was established in 1985 to monitor the effects of fishing on both harvested species (target 
species) and dependent species (predators), so as to assist CCAMLR with its task of regulating the 
commercial harvesting of Antarctic marine living resources in accordance with the “ecosystem 
approach” embodied in Article II (www.ccamlr.org). Based on a feedback management approach, it 
was expected that such a monitoring program would enable CCAMLR to adjust management 
measures in response to new information as it became available. 

The idea behind the establishment of the CEMP was that krill predators could be good indicators of 
the availability of krill. The concept of indicator species was thus developed, referring to those 
dependent or related species that are likely to reflect changes in the species targeted by the fishery, 
and indicate the state of those parts of the ecosystem that are most impacted by fishing activities.4 

One of the challenges of the CEMP is to be able to distinguish whether a detected change in an 
indicator species is due to fishing or to environmental effects, including climate change. 
Representativeness of the monitoring sites of their respective areas and regions constitutes another 
challenge.5 This is mainly because the CEMP is largely dependent on national research programs and 
priorities. Although management considerations influenced the initial selection of monitoring sites, 
this selection was also determined by practical considerations such as the presence of pre-established 
research stations. The continuity of contributions to the CEMP also depends on national priorities, 
since participation in the program is voluntary. As a result, the program is restricted to monitoring a 
few selected krill predators and is established in only a few areas.  Predator monitoring is currently 
restricted to land-based species.  

The CEMP assessment of the impacts of krill fishing on dependent species still remains to be 
integrated into long-term management procedures. These procedures enable the continuous 
adjustment of relevant measures in response to new information obtained, according to the feedback 
management approach adopted by CCAMLR.  At the moment, the nature of CEMP can be described 
as a “surveillance monitoring” program, where basic ecological data are gathered allowing for a 
posteriori attribution of the causes of change, but there is no direct link between this monitoring 
program and a specific management objective, and therefore it is not a truly adaptive scheme.  

Although CEMP data have provided invaluable insights in the understanding of the key ecological 
processes in the South Atlantic and some other areas, implementing a feedback management 
procedure would require moving from current surveillance monitoring to “operational monitoring”. 
The latter is designed to respond to a specific management objective, such as detecting whether a 
certain trigger level has been reached. The design and implementation of an operational monitoring 
program require clear definition of the change to be detected. Also, the monitoring should be designed 
so as to deliver the statistical power required to detect such a change (Reid, 2007). As CCAMLR 
moves into truly adaptive management procedures, the ability to effectively manage the fishery in 
those areas where there is no monitoring will be very limited. 
                                                
3 SC-CCAMLR, 2007, para. 3.36. 
4 A list of monitored parameters was developed for the CEMP, which includes predator, environmental and prey (krill) 
parameters. Fieldwork and data acquisition for predator parameters (indicator species) are voluntarily carried out by 
CCAMLR Member countries and submitted to the CCAMLR Secretariat. The Secretariat uses fisheries data submitted by 
Members to calculate some of the krill-related parameters. Furthermore, some environmental parameters, such as sea ice 
cover or sea surface temperatures are derived from publicly available datasets (Agnew, 1997). In order to facilitate data 
analysis and comparison between predator monitoring studies in the context of CEMP, CCAMLR’s Scientific Committee 
developed a set of agreed Standard Methods for monitoring predator parameters. See CCAMLR Ecosystem Monitoring 
Programme: Standard Methods (2004). 
5 SC-CCAMLR, 2003, para. 3.11 and 3.12. 



 

 6 

CCAMLR has already recognized that in its current configuration, CEMP does not allow 
distinguishing the impacts of fishing from those associated with environmental change, which was its 
main objective at the time of its creation. In addition, some CEMP sites have been discontinued in 
recent years and data submitted to the CEMP has decreased.  In some cases, information arising from 
different CEMP sites with similar geographical and oceanographic features indicate contradictory 
trends on predator parameters, which are difficult to explain without further investigation.   

As was acknowledged by CCAMLR’s Working Group on Ecosystem Monitoring and Management 
(WG-EMM) at its last meeting in 2009, climate change may induce rapid changes within the 
ecosystem, impacting the way indices generated by CEMP are being used to detect fisheries impacts. 
According to WG-EMM, in order to distinguish between climate change and fisheries impacts, it may 
be necessary to establish reference sites (i.e. where no fishing takes place) and/or additional 
parameters.6   

At this critical moment in the development of the krill management regime, CCAMLR needs to make 
progress towards an effective feedback management system. The CEMP must be expanded 
accordingly to support this system. In this context, decision rules must be developed to allow adaptive 
management through appropriate data arising from operational monitoring (as opposed to surveillance 
monitoring). On the basis of these decision rules, an analysis of the CEMP should be undertaken. This 
analysis can include questions such as location of additional monitoring sites, the need to add new 
species into the program as necessary, and indices to be measured.7 The potential use of area closures 
in the monitoring program in order to evaluate the combined effects of fishing and climate change, 
using closed (reference) areas as a control should also be considered. Furthermore, the CEMP should 
be periodically reviewed to allow for adjustments in the design and operation of the program as 
required by feedback management needs.  

CEMP represents a notable example of ecosystem monitoring in the Antarctic, holding time series 
data for more than 20 years. An expanded CEMP could provide valuable data for other monitoring 
initiatives in the Antarctic, such as the Southern Ocean Sentinel.8 In addition, CEMP needs to be 
significantly reformed and expanded in its coverage, so as to allow incorporation of monitoring data 
into the formulation of specific conservation measures, under a truly adaptive management system in 
the context of ecosystem change. 
 
5 Closing Remarks 
While more information is necessary to understand how long-term changes in the Scotia Sea/ 
Antarctic Peninsula Region will affect krill population dynamics, we do know that the breeding 
performance and success of krill-dependent predators is affected strongly by these changes. This 
knowledge underscores the necessity to account for known or forecasted changes in krill availability 
to predators when setting krill catch limits in areas where predators forage. This should be an 
important component of adaptation management strategies for the Southern Ocean, especially 
considering the central role that krill plays in the food web of the region. In order to take due account 
of the combined impacts of fishing, recovery from past fishing/hunting and climate change, an 
extensive and well-designed monitoring program, including both fishing and non-fishing areas, will 
be key to the timely detection of local or regional adverse effects on krill or krill predators from a 
long-term krill decline that may be augmented by a fishery (Hewitt & Low, 2000).  

One of CCAMLR’s key management objectives for the krill fishery is to preserve sufficient prey to 
sustain healthy predator populations and their recovery, including both cetaceans and finfish. 
CCAMLR has adopted, in principle, a feedback approach to krill fisheries management, such that 
management measures need to be continuously adjusted to relevant information -- as it becomes 
available -- on the interactions between krill fishing and krill predators. Consequently, the CEMP was 

                                                
6 SC-CCAMLR-XVIII/3, paragraph 3.110. 
7 It has been suggested that collaboration among bodies such as CCAMLR, the International Whaling Commission or the 
Scientific Committee for Antarctic Research (SCAR) could provide useful in this regard (Hewitt & Low, 2000). 
8 Similarly, the joint workshop between CCAMLR’s Scientific Committee and the Committee for Environmental Protection 
recommended that CEMP data and standard methods are made available for species assessments and other tasks as needed in 
he context of the Environmental Protocol. See SC-CCAMLR-XXVIII/6, paragraphs 6.8 and 6.9. 
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established with the main goal of detecting changes in predator indicator species as a result of fishing. 
Therefore, integrating CEMP assessments of the combined impacts of krill fishing and climate change 
on dependent species into long-term management procedures should be a key element of CCAMLR’s 
adaptive management scheme, as well as an important component of a climate change adaptation plan 
for Antarctic marine ecosystems. In addition, CEMP, which also monitors a few species in the 
Southern Indian Ocean, should be integrated into broader monitoring plans for the Southern Ocean.  
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