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Abstract

A major mid-1980s shift in ecological structure of significant portions of the
Southern Ocean was partially due to the serial depletion of fish by intensive industrial
fishing, rather than solely to climate factors as previously hypothesized. Over a brief
period (1969-1973), several finfish stocks were on average reduced to <50%, and
finally (mid-1980s) to <20%, of original size. Despite management actions, few stocks
have recovered and some are still declining. Most affected species exhibit K-selected
life-history patterns, and before exploitation presumably fluctuated in accordance
with infrequent strong year classes, as is true of such fish elsewhere. A climate
regime, the Southern Annular Mode, once oscillated between two states, but has
remained in its ‘positive mode’ since the time of the fish extraction. This may have
increased finfish vulnerability to exploitation. As breeding stocks decreased, we
hypothesize that availability of annually produced juvenile fish fed upon by upper-
level predators remained low. Correlations between predator populations and fish
biomass in predator foraging areas indicate that southern elephant seal Mirounga
leonina, Antarctic fur seal Arctocephalus gazella, gentoo penguin Pygoscelis papua,
macaroni penguin Eudyptes chrysolphus and ‘imperial’ shag Phalacrocorax spp. — all
feeding extensively on these fish, and monitored at Marion, Crozet, Kerguelen, Heard,
South Georgia, South Orkney and South Shetland Islands, where fishing was
concentrated — declined simultaneously during the two periods of heavy fishing.
These patterns indicate the past importance of demersal fish as prey in Antarctic
marine systems, but determining these interactions’ ecological mechanisms may now
be impossible.
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“Their specific biological characteristics, such as
slow growth rates and low fecundity, make Antarc-
tic coastal fish particularly susceptible to overfish-
ing. It is therefore not surprising ... they were
overexploited within a few years after the com-
mencement of fishing, thus paralleling the history
of whaling on a much shorter time scale as one of
successive discovery, exploitation and depletion of
each new stock”. (Kock 1992, p. xiv)

Introduction

Since the concurrent advent of satellite-assisted
remote sensing, the maturation of a number of
decades-long modern biotic data sets, and the
discovery that Earth’s climate is changing suddenly,
the marine research community has been focused
on the effect of climate change on marine species
and communities (Laevastu 1993; Beaugrand et al.
2002; Edwards and Richardson 2004; Perry et al.
2005; Ducklow et al. 2007; Murphy et al. 2007).
From this effort has come an appreciation for the
time scales at which climate affects food webs, from
short term (e.g. El Nifio-Southern Oscillation) to
decadal (e.g. North Atlantic Oscillation, Pacific
Decadal Oscillation [PDO]) and even longer (e.g.
Little Ice Age). As a result, the concept has emerged
of ‘regime shifts’, or step-like changes in the mean
state or baseline of a system (Mantua and Hare

2002). These shifts have consistently been found to
affect all levels of a marine ecosystem (Aebischer
et al. 1990; McGowan et al. 1998; Planque and
Taylor 1998; Hare and Mantua 2000; O'Brien et al.
2000; Vandenbosch 2000; Ainley and Divoky
2001; Thompson and Ollason 2001).

While most of this climate research has involved
oceans close to civilization, where the accumulation
of data has been occurring for many decades if not
for centuries, the Antarctic portion of the Southern
Ocean (SO, ocean south of the Polar Front) has not
been ignored despite its relative remoteness. How-
ever, the biotic data sets available are much shorter
than those for the Atlantic and Pacific oceans, and
as they extend no more than 50 years are barely
long enough for informative statistical analysis.
Nevertheless, as noted in other parts of the world’s
oceans (see Beamish et al. 1999), a step-like shift in
SO weather and the biota is evident during the mid-
1970s and again around 1990 (Ainley et al. 2005;
Jenouvrier et al. 2005). Like the atmospheric ‘oscil-
lations’ driving Northern Hemisphere regime shifts,
those of the SO are related to shifting pressure
systems — in this case, the Antarctic Oscillation or
the Southern Annular Mode (SAM). Regional shifts
in temperatures, winds and sea-ice cover have been
affected by the SAM (Lefebvre et al. 2004; Stam-
merjohn et al. 2008) and so in turn have the biota,
from benthic to epipelagic organisms (reviewed in
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Ainley et al. 2005; Jenouvrier et al. 2005; Ducklow
et al. 2007; Murphy et al. 2007).

Many statistically significant correlations and
models have been developed and invoked to explain
the effects of these changed climate regimes on the
biota. However, the majority (60-70%) of the
population trend variation (e.g. penguin or pinniped
population change in response to sea-surface tem-
perature or sea-ice extent: Croxall 1992; Fraser
et al. 1992; Wilson et al. 2001; Weimerskirch et al.
2003) in these models often remains unexplained,
and thus an analysis of changing climate only
provides part of the picture. Other factors must also
be contributing, and to explain more of this varia-
tion, we use these very same data sets and hypoth-
esize herein that the intense serial depletion of
certain prey stocks by early commercial fisheries
was also directly or indirectly involved. In region
after region worldwide, including the SO, this
extraction process began at the top of the food
web and worked down, and has accelerated during
the last 50 years (Pauly et al. 1998; Myers and
Worm 2003; Pauly and Maclean 2003; Pauly and
Palomares 2005; Morato et al. 2006; Daskalov et al.
2007; Kock 2007).

In most regions, this ‘fishing down the food web’
began so long ago that it is a major challenge to
assess food web effects (see Schrope 2006). How-
ever, because the finfishing industry ventured rel-
atively recently into the SO, i.e. only since the late
1960s (Kock 1992; Kock and Jones 2005), and
because an appreciable amount of documentation
exists thanks to the Food and Agriculture Organi-
zation (FAO) of the UN, the Convention for the
Conservation of Antarctic Marine Living Resources
(CCAMLR) and researchers in many Antarctic
national programs, it has been possible to recon-
struct historical fish extraction, as detailed in Kock
(1992), Pauly etal (1998), Myers and Worm
(2003), Morato et al. (2006) and elsewhere. Using
these reconstructions, we attempt herein to deduce
the degree to which, like climate, the historical (pre-
management) depletion of fish stocks influenced the
species and trophic structure of the upper portion of
the SO ecosystem. We acknowledge that the mass
removal of fur seals and, later, baleen whales
immediately preceding the fish extraction also had
profound effects on the Antarctic marine ecosystem
(AME: Laws 1977a,b; Ballance et al. 2006; Emslie
and Patterson 2007). But whereas that aspect of
predator removal has been extensively addressed
(see also Beddington and May 1982; Bengtson and
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Laws 1985), this is not the case for fish (Ainley et al.
2007).

Herein we review the progression of historical SO
fishing and assess its past and continuing impacts
on the upper food web using several seal and marine
bird species in certain areas of the AME — most
species having been chosen by CCAMLR in their
Ecosystem Monitoring Program (CEMP), which was
put in place after many fish stocks were already
depleted (CCAMLR 2007a). After long debate, CEMP
validated a method using agreed-upon protocols
and data from individual colonies to monitor
respective regional food webs (see CCAMLR
2007a, and also e.g. Croxall 1992; Croxall et al.
1988a, 2002; Weimerskirch et al. 2003). Thus, we
confine our analyses to that part of the SO covered
by CEMP, extending from northern insular and
continental shelf breaks to pelagic waters (Kock
1992, Ch. 15). This is the realm of the well-known
Antarctic krill Euphausia superba (Beddington and
May 1982; Nicol 2005; Siegel 2005; Murphy et al.
2007). These northern shelves, slopes and subsea
plateaus first saw the explosion in fishing effort (see
Gon and Heemstra 1990; Kock 1992; Duhamel
et al. 2005). Moreover, owing to the dispersion of
national research bases, the longest SO predator
data sets come from these locations and it is these
data sets that have been extrapolated to apply to the
AME at large (Croxall 1992; Croxall et al. 2002;
Weimerskirch et al. 2003) and which we will use
for our regional analyses.

Methods

Data sets

We concentrate on those predator species for which
estimates of population size have been collected
regularly for decades and which are known to eat
substantial amounts of fish — Pinnipedia: southern
elephant seal (Mirounga leonina), and Antarctic fur
seal (Arctocephalus gazella); Spheniscidae: gentoo
penguin (Pygoscelis papua), and macaroni penguin
(Eudyptes chrysolophus); and various forms of the
‘imperial’ cormorant Phalacrocorax spp. (Phalacroc-
oracidae: Antarctic shag Phalacrocorax brandsfield-
ensis, Heard shag Phalacrocorax nivalis, South
Georgian shag Phalacrocorax georgianus, Crozet shag
Phalacrocorax melanogenis, Kerguelen shag Phala-
crocorax verucosus). Moreover, most of these species’
population trajectories previously have been tied to
climate forcing, with analyses made possible by the
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length of the available time series (Reid and Croxall
2001; Weimerskirch et al. 2003; McMahon et al.
2005b). With the exception of those for elephant
seal, these earlier population data sets have been
subsumed by CCAMLR, which has certified the
original data collection protocols for continued
collection of population data as part of CEMP.
We note here that predator breeding populations
can respond both immediately to changes in
prey availability — by altering the proportion of
individuals in the population that attempts breed-
ing in a given year — and over the longer term,
by the attrition of adults through mortality,
increased or not, without replacement owing to
the depression in breeding productivity (Reid and
Croxall 2001; Weimerskirch et al. 2003; McMa-
hon et al. 2005b).

We first review the history of the fishing industry
primarily through the use of area-based CCAMLR/
FAO catch data both published and unpublished
(Kock 1992; FAO 2007) on the historically most-
fished species, namely family Nototheniidae: Pata-
gonian toothfish Dissostichus eleginoides, marbled

notothenia Notothenia rossii, grey notothenia Lepi-
donotothen squamifrons, yellowfin notothen Patago-
notothen guntheri, humped rockcod Gobionotothen
gibberifrons; and family Channichthyidae: mackerel
icefish Champsocephalus gunnari, unicorn icefish
Channichthys rhinoceratus, blackfin icefish Chaeno-
cephalus aceratus, South Georgia icefish Pseudochae-
nichthys georgianus; as well as members of the family
Myctophidae, e.g. Electrona spp. (Table 1). In addi-
tion, although information on most Antarctic fish
populations is inadequate to conduct stock assess-
ments (Kock 1992; Garibaldi and Caddy 2004),
Kock (1992) presents estimates of biomass through
virtual population analysis (VPA), and we show
those results alongside the catch data where avail-
able. It is clear that in the case of the SO, fish
population estimates correlate closely with total
catch (Statistical methods). Thus, we discuss fish
population trends based on trends both in past catch
rates and, where data are available, on population
estimates.

We then review the foraging ecology of fish
predators, paying particular attention to (i) known

Table 1 A summary of the history

Date Date Date fishery ~ Stock of most-fished species in the Southern
fishery peak closed by remaining  QOcean (by FAO statistical area; data
initiated catch CCAMLR (%) from Kock 1992; Kock et al. 2004;
CCAMILR 2005a—e)
South Georgia and vicinity: Subarea 48.3
Champsocephalus gunnari 1970 1976 1988 <10
Dissostichus eleginoides 1976* 1977 50
Gobionotothen gibberifrons
Pseudochaenichthys georgianus
Chaenocephalus aceratus 1975* 1977 1999 25-40
Notothenia rossii 1969 1969 1985 <5
Patagonotothen guntheri 1978 1980 1990 ~20
Antarctic Peninsula and South Shetland Islands: Subarea 48.1
C. gunnari 1978 1978 1990 <5
Chaenodraco wilsoni 1978 1978 1990 ?
N. rossii 1978 1979 1990 <10
South Orkney Islands: Subarea 48.2
C. gunnari 1977 1977 1990 <5
G. gibberifrons 1977 1982 1990 40
N. rossii 1979 1979 1990 <10
Kerguelen Islands: Division 58.5.1
C. gunnari 1970 1977 ~30
D. eleginoides 1977 1984 ~15
Lepidonotothen squamifrons 1971 1972 1989 <5
N. rossii 1970 1971 <10
Heard Island: Division 58.2.2
C. gunnari 1971 1976 1989 ~15
D. eleginoides 1995 1996 ?

*Fish known to have been taken earlier, although there are no data available for these

earlier fisheries. A question mark indicates no data available.

© 2008 The Authors
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prey formerly or currently subject to a targeted
fishery; (ii) the years when diet studies were
conducted relative to fish depletion (see above quote
from Kock 1992); and (iii) predator foraging areas
relative to the fishing grounds and to the years
when foraging behaviour was investigated.

Statistical methods

Finally, we correlated predator population trajecto-
ries (data from the literature) to levels of fish
biomass (and when not available, fish catch) in
the CCAMLR/FAO Fishing Area, Subarea, or Divi-
sion corresponding to each population’s foraging
area (Spearman and Pearson correlation, with
Bonferroni correction; systaT 11.0; Systat Software
Inc., San Jose CA USA 95110). We did not use more
sophisticated correlation methods (Weimerskirch
et al. 2003), because time series were short, we
were not dealing with multiple variables, and in
some cases, there were problems with normality
(see below). For predator counts and fish biomass/
catch, we in-filled missing values by averaging
values immediately on either side of the missing
value. We included such interpolated values in
correlations for a particular data set only if all other
values in a given comparison were actual (not
interpolated, i.e. only one data series per correlation
contains interpolated values). Although we realize
that the use of modelled fish biomass (VPA) and fish
catch data as a proxy for population trends can be
controversial, global fish stocks are generally declin-
ing as a result of over-exploitation (Pauly et al.
2002; Worm et al. 2007), and that trend clearly
exists in the case of the historical SO extraction
treated here. Kock (1992, pp. 125-131) discussed
in detail various ways to estimate biomass in SO
fisheries, with the biases of each method. He settled
on VPA as the most appropriate, and we follow
his lead; VPA is better than raw catch to charac-
terize the amount of fish available, as it contains
compensation for fishing/sampling effort. The fish-
ing was carried out mainly by Eastern Block
countries during the Cold War, in a region with
no fish-treaty regulations on gear size or fishing
technique, and no traditionally described market
forces involved in how many fish to catch (see Kock
1992). Moreover, almost all of the fish depletion
occurred prior to the regulatory appearance of
CCAMIR in 1982.

With regard to elephant seals at Crozet and
Kerguelen islands, where data series were twice the
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length of those for the other predators, we corre-
lated seal numbers with fish catch, year and a
3-year running mean of air temperature (seals
and temperature data from Weimerskirch et al.
2003). While there are valid concerns about the
use of air temperature as a proxy for ocean
temperature in coastal continental areas, these air
temperature data are credible as they were recorded
at the remote oceanic islands where the seals were
counted (i.e. little, if any, continental influence).
Following Weimerskirch et al. (2003), we assumed
that air/ocean temperature acts as an indirect proxy
for climate-induced changes to ocean productivity
and general prey availability but also, as noted,
that fish catch was a direct proxy to prey avail-
ability itself. As a result of missing values (which we
could not interpolate owing to our ‘rules’ for doing
so; see above), only the number of seals was
normally distributed, and transformations did not
improve the dispersion of stock depletion or air
temperature. Thus, we used Spearman rank corre-
lations.

Obviously, interpreting the above correlations in
some cases proved to be problematic as (i) intense
fish extraction often overlapped only a portion of a
predator’s population data and/or (ii) fish subse-
quently disappeared from the system or the fishery
was closed and no further data became available.
Therefore visual inspection of relationships is also
important, showing where critical inflection points
in fish abundance data and predator abundance
data coincide.

Throughout we identify the austral summer
fishing seasons, e.g. 1978-79, using the initial
year, i.e. 1978.

Results

Historical fish extraction

Significant levels of exploratory fishing, primarily
confined to the Scotia Sea, commenced in 1962.
Thereafter, as noted by Kock (1992; see quote at the
start of paper), depletion was serial, with fishing
effort moving from one stock and geographical area
to the next (see also Pauly et al. 1998; Morato et al.
2006). A de facto ecological experiment, i.e. unreg-
ulated large-scale extraction, began in 1969 in the
vicinity of South Georgia and spread to the Kergue-
len Islands the following season (Table 1). By 1992,
about 3 million metric tonnes of fish had been taken
from the SO (Fig. 1), a figure that does not include
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Figure 1 A summary of fish catch, all species, in three
sectors of the Southern Ocean (data from FAO on-line
database, http://www.fao.org).
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illegal and unreported catch, which was apparently
initiated in about that year (Agnew et al. 2008).
About 2.08 million of those tonnes (69%) were from
the Atlantic sector (FAO Area 48; Fig. 2), with 1.74
million tonnes (83.4%) coming from the area
around South Georgia. For the Indian Ocean sector
(FAO Area 58; Fig. 2), 872 000 tonnes (94.4%) of
the 924 000 tonnes caught came from ‘the vicinity
of the Kerguelen Islands (FAO Division 58.5.1,
Fig. 2; Kock 1992, 1994). In the Atlantic and
Indian Ocean sectors, the initial take — over only
four seasons, 1969-1972 — was huge and was
never to be repeated. A lesser peak followed
during the late-1970s to mid-1980s, with CCAMLR

65 60 55

Figure 2 (a) FAO Fishing Area 48: Atlantic Sector; and (b) FAO Fishing Area 58: Southern Indian Ocean sector.
Geographical descriptions at http://www.fao.org/fi/website/FIRetrieveAction.do?”dom=areaandxml=Area48.xml; &
=Area58.xml. Fine lines surrounding islands indicate extent of the shelves where fishing was concentrated.
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and its fisheries management regimes established
in 1982 in response to concerns about fishing
pressure on Antarctic stocks, but after most of the
serial depletion had occurred (Fig. 1; CCAMLR'’s
first conservation measures were not established
until 1985). Fishing in the Antarctic Pacific Sector
has only recently gained momentum, beginning
with an increase in reported take of Antarctic
toothfish Dissostichus mawsoni, although fishing in
the sub-Antarctic portion of this sector has a long
history. The current (and past) illegal take in the
Antarctic is unknown. Below we provide further
details for each FAO Subarea or Division within
the SO.

South Georgia and vicinity: FAO Subarea 48.3
Reported commercial fishing began in the SO in
1969, on N. rossii in Subarea 48.3 (Table 1, Fig. 2).
The total catch of that species from 1969 to 1989
was 571 028 tonnes, with 501 262 tonnes being
caught in the first 2 years, 1969 and 1970 (Kock
1992); the fishery was closed in 1985 and there-
after only a by-catch of 300 tonnes per annum was
permitted (CCAMLR 2005b). Catches of C. gunnari
commenced in 1970 and were low until 1975 but
then peaked the following year at 93 595 tonnes
and declined substantially thereafter. A second peak
occurred in 1981 and 1982 at 54 040 and
178 824 tonnes respectively; finally, a year after a
peak of 80 586 tonnes in 1986, CCAMLR also
closed this fishery (Kock 1992, CCAMLR 2005b). It
was sporadically reopened and closed, beginning in
1987, albeit at a drastically reduced catch limit of
8000 tonnes; since then, the annual quota has
ranged from O to 26 000 tonnes but the maximum
annual catch has not surpassed 4114 tonnes
(CCAMLR 2005b).

Catches of D. eleginoides on the order of several
hundreds of tonnes per annum were reported
between 1976 and 1985, but the species was
likely also taken by the Soviet fishery in the late
1960s (Kock 1992, CCAMLR 2005a). This fishery
has largely been confined to the insular shelfbreak
and slope. A fishery in the 1980s for Electrona
carlsbergi initially had an annual catch limit of
109 000 tonnes but the highest catch was
29 673 tonnes; the limit later included ‘provi-
sions’ (presumably an increased limit) for the
fishery to expand to nearby Shag Rocks. This
stock was last assessed in 1994, but as the mean
age of this fish in the experimental fishery is
5 years (i.e. subadult, indicating lack of matura-

© 2008 The Authors

tion of the age-structure)) CCAMLR closed the
fishery in 2003 to await another stock assessment
(CCAMLR 2004, 2007b).

Antarctic Peninsula and South Shetland Islands:

FAO Subarea 48.1

In the vicinity of the NW Antarctic Peninsula,
exploitation began in 1978, but was profitable for
only two seasons — 1978 and 1979 — as stocks were
over-fished at the fishery’s outset (Kock 1992;
Fig. 2). Total catches for N. rossii and C. gunnari
from 1978 to 1989 were 19 233 and 41 396
tonnes, respectively, for each species. However,
almost the entire catch of C. gunnari (35 930
tonnes) was taken in 1978, and of N. rossii in
1979 (Kock 1992). The 1979 catch of N. rossi
(18 763 tonnes) exceeded the estimated stock size
(15 663 tonnes) and the very limited catch of this
species in subsequent seasons suggest that most of
the stock had been removed. There has been no
indication of population recovery (Kock 1992;
CCAMLR 2004, Barrera-Oro and Marschoff 2007).
Spiny icefish Chaenodraco wilsoni (=14 450 tonnes)
was the only other species for which there was a
documented target fishery (data from the former
Eastern Bloc countries known to have fished this
area are largely unavailable; Kock 1992; Kock et al.
2004). This entire Subarea was closed to commer-
cial finfishing after the 1989 season. It was last
surveyed in 2003, with results showing stock
condition insufficient to reopen fishing (CCAMLR
2004).

South Orkney Islands: FAO Subarea 48.2
Commercial fishing extended to this Subarea in
1977 (Table 1, Fig. 2), but was profitable for only
its first season due to over-fishing of target species
(Kock 1992). Total catch for C. gunnari, 1977-
1989, was 187 898 tonnes, with 138 895 and
21 349 tonnes taken in the first and second
seasons, respectively. By the time the fishery was
closed, populations were estimated to be at <5% of
original size (Kock 1992). Gobionotothen gibberifrons
was the only other species reportedly taken in
substantial numbers (total catch 38 821 tonnes).
The catch of N. rossii was 2888 tonnes, but this
stock may never have been large (Kock 1992). As
with 48.1, Subarea 48.2 was closed by CCAMLR to
the finfishery after the 1989 season. The Subarea
was last surveyed in 1999, with results indicating
stock condition at a level insufficient to reopen
fishing (CCAMLR 2004).
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Southern Indian Ocean sector: FAO Area 58
According to Kock (1992), exploratory fishing
began on the Kerguelen and Crozet shelves in the
Indian Ocean sector in 1967 (Fig. 2). Green (2006)
reported that the fishery began in 1966, and
Duhamel et al. (2005) reported exploratory fishing
in 1958, 1960 and 1961 by USSR vessels. Large-
scale fishing commenced in 1970 (Table 1). The
fishery was extended to the Ob and Lena Banks
(Division 58.4.4) in 1977 and to the coast of
Antarctica in 1982 (Divisions 58.4.1 and 58.4.2;
Kock 1992). As noted above, as of 1992 nearly 95%
(by weight) of the fish taken in this sector were
caught in the vicinity of the Kerguelen Islands
(Kock 1994).

Kerguelen, McDonald: FAO Subarea 58.5

Kerguelen — Division 58.5.1. This is the region
where commercial fishing in the Indian Ocean
sector began (Table 1). Total catches of note from
its inception in 1970 through 1989 are as

follows: N. rossii 297 514 tonnes, C. gunnari
323 487 tonnes and L. squamifrons 196 953
tonnes (Kock 1992; Duhamel etal 2005).

Fishing for D. eleginoides began in 1977 and
peaked in 1984 at 6677 tonnes, with catches
subsequently declining. France declared an
Exclusive Economic Zone (EEZ) around Kerguelen
and Crozet islands in 1978 and fishing for this
species outside territorial waters has been
prohibited since 2003 (CCAMLR 2007b),
although that has not stopped the illegal fishing
(Knecht 2006).

For N. rossii, 56% of the total catch was taken
in the first 2 years of the fishery (1970 and 1971;
annual catch totalled 63 000 and 104 000 ton-
nes, respectively). Initial population size of N. rossii
for this area was estimated at 185 000-290 000
tonnes. Total reported catch exceeded the maxi-
mum estimated population size and in 1984 stock
size was approximately 2-5% of the original
unharvested population, increasing to 7-10% of
the pristine stock size in 1988 (Kock 1992).
Targeted fishing on this species has been pro-
hibited since 1985, and the ban imposed then by
CCAMIR is still in effect. For C. gunnari, Kock
(1992) reported variable catch levels from the
inception of commercial fishing in 1970 through
1988. No catches are reported in the most recent
CCAMIR fishery reports, indicating that the fish-
ing is not profitable (Duhamel etal 2005;
CCAMLR 2007c).

McDonald and Heard — Division 58.5.2. Kock
(1992) reported that about 10 000 of 72 893
tonnes of C. gunnari fished in 1977 were ‘probably
caught on the Kerguelen-Heard Ridge and the Heard
Island shelf’. Because around 95% of the fish caught
in Area 58 are from the vicinity of the Kerguelen
Islands, however, historical catches at McDonald
and Heard have likely been commensurately low.
Champsocephalus gunnari is still fished in Australian
territorial waters at Heard and McDonald islands
and is now considered the second ‘principle species’
in the fishery after D. eleginoides. Total Allowable
Catch for 2006 for C. gunnari was 42 tonnes
and for L. squamifrons was 80 tonnes (Australian
Fisheries Management Authority 2007). The catch
for D. eleginoides declined from 6677 tonnes in 1984
to 1630 tonnes by 1989 (CCAMLR 2007Db).

Crozet — FAO Subarea 58.6

Marion and Prince Edward islands — FAO Subarea
58.7. Fishing for D. eleginoides in Subarea 58.6
has been prohibited outside the Crozet EEZ since
2002 (CCAMLR 2007b). The catch limit for
D. eleginoides (1218 tonnes in 2004) at the Crozet
Islands has not been reached because some
fishermen avoid fishing in the area — apparently
because of high levels of depredation by Kkiller
whales Orcinus orca and sperm whales Physeter
macrocephalus on toothfish catches (CCAMLR 2005f,
Roche and Guinet 2007). Since 1998, the fishery
for D. eleginoides has been closed outside South
Africa’s FEZ around Prince Edward Islands
(CCAMLR 2007b). Despite this, the illegal fishery
in the area is very successful (CCAMLR 2005g).

Predator foraging behaviour, diet and population
trends

Southern elephant seal

Three ‘metapopulations’ of this species have been
identified on the basis of movements of tagged
individuals: (i) Scotia Sea/Antarctic Peninsula, cen-
tred at South Georgia; (ii) Macquarie Island, and
sub-Antarctic islands south of New Zealand; and
(iii) Kerguelen/Heard/Crozet/Marion islands (Laws
1994). Upon decimation by sealers in the 1700s
and 1800s (on the order of 2 million taken from
the Scotia Sea region alone; Laws 1960), all began
to recover but this recovery was followed by a
subsequent decline, especially since the early-to-
mid-1980s. Although numbers at South Georgia
have been stable, numbers to the south in that
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metapopulation are declining (but those in temper-
ate waters off Valdes Peninsula, Argentina, are
increasing; Laws 1994; McMahon et al. 2005a). We
do not consider the Macquarie Island subpopulation
in this paper, mainly because of difficulty in
accessing fish catch data in its vicinity and that of
the Campbell Plateau. However, that population,
too, with a large proportion of its foraging activity
occurring in Antarctic waters, declined precipi-
tously in the mid-1980s, following a recovery from
an earlier decrease (Hindell et al. 1994).

The diet of this species is notoriously difficult to
study (see summary in Green 2006). The basic
problems are not only that most individuals are
fasting by the time they come ashore, but that squid
beaks can remain in stomachs for weeks while fish
otoliths disappear within a day (Harvey and
Antonelis 1994). Using elephant seals as samplers,
much has been learned about SO cephalopods, but
not fish. Comparing the ratio of fish eye lenses to
squid beaks, Green and Burton (1993) estimated
that fish contributed 77% to the diet of Heard Island

Table 2 A summary of the timing of diet studies among predators and sites (Heard, Marion, Kerguelen, Crozet, South
Georgia, South Orkney and South Shetland islands) treated in this paper, relative to the initial major fish extraction

events (shaded).*

Southern elephant seal Antarctic fur seal

Gentoo penguin Macaroni penguin Imperial cormorant

>1969 45, 48 42
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982 53
1983
1984
1985
1986
1987 43 30
1988 35
1989 51
1990 31, 51
1991 34, 51
1992 44 32, 34, 37, 51
1993 46 32, 34, 51
1994 46 34, 50, 51
1995 46 34, 51
1996 46 34, 38
1997 46, 47 34, 40
1998 46 33, 34, 40, 41
1999 46 33, 34, 40
2000 33, 34, 36, 40, 41
2001 34, 39, 40
2002 34

19 19
16
1
2,16 2 13
13
2 2
18 2
21, 23 18 3
23,28 28 1
17,22, 18 20, 28
24, 29 1
29
24, 26
22, 27 6
27 49
27 15
25, 27 6
25, 27 52 6,8,9
25, 27 52 4,6,7,11, 14
25 52 11,12, 14
52 5, 10, 14
52 14
52 14
52 11
52
52

*Studies had to have had a dietary sample size >15, and had to have been conducted such that fish would have been adequately
detected. Entries in cells refer to the applicable diet study; see numbered entries in the literature cited in the Appendix 1.
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Figure 3 The population trajectory of elephant seals at
Kerguelen Island in the midst of FAO Subarea 58.5 (from
Weimerskirch et al. 2003), compared to the fish stock size
and commercial take for FAO Divisions 58.5.1 and 58.5.2
(from Kock 1992), considering just the commercially
caught species found in the seals’ diet. Between 1958 and
1964, 12 000 seals were killed under license (Kock 2007),
which explains the decline and recovery during that
period.

seals; Slip (1997) modified a presence/absence
technique of Laws (1960) and estimated that fish
once contributed 45% to the Scotia Sea diet. In any
case, almost all studies of this species’ diet have been
conducted after its populations had declined (mid-
1980s: Table 2), and all were conducted well after
fish were severely depleted in the SO (Figs 1, 3
and 4). Nevertheless, this seal is known to take
several fish species that were or are still commer-
cially exploited, as well as myctophids (Table 3).
Elephant seals prey on toothfish more than do other
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species in this review, and given their size and
foraging depth, they could easily take adult fish, a far
more cost-effective catch than tiny myctophids. If,
like Weddell seals Leptonychotes weddellii, elephant
seals avoid eating the bony heads of adult toothfish
(see Ainley et al. 2004 in Appendix 1), this would
be one more factor that would reduce the apparent
importance of this fish in the seals’ diet (no otoliths
ingested; cf. Goldsworthy et al. 2001).

Studies of the foraging behaviour of this species
are similarly confined to the mid-1980s and later,
when satellite telemetry came into use. With adult
males travelling farthest away, and juveniles the
least, elephant seals seek insular and continental
shelf breaks, as well as sea mounts in mid-ocean,
where foraging depths are as deep as 1000 m
(McConnell et al. 1992, 2002; Jonker and Bester
1998; Van den Hoff et al. 2002; Hindell et al. 2003;
Bailleul et al. 2007). Juveniles, especially, remain
for long periods over shelves and shelfbreaks, where
most commercial fishing takes/took place. An ele-
gant body of demographic research and modelling
points to the survival of juveniles as key to the
dynamics of southern elephant seal populations
(Pistorius et al. 1999a,b; Bradshaw et al. 2002;
Pistorius and Bester 2002; McMahon et al. 2003,
2005a).

The population decline at Crozet Island (Fig. 4)
closely tracks the decline in fish catch in the
region, with decreasing steps following surges in
the catch (r = 0.485, P = 0.009; no VPA estimate
available). In a multiple variable correlation,
both climate, i.e. air temperature (r, = —0.668,
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Figure 4 The population trajectory of elephant seals at Crozet Island, in the midst of FAO Subarea 58.7 (from
Weimerskirch et al. 2003), and Marion Island, in the midst of FAO Subarea 58.6 (from Pistorius et al. 1999b), compared to
the commercial take (FAO Subarea 58.7 and 58.6; fish data from Kock 1992; CCAMLR 2005f,g) of fish species found

in the seals’ diet.
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Table 3 Species of commercially taken fish (from Kock 1992) found in the diets of predators from Heard, Kerguelen,
Crozet, Marion, South Georgia, South Shetland and South Orkney islands.*

Southern Antarctic Gentoo Macaroni Imperial
elephant seal fur seal penguin penguin cormorant
Dissostichus eleginoides 17 3 10 X X
Champsocephalus gunnari X 84 31 27 4
Notothenia rossii X 2 6 4 8
Patagonotothen guntheri X
Gobionotothen gibberifrons 12 29 50 71
Pseudochaenichthys georgianus 5 X
Chaenocephalus aceratus 4
Lepidonotothen squamifrons 6 2 51 X 80
Channichthys rhinoceratus X 1 12 X
Myctophids 75 100 15 40 1
Fish 77 99 100 80 100

*Numbers indicate the maximum value for frequency of occurrence (%) in the diet among existing studies. Frequency of occurrence
was the only metric common to the large majority of diet studies; if no such value is available, an ‘X’ is entered. See Table 2 for the

references from which these data were obtained.

P < 0.001), and fish catch (r, = 0.498, P < 0.02)
correlated with seal numbers. The multivariate
relationship of seals to fish biomass and climate
at Kerguelen had a similar outcome for air
temperature (rs = —0.661, P < 0.001) and fish
biomass (r, = 0.481, P < 0.05; Fig. 3). Considered
in another way, Kerguelen elephant seal abun-
dance 1955-1970, up to the advent of
industrial fishing, averaged much higher (6300,
95% CI = 1238) than subsequently (3729, 95%
CI = 124; P < 0.01), despite even the direct com-
mercial take of Kerguelen elephant seals between
1958 and 1964 (Kock 2007). A major downward
step in seal numbers occurred just after the major
fish extraction. At Marion Island, with an espe-
cially short time series that began long after fish
were severely depleted, the relationship of seals to
fish catch followed a similar pattern to the above
(r = 0.835, P < 0.001; Fig. 4). Finally, at Anvers
Island, on the northwestern Antarctic Peninsula
and considering that this is not a sea-ice associ-

i.e.

ated species, adult and subadult elephant seals
increased until about 1990 as sea-ice disappeared
(Siniff et al. 2008) but, subsequently, beginning a
few years after the fish catch and biomass dropped
off, the seal population began to decline despite
sea-ice presence continuing on a downward trend.

Antarctic fur seal
The Antarctic fur seal population was severely
reduced during historical times, as noted above. It

© 2008 The Authors

has recovered in many areas and is still increasing
in most others [Scientific Committee for Antarctic
Research (SCAR) 2006]. As with population
growth, the fur seals’ diet varies spatially and
temporally. In the Scotia Sea region, krill is impor-
tant during the summer breeding season (Reid and
Croxall 2001) but this is not the case elsewhere
where they principally feed on fish (summarized in
Green 2006; also see Guinet et al. 1996; Lea et al.
2006). In the Scotia Sea region, fish become more
prevalent in the diet during winter (Reid 1995).
Little is known of the Antarctic fur seals’ diet before
1987 (Table 2), but juveniles of most commercially
exploited fish species (historically and/or currently)
are included in the present-day diet, especially
N. rossii and C. gunnari; myctophids dominate the
diet among seals in regions other than the Scotia
Sea (Table 2). The insular and continental shelf-
breaks and slopes, also targeted by fisheries, are the
principle foraging habitat of this species, as deter-
mined by satellite tracking in recent decades (Boyd
et al. 1994; McCafferty et al. 1998; Lea et al. 2006).

While Antarctic fur seal populations are stable or
still increasing in most areas, at South Georgia and
some areas at the southern periphery of the range
just south of the South Shetland Islands, numbers
have peaked and now are declining. The decline in
fur seals at South Georgia, subsequent to fish
depletion in the region (Figs 1 and 5), is positively
related to krill abundance (r = 0.880, P < 0.001).
Reid et al. (2006) pointed out the link between fish
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Figure 5 The population trajectory of fur seals at Bird Island, South Georgia (from Reid and Croxall 2001) in the midst
of FAO Subarea 48.2, compared to the fish stock size and commercial take of fish in FAO Subareas 48.2 and 48.3 (fish
data from Kock 1992), for species found in the fur seals’ diet. Also shown is the density of krill (number m™2) in the Scotia

Sea region (from Atkinson et al. 2004).

species present in Antarctic fur seal diet vs. fishery
depletion; i.e. around South Georgia and the South
Shetland Islands, fishery-depleted shelf species have
disappeared from the diet. However, presently no
relationship to fish biomass is apparent in the data
we presented (r = 0.079); this species appears to
have been able to prey-switch to krill, at least in
areas where krill is found in high abundance, i.e.
the Scotia Sea.

Gentoo penguin
This penguin species has been declining in all parts
of its range during the past 20 years (Woehler et al.
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2001; Crawford et al. 2003a; Lescroél and Bost
2006; Woehler 2006; Hinke et al. 2007), with one
exception. That exception is the southern portion of
FAO Area 48, where disappearing sea-ice is allow-
ing southward invasion of very small numbers of
this ice-avoiding species (Ducklow et al. 2007).
Gentoo penguin numbers in newly colonized areas
of Anvers Island and vicinity, to the south of the
South Shetlands, are increasing but in the South
Shetlands themselves established populations are
slowly declining (Hinke et al. 2007). Still further
north in FAO Area 48, on the basis of the next
longest time series of population size, that from
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Figure 6 The population trajectory of gentoo penguins at Bird Island, South Georgia (from Woehler et al. 2001) in the
midst of FAO Subarea 48.3, compared to the fish stock size and commercial take of fish species in FAO Subareas 48.2
and 48.3 (fish data from Kock 1992), using only those found in the penguins’ diet. Shown also is the density of krill
(number m™2) in the Scotia Sea region (from Atkinson et al. 2004).
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South Georgia, the species population has been
declining more rapidly (Fig. 6). The same is true for
Marion Island where the time series began only in
1994, but shows a gradual 40% decline to 2002.
A few counts in the 1960-1970s were equivalent to
that of 1994 but an isolated 1984 count, during the
major 1983-84 El Nino, was lower than the 1994
count (Crawford et al. 2003a).

Gentoo penguins at most locations prey princi-
pally on fish, including juveniles of the major fished
species (Fig. 2, Table 3), with krill now more
prevalent in the diet in the Scotia Sea. This penguin
forages principally over shelf and slope waters
(Lescroél et al. 2004; Cherel and Hobson 2007),
i.e. areas targeted by the fisheries under discussion.
During the period 1978-1988, the penguins’
population at South Georgia closely tracked fish
biomass (r = 0.381, P =0.021), but with the
final removal of fish and closure of the fishery, the
relationship of course dissolved due to a lack of
data. With fish stocks severely depleted and
then effectively removed from the Scotia Shelf
ecosystem, the gentoo penguin population has
been tracking krill abundance (r = 0.498,
P = 0.03; see also Hinke et al. 2007 for South
Shetland Islands).

As with the seals, above, appropriate diet studies
for this penguin species were completed only after
demersal fish were depleted but nevertheless show
the importance to this penguin of the juveniles of
the fished species (Tables 2 and 3). CCAMLR did not
ban trawling in the region until 1990 (Kock 1992).
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Thus, in earlier years, fish species that are prey for
gentoo penguins, even if not commercially targeted,
could well have been negatively affected as
by-catch, as seems to have been the case for
imperial cormorant (see below).

Macaroni penguin
This penguin species is declining throughout its
range (Woehler et al. 2001; Crawford et al. 2003b).
Only one long-term record of its population overlaps
the fishing record, unfortunately, and that is from
Bird Island, South Georgia (Fig. 7). After initially
increasing in modern times, macaroni penguin
numbers began to decline in the mid-1980s, a few
years after the second crash in biomass of fish (see
also Fig. 1). No data are available on numbers of
penguins to overlap the first, larger crash in fish
stocks, but during the period when penguin num-
bers are available, trends are strongly related to the
level of fish biomass (r = 0.809; P = 0.001). In
these years, population variation is also related to
that of krill density (r = 0.482, P = 0.059). At
Marion Island, numbers of macaroni penguins have
declined by 18% since 1994, the beginning of the
population time series there (Crawford et al. 2003b).
Classified by many researchers in recent years as
a ‘krill predator’, like the fur seals of the Scotia Sea,
macaroni penguins prey appreciably on fish, includ-
ing juveniles of commercially exploited species
(Table 3). In the Scotia Sea region, this penguin
forages regularly in waters overlying the shelf and
slope, again as noted by modern satellite tracking
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Figure 7 The population trajectory of macaroni penguins at Bird Island, South Georgia (from Woehler et al. 2001), compared
to, in FAO Subareas 48.2 and 48.3, the fish stock size and commercial take of species found in the penguins’ diet (fish data
from Kock 1992), as well as to the density of krill (number m™2) in the Scotia Sea region (from Atkinson et al. 2004).
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(Barlow and Croxall 2002), i.e. areas targeted by
the historical fishery. Although we did not include
the study by Croxall and Furse (1990) in our
summary (Table 2) because the sample size was
low, 63% of the diet in the South Shetland Islands at
the time of sampling (1976, i.e. 2 years prior to
initiation of industrial fishing) was composed of fish
(species unspecified). At Heard Island, fish are much
more prevalent in the diet than at South Georgia,
contributing up to 46% by mass (Klages et al.
1989); at Marion, they contribute up to 52% by
mass (Crawford et al. 2003b). At the latter, chick
fledging mass, important for subsequent survival,
varies directly with the proportion of fish (species
unspecified) in the diet (Crawford et al. 2003b).
Myctophids are now very important to this species.

Imperial cormorant
The longest time series tracking population trends
for the various subspecies or races of this piscivo-
rous bird is that at Duthoit Point, South Shetland
Islands, 1990-2004 (Casaux and Barrera-Oro
2006). This time series is not long enough to
overlap with pre-fished stocks. This bird preys on
small fish caught in shelf waters (Casaux and
Barrera-Oro 1993, Casaux and Ramén 2002,
Woehler 2006). Populations are clearly declining
in both the South Shetland Islands and adjacent
Antarctic Peninsula; the decrease began in the mid-
1980s (Green et al. 1998; Naveen et al. 2000,
Casaux and Barrera-Oro 2006), following the final
loss of fish from the ecosystem (Fig. 1). Few popu-
lation assessments have been made elsewhere; those
at Heard Island have been too sporadic to indicate
any trends (Woehler 2006). These birds prey
significantly on the juveniles of commercially
extracted species, as well as others that would have
been caught as by-catch by trawlers (Tables 1-3).
The declining population trend in the vicinity of
the South Shetlands has already been tied to
reduced availability of hitherto commercially
caught forage fish (Casaux and Baroni 2002;
Casaux and Barrera-Oro 2006). As a consequence,
shags have concentrated their predation pressure
on Notothenia coriiceps and Harpagifer antarcticus.
Notothenia coriiceps is a K-selected species exhibiting
strong site fidelity, which makes it highly vulnerable
to predation pressure, confirmed experimentally in
the field (Casaux and Barrera-Oro 2002). Adding to
the shags’ problems, H. antarcticus is a small-sized,
cryptic species that lives sheltered under rocks.
Thus, without the mid-water presence of notothe-

niid juveniles of fished species, the reduction of
N. coriiceps by the shags through the breeding
season and the higher effort required to capture
H. antarcticus likely resulted in a decrease in
foraging efficiency in shags and a subsequent
adverse population effect.

Discussion

General thoughts

There remains much conjecture over the response
of the AME to the almost complete removal of
whales from many areas during the 1950-1960s,
essentially because the monitoring of population
sizes and investigation of trophic roles of other
components of the ecosystem did not get underway
until well after the whales were gone. Only proxy
variables have allowed any insight at all into how
the ecosystem may have responded (summarized
most recently in Ballance et al. 2006; see also Laws
1977a,b; Croxall et al. 1988a; Emslie and Patterson
2007). In this paper, we speculate on the response
of certain parts of the AME to the mass removal of
finfish that followed closely on the heels of the
whale extraction. Most of the commercial fishery
was intense and short-lived, with stocks of adults
plummeting in many cases to 5-10% of former size
(Kock 1994; and see figures herein), due to annual
takes that often equalled or exceeded initial esti-
mates of species’ biomass (Kock 1992). Despite later
area closures for the purposes of fish-stock recovery,
few populations have recovered and some are still
declining. Even recovering stocks show little poten-
tial for renewed commercial exploitation (Kock
1998; Barrera-Oro et al. 2000; Jones et al. 2000;
CCAMLR 2004, 2007b; Barrera-Oro and Marschoff
2007). Given this pattern, it is likely that from the
perspective of Antarctic fish predators, these fisher-
ies removed ecologically significant quantities of
prey from the system and, in particular, removed
prey that existed close to breeding colonies. Indeed,
this extraction, in our opinion, explains at least in
part the ecosystem regime shifts described by Reid
and Croxall (2001) for the Scotia Sea and by
Weimerskirch et al. (2003) for the Indian Ocean
sector during the mid-1980s. That latter regime
shift is out of phase with the climate-driven,
SO-wide shifts of the mid-1970s and late 1980s to
early 1990s that are related to the SAM (cf. Ainley
et al. 2005; Jenouvrier et al. 2005; Stammerjohn
et al. 2008).
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Alteration in prey availability affects predator
population growth in a variety of ways, e.g.
breeding success and recruitment of subadults into
the populations are affected. Similar scenarios have
been thoroughly documented many times in other
parts of the world’s oceans, e.g. for marine birds in
the Peru Current (Murphy 1981; Tovar et al
1987), North Sea (Furness 2002; Oro and Furness
2002), Benguela Current (Crawford 2004, 2007),
Baltic Sea (Osterblom et al. 2006) and California
Current (Field et al. 2007), and therefore we do not
discuss in detail here the mechanisms by which SO
predator survival would have been affected by
wholesale removal of their fish prey. However, the
fact that no modern-day, state-of-the-art investiga-
tions of the diets of predators occurred before the
fish loss, and that virtually all were completed a
decade later (Table 2), shows why one must view
with great caution any conclusions that finfish
fisheries had little effect on explaining predator
population trajectories in the SO. While a number of
authors have suggested that depletion of fish has
been critically important (Pascal 1985; Barrera-Oro
et al. 2000; Casaux and Barrera-Oro 2006), others
have concluded otherwise based on the idea that
diets do not currently contain much in the way of
commercial fish species (McMahon et al. 2005b).
Most authors these days confine their attention to
climate change and/or krill as key to understanding
the AME and predator—prey dynamics (Constable
2001; Croxall and Nicol 2004; Nicol 2005; Sme-
tacek and Nicol 2005; Ducklow et al. 2007; Murphy
et al. 2007). Why the potential for trophic cascades
linked to this fish extraction heretofore has not been
given more critical attention is perplexing (Ainley
et al. 2007; cf. Scheffer et al. 2005).

While changing climate has indisputably had
important effects on the AME (Atkinson et al. 2004;
Ducklow et al. 2007; Murphy et al. 2007), a finding
also confirmed in this paper, so too it seems has fish
extraction been important. In fact, the major fish
extraction described here occurred just before the
SAM entered into the positive phase from which it
has not since reverted. The SAM profoundly influ-
ences the SO climate (Stammerjohn et al. 2008) and
thus certainly affects its ecosystems. Before the mid-
1970s, the SAM oscillated on a decadal scale
between its two modes and in all likelihood the
food web compensated accordingly. The fact that
the SAM has become ‘stuck’ in its current mode
may have made finfish populations even more
vulnerable to the effects of exploitation (see below).
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In addition, whether or not extensive invasions of
the northern SO by sub-Antarctic fish species, e.g.
the southern blue whiting Micromesistius australis
in the Scotia Sea (Matthews 1978; see also below),
were also a result of the SAM (or, as suggested
by Matthews, a consequence of whale loss) is a
question that may never be answered. That stock is
severely depleted (FAO 2005: Southwest Atlantic),
and should it partially recover it is likely that fishing
pressure would be renewed, consistent with the
ways of fisheries worldwide.

In regard to climate oscillations, lessons learned
from the more accessible — and therefore more
intensively studied — groundfish of the California
Current clearly apply to SO nototheniids. Many of
these fish provide an important supply of juveniles
as forage for top predators (Lenarz 1980; Ainley
et al. 1993; Field et al. 2007). As with the SAM, the
PDO has become mostly ‘stuck’ since the 1970s, in
its case in its warm phase (Peterson and Schwing
2003; Hooff and Peterson 2006). California Current
groundfish, with their K-selected life-history strate-
gies, are, like the nototheniids, highly vulnerable to
intensive fishing (Pauly et al. 2005; Cheung et al.
2007). According to Steve Ralston (Groundfish
Analysis Team Leader, US National Marine Fisheries
Service, in litt, 28 June 2007), the allowable catch
rate for California Current rockfish (Sebastes spp.)
was initially based on the conventional wisdom
derived from experience with many such stocks
worldwide and was designed to produce no worse
than a reduction to 75% of maximum sustainable
yield (based on an F35% fishing mortality rate —
reduction of lifetime egg production). However, that
wisdom proved to be wrong when applied to the
rockfish stocks, which during the 1980-1990s
(when fishing intensity increased) were found to
have unexpectedly low productivity, with virtually
no surplus production (Clark 2002). At that time,
juvenile rockfish were major components in the
diet of many predatory fish, marine mammals and
birds (Lenarz 1980). The consequence of rockfish
K-selected life-history parameters, pre-fishing, had
been a pronounced build-up in stock size, leading to
the impression of a productive resource. The
longevity of Sebastes is now seen to be an adaptation
to bet-hedge reproduction over extended periods of
poor reproductive success, as for instance during the
warm phase of the PDO. What this means is that
rockfish stocks (and other K-selected fish) can
undergo low-frequency variation in population size
attributable to decadal periods of favourable and
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unfavourable reproductive success. When a stock
naturally fluctuates in abundance over a range of
three to four times, it becomes problematic to
designate an effective biomass target under fishing
(Dorn 2002; Ralston 2002). The same seems to
apply to SO nototheniids (Pauly et al. 2005; Cheung
et al. 2007), the stocks of which, like rockfish, are
dependent for stability on infrequent strong year
classes, especially those produced during favourable
climate regimes (Kock 1992).

A perspective on the food web structure of the SO

Like the larger eastern boundary currents — the
Benguela and Peru/Humboldt currents — the SO
also has generally directional circulation (although
eastward, as opposed to equatorward in those
boundary currents), narrow continental shelves
and is affected strongly by upwelling along its
continental margin — the so-called Antarctic Slope
Front (Ainley and Jacobs 1981; Jacobs 1991;
Hofmann 2007). Like the eastern boundary cur-
rents, the SO has some smaller-scale structure from
embedded currents with accompanying fronts, e.g.
the Antarctic Circumpolar Current and its southern
boundary (Orsi et al. 1995; Tynan 1998; Nicol et al.
2000) and near-coast gyres and eddies (Nicol
2005). The SO is also spatially equivalent to the
larger boundary systems (see Longhurst and Pauly
1987).

The pelagic portions of the SO constitute the
major portion of the AME. However, not to be
discounted are the extensive insular-shelf/bank-
centred food webs (including seamounts), which
although patchily distributed, somewhat like beads
in a necklace, encircle the northern periphery of the
AME (Fig. 2). These shelves and banks are not
insignificant in the workings of the AME because,
for instance, elephant seals from these sites (plus the
Macquarie Island colony) currently range over
much of the ice-free SO in seeking their preferred
foraging habitat; the fur seal, and to a lesser extent
the other species reviewed, cover significant por-
tions of the AME as well. This extensive predator
sampling of the SO should not be hard to envision,
because, as noted by Longhurst and Pauly (1987),
the waters south of the Antarctic Polar Front
occupy no more space than the triangle formed
between Madagascar, the tip of India and western
Australia, or roughly the size of Europe. Thus,
Mercator projections notwithstanding, the SO is a
relatively small body of water.

These insular shelves, banks and sea mounts, as
we have documented, recently possessed food webs
in which fish played a major role, at least as prey,
but likely also as predators. Species such as
mackerel icefish and marbled notothenia, when
abundant in the past, were likely important preda-
tors of krill (cf. Reid 1995; Everson et al. 1999; Kock
and Jones 2005), as were other fish species, like blue
whiting (above), that made major migrations from
sub-Antarctic areas into northern portions of the SO
as seasonal predators (Laws 1977b; Everson 1984;
Kock 1992). With these insular food webs now
altered, it is also possible that, today, the predators
we review seek prey at greater distances than they
did not all that long ago.

In addition to the insular shelves, ringing the
southern periphery of the AME is the continent’s
neritic ecosystem and, as noted, it is generally
narrow (although it has not always been so in the
evolutionary scale of Antarctic fishes and the AME;
Eastman 1995). In its food web, fish are recognized
even now as playing central trophic roles as both
predators and prey. Members of this food web
include Antarctic toothfish, silverfish Pleuragramma
antarcticum, Weddell seals, emperor penguins Apte-
nodytes forsteri, Adélie penguins, minke whales
Balaneoptera bonarensis and type-C killer whales
(summarized in Ainley et al. 2006). In the past,
even humpbacks whales Megaptera novaeangliae
apparently also fed to an appreciable degree on
fish, rather than krill, in this shelf ecosystem (Laws
1977a), just as they do in neritic ecosystems
elsewhere. The populations of these whales are
increasing rapidly in the Antarctic Peninsula region
(Branch 2006), and thus it is important to assess
the degree to which they may be affecting popula-
tion trends among potential competitors such as
penguins (cf. Hinke et al. 2007).

We do not dispute the importance of krill in the
workings of (much of) the AME (see recent sum-
maries in Nicol 2005; Smetacek and Nicol 2005;
Siegel 2005; Ducklow et al. 2007; Murphy et al.
2007), but based on the spatial and historical
context of our analysis, we disagree with the
contention of Nicol et al. (2007) that fish were
never an important part of this system (see further
confirmation in Hill et al. 2007). We further believe
that this contention, at least in part, must have been
one based on shifting baselines. The latter are both
real and in the perceptions of practicing ecologists;
that is, marine biologists tend to see as normal the
population levels and ecosystem states that existed
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at the start of their careers, with subsequent
changes evaluated against these attenuated norms.
Thus, radical ecological changes from just a few
decades earlier, before each generation began its
respective work, are at best under-appreciated and
at worst unnoticed (Pauly 1995; Schrope 2006).
Finally, it is apparent even now that a group of
fishes, the Myctophidae, is critically important to
many SO predators (Table 3), with any fishery for
these potentially having further negative conse-
quences for SO food webs (see also Goldsworthy
et al. 2001).

Many SO ecologists may well argue, at least
initially, that only Antarctic krill occur in numbers
that could compare with, for example, the (past)
stocks of anchovies Engraulis spp. or sardines
Sardinops spp. of the Peru and Benguela systems.
On the other hand, the predators of the SO’s insular
and northern continental shelves once relied on
stocks of benthic finfish to provide an abundant
source of food. This is in accord with the comments
of Gon and Heemstra (1990), who described how
species such as mackerel icefish supplied important
forage (juvenile fish) to pelagic-feeding top preda-
tors despite the adults’ demersal life style and
relatively ‘local’ spawning grounds. These preda-
tors, judging from the size classes of prey in present-
day diets (North et al. 1983; Barrera-Oro et al.
2000; Reid et al. 2005), heavily exploited the
juvenile and 1- to 2-year fish, with the bottom-
dwelling adults generally being little affected
(except perhaps by elephant seals). Indeed, the
movements and annual cycles of adult nototheniids
may well have evolved to avoid predation by top
predators (Everson 1970). Therefore, in such a
system where the secondary and tertiary produc-
tion is in its mid- to upper-water column, in the
form of krill, myctophids and juvenile demersal fish,
high numbers of predators could exist, including
fish, squid, mammals and birds (see for example,
Bradford-Grieve et al. 2003; Overholtz and Link
2007), and these predators could switch prey
depending on availability. Having a choice among
a variety of meso- to epipelagic prey is important
because, for example, a gentoo penguin needs to
catch just one fish every third dive compared to 15
adult krill on every dive in order to be successful
(Croxall et al. 1988b); for fur seals, the energetic
cost of foraging for subadult C. gunnari is many
times lower than for much smaller myctophids (Lea
et al. 2006). Now, with demersal fish breeding
stocks vastly curtailed, the populations of middle

© 2008 The Authors

and top predators (except perhaps Antarctic fur
seal) no longer have a prey-switching option and
have been progressing towards a much lower
trophic equilibrium where they closely track krill
abundance (Fraser and Hofmann 2003; Hinke et al.
2007; Murphy et al. 2007). Indeed, fish surveys or
predator diets now clearly reflect the low abun-
dance of the historically heavily fished species
(North et al. 1983; Kock 1998; Barrera-Oro et al.
2000; Jones et al. 2000; Reid et al. 2006; see also
Trites et al. 1999). Moreover, with reduced stocks
and a reduced set of choices, predators can now
more easily deplete their fish (or krill) resource, as
suggested in the case of the fur seals, imperial shags
and mackerel icefish described by Everson et al.
(1999; see also Agnew et al. 1998; Casaux and
Barrera-Oro 2002; Reid et al. 2005, 2006).

Beyond affecting the population trajectories of
the major avian and mammalian ‘indicator species’
(as used by CEMP) considered here, the loss of
groundfish stocks from the AME could well have
greater consequences. For instance, as a number
of SO commercially extracted fish species are
important salp predators (Casaux etal. 1990;
Kock 1992; Pakhomov 1997; Barrera-Oro 2003;
Bushula et al. 2005), this loss could conceivably
be playing a role in the rise of salps in the
Scotia/Weddell portion of the SO (cf. Atkinson
et al. 2004; Ainley et al. 2007). The replacement
of krill by salps is thus reminiscent of the recent
takeover of heavily fished food webs by gelatinous
organisms in the North Sea, Benguela Current,
Black Sea, Bering Sea and elsewhere, as these
nektonic organisms respond to decreased popula-
tions of their predators (Brierley et al. 2001; Mills
2001; Brodeur et al. 2002; Heymans et al. 2004;
Xian et al. 2005; Lynam et al. 2006; Daskalov et al.
2007).

Final thoughts

Herein we have provided examples, using CEMP’s
‘indicator species’, of the probable ecological conse-
quences of historical depletion of the larger fish that
were an important part of the food web for the SO’s
northern continental and insular shelves, suggest-
ing that this major extraction compounded the
ecosystem effects of the historical extraction of
whales and later climate-related changes. How this
food web, and even that of the larger AME, was
once structured is beyond anyone’s guess, as even
the basic biology of these fish was learned only in
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the 1970s (and later), after most of their stocks were
gone (Kock 1992; Eastman 1995). In many areas,
the mid-trophic levels have effectively been reduced
to just a few species, such as Antarctic krill and
myctophid fish (Smetacek and Nicol 2005; Emslie
and Patterson 2007; Hill et al. 2007). Gauging the
true ecological role of the depleted demersal fish
may now be beyond our research capability, unless
of course food webs over significant areas are
allowed to recover to whatever new stable state
they might achieve (Frank et al. 2005; Worm et al.
2006; Overholtz and Link 2007).
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