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Introduction

Antarctic krill (Euphausia superba Dana, 1852; hereafter 
referred to as krill), is a keystone species in the Southern 
Ocean (Mackintosh 1974) as well as being an integral com-
ponent in biogeochemical cycles (Priddle et al. 2003; Cavan 
et al. 2019). It has a circumpolar, yet asymmetrical, distri-
bution around the Antarctic continent, with more than 50% 
of the krill population found within the southwest Atlantic 
sector (Murphy et al. 2007a, b; Atkinson et al. 2019). South 
Georgia is a subantarctic island that lies within this hotspot 
for krill. The waters around South Georgia are highly pro-
ductive (Atkinson et al. 2001; Whitehouse et al. 2008a, b), 
resulting in an island renowned for its abundant wildlife 
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Abstract
Despite its biological, biogeochemical, and economic importance, there is much about Antarctic krill (Euphausia superba) 
that remains poorly understood. This is especially true for its abundance, movement and retention in South Georgia 
waters, which is highly variable. Krill fluctuations exert bottom-up pressures on the entire ecosystem which are reflected 
in changes in breeding success and diet of dependent predators such as Antarctic fur seals (Arctocephalus gazella). This 
study investigates long-term datasets (2008–2021) documenting krill size distribution and abundance in Antarctic fur seal 
diet samples collected from two colonies that have geographically distinct and environmentally discrete foraging grounds. 
Krill length-frequency distributions generally followed a synchronous pattern across both sites with summer increases in 
length associated with growth, and winter decreases associated with senescence, mortality and possibly krill shrinkage, 
coupled with recruitment of smaller size classes. Bird Island seals, at the western end of the study region consistently took 
slightly larger krill (mean length 47.6 mm) than those at Maiviken (mean length 45.8 mm) in the east, possibly a result 
of continued krill growth during advection between the two areas, or differences in local oceanography. Krill cohorts vis-
ibly developed across years with large-scale recruitment of smaller krill occurring every 4–5 years. An anomalous period 
between 2017 and 2020 occurred when synchrony between the two sites broke down and later re-established, likely 
reflecting contrasting environmental conditions during this period. This study highlights the importance of having multiple 
spatially separated long-term monitoring sites, particularly in an ecological system recognised to be highly variable and 
experiencing significant changes.
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populations (Atkinson et al. 2001; Murphy et al. 2007a, b; 
Coleman et al. 2024).

Although krill reproduction does occur at South Georgia 
(Tarling et al. 2007), those found in the waters around the 
island are not part of a localised self-sustaining population, 
but are reliant on recruitment from the Antarctic Peninsula 
and the Scotia Sea (Murphy et al. 1998; Matano et al. 2020; 
Ichii et al. 2023) via the Antarctic Circumpolar Current 
(ACC) (Trathan et al. 1997; Murphy et al. 2007a, b). By 
the time the krill are advected to South Georgia, they are 
generally already more than two years of age (Murphy et 
al. 2007a, b). The recruitment of krill into South Georgia 
waters is dependent on many large-scale, dynamic factors, 
including Antarctic winter sea ice extent and polar currents, 
making it highly variable (Brierley et al. 1999; Veytia et al. 
2021). On a more local scale, krill’s distribution and avail-
ability to predators around South Georgia is patchy and can 
be affected by various environmental factors including chlo-
rophyll concentration, sea surface temperature, salinity and 
mixed layer depth (Trathan et al. 2003).

As an important prey species, fluctuations in krill stocks 
have bottom-up effects on consumers, impacting population 
dynamics (Croxall et al. 1999; Trathan and Hill 2016; Pal-
lin et al. 2023), especially for species tied to land by their 
breeding cycle. For this reason, studying krill predators is 
an effective method of monitoring changes in the local krill-
based ecosystem (Reid and Croxall 2001). One of the most 
abundant consumers of krill at South Georgia are Antarctic 
fur seals (Arctocephalus gazella Peters, 1875; hereafter fur 
seals) (Reid and Arnould 1996; Boyd et al. 2002; Forcada 
et al. 2023). This species was hunted to commercial extinc-
tion in the eighteenth and nineteenth centuries (Basberg and 
Headland 2012). Following a ban on sealing, the species 
recovered to pre-sealing numbers by the end of the twenti-
eth century (Staniland et al. 2011; Hoffman et al. 2022) to a 
point where more than 95% of the world’s breeding popula-
tion used South Georgia (Forcada and Staniland 2009; For-
cada et al. 2023). However, since 2009 the population has 
been in decline (Forcada et al. 2023).

During summer months (November–April) female fur 
seals spend 3–4  months alternating between nursing their 
pups on land and making foraging trips of up to seven days 
(Doidge et al. 1986). Once pups are weaned, females are 
no longer tied to land, however many remain in waters 
close to South Georgia, associating with the northern shelf 
break (Jones et al. 2020; Bamford et al. 2021). After mat-
ing, adult males generally disperse south associating more 
closely with the Antarctic continent and the ice edge (Boyd 
et al. 1998), although many non-breeding males and juve-
nile seals also remain around South Georgia in the winter 
(Duck 1990).

In addition to its biological importance (Trathan and Hill 
2016; Juáres et al. 2021), krill is the subject of the largest 
fishery in the Southern Ocean (Nicol and Foster 2016; Tra-
than et al. 2024). Recognizing the importance of krill, the 
Commission for the Conservation of Antarctic Marine Liv-
ing Resources (CCAMLR) was established by international 
convention and first met in 1982 to manage Southern Ocean 
fisheries (Kock et al. 2000). Despite the development of 
international cooperative resource management, the South-
ern Ocean still presents important scientific gaps in knowl-
edge and understanding. Recent developments in fishing 
technology have allowed krill catches to increase (Trathan 
et al. 2021; Trathan 2023), in some cases to more than 800 
metric tonnes per day per vessel (Nicol et al. 2012). The 
Southern Ocean is also witnessing recoveries of whales and 
fish species previously overexploited (Zerbini et al. 2019; 
Calderan et al. 2020; Hollyman et al. 2021), which will have 
further impacts on ecosystem trophic interactions as well as 
on krill dynamics (Hoffman et al. 2022). Most significantly, 
South Georgia (Whitehouse et al. 2008a, b; Nel et al. 2023) 
and the Antarctic Peninsula have experienced rapid warm-
ing over the past half a century (Meredith and King 2005; 
Constable et al. 2014) which is likely to affect krill dynam-
ics in the region.

The CCAMLR Ecosystem Monitoring Program (CEMP) 
monitors changes in the key life-history parameters of 
selected dependent higher trophic-level species, including 
Antarctic fur seals, to better understand physical and bio-
logical variability in the Southern Ocean ecosystem (Agnew 
1997; Kock et al. 2000). At South Georgia, monitoring work 
contributing to CEMP is carried out at Bird Island to the 
northwest of South Georgia and Maiviken situated on the 
Thatcher Peninsula on the main island (Fig. 1B). Inferring 
seal diet from scat contents found on land is a commonly 
used method for ecosystem monitoring and in seal biology 
more generally. Around South Georgia, krill is the most 
important prey item of fur seals (Reid 1995; Waluda et al. 
2010). The size of krill carapaces found in scats is repre-
sentative of those consumed by fur seals (Reid and Arnould 
1996; Staniland 2005) and of the available population in 
South Georgia waters (Croxall et al. 1999; Reid et al. 1999, 
2004a). This makes scat analysis a good candidate for low-
cost, long-term monitoring of changes in population struc-
ture of krill, provided knowledge exists on where fur seals 
are foraging. Reid et al. (1999) used krill length frequency 
data from scats, collected at Bird Island, to look at interan-
nual differences in krill throughout seven summers showing 
it was possible to identify the growth of krill between years 
and identify potential krill recruitment events in 1991 and 
1994, represented by pulses of small, more numerous krill.

Fur seals from Bird Island consistently forage to the 
northwest (Barlow et al. 2002; Reid et al. 2006; Staniland et 
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al. 2011). Those tracked from Stromness Bay, to the south-
east, foraged perpendicular to the coast (Boyd et al. 2002; 
Staniland et al. 2011) towards the region currently targeted 
by the krill fishery in winter months (Trathan et al. 2021). 
However, there are no published data on the foraging dis-
tribution or diet of fur seals from Maiviken, nor whether 
the size distribution of krill differs between sites. Therefore, 
the purpose of this study was to investigate the long-term 
dynamics of krill in the diet of fur seals at South Georgia at 
both Bird Island and Maiviken. Specifically, we set out to:

1)	 Use previously unpublished tracking data to identify 
the foraging distribution of Antarctic fur seals from 
Maiviken and determine whether they are targeting the 
same krill population as seals previously tracked from 
Bird Island;

2)	 Compare the intra- and inter- annual length-frequency 
distributions of krill collected from scats sampled at 
Bird Island and at Maiviken to examine synchronies in 
the krill population consumed by fur seals from these 
two sites; and

3)	 Explore the environmental drivers of patterns or dis-
similarities in krill length-frequency distributions at the 
two sites.

Methods

Study location and field sampling

Antarctic fur seal scats were collected and processed from 
two fur seal breeding sites on South Georgia: Bird Island 
and Maiviken, between 2008 and 2021 (Fig.  1). At Bird 
Island, scats were collected in the vicinity of Freshwater 
Beach (54.011°S, 38.052°W), and at Maiviken scats were 
collected from King Edward Point (-54.280°S, 36.498°W) 
and Maiviken (-54.252°S, -36.501°W) on the Thatcher 

Peninsula. Ten scats per week were collected during sum-
mer months (October–March, inclusive) when seals are 
more abundant, and ten per fortnight were collected dur-
ing winter months (April-September, inclusive). If pres-
ent, ten carapaces were measured from each scat. Where 
100 measurable carapaces were not present in the ten Bird 
Island scats, a further five scats were collected per sampling 
period. Scats collected during the summer were assumed to 
be from breeding females because males do not undertake 
regular foraging trips and females dominate the population 
ashore (Doidge et al. 1986). During winter, adult males 
move towards the Antarctic continent (Boyd et al. 1998; 
Dunn et al. 2025), and scats sampled will likely be from 
both immature animals and female fur seals (Bamford et al. 
2021).

Scat processing and krill carapace measurements were 
carried out as reported by Reid et al. (1999). Krill total 
length (TL) was then calculated from the carapace length 
(Hill 1990). Fish otoliths and cephalopod beaks were identi-
fied to the lowest possible taxonomic level of classification 
according to Reid (1996) and Xavier and Cherel (2009) with 
the assistance of reference collections held by the British 
Antarctic Survey.

Telemetry

Summer tracking data from both locations were compared 
to establish whether seals from Bird Island and Maiviken 
were foraging in different locations. Thirty nursing females 
from Maiviken were equipped with Global Positional Sys-
tem (GPS) tags (either Sirtrack Fastloc Archival, 215 g or 
Wildlife Computers Mk 9, 50  g); 16 during the 2009/10 
summer, and 14 during the 2010/11 summer. Tags had a 
5-min recording interval. At Bird Island, 38 nursing females 
were fitted with satellite tags at Freshwater Beach and sub-
sequently tracked. This included the deployment of six GPS 
tags during the summer of 2005/06 (Staniland et al. 2011), 

Fig. 1  (A) Location of South Georgia (red box) within the southwest 
Atlantic sector of the Southern Ocean in relation to the major fronts in 
the Antarctic Circumpolar Current (ACC): Sub Antarctic Front (SAF 
– light blue); Antarctic Polar Front (PF- yellow; Southern ACC Front 

(SACCF—green); Southern Boundary of ACC (SBACC—pink) (Orsi, 
AH., Harris 2019). (1B) Location of Maiviken and Bird Island study 
sites, South Georgia (British Antarctic Survey 2023)
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in a box with the southwest vertex at 54.15°S, 40.00°W, and 
the northeast vertex at 53.40°S, 38.00°W, whilst that for 
Maiviken was bounded with vertices at 54.20°S, 36.60°W 
and 53.20°S, 35.40°W (Fig. 2).

Environmental data

The Copernicus Marine Environment Monitoring Service 
platform was used to obtain monthly, 0.25° resolution, sea 
surface temperature (Celsius), mixed layer depth (m) and 
salinity (practical salinity units) averages using the Global 
Ocean Physics Reanalysis dataset (Drevillon et al. 2021). 
This was repeated for chlorophyll a using the Ocean Global 
Biological Multiyear dataset (Perruche 2019). The monthly 
values were averaged over quarter (3 months) and season 
(6 months) and converted to raster files from October 2008 
until June 2020. Rasters were cropped within the bounding 
boxes to give coarse regional environmental data (Fig. 4) 
relative to Bird Island and Maiviken foraging areas.

Krill length data

Krill length data for each site were binned into 2 mm (TL) 
size classes and aggregated at a range of temporal resolu-
tions to explore differences in the size structure of the krill 
population selected by fur seals. This was done using a mul-
tivariate community analysis approach where each 2  mm 
size class represented a size cohort (or a nominal ‘species’) 
within the krill population such that differences in the propor-
tions of size classes selected by fur seals contributed to the 
dissimilarity in diet between samples. Data were grouped by 
sampling site (Bird Island, Maiviken), by quarter (January-
March, April-June, July–September, October-December) 
and by season (summer = October–March, winter = April-
September), with multivariate analysis  conducted using 
the Vegan Package (Oksanen et al. 2020) in R. Bray–Cur-
tis dissimilarities were calculated using the “metaMDS” 
function and non-metric multidimensional scaling (nMDS) 
plots used to visualise Bray–Curtis dissimilarities between 
samples. The “adonis” function was used to perform a per-
mutational analysis of variance (PERMANOVA) to test for 
differences in krill length frequency distributions between 
Bird Island and Maiviken.

The “ordisurf” function was used to overlay environmen-
tal variable gradients on nMDS plots to visualise relation-
ships between diet and environmental variables. So that 
environmental variables could be compared they were all 
log10 transformed. Dissimilarities between samples based 
on Euclidean distance of environmental variables were cal-
culated using the “vegdist” function. Relationships between 
krill length classes and environmental variables were then 
explored using the “bioenv” test across temporal scales 

as well as 19 and 14 Platform Transformer Terminal (PTT) 
tags in the summers of 2007/08 and 2008/09, respectively 
(Staniland et al. 2020). Tracking data were not available for 
the entire duration of the study and therefore spatial infer-
ences may not fully represent all years. However, tracks 
cover seasons of both high and low prey availability (Tra-
than et al. 2021), and therefore the core area used by tagged 
seals is considered representative of the foraging range 
of both Bird Island and Maiviken fur seals. Details of tag 
deployments are given in Online Resource 7.

Fur seals were captured for tag deployment and removal 
(4–16 days later) as described by Gentry and Holt (1982). 
Instruments were attached using cable ties to gauze that 
were glued to the animals fur centrally between the shoulder 
blades using epoxy resin (Boyd et al. 1998).

Data processing

Foraging data

GPS data were processed using R (R Core Team 2020). 
Obvious outlier points were removed using the “speedfilter” 
function in R’s “trip” package (Sumner et al. 2009, 2011, 
2021). GPS positions with insufficient satellites fixes (< 4) 
or those associated with unrealistic swim speeds greater than 
3 ms−1 were removed. PTT tag data were processed simi-
larly, with points associated with swim speeds greater than 
3 ms−1 removed. Tracks were plotted to distinguish if forag-
ing habitat for animals from Bird Island and Maiviken were 
distinct. Bounding boxes rather than utilisation distributions 
or kernel densities were used to approximately define fur 
seal foraging areas and account for any interannual vari-
ability in foraging locations, given that tracking data were 
only available for a limited number of individual seals and 
years. The core foraging area for Bird Island was bounded 

Fig. 2  Tracks of Antarctic fur seals from 2009/10 and 2010/11 seasons 
at Maiviken (blue) and 2005/06 (Staniland et al. 2011), 2007/08 and 
2009/10 (Staniland et al. 2020) at Bird Island (green). Spatial polygons 
represent the regions for which environmental variables were cropped 
from Copernicus satellite data (https://marine.copernicus.eu)
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of occurrence was greater during the summer (Bird 
Island = 79.07%, Maiviken = 71.56%) than during the winter 
(Bird Island = 43.30%, Maiviken = 36.76%), when fish made 
an increased contribution to the diet. Species composition of 
fish consumed varied between years and season with Noto-
totheniidae spp. and Channichthyidae spp. most numerous 
(Online Resource 1).

Krill length

Krill length varied both inter- and intra- annually (Fig.  3 
and Online Resource 2). Both sites exhibited a synchronous, 
cyclical pattern with a consistent decrease in median krill 
length in the third quarter (July- September) of the year and 
with the largest krill between the first and second quarters 
(Fig. 3). Summer medians were almost always higher than 
the subsequent winters (Online Resource 2). However, this 
was not the case in winter 2010, winter 2017 and winter 
2019. Average krill length increased over the study period 
at both locations, but this was not significant.

While krill length from Bird Island and Maiviken fol-
low the same pattern through most years, the relationship 
between the sites appeared to deviate for a period between 
2017 and 2020. In the third quarter of 2017 (2017-3) mean 
(46.60 mm TL ± 4.58 st dev) and median (46.00 mm) krill 
size at Maiviken increased as Bird Island decreased (mean 
= 42.96 TL mm ± 4.26, median = 43.00 mm). This was fol-
lowed by a rapid decrease in krill length at Maiviken at the 
beginning of 2018 and an increase at Bird Island. By the 
4th quarter of 2018 Bird Island krill length had a mean of 
52.54  mm ± 6.16  (median = 52.00  mm) which was much 
larger than krill at Maiviken (mean = 41.54  mm ± 6.16, 
median = 38.00 mm). From the third quarter of 2019 both 
sites returned to the synchronous pattern but did not return 
to the previous synchronicity until the third quarter of 2020 

of quarter and seasonal sampling periods. This method of 
exploratory data analysis has associated caveats since krill 
size bins are not independent. Therefore, while it is a highly 
effective method for visualizing anomalous multivariate dif-
ferences against environmental gradients, we have not used 
the method for statistical analysis.

Results

Foraging

With the exception of one individual that did not leave 
Cumberland Bay, fur seals from Maiviken in both sum-
mers (2009/10 and 2010/11) headed north-east towards 
the 1000 m contour (and beyond) (Fig. 2). Seals from Bird 
Island foraged west and north-west towards (and beyond) 
the 1000 m depth contour (Fig. 2). Two fur seals ventured 
south-west of the bounding box, but most were encapsu-
lated within the core foraging zones. Fur seals occasion-
ally travel beyond their normal foraging areas especially 
in years with poor krill availability (Boyd et al. 1994), but 
Staniland (2002) suggested that differences in diets would 
not be reflected in scats collected on beaches due to the pas-
sage rates of fur seals and average swimming speeds needed 
to return to the colony from longer trips.

Scat composition summary

In total, since October 2008, 9669 scats were collected: 
5428 from Bird Island and 4211 from Maiviken. Ant-
arctic krill was the most abundant prey species found in 
fur seal scats at both sites. Measurable krill carapaces 
were present in 3582 scats at Bird Island (65.63%), and 
2523 at Maiviken (59.91%). At both sites, krill frequency 

Fig. 3  Mean estimated length of krill from the carapaces found in fur 
seal scats per quarter of the year at Bird Island (BI; green dashed line) 
and Maiviken (blue continuous line). Orange box marks the period 

where the pattern of differences between the two sites breaks down. 
Right-hand plot shows the regression between mean seasonal krill size 
at both stations across the sampling period with outlier points labelled
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p-value =  < 0.05) where greater residuals were mostly asso-
ciated with the period between 2016 and 2020.

Intra-annual variation

Monthly mean krill size was greater at Bird Island than 
Maiviken for all months of the year except July. A two-way 
ANOVA test with site and month as factors showed that 
this difference was significant (ANOVA, F(1,144) = 27.640, 
P < 0.001). Mean krill lengths were smaller during winter 
months than summer months with the minimum occurring 
in July at Bird Island and September at Maiviken. One way 
ANOVA tests with season as a factor showed this seasonal 
difference was significant at both Maiviken (ANOVA, 
F(1,25) = 6.971P < 0.001) and Bird Island (P value < 0.001). 
In all years, increases in length were seen from January to 
the subsequent December, except for 2009 (mean decrease 
of 8.39 mm at Bird Island, 11.46 mm at Maiviken) and 2013 
(decrease of 5.68 mm at Bird Island, 5.64 mm at Maiviken) 
at both sites and 2018 at Maiviken (decrease 15.78 mm). At 
Maiviken in 2016, there was also a small decrease in krill 
length (0.66 mm).

Length frequency distribution

Fur seals predominantly fed on krill ranging in length from 
40–55 mm TL (Fig. 4a). Krill less than 30 mm were con-
sumed but these were rare and largely restricted to Bird 
Island between 2017 and 2020. It was also rare that cara-
paces from krill greater than 60 mm TL were present. Length 
frequency histograms showed progression of size cohorts 
between years (Fig. 4a) with inclusion of smaller krill into 
the diet every 4–5 years. These shifts were most noticeable 
in summer 2009/10, 2013/14 and 2018/19 (Fig. 4a, b). At 
Bird Island and Maiviken these influxes of smaller krill 
occurred in November 2009 and 2013 (Fig. 4b). In 2018, 
the pattern became less clear, with smaller krill present 
from November at Maiviken and becoming dominant; at 
Bird Island, this was not the case (Fig. 4b). Appearances of 
much smaller krill at Bird Island, in winter 2017, summer 
2019/20 and winter 2020, didn’t result in a complete shift 
of krill sizes.

Krill length-frequency distributions varied between sea-
son and year. The appearance of smaller krill at both sites 
in November 2009 resulted in a bimodal distribution which 
persisted at both sites throughout summer until the next 
occurrence of smaller krill in 2013 (Fig. 4a). The appear-
ance of small krill in 2018 was supplemented by continued 
consumption of larger krill, resulting in a wider length dis-
tribution with a positive skew (Fig. 4a, b). There was a nar-
row spread in certain winters (noticeably 2009 and 2015), 
with fewer size classes representing a higher proportion of 

(Fig.  3). With the exception of the first quarter of 2016 
until the third quarter of 2018 and a brief period in 2008, 
average krill length at Bird Island was greater than that 
at Maiviken. The mean difference between sites in annual 
median length of summer krill size was 3.60  mm (95% 
CI: 3.33—3.89), when anomalous years are removed this 
was 2.63 mm (95%CI: 2.34—2.93) (Online Resource 3.) A 
regression of Bird Island mean krill length versus Maiviken 
mean length showed a significant relationship (R2 = 0.2799, 

Fig. 4  (a) Summer (left) and Winter (right) length frequency distribu-
tions (expressed as a percentage of carapaces measured per site per 
season) of Antarctic krill taken from fur seal scats at Bird Island (BI; 
green with black stripes) and Maiviken (blue), South Georgia between 
2008 and 2021 (b) Fluxes of smaller krill observed between the months 
of October and February in 2009, 2013 and 2018
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took more krill larger than the modal length for both stations 
(44 mm). The greatest differences observed in summer were 
within the 38–40 mm bin (8.27% of Maiviken krill, 4.51% 
of Bird Island krill) and 52–54 mm bin (6.93% of Maiviken, 
9.64% of Bird Island). The greatest differences observed 
during winter were within the 38-40  mm bin (12.78% of 
Maiviken, 5.21% of Bird Island) and the 46–48  mm bin 
(11.49% of Maiviken, 19.42% of Bird Island).

Environmental Variables

Quarterly and seasonal means were extracted for all envi-
ronmental variables. The correlation between dissimilarities 
in krill length-frequency and environmental variables was 
explored using the “bioenv” function. Mixed layer depth 
(MLD), sea surface temperature (SST), chlorophyll a (CHL) 
and salinity (SAL) together explained 43% of the dissimi-
larities in krill lengths preyed upon by fur seals between sea-
sons. Using seasonal bins Maiviken winters were associated 
with cooler SST, lower CHL and deeper MLD than other 
seasons. High CHL concentrations and shallower MLDs 
split Bird Island 2018/19 and 2019/20 summers as well as 
Bird Island winter 2020 from the main clusters. There was a 
similar pattern with warmer SST with the addition of sum-
mer 2017/18 and winter 2018 at Maiviken (Fig. 6). Several 
outliers remained unexplained by environmental variables.

There were seasonal differences between environmen-
tal conditions at both sites (Table 1). SST and CHL were 
consistently greater at Bird Island, SAL remained constant 
between the two sites whilst MLD was greater in the third 
quarter at Maiviken and similar at all other times.

Discussion

This study used two spatially distinct, long-term diet data-
sets to compare krill consumed by foraging fur seals at two 
sites located approximately 100 km apart on South Geor-
gia. Although tracking data were not available for all study 
years, the available data consistently showed that seals 
from the two colonies forage in regionally distinct loca-
tions, yet prey on similar sized krill which likely originated 
from the same metapopulation. The slightly larger krill 
(mean = 1.80 mm) observed at Bird Island were likely due to 
the advection time between sites (from east to west); allow-
ing for growth, retention across the area, or small environ-
mental differences. Despite the generally small differences 
in krill size, populations of krill at both locations followed 
a synchronous pattern with interannual progression of krill 
size before sporadic decreases, possibly associated with 
large scale influxes of smaller krill. Interestingly, this cor-
relation broke down between 2017 and 2020. This could 

the season total. This was due to the low total numbers of 
carapaces measured in these seasons (Fig. 4a).

Multivariate analysis

Ordination analysis of seasons showed a large overlap in 
the length-frequency distributions of krill consumed by fur 
seals across seasons, although some clustering of winter 
samples was apparent (Fig.  5). There were obvious outli-
ers suggesting some differences in the composition of krill 
lengths consumed by fur seals in particular seasons with 
most of these occurring between winter 2017 and summer 
2020/21 from both sites. Summer 2017/18 until summer 
2018/19 at Maiviken was separated from the main cluster 
but not grouped. At Bird Island the three consecutive sum-
mers between 2018 and 2021 were grouped with winter 
2020. Winters of 2009 and 2017 were also isolated from 
other seasons. A PERMANOVA test using the “adonis” 
function was used to test for significant clustering of points 
within station/season combinations. This showed a signifi-
cant overall difference between the two sites (PEMANOVA, 
F (1,90) = 5.29, P = 0.002). Additional PERMANOVAs 
showed significant differences between Maiviken and Bird 
Island during the winter (PEMANOVA, F (1,42) = 5.6396, 
P = 0.001) and summer (PEMANOVA, F (1,46) = 3.0943, 
P = 0.03). periods.

Summer and winter length frequency histograms were 
explored to assess the factors driving these differences 
(Online Resource 4). Maiviken fur seals took more krill 
smaller than the modal length, and Bird Island fur seals 

Fig.  5  nMDS ordination based on the composition of different krill 
sizes targeted by foraging fur seals at Bird Island (BI; green with black 
outline) and Maiviken (MV; blue) during winter and summer with out-
lying points labelled
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2022). In 1994 a reduction in krill length occurred in Janu-
ary/February at Bird Island (Croxall et al. 1999; Reid et al. 
1999), whereas in our study, decreases in krill size occurred 
in November/December which corresponds with predicted 
transport times from the Antarctic Peninsula to South Geor-
gia as sea ice recedes (Hofmann and Murphy 2004). This 
change in arrival time after the 2000s may be reflective of a 
different recruitment route of krill into South Georgia from 
the Scotia Sea rather than from further west in response to 
sea ice reduction (Ichii et al. 2023).

Advection pathways to Maiviken and Bird Island

The mean, median and modal lengths of krill consumed by 
fur seals at Bird Island were consistently larger than those 
consumed at Maiviken, with the exception of the years 
2016–2018, and during a brief period in 2008/09. An expla-
nation for this larger krill size at Bird Island plausibly stems 
from the ecological connectivity of krill. The Southern ACC 
transports krill onto the shelf at South Georgia, primar-
ily from the south, then to the east of the island, and then 
northwest past Maiviken, eventually arriving at Bird Island, 
with the flow finally heading north and westward (Young et 
al. 2014; Matano et al. 2020) via the Southern ACC Front 
(Trathan et al. 1997; Trathan and Murphy 2003; Murphy 
et al. 2007a, b). Given current speeds (4–8 cm s−1) along 
the shelf reported by Matano et al. (2020) and krill growth 
rates (0.07 mm d−1) reported by Arnold et al. (2004), over 
a distance of 175  km between Maiviken and Bird Island 
foraging areas, a krill growth of 1.75  mm to 3.5  mm TL 
could be anticipated during the estimated advection time 
(25–50  days).  Allowing for growth, retention across the 
area, or environmental variation, the krill size differences 
observed here (~ 2.63  mm) could be attributed to growth 
during advection.

During the period 2017—2020 the synchronous, cyclical 
relationship between the two monitoring sites broke down, 
which suggests the circulation pattern transporting krill was 
in a different state, or fur seals were consuming krill from 
spatiotemporally distinct metapopulations. Anomalous 
seasons at both sites were characterised by environmental 
gradients, in particular for MLD, SST and CHL. However, 
there were no available environmental data presented here 
that fully explain the difference observed. Although large 
differences in krill length between sites did not occur until 
2017, mean krill length at Maiviken first exceeded that at 
Bird Island in 2016. This coincided with the greatest MLD, 
lowest SST and lowest CHL for both sites during the study 
period. These local environmental changes could be sig-
nals of a larger mode of environmental variability which 
changed the state of the system. The El Niño Southern 
Oscillation (ENSO) and the Southern Annular Mode (SAM) 

be due to poor krill availability, an oceanographic change 
which led to differing foraging conditions, or other differ-
ences such as the vertical distribution of krill, as described 
by Ichii et al. (2020) and Bahlburg et al. (2023).

Cyclical recruitment

Periodic decreases in the size of krill every 3–5 years reflect 
similar patterns to those observed previously in fur seal and 
penguin diets at South Georgia (Reid et al. 1999) as well as 
in the diets of baleen whales (Mackintosh 1974). Reid et al. 
(1999), using an earlier subset of Bird Island data, suggested 
that increases in size over time reflect growth and devel-
opment of cohorts, whilst decreases in mean krill length 
reflected recruitment pulses of new, younger, krill into the 
South Georgia system advected via the ACC (Trathan et al. 

Table 1  Environmental means across Bird Island (BI) and Maiviken 
(MV) spatial polygons using Copernicus satellite data showing sea 
surface temperature (SST), mixed layer depth (MLD), salinity (SAL) 
and chlorophyll a (CHL a)
Variable Site Jan—Mar Apr—Jun Jul—Sep Oct—Dec
SST (◦C) BI 3.66 2.28 0.55 1.55

MV 3.14 1.81 0.19 1.13
MLD (m) BI 30.22 62.58 74.73 39.47

MV 29.88 63.93 80.32 38.24
SAL (psu) BI 33.77 33.81 33.85 33.83

MV 33.8 33.85 33.91 33.88
CHL a (mg.m−3) BI 1.39 0.82 0.76 1.64

MV 0.77 0.46 0.62 1.36
Highest seasonal value for each site is bold and lowest is underlined

Fig. 6   nMDS ordination of dissimilarity in krill community lengths 
between seasons (Summer = October–March, Winter = April-Septem-
ber) at (BI; green with black outline) and (MV; blue) with sea surface 
temperature gradients and arrows showing increased SST
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Resource 1), which supports the theory that krill were in 
short supply as the observed influx of smaller krill was 
not retained at Bird Island. Additionally, Reid et al. (2004) 
showed at Bird Island in particular that krill in fur seal diet 
reflected that caught in adjacent waters by net.

Although fur seals usually take krill > 35  mm (Reid et 
al. 1999; Murphy and Reid 2001), they occasionally take 
some very small krill (< 30  mm), with noticeable occur-
rences throughout the asynchronous period. These influxes 
only occurred at Bird Island, which is generally lagged in 
relation to Maiviken (Young et al. 2014) suggesting these 
could be associated with a temporary change in the system 
which resulted in an alternative recruitment route. Although 
smaller krill may be associated with influxes of younger age 
groups into the system, there is little evidence of krill less 
than 2 + years old within the South Georgia system in sum-
mer, either from predator or scientific trawl data (Murphy 
et al. 1998; Hofmann and Murphy 2004; Murphy, Trathan, 
et al. 2007a, b). However, small krill have been described 
in the diet of mackerel icefish (Champsocephalus gunnari) 
(Main et al. 2009) and in trawls in winter (Ichii et al. 2023 
Liszka et al. 2024), indicating that they are, at least occa-
sionally, present in the local ecosystem.

Predator diets potentially reflect the species and life-
history stages available in the local environment (Reid and 
Arnould 1996); as such, the abundance of a given prey 
item in the diet likely reflects its availability (or secondary 
consumption). Where preferred prey are unavailable, or in 
short supply, alternate prey may be taken. When influxes 
of small krill are detected in the diet, it presumably reflects 
broader drivers of ecosystem variability. To fully capture 
these events in the future, it would be valuable to have diet 
data from other predators that feed on krill, such as mack-
erel icefish who also are not limited to the surface waters 
and can sample krill at or near the seabed. Including mack-
erel icefish as an indicator or long term monitoring species 
as part of CEMP could help improve ecosystem monitoring 
(Everson 2002), as would regular plankton trawls over the 
South Georgia shelf in both summer and winter.

Increase in krill size – long term trend

The mean, mode and median size of krill taken by fur seals 
at Bird Island in our study were generally greater than those 
found during the 1991–1997 period (Reid et al. 1999), 
with an increasing (but not significant) trend observed at 
both sites until 2021. The increase in krill size compared to 
earlier studies could reflect a change in spatial population 
(e.g. Atkinson et al. 2019) or be reflective of a reduction of 
krill in the system (Forcada et al. 2023). Further, Ichii et al. 
(2023) have hypothesized that a regime shift has weakened 
the connection between the Antarctic Peninsula and South 

are coupled climatic drivers which are known to indirectly 
influence krill advection to South Georgia (Trathan et al. 
2006, 2022; Meredith et al. 2008). These factors are also 
known to influence SST around South Georgia, normally 
with a lag of 5–6  months (Meredith et al. 2008). To link 
these local changes to climatic drivers such as ENSO and/or 
SAM, testing against environmental lags over a longer tim-
escale will require continued data collection at both sites to 
provide adequate statistical power. Other analyses to explore 
environmental perturbations at much broader geographic 
scales will also help, as perturbations have been reported 
in the years preceding the anomaly (2016/17, 2017/18 and 
2018/19; e.g. Turner et al. 2020). Further work linking fur 
seal diet to broader scale drivers of environmental variabil-
ity is now needed.

Interannual variation in sea surface temperatures close 
to our study sites, both on-shelf and off-shelf (Trathan et 
al. 2003), reflect variation in the strength and direction of 
flow in the ACC (Whitehouse et al. 2008a, b; Trathan et 
al. 2022). The main flow of the ACC bifurcates south of 
the island, providing different transport pathways for krill, 
with the main flow being anticyclonic around the east of 
the island and a less dominant cyclonic flow progresses 
around the west of the island (Trathan et al. 1997; Young 
et al. 2014; Matano et al. 2020). Consequently, depending 
upon large scale atmospheric and/or oceanographic forcing, 
there may be the potential for altered flow rates to the east 
or the west. Not only would this affect the delivery of krill to 
both Bird Island and Maiviken via differences in advection 
pathways, but also altered growth increments before arrival 
at the different monitoring sites as seen here. Understand-
ing the oceanographic connectivity as the ACC arrives at 
South Georgia therefore remains critical to understanding 
krill delivery to predators (Trathan et al. 2022).

Implications of krill movement and recruitment

Summers prior to krill recruitment events were character-
ised by increased SST, which then decreased over time. 
However, at Bird Island, in summer 2018/19, SST remained 
high, suggesting that local oceanography was different, pos-
sibly as a result of an oceanographic/ atmospheric anomaly 
(see also Turner et al. 2020). Thus, although smaller krill 
appeared at both study sites in summer 2018/19, they did 
not become the dominant cohort in the diet at Bird Island, 
as happened at Maiviken. Larger krill might have remained 
available around Bird Island, resulting in fur seals preferen-
tially selecting these over smaller krill in order to increase 
feeding efficiency (Descalzo et al. 2025). However, this 
season was associated with low pup numbers (Nagel et al. 
2021) and low weaning weights at Bird Island (Trathan et al. 
2021) with an increased proportion of fish in scats (Online 
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to occur every 3–5 years, with associated carryover effects 
between seasons and years (Trathan et al. 2021).

Additionally, seals from Bird Island are consuming prey 
from a modified prey field; krill along the north coast of 
South Georgia are likely to have been selectively predated 
(possibly very significantly) before reaching Bird Island 
(Trathan et al. 2012).This could be intensified as demersal 
fish and whale populations recover (Zerbini et al. 2019; 
Hollyman et al. 2021). Breakdowns between the two sites 
could also be explained by a change in the vertical distribu-
tion of krill  in the north  reducing their availability to fur 
seals who are restricted to foraging in the surface waters 
(< 200 m). If predator depletion or environmental changes 
have reduced the availability of prey  in these surface lay-
ers this may suggest that local predator populations are 
approaching carrying capacity. Given one of the objectives 
of the CCAMLR Convention is to maintain ecological rela-
tionships between harvested, dependent and related popula-
tions it is important to understand any changes in vertical 
and horizontal prey dynamics and include such predator diet 
data in future management procedures.

By combining diet and tracking data, this study dem-
onstrates that fur seals from Maiviken and Bird Island 
exploit distinct foraging areas, whilst experiencing near-
synchronous dietary conditions, even over distances of only 
100–200  km. A temporary breakdown in this synchrony 
underlines the value of maintaining multiple, spatially sepa-
rated monitoring sites to capture ecosystem variability that 
would otherwise be missed. Long-term diet datasets from 
different colonies therefore provide an essential early-warn-
ing system for detecting shifts in ecosystem state. Contin-
ued study of fur seal scats may look to incorporate genetic 
analysis allowing for scat data to be sexed (Schwarz et al. 
2018) and alternative prey species to be identified (Drago 
et al. 2023) more accurately giving more context to help 
explain differences in size and changes during low krill 
periods.

More broadly, these findings underscore the urgency 
of understanding krill recruitment processes in a rapidly 
changing subpolar ecosystem. Declines in Antarctic fur 
seals have already been linked to krill availability (Forcada 
et al. 2023), and future recruitment will likely be further 
compromised by rising sea surface temperature (Atkinson 
et al. 2019; Chown and Brooks 2019), reduced sea ice in the 
Scotia Sea and the Antarctic Peninsula region (Meredith et 
al. 2019), ocean acidification (Constable et al. 2014; Mer-
edith et al. 2019) and increased fishing (Chown and Brooks 
2019). In this context, long-term, spatially resolved datasets 
such as those presented here are indispensable (Bestley et 
al. 2020). They not only advance ecological understanding 
of predator–prey dynamics but also provide the foundation 

Georgia, with the southern Scotia Sea now being the main 
driver of recruitment to South Georgia (Ichii et al. 2023). 
This may reflect altered connectivity, advection pathways 
and hence different growth rates.

Winter variability in diet

Winter krill sizes were generally smaller, with larger 
(55 + mm TL) krill often completely absent, but with an 
increase in the fish dietary component at both sites (Online 
Resource 1), supporting previous winter diet studies (Reid 
1995; Reid et al. 2006). Identifying the reasons for this 
observation are important and could reflect different pro-
cesses. Firstly, in the winter, scats were derived from dif-
ferent demographic components of the fur seal population, 
with more immature seals and fewer adult females present. 
Alternatively, the observed seasonal differences could be 
due to different prey availability and distribution during 
the winter (Bahlburg et al. 2023). Depending upon circum-
stances, large krill, which are deeper in winter months (Ichii 
et al. 2020) may be beyond the reach of some fur seals. The 
biological and physical state of the Southern Ocean in win-
ter is different to that of summer (Priddle et al. 1986; Con-
stable et al. 2014), with cooler temperatures, greater MLD, 
lower CHL and differing current speeds. Another explana-
tory factor could be krill shrinking to cope with cooler, less 
productive conditions (Tarling et al. 2016). Using seasonal 
trawl data, a reduction in winter mean krill length around 
South Georgia was explained by shrinkage of female krill 
(Tarling et al. 2016). It is difficult to unambiguously explain 
these differences, especially given the small sample size of 
krill often available in winter scats. However it is likely that 
observed differences are a result of a combination of the 
above.

Conclusion and importance to fisheries 
management

South Georgia’s predator populations remain critically 
dependent on episodic pulses of krill advected from the 
Weddell Sea and Antarctic Peninsula. These are inter-
spersed with krill-poor periods likely driven by variability 
in the Antarctic Circumpolar Current (Murphy et al. 2007a, 
b; Reid et al. 1999). During these krill-poor periods, winter 
krill fishing has the potential to intensify resource depletion 
within predator foraging areas (Owen et al. 2024), reinforc-
ing the need for spatially restricted and adaptive krill catch 
limits (Trathan et al. 2021). Given that fur seals and other 
higher predators return to breed in October–December, lim-
ited krill availability at this time could have direct conse-
quences for maternal condition and reproductive success. 
Our results further highlight that recruitment events appear 
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