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Krill body size drives particulate organic 
carbon export in West Antarctica

Rebecca Trinh1,2 ✉, Hugh W. Ducklow1,2, Deborah K. Steinberg3 & William R. Fraser4

The export of carbon from the ocean surface and storage in the ocean interior is 
important in the modulation of global climate1–4. The West Antarctic Peninsula 
experiences some of the largest summer particulate organic carbon (POC) export 
rates, and one of the fastest warming rates, in the world5,6. To understand how 
warming may alter carbon storage, it is necessary to first determine the patterns and 
ecological drivers of POC export7,8. Here we show that Antarctic krill (Euphausia 
superba) body size and life-history cycle, as opposed to their overall biomass or 
regional environmental factors, exert the dominant control on the POC flux. We 
measured POC fluxes over 21 years, the longest record in the Southern Ocean, and 
found a significant 5-year periodicity in the annual POC flux, which oscillated in 
synchrony with krill body size, peaking when the krill population was composed 
predominately of large individuals. Krill body size alters the POC flux through the 
production and export of size-varying faecal pellets9, which dominate the total flux. 
Decreases in winter sea ice10, an essential habitat for krill, are causing shifts in the krill 
population11, which may alter these export patterns of faecal pellets, leading to 
changes in ocean carbon storage.

Collectively referred to as the biological pump1, the process of biologi-
cal production, aggregation and export of particulate organic carbon 
(POC) from the euphotic zone to the ocean interior is important in 
global biogeochemical cycles12,13, helping to redistribute carbon and 
nutrients within the ocean, and playing an integral role in modulat-
ing atmospheric carbon dioxide (CO2) concentrations2–4. Though it 
only comprises 20% of the global ocean surface area, the Southern 
Ocean is a region of major global biogeochemical relevance, in which 
it accounts for an estimated 30% of the global annual oceanic carbon 
export, about 1.5–3 PgC yr−1 (ref. 14). Despite a long history of investi-
gation of Southern Ocean ecology, most observations of POC export 
are limited to ice-free seasons and to individual years, with few winter 
or multi-year records15–17. This relative dearth of in situ measurements 
limits our understanding of seasonal and interannual variability and 
long-term trends in POC export. Moored sediment traps provide one of 
the few sources of year-round observations of biogeochemical dynam-
ics in the ocean interior, especially in hard-to-sample areas such as the 
polar marginal ice zones (MIZs). Long-term sediment-trap time series 
of the sinking particle flux are thus an irreplaceable component of the 
assessment of the drivers of the biological pump, and potential changes 
to carbon export and sequestration18–20.

Here we present an analysis of sediment-trap data from the MIZ of the 
West Antarctic Peninsula (WAP; Extended Data Fig. 1) in the Southern 
Ocean. The MIZ is characterized by intensified biological activity, high 
sedimentation and deep seasonal drawdown of CO2 (refs. 5,6,21,22). 
The WAP has experienced a 6 °C increase in mean atmospheric tem-
perature since 1950, during the critical winter months, leading to the 
deterioration of sea-ice cover10,23,24, which provides the foundation 

for all aspects of the WAP biological pump. Understanding how cli-
mate change will alter the Southern Ocean sea-ice concentration, 
POC export, and atmospheric CO2 uptake is thus a critical scientific  
priority7,8.

Winter sea ice on the WAP provides a critical habitat for Antarctic 
krill (Euphausia superba). E. superba comprises the highest concen-
tration of animal biomass of a singular species in the world25 and is a 
key species in the Antarctic food web26. Furthermore, E. superba is one 
of the largest and longest-lived epipelagic zooplankton, reaching an 
average of about 60 mm in length by the end of their five-to-six-year 
life cycle. As such a unique organism, krill play an outsized role in Ant-
arctic biogeochemical cycles through their grazing and egestion of 
large, carbon-rich, fast-sinking faecal pellets (FPs)9,27. Krill FPs can sink 
hundreds of metres per day, making them readily exported out of the 
surface layer and an important courier of carbon from the euphotic 
zone to the ocean interior28–30.

Our analysis compares patterns in the multi-decadal sediment-trap 
time series (1992–2013; Fig. 1) of POC flux on the continental shelf of 
the WAP to krill population dynamics. The sediment trap is moored at 
about 350 m water depth and continuously intercepts sinking particles 
at 170 m depth. This record is the longest time series of POC export in 
the Southern Ocean, with year-round collection of sinking particles, 
including during austral winter and under sea-ice cover, and is thus 
sensitive to ecologically important seasonal-to-decadal processes. We 
quantify interannual patterns in the POC flux, and find that krill life his-
tory and body size, as opposed to their numerical density and biomass, 
are drivers of carbon export on the WAP through their production and 
subsequent export of size-varying, carbon-rich FPs.
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Interannual variability in POC flux
The mean annual ( July–June; Methods) POC flux over the 21-year time 
series was 2.3 ± 1.3 gC m−2, but varied over an order of magnitude, 
between 0.3 gC m−2 and 5.3 gC m−2, where each year was character-
ized by a pronounced summer peak in the flux of varying amplitude 
(Fig. 1). The annual POC flux accounted for an average of 13.6 ± 10.8% of 
the annual total mass flux. Our median annual POC flux (2.13 gC m−2) is 
twice the estimated global median POC flux of about 1 gC m−2 (ref. 31). 
An average of 80 ± 23% of the annual POC flux occurs within the peak 
initiation-to-termination period, indicating that the vast majority of 
the annual flux accumulation occurs during less than one-sixth of the 
year, specifically, during the austral spring–summer period.

The annual POC flux oscillated between strongly positive and 
strongly negative anomalies (Fig. 2a). Anomalously high export years 
occurred five to six years apart (1994, 1999 and 2005; Fig. 2a). There 
is no significant linear decrease in POC export over the two decades 
analysed (R2 = 0.023, P = 0.59). Increase in annual peak flux duration 
time did not correlate with higher annual POC flux (Extended Data 
Fig. 2; R2 = 0.025, P = 0.54). Spectral analysis of the annual POC flux 
confirmed a significant five-year periodicity in the POC flux time series 
(Fig. 2b; P < 0.001).

Krill body size and annual POC flux
The semi-decadal oscillation of the POC flux on the WAP was not cor-
related with interannual variability in sea-ice cover or sub-decadal 
climate oscillation such as El Niño–Southern Oscillation (ENSO) and 
the Southern Annular Mode (SAM; Extended Data Table 1). Phytode-
tritus constituted only a small percentage of the summer POC flux, but 
this increased in proportion during the winter months30 when krill are  
less likely to be found over the WAP continental shelf. However, there 
was not a significant correlation between summer phytoplankton bio-
mass (chlorophyll a) and POC export over the two decades (Extended 
Data Table 1). Salps are another common Antarctic zooplankton that 
oscillate in total abundance in connection with varying oceanographic 
conditions. Salps can produce large, carbon-rich FPs32; however, on the 
WAP, these FPs may be prone to breakage and disaggregation while sink-
ing through the water column33,34 and there was no correlation between 
POC export on the WAP and salp abundance (Extended Data Table 1).

Analysis of FPs from a five-year subset of this time series ( January 
2004 to January 2009) indicates that the cylindrical FPs of E. superba 
contribute the most in terms of both the absolute number and the 
total POC contribution to the annual POC export on the WAP30. These 
cylindrical FPs constituted on average 72% overall, and 82% in summer 
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Fig. 1 | WAP POC flux time series from 1992 to 2013. The black dashed line shows the mean daily POC flux rate. The x-axis tick marks denote 1 January of each year.
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Fig. 2 | Annual POC flux oscillates on a five-year periodicity. a, Mean annual 
standardized POC flux anomaly. The x-axis tick marks denote the start of each 
July–June flux year. b, Spectral analysis of annual POC flux data. The analysis 

indicates a five-year periodicity (P < 0.001, Bartlett’s Kolmogorov–Smirnov 
statistic51). The dashed line at five years is for reference.
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months, of the total POC flux30. We found that the total POC flux was 
driven by the overall amount of cylindrical krill FPs, regardless of 
whether it was a high or low total POC flux year. Regardless of whether 
a flux year was anomalously high or anomalously low, the propor-
tion of cylindrical krill FPs remained high, especially during austral  
summer months.

Although krill and their FPs are a major contributor to the POC flux on 
the WAP, the summer total krill abundance was not significantly corre-
lated with the integrated annual POC flux (Extended Data Fig. 3a,b), and 
although they appear antiphased, the negative relationship between 
total E. superba abundance and POC flux was also not significant 
(Extended Data Fig. 3b; R2 = 0.15, P = 0.13). Furthermore, there was 
also no correlation between adult (>30 mm) krill abundance and the 
annual POC flux (Extended Data Fig. 4a,b; R2 = 0.063, P = 0.35).

Rather, adult krill body size (length) was the most significant factor 
related to the annual POC flux. The annual POC flux oscillates in syn-
chrony with the mean summer adult E. superba body size, reaching a 
maximum every five to six years (Fig. 3a), with the POC flux significantly 
positively correlated with adult body size (Fig. 3b; R2 = 0.34, P = 0.018). 
Anomalously high annual POC flux occurred when the krill population 
was dominated by larger (older) adult krill, where 63.5% ± 12% of the krill 
population was composed of large adults ≥41 mm in length, matching 
the length–frequency distribution of a population composed of age 
classes four years and older35,36. Years of anomalously low POC flux 
coincided with years following high juvenile krill recruitment, matching 
the length–frequency distribution of a population composed of age 
classes two years and younger35,36.

Analysis of krill body size from Adélie penguin diet contents over the 
same 21-year period also indicates that krill body size oscillates over 
a 5-year cycle, in synchrony with both net-tow krill body size and the 
POC flux on the WAP (Extended Data Fig. 5). Krill body size observed in 
penguin diets was also significantly positively correlated with the POC 
flux (Extended Data Fig. 6; R2 = 0.36, P = 0.01). The use of independent 
krill sampling methods through abiotic and biotic means, net-tows 
and predator diet samples, respectively, further supports the robust-
ness of the krill body size pattern on the WAP and its influence on  
POC export.

Our study demonstrates that the oscillatory pattern of the interan-
nual POC flux magnitude on the WAP follows a five-year cycle and is 
mechanistically linked to the summer body size of the adult E. superba, 
as opposed to total krill abundance or to other biological and environ-
mental factors, including other zooplankton abundance, phytoplank-
ton biomass, and sea-ice cover. The annual total E. superba abundance 

is significantly negatively correlated with the annual mean krill body 
size when all size classes of krill are taken into account in both net tows 
(Extended Data Fig. 7a; R2 = −0.50, P < 0.001) and Adélie penguin diets 
(Extended Data Fig. 7b; R2 = −0.45, P = 0.001). This indicates that dur-
ing years of high krill abundance, the population is made up of mostly 
young, small krill and helps to explain why there is no significant rela-
tionship between total E. superba abundance and annual POC flux 
(Extended Data Figs. 3 and 4).

We propose that the semi-decadal cycle in POC flux is intimately 
linked to the krill life cycle. On the WAP, the Antarctic krill population 
is dominated by a strong age-class structure, with individuals within a 
cohort recruiting, ageing and growing in body size together over mul-
tiple years36–39. The five-year cycle in POC flux in our analysis matches 
the five-year cycle in krill size class38 and is antiphased with the five-year 
cycle of krill abundance, with peaks in abundance occurring after larval 
recruitment40. The winter MIZ is an essential habitat for successful 
recruitment41, helping to set up the next five-year cycle of the next 
krill cohort38.

The continued annual growth, combined with the five-to-six-year lon-
gevity of E. superba, means that individual krill within the large cohort 
grow in body length in near synchrony over the five-year cycle. Because 
krill possess simple, tube-like, linear guts, they produce long cylindri-
cal pellets that increase in size according to their body length9. Both 
the length and the width of krill FPs positively correlate with FP POC 
content33 and overall density, with FP density additionally influenced by 
the krill’s food source29. The larger, longer FPs produced by older adults 
are more likely to sink out of the upper mixed layer faster than smaller 
FPs produced by smaller, younger krill, and to be found in deeper sedi-
ment traps9,30. One consequence of the life history of E. superba is that 
the annual POC flux is at a minimum when krill abundance and biomass 
are peaking, and when the cohort is composed of many young, small 
juveniles after successful recruitment. Recruitment of the next cohort 
is affected by complex environmental factors such as ENSO, which 
oscillates on a semi-decadal timescale, sea-ice cover41, and biological 
factors such as quantity and quality of food and resource competi-
tion between krill39,40. As the krill cohort ages and grows, the POC flux 
increases commensurately over the next four to five years.

In the summer, small juvenile krill are found mostly over the inner 
shelf, whereas the larger, sexually mature adults make a longer ontoge-
netic migration, congregating over the outer shelf and continental 
shelf break35,42–44. The seasonal age-specific, and therefore size-specific, 
habitat preferences of E. superba are especially amplified during the 
summer. The effect of these differential distribution patterns is that 
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Fig. 3 | Summer Antarctic krill body size drives annual POC flux. a, Annual 
POC flux (blue circles) and annual mean adult E. superba body size (black 
diamonds) from 1993 to 2012. The x-axis tick marks denote the start of each 

July–June year. b, Annual POC flux as a function of annual mean adult krill body 
size (R2 = 0.34, P = 0.018).
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the krill in younger stages are separated from adults. Adult krill play a 
larger role in summer POC flux over the outer shelf, where the sediment 
trap is located (Extended Data Fig. 1) through their egestion of large, 
carbon-rich FPs30, leading to the intense and episodic peak in the POC 
flux during the summer.

E. superba form large swarms in the upper water column, with 
swarms containing up to two million tonnes of krill45. The swarming 
and schooling behaviour of E. superba further facilitates the export 
of FP out of the upper water column by increasing and synchronizing 
the supply of POC relative to the carbon demand of heterotrophic 
organisms that degrade and consume organic matter such as FPs as 
they sink. This process is probably amplified when the krill are larger 
and their FPs are larger with higher sinking rates28–30. These intense and 
episodic FP production events are probably particularly efficient in 
transferring POC to the ocean’s interior. As FPs sink through the water 
column, there may be physical breakage and fragmentation of pellets, 
thereby altering their sinking rate. However, even with fragmentation, 
the potential for longer FPs is greater in years of larger krill than in years 
dominated by small krill.

In our study, krill size was positively correlated with POC export, as 
opposed to increased abundance of krill and biomass as suggested by 
previous work46,47. A negative relationship between E. superba abun-
dance and annual mean krill body size (Extended Data Fig. 7a,b) has 
been shown elsewhere40. E. superba play a critically important role in 
POC export and biogeochemical cycles in the Southern Ocean18,27,47; 
however, using krill abundance densities to estimate krill FP POC flux 
probably overestimates the contribution of krill FP POC export during 
years when the krill abundance is high but the population is dominated 
by small juveniles. Furthermore, using abundance and size data, we 
find that overall krill biomass in the water column does not correlate 
with POC export over the two-decade study period.

The mechanistic driver of the POC flux found in our region of the 
WAP may also be applicable to other MIZs that are dominated by 
krill. E. superba in the far northern Antarctic Peninsula also exhibit a 
four-to-six-year cycle in post-larval krill abundance and strong cohort 
dynamics, similar to that of our study region on the WAP36,48,49. The POC 
flux in this more northerly region may be similarly characterized by 
large pulses every four to six years following the cycle of body size of 
the local krill population, and warrants further research. A poleward 
shift in the krill population and a lack of successful recruitment of juve-
niles to replenish the ageing local population have been observed in 
the Atlantic sector of the Southern Ocean, which includes the WAP11. 
The spatial contraction of these krill populations is hypothesized to 
result from increased warming11 and may disrupt the current five-year 
cycle in krill body size, and thus, may alter the long-standing regional 
pattern in POC flux. Continued warming could alter the phenology 
and composition of exported POC, shifting peak pulses to later in the 
season and increasing the relative proportion of other zooplankton FPs 
to export, such as salp FPs40. Warming is also hypothesized to enhance 
microbial remineralization of organic matter50 in the water column and 
benthos, thereby decreasing and altering the POC flux, deep carbon 
storage, and benthic food availability.

Conclusion
The semi-decadal nature of the POC flux that characterizes the WAP 
continental shelf would be impossible to capture without continuous, 
long-term export observations. As the longest-running time series of 
POC flux and Antarctic krill in the Southern Ocean, our observations 
highlight the importance of understanding the complex life-history 
strategies of the organisms that power the biological pump and the 
interplay between them and their sea-ice environment. Krill FPs are 
rich in organic carbon, less prone to fragmentation and exhibit high 
sinking rates. Coupled with their distinct ecology, including growth, 
longevity, swarming behaviour and seasonal migrations, E. superba and 

its FPs are a uniquely important component of POC production and 
export and form the central component of the WAP biological pump. 
The resident krill population, with its dependence on sea ice, make the 
MIZ of the WAP a region of intense export in the Southern Ocean and 
an important region for carbon storage.
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Methods

Study region
The Palmer Long-Term Ecological Research (PAL-LTER) project has been 
studying the marine ecosystem of the WAP since 1992, with long-term 
observations conducted during the austral summer annually each  
January–February within the PAL-LTER offshore sampling grid aboard 
the MV Polar Duke (1993–1997) and ARSV Laurence M. Gould (1998–
2020). The PAL-LTER sampling grid covers a 170,000 km2 area of the 
Bellingshausen Sea (Extended Data Fig. 1), extending approximately 
700 km from Palmer Station, Anvers Island (64.77° S, 64.05° W) to 
Charcot Island (69.45° S, 75.15° W). Grid lines are numbered from −100 
to 600 and spaced 100 km apart, and stations within each line are 
spaced 20 km apart, beginning from the coast to approximately 200 km  
offshore at the slope/shelf break52.

Sediment trap
As part of the PAL-LTER effort to understand the marine ecology and 
biogeochemistry of the WAP, a sediment trap (PARFLUX Mark 78H 
21-sample traps; McLane Research Labs) has been deployed since 
November 1992 to collect sinking particles from the biologically 
productive continental shelf euphotic zone53. The sediment trap is 
moored at 64.5° S, 66.0° W at about 350 m water depth. It is located 
about 130 km offshore, on the outer continental shelf, and between 
the 500 and 600 PAL-LTER grid lines (Extended Data Fig. 1). The trap 
consists of a large conical funnel, 0.5 m2 in opening area with a plastic 
baffle mounted in the opening to prevent large-sized organisms from 
swimming into the trap. The trap continuously intercepts sinking parti-
cles at 170 m depth. Below the funnel are 21 collection cups filled with a 
high-density salt solution, 7.5 g l−1 NaCl and 2% borate-buffered formalin 
in filtered seawater (about 34 ppt), with a final concentration of 41 ppt, 
to retain and preserve sinking material. The trap autonomously col-
lects sinking particles throughout the year into each sampling cup in 
intervals varying from 4 days to 61 days, with shorter intervals during 
the expected peak flux in austral summer, and longer intervals during 
the low biological productivity period in the winter. The deployment 
location was seasonally covered with sea ice 105 ± 37 days (mean ± s.d.) 
per year during the 21-year study period. The trap was recovered and 
redeployed each January–February during the annual cruise.

Trap sample processing and data analysis
Upon recovery each year, the trap samples were sealed and held at 5 °C 
until return to the USA for processing. Samples from heavy sediment 
flux periods were split up to 1/512 with a plankton splitter or wet sample 
divider (McLane) for subsequent analysis. Zooplankton ‘swimmers’ 
were removed from each trap sample before sample analyses. Total 
mass dry weight, POC and particulate nitrogen were measured for each 
sample. Detailed methods for zooplankton removal are described in 
ref. 53 and sediment-trap chemical analyses are described in the Joint 
Global Ocean Flux Study protocols54. Briefly, after removal of zooplank-
ton swimmers and splitting, samples were dried, homogenized and 
fumed with dilute hydrochloric acid to remove inorganic carbon. POC 
was measured on CHN analysers. Owing to the multi-decadal nature 
of PAL-LTER, POC was measured at several institutions on several dif-
ferent CHN analysers: PerkinElmer 2400 (1992–May 1994), Europa 
Scientific SL ( June 1994–1997), Exeter Analytical Elemental Analyzer 
(1997–2003), Carlo Erba EA 1108 (2003–2007), PerkinElmer 2400 and 
Thermo Scientific Flash 2000 (2007–2013). Samples were all run against 
the same standard, acetanilide (C8H9NO)53,55. Up to three replicate 
analyses of chemical properties were performed on each trap sample 
and the analytical replicates were averaged for each sample. When 
multiple traps were simultaneously deployed adjacent to each other 
during the same time frame, samples were averaged for corresponding 
intervals54. These data can be found at https://doi.org/10.6073/pasta/
cb0ee837fd2615ae133dcfdc0b806571.

We report daily POC flux from each year’s 21 collection cups from 1992 
to 2013 (Fig. 1). To understand the interannual variability in the POC flux 
and its ecological drivers, the sediment-trap POC flux data were inte-
grated in July–June year format, starting on 1 July of calendar year one, 
and spanning to 30 June the following year, to avoid systematically split-
ting up the spring and summer peak flux period (November–March) in 
which the majority of the POC flux occurs2. For example, the July–June 
year 1996 spans from 1 July 1996 to 30 June 1997 and encompasses the 
summer peak POC flux period of the austral summer continuously. All 
annual POC flux data are analysed and presented graphically in this 
July–June format from Fig. 2 onwards. The sediment-trap measure-
ments did not start until November 1992 and there were two years in 
which the sediment trap either malfunctioned (2001) or was lost at sea 
(2009) (Fig. 1). After formatting the time series into July–June years, 
there was a total of five incomplete or missing years (1992, 2000, 2001, 
2008 and 2009), yielding 16 POC flux years to analyse for the 1993–2013 
period. Full results from the 2014–2020 period were not available at 
the time of this analysis.

To evaluate the phenological timing of the POC flux, an annual 
peak flux episode (which typically occurs during the austral summer 
months) was defined to be a period of flux where the daily POC flux 
was greater than the mean daily ( July–June) flux for at least 14 con-
secutive days53. With this criterion, it was possible to objectively and 
automatically identify annual peak pulse periods in the POC flux, as well 
as the initiation and termination dates, and the duration of the annual 
seasonal pulse. The power spectral density of the full July–June time 
series was analysed to detect any periodicity in POC flux and to help 
identify ecological parameters driving the annual cycle, and Bartlett’s  
Kolmogorov–Smirnov statistic51 was used to test significance.

Environmental and biological comparison
To understand the mechanistic drivers of the POC flux, individual envi-
ronmental and biological factors affecting the region were compared 
with temporal patterns in POC flux. Variables analysed include the 
monthly multivariate ENSO index (MEI.v2), indices from the National 
Oceanic and Atmospheric Administration Physical Sciences Laboratory 
website (https://psl.noaa.gov/enso/mei/), and the monthly SAM index 
from the British Antarctic Survey (http://www.nerc-bas.ac.uk/icd/gjma/
sam.html). Along with full annual and monthly comparisons, August 
ENSO and SAM indices were also analysed against POC flux, as the peak 
winter climate greatly affects winter sea ice, a critical component of 
the MIZ and biological pump56.

Daily sea-ice-cover data from 1992 to 2013 were extracted from the 
NASA Scanning Multichannel Microwave Radiometer and the Defense 
Meteorological Satellite Programs Special Sensor Microwave/Imager 
satellite record for the gridded area corresponding to the sediment-trap 
location (https://doi.org/10.5281/zenodo.7723853), following pro-
tocols described in refs. 10,57. Sea-ice cover is at its maximum over 
the sediment trap during August. The median percentage of August 
sea-ice cover over this region of interest was calculated for each year 
and compared with sediment-trap POC flux phenology.

All other oceanographic and biological data analysed in this study 
are part of the ongoing PAL-LTER time series (https://pallter.marine.
rutgers.edu/data/). Each year, data are collected along the WAP dur-
ing the austral summer (roughly between 1 January and 10 February) 
when sea-ice cover is near its annual minimum, day lengths are long 
(with nearly 24 h of sunlight) and biological activity is at its annual 
maximum. Relevant summer parameters measured during the annual 
research cruise were compared  with the corresponding annual  
( July–June) POC flux data.

Depth-integrated phytoplankton chlorophyll a measurements 
(https://doi.org/10.6073/pasta/585ba08c3ab00f7d36f3756bb8e7f79b)  
from the top 100 m of the water column were spatially averaged across 
the PAL-LTER sample grid points each year and used as a proxy for 
phytoplankton biomass during peak POC flux periods. Seawater was 
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collected from vertical profiles along the 500 and 600 PAL-LTER grid 
lines in Niskin bottles at different depths and was filtered onto GF/F 
filters and flash frozen for fluorometric phytoplankton chlrophyll  
a analysis (mg chl a m–3) (ref. 22).

E. superba and Salpa thompsoni (salp) abundances (https://doi.
org/10.6073/pasta/03e6d72a78bc2512ef5bb327e686f8fa and https://
doi.org/10.6073/pasta/60b41cfa5eaa7298f84b9ac291037403, respec-
tively) and E. superba body size (https://doi.org/10.6073/pasta/2afc
968fad7d40c989de532f52e6720b) were measured on animals col-
lected using a 2-m2 frame Metro net (700-μm mesh) towed obliquely 
to a depth of 120 m at each station https://doi.org/10.6073/pasta/2af
c968fad7d40c989de532f52e6720b along the 500 and 600 PAL-LTER 
grid lines40. A General Oceanics flow meter positioned in the centre of 
the net mouth was used to calculate the volume of seawater filtered40. 
A random subsample of up to 100 E. superba individuals was measured 
for standard body length (distance between tip of rostrum and blunt 
end of uropod) for each net tow. For tows containing fewer than 100 
individual krill, all E. superba were measured for body size. The body 
lengths (mm) were assigned to 1-mm-length bins and the median size 
in each 1-mm-length bin was used in conjunction with the total annual 
number of krill in each length bin to calculate the weighted summer 
mean krill body size each year.

E. superba body size was also measured on krill recovered in Adélie 
penguin (Pygoscelis adeliae) diet samples during the summer breed-
ing season in January–February from colonies surrounding Palmer 
Station (https://doi.org/10.6073/pasta/d0b492b09b678d55d-
b046e27ebe9d1c1). Adélie penguin diet samples were obtained from 
adult penguins by using the water off-loading method38. Krill from diet 
samples were measured from the base of the eye to the tip of the telson 
and placed in 5-mm-length bins. As krill grow >5 mm per year37, these 
binning methods resolve changes in the krill population size-class 
structure that occur between years37,39,58. Seabird diets have been shown 
to be good proxy indicators of the spatial and temporal variance and 
structure (length–frequency distribution) of their prey populations59. 
Although Adélie penguin diets represent a high-quality snapshot of 
the size structure of the krill population each summer, they may not 
accurately reflect the overall krill abundance.

To examine the annual trends and patterns in the data, we calculated 
annual standardized anomalies (Z scores) of the POC flux, sea ice, and 
each biological factor, other than krill body size, to reduce the con-
founding effects of outlier values and extreme variability, where the 
mean is subtracted from each value and then divided by the standard 
deviation of the whole dataset. For annual summer zooplankton abun-
dance anomalies, abundance values were log10-transformed before 
calculating annual mean abundance and then Z scores were calcu-
lated40. Each standardized variable was then compared with the POC 
flux over the time series through both ordinary least-squares regression 
and generalized linear models to determine the potential drivers of  
POC flux.

Data availability
The data analysed in this study can be found at: https://doi.org/10.6073/
pasta/cb0ee837fd2615ae133dcfdc0b806571, https://doi.org/10.6073/
pasta/d0b492b09b678d55db046e27ebe9d1c1, https://doi.org/ 
10.6073/pasta/2afc968fad7d40c989de532f52e6720b, https://doi.
org/10.6073/pasta/03e6d72a78bc2512ef5bb327e686f8fa, https://
doi.org/10.6073/pasta/60b41cfa5eaa7298f84b9ac291037403, https:// 
doi.org/10.5281/zenodo.7723853 and https://doi.org/10.6073/pasta/ 
585ba08c3ab00f7d36f3756bb8e7f79b. Bathymetry data can be found 
at https://doi.org/10.7289/V5C8276M.
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Extended Data Fig 1 | Bathymetric map of the Antarctic Peninsula. Location 
of PAL–LTER sampling stations (black circles) within grid lines labeled –100-600, 
Palmer Station on Anvers Island (yellow triangle), and long-term sediment trap 

(red diamond), Marguerite Bay, and Charcot Island are shown. White dashed 
lines separate geographical coast, shelf, and slope regions of the West Antarctic 
Peninsula.
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Extended Data Fig. 2 | Annual POC flux is not a function of peak POC flux duration. The regression is non-significant (R2 = 0.026, p = 0.54).



Extended Data Fig. 3 | Annual POC flux does not correlate with total krill abundance. a) Annual POC flux (blue circles) and total krill abundance anomaly 
(black diamonds) time series from 1993–2012. b) Annual POC flux as a function of total krill abundance anomaly (R2 = –0.15, p = 0.13).
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Extended Data Fig. 4 | Annual POC flux is not driven by adult krill abundance. a) Annual POC flux (blue circles) and adult krill abundance anomaly (black 
diamonds) time series from 1993–2012. b) Annual POC flux as a function of adult krill abundance anomaly (R2 = 0.063, p = 0.35).



Extended Data Fig. 5 | Annual POC flux oscillates in sync with adult krill 
body size obtained through net tows and penguin diets. Annual POC flux 
(blue circles), annual mean adult krill body size from net tows (black diamonds), 

and annual mean adult krill body size from Adélie penguin diets (red squares) 
time-series from 1993–2012.
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Extended Data Fig. 6 | Penguin derived krill body size and annual POC flux. Annual POC flux as a function of annual mean adult krill body size from Adélie 
penguin diet time-series (R2 = 0.36, p = 0.01).



Extended Data Fig. 7 | Krill body size is negatively correlated with krill 
abundance. a) Annual mean krill body size (from net tows) as a function of 
annual krill abundance (R2 = −0.50, p < 0.001). b) Annual mean total krill body 

size from Adélie penguin diets as a function of annual total krill abundance 
anomaly (R2 = –0.43, p = 0.001).
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Extended Data Table 1 | Influence of ecological parameters on POC flux

Linear regression statistics of environmental and biological parameters against annual POC flux over the 21-year time series which showed no significant correlation.
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