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Competition-induced starvation drives large-scale 
population cycles in Antarctic krill
Alexey B. Ryabov1* , André M. de Roos2 , Bettina Meyer1, 3, 4, So Kawaguchi5, 6 and Bernd Blasius1, 4

Antarctic krill (Euphausia superba)—one of the most abundant animal species on Earth—exhibits a five to six year  
population cycle, with oscillations in biomass exceeding one order of magnitude. Previous studies have postulated 
that the krill cycle is induced by periodic climatological factors, but these postulated drivers neither show consistent 
agreement, nor are they supported by quantitative models. Here, using data analysis complemented with modelling  
of krill ontogeny and population dynamics, we identify intraspecific competition for food as the main driver of the krill  
cycle, while external climatological factors possibly modulate its phase and synchronization over large scales. Our  
model indicates that the cycle amplitude increases with reduction of krill loss rates. Thus, a decline of apex predators is 
likely to increase the oscillation amplitude, potentially destabilizing the marine food web, with drastic consequences for the 
entire Antarctic ecosystem.

Abundances of Antarctic krill can fluctuate interannually over 
an order of magnitude on both local1–4 and regional scales5,6, 
constituting one of the world’s largest population cycles in 

absolute biomass. This cycle has important consequences for the 
entire Antarctic ecosystem, because krill occupies a key position in 
Southern Ocean food webs7,8, acting as a direct link between pri-
mary producers and apex predators.

A clear example of such oscillations is represented in the time 
series of summer krill abundance and length distributions col-
lected over a period of 18 years4,9 on the Palmer long-term ecologi-
cal research (Palmer LTER) grid in the Western Antarctic Peninsula 
(WAP) region (see Supplementary Materials, Methods). During this 
time, krill exhibited nearly four complete population cycles in length 
distribution, recruitment index, biomass and abundance with a 
period of five to six years (Fig. 1, left panel). An earlier monitoring 
program on Adélie penguin diet10, starting in 1987, shows evidence 
of five such cycles. Typically, cycles start with the spawning of new 
strong cohorts within two successive years11 (Fig. 1a), followed in the 
next years by peaks in the recruitment index (Fig. 1c), and an abrupt 
increase in krill biomass and abundance4 (Fig. 1e). Although decreas-
ing in abundance, these cohorts dominate the population during the 
following three to four years, until new strong cohorts can prevail and 
the cycle repeats.

The mechanisms underlying this large-amplitude population 
cycle remain a topic of strong debate. A schematic representa-
tion of the krill life cycle (Supplementary Fig. 1b) shows that  
reproduction and maturation depend on the food level, which 
in turn is driven either directly by climate variability or indi-
rectly (in a feedback loop) by consumption. The origin of the 
krill cycle has usually been attributed to the direct link caused 
by periodic climatological influences affecting krill fitness, such 
as the El Niño–Southern Oscillation index4, Southern Annular 
Mode9, anomalies in primary production12, sea ice duration6,11 or 
sea surface temperature3.

Results
Climatological influences, however, do not explain the idiosyncratic 
pattern of the krill cycle: the occurrence of two successive strong 
year classes each followed by successful recruitment one year later; 
and the co-occurrence of the spawning of any new cohort with the 
extinction of the existing strong cohort. Nor can the climatic factors 
explain the observed negative effect of the total krill biomass, or 
of the biomass of reproductive females, on reproduction (Fig. 1g; 
Supplementary Fig. 1b). As shown in Fig. 1g inset, an increase in 
the total krill biomass above 3 mg dry weight (DW) m−3 results in 
a small value (mean  =   0.006 individuals (ind.) m−3) of juveniles 
from a narrow range (s.d. =  0.009 ind. m−3) in the following sum-
mer. In contrast, when total krill biomass is small (< 3 mg DW m−3),  
juvenile abundance in the following summer is highly variable 
(mean  =   0.1 ind. m−3, s.d.  =   0.098 ind. m−3), which is a signifi-
cant difference in the mean value (t-test, P =  0.0038) and variance 
(F-test, P  <   0.001). This suggests that recruitment is constrained 
by intraspecific competition when krill biomasses exceed a critical 
level, but depends on the environmental conditions when the krill 
biomass is small—an effect that stresses the influence of a feedback 
link of krill biomass on food level.

To evaluate to what extent intracohort and intercohort interac-
tions contribute to the krill cycle, and how this biotic self-regula-
tion works alongside bottom-up climate regulators, we propose and 
analyse a population dynamics model of Antarctic krill (Table 1; 
Supplementary Fig. 1a). We use a bioenergetic model to capture 
the effects of seasonality on reproduction and ontogenetic devel-
opment of krill during its entire life cycle. The model relates the 
energetic demands of growth and fertility to the difference between 
ingestion and maintenance rates. Krill dominantly feed on pelagic 
phytoplankton and ice algae13, and our model assumes that all krill 
stages compete for a food resource (phytoplankton) during spring, 
summer and autumn, but that during winter (when primary  
productivity is limited by light), adult and one-year juveniles  
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Supplementary Figure 1.  The ontogenetic modeling of krill population dynamics and 
the interactions between krill cohorts and the environment. a, Krill cohorts (orange bars) 
increase their weight and move from left to right along the weight axis. The dotted orange line 
shows the krill weight distribution 𝑐𝑐(𝑡𝑡, 𝑎𝑎, 𝑤𝑤). b, The interaction between krill cohorts and the 
environment.  The traditional concept suggests that fluctuations in krill abundance follow the 
changes in food level caused by periodical environmental changes (black arrow). Our study 
complements this approach and shows that the feedback of krill biomass on the food level 
(highlighted by black dashed outlines) plays a crucial role in the appearance of krill 
population cycles. 
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Supplementary Figure 2. Krill reproductive capacity. a, Temporal changes in the biomass of 
females with red thelycum (i.e., in reproductive cycle, grey dashed line) compared to total krill 
biomass (red). Total biomass of females in reproductive cycles depends on krill abundance, 
length distribution and available food. The maxima of reproductive female biomass do not 
coincide with the maxima in total biomass as the reproductive female biomass is large when an 
abundant strong krill cohort reaches larger sizes and when summer conditions are favorable for 
reproduction. b, The abundance of juveniles decreases with the biomass of female in 
reproductive cycle in the preceding year. The inset shows a box plot of the same data divided 
into two groups (Small, Large) with the female biomass either smaller or larger than 1.5 mg 
DW/m3 (insignificant, ݌ ൌ ͲǤ͵).  
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Supplementary Figure 3. Robustness of the krill cycles to different grazing modes. 
Simulated population cycles when phytoplankton is consumed by all cohorts (left), only by 
larvae (adults and juveniles are still limited by the same phytoplankton, middle), or only by 
adults and juveniles (larvae are limited by the same phytoplankton, right). The figures show 
oscillations in the length distribution in color coding (top) and abundances (black lines) and 
biomass (red lines) (bottom).  
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Supplementary Figure 4. Sensitivity of the krill cycle to inter-annual environmental 
variability. Environmental disturbances are simulated as random inter-annual changes in 
phytoplankton carrying capacity ܭ௉௛ in a gradient from unperturbed to strongly perturbed (three 
upper rows) and assuming that phytoplankton carrying capacity, ܭ�௉௛, is driven by Southern 
Annular Oscillations index9, namely, ܭ௉௛ ൌ ௉௛,଴ܭ ���(െͲǤ͵����) (bottom). (Left panel) Time 
course of simulated phytoplankton carrying capacity (black dashed line), phytoplankton 
concentration (green) and total krill abundance (red line). (Middle panel) Relation between 
summer phytoplankton concentration and krill abundance in the following year (green dots) and 
linear regression (black line). (Right panel) Relation between krill biomass and juvenile 
abundance in the following year (green dots, compare to Fig. 1h).  The insets show a box plot of 
the same data divided into two groups (Small, Large) with the total krill biomass either smaller 
or larger than 20 mg DW/m3. See Methods (Environmental interannual disturbances) for model 
parameters.  
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Supplementary Figure 5. The modeled dynamics of phytoplankton, krill biomass and 
different krill stages. a, The annual maxima of phytoplankton concentrations (green line) 
correlate with the annual minima of total biomass (adults + juveniles) and vice versa. b, 
Embryo abundances approximately follow the pattern for total krill biomass, because 
reproduction is not food limited. c, The maximal abundance of larvae is proportional to the 
number of embryos with a 30 days delay. However, the number of larvae can subsequently 
drop abruptly if autumn phytoplankton concentration is extremely low. The model predicts 
no positive relationship between the abundance of larvae at the end of summer and the 
abundance of juveniles at the beginning of the next summer. If autumn phytoplankton 
concentration is small even a big cohort of larvae does not result in substantial recruitment, 
and if the autumn conditions are good, a relatively small cohort of larvae can result in a 
strong cohort of juveniles, which become dominating adults in the following year (d) and 
increases total krill abundance (e). The black, and green, arrows connect the different stages 
of a weak cohort which becomes extinct, and of a strong cohort, respectively 
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Supplementary Figure 6. The effect of krill loss rates on population dynamics. The 
bifurcation diagram shows the effect of krill mortality on the summer maxima of the total 
abundance of adult and juvenile krill (grey dots) and on the average over 50 years abundance of 
larvae (orange) and adults (red). The data are plotted with respect to the adult mortality, for 
juveniles we assumed ௃݉ ൌ ʹ݉஺. 
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Supplementary Figure 7. The seasonal drivers of the population dynamics. The krill model 
integrates the combined effect of several seasonal drivers. a, The metabolic rate of adults. b, The 
modelled dynamics of phytoplankton concentrations (green) in the presence of krill compared to 
the levels of chlorophyll-a measured during 11 years at Palmer station (orange) and the net 
growth rate of phytoplankton (black line), as defined by equation (6). c, The model outcome for 
seasonal dependence of ice algae. 
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Supplementary Figure 8. Parametrization of the krill model. a, Relationship between dry 

weight and length of the individuals, 𝑤𝑤 ൌ 𝑐𝑐௪ܮ�ఙభାఙమ ୪୬௅ , see parameter values in Supplementary 

Table 3.  b, The splitting of the assimilated food with increasing length of the individuals into 

growth and reproduction processes as defined by the function ܭ(𝑤𝑤) ൌ ൫ͳ ൅ ݁௞൫௅(௪)ି௅ೝ೐೛ೝ൯൯
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Supplementary Figure 9. Krill life traits. Comparison of the model prediction for (a) the daily 
growth rates and (b) daily fecundity rate for different levels of food (mg C/m3, shown by 
different colors) with field data33,34,39,45,49 (symbols). Note: Krill can shrink if the resource is less 
than 1 mg C/m3. c, Modelled krill mortality as a function of krill length for different levels of 
food availability. The dark red line shows the background mortality which decreases with krill 
size. The other lines show a sum of the background mortality and starvation mortality for 
different food levels. The maximal mortality is 40 year-1,which implies that after 14 days of 
starvation only approximately 20% of population survive. d, The dynamics of krill shrinking17 
(black lines) in comparison with the model outcome (blue lines) for starving krill. 
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Supplementary Figure 10. A map of the LTER grid for 1991-1997. During the observational 
period, the data were sampled with different frequency across the LTER grid. The grid lines 
were spaced 100 km apart with sampling stations along every line spaced 20 km apart. The 
number of a grid line or a grid station shows the distance in km from line 000 or station 000, 
respectively. The title shows the number (݊) of stations, which were sampled during the cruise, 
and the total number of samples, which can be larger than the number of stations when more than 
one sample was taken at the same location.  
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Supplementary Figures 11. The same as Fig. S10, years 1998-2005 
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Supplementary Figures 12 The same as Fig. S10, years 2006-2013  
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Supplementary Table 1. Krill growth and reproduction 

Parameter Value Units Meaning Source 

larvae age 30  days minimal age of larvae  

Juvenile age 1 years The minimal age of juveniles  

Reproductive age 2 years Minimal age for reproduction  

life span 5.9 years krill life span  

௟ܮ  7 mm minimal larvae size  

̴݈݇ 1/3 mm-1   

 ௥௘௣௥,௠௜௡ 35 mm the minimal length for reproduction 45ܮ

 ௥௘௣௥ 43 mm the length at which 50% of female reproduce 36ܮ

݇௥௘௣௥ 1/5 mm-1   

  ௘ 0.6  mm Egg size 32,50ܮ

𝑤𝑤௘ 0.027 mg Egg dry weight 

   ௢௩௔௥௬ 0.82  the relative weight of eggs in ovary tissueߝ

ܶ 0.003  1/day Maintenance coefficient  

̴݈ܶ 0.01  d-1 Maintenance of larvae 17 

݀௘ 5 year-1 Mortality of embryos  

݀௟  5 year-1 Mortality of larvae  

௝݀ 1 year-1 Mortality of juveniles 46 

݀௔ 0.5 year-1 Mortality of adults 46 

݀௦௟  40 year-1 Maximal starvation mortality  
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Supplementary Table 2. Krill Ingestion rate 

Parameter Value Units Meaning Source 

 mg C/m3 Half-saturation constant for growth rate 25 ܪ
and ingestion rage 

39 

 ଴ 10 (% body C/d-1)  Maximal ingestion rate 38ܫ

 mg DW /mg 1.04 ߝ
consumed C  

Assimilation efficiency of consumed 
carbon into dry weight 

 

 ஼ଶ஽ௐ 0.4 mgC/mgDW Carbon weight – dry weight 38ߛ
 
 
 
 
 
Supplementary Table 3 Relationship between krill length and dry weight, Eq (1) 

Parameter Value Units Meaning Source 

𝑐𝑐௪ 0.0058   33–35 

    ଵ 1.8050ߪ

    ଶ 0.2380ߪ

 ௘ 0.6  mm Egg size 32,50ܮ

𝑤𝑤௘ 0.0277 mg Egg dry weight 
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Supplementary Table 4. Parameters of carbon production  

Parameter� Value Units Meaning 

௉ܲ௛  mg C/m3 Density of phytoplankton in the water 
column 

ூܲ௖௘  mg C/m3 The density of ice algae 

ǣܥ  mg C/mg Chl Carbon to chlorophyll ratio 50 ݈݄ܥ

𝑡𝑡௉௛ 305 (1st of 
November) day of year  The midpoint of phytoplankton growth 

period 

௉ܶ௛ 180 days The duration of summer period 

݃௉௛,௠௔௫ 0.07  Maximal phytoplankton growth rate 

 ௉௛ 120 mg C/m3 Carrying capacity of phytoplankton growthܭ

݈௉௛ 0.01 day-1 Loss rate of phytoplankton 

�௉௛,௜௡ߜ  0.01 mg C m-3day-1 Inflow rate of phytoplankton from adjacent 
patches 

𝑡𝑡ூ௖௘ 250  day of year The middle of the winter period 

ூܶ௖௘ 140 days The duration of summer period 

݃ூ௖௘,௠௔௫ 1 day-1 Maximal growth rate of ice algae 

 ூ௖௘ 50 mg C/m3 Carrying capacity for ice algaܭ

݈ூ௖௘ 0.2 day-1 Loss rate of ice algae 

�ூ௖௘,௜௡ߜ  0.01 mg C m-3day-1 Inflow rate of phytoplankton from adjacent 
patches 

  20 ߩ
The ratio of the feeding depths for larvae 
feeding in the water column or at the surface 
ice 

The parameters in table S4 were chosen to fit LTER data chlorophyll dynamics, figure S7 
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Supplementary Table 5. Krill abundance, biomass and recruitment (Fig. 1 c, e) 

Year� Recruitment 
95%CI (std) 

Abundance, ind/m3 
95% CI (std) 

Biomass, 
mg DW/m3 95% 
CI (std) 

Number of 
samples, 
included 

1991 nov 0.93± (0.029)   10 
1993 0.03±0.012 (0.028)  0.23±0.06 (0.14)  18±5.4 (13) 36 
1994 0.071±0.027 (0.063)  0.046±0.009 (0.021)  4.5±1.1 (2.6) 35 
1995 0.22±0.029 (0.078)  0.012±0.0018 (0.0048)  1.6±0.3 (0.8) 45 
1996 0.76±0.09 (0.26)  0.059±0.0072 (0.02)  3±0.51 (1.4) 50 
1997 0.5±0.093 (0.27)  0.25±0.046 (0.13)  9.2±1.7 (5) 54 
1998 0.11±0.031 (0.084)  0.086±0.017 (0.047)  5.8±1.1 (3) 45 
1999 0.0021±0.00054 (0.0018)  0.037±0.0034 (0.011)  5.9±0.93 (3.1) 71 
2000 0.066±0.024 (0.062)  0.016±0.0019 (0.0049)  2.6±0.46 (1.2) 43 
2001 0.076±0.02 (0.054)  0.011±0.0012 (0.0033)  2.3±0.4 (1.1) 48 
2002 0.87±0.052 (0.14)  0.11±0.016 (0.045)  2.8±0.46 (1.3) 47 
2003 0.4±0.05 (0.15)  0.14±0.022 (0.063)  8.3±1.5 (4.4) 53 
2004 0.13±0.041 (0.12)  0.038±0.0057 (0.017)  3.5±0.61 (1.8) 54 
2005 0.086±0.018 (0.053)  0.027±0.0033 (0.0096)  3.4±0.54 (1.6) 55 
2006 0.15±0.032 (0.09)  0.019±0.0025 (0.0071)  3.7±0.69 (2) 51 
2007 0.66±0.069 (0.21)  0.046±0.0068 (0.02)  3±0.54 (1.6) 55 
2008 0.75±0.075 (0.22)  0.3±0.058 (0.18)  11±2 (5.9) 56 
2009 0.18±0.021 (0.031)  0.046±0.019 (0.029)  3.9±1.6 (2.3) 14 
2010 0.16±0.031 (0.05)  0.016±0.006 (0.0096)  2.1±0.64 (1) 16 
2011 0.66±0.17 (0.29)  0.028±0.0074 (0.013)  1.8±0.55 (0.97) 19 
2012 0.64±0.1 (0.15)  0.42±0.22 (0.33)  8.1±2.6 (3.9) 14 

2013  0.3±0.075 (0.13)  19 
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