
 
Graphic #1: Comparison of Adelie and Gentoo Ranges and Nests (Gentoo Penguins mostly 
occur farther north than Adelie Penguins (left), but those boundaries are changing as the climate warms. At 
Palmer Station (right), Adelie numbers have fallen drastically, and gentoos now outnumber them. Maps: 
Drake Passage by Mea Cook using Generic Mapping Tools. Palmer area from U.S. Antarctic Program, 
NSF, and Environmental Research & Assessment. *Dark blue number for Adelie nests (Biscoe) is from 1971. 
https://www.allaboutbirds.org/on-the-antarctic-peninsula-scientists-witness-a-penguin-revolution/) 

 
 
Graphic #2: West Antarctic Peninsula Sea Ice at Palmer Station (Yearly changes in duration 
of sea ice cover. Credit: Sharon Stammerjohn University of Colorado, Boulder. 
http://pal.lternet.edu/research/transformational-science) 

 



 

Graphic #3: Antarctic Food Web & Biological Pump (The marine foodweb of the west Antarctic 
Peninsula is characterized by large predators such as penguins, seals and whales sustained by upwelling that 
supports high productivity and large krill populations. Credit I. Heifetz, Rutgers University. 
http://pal.lternet.edu/research/transformational-science) 

 

Graphic #4: Antarctic Food Web Interactive: 
http://polardiscovery.whoi.edu/antarctica/summer.html. 

 
 



 

Graphic #5: Effects of Changing Sea Ice on Food Web: SAM Cartoon. During negative 
episodes of the Southern Annular Mode along the Western Antarctic Peninsula (- SAM, left panel), heavy, 
persistent winter sea ice and calm winds in spring and summer encourage growth of phytoplankton and krill. 
During positive SAM episodes (+ SAM, right panel) conditions are generally reversed.  Schematic courtesy 
Grace Saba/Rutgers. (https://www.vims.edu/newsandevents/topstories/archives/2014/saba_wap.php) 
 

 
 

under continued greenhouse gas emission scenarios up to the
year 2100 suggest a further increase in temperature39 and an
increase in the occurrence of þ SAM20,27,40. Repercussions of
this projection are the continued increase in the strength of warm,
north-westerly winds21 and decline in sea ice4, which will act to
reduce water column stability. We hypothesize that this trend will
migrate south along the WAP in the next few decades and
perhaps expand to other Antarctic regions undergoing a long-
term decline in sea ice. Fewer preconditioning ‘setup events’ will
act to decrease phytoplankton biomass, favourable krill prey
(diatoms) and krill recruitment. Interestingly, our analysis of
E. superba abundance in the full PAL-LTER sampling region
(Palmer Station and southward) over the last two decades
shows no overall long-term decline (in contrast to declines
previously documented north of Palmer Station8,9), but rather
shows abundance peaks (positive anomalies) occurring every
4–6 years. Antarctic krill age class structure is dominated by
single, strong cohorts12, which we show to be highly dependent
on summer phytoplankton biomass in this coastal site. Currently,
chl-a anomalies occur every 4–6 years and are associated with
" SAM. The Antarctic krill lifespan ranges 6–7 years, which is in
the range of the current 4–6 year cycle in positive chl-a
anomalies. Thus, an increase in the occurrence of þ SAM
resulting in even one cycle being longer than the krill lifespan
could be catastrophic to the krill population. A recent sensitivity
analysis suggests that a decline in summer chlorophyll
concentration could have more significant impacts on Antarctic
krill biomass than direct effects of warming41. A decline in
Antarctic krill will negatively impact higher trophic levels
dependent on Antarctic krill including penguins, flighted sea
birds, seals and whales, most notably their foraging effort and
reproductive output.

Methods
Seawater sampling. The PAL-LTER program has been sampling in the Palmer
Station region (64.8!S, 64.1!W) in the austral spring-fall annually since December
1991. We examined data from December 1991 through February 2012. The main
sampling locations at Palmer Station are an inshore station B (depth E75 m) and a
more offshore Station E (depth E200 m; Supplementary Fig. 1), both within the
Adélie penguin foraging area. Sampling at each station is conducted via Zodiac,
whereby a Conductivity, Temperature, Depth sensor (CTD) is lowered manually
for a vertical profile of water column physics, immediately followed by a Go-Flo
bottle cast to collect seawater at selected depths for standing stock and rate mea-
surements (that is, chlorophyll, phytoplankton pigments, primary productivity and
BP). Seawater from each depth is stored in dark amber Nalgene bottles and pro-
cessed immediately upon returning to the laboratory at Palmer Station.

The goal of PAL-LTER is to sample Stations B and E twice per week from mid-/
end of October to mid-/end March. However, successful sampling in this region is
heavily dependent on weather, sea ice, time and personnel. Thus, data gaps exist for
this time series, whereby some seasons, specifically those early in the time series,
had limited or irregular sampling. Data exist for all years except 2007–08.
Nonetheless, the summer months of December, January and February (DJF) were
the most consistently sampled consecutive months. When data were available for
the full sampling season (October–March), the depth-integrated mean chl-a during
DJF was almost always higher than when all months (October–March) were pooled
together, suggesting that maximum phytoplankton biomass typically accumulated
in summer. Thus, we considered DJF a sound representation of the biological
growing season and we used these months to estimate summer averages of
biological data. Because we believe local physical and large-scale climate drivers
create a ‘setup event’ regulating phytoplankton growth, we examined data in the
months before the DJF summer maximum. Monthly sample sizes for each
measured property are summarized in Supplementary Table 3. All raw data
collected by PAL-LTER (chlorophyll, accessory pigments, BP, physical
oceanographic data and penguin diet composition) are available at: http://
oceaninformatics.ucsd.edu/datazoo/data/pallter/datasets. Other data, including sea
ice properties, meteorological and climate indices had no data gaps during the time
period examined.

Chl-a and accessory pigments. Seawater collected from Go-Flo bottles at dif-
ferent depths was filtered onto GF/F filters, then the filters were wrapped in foil and
frozen at " 80 !C for fluorometric phytoplankton chl-a analysis42 (mg chl-a m" 3);
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Figure 4 | Effects of large-scale climate and local physical forcing on biological processes in the coastal WAP. Generalized illustration summarizing how
individual and combined winter and spring climate, weather and physical oceanographic processes (see months July–February on x axis) cascade from
phytoplankton to krill recruitment in a negative Southern Annular Mode (" SAM) in July and spring (left panel) and a positive SAM (þ SAM) in July and
spring (right panel). Depth of temperature minimum (Tmin) in the remnant Winter Water layer in the region was estimated from Stations B and E
November–December averages. All other properties (phytoplankton, krill, krill eggs and sigma-theta) are generalized for qualitative illustration (more
versus less), and do not represent quantitative differences between negative and positive SAM. Note: female E. superba spawn over deeper water; this
illustration is meant to depict relative egg production.
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Figure 4 | Effects of large-scale climate and local physical forcing on biological processes in the coastal WAP. Generalized illustration summarizing how
individual and combined winter and spring climate, weather and physical oceanographic processes (see months July–February on x axis) cascade from
phytoplankton to krill recruitment in a negative Southern Annular Mode (" SAM) in July and spring (left panel) and a positive SAM (þ SAM) in July and
spring (right panel). Depth of temperature minimum (Tmin) in the remnant Winter Water layer in the region was estimated from Stations B and E
November–December averages. All other properties (phytoplankton, krill, krill eggs and sigma-theta) are generalized for qualitative illustration (more
versus less), and do not represent quantitative differences between negative and positive SAM. Note: female E. superba spawn over deeper water; this
illustration is meant to depict relative egg production.
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