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Figure 11. Water clarity and chlorophyll-a concentrations measured from

near the bottom of the ice to the bottom of the trophogenic zone (5-20 meters
[m]) in the west lobe of Lake Bonney. Measurements were made in the spring
(October-November) before the onset of stream flow and again in mid-late
summer (December-January) during the period when streams flow. (a) Water
clarity represented by the average extinction coefficient of photosynthetically
available radiation; higher extinction = less clarity. (b) Integrated chlorophyll-a
concentration. The ice cover ranged from 3 m to 4 m thick over the period of

impact on sea ice and biota in the PAL
study region, with both positive and neg-
ative ecological consequences. Typically,
low-pressure systems move through the
WAP on a quasi-weekly basis (King and
Turner 1997), but in the spring of 2001-
2002, storm activity was persistent and
intense, bringing much greater snowfall
than normal. During the 6-month period
from September 2001 to February 2002
(figure 9), warm, moist northwesterly
winds blew across the WAP at speeds
greater than the PAL time series average
(more than 10 m per second; Massom
et al. 2006). This resulted in a rapid
ice-edge retreat in early spring that com-
pacted the marginal ice zone southeast-
ward against the peninsula (figure 15),
greatly reducing the areal extent of sea ice
while dramatically increasing its thick-
ness (Massom et al. 2006). It was this
compaction and thickening of sea ice that
was so unusual, which also resulted in sea
ice persisting through summer.

The anomalous climate-sea ice condi-

measurement; the upper depth for all measurements was 5 m, approximately 1 m  tions triggered equally anomalous eco-

beneath the bottom of the ice. Abbreviation: m?, square meters; mg, milligrams.

that support Antarctic krill and ultimately many marine
top predators including penguins, whales, seals, fish, and
flighted sea birds. This ecosystem is characterized by high
interannual variability that is punctuated by strong positive
anomalies of chlorophyll-a biomass and krill recruitment
occurring every 4 to 6 years (figure 14; Fraser and Hofmann
2003, Smith RC et al. 2008, Saba et al. 2014, Steinberg et al.
2015). These cycles are a function of preceding winter and
spring physical processes, which are driven by SAM and/
or ENSO variability (Marshall et al. 2004, Stammerjohn
et al. 2008, Venables et al. 2013, Saba et al. 2014). Factors
that promote spring—summer in situ sea-ice melt also favor
phytoplankton blooms. These factors include, on the basis of
observations in Marguerite Bay and near Palmer Station, low
winds in winter and a stable sea ice cover (typically a longer
ice season), followed by conditions that enhance the stability
of the water column: reduced spring-summer winds and a
shallow, melt-enhanced ocean mixed layer (Venables et al.
2013, Saba et al. 2014). These conditions typically occur near
Palmer Station during a negative SAM in winter and spring,
when winds tend to be relatively weak but more southerly,
bringing cold air from the continent (Saba et al. 2014). In
contrast, during a positive SAM, strong, warm northwesterly
winds dominate, decreasing the winter sea-ice cover and
water-column stability (Saba et al. 2014).

The exceptional 2001-2002 spring-summer season did
not follow the normal seasonal pattern and it had a profound
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logical responses that encompassed all
levels of the food web (Bowman et al.
2016, Obryk et al. 2016). Despite per-
sistent high winds and reduced sea ice extent, phytoplank-
ton productivity and biomass were anomalously positive
(figure 14; Massom et al. 2006, Saba et al. 2014). Large
phytoplankton blooms occurred both within and offshore
of the compacted marginal ice zone (Massom et al. 2006).
Waters near Palmer Station exhibited the highest summer
depth-integrated (50 m) primary productivity (8000 mil-
ligrams per square meter per day) and one of the highest
depth-integrated chlorophyll-a accumulations (200 mil-
ligrams per square meter) recorded since the start of PAL
(figure 14; Saba et al. 2014). Although pigment data were not
available for this season, accumulations of this magnitude
are typically indicative of diatom dominance. In addition to
seasonal sampling near Palmer Station, PAL also conducts a
research cruise along the WAP every January since 1993. On
the basis of those region-wide observations, chlorophyll-a
trends in Marguerite Bay in the southern WAP are simi-
lar to those farther north near Palmer Station. In January
2002, however, chlorophyll concentrations at the inshore
cruise grid stations in the center of Marguerite Bay and in
the Marguerite Trough were the highest or second highest
compared with those in other years recorded in the PAL
time series. These extensive blooms were likely a function of
mixed layer freshening that resulted from increased snowfall
and warm air melting the compacted sea ice (Massom et al.
2006, Saba et al. 2014). In addition, the intense winds caused
ice floes to collide and pulverize, releasing microalgae from
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the sea ice, and the reduced sea ice
extent increased the area of open water
to sunlight (Massom et al. 2006).

By January 2002, several zooplank-
ton species showed positive abundance
anomalies along the western Antarctic
Peninsula (Steinberg et al. 2015).
Abundances of krill species Euphausia
superba and E. crystallorophias were
higher than the PAL time series aver-
age, probably because sea ice and pro-
ductivity were concentrated inshore
(Massom et al. 2006), where these spe-
cies tend to dominate (Steinberg et al.
2015). Offshore, in the ice-free slope
region, species that prefer lower sea
ice conditions were also more abun-
dant, including krill species Thysanoessa
macrura, salps (Salpa thompsoni), ptero-
pods (Limacina helicina), chaetognaths,
and polychaete worms (Steinberg et al.
2015). The positive chlorophyll-a anom-
aly in 2001-2002 corresponded to a
statistically significant krill recruitment
event (evidenced in Adélie penguin diet
samples) that resulted in the start of a
new krill cohort the following 2002-
2003 season (figure 14; Saba et al. 2014).
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Figure 14. The interannual variability of Palmer Station chlorophyll-a (black bars) and Antarctic krill (Euphausia
superba) recruitment (gray bars) for the PAL-LTER time series, 1991-2015. Chlorophyll-a was depth integrated

(0 m-50 m) for each profile, and data were pooled from two sampling stations near Palmer Station and averaged for each
summer season (December-January-February). The average depth-integrated summer chlorophyll-a was 104 milligrams
per square meter (black dotted line). Krill recruitment of age class 1+, or R1, is defined as the percent contribution of krill
less than 30 millimeters to the total number of krill in Adélie penguin diets near Palmer Station during each January, with

a 1-year time lag following the previous summer chlorophyll-a. The average R1 was 8.8% (gray dashed line). (See Saba
et al. 2014 for detailed methods.) Abbreviations: m?, square meters; mg, milligrams.

Penguins are some of the longest studied species in the
PAL and include Adélie (Pygoscelis adeliae), gentoo (P. papua)
and chinstrap (P, antarctica). Their contrasting demographics
responses to the 2001-2002 event provided important insights
into key mechanistic processes that determine the winners
and losers among top predator populations in this rapidly
warming environment. Significant changes in the abundance
of this predator guild have occurred in the PAL region dur-
ing the last four decades. Adélie penguins have decreased by
85%, whereas chinstrap and gentoo penguins have increased
by approximately 3700% and approximately 22,700%, respec-
tively (figure 16). Key demographic metrics that are important
determinants of population growth rates of these species (cf.
Ainley 2002) are shown in table 1. In contrast to chinstrap
and gentoo penguins, whose breeding populations exhibited
minimal losses (3% and 17%, respectively) when compared
with those in the previous season, Adélie penguin breed-
ing numbers decreased by 40%. Chick production (chicks
créched per breeding pair) was even more depressed, falling
between seasons by 55%, whereas in chinstrap and gentoo
penguins, this important metric decreased only marginally
by 6% and 13%, respectively. For Adélie penguins, another
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important metric exhibiting a significant change between
seasons was chick fledging weight, which decreased by 8%,
and represents the lowest fledging weight ever recorded in our
multidecadal time series (Chapman et al. 2011, Cimino et al.
2014). Unfortunately, comparable data are not available for
gentoo and chinstrap penguins. Indeed, 2001-2002 stands as
the worst breeding season for Adélie penguins in the 40-year
records available for this species.

The 2001-2002 summer season illustrates at least one
of many confounding issues of penguin ecology. Like most
Southern Ocean predators, the diets of these penguins’ species
are heavily dependent on Antarctic krill Euphausia superba and
its abundance can increase rapidly between seasons following
successful recruitment events. Such events can have equally
positive impacts on many aspects of penguin breeding and
foraging ecology (Fraser and Hofmann 2003). Unsurprisingly,
causal explanations regarding population growth rates in these
penguin species have emphasized changes in krill abundance
and availability (e.g., Trivelpiece et al. 2011). Although this
tenet has long been questioned (Fraser et al. 1992), support
for more robust explanations remains elusive (Trathan et al.
2012). The summer of 2001-2002 proved to be an extremely
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successful krill recruitment season (Saba et al. 2014), but the
demographic responses by the penguins were not only incon-
sistent between species but indeed either trended completely
away from expectations (cf. Fraser and Hofmann 2003) or
were basically unchanged relative to the previous season
(figure 16; table 1). Despite having similar diets, it is this vari-
ability in demographic signatures over annual to decadal scales
within and between these species throughout the WAP that
brings into question the assumed nearly singular role that krill
may have in penguin ecology.

The strong and persistent northwesterly flow of mild and
moist air across the WAP in 2001-2002 (figure 15) also
produced a record high snowfall (more than 5.5 mm per

http://bioscience.oxfordjournals.org

day) that encompassed much of the critical spring and early
summer breeding period of these penguins (Massom et al.
2006). As evidenced by the partial recovery of breeding
adults in 2002-2003 (figure 16), the 40% decrease in Adélie
penguin breeding pairs during 2001-2002 was due in part
to deferred breeding during this anomalous snowfall rather
than mortality. The flooding of nests due to snowmelt—
leading to parental abandonment, the drowning of large
numbers of eggs and chicks, and enhanced energetic costs
due to the wetting of surviving chicks—has now been linked
unequivocally to the dismal reproductive performance of
Adélie penguins during this season (Massom et al. 2006,
Chapman et al. 2011, Cimino et al. 2014).
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Figure 16. Decadal changes in the number of Adélie, chinstrap, and gentoo breeding pairs at selected PAL studly sites.

These observations and analyses by Fraser and colleagues
(2013) show that variability in the demography of these
species is regulated at least in part by interactions between
breeding habitat geomorphology (colony position relative to
elevation, slope and aspect) and spatiotemporal patterns of
snow deposition during winter and spring storm events. A
critical difference in the breeding chronology of these three
penguin species is that chinstrap and gentoo penguins may
breed up to 3 weeks later than Adélies, a life-history trait that
seems to allow these species to effectively avoid the flooding
events that invariably follow early spring storms. Indeed,
a noted pattern supporting this observation is that the
increases in chinstrap and gentoo populations in our region
(figure 16) do not occupy new breeding colonies but instead
reoccupy colonies abandoned by Adélie penguins. Increased
snow deposition in this rapidly warming marine ecosystem
may therefore be favoring some life-history strategies over
others and at least in part may be driving the structural
changes in the composition of seabird communities now
evident in the region (Fraser et al. 2013).

Although the effects of the 2001-2002 season clearly con-
tinue to affect the MCM Dry Valleys, they have not persisted
in the WAP. There is some evidence of a cascading effect in
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Adélie penguins (population decreased at about 5.89% per
year from 2002 to 2012, compared with only 2.26% per year
from 1987 to 2000); however, no overall changes in chloro-
phyll-a or Antarctic krill have occurred in the PAL region
since 2001-2002 (Saba et al. 2014, Steinberg et al. 2015).
Instead, abundance peaks such as those seen in 2001-2002
have continued to occur every 4-6 years, and even more
frequently for krill in the last 5 years (figure 14; Saba et al.
2014). These cyclic phenomena, which are tightly coupled
to water-column processes (Venables et al. 2013, Saba et al.
2014), may make some marine ecosystem variables more
resilient to extreme events while still being vulnerable to
longer-term climate change (e.g., Montes-Hugo et al. 2009).

There were other years when persistent positive SAM
and blocking high conditions simultaneously occurred (e.g.,
1999-2000; Massom et al. 2006), but the impact on winds
and sea ice was quite different. The difference between these
other years and 2001-2002 season appears to be related to the
interaction between SAM and ENSO. During the 2001-2002
season, SAM was positive and ENSO was relatively neutral,
whereas during the 1999-2000 season, SAM was positive
concurrently with La Nifa conditions. In general, conditions
along the western Antarctic Peninsula are similar during a
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Table 1. Changes in key demographic metrics between 2000-2001 and 2001-2002 for three penguin species.

Breeding pairs Reproductive success Fledging weights
Penguin Species 2000-2001 2001-2002 2000-2001 2001-2002 2000-2001 2001-2002
Adélie 7171 4288 1.47 0.66 (1.15) 3068 2836 (3057)
Chinstrap 307 254 1.45 1.37 (1.30) No Data No Data
Gentoo 296 288 1.57 1.37 (1.37) No Data No Data

penguins.

Note: Reproductive success is measured as chick créche per breeding pair, and fledging weights are given in grams. The numbers in
parentheses compare these data with long-term averages for Adélie (1991 per 12), chinstrap (1991 per 12), and gentoo (1993 per 12)

La Nifa as they are during positive SAM conditions, with
an increase in storm frequency and a decrease in sea ice
cover (Yuan 2004, Stammerjohn et al. 2008). However and
in contrast to 2001-2002, the winds were more northerly
and less northwesterly, leading to less compaction of sea
ice against the peninsula (and more southward advection
of sea ice out of the PAL region), such that by January 2000
there was little to no sea ice in the PAL area. The lack of a
compacted marginal ice zone going into summer is the main
reason for the low biological productivity observed during
1999-2000. Near Palmer Station, chlorophyll-a biomass and
primary productivity were 68% and 87% lower, respectively,
during the 1999-2000 season compared with that observed
in 2001-2002. Both summer mixed layer depth (SMLD)
and the permanent pycnocline (the depth of the tempera-
ture minimum [T,,;,] in the remnant nutrient-rich Winter
Water layer underlying the surface waters) in this region
were deeper during 1999-2000 compared with those during
2001-2002 (SMLD: 11.5 m versus 8.6 m; T,;,: 35 m versus
15 m). Furthermore, both the SMLD and depth of T,
in 1999-2000 were deeper than the PAL time series aver-
age, whereas they were shallower than average during the
2001-2002 season because of the presence of the compacted
marginal ice zone and the enhanced melt of snow and sea
ice. A shallower SMLD and depth of T,;, are correlated with
higher primary productivity and chlorophyll biomass, likely
because of increased potential for the injection of macro-
and micronutrients in the upper mixed layer. Steinberg and
colleagues (2015) also reported lower-than-average primary
productivity, chlorophyll-a biomass, and abundances of
several major zooplankton species (Euphausia superba,
Thysanoessa macrura, and Salpa thompsoni) over the entire
PAL sampling grid during the 1999-2000 season.

Conclusions

Ecosystem processes in both terrestrial and marine envi-
ronments are often influenced by discrete climate events,
traditionally described as pulses (Berkelmans et al. 2004;
Schwinning et al. 2004). Such events can be extreme in
terms of magnitude (e.g., intense precipitation, ice melt) but
may or may not have substantial impacts on the ecosystem.
In fact, such temporal climate variability is a characteristic
property that contributes to both the structure—in terms
of community composition—and functioning, such as its
biogeochemistry and production. However, discrete climate

http://bioscience.oxfordjournals.org

events occurring near a physio-ecological threshold can
have a disproportional influence over ecosystems relative to
the temporal scales over which they occur (Pennington and
Collins 2007, Diaz and Rosenberg 2008). These effects can
vary spatially over time and can influence ecosystem hetero-
geneity at many scales. We find these principles to apply to
our study sites in Antarctica.

The two LTER sites in Antarctica are distinct, and
each responds to its own mesoscale climatic influences.
Periodically, these two disparate sites are linked by a
continental-wide atmospheric pattern that pulses each
site more or less simultaneously. Although the process
of pulsing at each site is quite different—low pressure
draws fohn winds at MCM, whereas low pressure over
PAL means enhanced storminess and increased northerly
winds—both sites were exposed to unusually warm winds.
Although such ephemeral teleconnections certainly exist
elsewhere, the importance and effect in polar regions can
be dramatic for three reasons. First, the summer climate is
close to the freeze or thaw threshold, and small changes in
available energy (air temperature, solar radiation) create a
highly nonlinear response in precipitation and hydrology
between the dry, frozen state and the wet, thawed state.
Ecosystems dependent on or threatened by one state or the
other respond accordingly in a dramatic manner. Second,
the space for terrestrial habitat in Antarctica is quite lim-
ited, conferring an island-type geography with little or no
space for refuge or migration for highly adapted species
in response to rapid environmental change. Consequently,
a pulse event can severely alter—if not eliminate—an
otherwise thriving ecosystem. Finally, episodic pulse
events in nutrient-poor, energy-limited environments
have long legacy effects that perturb the environment and
limit recovery.
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