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PROJECT SUMMARY 

“LTER: Land-Shelf-Ocean Connectivity, Ecosystem Resilience and Transformation in a Sea-Ice 
Influenced Pelagic Ecosystem on the Western Antarctic Peninsula.”  

Overview. Seasonal sea ice-influenced marine ecosystems at both poles are regions of high productivity 
concentrated in space and time by local, regional and remote physical forcing. Currently these systems are 
changing as rapidly as any on earth. Over the past 200 years, these ecosystems have served human society 
as valuable sources of food, fuel and fiber. Today they are important sentinels of climate and ecosystem 
change. PAL LTER seeks to build on over two decades of long-term research at its Site along the western 
side of the Antarctic Peninsula to gain new mechanistic and predictive understanding of ecosystem 
changes in response to natural climate variability, long-term climate change, species exchange and loss, 
foodweb alterations, pollution, and overexploitation of living marine resources. We will contribute to 
fundamental theoretical understanding of ecosystems, populations and biogeochemical processes 
undergoing rapid and in some cases, novel transformations. 

Intellectual Merit. Our overarching research question is: How do seasonality, interannual variability 
and long term trends in sea ice extent and duration influence the structure and dynamics of marine 
ecosystems and biogeochemical cycling? We pose four major research questions: 

1. Long-term change and ecosystem transitions. What is the sensitivity or resilience of the ecosystem 
to external perturbations as a function of the ecosystem state?  

2. Lateral connectivity and vertical stratification. What are the effects of lateral transports of 
freshwater, heat and nutrients on local stratification and productivity and how do they drive changes 
in the ecosystem? 

3. Top-down controls and shifting baselines. How is the ecosystem responding to the cessation of 
whaling and subsequent long-term recovery of whale stocks? 

4. Foodweb structure and biogeochemical processes. How do temporal and spatial variations in 
foodweb structure influence carbon and nutrient cycling, export, and storage? 

We investigate the influence of major climate modes (e.g., ENSO, Southern Annular Mode) as 
they are modulated through variations in sea ice extent and duration to drive changes in ecosystem 
structure and function over three principal time scales: seasonal, interannual, and decadal intervals and 
three main space scales: the hemispheric to global scale investigated by remote sensing, the regional scale 
covered by an annual summer oceanographic cruise along the WAP, and the local scale accessed by small 
boats at Palmer (USA) and Rothera (UK) Stations throughout the year. Autonomous vehicles, moorings 
and modeling enable us to expand and bridge time and space scales not covered by vessel-based 
sampling. We propose a major new initiative adding a cetacean component to study the roles of whales as 
major top-down determinants of foodweb structure in the seasonal sea ice zone ecosystem. We will also 
perform process studies to investigate submarine canyons as agents of ecosystem connectivity along the 
WAP. 

Broader Impacts. We will continue to build on our >20-year database of observations of climate change 
and ecological transformation, widely recognized as an exemplar of these trends. PAL research is 
harnessed through an education program providing curriculum development, professional enhancement 
and the design and dissemination of teaching, learning and media products. Our public outreach program 
encompasses local, regional, and national efforts to reach the broader public and increase understanding 
of polar science. We leverage local partnerships including the Sandwich STEM Academy and the New 
England Aquarium, and the Polar Learning and Responding (PoLAR) Climate Change Education 
Partnership at Columbia’s Earth Institute focusing on building new synergies between Arctic and 
Antarctic, marine and terrestrial scientists and students, governments and NGOs. We will continue to 
sustain our involvement with the Climate Literacy and Energy Awareness (CLEAN) project keeping a 
foothold on cross-site projects within the LTER network such as the LTER Education Digital library. 
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PROJECT DESCRIPTION 

Results From Prior NSF Support 

H. W. Ducklow and Douglas Martinson (MBL, Woods Hole and Columbia Univ.) “Palmer, 
Antarctica Long Term Ecological Research: Looking Back in Time Through Marine Ecosystem 

Space” (ANT0823101, PLR-1344502, 01 Oct. 2008 – 31 Aug. 2015. $6,293,323) 

Overview. The Palmer Long Term Ecological Research (PAL) program seeks to obtain a comprehensive 
understanding of the Antarctic seasonal sea ice-influenced ecosystem – the climate, plants, microbes, 
animals, biogeochemical processes, ocean, and sea ice south of the Antarctic Polar Front (northernmost 
extent of ice-influenced water). Since its inception in 1990, the central hypothesis of PAL has been that 
the seasonal and interannual variability of sea ice affects all levels of the Antarctic marine ecosystem, 
from the timing and magnitude of primary production to the breeding success and survival of penguins 
and whales (Figs. 1, 2). Our site on the western side of the Antarctic Peninsula (WAP) addresses multiple 
spatial and temporal scales from hemispheric, decadal, climate-relevant scales to regional and local, daily 
to seasonal, process-relevant scales. Here we describe major research accomplishments and published 
articles supported under the current award (denoted by * in the Bibliography). In the current award 
period, we had major personnel turnover and modified our long-term regional sampling program (see 
‘Long-Term Observations’ section below). An explicit numerical modeling component was added to the 
program to address ecological and biogeochemical questions and explore sources of uncertainty using 
various approaches including data assimilation. Research progress was made on several modeling fronts: 
end-to-end food web dynamics; coupled ocean-ice-plankton dynamics; and regional biogeochemistry. We 
initiated new strategic collaborations with affiliated investigators to extend and enhance PAL research on 
carbon export processes and trace metal limitation of primary production. We also initiated autonomous 
monitoring with gliders and a network of instrumented moorings to target specific processes and provide 
year-round observations. Finally, we performed a pilot feasibility study on the addition of a new cetacean 
component to our program. PAL has been very productive, doubling our total pre-2008 publications in the 
past six years. 

Intellectual Merit. 

We focus presentation of Results from Prior Support on our progress toward the three major 
hypotheses from the last proposal, highlighting our ten most significant recent (2008-13) publications.  

H1: Ecosystem transformation. Life histories of most polar marine species have evolved to be 
phenologically synchronized with the annual cycle of sea ice, a principal physical determinant of 
ecosystem dynamics. Sea ice in the WAP region is both highly variable and rapidly changing 
(Stammerjohn et al. 2008a,b, 2011, 2012). The most rapid sea ice decreases (over 1979 to present) are 
occurring in the WAP and Bellingshausen Sea region, as rapid as those occurring in the Arctic Ocean 
(Stammerjohn et al. 2012). In the Palmer Station region alone, the ice season duration has become about 
92 days shorter over the last 35 years of satellite observations (Fig. 1A). The resulting longer ice-free 
conditions in summer contribute to increased solar ocean warming, further delaying the autumn sea ice 
advance (Stammerjohn et al. 2011, 2012). The seasonal sea ice changes in the WAP region are largely 
wind driven (Massom et al. 2008, Stammerjohn et al. 2011) and are associated with tropical Pacific (El 
Niño Southern Oscillation) and Atlantic teleconnections and the Southern Annular Mode (SAM) 
(Stammerjohn et al. 2008b), the latter affected by the former, as well as by ozone depletion, increases in 
greenhouse gases, and a possible stratospheric inter-hemispheric connection to Northern Annular Mode 
variability (Rind et al. 2009). The local WAP response to these climate modes is largely manifested in the 
strength and direction of the meridional winds during spring-autumn, with increased northerly winds 
driving an earlier spring sea ice retreat and delaying the subsequent autumn sea ice advance. 

Wind-driven increases in the upwelling of warm Upper Circumpolar Deep Water (UCDW) on the 
WAP continental shelf (Martinson et al. 2008, Martinson et al. submitted, Martinson & McKee 2012), 
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cause decreased sea ice production (Saenz et al. submitted). Instrumented moorings along with focused 
glider deployments allowed us to clearly identify how the warm/nutrient-laden UCDW makes its way 
onto the shelf. UCDW-core eddies embedded in advective intrusions track bathymetry and dissipate near 
the coast at bathymetric features (canyon heads) where mixing is enhanced. 

The sea ice changes are affecting ocean stratification and freshwater balance (Meredith et al. 
2010, 2013). To investigate seasonal water-column dynamics in key locations across our sampling area, a 
1-D model has been developed coupling sea ice and ocean boundary layer physical mixing modules with 
a simple nutrient - phytoplankton – zooplankton food web module. Preliminary simulations replicate 
reasonably well seasonal variations in sea ice retreat, mixed layer depth, and timing of the spring 
phytoplankton bloom (Saenz et al. in preparation). In offshore waters, simulated phytoplankton bloom 
magnitude is determined primarily by iron mixed up annually from the thermocline, while other modeling 
experiments are examining the influence of additional iron sources (e.g., sea ice melt, benthos, glacial 
runoff) and the impact of synoptic weather events on phytoplankton production/bloom evolution. 

These ice-ocean changes affect every component of the polar marine ecosystem (Schofield et al. 
2010, Ducklow et al. 2012a), and are a major focus of our proposed research. While changes at the base 
of the foodweb appear more directly linked to ice-ocean changes, changes in secondary producers, on up 
to higher trophic levels, are more complex, with both direct and indirect linkages to ice-ocean changes, 
and also from top-down forcing. There are also different regional (e.g., north-south) responses to 
environmental forcing. For example, phytoplankton primary producers increased in the southern WAP but 
have declined in the northern WAP region by up to 90%, with associated shifts from large-celled diatoms 
(preferred food of Antarctic krill) to smaller cryptophytes (Montes-Hugo et al. 2008, 2009). Bacterial 
production reflects the phytoplankton changes between north/south areas of our study region (Ducklow et 
al. 2012b). In spite of the long-term loss of diatoms preferred by krill, our long-term macrozooplankton 
data indicate a cyclic pattern of high krill (Euphausia superba) abundance in the northern WAP, with 
large positive anomalies every ~5 years, but with no apparent long-term change in the northern or 
southern WAP (Fig. 1C; Steinberg et al. submitted). Using long-term observations in the local Palmer 
Station region, Saba et al (revised manuscript submitted) demonstrate the strong dependence of krill 
recruitment on phytoplankton blooms driven by high ice anomalies in response to large-scale climate 
forcing (Fig. 1BC). Invading gentoo penguins (Pygoscelis papua) have increased sharply in the region 
since the early 2000s (Fig. 1D; Cimino et al. 2013). These changes formed the basis of a major LTER 
Network cross-site analysis (Bestelmeyer et al. 2011), indicating that the WAP ecosystem passed an 
abrupt state transition or tipping point around 1993. Prior to 1993, Adélie penguin (P.adeliae) population 
variability (Fig. 1D) was not related to interannual variations in sea ice duration, but since then has 
become inversely correlated with sea ice, suggesting hysteresis, and possibly an irreversible change in the 
ecosystem. An additional challenge is how to assess the influence of episodic outliers. For example, this 
season (2013-14) the spring sea ice retreat at Palmer Station was the latest (late December) since 1986. 
Discovering the long-term demographic and ecological consequences of episodic versus long-term 
change is a major goal of our long-term research.  

Inverse foodweb model results (Sailley et al. 2013a) suggest that krill resources are sufficient to 
support both current and historical penguin stocks in the region. Our research therefore suggests other 
sources of Adélie penguin mortality besides krill availability (and note that gentoos and chinstraps (P. 
antarctica), which are also krill consumers, are increasing, not decreasing; Fig. 1D). Observations show 
unequivocally, for example, that upwelling of UCDW associated with near-shore submarine canyons 
leads to enhanced, predictable production, and to local prey fields that appear to be less variable spatially 
and temporally than surrounding areas (Kahl et al. 2010, Schofield et al. 2013). These processes 
mechanistically link Adélie penguin breeding distributions to critical winter and summer foraging areas 
(Kahl et al. 2010, Erdmann et al. 2011, Oliver et al. 2012, 2013). We also show that PAL Adélie penguin 
population trends are island-specific, reflecting interactions between breeding habitat geomorphology, 
predominant wind direction and an increasing trend in snow precipitation events (Fraser et al. 2013). This 
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finding of habitat-specific demography indicates that not all variability in the demography of this species 
is induced by changes in the marine foraging environment. Finally, retrospective analyses of long-term 
seabird diet data show that the Antarctic silverfish (Pleuragramma antarcticum), an ice-dependent 
species, is now functionally extinct over the northern half of the study region, which is leading us to 
reassess the relative roles of krill versus forage fish as key prey species in the foraging ecology of Adélie 
penguins (Fraser et al. submitted). Critically, the extinction of this prey species is precisely coherent 
spatially and temporally with well-documented patterns of decrease and in some cases extinction of 
regional Adélie penguin populations. Our longest time series, moreover, reveal that the absence of P. 
antarcticum in Adélie penguin chick diets induces low fledging weights, a vital determinant of future 
recruitment, and the likely causal mechanism driving the population changes observed in this species 
(Chapman et al. 2011). The loss of silverfish from the region is a direct result of decreased sea ice 
production and loss of their cold winter water habitat (Martinson et al. submitted). 

Understanding the physiological responses of organisms to temperature is a critical step in 
developing predictive models of ecosystem responses to climate change. To this end, we have been 
studying the responses of heterotrophic bacterioplankton to ambient temperature variability. The summer 
bacterial community is the result of a community-wide response to enrichment with photosynthetically-
derived organic matter resulting in a pronounced shift from a diverse winter, largely chemosynthetic to a 
summer heterotrophic assemblage (Ducklow et al. 2011, Grzymski et al. 2012, Williams et al. 2012, Luria 
et al. revised and resubmitted) dominated by a relatively few members of the Gammaproteobacteria, 
Sphingobacteria–Flavobacteria, and Alphaproteobacteria clades (Straza et al. 2010). Our first decade of 
comprehensive sampling confirms that the WAP bacterial community metabolizes a low fraction of the 
local primary production (Ducklow et al. 2012b), compared to lower latitude regions (Kirchman et al. 
2009). The low activity is not simply due to low temperature inhibition of bacterial physiology. Bacterial 
production rates on the WAP shelf responded positively to higher ambient temperature in just two of the 
first nine years of our annual survey. Physiological temperature inhibition was overwhelmed or even 
reversed by strong responses to resource availability, as indicated by accumulation of phytoplankton 
biomass. The complex interaction between resource availability and temperature complicates prediction 
of bacterial responses to increased seawater temperatures in the rapidly warming WAP region. 

H2: Climate migration. Southward migration of isotherms and sea ice duration suggest that warming is 
proceeding from north to south along the Peninsula. For example, within our sampling grid, the current 
sea ice duration at Adelaide Island, midway along our study area (Fig. 3) is now about the same as it was 
at Palmer Station 20 years ago; similarly, duration at Charcot Island 300 km further south, is now the 
same as it was at Adelaide 20 years ago (Fig. 4A). These differential changes in sea ice extent and 
duration are generating strong contrasts between our northern and southern study areas. Gentoo and 
chinstrap penguins, both sub-polar species, now have breeding colonies in the north but not the south. 
Antarctic silverfish also now only occur in the south, but are functionally extinct in the north. 
Phytoplankton stocks have actually increased in the south, in response to release from light limitation 
caused by an emergence of an open water growing season (Montes-Hugo et al. 2009). Although krill 
stocks have not changed, salps (Salpa thompsonii) are expanding their range and increasing in abundance 
in the southern WAP (Steinberg et al. submitted). Extreme anomalies in krill and salp abundance are 
negatively correlated, and the conditions favoring these salp blooms (warmer, ice-free waters) are 
expected to increase in the future. Calcium carbonate-shelled pteropods (Limacina helicina) are 
increasing in abundance and expanding their range throughout the WAP, a trend that is highly correlated 
with decreasing ice duration (Steinberg et al. submitted). 

Inverse foodweb model results (Sailley et al. 2013a) based on data compilations from 1995-2006 
suggest that in the northern region the foodweb is transitioning from the prototypical short, efficient polar 
food chain dominated by larger phytoplankton and zooplankton toward a more dissipative microbial 
foodweb dominated by small phytoplankton (Fig. 4D). In the south, foodwebs are multivorous, with 
energy flows more or less equally divided between large and small sized producers and consumers. We 
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established the first measurements of microzooplankton stocks (Garzio & Steinberg 2013), and 
demonstrated experimentally that microzooplankton grazing is the major loss term for primary production 
along the WAP (Garzio et al. 2013). Microzooplankton are an integral part of aquatic food webs, yet are 
still poorly studied in the Southern Ocean. Microzooplankton biomass was positively correlated with 
chlorophyll-a and particulate organic carbon (Garzio & Steinberg 2013), suggesting long-term changes in 
phytoplankton biomass documented for the WAP may affect microzooplankton as well.  

Regional differences in zooplankton community structure affect food web dynamics and 
biogeochemical cycling. Krill and pteropods are the dominant grazers in the south, whereas salps 
dominate in the north (Bernard et al. 2012). Macrozooplankton grazing impact was usually low- less than 
1% of both phytoplankton standing stock and primary productivity, with the exception of offshore waters 
where salp blooms occurred and grazing impacts were up to 30% and 169%, respectively. The Antarctic 
krill Euphausia. superba in the south had ca. 20% higher total lipid content than in the north (Fig. 4C) 
(Ruck et al. in review). If warming persists, the prey quality trends described for E. superba combined 
with the possible decrease in forage fish abundance could affect the ability of apex predators that rely on 
these prey species to meet their energetic demands. Investigating other changes or possible physiological 
signs of stress in the plankton food web using enzymatic or other biochemical indicators will be a focus 
of our continuing efforts. 

In the recent award period, we formed new collaborative research partnerships to investigate the 
biogeochemical consequences of these shifts in foodweb structure. Montes-Hugo et al. (2010) 
demonstrated that strong northerly winds during spring are associated with enhanced summer biological 
productivity and dissolved inorganic carbon (DIC) drawdown, the signals attributed to an earlier growing 
season characterized by decreased spring sea ice cover. Estimating net community production (NCP, 
conceptually equivalent to export from the productive layer; Ducklow & Doney 2013) was a new area of 
investigation in the recent grant period. NCP in the surface layer in the north is a complicated function of 
foodweb structure (Huang et al. 2012), with the largest NCP occurring in cryptophyte blooms, contrary to 
expectation. Export averages about 10-30% of the primary production (Buesseler et al. 2010), also 
suggesting a dissipative system with relatively high nutrient recycling. Fecal pellets, mostly from krill, 
constituted the dominant proportion of total export flux (67%, in summer), and phytodetritus or fecal 
‘fluff’ constituted the remainder (Gleiber et al. 2012). If salps and pteropods continue to expand their 
ranges and increase in abundance, the associated shift in the food web dynamics in the WAP will alter the 
regional flow of carbon through the WAP food webs and the export of carbon to depth (Fig. 2BC).  

H3: Canyon hotspots. The coastal region is an area of high productivity along the WAP with distinct 
hydrographic properties and populations (Martinson et al. 2008, Vernet et al. 2008, Ducklow et al. 2013). 
It has long been recognized that Adélie penguin colonies on the WAP are all located near the coastal 
termini of cross-shelf canyons or troughs, leading to our hypothesis that these areas are zones of more 
predictable or even elevated food availability. Adélie penguins concentrate their foraging journeys in 
these regions. Canyons are known to serve as conduits for the transport of warm, nutrient rich UCDW 
from offshore into the coastal region (Martinson & McKee 2012). Our one-dimensional (1-D) modeling 
results also suggest that there is a greater impact from UCDW upwelled heat on ice mass balance in 
canyon areas than in bathymetrically flat areas where eddies are not active. In this way they are corridors 
between the open ocean ecosystem of the Antarctic Circumpolar Current and the productive penguin 
foraging regions along the coast. In the recent award period, we initiated a series of new, annual 
oceanographic process studies focused over canyon areas in the north (Anvers Island/Palmer Station), 
central (Adelaide Island/Rothera Base) and south (Charcot Island) regions of our study area (Fig. 3AB). 
This design enables us to study canyon dynamics over time as a function of climate migration and 
ecosystem transformation (see Theme A below). The Charcot Island region was rarely explored prior to 
our first visit in 2009. We confirmed the existence of an Adélie penguin colony there, and then discovered 
an unmapped canyon reaching to over 800 meters depth with warm UCDW (>1.2oC) below 200 m 
(Schofield et al. 2013). Using autonomous gliders (Schofield et al. 2013) we have documented how local 
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circulation patterns enhance phytoplankton productivity and we have demonstrated using satellite data 
that canyons have locally high levels of chlorophyll (Kavanaugh et al. submitted).  

The canyon heads are also zones of enhanced top predator foraging activity (Kahl et al. 2010, 
Oliver et al. 2013). Penguins forage close to shore during diurnal tides and move offshore into the head of 
the Palmer Deep canyon during semi-diurnal tides (Oliver et al. 2013). Krill biomass nearshore during 
diurnal tides was significantly higher than during semi-diurnal tides (Bernard & Steinberg 2013). Krill 
aggregations were also shallower, closer together, and larger in dimension during diurnal tides. Since krill 
aggregation structure strongly influences their availability as a prey source, we suggest that foraging 
behavior of Adélie penguins in this region is strongly linked to the variability in nearshore krill 
aggregation structure and biomass (Bernard & Steinberg 2013). We now propose to carry out a series of 
cross-shelf investigations of the entire canyon length, using moorings, gliders and shipboard experimental 
rate measurements of foodweb processes. 

Broader impacts.  

 One of the main aims of PAL Outreach is promoting the global significance of Antarctic science 
and research. Our newest outreach project, “Antarctica: Beyond the Ice,” a 52 - minute documentary 
about a PAL research cruise, was produced by twelve undergraduate students enrolled at the Rutgers 
Center for Digital Filmmaking. We hosted six Logan Science Journalism Fellows at Palmer Station, 
Antarctica during IPY. As a means to expand communications to wider audiences, we hosted live 
videocasts from Antarctica and complemented them with social media blogging events. Examples include 
the 21st Conference of the Society of Environmental Journalists and TEDx presentations by Angela 
Swafford, US correspondent for a leading Hispanic science magazine Muy Interesante. These events have 
given international audiences opportunities to discuss the latest research along the WAP with our 
scientists, and have resulted in feature news articles in Science, Nature, Popular Mechanics, Audubon, the 
New York Times, the Center for Environmental Journalism and National Public Radio. 

We develop and disseminate instructional materials and learning resources for K-12 educators 
and school leaders to facilitate their professional development and curricular advancement. This effort 
was highlighted by our book in the LTER Children’s Series, Sea Secrets: Tiny Clues to a Big Mystery 
(Cerullo & Simmons 2008). We circulated over 2000 copies to elementary and secondary schools across 
the U.S and abroad and incorporated instructional materials to support educators integrating marine 
science into their curricula. Media production continues to be a notable avenue for us to share video clips, 
podcasts and learning resources throughout a network of aquariums and science museums, educating 
thousands across the United States. Several of our short media productions are online and in the “Ocean 
Today” kiosk at the Smithsonian Natural History Museum in Washington, D.C., and the Boston Museum 
of Science. A critical component of circulating learning resources includes supporting the teachers using 
them. Palmer LTER E/O has worked with twelve educators funded by the NSF’s Research Experience for 
Teachers (RET) program. Johanna Blasi from the Boston New England Aquarium participated in our 
2013 research cruise and hosted the first live Google+ Hangout at Palmer Station for over 10,000 area 
school children. Dr. Bill Fraser leads a new partnership with the Detroit Zoological Society to advance 
climate change awareness. His contributions to their newsletter reach approximately 60,000 family 
members quarterly.  

At the LTER network level, PAL E/O coordinator Beth Simmons served on the Education 
Executive committee as Co-Chair for two years addressing and prioritizing the near term and long range 
goals of the LTER Strategic Implementation Plan (SIP). She is leading the effort on the newly developed 
LTER Educational Digital Library (LEDL) project - a collaborative, cross-site LTER initiative stewarding 
a diverse collection of peer-reviewed learning resources. Its success is attributed to our partnership with 
the Climate Literacy and Energy Awareness project (CLEAN). 

We hosted over 20 REU students and other undergraduates on our annual cruises at Palmer 
Station and in our home laboratories. Several of our undergraduates have continued their research in the 
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PAL LTER program as graduate students. In the current grant period we supported 7 MSc, 19 PhD and 
11 Postdoctoral students financially or by providing sampling opportunities and data for their research. 
Two of our former postdocs, Grace Saba and Kim Bernard, recently received NSF awards to conduct their 
own research at Palmer Station.  

Supplemental support. The majority of supplements supported our Education and Outreach Program 
(Schoolyard LTER, RET and REU) and Information Management. Successful outcomes included writing, 
publishing and distributing the children’s book Sea Secrets in collaboration with CCE LTER in the LTER 
series (Cerullo & Simmons 2008). Additional supplemental awards for Information Management 
supported development of our DataZoo portal, redesign of the PAL webpages and participation in the 
LTER Network-wide effort to bring our metadata into compliance for the Network Information System. 
We purchased several new pieces of equipment including a benchtop flow cytometer that has become a 
workhorse in our field program and contributed to one Master’s thesis, lipid analysis instrumentation that 
contributed to another, and mooring instrumentation for the physical oceanography program.  

Results From Prior NSF Support 

Ari Friedlaender is a new coPI in our program. This is a recent award to Friedlaender and colleagues: 

Nowacek, D.P. (PI), Friedlaender, A.S., Read, A.J., Johnston, D.W., Halpin, P.N. (Duke Univ.) 
“Collaborative Research: The Ecological Role of a Poorly Studied Antarctic Krill Predator: The 
Humpback Whale, Megaptera novaeangliae.” (ANT-0739566; 9/15/2008 – 8/31/2012, $548,521).  

Intellectual Merit. As a multi-scale and interdisciplinary study of humpback whales (Megaptera 
novaeangliae) and their prey, we combined measurements of whale foraging behavior, the krill prey field, 
and physical oceanography to describe the ecology of these whales along the WAP in autumn. For the 
first time, we deployed multi-sensor suction-cup tags to describe the underwater feeding behavior of 
whales in Antarctic waters. We used a combination of net tows and echosounder (acoustic) surveys to 
determine the density and abundance of Antarctic krill available to the whales. We used visual survey 
methods to determine the density and abundance of whales over broad scales to better understand how the 
distribution of whales reflected local oceanographic and prey conditions. We also collected skin and 
blubber samples from whales to determine sex ratios and stock structure of the population of whales. We 
found that in fall, humpback whales aggregate in unprecedented densities in the nearshore bays adjacent 
to the Gerlache Strait (Johnston et al. 2012), where they overlap with exceptionally large krill swarms 
(Nowacek et al. 2011). The oceanographic properties of these bays include upwelling and cyclonic 
circulation patterns that promote krill retention (Espinasse et al. 2012). The humpback whales exhibited 
extremely regimented behavioral patterns, resting during the day and feeding exclusively at night 
(Friedlaender et al. 2014). The krill patches fed upon by whales at night were shallower, less dense, and 
filled a greater portion of the water column than krill patches present during the day (Friedlaender et al. in 
review-a, Friedlaender et al. 2014). When diving, the whales maximized their energy gains by performing 
increasingly more feeding lunges per dive with increasing dive depth (Ware et al. 2011). As well, the 
whales targeted denser krill patches the deeper they dove, offsetting the costs of diving. These 
observations are consistent with optimal foraging theory. At the population level, a seasonal shift occurs 
in the sex ratio of humpback whales found around the Antarctic Peninsula, such that females are 
disproportionately represented in the autumn. This may signify a tendency for pregnant females to depart 
the feeding grounds last in an attempt to maximize energy gains before migration and calf provisioning 
(Pallin et al. in review). We also found evidence that late in the feeding season, humpback whales 
produce song, a behavior typical of feeding grounds (Stimpert et al. 2012). Using photo-ID methods, we 
documented one of the longest, and previously unknown, migration routes for humpback whales from 
Antarctica to American Samoa (Robbins et al. 2011). The results of this research provide novel and 
detailed information about the behavior of whales in Antarctic waters, and their relationship to both krill 
and oceanographic conditions. The combination of field and analytical methods used provides a 
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foundation for continued work within the LTER framework and will allow us to successfully address the 
ecological hypotheses presented in our research proposal.  

Broader Impacts. Images, animations, and materials from our work are currently displayed at the 
Smithsonian Institution’s Museum of Natural History visited by 6 million people annually.  Content from 
our research has also been integrated into new pedagogical tools, e.g., the Cachalot iPad® application 
developed as a new teaching tool for undergraduate and graduate courses at Duke University. Finally, 
material from our work forms a foundation for a massive open online course (MOOC) based at Duke 
University and focused on marine megafauna. All student theses are available on our website. 

Scientific Background and Proposed Research 

Seasonal sea ice zone (SIZ) marine ecosystems at both poles are regions of high productivity 
concentrated in space and time by local, regional and remote physical forcing. Currently these systems are 
changing as rapidly as any on earth (Montes-Hugo et al. 2009, Brown & Arrigo 2012). Over the past 200 
years, these ecosystems have served human society as valuable sources of food, fuel and fiber (Chapin III 
et al. 2005, Ainley & Pauly 2013). Today they are important sentinels of climate and ecosystem change, 
and harbor iconic species that serve as symbols of change occurring at all latitudes and on all continents. 
PAL seeks to build on over two decades of long-term research along the WAP to gain new mechanistic 
and predictive understanding of ecosystem changes in response to internal and external forcing including 
natural climate variability, long-term climate change, species exchange and loss, foodweb alterations, 
pollution, and overexploitation of living marine resources. In doing so we will contribute to fundamental 
theoretical understanding of ecosystems, populations and biogeochemical processes undergoing rapid and 
in some cases, novel transformations. 

Previous proposals: The major focus of all four previous PAL proposals has been to explore how 
variations in climate forcing (both variability and change; or pulses and presses, (Collins et al. 2010), are 
modulated by sea ice to influence ecosystem structure and dynamics along the WAP (Smith et al. 2003). 
Initially PAL addressed this main hypothesis by studying a few key populations (i.e., diatoms, krill, 
penguins) in the context of exemplary high and low years in the extent, duration and seasonality of sea 
ice. By PAL-3 (2002-08), we recognized that our study area was one of the most rapidly warming regions 
on Earth, and aimed the proposal toward documenting ecological responses to long-term directional 
climate change. For PAL-4, the PAL research group was reconstituted to provide a more comprehensive, 
cosmopolitan and process-oriented approach, using the PAL region as a particularly valuable test case due 
to the rapid pace of climate forcing (Schofield et al. 2010). With this proposal (PAL 5) we emphasize 
adaptive sampling, process studies and modeling embedded in our local and regional-scale long-term 
observational program. In addition, we add as a major new research initiative a cetacean component to 
further our knowledge of end-to-end processes in the regional ecosystem.  

Conceptual framework and major research questions: Our conceptual framework addresses the 
interactions between space/time variability over a range of process-oriented scales driving ecosystem 
dynamics at our site (Levin 1992). The first, and most fundamental premise is that all the key native 
populations of animals and plants in the polar ecosystem require sea ice, whether directly or indirectly, for 
successful completion of their life cycles (Ducklow et al. 2007). This postulate includes phytoplankton 
(Smith et al. 2008, Vernet et al. 2008, Montes-Hugo et al. 2009), krill and other macrozooplankton (Loeb 
et al. 1997, Atkinson et al. 2004, Ross et al. 2008), penguins and other seabirds (Fraser & Trivelpiece 
1996), and marine mammals (Costa & Crocker 1996, Steinberg et al. 2012a). Even groups such as 
bacteria, whose populations and life history characteristics are poorly known, show fidelity to sea ice 
variability (Ducklow et al. 2012b). Another key premise is that physical and ecological processes are 
expressed over characteristic space/time scales, to which we must match our observations if we are to 
correctly interpret their interplay (Stommel 1963). Interannual variations in sea ice duration and extent in 
the WAP region respond to global-scale climate forcing through changes in regional winds (Fig. 2A). 
Variability in the Southern Annular Mode (SAM) and ENSO results in periods of high and low ice years 
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(depending on the phase of each mode) (Stammerjohn et al. 2008a,b). High primary productivity, krill 
recruitment and penguin breeding success follow high ice years (Ducklow et al. 2006, Venables et al. 
2013, Saba et al. revised manuscript submitted), whereas recruitment is poor or nonexistent in low ice 
years. In the WAP region a trend toward more positive SAM is driving changes in prevailing winds, heat 
inputs from the deep ocean and warming air and sea temperatures (Martinson et al. 2008), that combine to 
diminish annual sea ice extent and duration (Fig. 1A, 2BC) (Stammerjohn et al. 2008a, Saba et al. revised 
manuscript submitted). These changes appear to be proceeding north to south along the WAP, a process 
we term climate migration (Fig. 2A). With the virtual loss of sea ice from the northern region in our study 
area the ice-dependent ecosystem may have reached a tipping point (Bestelmeyer et al. 2011, Fraser et al. 
submitted) with loss of ice-dependent populations, and may now be transitioning toward a new, ice-
intolerant or ice-independent ecosystem (Fig. 2; Sailley et al. 2013a). 

Both physical circulation and ecosystem dynamics respond to particular features of local 
circulation and bathymetry in our region (Fig. 2BC). The WAP is an open system, whose most prominent 
characteristic is the close proximity of the Antarctic Circumpolar Current (ACC, Earth’s largest ocean 
current) to the continental shelf (Martinson & McKee 2012). Interaction between the ACC and 
continental shelf-slope break initiates the transport of offshore, oceanic properties including heat, 
nutrients and plankton populations through canyon and trough openings and across the continental shelf 
toward the coast. As a result of region-specific transport and upwelling processes, cross-shelf canyons 
appear to be biological hotspots in the WAP system. For example, all the major Adélie penguin colonies 
occurring along the WAP are located near the coastal termini of major cross-shelf canyons. We have 
shown that canyon-heads are regions of predictable prey availability for foraging penguins, driven by 
local upwelling (Schofield et al. 2013). We now understand that specific interactions between the global 
climate modes, regional circulation and local geomorphological (bathymetric) features are major 
instruments of ecosystem and population connectivity in our region. In a broader sense, our conceptual 
framework recognizes the potential for well-established patterns of temporal (interannual climate 
“pulsing”) and spatial (circulation and connectivity) variability to generate different ecosystem states 
(high and low productivity/recruitment years, within- and between canyon patchiness). Through 
comparative study we will use these contrasting systems to learn about the dynamics of ecosystem 
structure and function. We will also exploit the strong climate trend in the WAP region to frame questions 
about how ecosystem responses to climate and circulation might themselves be changing as a function of 
ecosystem state. Consideration of these patterns through analysis and modeling of long-term data sets 
leads us to pose the following major questions to guide our research over the next six years (Figs. 2,4-7).  

A.  Long-term change and ecosystem transitions. The response of ecosystems to change (to external 
forcing) is changing. What is the sensitivity or resilience of the ecosystem to external perturbations as 
a function of the ecosystem state? (Fig. 4). 

 
B. Lateral connections and vertical stratification. Vertical water column stratification determines the 

bottom-up controls (nutrients, light, resource limitation) on WAP ecosystem dynamics. What are the 
effects of lateral transports (connectivity: sea ice, glacial meltwater, offshore heat and nutrients, iron) 
on local stratification and productivity and how do they drive changes in the ecosystem? (Fig. 5). 

 
C. Top-down controls and shifting baselines. Whales are recovering from near decimation via 

harvesting and are regaining their ecological role as top predators. Is the ecosystem responding to this 
large-scale change in top-down control? Is there competition among upper trophic level predators for 
resources as a consequence of whale recovery? (Fig. 6). 

 
D. Foodweb structure and biogeochemical processes. How do temporal and spatial variations in 

foodweb structure influence carbon and nutrient cycling, export, and storage? (Fig. 7). 
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E. Education and outreach activities. In what ways do we communicate our results to the public and 
how are they incorporated in new education initiatives? What are the Broader Impacts of PAL 
research on the WAP? 

The following research description is organized around these major themes. We begin with an 
overview of the major operational components of our observational program, on which our logistical 
support is based (see Program Management section, appended). Detailed presentation of our four major 
research questions A to D follows. We conclude with discussion of our efforts in E) Education and 
outreach. Information Management and Project Management and Logistics are addressed in 
supplementary sections. 

Long-term observations. The PAL long-term observation program in the WAP (Fig. 3A) has three 
complementary facets: a regional-scale oceanographic cruise, conducted every Austral summer (January) 
since 1993 (Waters & Smith 1992, Ducklow 2008); continuous process-oriented regional scale 
instrumentation (mooring network and gliders); and local-scale, weekly sampling October-March in the 
vicinity of Palmer Station, including observations and measurements on breeding Adélie penguins, other 
seabirds and mammals. Penguin observations were initiated in 1975 (Fraser et al. 1992, Fraser & 
Trivelpiece 1996) and supporting hydrographic sampling commenced with the start of PAL in 1991-92 
(Moline & Prézelin 1996, 1997).  

Regional oceanographic sampling. The PAL regional sampling grid is occupied during a 28-day cruise 
(see Project Management) every January to provide a snapshot of conditions during the period of 
maximum biological activity, including penguin foraging and chick rearing. A suite of physical, chemical 
and biological core measurements is made on samples collected at discrete depths from the surface to the 
bottom of the water column at each station. From 1993-2008 we sampled the entire grid of ca. 55 stations 
on the 200-600 lines at 20 km of cross-shelf spatial resolution (Fig. 3B). In 2009, we added the 100, 000 
and -100 lines to extend the sampling grid 300 km to the south (Charcot Island) in order to sample ice-
influenced processes no longer encountered regularly in the original PAL grid region due to climate 
change. Sampling over a 75% larger area without additional cruise time necessitated subsampling the 
original grid at lower spatial resolution. We now occupy 3 stations per line in the Coastal, Shelf and Slope 
subregions, (Fig. 3B; underway surface samples are collected at all yellow stations). Our experience over 
the past 6 years of the new sampling program confirms that we can detect regional and interannual 
changes and trends over the expanded but less-intensively sampled study region (Ducklow et al. 2012b, 
Steinberg et al. submitted). We will continue to occupy the -100 to +600 lines as sea ice permits in our 
regional grid and will supplement ship sampling with dedicated glider surveys at enhanced spatial 
resolution.  

Palmer and Rothera Station nearshore time series. PAL scientists and students have conducted 
observations and experiments at Palmer Station during the October to March penguin breeding, foraging 
and chick-rearing season each year since 1991-92 (Ducklow et al. 2013). The main objective of the 
Palmer Station sampling effort is to document and explain interannual variations in penguin demography 
in the context of responses of the plankton production system to physical forcing, krill recruitment 
success or failure (Saba et al. revised manuscript submitted), changes in prey distribution (Bernard & 
Steinberg 2013, Oliver et al. 2012), and landscape-related processes (Fraser et al. 2013). Core 
measurements of penguin foraging ecology, breeding success, and population status along with water 
column studies are conducted daily to weekly via Zodiac boats at islands and hydrographic stations within 
the safe boating area about 1 and 3 km from the Station (Fig. 3C). A full suite of physical, 
biogeochemical, optical and ecological measurements are performed on samples collected in the upper 
50-75 meters at Stations B and E (Fig. 3C). Since 1997 the British Antarctic Survey (BAS) has operated a 
counterpart, year-round time series, the Rothera Oceanographic and Biological Time Series (RaTS) at 
Rothera Base (Fig. 3B), in close coordination with the Palmer Station time series (Clarke et al. 2007, 
2008). RaTS is important in part because of its location 400 km south of Palmer Station, where sea ice 
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extent and duration today are about where they were at Palmer 20 years ago (Fig. 4A) The ecosystem at 
Rothera is thus at an earlier stage of response to climate migration, as presented above. Mike Meredith, 
the RaTS Leader, has full co-PI status in PAL.  

Technological advances in time-series sampling. A difficulty facing our LTER is the spatial and temporal 
scales (100s of meters - 1000s of kms in space, days to decades in time) that must be sampled to resolve 
key physical, chemical and ecological processes. This difficulty is magnified by limited ship time and 
persistent cloud cover that limits remote sensing approaches. Boating regulations at Palmer Station 
restrict the range over which we can sample local waters using small boats. Therefore, over the last six 
years we have expanded our overall ability to sample the WAP autonomously. The goal has been to 
expand 1) the sustained spatial/temporal sampling and 2) the use of systems that provide real-time data to 
allow for adaptive sampling using autonomous assets. Year-round time series of particle export have been 
collected by moored sediment traps for two decades, however in the effort to improve the quantitative 
interpretation of the data, effort has focused on calibrating the moored traps (Buesseler et al. 2010) and 
adding new estimates of export flux from water column 234Thorium measurements. In addition, full-year 
time series of temperature (e.g., Fig 5C), conductivity and currents have increased as the number of fixed 
ocean moorings has increased from one in 2007 to four currently (Figs. 3B, 5A; Martinson and McKee, 
2012).  

 To increase the spatial resolution, our program has incorporated the use of autonomous robotic 
Webb gliders (Fig. 5B; Schofield et al. 2007). We have conducted 41 glider missions representing 468 
days at sea and 8056 kilometers flown underwater. This success has resulted in gliders being incorporated 
into the British RaTS program, and into other U.S. Antarctic research programs. To date gliders have 
provided maps of temperature, salinity, currents, phytoplankton, particle load, oxygen, and the 
physiological status of the phytoplankton. Shallow gliders (0-200 meters) expand the capabilities of 
Palmer Station sampling by providing sustained measurements outside the boating limits. Often these 
glider missions are informed by real-time foraging at locations identified by radio-tagged penguins (Kahl 
et al. 2010, Oliver et al. 2013). Deep-water gliders (0-1500 meters) provide shelf-wide coverage, mapping 
the episodic intrusions of warm UCDW. Glider efforts will be expanded to improve our understanding of 
how deep water intrusions are dissipated on the shelf, biophysical regulation of phytoplankton 
productivity, krill distribution, and the variability in penguin foraging dynamics. 

Process Studies. Process studies are a mechanistic complement to our long-term observations. In 2009 
(in response to proposal reviewers) we started to perform a series of intensive oceanographic process 
studies on each summer cruise. Manipulative experiments like those conducted at terrestrial LTER sites 
(e.g., soil warming, enclosure/exclosure, CO2 enrichment studies) are usually not feasible in the ocean. 
Oceanographic process studies provide a means to examine ecosystem-scale processes in detail by 
devoting extended periods of ship time at specific locations for repeat sampling and additional 
measurements too time consuming or complicated to perform at routine survey stations (Ducklow & 
Harris 1993). At the process stations we can perform biogeochemical and ecological rate measurements 
such as particle sinking (McDonnell & Buesseler 2010) or zooplankton feeding on phytoplankton 
(Bernard et al. 2012) and bacteria (Garzio et al. 2013). These rates are then analyzed with inverse (Sailley 
et al. 2013a) and data assimilation (Luo et al. 2010) models to build system-level descriptions of 
ecosystem processes. We currently allocate about 10 days of ship time each January (out of 28 days total) 
to conducting 3 process studies along the WAP (Fig. 3AB). Most of our process studies over the past 6 
years were located near 3 submarine canyons to test the hypothesis that canyon heads are areas of locally 
enhanced productivity for optimal penguin foraging and breeding success (see above, Canyon Hotspots).  

We propose to conduct comparative studies of canyon processes over the Palmer Deep (Anvers 
Island), Marguerite Trough (Adelaide Island, Rothera Base) and at Charcot Canyon in at least 4 of the 
next 6 years. Each study is just 3 days, and is subject to local and event-scale variability. By repeating 
these studies from year to year we are building up a catalog of canyon-related patterns in hydrography, 
productivity and foodweb structure. During each study, we will conduct fine-scale glider and vessel-based 
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surveys along and across the axis of each canyon, performing rate measurements and shipboard 
experiments designed to examine trophic interactions. These will complement moorings deployed within 
the canyons. Further details on future process studies are described in the thematic sections below.  

A. Long-term change and ecosystem transitions. 

Motivation. This research theme acknowledges that the response of an ecosystem to change must, with 
time, also change, given different sensitivities and resiliencies that emerge over time. PAL is now 
positioned to investigate these changes on multi-decadal time scales and on spatial scales inclusive of 
distinctly different background states (imposed by the strong latitudinal climate gradient along the WAP). 
Only with a long-term approach can such a study be possible. 

Background. Along the length of the WAP, the sea ice season is decreasing (Fig. 4A), while winds, air 
temperature (Fig. 1A), sea surface temperature and ocean heat content are all increasing (Orr et al. 2004, 
Meredith & King 2005, Holland & Kwok 2012). These environmental changes are affecting the marine 
environment and food web differently north to south  (Fig. 4A-D). This is due to different background 
states on which these trends are superimposed. In the north, the ice season is now too short and too 
variable to support ice-obligate species (e.g., large phytoplankton, ice krill (E. crystallorophias), 
silverfish, Adélie penguins). The increase in winds and clouds, juxtaposed on a longer open water season, 
leads to deeper mixed layers and more variable light conditions, resulting in decreased chlorophyll a and 
shifts to smaller phytoplankton (Montes-Hugo et al. 2008). While ice krill were historically found 
throughout the cold, fresh coastal waters of the WAP (Ross et al. 2008), and at times on the inner shelf, 
they are now limited to the southern coastal region, where summer sea ice persists (Steinberg et al. 
submitted). Recent north vs. south comparisons of zooplankton community structure also indicate smaller 
and less abundant microzooplankton in the north (Garzio & Steinberg 2013) and lower lipid content and 
thus lower food quality of Antarctic krill in the north (Ruck et al. in review; Fig. 4C). Meanwhile, 
throughout the WAP there has been an expansion in the range of gelatinous salps and increase in 
abundance of the pteropod Limacina helicina, changes likely occurring as a consequence of these more 
extensive or longer open-water conditions (Steinberg et al. submitted).  

With the near disappearance of sea ice-produced cold Winter Water in the Anvers Island vicinity, 
fish species previously excluded by the cold barrier (myctophids) are more consistently appearing in near 
surface waters, replacing silverfish preferring cold waters, as indicated by our long-term seabird diet 
studies (Fraser et al. submitted). Antarctic silverfish are an energy-rich prey item for the ice-obligate 
Adélie penguins, and their ‘functional extinction’ in the north in part explains the decreases in Adélie 
chick weight and recruitment success. Other factors causing the precipitous decline in Adélie penguin 
populations in the north include the more variable and shorter ice season affecting foraging behavior 
(Fraser & Hofmann 2003), and an increase in precipitation, with snow burying nest sites and drowning 
penguin eggs during spring melt (Patterson et al. 2003). These bottom-up and top-down changes are 
mirrored by changes to the food web, where the north WAP is characterized by an increasingly dominant 
role of the microbial loop in food web carbon flow (Fig. 4D; Sailley et al. 2013a). 

In contrast to the north, the sea ice decreases in the south appear to be causing changes favorable 
to increasing production. In prior decades, the nearly year-round ice cover reduced irradiance, limited 
mixing, and prevented blooms. Now, however, the ice season is sufficiently short to support a highly 
productive ice-edge bloom in spring followed by a longer growth season in summer (Montes-Hugo et al., 
2009; 2010). Although the south has also seen an increase in winds, the impact on mixed layer dynamics 
is less given the (relatively) longer ice season. This classically demonstrates the importance of the 
background state in determining how a system responds to environmental change. Here, large 
phytoplankton (diatoms) characterize the food web, and ice-obligate Adélie penguins are increasing in 
abundance (Fraser et al. submitted). While in the south there is no long-term trend discernable in the 
abundance of Antarctic krill, salps are increasing in abundance. The dominant pathway for carbon flow in 
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the food web varies from year to year in the south, with no detectable long-term trend toward dominance 
of either a microzooplankton and microbial-based food web or krill food web (Sailley et al. 2013a).  

Environmental variability is increasing with time and shifting seasonally as well north to south. 
For example, Fig. 4B shows mean annual ice cycles for the northern, mid, and southern regions (vicinity 
of Anvers, Adelaide, and Charcot Islands, respectively) along with the monthly relative standard 
deviation (RSD or coefficient of variation) for each region and with time. For all 3 regions, variability 
increases with time and is overall higher outside of the late winter months (Aug-Oct). Also, the seasonal 
timing of maximum variability is distinctly different north to south: later in the north (now peaking in 
June), earlier in the mid region (now peaking in April), and even earlier in the south (now peaking in 
March) (Fig. 4B). These peak months in variability correspond to the variable onset of the ice season in 
these three regions. The ecosystem response to the increase and shift in environmental variability 
undoubtedly contributes to changes in species composition and food web interactions north to south. The 
increased variability overall would favor species resilient to change, whereas the seasonal shifts in 
maximum variability may lead to changes in phenology and geographic range, increased trophic 
mismatches, and perhaps even species loss (Cushing 1978, Edwards & Richardson 2004). Below we 
describe how these ecosystem responses will be investigated. 

Proposed research. Within the context of long-term change, shifts in seasonality or species ranges, and 
changes in variance, we propose to investigate the sensitivity and resilience of the ecosystem to 
perturbations as a function of ecosystem state. Motivating questions include the following: (1) Given the 
rapidity of change in the WAP marine environment (in terms of sea ice loss, increased winds, ocean 
warming), which species are capable of adaptation, which are vulnerable to ice loss? (2) How do the 
different background states (north vs south) affect how an ecosystem responds to increased variability or 
to the (re-) introductions of a top predator (e.g., whales)? (3) What combination of factors favors long-
term gradual change in an ecosystem versus an abrupt transition? (4) Is the northern (now sub-polar) 
ecosystem now more resilient to high frequency (episodic) environmental variability than the southern 
(polar) ecosystem?  

 One approach to address these questions is to investigate changes in temporal variance in various 
ecosystem response variables. Temporal variance is used as an analytical, “leading” indicator of 
transitions and state changes in ecosystems (Scheffer et al. 2009), with variance becoming more peaked at 
the transition point between pre- and post-transition states (Bestelmeyer et al. 2011; Fig. 4E). As an 
example, our >40 year time series of the Adélie penguin breeding population at Anvers Island in the 
WAP shows an abrupt decline beginning in 1993. Although temporal variance did not indicate this 
change, after 1993 sea ice duration became highly correlated with Adélie penguin abundance (while prior 
to 1993 there was no significant correlation between the two). We propose now to expand this analysis to 
include other ecosystem response variables observed by PAL over the last 22 years. Our analytical 
approach will consist of the following: (1) identify the space/time scales of causal environmental drivers 
and biological response variables and then analyze patterns and mechanisms of driver-response 
relationships, (2) examine frequency distributions of biological response variables to detect changes in 
variance (on scales relevant to the response variable, e.g., taking into consideration life spans of different 
species), and (3) identify abrupt transitions and alternative states using the objective evaluation approach 
of Bestelmeyer et al. (2011; Fig. 4E). In particular, the latter statistical approach will allow us to assess 
relationships between environmental drivers and biological response variables before and after any 
detected break points. Our goal is to identify drivers, triggers, and responses, and then investigate the 
mechanistic linkages within a modeling framework (see below). Ultimately, we hope to improve 
predictive capability of factors that lead to trophic mismatch and possible species loss versus factors that 
contribute to ecosystem resilience and transformation. 

 A second approach involves maximizing the integration of observations and modeling to improve 
predictions of ecosystem shifts (Murphy et al. 2012), provide a means for testing bottom-up versus top-
down controls and feedbacks, and identify the mechanistic linkages. Since sea ice mediated systems are 
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seasonally complex, the polar marine environment presents unique challenges to understanding the 
processes that drive observed physical and biological changes. For example, sea ice formation and melt 
may respectively enhance and suppress buoyancy-driven ocean mixing, while the ice cover moderates 
heat, momentum and gas exchanges (Mellor & Durbin 1975; Hunt et al. 2002). The depth of the mixed 
layer modulates light availability, allowing changes in timing of sea ice formation and retreat to impact 
phytoplankton bloom dynamics (Hunt et al. 2002). Ocean dynamics such as advective intrusions carrying 
eddies with warm UCDW cores redistribute nutrients and plankton. Sea ice algae may further impact the 
timing and community composition of the springtime phytoplankton bloom (Arrigo & Thomas 2004). 
These mechanisms of environmental variability, when combined with the short, polar growing season, 
give rise to potential match/mismatch scenarios between organisms and resources. Finally, although krill 
have long been the focus of grazing research in the WAP (Smith et al. 1999), our recent studies (reviewed 
above) have identified important alternative trophic pathways such as through salps or microzooplankton. 
These discoveries reveal a polar marine environment more nuanced, and with more potential controls and 
feedbacks than contemplated in previous overviews of polar marine ecosystems.  

To examine the rates, timing and relative importance of specific processes, we will use a 
hierarchy of numerical models to investigate the mechanisms associated with observed ecosystem shifts. 
The proposed research will build upon the model development work completed during the current grant 
period on an end-to-end food-web inverse model (Sailley et al. 2013a) and a 1-D sea ice-boundary layer 
biophysical model (Saenz et al. submitted). The inverse and 1-D biophysical models are portable and 
configurable so that they can be applied across regional environmental gradients in space (e.g., 
on/offshore or north/south) and time (seasonal to interannual). In particular, by comparing the predicted 
and observed ecological responses to variations in sea ice across different regions, we will systematically 
test our understanding of the ecosystem as encapsulated in the model parameterizations. We will 
iteratively improve model performance by, for example, incorporating new rate information from PAL 
process studies. Perturbation studies will also be conducted on the models to assess regional differences 
in ecosystem resilience.  

In order to gain further mechanistic insight into the effects of environmental change on organisms 
along the climate gradient of the WAP, a third approach is to use biochemical indicators of animal 
physiological condition and stress (Fig. 4C). In particular, metabolic enzyme activities and biochemical 
composition are useful tools for evaluating effects of ecological stressors, such as changing temperature 
and food availability (Dahlhoff 2004, Koop et al. 2011). We will quantify patterns in enzyme activities 
and physiological condition in zooplankton, particularly Antarctic krill, in concert with our other physical 
and biogeochemical measurements along the WAP north-south gradient. Metabolic indicators such as 
lactate dehydrogenase (LDH), an enzyme indicative of anaerobic metabolic potential and responsible for 
burst swimming activity, and citrate synthase (CS), an enzyme of aerobic metabolism, have been strongly 
linked with nutritional status in studies of Antarctic krill (Meyer et al. 2002) and other zooplankton and 
micronekton (Donnelly et al. 2004). Examination of patterns in these, and potentially other biochemical 
indicators, such as ratios of RNA:DNA -- indicative of protein synthesis and animal growth (Cullen et al. 
2003), can be used together to gain insight into the physiological status and nutritional condition of the 
animals, and help us to understand patterns in their abundance and distribution. This work will build upon 
our previous efforts using lipid analysis of penguin prey to ascertain prey quality along the WAP north-
south gradient (Ruck et al. in review; Fig. 4C), and affects of enhanced CO2 on metabolic condition of E. 
superba (Saba et al. 2012).  

B. Lateral connections and vertical stratification. 

Motivation. This theme is focused on understanding how large-scale horizontal transport coupled with 
regional vertical mixing control the local distribution patterns of organisms (Levin 1992). PAL is well 
positioned to study how physical processes operating over global scales cascade through the system to 
influence local spatial patterns and temporal dynamics in marine food webs, and how shifts in the broad 
scale (100s to 1000s of km) system will alter the spatial and temporal extent of ecological niches and 
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connectivity for the major organisms within the WAP foodweb. This will provide a framework with 
which to (1) interpret to what degree “patchiness” inherent in this system reflects organism interactions or 
the inherent physical variability in the WAP, (2) decipher the mechanisms responsible for delivering 
nutrient-rich waters to canyon heads and seamounts producing biological hotspots, and with that (3) the 
sensitivity of these mechanisms to global and regional forcings. These can only be accomplished with 
long-term spatial time-series data. 

Background. Considerable effort in PAL has focused on defining local-scale ecological interactions (see 
above). Now we hypothesize that larger-scale patterns across the WAP are strongly affected by 
geographic influences on local circulation that are ultimately driven by large-scale climate forcing. The 
warm, nutrient-laden Upper Circumpolar Deep Water (UCDW), transported by the Antarctic Circumpolar 
Current (ACC) which abuts the continental shelf (Martinson et al. 2008), is transported to coastal regions 
principally through and above cross-shelf canyons (Hofmann & Klinck 1998, Klinck 1998, Martinson & 
McKee 2012). Specifically, upon encountering the Marguerite Trough (Fig. 3B), either the mean flow 
(which is unstable, McKee, 2013) or its instabilities interact with the topography to yield intrusions of 
UCDW. In the trough, a cyclonic circulation is set up and warm intrusions are advected along the eastern 
wall as eddies (Moffat et al. 2009) and across a deep sill onto the shelf proper (Martinson & McKee 
2012). The time scales of the intrusions are presumably related to the instability process offshore (McKee 
2013), though models suggest that weather-band winds play a role (Dinniman et al. 2011, 2012).  One 
type of region where the eddies dissipate is locations where local bathymetric features such as seamounts 
drive enhanced mixing (McKee 2013). These local areas appear to be biological “hotspots” within the 
WAP (Prézelin et al. 2004).  

The interaction between the ACC and the shelf break, leading to entry of UCDW onto the 
continental shelf, is likely sensitive to the proximity of the southernmost filament of the ACC (SACCF) to 
the continental shelf-break (McKee 2013, St. Laurent et al. 2014). The position of the SACCF is in turn 
modulated by the band of westerly winds around the Antarctic continent (i.e., westerlies). Thoma et al. 
(2008) show that the SACCF in the Amundsen Sea impinges farther onto the shelf under stronger 
westerlies. Over the past several decades, the Southern Hemisphere westerlies have intensified poleward, 
associated with a deepening of the atmospheric polar vortex over the Antarctic continent; this trend is 
projected to continue with greenhouse gas warming. Warming of the global deep waters (Levitus et al. 
2013) and of the Southern Ocean waters in particular (Gille 2008) have led to warmer UCDW source 
waters feeding onto the shelf (Martinson in preparation). High-resolution model studies by St. Laurent et 
al., (2014) suggest that the movement of the ACC towards the shelf-break changes the mechanism, 
magnitude, and frequency of UCDW shelf-entry. These interactions tie global-scale climate to local 
(hotspot) and regional (shelf surface layer) ecology. This is supported by paleo-oceanographic data, 
wherein variation in silt to clay ratio and microfossil composition in sediment cores from the Palmer 
Deep (Leventer et al. 1996) reflect glaciation and long-term spatial variability in the dynamics of the 
ACC, and consequently, delivery of warm water onto the WAP continental shelf (Shevenell & Kennett 
2002, Warner & Domack 2002). The latter can impact the thickness of sea ice growth (Martinson 1990), 
leading to changes in sea ice duration (Saenz et al. submitted) thinner ice, faster loss, and vice versa (Fig. 
5A).  

Eddy intrusions modify subsurface hydrographic properties in the canyons and on the shelf (Fig. 
5BC) that in turn influence the biologically active surface layer via vertical mixing processes. The ocean 
stratification in the polar regions is controlled by salinity, with temperature playing a relatively minor 
role, hence warmer, saltier UCDW underlies colder, fresher surface waters. The characteristics (e.g., 
thickness, salinity, lateral continuity) of the biologically-active surface layer are dominated by the growth, 
lateral transport, and decay of sea ice, exchanges with the underlying deeper water (UCDW) and inputs 
along the coast (e.g., glacial meltwater). Brine rejection during winter sea ice growth increases the density 
of the surface layer, removing the shallow summer melt layer on its way to forming the deep winter 
mixed layer and frigid winter water (WW). The WW regulates the distribution of key species on the 
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continental shelf, for example by acting as a barrier (Fig. 2C) to warmer surface waters for cold-intolerant 
sub-polar species such as the myctophid fish, Electrona antarctica, and king crab (Smith et al. 2012). 
This reflects their inability to tolerate waters <1 ºC (Lancraft et al. 2004, Donnelly & Torres 2008). The 
ranges of these sub-polar species will increasingly become important to the WAP as the physical system 
continues to warm with the UCDW injections of heat and the declines in sea ice formation leading to less 
WW over time (Fig. 2B).  

The summer melt of sea ice also regulates biological activity for the surface waters in the WAP. 
Annual primary productivity exhibits a high degree of variability (Smith et al. 1998, Loeb et al. 2009), 
reflecting the interaction between the interannual extent of sea ice and local wind forcing that together 
regulate the vertical stratification and corresponding phytoplankton productivity (Moline & Prézelin 
1996, Garibotti et al. 2005). High chlorophyll years at Palmer Station are associated with years of higher 
water column stability (Saba et al. revised manuscript submitted), fueling a cascading response through 
the WAP food web (Fig. 1BC). The Rothera (U.K.) time series shows that ice and winds leading to 
increased summer stratification also favor large summer phytoplankton blooms (Venables et al. 2013). In 
contrast, increasing wind and declining sea ice in the northern WAP have been implicated in the observed 
declines in the regional primary productivity (Montes-Hugo et al. 2009).  

Proposed Research. Given the interactions described above, we will focus on understanding how 
physical transport structures the WAP ecosystem. Specifically we will document connections between 
large-scale climate patterns and local ecosystem variability by determining: (1) the distance of the 
SACCF from the shelf break and its relationship to dominant Southern Hemisphere climate patterns, such 
as the Southern Annular Mode (SAM) and El-Niño Southern Oscillation (ENSO); (2) the frequency of 
advective intrusions and UCDW-core eddies entering the shelf via canyons as a function of distance 
measured in (1); (3) changes in local biological hotspots and shelf surface layer characteristics as a 
function of this frequency; and (4) how the frequency and duration of these regional intrusions link to 
ecological responses at nearshore canyon heads along the WAP. In addition we will focus on the local 
scale mechanisms by: (5) assessing how increased wind mixing will impact upper water column 
stratification, and exploring the consequences for ecosystem structure and function, (6) quantifying how 
changes in the surface salinity will change the sensitivity to wind mixing and the consequences for 
ecosystem productivity, (7) defining the range shifts of organisms due to the modification of the major 
water masses within the WAP, and (8) determine the role of the canyon head in its associated 
productivity. Specifically, while UCDW is brought to the canyon head via the underlying cyclonic 
circulation, the processes responsible for upwelling are less clear. Wind forcing is responsible for opening 
polynyas in these spots, critical to the local penguin population, although climatological winds are not 
favorable for upwelling (Hurrell et al. 1998). We will test whether the upwelling is related to short-lived 
wind events or the forcing upward of the stratification due to a physical principle known as the thermal-
wind in the canyon initiated by an intrusion.  These points are critical to determining the sensitivity of the 
UCDW delivery to the forcing.  

Quantifying the link between shifts in the wind and ocean circulation with the corresponding 
effects on regional and local ecological processes in the WAP requires a combined multiplatform 
observational (Fig. 5) and modeling strategy. We will use global climate forcing (SAM, ENSO) as 
naturally-occurring perturbations that impact the location of the SACCF, which will allow us to quantify 
the variability of UCDW intrusions onto the WAP shelf using moored temperature, conductivity (salinity) 
and velocity sensors (Fig. 5C). The mooring approach for the WAP is critical as the UCDW intrusions are 
short-lived events, i.e., a few days (Martinson & McKee 2012) and not well sampled by ships. Currently 
we have four moorings. One of the moorings will continue at our primary legacy site at grid station 
300.100 (Fig. 3B) to continue the long-term time series. For example, the other three moorings will be 
configured in a cross-shelf array within a canyon system, i.e., along topographically steered advective 
flow paths. Initially, a cross-shelf line of moorings will be placed offshore of Adelaide Island, where in 
2013 we successfully adaptively piloted a Webb glider to remain within these moving subsurface eddies 
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for over a week. The cross-shelf array will be relocated to study other major canyon systems. During 
selected years, a deep water (1500 meter class vehicle) Webb glider will be used to transect between the 
moorings providing a detailed picture of the UCDW eddies and their subsequent modification as they 
migrate across the shelf (Fig. 5B).  

Glider adaptive sampling will also be concentrated at the inner shelf mooring sites to quantify the 
arrival of the UCDW in the canyon heads, where shallow gliders (200 meter class) will patrol the shoaling 
UCDW. These shallow gliders will be outfitted with optical backscatter, chlorophyll a fluorometry and 
Fluorescence Induction and Relaxation (FIRE) systems (Kolber & Falkowski 1992) providing 
information on response of phytoplankton physiological state to upwelled UCDW. Zodiac sampling at 
Palmer and Rothera Stations will provide time-series of plankton and biogeochemical properties to 
complement the mooring and glider operations at the canyon heads. The patterns of the upwelled water 
and corresponding phytoplankton response will be correlated with satellite-tagged penguin and whale 
foraging patterns to determine if feeding is concentrated within the UCDW upwelled intrusions. These 
high-resolution measurements will be embedded within the annual ship (physical-chemical-biological) 
and satellite observations to provide spatial context for assessing whether these canyons are unique 
relative to other regions on the shelf.  

Quantifying the shifting hydrography and its biological implications will require continued 
regional-scale sampling of the WAP on our annual cruises, but now augmented in space/time with gliders 
and moorings. Two deep-water gliders will be deployed north and south of Anvers Island (Fig. 3B) to 
assess the distribution of WW in areas where it appears to be disappearing (Martinson et al. submitted). 
This will provide high-resolution data on temperature, salinity, fluorescence, and optical backscatter for 
determining the presence/absence of WW and its biological implications; and physical properties showing 
the ongoing effects of sea ice loss throughout the region such as loss of WW, and feedbacks to the local 
ocean-atmosphere heat balance. Also, to assess potential shifts in the distribution of specific organisms 
within the region over time we will conduct Canonical Correlation Analyses to assess the environmental 
gradients most related to the organism and biogeochemical distributions. These analyses will be combined 
with a generalized additive modeling approach to assess species responses to the gradients (Palamara et 
al. 2012). For example, those organisms that cannot tolerate the cold WW, will have ranges heavily 
constrained by the presence/absence of that particular water mass. We also will continue to assess the 
freshwater budget of the WAP to quantify changes in sea ice and glacial meltwater inputs using oxygen 
isotope analysis to quantify meteoric water (glacial discharge and precipitation) separately from sea ice 
melt (Meredith et al. 2013). 

A suite of regional 3-D ocean models will be used to support these field and satellite observations 
to better elucidate lateral and vertical connectivity effects. As part of the current grant we are utilizing 
mesoscale-resolution (4 km) 3-D physical simulations for the WAP from the Regional Ocean Model 
System (ROMS) in collaboration with M. Dinniman (Old Dominion Univ.). We are also investigating 
several regional modeling options which would allow us to conduct more detailed physical sensitivity 
experiments at sub-mesoscale resolution and to embed plankton ecosystem and biogeochemistry modules. 
These include collaborative work with E. Curchister (Rutgers) on a coupled ocean-sea ice version of 
ROMS for the WAP and a Southern Ocean domain simulation using the MIT GCM with PAL coPI M. 
Meredith (BAS). The regional modeling effort will also tap ongoing efforts by team members to develop 
and investigate marine ecosystem modeling and climate change response using the NCAR Community 
Earth System Model (CESM). In particular we will use results from CESM historical and 21st century 
CMIP5 climate-change simulations (Bopp et al. 2013, Moore et al. 2013) to provide regional climate-
change forcing and later boundary conditions. The CESM will provide an excellent means for assessing 
climate scale forcing of SACCF and the subsequent changes in the UCDW intrusions using the regional 
scale ROMS model.   
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C. Top-down controls and shifting baselines. 

Motivation. This research theme encapsulates two constructs: one is empirical evidence that humpback 
whales are regaining their former ecological role in the WAP following near-extirpation due to 
commercial whaling; the other is the long-standing but controversial hypothesis that changes in whale 
abundance regulate the demography of other top predators, such as penguins, through top-down 
competitive interactions for shared prey resources such as krill. PAL is uniquely positioned to investigate 
these dynamics using its regional sampling grid, which is coherent spatially and temporally with 
populations of whales and penguins,and encapsulates the long-term approach necessary to study these 
long-lived species. 

Background. This research theme represents a new research initiative and the addition of a new research 
component to PAL. This initiative is proposed because of our own recognition of its scientific importance 
and in response to comments in proposal and midterm reviews expressing concern that we were 
neglecting a major ecosystem component and a major source of krill mortality. We invited cetacean 
scientists to participate in our last three annual cruises to determine if our current cruise design could 
accommodate cetacean research. New Co-PI Dr. Ari Friedlaender was a member of the cetacean ecology 
group at the Duke University Marine Laboratory for the past 7 years and recently moved to Oregon State 
University. He will continue to collaborate with colleagues at Duke. Addition of the OSU/Duke group 
gives PAL unprecedented coverage of the Antarctic marine ecosystem, from the smallest to largest 
organisms on the planet.  

Another rationale for adding a cetacean component was the recent reemergence (Trivelpiece et al. 
2011) of a long-standing debate regarding the roles of whales in regulating the demography of other top 
predators, such as penguins and seals. In this context, two main hypotheses have been proposed. The first 
hypothesis draws on top-down processes, in which changes in whale abundance directly regulate 
population trends of other predators through competition for krill (Laws 1977). The second focuses on 
bottom-up processes, in which climate-induced changes in sea ice dynamics mediate a host of biophysical 
interactions that affect predator populations, including, but not limited to, the extent to which whales may 
affect the demography of other krill-dependent predators (Fraser et al. 1992, Fraser et al. submitted,). 
These hypotheses are not mutually exclusive, but the contrast between bottom-up and top-down 
perspectives provides a rich ecological backdrop for understanding the response of these ecosystem 
components to climate change, recovery of depleted predator populations, and other processes with 
profound consequences to society. Indeed, it is these different perspectives on the role of whales in 
ecosystem dynamics that guide the hypotheses and objectives expressed in this research theme. 

Adélie penguins have been the focal top predator in our program since its inception, but during 
the last decade we have added gentoo and chinstrap penguins in response to their increasing regional 
populations (Fig. 1D). These species exhibit different affinities to sea ice (Adélies are ice-obligate, 
gentoos and chinstraps are ice-intolerant), so they are an ideal guild with which to test hypotheses about 
WAP ecosystem dynamics within the context of bottom-up forcing (Fraser et al. 1992). We now propose 
to add humpback whales to our observational network. In the 20th century, over 200,000 humpback 
whales were killed in the Southern Ocean, most of which were taken from the nearshore waters of the 
Antarctic Peninsula (Hart 2006, Burnett 2012). The recovery of these whales has been delayed by their 
long life histories, but long-term monitoring efforts in other regions have demonstrated substantial 
recoveries of this species over the past 30 years (Matsuoka et al. 2011). Humpback whales are now 
repopulating their former range in the WAP (Friedlaender et al. 2006, Nowacek et al. 2011, Johnston et 
al. 2012) in the same areas that are inhabited by our three focal penguin species (Cimino et al. 2013). 

Top-down processes are posited to have operated through competitive release, in which the 
massive removal of baleen whales from the Southern Ocean created a “krill surplus” that was 
subsequently taken up by other krill consumers such as seals, penguins and other seabirds (Laws 1977). 
This theoretical framework is still being advanced, but now “in reverse.” Thus, it is hypothesized that 
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whale populations have increased to the point that they are once again competing directly with penguins 
and thus depressing their populations (Trivelpiece et al. 2011). However, as Fraser et al. (1992) noted in 
their first rebuttal to this theoretical framework, its application is challenged by inconsistencies within and 
between regions and species. Thus, while chinstrap and Adélie penguin populations are decreasing in the 
northern WAP, they are increasing in the southern WAP, and gentoos are increasing throughout the WAP, 
even in northern sectors where they are sympatric with decreasing chinstraps and Adélies (Fig. 1D).  

These inconsistencies are relevant to our proposed research for three reasons. First, krill are the 
major component of the diets of all three species of penguins throughout the WAP (Williams 1995). 
Second, there is no evidence to suggest that the intensity of whale predation along the WAP varies 
regionally. Instead, the movements of baleen whales, such as humpbacks, reflect the seasonal distribution 
of krill over the entire WAP shelf (Friedlaender et al. 2006, Nowacek et al. 2011, Johnston et al. 2012). 
Indeed, our pilot study of humpback whale movements using satellite telemetry suggests that these 
animals can cover hundreds of km/week, and individuals observed feeding in the southern WAP one day 
can be found feeding in the northern WAP a few days later (Fig. 6). While the ecological reoccupation of 
the WAP by humpback whales is not regionalized, changes in ecosystem structure and dynamics do 
exhibit strong regional characteristics (see above). How such shifting baselines affect our understanding 
of how ecosystems work is emerging as one of the most important scientific issues of our time (Pauly 
1995, Pauly et al. 1998, Schrope 2006, Ainley & Pauly 2013).  

Our new component brings to our program some of the most comprehensive data available on the 
ecology of baleen whales in the WAP. For humpback whales in particular, we already have a preliminary 
understanding of their patterns of regional distribution and abundance (Friedlaender et al. 2006, Johnston 
et al. 2012, Nowacek et al. 2011), fine-scale foraging behavior (Ware et al. 2011, Friedlaender et al. 
2014), and seasonal migration patterns beyond the WAP (Dalla Rosa et al. 2008, Friedlaender et al. in 
preparation). With these data we have begun to explore niche theory in the context of not only 
understanding if and how whales may actually compete for krill with penguins, an assertion that has never 
been demonstrated, but also as a necessary first step to help us integrate and guide our proposed research. 
An important preliminary finding is that although the niche of foraging humpback whales appears to be 
defined primarily by krill, the niches of Adélie penguins are linked more to their physical environment 
(land and sea ice) and secondarily to krill (Friedlaender et al. 2011), likely as a result of fundamental 
differences in evolved life history strategies. Humpback whales are unconstrained by reliance on a solid 
platform for rest or reproduction and move considerable distances within a feeding season to respond to 
local changes in krill abundance. In contrast, Adélie penguins are central place foragers and, therefore, 
their movements are constrained due to parental duties during summer, or available daylight during 
winter (Fraser & Hofmann 2003, Erdmann et al. 2011). The implication that whales track krill directly 
while penguins track habitat features that provide predictable access to krill (a focal question addressed 
during our last funding period, see above) provides a basic framework for using niche and competition 
theory to explore how top-down versus bottom-up forcing may structure top predator communities in the 
WAP.  

Proposed Research. Our fundamental objective is to investigate how our focal predator guild (humpback 
whales, Adélie, gentoo and chinstrap penguins) partitions the marine environment in space and time. We 
envision a sampling program that will capitalize on proven methodologies and permit us to compare 
movement and distribution patterns and foraging ecology, and allow us to monitor demographic 
parameters in our penguin study populations that may be sensitive to competition from whales (e.g., 
foraging trip durations, which may affect chick growth and survival; Fraser & Hofmann 2003). No 
breeding populations of krill-dependent pinnipeds exist near Palmer Station and, because the logistical 
constraints of working with sparsely distributed ice-obligate species, we have chosen not to include 
pinnipeds in our research program.  

Cetacean Research, Broad-Scale (Cruise-based sampling). We will establish a research program on the 
demography, habitat use, and ecological role of humpback whales using a combination of proven 
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methodologies, including visual line transect surveys, biopsy sampling and satellite-linked tag 
deployments, when the ship occupies the LTER survey grid each January. We will use conventional 
distance sampling methods (Barlow 2006) and model-based approaches (Hedley & Buckland 2004, 
Katsanevakis 2007) to estimate the density of humpback whales each year within the PAL region (Fig. 6) 
(Thomas et al. 2010; Johnston et al. 2012). We will augment these methods with photographic and 
genetic capture-recapture techniques and independently estimate density from our satellite telemetry 
deployments as in Whitehead and Jonsen (2013). Over time, we will develop a time-series of density 
surfaces that will allow us to compare humpback whale distribution to the suite of ecological parameters 
measured during the cruises and to examine annual overlap with the observed foraging ranges of penguins 
within the region. We will test how interannual changes in the environment (e.g. sea ice cover) affect 
whales in a spatio-temporal framework using the methods initially developed by Friedlaender et al. (2006, 
2011). We hypothesize that the density of humpback whales within the LTER study region will increase 
over the study period but that the relationship between the distribution of whales and the physical 
environmental parameters that provide the greatest access to krill will remain constant over this period, as 
whales track intra- and inter-annual variation in the distribution of their prey. 

We will collect skin and blubber samples from whales each year using conventional remote 
biopsy sampling techniques. We will use these samples to determine the sex of individual whales, 
estimate pregnancy rates, and confirm that their diet is comprised entirely of krill. Over time, this 
information will provide a baseline for the population of humpback whales around the Western Antarctic 
Peninsula as it recovers from commercial whaling.  

We will also deploy satellite-linked ARGOS tags (Gales et al. 2009) each year to document 
seasonal movement patterns and quantify foraging ranges. We will compare the movement patterns of 
these whales to the foraging ranges of similarly instrumented penguins. Our recent tagging efforts show 
that humpback whales feed widely throughout the PAL study region during summer (Fig. 6) but that 
whales become more concentrated in nearshore waters in fall and early winter (Curtice et al. in 
preparation). We will conduct state-space movement analyses (Breed et al. 2009) and develop utilization 
distributions of tagged animals in three dimensions (x, y, and t – see Keating and Cherry 2009) to 
determine the location of preferred feeding areas and determine the extent to which these preferred areas 
overlap with process study sites in deep canyons (Fig. 3B). Importantly, we will also determine to what 
extent these preferred feeding areas overlap in space and time with the foraging areas of Adélie and other 
penguins. During the critical chick-rearing period for penguins, we hypothesize that the spatio-temporal 
overlap between foraging ranges of humpback whales and penguins will decrease from north to south. 
This is likely due to a combination of the amount and persistence of sea ice from the previous winter, the 
timing of migration and return to feeding grounds by whales, and the relative abundance of krill in these 
areas. 

Fine-scale (Palmer Station-based sampling). The unique PAL data on Adélie and gentoo penguin 
population trends and foraging ecology provide an opportunity to test ecological hypotheses regarding 
top-down versus bottom-up control within this system. Explicitly, we will test the hypothesis that the 
relative abundance of humpback whales within the foraging areas of penguins around Palmer Station will 
impact Adélie penguin foraging performance, while having no effect on gentoo penguins. Inherent in this 
hypothesis is the assumption that krill is a limiting resource (Milne 1961). It will be difficult to determine 
whether or not total krill abundance is limiting, but we can look for changes in the distribution, foraging 
behavior, and breeding success of penguins as proxies for prey availability within their foraging areas 
(Fraser & Hofmann 2003). Friedlaender et al. (2011) established that the distribution of humpback whales 
is closely linked with that of Antarctic krill, but the distribution of Adélie penguins is tightly coupled with 
physical structures (land and sea ice) that offer habitat for nesting and resting. Antarctic minke and 
humpback whales offer an example of how closely related, sympatric species partition resources to avoid 
competition (Friedlaender et al. 2009). On the contrary, however, preliminary evidence suggests that 
when the relative abundance of humpback whales increases near an Adélie penguin foraging area, the 
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foraging effort of the penguins also increases (Friedlaender et al. 2008). Several factors relate to niche 
overlap between krill predators (Fraser et al. 1992), but there is evidence that supports the notion that the 
presence of baleen whales can affect the foraging behavior and reproductive success of penguins (Ainley 
et al. 2006, 2009). 

Thus, we will test the top-down hypothesis that the presence of foraging humpback whales 
negatively affects the demography of Adélie penguins due to competition for prey, while gentoo penguins 
and whales partition prey resources and therefore do not compete (Fig. 6). We will establish a long-term 
whale study at Palmer Station concurrent with the established long-term penguin research program. We 
will conduct visual line transect surveys from Zodiacs to determine the density and fine-scale distribution 
of humpback whales in the study area (as discussed above) and augment these surveys with capture-
recapture estimates of seasonal abundance. We will compare these metrics of whale density and 
abundance with foraging trip duration (FTD) for both Adélie and gentoo penguins as determined by 
existing field methods (cf. Fraser & Hofmann 2003). FTD is a known proxy for foraging effort and can 
have significant impacts on key aspects of their ecology, such as breeding success and fledging weight, 
which are key determinants of survival, recruitment and population growth (Chapman et al. 2010, 
Chapman et al. 2011). We will also deploy multi-sensor suction cup tags (Johnson & Tyack 2003) on 
humpback whales to collect information on the location, timing, depth, and frequency of feeding events 
(Ware et al. 2011, Goldbogen et al. 2012, 2013; Friedlaender et al. 2014). Thus, we will determine the 
feeding behavior of whales spatially (locations of feeding relative to penguin feeding grounds), vertically 
(depth of feeding in the water column relative to the depth of penguin foraging dives), and temporally 
(when during day/night whales and penguins forage). Finally, we will conduct acoustic krill surveys using 
scientific echosounders mounted on Zodiacs (Nowacek et al. 2011, Friedlaender et al. in review-b) to 
compare prey patch metrics (e.g. depth, density, size and biomass) targeted by penguins and whales. We 
have used these methods successfully to determine characteristics of prey patches targeted by whales 
(Hazen et al. 2009); these observations will allow us to compare how penguins and whales target prey 
patches to either partition or compete for resources. 

D. Foodweb structure and biogeochemical processes. 

Motivation. Ecosystem metabolic and trophodynamic processes such as photosynthesis, decomposition, 
respiration, consumption, excretion and egestion drive global biogeochemical cycles of carbon, nutrients 
and trace metals. We propose a sustainable effort to quantify over the long-term key ecosystem-level 
processes (export and carbon system properties) and to identify the mechanisms by which ecological 
community composition influences the rates and distributions of biogeochemical cycling. Polar systems 
are predicted to be particularly sensitive to ocean acidification due to rising atmospheric CO2, and 
therefore we also propose to expand our research on ocean acidification effects at both the organismal and 
ecosystem scales. 

Background. Positive net community production (NCP, the excess of gross primary production over 
community respiration) typically indicates that fixed organic matter is available for export to depth 
(Ducklow & Doney 2013). This quantity is functionally equivalent to net ecosystem production in 
terrestrial systems (Chapin III et al. 2006). The vertical export of fixed organic carbon from the euphotic 
zone stores carbon in the deep ocean, isolated from the atmosphere over timescales of centuries to 
millennia, and thus constitutes an important control on climate variability (Sarmiento & Toggweiler 
1984). A complex and variable suite of food-web processes contributes to particulate and dissolved 
organic carbon export (Fig. 7A). Export magnitude and efficiency are regionally variable (Laws et al. 
2000, Siegel et al. 2014) and intimately related to phytoplankton (Falkowski & Oliver 2007, Boyd et al. 
2010, Huang et al. 2012) and zooplankton (Steinberg et al. 2012b) community composition.  

Through strategic collaborations, we have obtained new estimates of particle export from the 
234Thorium disequilibrium (Fig. 7B; Buesseler et al. 2010), and of gross primary and net community 
production rates from discrete-depth oxygen isotopic and Oxygen-Argon ratio (O2/Ar) data collected at 
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grid stations (Huang et al. 2012). In Huang et al. (2012), highest NCP (and presumably export) occurred 
in areas where the phytoplankton community was dominated by cryptophytes rather than diatoms, counter 
to conventional wisdom and to the export flux parameterizations linked to diatom fraction used in many 
ocean biogeochemical models. During the next funding cycle, we propose to test in detail the linkage of 
phytoplankton community composition (i.e., cryptophytes vs. diatoms; cell size) to export flux using an 
expanded, multi-year data set. We do not have 234Th and O2/Ar data for earlier periods in the Palmer 
LTER record, but we can infer possible biogeochemical trends based on field and satellite data on 
phytoplankton community composition. Along the WAP, high surface chlorophyll levels are marked by 
elevated fucoxanthin levels, a pigment marker for diatoms, and higher relative fractions of large cells 
(>20 um) (Montes-Hugo et al. 2008). Decadal satellite ocean color trends (Montes-Hugo et al. 2009) 
therefore indicate substantial reorganization in phytoplankton community composition. The remote 
sensing data are consistent with observations and model results indicating the planktonic food web in the 
north WAP is shifting to a more microbial system with increased dominance of small-celled 
phytoplankton (cryptophytes, Moline et al. 2004) and microzooplankton grazers (Sailley et al. 2013a).  

Zooplankton fecal pellets originating mainly from krill are the dominant export mechanism, at 
least in the north over the continental shelf (Gleiber et al. 2012). Over time, as the north shifts to a more 
microbial system, we predict reduced magnitude and efficiency of export due to possible reductions in 
krill and/or increased recycling of POM in the surface layers (Fig. 2BC). Alternatively, increases in salps 
– indiscriminate filter feeders which, unlike krill, are able to feed on small-celled phytoplankton such as 
cryptophytes – could lead to increased export, due to their high feeding rates and production of very large, 
fast-sinking fecal pellets (~ 700 m d-1; Phillips et al. 2009), or to more sporadic export events, due to the 
ephemeral nature of salp blooms (Gleiber et al. 2012). In the south, where phytoplankton community 
structure is still largely comprised of diatoms (Montes-Hugo et al. 2008), and given that krill only remove 
a small fraction of the primary production in the WAP in summer (Bernard et al. 2012), we would predict 
that export would be high and largely in the form of diatom aggregates.  

Elements of the WAP planktonic community may respond differentially to ocean acidification. 
Uptake of the excess CO2 into the upper ocean leads to reduced seawater pH, carbonate ion concentration, 
and calcium carbonate (CaCO3) mineral saturation states linked to declining biological calcification rates 
in some organisms in the laboratory (Doney et al. 2009). The Southern Ocean around Antarctica is argued 
to be a hotspot for early biological impacts of ocean acidification in part because cold waters will become 
undersaturated sooner for some CaCO3 mineral forms (Orr et al. 2005, Steinacher et al. 2009), and there 
is evidence already for in situ dissolution of pteropod shells (planktonic snails) in undersaturated parts of 
the water column northeast of the Antarctic Peninsula (Bednaršek et al. 2012). The response of non-
calcifying plankton to ocean acidification in polar systems remains largely unstudied. In whole-water 
perturbation experiments over about two weeks duration (Saba et al. 2012), small phytoplankton-
dominated communities (small diatoms, cryptophytes), did not grow efficiently under high CO2. 
Specifically, nanophytoplankton (2-20 µm) declined by 84% and exhibited significantly reduced 
photosynthetic efficiency during the 12-day incubation. Small phytoplankton are becoming more 
prevalent in waters along the WAP, but these communities may respond negatively to OA, creating a 
ripple effect in food webs and biogeochemical cycling. Additional perturbation experiments found that 
feeding by Antarctic krill and nutrient excretion rates increased under high CO2 conditions, likely a result 
of increased metabolic demand due to compensation for maintaining internal acid-base balance (Saba et 
al. 2012).  

Proposed Research. In the next award period, we will add new long-term measurements of the 234Th 
disequilibrium to estimate particle export across the WAP region (e.g., Fig. 7B) and add seawater 
carbonate chemistry measurements (dissolved inorganic carbon, total alkalinity, pH) to the Palmer Station 
time series, complementing those made during the annual PAL research cruises (e.g., Fig. 7C) These new 
measurements will augment data on sinking particle flux and composition over the annual cycle from our 
moored sediment trap (Ducklow et al. 2008), and our yearly summer vertical profiles of dissolved 
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inorganic nutrients, oxygen, inorganic carbon and alkalinity, and particulate and dissolved organic carbon 
and nitrogen. We will analyze the biogeochemical data in the context of relevant biological information 
on planktonic foodweb stocks and mass/energy flows, including: bacterial biomass/production, 
assimilation and growth rates; in situ and satellite ocean color imagery on phytoplankton biomass, size 
structure, taxonomy and net primary production; and zooplankton biomass, size-structure, taxonomy, 
grazing and fecal pellet production rates. Using statistical data analysis techniques (Martinson et al. 2008) 
and process models, we will relate time/space variations in biogeochemical dynamics to environmental 
and ecological data to discern the physical and biological controls on them.  

Export. Pilot sampling for the 234Th-deficit began as an external strategic collaboration (with K. 
Buesseler, ANT 0838866, January 2009,10), and we conducted our own measurements in 2012-14 by 
leveraging existing funds. 234Th-deficit measurements expand our estimates of export, currently limited to 
a single sediment trap location (Fig. 3B), to the regional scale (Fig. 7B). Targeted measurements will be 
added to better assess the size structure and taxonomy of the phytoplankton community, specifically size-
fractioned chlorophyll, microscopy for taxonomic identification, and HPLC pigments, size-fractioned 
zooplankton biomass (micro- versus macro- and mesozooplankton), major zooplankton groups that 
contribute to packaging and fecal pellet export (e.g., krill, salps, copepods). At selected process study 
sites, we will also continue to measure zooplankton grazing and fecal pellet production rates. Diel 
sampling of zooplankton biomass can be used to infer the net downward carbon transport due to vertical 
migration (Steinberg et al. 2000). 

To to test our predictions about changing food web structure and particle flux, we propose to 
augment our sediment trap in the northern WAP with a second trap in the south sited over the shelf at 
comparable depth (Fig. 3B). This will allow north-south comparison of export over the full annual cycle. 
We will analyze chemical composition of particles (e.g., POC, PN) and particle type (zooplankton fecal 
pellets, phytoplankton aggregates). We are currently evaluating the performance of a new moored trap 
(obtained with a separate OPP award) by deploying it side by side with the existing LTER trap.  

A key unknown for Southern Ocean foodwebs is the fraction of NPP entering the dissolved 
organic matter (DOC, DON) pool for eventual respiration and/or export. We will assess these fluxes by 
conducting on-deck mesocosm experiments at the process study stations on the annual cruises and at 
Palmer Station. Rates of DOC release by active phytoplankton can be estimated by modifications of the 
standard 14C technique to measure primary production (Morán et al. 2011). Recent work in our 
laboratories indicates that gelatinous zooplankton can be an important source of DOM, and that DOM 
released by crustacea (copepods) vs. gelatinous zooplankton (ctenophores and scyphomedusae) results in 
growth of different microbial assemblages (Condon et al. 2011). We will assess DOM release by krill and 
salps, and other abundant zooplankton (e.g., copepods, pteropods) to a) estimate its relative importance in 
carbon and nitrogen flow, and b) compare the effects of DOM from krill and salps on bacterial abundance 
and community composition using flow cytometry (Morán et al. 2011). 

Ocean acidification. Stable, solid-state, continuous pH sensors for seawater will be integrated into 
underway cruise sampling and CTD profiling to enhance our existing measurements of discrete DIC and 
alkalinity and underway pCO2 (Fig. 7C; Johnson et al. 2009, Martz et al. 2010). We will also add pH 
sensors to the Palmer Station seawater intake. Continuous pH sensors will greatly enhance our ability to 
address questions related to ocean acidification. The continuous data will improve our ability to assess 
long-term secular trends, spatial patterns, and vertical structure in pH. We will compare the variations in 
the chemical data to planktonic community composition to assess possible effects on time-space 
distributions. One focus organism will be shelled pteropods, which are increasing in the WAP, contrary to 
expectations in an increasingly acidic polar ocean; the pteropod time series also shows highly significant 
correlations with ENSO climate indices and with sea ice extent and duration (Steinberg et al. submitted). 
We will also continue to conduct process experiments to assess the sensitivity of polar planktonic species 
to elevated CO2 and low pH levels. We will collaborate with Dr. Grace Saba, a former PAL post-doc, to 
follow up on the krill response to ocean acidification; Dr. Saba was awarded an NSF grant (ANT 
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1246293) and just recently conducted the first set of experiments at Palmer Station for the three-year 
project. 

Biogeochemical modeling. Several existing models have been used to derive biogeochemical fluxes from 
ocean color data (e.g., Laws et al. 2001). These models prescribe the amount of primary production 
flowing into large-particle pools and subsequently entering the sinking flux. The models differ in detailed 
trophic structure and parameterizations, but follow similar assumptions. We will build on our recent work 
with a hierarchy of models: an inverse food-web model for the WAP (Sailley et al. 2013a); a local 1-D 
biological-physical-sea ice model (Saenz et al. submitted, Saenz et al. in preparation); a global 
mechanistic model that connects satellite data to export (Siegel et al. 2014); and regional and global-scale 
3-D ocean biogeochemical modeling (Doney et al. 2008, Jonsson et al. 2013). In Siegel et al. (2014), 
carbon transfer to higher trophic levels is assessed from the relationship of satellite-derived phytoplankton 
growth rate and biomass (Westberry et al. 2008) to net rate of biomass accumulation (Behrenfeld et al. 
2013); size-dependent partitioning of this carbon between upper-ocean respiration and vertical export is 
determined from satellite estimates of phytoplankton size class (Kostadinov et al. 2009) and a simple food 
web model. The model shows good skill globally against 234Th export estimates.  

Using both in situ and remote sensing inputs, we will adapt this model to the PAL region and test 
the extent to which the simple framework can capture spatial variations (inshore to offshore; north to 
south) and temporal variations (high-ice and low-ice years) in biogeochemistry. We will apply the model 
both to the new, enhanced biogeochemical data set that will be collected during the next funding period as 
well as the rich, two-decade long historical PAL data set. To facilitate comparisons against data, we will 
add prognostic biogeochemical tracers (O2, 234Th, macro and micro-nutrients, DIC and alkalinity). 
Sensitivity experiments will be conducted to explore whether model skill can be improved by 
incorporation of a more sophisticated, size-structured zooplankton foodweb (microzooplankton, 
copepods, krill, salps) and microbial loop (bacteria, DOC) based on our inverse food-web model (Sailley 
et al. 2013a). Following Sailley et al. (2013b), we will use the model to characterize predator-prey and 
competitive interaction strengths as well as the potential for trophic cascades within the planktonic 
foodweb. The result will be a well tested, time-evolving, seasonal plankton food-web/biogeochemistry 
box model that can then be incorporated into the 1-D biological-physical-sea ice and regional 3-D ocean 
models that are required for assessing ecosystem resilience and transitions (Theme A) and the impacts of 
lateral connectivity and changing vertical stratification (Theme B).  

To gain additional insight into the controls on biogeochemical fluxes, we will conduct cross-
system comparisons and coordinate measurements with the California Current Ecosystem (CCE) LTER, 
the other marine pelagic LTER site. We will also organize a session on NEP and export processes at the 
next LTER All-Scientists Meeting. We exchange scientific findings frequently for comparison with the 
McMurdo Dry Valleys site, a vastly different Antarctic ecosystem. 

E. Education and Outreach Activities. 

Motivation and Background. In the last decade and a half, the number of tourists visiting Antarctic 
Peninsula sites has grown from a few hundred to more than 30,000 each year (IAATO 2014). At the heart 
of this increase is the public’s innate curiosity about Antarctica’s distinctive organisms and environment. 
The PAL Education and Outreach (E/O) program embraces a myriad of opportunities to educate from 
Palmer station, aboard research ships, and through local, regional and national efforts. We value and 
utilize an interdisciplinary team involving investigators, post docs, graduate and undergraduate students, 
and station and affiliated personnel in outreach. This approach affords us the opportunity to sustain 
diverse, broad outreach partnerships across all educational levels, utilize media, reach out to government 
agencies and local industries, and interact with tourists and the general public.  

Proposed Research. To advance the public’s understanding of climate change along the WAP, the PAL 
E/O program will expand our core strengths, sustain existing relationships and initiate new partnerships 
with local and regional K – Gray science education programs. This includes local partnerships with the 
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Sandwich STEM Academy and the New England Aquarium in Massachusetts, and nationally with the 
other funded projects like the Encyclopedia of Life (EOL) and Columbia University/Earth Institute Polar 
Learning and Responding Climate Change Education Partnership (PoLaR CCEP). We will continue to 
contribute to our existing partnerships with the Climate Literacy and Energy Awareness (CLEAN) team 
and keep working on cross-site projects within the LTER network. We will expand the integration of 
media, incorporate advanced web technologies like the Palmer Station Penguin Webcam, and elevate our 
use of social media networks beyond blogs, such as Facebook and Flickr.  

In the early part of our next funding cycle we anticipate the completion of the joint PAL-Rutgers 
University documentary film “Antarctica: Beyond the Ice” which is now being enhanced with 3D 
animations to help illustrate some of the scientific concepts. It will be ready for broadcast in 2014. 
Several short science excerpts from the film have already been extracted to be featured on the PBS 
learning media website.  

A major new initiative, the AntarcTECH Penguin Cam project, will use streaming technology to 
transport students in real time to Torgersen Island, Antarctica, site of an Adélie penguin rookery 2 km 
from Palmer Station. This will begin during the 2014/15 Adélie penguin breeding season. Adélie 
penguins, which serve as sensitive bio-indicators of change within the Antarctic ecosystem, will help to 
bring attention to the impacts of climate change along the WAP. The webcam will serve as a vehicle to 
engage students in virtual “scientific research sessions” collecting observational data on the arrival and 
survival of our target iconic species. One of the advantages of using this technology is that it also affords 
students the opportunity to participate in collaborative “instant text chats” with leading penguin experts 
while they make their observations. Early implementation in the first funding year will focus on testing 
user-friendliness and building the Palmer LTER web-infrastructure to coordinate and support these virtual 
experiences with Palmer station personnel.  

To advance the webcam’s value to educators, the PAL E/O coordinator will mentor at least eight 
teachers, facilitating professional development experiences while creating instructional materials to 
support the webcam-based sessions. Our core target population is five hundred 7th and 8th grade students 
at the STEM Academy in Sandwich, MA. Instructional materials will concentrate on the life history and 
behavior of the Adélie penguin. Materials will highlight the interdisciplinary nature of science in 
Antarctica and will immerse students in real world situations that parallel the scientific research of the 
PAL LTER team. Assessments will be built based on evaluating how successfully students demonstrate 
their understanding. Our classroom lessons will be submitted for review of pedagogical effectiveness with 
the goal of having them posted to existing partner libraries; the CLEAN digital library repository and the 
LTER Education Digital library. The Palmer LTER E/O coordinator leads the effort to manage the LTER 
Education Digital Library, so these libraries will serve to disperse our resources to wider audiences and 
help us stay involved in cross-site LTER network-related projects. Initially, these AntarcTECH lessons 
and units will begin as online resources, eventually transforming themselves into serving as content for a 
highly interactive iBook about the Adélie penguins for student use on iPads™ in the classroom. The 
Palmer E/O coordinator will serve as a key liaison and teacher, while helping over 500 students and their 
teachers in integrating these experiences into their STEM curricula over the next six years. 

The progression of development on the project will also rely on our existing partnership with 
informal learning centers like the New England Aquarium in Boston and the Boston Museum of Science. 
Johanna Blasi, our 2013 Teacher at Sea, will facilitate the implementation of some of our content on 
iPads™ with Aquarium visitors in the Ocean Hall. Informal assessment from this implementation will 
provide us with feedback in making changes that increase the effectiveness of the iPad™ application and 
its functionality for use in both formal and informal learning environments. All of the resources that are 
developed in the AntarcTECH project will align to the Next Generation Science Standards (NGSS) but 
will also have a climate focus incorporating the climate literacy principles. This effort will further 
strengthen our partnership with the Climate Literacy and Energy Awareness (CLEAN) team.  
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With the remoteness of Antarctica, our outreach program relies heavily on digital media to 
successfully deliver our science to the public. Digital media use is expanding rapidly into learning 
practices, in both formal and informal ways. Preliminary research even shows that digital educational 
tools and games provide promise for new paradigms in curriculum and learning (Ito et al. 2008). 
Therefore, we built into our AntarcTECH penguin webcam project two additional initiatives. The first 
involves the development of a new memory game to be submitted to the Encyclopedia of Life’s Species 
Match Memory Game. Secondly, we have partnered with Columbia University/Earth Institute Climate 
Center and their NSF-funded PoLAR project (Polar Learning and Responding Climate Change Education 
Partnership). The project is dedicated to developing a suite of interactive and game-like tools that 
capitalize on the iconic imagery of the Arctic and Antarctic. Palmer LTER E/O coordinator and PAL 
scientists will serve as Antarctic consultants for the project. We will initially create playing cards for use 
in an Antarctic EcoChains card game that will utilize existing food web species cards from our Sea 
Secrets children’s book. We also recognize the potential to collaborate with the PoLAR project in creating 
an Antarctic version of the SMARTIC game (Strategic Management of Resource in times of Change). 
This game is targeted toward tourists but has value in classroom settings as well. The game sets players in 
situations that call upon them to set resource and development priorities based on changing conditions in 
the WAP region. Users have to negotiate to resolve conflicts and manage competing interests. Creating a 
game like this for the WAP has the potential to be sold at Palmer Station and be seen and used by many 
of the visitors and tourists that come to the Station each year. 

Synthesis 

In continuing our now 23-year long time series of local, daily to weekly observations at Palmer 
and Rothera Stations, and regional-scale observations on our annual oceanographic cruises, we will use 
our historical and proposed new data to gain new fundamental understanding of four central issues in 
ecology: mechanisms and trajectories of long-term change (Theme A), local to hemispheric, and daily to 
decadal forcing of ecosystem dynamics modulated by variability of vertical mixing and resource 
limitation on lower trophic levels (Theme B), competition among upper trophic level predators and top-
down controls on ecosystem structure (Theme C) and interactions between biogeochemical fluxes and 
plankton community composition and trophodynamics (Theme D). Since its inception in 1990, PAL has 
addressed ecological questions at multiple spatial scales by combining local to regional station- and ship-
based oceanographic observations with global remote sensing. Now in our third decade, we are poised to 
resolve interannual to decadal temporal variability with increased certainty. We exploit the strong 
teleconnections between climate variability (ENSO, Atlantic Multidecadal Oscillation) and regional 
meteorological conditions on the WAP to better understand sea ice variability, and in turn, the controls on 
local ecological dynamics. We will test the hypothesis that large-scale variations in the position of the 
ACC determine the frequency and intensity of cross-shelf transport of warm, nutrient-rich UCDW in 
submarine canyons, regulating ocean-coastal connectivity, local productivity and prey availability for 
penguins and whales. We will use the strong trends in ecosystem properties caused by regional warming 
and sea ice loss to explore multiscale ecosystem changes at local (Palmer, Rothera Stations) to regional 
(cruise and sampling grid) scales in response to pulse and press forcings. We will use our changing 
system to investigate ecological resilience and tipping point indicators. Our high-resolution, multiscale 
sampling design includes autonomous temporal (moorings, seconds-years) and spatial (gliders, meters-
kilometers) efforts to complement traditional small-boat (hours) and ship-based research (days). Finally 
we use our infrastructure and data archive to encourage and facilitate new research into areas beyond the 
scope of PAL. Our long-term vision is to build a multinational consortium of international partners along 
the entire Peninsula, tied together by autonomous observing systems and research collaborations, to 
further our understanding of this rapidly evolving region.  
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Figure 1. PAL signature long-term datasets. A) winter (June, July, August; JJA) surface air temperature 
at Palmer Station and sea ice duration averaged over the PAL sampling grid (Fig. 3A,B). Trends indicated 
by regression lines are significant (p<0.01). B, C) annual summer (January) anomalies of phytoplankton 
(chlorophyll) stocks at Palmer Station and Antarctic Krill (E. superba) abundance in the northern 
sampling grid. Positive krill anomalies lag chlorophyll by one year. D) three species of penguin breeding 
pairs in the Palmer Station region. Time-series analysis indicates a tipping point around 1993 
(Bestelmeyer et al. 2011). 
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Figure 2. A) PAL spans a space and time gradient that has shifted during the program.  The rates/mechanisms of these climate-induced shifts are 
the focus of Theme A. Panels B and C represent the current ecosystem gradient within the Pal-LTER. The north has shifted to a sub-polar system. 
The southern region remains a polar ecosystem.  Upwelling of warm UCDW in canyons (red arrows), a major ecosystem driver, is sensitive to 
climate variability. How large-scale forcing structures local foodwebs is the focus of Themes A, B, and C, and how this forcing affects 
biogeochemistry is the focus of Theme D.  Additionally, Theme C assesses mechanisms and effects of change in upper trophic levels (penguins 
and whales).��
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Figure 3. A) PAL study region in the Southern Ocean and along the western Antarctic Peninsula. Map B 
shows long-term hydrographic stations (yellow & white dots), locations of Palmer and Rothera time 
series and process study stations at 3 locations (red dots) along the peninsula. Prior to 2009 we occupied 
all yellow stations on the 200 to 600 lines (lines are 100 km apart, stations 20 km apart); in 2009 we 
expanded south to the +100, 000 and -100 lines, reducing our spatial resolution (white dots w/ red 
outline). Also shown: moorings (triangles) and cross shelf canyons (grey shading). C) detail map of 
Palmer Station (star) region showing locations of active (P) and extinct (P) penguin colonies and time 
series Zodiac hydrostations (triangles).�
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Figure 4.  Research Theme A. Long-term change. A) Changes in sea ice seasonality, showing shorter 
ice seasons with time, north to south (see Fig. 3 for locations). B) Seasonal changes in sea ice variance 
(coefficient of variation), showing increased variance with time, north to south. C) Examples of 
biochemical indicators, significant (*) differences north vs. south in lipid concentration of penguin prey 
items (Ruck et al, in review). D) Output of inverse foodweb model, showing development of microbe-
dominated ecosystem in north (Sailley et al, 2013). E) Three classes of driver/response relationships, with 
shifts to bimodal frequency distributions when threshold or hysteretic change occurs (Bestlemeyer et al, 
2011), as hypothesized for the northern and mid regions. We will combine approaches C-E to address 
questions posed in Theme A.�
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Figure 5. Theme B. Lateral connections and vertical stratification, showing sampling strategy. A) A color enhanced satellite image of sea ice 
concentration during mid-winter in 2009, typical of the past decade.  Pink indicates 100% ice cover with blue being 0% ice cover. Bold grey line 
depicts continental shelf-slope break (1000 meters). The upper western half of the Antarctic Peninsula shows no ice. The ship sampling regions are 
denoted by the green boxes (high resolution coastal surveys in light green and process study zone indicated by dark green box). White line 
indicates potential glider flights.  Blue dots indicate potential mooring locations.  B) Spatial sampling is done with gliders. A temperature cross-
section sampled in 2011 shows subsurface eddies that are indicated by warm temperatures.  C) Temporal sampling is done with moorings. 
Smoothed 2007 time series plot (red line) shows daily variations in the water column heat content (Q), dots show maximum temperature values. 
Dots above the dashed line indicate presence of an eddy. Nearly every jump in Q coincides with an eddy. 

Feb 2007                  Date            Jan 2008    
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Figure 6. Theme C. Top-down controls and shifting baselines.  The greater PAL sampling area showing the distribution and habitat use of 
humpback whales during January-February in relation to Adèlie and gentoo penguin population trends from north to south.  Each colored line on 
the map is the track of a satellite-tagged humpback whale.  While the whales range over a broad spatial extent throughout the PAL sampling 
region, they are more likely to be found in the northern portion of the study area near Anvers Island than to the south near Avian and Charcot 
Islands.  Population trends of Adèlie and gentoo penguins are shown for two major breeding colonies (Anvers and Avian Islands): Adèlie penguins 
are decreasing coincident to increases in gentoo penguins and in areas with high abundances of humpback whales, while Adèlie penguins are 
increasing at Avian Island where there are no gentoo penguins and lower densities of humpback whales. 
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Figure 7. Research Theme D: Foodwebs and biogeochemical processes. A) conceptual diagram 
showing trophic and biogeochemical fluxes and measurements or derivations of rates and stocks (see 
color key in title) (after Ducklow & Doney, 2013). B) particulate carbon export from upper 100 meters 
measured by Thorium-234 deficit (unpub data, Jan 2013). C) continuous underway pCO2 (ppm) at sea 
surface along Jan 2012 cruise track.  
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FACILITIES, EQUIPMENT AND OTHER RESOURCES 
 
Personnel. Hugh Ducklow is a fulltime faculty member in the Columbia University Department 
of Earth and Environmental Sciences. Ducklow will contribute four months of time per year to 
the project, supported by his Department and Lamont-Doherty. Ducklow is lead PI and has 
overall responsibility for the proposed research and management of the Palmer Antarctica LTER 
(PAL). Ducklow will coordinate the research contributions of all project components and serve 
as the liaison between PAL, NSF and the LTER Network. Ducklow will also supervise 
administration of the LTER award at Lamont-Doherty Earth Observatory. Through LDEO, 
Ducklow will arrange and coordinate the annual meetings for the group and the PAL 
participation in the LTER Triennial All Scientists meeting as well as facilitate PAL participation 
in cross-LTER Site research and synthesis. Ducklow is responsible for research conducted in the 
microbial biogeochemistry component of PAL, as described in the proposal. He will conduct 
research on the annual cruise and at Palmer Station each year, and in his lab at LDEO. Ducklow 
will be responsible for data analysis and publication of results from the microbial 
biogeochemistry component, and will mentor a Columbia PhD student working on PAL 
research. 
 
Doug Martinson is a Lamont Research Professor. LDEO will support three months of 
Martinson’s time on the project each year. 
 
Office. Lamont-Doherty Earth Observatory will provide office space for all LDEO project 
contributors. 
 
Computer: LDEO supports a multi-platform network with high speed internet access, website 
support, and mass storage. The Division of Ocean and Climate Physics computer resources 
consist of a multitude of Unix workstations on a lab-wide network, local workstations, PCs, 
Macs and laptops. There are also considerable printing, back-up and storage capabilities.  
 
Laboratory. Ducklow has a newly-renovated 600 sq ft lab in the LDEO New Core Lab facility, 
supporting all the analytical requirements for the Microbial Biogeochemistry component of the 
proposed research. Ducklow’s lab has fume hoods, DI water supply and the following 
instrumentation: two Accuri C6 benchtop flow cytometers available for field deployments to 
Palmer Station and the annual research cruise, a RISO (Denmark) Beta Counter for Thorium-
234, also available for field deployment, Seal Analytical 4-Channel Continuous Flow Analyzer 
for dissolved inorganic nutrients, Shimadzu TOC-LC Total organic Carbon Analyzer, UIC 
Coulometer (dissolved inorganic carbon) and Total Alkalinity titrator, and a McLane WSD-10 
Wet Sample divider for splitting sediment trap samples. Elsewhere at LDEO, Ducklow has full 
access to a radioisotope lab with a Perkin-Elmer Liquid Scintillation Counter; a Becton-
Dickinson Influx Sorting Flow Cytometer and CHN Analyzer. 
 
Field. Instrumentation currently deployed in the field includes two moored, time series sediment 
traps (one McLane PARFLUX 78H-21, one SARL Technicap PPS 3/24S) with all mooring 
hardware and acoustic releases; and four physical oceanographic moorings containing a total of 4 
acoustic releases, 26 temperature sensors, 37 temperature/pressure sensors and 6 electronic 
current meters with temperature sensors. 
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The US Antarctic Program maintains and makes available to PAL all field sampling and lab 
infrastructure, equipment and instrumentation required to carry out the proposed research at 
Palmer Station and aboard the Antarctic Research and Supply Vessel Laurence M Gould. 
 
Subaward Facilities: 
 
All coPIs with subawards (see Table below) have facilities, lab instrumentation, communications 
and computing infrastructure appropriate for their specific responsibilities described in the 
proposal. 
 
Co-PI name  Institution 
Scott Doney  Woods Hole Oceanographic Institution 
Peter Franks  UCSD – Scripps Inst. Of Oceanography 
Bill Fraser  Polar Oceans Research Group 
Ari Friedlaender  Oregon State University 
Oscar Schofield  Rutgers University 
Sharon Stammerjohn  University of Colorado-Boulder 
Deborah Steinberg  Virginia Institute of Marine Science 
 



 1 

Data and Information Management Plan 
Overview. The Palmer LTER Information Management (IM) component continues to be 

an integral part of the site’s research program, providing core data and information management 
services in addition to supporting various scientific, outreach and LTER network needs through 
the continued development of a comprehensive information management environment. Recent 
and planned initiatives have been developed in collaboration with representative site personnel to 
adapt PAL IM’s focus and resources to the changing needs of both the individual research 
project and the overall LTER network. Our primary goals include (1) providing well documented, 
quality data to the public in a timely manner, (2) continuing to develop a data system that 
provides effective access to core site and related data, (3) providing support for site science 
through flexible and innovative data product development and access and (4) maintaining a data 
and information management that ensures long-term stability and integrity.  

Information Management System and Scope 
IT System Administration and Infrastructure Support. A portion of the information 

management budget for PAL, is allocated for IT support, and is provided by the CIS 
(Computational Infrastructure Support) facility (https://iod.ucsd.edu/compu/computation.html) 
collocated with PAL IM at Scripps Institution of Oceanography, UCSD. Support by this group 
includes management of our single physical server machine as well as the three currently 
operating virtual servers housed on that machine (development machine, production machine and 
data server) and also desktop support and software licenses for IM personnel. Routine backups 
are conducted in coordination with the San Diego Supercomputer Center, providing off-site 
archival services. The CIS group is led by Jerry Wanetick, the current IT director for Scripps. In 
addition to technical infrastructure support, the CIS group provides PAL IM with invaluable 
software development and infrastructure planning insight to help maintain stable growth and 
maintenance trajectories amid rapidly changing technologies and standards.  

Data system design and development. The main data access and catalog system for 
PAL LTER is Datazoo (http://oceaninformatics.ucsd.edu/datazoo/data/pallter/datasets). Built 
using open source technology (MySQL, PHP, Python, Apache, Javascript), Datazoo utilizes a 
relational database model that supports the application interface and the generation of EML 2.1 
for dataset publishing to PASTA, the data publishing catalog component of the LTER Network 
Information System.  

Much of Datazoo has been designed and developed with service-oriented architecture 
(SOA) in mind, including the data access component, where published data are stored in a 
database with an accessible web service and application programming interface (API) that 
supports data querying (for pre-download browsing) and downloading in multiple formats. An 
additional component to the system was added in 2010 that added 2-D plotting capabilities 
(timeseries, scatter, boxplot, contour, contour over a geographical map). The plotting module 
was designed as a decoupled component with a web service API, giving it the potential for being 
enabled as a network resource shared by other LTER site data systems or applications.  

Datazoo is well integrated with the Unit Registry and Controlled Vocabulary components 
of the LTER NIS, supporting the use of network-standardized units of measurement as well as a 
common vocabulary for keywording datasets that supports improved data accessibility within the 
network catalog (PASTA). Personnel records are stored in a locally developed database with 
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supporting interface, and are also integrated into the data system architecture for linking 
personnel records with datasets. Datazoo’s catalog interface was updated with faceted search 
capabilities in 2013, based on community feedback, and have improved the ability to categorize 
and locate data based on a flexible and easily maintainable design that supports both local and 
wider community vocabularies for data, including the LTER Core Areas designations.  

Palmer LTER also makes data collection with more complex file structures available 
through the use of FileFinder (http://oceaninformatics.ucsd.edu/filefinder/pallter/), a locally 
developed and maintained application that utilizes file-structure indexing to create collection-
specific search interfaces for file browsing, selection, packaging and downloading. Plans for the 
future, however, include utilizing improving data management infrastructure (“Data management” 
database, Figure 1) to support the migration of these data into our general data catalog. 
Additional improvements to the Palmer LTER data system include expanding the Datazo catalog 
capabilities to provide records for all data resources associated with and utilized by the Palmer 
LTER research community. 

Website. The project website for PAL (http://pal.lternet.edu) was developed and is 
maintained by the information management component, and was recently re-developed and 
deployed using the Drupal CMS, supported by an information management supplement. This 
redevelopment allowed for many improvements over the previous version of the website. One of 
these improvements was a better structured layout of site content and materials, developed 
through scoping and review processes involving PAL information management, site scientists 
and the education and outreach coordinator. In addition, the website’s overall appearance and 
dynamic display capabilities were much improved by the nature of Drupal’s modern and well 
supported community of developers and modules. Using Drupal as the project’s website platform 
also provides for the ability to collaborate with the increasing number of LTER sites choosing to 
use Drupal for either website or data system development. Components developed within this 
common framework can be shared across these sites, preventing reinvention, promoting 
standardization and optimizing personnel resources.  

Data management infrastructure and process development. Recently, after IM 
management personnel changes in 2011, Palmer’s Information Management has focused on 
making major improvements to the fundamental structure supporting data management processes 
and workflows. Additional databases were added to the system. Most notably, a comprehensive 
pre-published database (“Data management”, Figure 1) was built to support an integrated 
environment for producing research-critical data products and supporting new or improved 
elements of quality control and quality assurance. The incorporation of this new database has 
improved both the quality of published data products as well as Information Management’s 
ability to provide synthetic products to facilitate Palmer LTER research objectives.  
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A re-designed on-disk file structure, standardized data processing scripts (“data 
submission” and “data processing”, Figure 1) and an activity and process tracking database 
(“Data management process tracking”, Figure 1) were also developed in conjunction with this 
new database to provide for a well documented and traceable workflow for data submission, 
documentation, processing and publishing.  

Critical support for these efforts was provided through a joint IM supplement, in 
collaboration with CCE LTER, that provided both sites with shared additional personnel support 
for helping improve data access and availability at each site. This effort has resulted in a much 
more efficient and stable data management workflow environment, improving the integration of 
information management with site science through added data service capabilities and response 
as well as creating an infrastructure more resilient to personnel turnover and better staged to 
support the evolving nature of data management requirements for a long-term research project. 

LTER Network Standards Support and Involvement 
The Palmer LTER data system currently supports the generation of EML 2.1 for the 

publishing of metadata and data to the most current version of the LTER NIS, PASTA. 
Additional NIS components, the LTER Unit Registry and the LTER Controllled Vocabulary, are 
integrated with the local data system to provide data published with standardized units of 
measurements and a common network keyword vocabulary, supporting improved and 
standardized data accessibility within the network. In addition, Palmer IM regular contributes 
meteorological data to the ClimDB, updates personnel listings with the network database 
(Personnel DB) and maintains site information through SiteDB.  

Palmer Information Management continues to be active within the broader LTER IM 
community. The Palmer Information Manager, J. Conners, currently serves on the LTER 
Information Management Executive Committee and co-developed the current version of the 
LTER Unit Registry and has participated in multiple working groups (Website WG, Web Services 
WG, Unit WG) and Tiger Teams, supporting the development of the LTER NIS.  
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Future Plans and Initiatives 
The Palmer LTER IM component has worked on many recent improvements, and is 

focussed on continuing to develop a responsive information management system and data 
management workflow that supports on-time publishing of well-documented and quality 
controlled data as well as support for access to and development of data products essential to 
PAL research. Below are a set of initiatives, developed collaboratively between PAL information 
management and scientists, targeted toward improving weakness and developing existing 
strengths over the next funding cycle.  

A. Continue established and develop new interactions between site researchers and 
information management personnel through the use of regularly scheduled, structured reviews of 
the PAL information management system as well as other aspects of information management’s 
role in site science. 

 
B. Continued to improve and better develop added workflow elements and infrastructure 

changes in support of research critical data access, working towards a well-structured data 
system supporting comprehensive data integration across research components, in addition to 
improving responsiveness and flexibility in providing scientists access to crucial data products.  

 
C. Augment the existing data system, Datazoo, to include support for a more comprehensive 

catalog of site, collaborator, reference and related data resources important to site research. In 
addition, where resources allow, the development of additional data system components is 
planned as an additional phase after the above described catalog expansion. 

 
D. Develop comprehensive IM system documentation for stability through personnel 

turnover and as communicative resources to better support interactions between IM and research 
personnel, with regard to publishing data, accessing data resources and also facilitating the 
introduction of new lab personnel to the information component of the site.  
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Project Management and Logistics Requirements. 

Site Management. 

All US Antarctic researchers are bound by the rigorous regulations of the Antarctic Conservation 
Act, the US legal instrument governing the provisions of the Antarctic Treaty, regarding site occupation, 
environmental stewardship and sample collection. The Protocol on Environmental Protection to the 
Antarctic Treaty designates Antarctica as a natural reserve and sets forth requirements for all activities in 
Antarctica. Of immediate concern to PAL is ensuring that the site remains undisturbed by uncontrolled 
human influences such as tourism or unsupervised research activities. The PAL research area is now 
designated as the Southwest Anvers Antarctic Specially Managed Area (ASMA), conferring additional 
protection and additional obligations for researchers to define their site management protocols, obtain 
field permits, and limit human impacts. The SW Anvers ASMA greatly facilitates site protection and 
largely defines how our site is managed.  

The main PAL site is located at Palmer Station (64º46 S, 64º04 W) on Anvers Island, 
west of the Antarctic Peninsula, and encompasses both the immediate coastal region and the offshore 
oceanic region swept annually by the advance and retreat of sea ice. Our regional site extends 800 km 
south to Charcot Island (Fig. 3). This remote LTER site is subject to intense meteorological forcing that 
creates extreme logistic challenges for conducting research and site management. In spite of logistic 
challenges and the remote location, our site is increasingly well equipped. It is possibly the most intensely 
studied region in the Southern Ocean. In addition to assets provided by the USAP at Palmer Station and 
aboard the Antarctic Research and Supply Vessel (ARSV) Laurence M. Gould (LMG), we currently have 
four physical oceanographic sensor moorings, two time-series sediment traps and conduct several glider 
surveys each field season. 

Site management of PAL is carried out by the civilian logistics contractor, currently Antarctic 
Support Contractor (ASC), a consortium of service providers managed by Lockheed-Martin, under 
contract to the NSF. The NSF controls access of all researchers to the site, and supports most logistic 
needs including transportation, housing and subsistence, field research support, communications and data 
transmission, waste management, safety and security. Final research decisions are thus made in close 
consultation with NSF/ASC at the proposal stage and prior to each field season. There are strict limits to 
the numbers and identity of personnel we can deploy in the field, and the exact dates of stay. Berthing for 
our project is limited to 12 at Palmer Station and 20 on the research vessel.  

Project Governance and Management. PAL consists of a Lead PI (Ducklow) and ten co-PIs. PAL is 
divided into 8 scientific components addressing the physical environment and ecosystem dynamics in the 
region: Climate and sea ice (Sharon Stammerjohn), Physical oceanography (Doug Martinson), Microbial 
biogeochemistry (Hugh Ducklow), Phytoplankton, optics and gliders (Oscar Schofield), Zooplankton 
(Debbie Steinberg), Seabirds (Bill Fraser), Cetaceans (Ari Friedlaender) and Modeling (Scott Doney); 
plus Information Management (James Conners) and Education/Outreach (Beth Simmons). One co-PI is 
responsible for each component. The component co-PIs jointly plan the detailed logistics for field season 
research. With the exception of Ducklow, Martinson and Simmons at Lamont-Doherty Earth Observatory 
(LDEO) at Columbia University, the co-PIs are dispersed at seven different institutions around the 
country and are supported through subawards from Columbia. All ten PAL co-PIs constitute the 
governing body of the project. Funding decisions and research issues are decided by the full group 
through consultation and consensus. In the event of failure to resolve conflicting views (very rare), the 
lead PI makes decisions, following consultation with the NSF Program Managers or Contractor (if 
necessary). Formal communication is maintained among PIs by frequent email, weekly to monthly 
conference calls and an annual meeting. With Ducklow’s recent move to LDEO, responsibility for project 
administration shifts to Columbia University. James Conners has responsibility for Information 
Management within our project and with respect to the LTER Network. The Integrative Oceanography 
Division (IOD) at Scripps Institution of Oceanography is the data hub for PAL (see IM Section). We 
share James and the Scripps IOD resources with California Current Ecosystem (CCE) LTER, thereby 
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achieving economy of scale, and benefitting from scientific as well as IM partnership. Beth Simmons is 
the project Education and Outreach Coordinator. She works closely with Ducklow through a contract 
arrangement with Columbia, and with the other coPIs to design, coordinate and manage our EO activities. 
Conners and Simmons have full co-PI status in our project.  

An external advisory group drawn from the polar marine science community and the LTER Network has 
aided project guidance in the past, and we intend to reconvene and enlist this group’s advice in the new 
award period.  
Project turnover and succession. PAL has grown from 7 to 10 co-PIs and successfully managed a 60% 
personnel turnover since 2002 (only 2 of the pre-2002 co-PIs remain in the current PAL). Three co-PIs 
(Ducklow, Martinson and Fraser) are in their 60s and have been in the program for 12, 17 and 23 years, 
respectively. During the upcoming award cycle, PAL will consider further personnel turnover, as we have 
done in the recent past, through discussion within the program and consultation with outside colleagues. 
Ducklow will step down from project leadership at the end of the proposed award cycle, and turn it over 
to another co-PI within the program. The decision will be based on project consensus, willingness to 
assume leadership, and suitability of a new institution to host the award. We anticipate that consensus on 
this important decision will be easily reached. The new Lead PI will be selected during the upcoming 
award period to provide a seamless transition.   

Recruitment and Diversity.

Undergraduate student interns and volunteers comprise an important element of the field teams at 
Palmer Station and on our cruises, and are critical to our success. We use the unique opportunity to work 
in Antarctica to help promote participation by a diversity of students and underrepresented groups at our 
site. PAL has accomplished this aim through participation in programs such as the NSF Teachers 
Experiencing the Arctic and Antarctica Program and with Research Experiences for Undergraduates and 
volunteer opportunities. We will continue to seek increased diversity in our project by working closely 
with LDEO’s Assistant Director of Academic Affairs and Diversity to identify interested students to serve 
as lab or field interns. Similar connections are being sought at the other co-PI institutions. Co-PIs 
Stammerjohn and Friedlaender are Early-Career Researchers. 

 Logistics constraints profoundly affect our opportunities for formal and 
informal collaboration, cross-site activities and other research, education and outreach. Nonetheless we 
try to reserve some of our designated space at Palmer Station and on the research vessel each year for 
collaborating and independent investigators who want to work with us. We also encourage outside 
investigators and postdocs to submit proposals to work at Palmer Station and aboard the research vessel, 
and offer them sampling and data support from our ongoing observational program. This strategy has 
resulted in about a dozen new projects over the past 6 years, and has significantly broadened our overall 
scientific productivity. PAL Investigators invite colleagues to join our program as Affiliated Investigators. 
They are selected through consensus among the PIs because they fill a gap in our expertise or have 
specific ongoing and closely related research in the PAL Study region. PAL Affiliated Investigator status 
does not necessarily guarantee financial support, but we do encourage full participation in the scientific 
activity of PAL including attendance at our annual meetings, access to all data, sample sharing and 
consideration for berths on the cruises or at Palmer Station, as part of our field teams (see also below). 

Project Logistics Requirements.  As described in our research proposal, PAL long-term observations, 
process studies and field-based experimental work are conducted both at Palmer Station during each 
October to April (Austral) growing season, and in January at sea across the PAL sampling grid (Fig. 3) 
aboard the LMG. With the exception of two additional days of ship time (see below), all of our major 
logistics requirements remain essentially the same as in the recent award period. At Palmer Station, our 
proposed research requires 12 berths for five research components allocated as follows: seabirds (Fraser, 
B-013P, 4 berths), phytoplankton (Schofield, B-019P, 2 berths), zooplankton (Steinberg, B-020P, 2 
berths), microbial biogeochemistry (Ducklow, B-045P, 2 berths) and whales (Friedlaender, new 
component, 2 berths). During the season, team members are exchanged depending on their professional 
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and personal obligations as well as the ship schedule; thus although the maximum number of personnel 
on Station at any one time is limited to 12, a greater number of people will be travelling to and from the 
Station. On Station, each group requires a dedicated lab module. We also require 4 dedicated Zodiac 
boats for the seabird, zooplankton, microbial+phytoplankton and whale groups. The new whale 
component requires a rigid-hulled inflatable boat (RHIB) for prey mapping and whale surveys, as well as 
for deploying satellite tags.  This RHIB requires a bow pulpit to facilitate tag deployments and could be 
stationed at Palmer for the season, but loaded onto the LMG during the LTER cruise. 

Annual research cruise. The annual oceanographic survey of our regional-scale sampling grid is a key 
component of our long-term observations and mechanistic process studies. We will continue to 
accommodate our full science group, including the new whale component, within our existing allocation 
of 20 science berths. Over the past six years, we had 28 days of LMG ship time dedicated to our research 
each year. Currently, we cover a 50% larger region due to our southern extension of the sampling grid, 
with more PIs and more activities, with essentially the same amount of ship time as in the project’s 
original allowance in 1993. With the addition of the new whale component, we have additional sampling 
requirements, and we therefore request an additional two days of ship time each year (total 30 science 
days). The small increment will enable the whalers to collect samples and deploy satellite tags from the 
specialized RHIB. We have hosted our whaler colleagues during the past three cruises, in order to become 
familiar with each other’s work and logistics requirements. As a result, the ship crew and contractor 
support personnel are now fully capable of supporting the increased needs of our combined projects. It is 
critical that our cruise period be scheduled at the same dates as in the past (03 January-03 February, ± a 
few days) to maintain the scientific and statistical integrity of our 22-year long time series, and provide a 
consistent viewing window for evaluating seasonal and interannual variability. 

Related projects.

To facilitate logistics review of related proposals, in consultation with NSF we have developed a three-
tier system for defining the requirements of proposed research: Level 1: projects we endorse as providing 
new information of interest to PAL, but for which active collaboration and/or coordination of sampling is 
not appropriate or necessary. Level 2: projects of close interest, but without a commitment for lab space 
or berths at Palmer or aboard the LMG routinely assigned to PAL. In some cases we can offer to collect 
samples for another project if they do not have personnel on site. Level 3: proposals of special interest or 
critical importance to PAL, but for which berthing and/or lab space is not otherwise available, we can 
offer to make a PAL berth or berths available for a specified period, and will coordinate sampling as in 
Level 2. In these cases, the person or persons are displacing a PAL person, and would be required to 
fulfill that person’s research obligations in addition to their own work.  

 The rapid pace of change in the WAP region, enhanced scientific infrastructure and the 
growing prominence of our project have resulted in increased numbers of related proposals to conduct 
cooperative research at Palmer Station, and requests to participate on our annual cruise. We actively 
encourage new PIs and new scientific research in the PAL region. The LMG has 22 science berths and 6 
berths for the contractor science support personnel. We use 20 berths. The two additional science berths 
are reserved for other projects funded by NSF and requiring coordination or collaboration with PAL. In 
2015-2016 these two berths will be used by Dr. R. Sherrell (Rutgers), who is funded separately to 
investigate the distribution and dynamics of trace metals in the PAL study region. Sherrell’s special 
logistic needs will be covered under his award. 

Given the changes in physical climate and ecology that have already occurred along the WAP, and the 
likelihood of additional changes, possibility including tipping points and other unforeseen events, it is 
vitally important to maintain and enhance scientific research in the region. PAL looks forward to 
continuing our 24-year long partnership with NSF, support contractors and international colleagues to 
provide scientific leadership and increase our understanding of ecosystem-level responses to rapid 
environmental and climate change.  
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