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ABSTRACT Polar systems are exhibiting rapid change which is having a profound on the
ecosystems as many species are uniquely adapted to the harsh conditions and extreme seasonal
variability. We, as part of the Palmer Long Term Ecosystem Program, have been studying how
changes in the oceans conditions are driving changes at the highest trophic levels (penguins and
whales). Autonomous systems are critical tools for monitoring and documenting these changes
and the feedbacks on the system as a whole. We propose that a combination of unmanned aerial
vehicles (UAVs), radio-tagged animals (whales and penguins) combined with a fleet underwater
gliders would provide a unique dataset allowing scientists to assess the ecological dynamics in an
ecosystem that is undergoing rapid change. This manuscript outlines the general approach and
strategy for developing a network to study food web dynamics.
INTRODUCTION Earth is experiencing high rates of species’ extinctions that reflect human-induced
climate change, past/present commercial hunting and global habitat degradation. These shifts are
altering ecosystem productivity and stability, yet our understanding of these processes is poor, as
current sampling approaches with ship and telepresence (cables & moorings) have limited
capabilities in time and space, respectively. Robotic sampling has improved but effectiveness is
now increasingly being constrained by poor human “intuition” of the dynamics in marine
environments. To overcome these barriers, we envision a multi-platform network that will allow
swarming strategies of a network of autonomous airborne and underwater vehicles coordinated by
the real-time measured behavior of a large number of telemetered interacting/competing marine
animals. The combined network combined would allow flexible smart sampling to understand
what structures the ecology of higher trophic levels and how animal’s in situ behavior is (or not)
optimized to changing conditions in the ocean.
In the ocean there are specific locations associated with high rates of biological activity that often
represent regions that are disproportionately important to ecosystem dynamics. The enhanced
activity is often identified by aggregations of higher trophic organisms (fish, birds, whales, marine
mammals, benthic communities) and are often associated with oceanographic features such as
convergent fronts, upwelling zones, coastal river plumes. These regions are spatially dynamic
strongly influenced by bottom topography, coastal circulation and weather forcing. Additionally,
these regions show strong seasonal variability as many of the higher trophic levels show strong
mesoscale migration, and thus understanding the phenology of these systems is critical to
determining their overall ecological values. These challenges are difficult to sample using
traditional techniques and therefore application of flexible and adaptive sampling strategies is
critical. Autonomous sensor webs have now matured and are now are ideally suited to sampling
these hot spots. Below we highlight components to our envisioned network optimized with a
specific focus on understanding ecological dynamics in coastal waters of the West Antarctic
Peninsula, a biologically-rich region undergoing some of the most rapid change on Earth
(Schofield et al. 2010).

	
  
Figure 1: For ten seasons (2002-2011), 95% of
radio-tagged Adélie penguin locations were
within the light grey contour during diurnal tides
and within the dark grey contour during semidiurnal tides indicating that Adélie penguins
tended	
  to	
  forage	
  farther	
  from	
  Humble	
  Island	
  
during	
  semi-‐‑diurnal	
  tides.	
  

Figure 2. Figure 2A) The bathymetry of the spatial
sampling domain of the Palmer LTER program. The
orange arrows indicate the Antarctic Circumpolar
Current and transport to coastal regions. Arrows
with question marks indicate hypothesized routes
requiring more data. The penguin breeding colonies
are indicated by the paired-penguin symbols. For
three of the penguin colonies subsurface data (2B,
2C, 2D) has been collected showing warmer deep
waters of the modified circumpolar current.	
  

	
  

FIELD
SITE
AND
ASSOCIATED
OCEANOGRAPHIC AND ECOSYSTEM
DYNAMICS.
Polar coastal marine
ecosystems are regions of high biological
productivity that are concentrated in space
and time by local, regional and remote
physical forcing. These systems are
changing as rapidly (Brown & Arrigo
2012, Montes-Hugo et al 2009) yet are
difficult to study due to extreme
conditions, remote locations and the high
spatial
heterogeneity
in
animal
distributions. We envision a langragian
network in one of the most rapidly
warming regions on earth, the West
Antarctic Peninsula (WAP) to document
and understand ecological responses to
long-term directional change. The region
is experiencing rising ocean & atmosphere
temperatures, reductions in annual sea ice,
declining primary production, and
dramatic declines in some higher trophic
levels (Adelie penguins) (Ducklow et al.
2013). These external changes are
interacting with ecosystem responses to
past human interventions. For example,
the role of whales in regulating the
population dynamics in other marine top
predators such as penguins and seals is an
ongoing debate (Trivelpiece et al. 2011).
Whales are reoccupying their former roles
in the WAP following their nearextermination due to commercial whaling
in the 1800’s, and it is hypothesized that
their re-emergence is influencing other top
predators such as penguins and seals
through competitive interactions for
shared prey sources (Antarctic krill).
Interactions between the different species
is constrained by the foraging dynamics of
the Adelie penguins which are relatively
fixed in their feeding locations based on
proximity to their breeding colonies
(Figure 1).

These colonies are located in specific locations (Figure 2) that appear to be driven by the presence
of glacially carved seafloor canyons which act as conduits for funneling warm (1.5-2°C) offshore
modified circumpolar deep water to the coast (Schofield et al. 2013). This spatially constrains the
biological hotspot (10’s of kilometers) and allows for a focused region to focus sampling. The
compact breeding season for the penguins and focused Southern Ocean feeding by the whales
constrain the timing for a focused sampling in the austral summer. We seek to deploy an adaptive
network of AUVs and UAVs whose spatial sampling will be informed by radio-tagged penguins
and whales so their behaviors drive the key regions to sample. The AUVs will carry a range of
sensors to assess to what are some of the underlying physical and biological factors that drive the
ecosystem dynamics. The data would be used to address the following the questions:
What are the population distributions of major higher trophic levels and to what degree do
their respective foraging locations overlap?
Are the foraging dynamics of the higher trophic levels associated with specific physical
and/or biological oceanographic features? To what degree do the physical and biological
oceanographic drivers vary in time and space?
PROPOSED NETWORK DESIGN. The rapid development of autonomous systems, communications,
and the ability to rapidly synthesize data is offering new approaches that can be applied to study
the physical forcing of WAP coastal food-web, the interactions/competitions between levels with

	
  
Figure 3. UAV fixed imagery of the penguin colony located in Marguerite Bay
Antarctica. On the left a low resolution RGB orthomosaic of Adelie penguin colonies at
Avian Island. On the right a thermal of Adelie penguin colonies at Avian Island. Zoomed
region shows thermal signature of individual penguins
the food-web, document in a sustained manner shifting demography-phenology in the food webs,

and understand the biogeochemical significance of the changes. These approaches represent the
only approach to collect synthetic data sets to be collected over ecologically scales that ultimately
might inform a variety of physical-ecosystem models being developed
Need (1): There is a need to census the high trophic levels (penguins and whales). This would be
accomplished through a combination of technologies. UAV
vehicles (both fixed wing and quad copter will assist in both the
census and foraging technologies (Figure 3 and Figure 4). The
fixed wing survey of penguin colonies can provide high
resolution census information of both adult and chick numbers
through a combination of visible and thermal imagery. Multispectral measurements allow derived ocean color remote sensing
products in nearshore waters providing a proxy for the
chlorophyll biomass. Quad-copter surveys provide an effective
means to assess the foraging dynamics of whales. These aerial
surveys are complemented by radio-tagging the animals (whales
and birds). This provides subsurface records of their dynamics
which can be used to determine foraging behavior, frequency, and
the degree with the foraging efforts overlap between species of
penguins and whales. For this effort the radio-tags would at
	
   minimum measure location, but as tags improve they might
Figure 4. An overhead
include a range of physical and biological variables. This data
quad-copter image of two
taken together provides 3D picture of the dynamics associated
humpback whales in the
with resident populations of penguins and whales.
process of coordinated
bubble net feeding at the
Need (2): What are the subsurface physical and biological
surface. Not the extended
features associated with the foraging dynamics of the whales and
ventral ouch (cavum
penguins. For this, we propose that deployment of a fleet of
ventrale) of the central
underwater gliders be deployed to map basic oceanographic
whale.
features that include temperature, salinity, currents, chlorophyll
fluorescence, optical backscatter, oxygen, and colored dissolved
organic fluorescence. The fleet of 4 gliders would be deployed to conduct fixed line sampling
within the coastal foraging areas, with 2 gliders conducting cross shore transects over the
subsurface canyon. The other two gliders would conduct along canyon sampling lines. The
lithium powered gliders allow for several month missions despite the cold water temperatures,
allowing a sustained presence throughout the austral summer which is the critical period for the
whales and penguins. These fixed line surveys will be complemented with 4 gliders conducting
adaptive sampling surveys, with glider flight patterns be coordinated based on the real-time data
provided by the animal tags. Real-time location will be transmitted to shore and will be used to
calculate foraging kernels that will then be used to direct survey patterns by the adaptive sampling
gliders. These flight patterns will be adjusted twice daily. While initial glider piloting efforts have
been largely manually coordinated in the past, future efforts should focus on developing automated
data filtering approaches from the animal tags to allow for automated glider waypoint adjustment.
The combined fixed spatial sampling provides context within which the adaptive sampling of
animal feeding can be embedded. Three of the five adaptive sampling gliders will be outfitted with
the same sensor suite as the fixed sampling gliders. The fourth adaptive sampling glider will be

outfitted with a Fluoresence Induction and Relaxation (FIRE) system. This system allows for
measurements
of
the
phytoplankton
physiological state which allows for calculation
of photosynthetic electron transport rates. This
allows estimation of microbial productivity rate
processes to complement the overall biomass
estimates allowing us to assess how the physical
environment drive changes in phytoplankton
physiology and corresponding cellular rate
processes (Falkowski et al. 2004, Suggett et al.
2004). The sensor has been integrated in the a
Sloccum glider (Xu et al. in press). Data in
Figure 5, show two days of FIRe data collected
in the coastal waters of the West Antarctic
peninsula. The decreases in the maximum
quantum yield (Fv/Fm’, top panel) and in the
optical cross-‐section of photosystem II (sPSII,
	
   middle panel) during the daylight hours
Figure 5. The daily changes in
(bottom
panel)
reflects
physiological
phytoplankton physiology as measured by
adjustments to the ambient light conditions
glider mounted FIRe sensor. Top panel
experienced by the in situ phytoplankton. The
shows the maximum quantum yield (Fv’/Fm’)
fifth glider will be focused on mapping
as a function of depth and time. Middle panel
zooplankton and fish.
While the gliders
shows the optical cross-section of
outfitted with Acoustic Doppler Profilers can
photosystem II as a function of time and
provide a proxy for grazers, they are difficult to
depth ( PSII). Bottom panel shows the
calibrate for specific species. Therefore, we will
photosynthetically available radiation at the
outfit the glider with a ASL Environmental
sea-surface as a function of time.
Sciences Acoustic Zooplankton Fisher Profiler
(AZFP) which is an autonomous, low-power
echo sounder with significant internal storage and the capability to include up to four frequency
channels. The modified acoustic transducer fits into a standard ECO puck housing used for other
applications on Webb Slocum glider. Teledyne recently completed the software integration of the
AZFP electronics into the Slocum glider so that the glider controls the operation of the echo
sounder, and its configuration can be changed on-the-fly. A successful test of the integrated AZFP
(single-frequency; 200 kHz) was conducted in the Gulf of Mexico via a collaborative glider
mission between NOAA and University of Florida. For this project, ASL and TWR with our team
would deploy a 3-channel (38, 125, 200 kHz) AZFP for a slocum with 22.5-degree transducer
housing (downward looking).
The combined sampling program would collect a unique dataset linking oceanographic features to
phytoplankton biomass and productivity, zooplankton, fish, and high level trophic dynamics. The
autonomous network would provide a comprehensive examination of the ecosystem ecology
during the peak season of biological activity in the austral summer.
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