Spatio-temporal occurrence patterns of
cetaceans near Ross Island, Antarctica,
2002–2015: implications for food web
dynamics
David G. Ainley, Ken Lindke, Grant
Ballard, Phil O’B. Lyver, Scott Jennings,
Viola Toniolo, Jean Pennycook, Melanie
Massaro, et al.
Polar Biology
ISSN 0722-4060
Volume 40
Number 9
Polar Biol (2017) 40:1761-1775
DOI 10.1007/s00300-017-2100-9

1 23

Your article is protected by copyright and
all rights are held exclusively by SpringerVerlag Berlin Heidelberg. This e-offprint is
for personal use only and shall not be selfarchived in electronic repositories. If you wish
to self-archive your article, please use the
accepted manuscript version for posting on
your own website. You may further deposit
the accepted manuscript version in any
repository, provided it is only made publicly
available 12 months after official publication
or later and provided acknowledgement is
given to the original source of publication
and a link is inserted to the published article
on Springer's website. The link must be
accompanied by the following text: "The final
publication is available at link.springer.com”.

1 23

Author's personal copy
Polar Biol (2017) 40:1761–1775
DOI 10.1007/s00300-017-2100-9

ORIGINAL PAPER

Spatio-temporal occurrence patterns of cetaceans near Ross
Island, Antarctica, 2002–2015: implications for food web
dynamics
David G. Ainley1 · Ken Lindke1,2 · Grant Ballard3 · Phil O’B. Lyver4 ·
Scott Jennings3,5 · Viola Toniolo3 · Jean Pennycook1 · Melanie Massaro6 ·
Jarrod A. Santora1,7

Received: 5 August 2016 / Revised: 21 February 2017 / Accepted: 27 February 2017 / Published online: 13 March 2017
© Springer-Verlag Berlin Heidelberg 2017

Abstract The Ross Sea pelagic food web is closely coupled, with the foraging among abundant upper level species affecting the foraging of one another. To investigate
the roles cetaceans may have in such interspecific interactions in this system, we studied within-season and interannual occurrence patterns of Antarctic minke whales
(Balaenoptera bonaerensis) and type-B and type-C killer
whales (Orcinus orca) within the southwestern Ross Sea,
2002–2015. Time series analysis summarized daily observations made from 3 shore localities: Capes Crozier, Bird,
and Royds distributed around the ~120 km periphery of
Ross Island. In early mid-November, both species arrived
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at Crozier, the easternmost point and westward edge of the
Ross Sea Polynya marginal ice zone. Subsequently, coinciding with decreased sea ice cover and numbers off Crozier, both species appeared off Bird, then Royds, 80 and
117 km to the west/southwest, respectively. Arrival in
either area coincided with SIC decreasing to <80%, consistent with observations elsewhere. Within-season off Crozier, both species occurred in cycles of multi-day presence
followed by absence, perhaps reflecting the spatio-temporal
patchiness of prey indicated also by penguin foraging patterns. Within-season off Royds, especially for killer whales,
occurrence was even more episodic; type-Bs arrived before
type-Cs, and results support previously described resident
and transient portions of the type-C population. Combined
with results showing that whale arrival leads to food stress
among penguins, we suggest that relatively few cetaceans
can alter food availability to alter the foraging behavior of
other mesopredators, despite primary productivity being
the richest in the Southern Ocean.
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Apex- and mesopredators are notably abundant in the Ross
Sea (Ballard et al. 2012; Smith et al. 2014), which is also
the region of highest primary productivity in the Southern
Ocean (Arrigo et al. 2008; Smith and Comiso 2008). However, owing to weak coupling between lower and upper
trophic levels in an apparent “wasp-waist” food web structure (i.e., food web depending on a few mid-trophic-level
species compared to high species diversity and abundance
at both the bottom and the top; Cury et al. 2000; Bakun

Keywords Ross Sea · Food web interactions · Mesoscale
alteration of food availability · Whales · Penguins

13

Vol.:(0123456789)

Author's personal copy
1762

2006), upper level predators in the Ross Sea system have
been shown to have major effects on one another through
predation and exploitative and interference competition
(e.g., Testa et al. 1985; Ainley et al. 2006, 2015a; Ainley
2007; Pinkerton and Bradford-Grieve 2014). As a contrasting example, the food web structure of the well-studied
waters off the western Antarctic Peninsula apparently is
considered a bottom-up forced system (Friedlaender et al.
2011; Saba et al. 2014; Cimino et al. 2016). In the Ross
Sea system, the temporal movement and foraging of mesopredators, and especially cetaceans, appear to be important
in affecting the preyscape (Ainley et al. 2006, 2015a and
references therein).
Aspects of the natural history of Southern Ocean cetaceans in this food web context became appreciably well
known from whales taken during the industrial whaling
era, but little information was gained about their behavior
(e.g., Discovery Reports of the 1950–1970s). Since that
time, research has resulted in broad-scale stock assessments (e.g., Branch and Butterworth 2001; Branch 2006),
modeled large-scale spatial occurrence (e.g., Ainley et al.
2007; Branch et al. 2007, 2012), as well as microscale spatial foraging patterns of select species through bio-logging
(Andrews et al. 2008; Friedlaender et al. 2014). However,
seasonal foraging patterns and relationships to prey on
intermediate spatial scales have largely been ignored (Santora et al. 2014). Largely missing at any scale is an understanding of the temporal elements of whale prevalence in
waters of coastal Antarctica, as well as the trophic role that
whales currently play in Antarctic food webs especially at
the meso- or even smaller scale. It has been suggested that
before the whaling era, whales were major consumers and
ecosystem engineers within Antarctic marine ecosystems
(Ballance et al. 2006; Willis 2007, 2012) but the degree to
which this is true during the present period of recovery of
whale populations remains unclear.
With respect to whales’ ecological roles, food web interactions are far more complex and smaller scale than what
can be represented in the “average” values used as input for
most trophic models. Also, members of food webs are not
merely consumers; they are also competitors and facilitators (Ainley et al. 2009). Understanding seasonal and interannual variations in habitat use, and interaction with competing mesopredators, is important in order to reveal roles
within food webs, as they highlight spatial and temporal
“hotspots” of trophic interactions (e.g., Friedlaender et al.
2011; Santora and Reiss 2011; Santora and Veit 2013). This
is not possible when assuming a homogeneously structured
system in which trophic transfer occurs at the same rate
in the entire system (e.g., Pinkerton et al. 2010; Ballerini
et al. 2013; Pinkerton and Bradford-Grieve 2014). Such an
assumption, however, is often necessary in informationsparse environments.
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To improve our understanding of the heterogeneity of
the Ross Sea food web, and how the seasonal movements
of predators play a role in its structure, we quantified the
spatio-temporal prevalence of cetaceans at three sites in the
southwestern Ross Sea, around the coast of Ross Island,
over the course of 14 spring–summer seasons. We analyzed
the occurrence patterns of Antarctic minke whales (Bal‑
aenoptera bonaerensis), the only inner Ross Sea baleen
whale, and type-B and type-C killer whales (Orcinus
orca) to address: (a) intra-seasonal timing (phenology), (b)
periodicity of sightings (index of animal flux), (c) interannual variability in relative abundance, and (d) differences
between locations that reflect timing/access to the region.
We discuss how these different scales of temporal variability, quantified by time series modeling, may relate to
intra- and interspecific food web interactions that have been
observed among penguins and whales in the southern Ross
Sea (Ainley et al. 2006, 2015a; Ainley 2007).

Methods
Study area
In the southwestern Ross Sea, Cape Crozier (hereafter,
Crozier) is the easternmost point of Ross Island (77°27′S,
169°12′E), Cape Bird (hear after, Bird) is 50 km west
(77°13′S, 166° 28′E), and Cape Royds (here after, Royds)
is to the southwest (77°33′S, 166°10′E; ~117 ocean km
from Crozier; Fig. 1). Observations were conducted daily
at Crozier (one of the largest Adélie Penguin (Pygoscelis
adeliae) colonies, now ~280,000 pairs) from 2002 to 2015.
Daily observations were also conducted at Royds (a smaller
colony, now ~2000 pairs) from 2003 to 2015. At Bird (an
intermediate-size colony, now ~70,000 pairs), observations were conducted every 2–3 days, from 2006 to 2014.
We were present at these colonies from early November to
the end of January, with some variation in start date (10–20
November). Whale observations at Royds were precluded
by the ocean in McMurdo Sound being completely covered by fast ice most of four field seasons, preventing the
entry of whales into our viewscape. Herein, we designate
summers by the initial year, i.e., the spring–summer period
November 2003 to February 2004 is the 2003 season.
Data collection
Twice daily, late morning and late afternoon, we logged the
number of marine mammals seen from designated observation locations at Crozier, 1–2 times per day at Royds, and
once every 2–3 days at Bird. Sessions were conducted by
single observers during hour-long periods (half-hour at
Crozier in 2015). As detailed in Ainley et al. (2006), we
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Fig. 1  Top panel The southwestern Ross Sea and waters around
Ross Island, showing the three study sites (capes Royds, Bird, and
Crozier). The sea ice pattern is typical of mid-November, with the
McMurdo Sound fast ice edge extending west from Royds, then north
along Victoria Land. Note upside-down “L” of fast ice edge in southern Sound. The open water (black) to the east of Crozier is the Ross
Sea Polynya; the pack ice to its west is the polynya’s marginal ice
zone; and McMurdo Sound Polynya also shows as black. By Janu-

ary, the pack ice has retreated westward to cover the ocean just within
McMurdo Sound and to the north; the fast ice edge has retreated
south in the Sound. Bottom panel graph showing average percent of
ocean covered by ice by date, November 15–January 19, 2002–2015.
Ice cover at Crozier, 2002–2005, includes the mega-icebergs; 2006–
2015 shows more typical sea ice pattern, including that of the ocean
east of the icebergs in 2002–2005

counted whales within view from high vantage points:
~20 m (Bird), ~45 m (Royds), and 115–340 m (Crozier)
above sea level during these sessions. We had 10X binoculars and 20–40X spotting scopes to assist in detections
and identifications. As the sun circled westward, periods of
intense glare were early morning Crozier, early afternoon
Bird, and late afternoon Royds (New Zealand Daylight
Time); we avoided observations during these periods. We
also avoided observations when wind speeds were greater
than 20 kts, which when combined with below-freezing
temperatures, precluded effective observation from our
exposed observation points. As pack ice dampens waves
and the strongest winds blew offshore (and thus minimal
fetch was involved), wave conditions were not problematic
in affecting whale sightability. Finally, we avoided observations during times when falling snow or low cloud cover
obscured portions of the seascape. Observations were possible on >90% of the days we were present in the colonies. Based on comparisons to ice and coastal features
visible from both our vantage point and ortho-rectified

satellite imagery, we estimate that our elevation at Crozier allowed the effective count of whales within a ~7 km
radius (the horizon actually being substantially farther);
at Royds, we could assess whales within a ~3 km radius;
and at Bird ~2 km. In comparison, Melnikov et al. (2014)
conducted sightings of much larger, much more lethargic
whales within pack ice from 50 to 70 m elevation and surmised a 20-km viewscape. Thus, we feel comfortable with
what we could see in our viewscape. Prior to 2002, as we
make reference, our sighting effort of whales was less rigorous and more casual during a study of predation by leopard
seals (Hydrurga leptonyx) on Adélie Penguins close to the
shore (Ainley et al. 2005), and thus we likely missed seeing
many whales. We also recorded opportunistic sightings of
whales during the day when working, generally 6–12 h, in
the penguin colonies, but other than confirming maximum
counts these data were not included in the analyses.
During whale observations, we estimated the amount
of ocean in view that was covered by ice. Generally, this
was pack ice (some fast ice at Royds), but at Crozier in
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2002–2005 one-quarter of the viewscape was occupied
by mega iceberg B-15A/K, extending from the adjacent coastal cliffs 5 km to the west to beyond the horizon
(MacAyael et al. 2008; Fig. 1). We considered using satellite imagery for ice cover estimation but it is too often
cloudy for visual images (e.g., MODIS) and microwave
imagery was too coarse: one pixel each for study areas off
Royds and Bird, and contaminated by snowy/icy land (see
Kim et al. (in press)).
As a means to assess whether the number of whales
observed from Royds was representative of the number present further away (data not included in time series
analyses), beginning in 2007 in McMurdo Sound, we had
the opportunity to count whales from a helicopter flying along the fast ice edge across the Sound from Royds
(and return) and ~5 km northward from its annually persistent angle in the western Sound (known locally as the
“L” and approximately 20 km west of Cape Royds; see
Fig. 1, Online Resource 1; Kim et al., in press). That is, if
we were not seeing whales from Royds, we wanted to know
if there were some along the fast ice edge farther from our
view. Besides the pilot, there were two observers during
each flight. Flights occurred between 20 November and 24
January, ~5 times per field season (rarely closer than 1 wk
apart). We also traveled on the ice breaker that had broken
the channel from open water to McMurdo Station (too far
to be seen from Royds) during 5 summers, 27–30 January, i.e., after the end of our observation seasons (Online
Resource 1). We counted whales from the ship’s bridge
along the way but these data, too, were used only to provide
a sense of how representative our Royds counts had been.
Data analysis
Our data collection methods, similar to those used from
shore elsewhere (e.g., Bowhead whales Balaena mystice‑
tus; Krogman et al. 1989; Melnikov et al. 2014), provided
only an index of whale prevalence (i.e., relative abundance
by location, date, season, and year) and not a population
count. Whale movement through the viewscape (flux),
the relatively small ocean area observed, and our logistic
resources, did not allow absolute estimates of whale abundance (as for instance in Perryman et al. 2002). We used
the highest count of whales seen on a given day, during
one or the other observation period (or during opportunistic sightings if a greater number was detected), to index the
maximum number of whales present. This index no doubt
is an under-estimate, depending on how fast whales were
moving through offshore waters (similar to Melnikov et al.
(2014)). To evaluate phenology, we also calculated a sighting rate by tallying maximum number of whales seen on
each date (not including opportunistic counts) and dividing by the number of years of observations for that date;
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if there was more than one observation period on a given
day, the figure was not the sum of the totals for both periods but rather the highest for whichever period. For Crozier, we have complete data for 14 years, with some variation in seasonal start and end dates, but for Royds extensive
fast ice extending north beyond the cape prevented whales
from coming into view in 4 years (hence, 9 years of sightings); at Bird, observations did not begin until 2006 with
no observations owing to extensive ice in two subsequent
years (hence, 7 years of sightings). However, in two of the
years with extensive fast ice off Royds (2004, 2006), polynyas formed directly offshore and whales soon found them
(Ainley et al. 2006); data from those years were included
once polynyas started to form. There was no polynya formation off Bird.
Seasonal patterns
To evaluate seasonal patterns of minke and killer whale
occurrence at Crozier and Royds, we fitted time series models to the sighting rates within the period of observation
(see below) across all years from 2002 to 2015 (2003–2015
for Royds); low frequency of observation sessions at Bird
did not allow a similar analysis. Time series models may
account for the lack of independence that occurs among
successive observations (i.e., serial autocorrelation) that
would otherwise violate model assumptions for generalized
linear models (Chatfield 2004). Counts of whales at Crozier were averaged for each day to yield a time series of
mean daily counts (sighting rate). Daily counts between 20
November (first seasonal non-zero sighting) and 22 January at Crozier were used to ensure that mean counts were
based on at least 5 years of data. Mean daily counts at
Royds contained many zeros and did not meet the distributional assumptions for linear time series models. Therefore,
we used the maximum count for each day for the Royds
observations, which allows only assessment of pattern and
not necessarily relative abundance among sites (other challenges for achieving that as well, as discussed above). The
first non-zero observations at Royds occurred on 1 December and 13 December for minke and killer whales, respectively. We used data beginning on these dates and ending
on 17 January to meet the distributional assumptions of
models (e.g., avoid zero inflation), ensuring that maximum
counts were based on at least 5 years of data. Therefore,
different time series models were required for assessing
the temporal variability of whale occurrence at Royds and
Crozier (Cressie and Wikle 2015). Observation session
frequency at Bird was sufficient for a mostly qualitative
assessment.
For Crozier, we constructed a set of 10 candidate models each for minke and killer whales. These models consisted of four non-trend autoregressive models (AR; up to
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the 4th order), four AR models (also up to the 4th order)
with a linear trend, a random walk model, and a null model.
Autoregressive models account for periodicity and autocorrelation, common elements of daily or annual time series,
and random walk models account for weak, but non-directional (random) dependence on previous values that could
be erroneously interpreted as a trend. Autoregression up to
the fourth order was considered based on visual inspection
of autocorrelation and partial autocorrelation plots.
For Royds, to assess changes in prevalence (not the same
as true abundance), we used the maximum daily count of
whales and fitted generalized linear time series models,
specified with a Poisson distribution and with a log-link
function. A set of 9 candidate models each for minke and
killer whales were constructed. These consisted of four
non-trend AR models (up to the 4th order), four AR models (also up to the 4th order) with a linear trend, and a null
model. Poisson generalized linear models are an effective
way to analyze time series of counts for autoregression and
trends (Fokianos and Tjøstheim 2011); however, we could
not find literature supporting this structure for random walk
models. Consequently, we did not include random walk
models in the Royds candidate model sets.
Time series models were implemented in R (R Core
Team 2015). Models for Crozier were fitted using the
arima function in R while those for Royds were fit with the
glm function, and all model sets were evaluated using the
second-order bias corrected version of Akaike’s Information Criteria (AICc; Burnham and Anderson 2002). Models with ΔAICc <2 are considered to explain the data with
similar accuracy as the top model (Burnham and Anderson
2002), but here we only report the performance of the topranked model of each candidate set. Divergence of observation averages from the modeled trend provides a sense of
abundance variation.
Within‑season patterns
Autocorrelation plots of average counts per date, calculated
across all years of observation, were subjectively evaluated
to describe within-season patterns (e.g., periodicity and
characteristic temporal scale) of use by both whale species at Crozier as compared to at Royds. Significant autocorrelation indicates that the number of whales observed
on a given day is significantly correlated to the number of
whales observed on the previous day (Legendre and Legendre 1998). We can only refer qualitatively to the Bird
data.
Interannual patterns
To evaluate potential interannual trends in the occurrence
of minke and killer whales at Crozier and Royds, we fitted
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linear time series models to the average number of whales
observed per day in each year from 2002 (2003 for Royds)
to 2015. We used all observations in all years to calculate
an index of average whales per day. We constructed a set
of 5 candidate models each for minke and killer whales
at Crozier and Royds. These consisted of a first-order AR
model, a first-order AR model with a linear trend, a linear
trend-only model, a random walk model, and a null model.
In the summer of 2005, the waters surrounding Royds
remained ice-covered all season and no whale observations
were made. Time series models do not allow for missing
observations, so we generated two alternative values for
this year: (1) we imputed the missing value as zero, and (2)
by estimating a value with linear interpolation, thereby generating two time series for Royds. Comparison of AICc values for models fit to the resulting two time series revealed
that conclusions were the same between the two types of
interpolated values, and the results presented herein are
based on linear interpolation for 2005. Importantly, only
seven surveys were conducted at Royds in the summer of
2008, and this low sample size is largely responsible for the
high mean count of killer whales for that year. Again, for
Bird data, we can only make qualitative assessments.

Results
Minke whales
Seasonal patterns
At Crozier, observed and predicted time series clearly
show the increase and then mid-season peak in minke
whale occurrence, followed by a general decline to the
end of the season (Fig. 2). Minke whales appeared first
at Crozier beginning as early as 19 November and then
increased slightly in prevalence to reach a peak by about
11 December (averaging 2–6 per day, highest count 22).
Numbers stayed at that level through the third week of
December, after which they decreased in prevalence
somewhat abruptly to 1–2 seen at any one time, as well
as being seen less regularly. Minke whales remained near
Crozier through to the end of our presence in late January. By comparison, minke whale occurrence at Royds
displayed a delayed (relative to Crozier) but increasing
trend as the season progressed (Fig. 2; same for Bird;
Fig. 3). They first arrived by the beginning of December, and numbers stayed at a low level (1–2) until the
first days of January when the average number seen per
day increased and we began to observe large numbers
of whales on occasional days (2–4, highest count 31),
though never as high on average as their prevalence off
Crozier in the early season (Fig. 2). Patterns seen at Bird,
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Fig. 2  Seasonal time series showing changing prevalence of Antarctic minke whales in the southern Ross Sea, Antarctica; mean (sighting rate) counts for Cape Crozier (14 years, 2002–2015), maximum
counts for Cape Royds (9 years, within 2003–2015). Observed time
series and predictions from the top-ranked time series model are
shown

Polar Biol (2017) 40:1761–1775

occurrence patterns, abundant early at Crozier, abundant later in McMurdo Sound, were clearly obvious (see
below).
The occurrence of minke whales at Crozier was best
explained by the third-order AR model, followed by the
second- and fourth-order AR models (Online Resource
2), indicating minke whales remained in the same area
for ~3 days (sometimes 2 or 4) before relocating to forage
elsewhere (see also Within-season patterns below). All
trend models had ΔAICc values >1.6, and the trend coefficients in these models were not significant (results not
shown; significance of model coefficients was determined
by t-tests using standard errors of individual parameter estimates, and an 𝛼-level of 0.10). While ΔAICc values for the
AR3+ trend and AR2+ trend models are within the range
of plausibility (i.e., <2), there appears to be no substantial evidence for a trend effect based on the non-significant
trend coefficients. Observed and predicted time series show
a gradual increase in occurrence beginning in early December that extends to the end of our presence, with occurrence
becoming more variable beginning in late December. At
Royds, the 2nd-order AR trend model was the top model,
followed by the 3rd-order AR trend model. All trend models have lower AICc values than non-trend models (Online
Resource 3), and trend coefficients were highly significant
in all models (p < 0.001).
In our helicopter surveys along the fast ice edge west
from Royds, we saw minke whales on 15 of 52 flights, numbers generally ranging between 1 and 3 (average 3.2 ± 7.4
SD), though (and included in the average) once we encountered 7, and on two flights a week apart in 2007, we saw
31 and 21 whales. We had seen approximately those numbers of minke whales in 2007 from Royds as well (Online
Resource 1). On the 5 icebreaker excursions passing out
the ice channel that it had broken from McMurdo Station,
we always saw minke whales, between 2 and 7 individuals,
except in 2007, when the large number of minke whales
present that season had moved into the channel. These aerial and ship observations confirm that what we were seeing
in waters off Royds was representative of the larger eastern
McMurdo Sound area.
Within‑season patterns

Fig. 3  Whales seen at Cape Bird, total number by date, 2006–2014

at the head of McMurdo Sound, were similar to those
seen at Royds (though seen a few days earlier, with sightings perhaps decreasing after mid-January; Fig. 3). The
highest counts at Royds and Bird occurred after numbers began to decrease at Crozier. The complementary
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In waters off both Crozier and Royds, minke whales
occurred in spurts of a few days followed by periods of no
or few whales. Autocorrelation plots for Crozier (Fig. 4),
based on mean whales per day over the 14 years, showed
that whale occurrence or absence lasted up to approximately 1 week, as indicated by significant positive autocorrelations up to a lag of 6 days. While data were not sufficient to evaluate the patterns of presence and absence
of minke whales at Royds, there was no significant
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Fig. 4  Autocorrelation and partial autocorrelation plots of minke and killer whale seasonal occurrence off Crozier and Royds. The horizontal
dashed lines in the plots indicate significance (95%)

autocorrelation in the maximum counts of minke whales,
which does suggest a lack of regular pattern to minke use
of these waters (Fig. 4).
Killer whales
Seasonal patterns
Type-C killer whales, the fish eaters (Pitman and Ensor
2003; Krahn et al. 2008; Ainley et al. 2009), arrived in
waters off Crozier by the third week of November, although
we had one sighting, type unknown (13 whales, likely C),
as early as 12 November in 1 year (2011). Similar to minke
whales, killer whale occurrence at Crozier peaked mid-season then gradually declined. This pattern is evident in both
the observed and predicted time series (Fig. 5).
The seasonal pattern of occurrence of type-C killer
whales in waters off Royds was much different from that
at Crozier (Fig. 5); as was that as seen from Bird, lying
between those two locations (Fig. 3). The first ones were
seen at Royds on 13 December, a month after first sighting
at Crozier, continuing through to the end of our residency
in late January. The first sighting at Bird was mid-way in
timing between Crozier and Royds. Ranging in pod size
from 7 to 50 individuals, prevalence at Royds increased
slightly after the first week of January (a few days earlier
at Bird). Overall, numbers at Royds were half those seen
at Crozier; as at Crozier, the presence was sporadic (see
below).

Fig. 5  Seasonal time series showing prevalence of killer whales,
type-C, in the southern Ross Sea, Antarctica; mean counts for Cape
Crozier (14 years, 2002–2015), maximum counts for Cape Royds
(9 years, within 2003–2015). Observed time series and predictions
from the top-ranked time series model are shown

The 3rd-order AR model was the most supported at Crozier. The top-ranked trend model had a ΔAICc value >2
(Online Resource 4), and the trend coefficient was not significant. At times in the early years, numbers exceeded 80,
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and once to 115 whales, within our viewscape (see below).
At Royds, the 2nd-order AR trend model best explained
type-C killer whale occurrence; the 3rd-order AR trend
model had ΔAICc value >2. All trend models had much
lower AICc values than non-trend models (Online Resource
5), and trend coefficients were highly significant in all models (p < 0.001). Predictions from the top model show an
increasing trend in killer whale occurrence at Royds and
constant variance (within bounds) in the number of whales
present from day to day throughout the season, once the
whales arrive. The observed time series shows that killer
whales often occur off Royds either in large groups or not
at all (Fig. 5).
We saw very few type-B killer whales (the mammal
eaters) at Crozier: just 7 sightings of small pods in which
we were sure of their identity, between mid-December and
mid-January, all years. Unlike pods of type-C, which often
remained for more than a day off Crozier (i.e., similar numbers seen during successive observation periods or even
successive days; see below), type-B pods were always passing rapidly through the viewscape and were never seen during more than one observation period. In fact, they often
were seen entering the viewscape and then exiting within
the hour. Type-B killer whales were far more prevalent at
Royds than at Crozier, being seen from early November to
the end of January (Fig. 6). Usually they occurred in small
pods of 6–8 animals, typical as well of Crozier sightings.
A number of predation events (seals) or chases (seals,
Emperor Penguins Aptenodytes forsteri) were observed. As
at Crozier, the type-Bs would be seen only on a single day
and only during one sighting period, suggesting that region
wide they are generally more transient than type-Cs. The
exceptions were on two occasions, when for periods of a

Polar Biol (2017) 40:1761–1775

few hours type-Bs were seen off the fast ice edge after having chased Emperor Penguins out of the water.
In our helicopter surveys, we discovered that the number of killer whales being seen from Royds was generally
far fewer than the number in the general area, or more specifically near the “L” fast ice angle in the western Sound,
20 km west of Royds (Fig. 1, Online Resource 1; see Kim
et al. in press). We saw type-C killer whales on 15 of 52
flights, numbers ranging 9–50 (average 25.5 ± 29.4 SD); we
counted >30 on 6 occasions. After 10 January we encountered type-C killer whales on almost every flight in the “L”
area, though rarely in the vicinity of Royds. On helicopter
flights, we encountered type-B killer whales on 5 occasions, ranging 6–10 in number; all type-Bs were encountered between 3 December and 15 January but typically
in early mid-December, and usually in the eastern portion
of the fast ice edge near Royds. On the 5 late-season icebreaker excursions through the channel we encountered
15–50 type-C killer whales. Thus, our sightings of type-Bs
at Royds were representative of the area (i.e., mostly concentrated in waters off Royds) but our sightings of type-Cs
at Royds did not capture the higher, more consistent numbers that reside on the opposite side of the Sound from
Royds.
Within‑season patterns
Autocorrelation plots (Fig. 4), based on mean whales per
day over the 14 years, show that type-C killer whale occurrence or absence lasted up to approximately 1 week, as
indicated by significant autocorrelations up to a lag of 6
days. The degree to which this pattern was a function of
new pods and/or the return of previous pods is not known;
also unknown would be the duration that any one pod
remained in the viewscape for multiple days. In contrast,
there was no significant autocorrelation in the maximum
counts of killer whales in waters off Cape Royds, suggesting that whale occurrence there was sporadic (Fig. 4).
Minke and killer whale interannual patterns

Fig. 6  A summary of sightings of killer whale type-B in waters off
Cape Royds, 9 years within 2003–2015, showing seasonal pattern
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On the basis of maximum counts, there were no interannual trends in the prevalence of minke whales at either Crozier or Royds (Fig. 7). There was substantial between-year
variation, at least an order of magnitude, in the maximum
counts at both locations.
The highest maximum daily counts of type-C killer
whales at Cape Crozier were observed early in the time
series (2002 and 2005), and maximum counts have been
substantially less since 2006 (Fig. 8). In contrast, maximum
daily counts in McMurdo Sound (as viewed from Cape
Royds) have been relatively consistent over the duration of
the study.
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model for minke whales at Cape Royds; however, the trend
coefficient was not significant (Online Resource 6). The
random walk model had the lowest AICc for killer whales
at Cape Crozier, and all other models had ΔAICc values
substantially >2. Together, these indicate a general lack of
interannual trends for whales in the southwestern Ross Sea.

Discussion
Seasonal patterns in habitat use

Fig. 7  Interannual time series of mean counts per day of type-C
killer and minke whales at Cape Crozier (a) and Cape Royds (b),
Ross Sea, Antarctica, 2002–2015. Years on the x-axis indicate the
year in which the austral split season began (e.g., 2002 represents the
spring and summer of 2002/2003)

Fig. 8  For interannual comparison, a summary of daily maximum
counts of type-C killer whales each year at Royds and Crozier, 2002–
2015

The pattern is somewhat different, at least at Crozier, in
regard to interannual trends based on average daily counts.
The null model had the lowest AICc value for minke whales
at both locations, and for killer whales at Cape Royds. The
trend-only model was within 2 ΔAICc values of the null

Our results expand knowledge about spatio-temporal occurrence patterns of Antarctic pack ice dwelling cetacean species by filling in gaps in what is known about their entire
spring–summer occurrence at a high latitude location, the
southwestern Ross Sea. Heretofore, we had only known
about their presence during summer and their departure
as a result of short-term surveys (e.g., Ainley et al. 2012,
and references therein) and tagging studies (Andrews et al.
2008; R.L. Pitman and Durban pers. comm.). We found that
neither minke whales nor killer whales were present continually in specific locations along the shores of Ross Island,
regardless of temporal scale. This is in contrast to the typeC killer whales that continuously occupy the shallow water
along the fast ice edge in western McMurdo Sound and
southern Victoria Land (Andrews et al. 2008; R.L. Pitman
pers. comm.; see below). Given that the same individuals
are seen repeatedly over the course of a season and in multiple years over their 14-y study period in this same location, Pitman and co-workers described a resident portion
of the type-C population. In comparison to the latter, the
type-Cs seen from Royds, Bird, and Crozier appeared to be
mostly passing by, a category of type-C killer whales also
observed by R.L. Pitman and co-workers (pers. comm.;
note that our use of the terms resident and transient are as
defined by Pitman and co-workers, pers. comm., and not
as used to describe killer whale types in the Pacific Northwest, e.g., Ford et al. (2000)). This is important, especially
in a “wasp-waist” system, for quantifying food web dynamics, where for instance we have found a positive correlation
between whale presence and Adélie Penguin foraging trip
durations and depth, i.e., whales leading to increased penguin foraging effort, despite the whales not always being
present within the penguin foraging area (see Ainley et al.
2006, 2015a; Ford et al. 2015). Apparently, a relatively
small number of whales, including both minke and fish-eating killer whales (like penguins both consuming Antarctic
silverfish Pleuragramma antarctica; summarized in Ballard
et al. 2012), could have a measureable impact on penguin
foraging in multiple areas by moving among the available
prey patches.
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Our results were consistent with the understanding that
the cetaceans investigated in the current study are generally
found within the Ross Sea marginal ice zone (RS-MIZ),
and are rarely found in the center of the polynya or postpolynya (see Ainley 1985; Pitman and Ensor 2003; Ballard et al. 2012). Although sightings of type-C or -B killer
whales have not been frequent enough from icebreaking
ship surveys of the Ross Sea (or elsewhere), sightings of
Antarctic minke whales have been sufficiently frequent
to allow modeling habitat preferences (e.g., Ainley et al.
2012). Although Antarctic minke whale is a pagophilic species, their prevalence is greatest when sea ice cover ranges
between approximately 20 and 80% (Ribic et al. 1991; Ainley et al. 2012). In the present study, minke whales became
most abundant off Crozier after sea ice cover had begun to
decrease below 80% then decreased in numbers once sea
ice cover went below 30%. The same was true for McMurdo
Sound (i.e., waters off Royds), although this occurred later
there than at Crozier, as the RS-MIZ retreated westward
(Fig. 1). The fact that whales were less frequently seen off
Cape Bird, and always passing by, likely had to do with the
lower sea ice concentration there (Fig. 1).
Besides the natural lessening of pack ice concentration, the arrival of type-C killer whales (as well as minke
whales) in waters off Royds also corresponded to the arrival
of an icebreaker, which creates a channel through the fast
ice to reach McMurdo Station, with a mean start date on
3–4 January (SE = 1.1 days) since 1977 (n = 31 years; polar
class icebreakers only). Breaking the channel does not necessarily accelerate the breakup of the entire fast ice sheet
(discussed in Kim et al. in press). However, the increase in
both minke whales and type-C killer whales off Royds at
about that time may not be a coincidence, but may represent learned behavior and anticipation of the appearance of
the icebreaker channel and fast ice breakup soon to follow.
It could well be that the cetaceans seen off Ross Island
travel as directly as possible from winter locations to this
location to take advantage of the prey patches available
once the sea ice begins to disperse. Alternatively, they may
take advantage of patches along the way. Occurring at prey
hotspots appears to be their strategy (Friedlaender et al.
2006, 2011). They could be traveling along the RS-MIZ,
which is rich in pelagic prey (Ainley and Jacobs 1981;
Karnovsky et al. 2007), and while marginal ice zones are
important to minke whale occurrence in general (Ainley
et al. 2007), as noted, it is more the existence of prey (or
at least areas of high prey availability) rather than ice that
affects their occurrence at the large scale (e.g., shelfbreak
front; Ainley and Jacobs 1981; Ainley et al. 2012). Their
arrival off Crozier coincides with the location to which
the RS-MIZ has retreated westward by mid-November, as
the polynya (or, by November, Ross Sea “post-polynya”)
expands. Clearly, both minke and killer whales are familiar
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with the area, having been observed to exploit recently
formed mini-polynyas (several km2) in southern McMurdo
Sound 20 km south of the fast ice edge, a trip that requires
surfacing in shore leads along the way (Ainley et al. 2006).
Only animals familiar with the area would know that such
an excursion may be worthwhile; the formation of these
small polynyas comes with a clearly audible sound (ice
“dissolving” quickly, releasing air bubbles; heard by DGA
5 km away) that likely travels through water. This travel to
growing mini-polynyas was seen in two of the years of the
study, in the case of both minke and killer whales. Therefore, it would appear that the Ross Island area, and particularly the McMurdo Sound fast ice edge, could be a targeted
destination where polynya processes make prey sequentially available.
Supported by their apparent seasonal occurrence in
waters off Ross Island, it is now apparent that these cetaceans do not remain in the Ross Sea during winter, as it
is extensively covered by concentrated sea ice (>80%
cover) and the only light is from the stars and moon. Ross
Island is ~10° latitude south of the Antarctic Circle (66.5°
S) and ~5° south of the latitude of zero mid-winter twilight (72.7° S; Ballard et al. 2010; northernmost point of
the Ross Sea is ~ 70° S). Except for a few, relatively small
polynyas existing along the Ross Ice Shelf, the McMurdo
Ice Shelf, and some other locations during winter, concentrated or almost continuous sea ice extends from the coast
northward to about 64° S, the broadest extent of sea ice in
the Southern Ocean (see Gloersen et al. 1992, or current
images on National Ice and Snow Data Center website).
As judged from the results of other studies, over-wintering
minke and killer whales should frequent the more northern
waters, associated with the outer large-scale MIZ. During a late-autumn cruise (8 May–12 June 1998) that went
south to 78° S in the Ross Sea, VanDamm and Kooyman
(2004) encountered cetaceans only at or in the vicinity of
the boundary of civil twilight, one pod of killer whales at
~ 73.5° S and several sightings of minke whales all north of
72° S. On winter cruises elsewhere in waters off West Antarctica, others have reported minke and killer whales in the
outer MIZ, all north of 62° S, i.e., well north of the Antarctic Circle (Ribic et al. 1991; Gill and Thiele 1997; Pitman and Ensor 2003; Thiele et al. 2004; Santora, unpubl.
data). Such sightings may well be consistent with where
these whales might spend the winter in the Ross Sea sector.
In addition, type-C killer whales have been seen in waters
near New Zealand during winter (Pitman and Ensor 2003),
with R.L. Pitman (pers. comm.) surmising that they may be
engaged in “physiological maintenance migrations” (molting) similar to that of type-B killer whales tagged in waters
off the Antarctic Peninsula (Durban and Pitman 2011).
How frequently they make these migrations in a given
year is currently not known (R.L. Pitman pers. comm.).
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Andrews et al. (2008) lost contact with their latest tracked
type-C whale on March 26, 2006, well north of Ross Island
(75° S). In most years, waters of the Ross Sea continental
shelf are mostly covered by the end of March (Gloersen
et al. 1992; in that year, McMurdo Sound began to freeze
in late February (Kim et al., in press)). Thus, owing to the
growing, extensive sea ice beginning in mid to late autumn,
this might be the time when cetaceans begin in general to
head north.
If whales winter in the outer MIZ of the Ross Sea region,
our sightings of cetaceans around Ross Island likely represent their first intrusions of the season south to that latitude (77–78° S). But when whales may start their journey
southward from the outer large-scale MIZ and the speed of
this transit are not known. The Ross Passage Polynya of the
western Ross Sea slope, opens sufficiently by late November–early December to allow at least ships to have easy
passage into the Ross Sea (Jacobs and Comiso 1989); probably cetaceans can cope with the sea ice somewhat earlier.
Interannual trends
There were no increasing or decreasing trends in the prevalence of minke whales either in the waters off Crozier or
Royds (or Bird) over the course of this study. While the
presence of mega icebergs positioned between Royds/
Bird and Crozier during 2001–2005 resulted in years when
McMurdo Sound was more ice covered and for seasonally
longer than usual (discussed in Kim et al., in press), the
prevalence of whales off Royds, or Crozier for that matter,
did not show any effect. Sightings of type-B killer whales
were too few to generate a trend. While there was no trend
evident among type-C killer whales off Royds, there was
a significant decreasing trend in maximum counts (but not
average) evident off Crozier, as noted previously (Ainley
and Ballard 2012). The high early counts during our formal study period were consistent with observations made
prior to the mega-icebergs, during a study of leopard seal
predation (Ainley et al. 2005); for example, in 2000, typeC counts averaged 45 animals (equivalent to the first few
years of the time series analyzed here; cf Fig. 7). We suspect that the trend detected at Crozier was not the result
of fewer individuals passing through Crozier waters but,
rather, they began to pass through more quickly without
lingering to accumulate in large numbers (apparently what
happens in the “L” area of McMurdo Sound; see Andrews
et al. 2008, R.L. Pitman pers. comm.). Ainley and Ballard
(2012) had hypothesized that this decrease in maximum
counts was a result of the removal of an important prey, the
large, energy-dense Antarctic toothfish by a fishery that has
been in place in the deep basin just east of Crozier since
2001 (i.e., vessels in sight from our whale-counting perch).
Since reaching peak extraction in 2004, this fishery has
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taken ~250–300 tonnes of toothfish per year from this area,
and 3000 t from elsewhere in this system (SC-CAMLR
2013, the last year in which catch broken down by small
management units is available to the public). Our hypothesis is that fewer toothfish lead to more rapid movement by
the transient portion of the type-C killer whale population.
Predator–prey interactions
The spatio-temporal patterns of whale arrival and presence we observed around Ross Island may be related to
several aspects of spatio-temporal patterns in availability
of their prey. In addition to lessening pack ice and increasing breakup of fast ice to attract cetaceans to southern
McMurdo Sound, recent research in McMurdo Sound
indicates that crystal krill (Euphausia crystallorophias),
the main krill species in the southern Ross Sea and eaten
extensively by minke whales (Ballard et al. 2012), rises
within the water column to surface waters beneath the
fast ice after the spring phytoplankton bloom is underway
(early December; B. Saenz et al., unpubl. data). This is later
than the phytoplankton bloom and the presence of crystal
krill in the southern Ross Sea, as seen at Crozier (Ainley
et al. 2015a).
The whales of both species repeatedly dive beneath the
fast ice edge to forage, and minke whales also occur around
any pack ice floating north of the fast ice edge. In particular, type-C killer whales, seeking fish (Lauriano et al. 2007;
Ainley and Ballard 2012; R.L. Pitman pers. comm.), are
prevalent in the western part of McMurdo Sound where
the bottom slopes upward toward the continent and is easily reachable by the whales (the so-called “L,” where the
east–west fast ice edge turns north; see Andrews et al.
2008; R.L. Pitman pers. comm.; Fig. 1). Type-C killer
whales tagged in late January in western McMurdo Sound,
remained there or moved northward (and back) along the
fast ice edge where there is both benthic and water-column
habitat to exploit, with none moving to the north coast of
Ross Island, i.e., vicinity Crozier (Andrews et al. 2008,
R.L. Pitman pers. comm.). If such behavior is typical of
the resident portion of type-Cs in McMurdo Sound, then
it may not be surprising that we have not seen many typeCs off Royds, where only deep ocean with less complex
foraging habitat is present. The type-C killer whales seen
off Royds remained for minutes to hours, and appear to be
passing through our viewscape. Our occasional helicopter
trips along the McMurdo Sound fast ice edge support this
theory: we saw no type-Cs in the eastern McMurdo Sound,
but many, and frequently along the ice edge, in the western
Sound and the icebreaker channel.
The arrival of type-B killer whales in the southern
McMurdo Sound in late November (well before the fisheating type-Cs) corresponds with the beginning of the

13

Author's personal copy
1772

Weddell seal (Leptonychotes weddellii) weaning period
(peak in first week December; Ainley et al. 2015b), when
many unexperienced weaners become available to the
whales. Additionally, male seals may also vocalize more to
defend their territory and access to estrous females at this
time. By far, the largest concentration of breeding Weddell
seals (~500 pups and associated parents) in the Ross Sea
occurs in the eastern McMurdo Sound just south of Royds
(Ainley et al. 2015b). Weddell seals are a preferred prey
(Pitman and Durban 2010) of type-B killer whales, and we
have seen several weaners being taken by type-Bs (Ainley
and Ballard 2012). The presence of hundreds of Emperor
Penguins along the McMurdo Sound fast ice edge may also
contribute to type-B presence (pers. obs., see Ainley and
Ballard 2012, for observations of killer whales taking Weddell seals and chasing Emperor Penguins near Royds). How
long the type-Bs stay in this area remains poorly known.
A type-B killer whale satellite tagged at the McMurdo
Sound fast ice edge, eastern portion, on January 31, 2006
moved rapidly to various locations within and just north
of McMurdo Sound, finally exiting by 10 February, then
moving farther north by 27 February, visiting Emperor
Penguin and Weddell seal breeding locations along the way
(Andrews et al. 2008); the battery of its transmitter ran out
before it exited the Ross Sea. As noted, type-Bs are much
less abundant and also pass quickly through the viewscape
at Crozier.
Implications for food web structure
Both the whales, especially the minke whales, and penguins forage on the same krill and fish prey, with the
fish prey (Antarctic silverfish Pleuragramma antarctica)
being a major predator of the krill as well (e.g., Ainley
et al. 2006, 2015a; Ainley 2007; Smith et al. 2014) in
total indicating that, indeed, the Ross Sea food web is a
very closely coupled system of interacting upper trophic
level species foraging on just two prey species. While
the penguins are tied to their breeding colonies, the present analysis, and particularly the complementary pattern of occurrence of whales, especially minke whales
at Crozier vs. Royds, suggest that the whales move to
where foraging is better (also noted by Friedlaender et al.
2011). Thus, it seems quite possible that many of the
cetaceans that are associated with altered foraging strategies of Adélie Penguins at Cape Crozier (e.g., increased
trip length and dive depth, prey changing from krill to
fish) are the same individuals sharing the penguin foraging area at Royds (~117 km by sea) a few weeks later,
as noted in previous studies (Ainley et al. 2006, 2015a).
Of course, a major satellite-tagging program or a major
photo-identification mark-recapture effort is required to
confirm that the same whales are involved off Crozier
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and Royds, but so far minke whales have been elusive to
such tagging efforts and resources have yet to materialize to conduct the photo-ID project at the required larger
scale than that conducted thus far along the McMurdo
Sound fast ice edge (R.L. Pitman pers. comm.). However, the three minke whales that have been tagged at the
ice edge in McMurdo Sound in January did indeed make
brief trips to the vicinity of Crozier (R.L. Pitman pers.
comm.). That a relatively low number of individual cetaceans could play a significant role in the southern Ross
Sea food web was an unexpected realization, at least
among the present authors; we had thought there to be a
large number of cetaceans present, operating simultaneously throughout the region.
Given that the Adélie Penguin population in the southwestern Ross Sea (400,000 breeding pairs; Lyver et al.
2014) constitutes ~10% of the global population (see
Lynch and LaRue 2014), and that other mesopredators
are abundant (Ballard et al. 2012; Smith et al. 2014), it is
clear testament to the high availability of prey in the area,
at least at the regional scale. From the perspective of the
entire Southern Ocean, it is a trophic hotspot. That a relatively small number of cetaceans at smaller scales (e.g.,
1–25 km) might well be sufficient to affect the foraging
of penguins in this large metapopulation by moving from
place to place within the penguins’ foraging area (e.g.,
Ainley et al. 2006, 2015a), speaks to the foraging capabilities of these whales and the degree to which they can
affect availability of prey within the reach of the assemblage of mesopredators. These whales may be responding to prey patches that reorganize themselves after being
exploited, consistent with the patchy nature of penguin
foraging at high quality but somewhat ephemeral shallow
prey patches (Ford et al. 2015).
Ainley et al. (2006) had estimated that a minke
whale takes 250 kg of food per day, type-C killer
whales ~125 kg/d, and an Adélie Penguin 0.9 kg/day,
and that together these mesopredators within the foraging area of the penguins, multiplied by their numbers,
take 10 s of thousands of kilograms of prey per day.
Their effect on one another is further evidence that the
food web structure in the southern Ross Sea resembles a
“wasp-waist,” in which upper trophic level predators have
a major control on availability of a limited selection of
prey species at the sub-mesoscale level and within the
depth range that they can exploit (Ainley 2007; Ainley
et al. 2015a). In other words, uncoupled from the intense
primary productivity of the area (Arrigo et al. 2008), the
abundance and foraging behavior of these air-breathing
predators reduces the availability of shallow prey, i.e.,
those within the foraging depth range of Adélie Penguins (Ainley et al. 2017), thereby affecting one another
through exploitative and interference competition.
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Concluding remarks
A key implication of this study is the indication that interactions of cetaceans with meso- and apexpredators within
the food web of the Ross Sea occur at smaller temporal,
and possibly spatial, scales than previously thought. These
interactions may be occurring within prey hotspots, a phenomenon that is often absent from ecosystem and food web
models. Predators visit prey hotspots in order to increase
the efficiency by which they acquire prey. In our studies of
penguins, it is clear that they seek high-quality prey patches
and when they find them they forage intensively (Ford
et al. 2015). While broad-scale food web models are useful in organizing concepts (e.g., Pinkerton et al. 2010; Ballerini et al. 2013), we also need to pay attention to actual
species interactions with their environment and with each
other at the scale at which these interactions and foraging
actually occur (references immediately above). Included
would be residency at hotspots, foraging intensity relative
to variable prey availability, competition, critical periods of
foraging intensity, etc. Without such information, we cannot effectively understand the role of species in Antarctic
marine food webs and how the foraging of each species
might affect that of another. For better understanding of
such interactions, perhaps it requires more investigation
in ecosystems that have been minimally degraded, and/or
comparison with more degraded ecosystems, though time
is running out as a recently initiated fishery appears to be
altering the Ross Sea food web (cf Ainley 2007; Ainley
et al. 2017).
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