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Abstract 

Productivity in the oceans is heightened around oceanographic 

and bathymetric features such as fronts and islands. This can 

have a flow-on effect, providing increased food availability for 

higher trophic level species. Using data from a 5-day combined 

visual and acoustic survey, we examined the hypothesis that 

higher Antarctic krill (Euphausia superba) density provides a 

lucrative resource for humpback whales (Megaptera novaeangliae) 

at a remote Antarctic feeding area, the Balleny Islands (67oS, 

164oE). We assessed whale presence at the feeding area in 

relation to prey (krill), productivity and environmental 

variables using density surface modeling. We found stark 

differences between krill swarms near the islands and those in 

adjacent open water. Swarms were twice as dense and three times 

more numerous near the Balleny Islands compared to an open water 

pelagic environment, suggesting that the islands offered a 

profitable feeding opportunity. At the feeding area, whales were 

found in deeper and more productive waters with medium krill 

densities. These relationships, along with the high krill 

availability around the islands, may be the result of the Island 
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Mass Effect. 
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1 | INTRODUCTION 

Productivity has a bottom up effect on ecosystems and is 

critical for sustaining large Antarctic krill (Euphausia 

superba) populations and the Southern Ocean predators that 

forage on them  (Ware and Thomson, 2005; Groeneveld et al., 

2015). Four key features limit productivity in the oceans: 

light, nutrients, mixing, and grazing (Barnes & Hughes, 2009; p. 

32). Light and iron availability are the most important limiting 

factors for phytoplankton growth in the Southern Ocean 

(Lancelot, Hannon, Becquevort, Veth, & De Baar, 2000; Smith & 

Lancelot, 2004). Oceanic features such as bottom topography, 

islands, and frontal zones often engender highly productive 

areas due to accompanying nutrient upwelling (Bost et al., 2009; 

Gove et al., 2016; Laubscher, Perissinotto, & McQuaid, 1993). 

Large krill swarms measuring tens to hundreds of kilometers can 

be concentrated around these locations for a period of months 

(Siegel, 2016). 

 This increased productivity around islands, due to 

modification of the physical oceanography, is known as the 

Island Mass Effect (Doty & Oguri, 1956; Elliott, Patterson, & 
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Gleiber, 2012; Gove et al., 2016). There are several mechanisms 

through which the Island Mass Effect operates. At South Georgia 

and the Kerguelen and Crozet Islands, the Island Mass Effect 

causes increased productivity through the release of iron 

(Atkinson et al., 2001; Blain et al., 2001; Planquette et al., 

2007), a limiting nutrient that has been flagged as a possible 

cause of the high-nutrient low-chlorophyll status observed 

throughout most of the Southern Ocean (Boyd et al., 2000). 

Increases in productivity and zooplankton around the Prince 

Edward Archipelago have also been attributed to the Island Mass 

Effect through nutrient inputs (Boden, 1988). Increased 

productivity and a general boosting of higher trophic levels in 

the food-chain also occurs through the creation of a stable 

surface layer by meltwater and rainwater run-off, as seen around 

Bouvet and the South Sandwich Islands (Perissinotto, Laubscher, 

& McQuaid, 1992). 

 Apex predators aggregate around biological hotspots, such 

as fronts and seamounts (Bost et al., 2009; Morato et al., 2010; 

Scales et al., 2014), although there are likely temporal lags 

between productivity and predator presence. In Southern Ocean 
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ecosystems, krill populations increase after multiple years of 

high productivity, a result of increased spawning success, often 

with an annual lag (Saba et al., 2014). Shorter time lags in 

predator aggregation also occur, due to the time taken for 

predators to find prey (Sims et al., 2008). Therefore, 

predicting where and when krill swarms occur is important for 

foraging marine predators (Bestley et al., 2018). 

 The world’s largest predators are the baleen whales, who 

collectively consume an estimated 3–120 million tonnes of 

Antarctic krill annually (Siegel, 2016). Most species migrate 

annually from temperate and tropical breeding grounds in winter 

to cold but energetically rich polar waters in summer, where 

they must consume enough prey to sustain themselves until they 

return the following year. Hence, the availability of krill at 

the summer feeding grounds is critical for survival and 

population growth (Mori & Butterworth 2004; Nicol, Worby, & 

Leaper, 2008). Baleen whales aggregate and feed around frontal 

zones where productivity is higher (Doniol-Valcroze, Berteaux, 

Larouche, & Sears, 2007). Resource partitioning is evident 

between humpback (Megaptera novaeangliae), fin (Balaenoptera 
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physalus) and Antarctic minke (B. bonaerensis) whales, which 

preferentially, although not exclusively, target different age 

classes and species of krill (Friedlaender et al., 2009; 

Santora, Reiss, Loeb, & Veit, 2010). 

 Globally, there have been a number of studies linking whale 

sightings to surface productivity and prey density. In the 

Northern Hemisphere, positive correlations between feeding 

humpback whales and chlorophyll-a, an indicator of productivity, 

have been recorded in the California Current system (Thompson et 

al., 2012; Tynan et al., 2005). Areas of upwelling appear 

important, with feeding humpback whales in the Gulf of St. 

Lawrence clustering around frontal zones (Doniol-Valcroze et 

al., 2007). Analyses have revealed different but highly 

nonlinear trends between whale sightings and chlorophyll-a in 

the Bering Sea (Zerbini et al., 2016), Western Antarctic 

Peninsula (Friedlaender et al., 2006), and the Scotia Sea 

(Durussel, 2009). The reason for the different nonlinear trends 

could be due to temporal lags between chlorophyll-a and whale 

presence, or a spatial mismatch between chlorophyll-a and whale 

sightings, since whale sightings could occur many kilometers 

This article is protected by copyright. All rights reserved.



 

 

[4766]-8 

from the transect where chlorophyll-a was measured. While the 

relationship between humpback whale sightings and chlorophyll-a 

varies, positive relationships between humpback whale sightings 

and krill density have been documented in the Antarctic (Herr et 

al., 2016; Murase, Matsuoka, Ichii, & Nishiwaki, 2002; Reid, 

Brierley, & Nevitt, 2000), the Barents Sea (Ressler, Dalpadado, 

Macaulay, Handegard, & Skern-Mauritzen, 2015), North Greenland 

(Laidre et al., 2010) and the California Current system (Benson, 

Croll, Marinovic, Chavez, & Harvey, 2002). 

 The feeding grounds of the seven recognized breeding stocks 

of humpback whales in the Southern Hemisphere (Jackson et al., 

2015), are divided into six Management Areas. However, with the 

exception of Breeding stock G which shows high fidelity to the 

Antarctic Peninsula and Management Area 1, adjacent feeding 

grounds for all other areas of the Southern Ocean show little or 

no significant genetic differentiation, suggesting interchange 

of individuals and overlap of breeding stocks on their summer 

feeding grounds (Amaral et al., 2016). In addition to coastal 

Antarctica, numerous Southern Ocean islands appear associated 

with feeding grounds for humpback whales including South 
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Georgia, the South Sandwich Islands (Horton et al., 2011; 

Zerbini et al., 2006), and the Balleny Islands (Constantine et 

al., 2014). 

 The Balleny Islands are composed of three uninhabited 

Antarctic islands located between New Zealand and the Antarctic 

continent (67ºS, 164ºE; Figure 1) and have recently been 

identified as a feeding ground for the East Australian (E1) 

population of humpback whales (Constantine et al., 2014). The E1 

population migrates annually from the warm calving grounds of 

the Great Barrier Reef to the krill-rich Antarctic waters to 

feed (Gales et al., 2009; Smith et al., 2012), and photo-

ID/genotyping has matched 38 whales seen at the Balleny Islands 

to previous sightings off Eastern Australia, New Zealand, and 

New Caledonia (Constantine et al., 2014). The Balleny Islands 

cover only a small area, extending approximately 150 km 

latitudinally and longitudinally, and it is not known whether 

they provide preferred feeding habitat for whales or how krill 

is distributed around the islands. This information is key for 

baseline monitoring and future management of the world’s second 

largest Marine Protected Area the Ross Sea Marine Protected 
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Area) to determine whether fishing closures influence the 

feeding behavior of whales in the region. 

 We assess whether humpback whales prefer areas around the 

Balleny Islands (<50 km from nearest land point), hypothesizing 

that the islands are a focal point of high prey availability. We 

do so by comparing krill swarm metrics and whale density around 

the islands to those in an adjacent area of open ocean.  Around 

the islands, we evaluate how prey availability, bathymetry, 

productivity, and indicators of upwelling, such as salinity and 

temperature, relate to whale distribution at this feeding 

ground. We hypothesize that krill will be more numerous and 

dense around the Balleny Islands than compared to an open water 

environment and that whales will, therefore, aggregate around 

the islands.  

2 | METHODS 

2.1 Survey data 

As part of the New Zealand-Australia Antarctic Ecosystems Voyage 

conducted in 2015, a humpback whale survey and contemporaneous 

prey field mapping was conducted from the RV Tangaroa (length 70 

m, beam 14 m) around the Balleny Islands. The survey around the 
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islands was conducted from 2 to 6 February 2015 (inset Figure 

1). 

 Marine mammal sighting data were collected as per Kinzey et 

al. (2000) by two observers located in the ship’s “Monkey 

Island,” located one level above the bridge but below the crow’s 

nest. Observers were stationed in one of two viewing boxes that 

provided seating, a wind break, and a small shelf with a radial 

angle board that was used to determine the angle to whale 

sightings. Both observers scanned the waters 180º in front of 

the vessel while alternating between searching with and without 

7 × 50 handheld Fujinon binoculars. Upon sighting a marine 

mammal, a hand-held UHF radio was used to inform the data 

recorder stationed on the bridge who entered the information 

into a laptop computer with purpose-built software and 

interfaced with a Global Positioning System (GPS). Data recorded 

included the reticle and angle from the ship to each sighting, 

as well as the species, number of animals, weather, and location 

of the ship. Perpendicular distance to each sighting was 

calculated using the reticle, angle, and mean observer eye 

height (15 m) using the equation of Kinzey et al. (2000). Our 
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analysis only used on-effort data, defined as times when two 

observers were actively searching for sightings from Monkey 

Island and visibility was suitable for sighting marine mammals 

(Beaufort < 4). 

 Underway oceanographic data were collected using a Wetlabs 

ECO-TRIPLET (chlorophyll-a) and a Seabird 21 thermosalinograph 

(salinity and temperature). In addition, a calibrated Simrad 

EK60 echosounder operating at 38 and 120 kHz frequencies was 

used to collect active acoustic data. 

 Acoustic data were processed to identify krill and 

calculate krill density using Echoview (2015) and the R package 

EchoviewR (Harrison et al. 2015). Krill were identified to 

species using mid-water trawls and were primarily Euphausia 

superba. Krill swarms were identified using two approaches: on 

an integration grid and on a swarm-by-swarm basis.  In both the 

integration grid and using standard “dB-difference” techniques 

with krill falling between a 120 kHz to 38 kHz window of between 

0.37 and 12 dB re 1 m−1 applied to a 50 ping by 5 m integration 

grid (Jarvis, Kelly, Kawaguchi, van Wijk, & Nicol, 2010) and on 

a swarm-by-swarm basis (Cox, Watkins, Reid, & Brierley, 2011). 
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In line with Jarvis et al. (2010) grid cells identified as krill 

were integrated in one nautical mile intervals to a depth of 250 

m or seabed, if shallower. Grid-based acoustic backscatter was 

scaled to area density (gm−2) and swarm-based integrations were 

scaled to volumetric density (gm−3). 

2.2 | Statistical analysis 

2.2.1 | Comparing abundance near vs. outside the Balleny Islands 

To assess whether krill were more abundant around the Balleny 

Islands compared to adjacent open waters, swarm characteristics 

from around the islands were compared to swarms encountered one 

day after leaving the Balleny Islands (>100 km). Encounter rate 

was calculated as “swarms encountered per kilometer” to account 

for differences in ship speed. Swarm internal volumetric density 

and individual swarm length distributions near and away from the 

Balleny Islands were compared using a one-sided Kolmogorov-

Smirnov test. 

2.2.2 |Whale distribution around the islands 

Density surface models (DSMs) incorporate generalized additive 

modeling (GAM) to provide a flexible method of modeling line 

transect environmental and sighting data. Therefore, this 
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technique incorporates nonlinear environmental coefficients, 

with (1) distance sampling, to account for imperfect detection 

of individuals or groups of humpback whales, and (2) survey 

design, to allow for opportunistic surveys with repeat sampling 

and unequal effort, where not all parts of the survey area are 

sampled the same number of times (Miller, Burt, Rexstad, & 

Thomas, 2013). A DSM with a half-normal detection function was 

used to evaluate whether whale sightings are correlated with 

environmental or biological features while accounting for 

imperfect detectability. Larger groups of whales may be easier 

to see, so a coefficient for group size was included in the 

detection function. Model performance was assessed using Akaike 

information criterion (AIC). The DSM was fit using the AIC-

selected detection function, and a GAM was used to link whale 

sightings to environmental variables, which included a spatial 

smooth, s(x, y) implemented as a soap-film smoother (Wood,  

Bravington, & Hedley, 2008) to smooth around islands, rather 

than through islands. A maximum of six basis dimensions were 

allowed for the smooths of environmental variables. The Poisson 

distribution with a log-link function and an overdispersion 
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parameter used for the GAM component of the DSM. AIC was not 

available because the model is not based on a full likelihood so 

a backwards step-wise model selection based on p-values was used 

instead (α = 0.05). 

 Variables considered in the DSM are summarized in Table 1. 

AMSR2 satellite-sensed daily sea ice concentration was sourced 

from the University of Bremen (Spreen, Kaleschke, & Heygster, 

2008; http://www.iup.uni-bremen.de:8084/amsr2data/). However, 

because sea ice concentration was low throughout the survey area 

as the vessel could not travel in areas of heavy ice coverage, 

this variable was not included in the model. For the DSM, krill 

data were vertically and horizontally integrated and mean 

density per integration interval was calculated. The DSM was fit 

using the dsm package (Miller, Rexstad, Burt, Bravington, & 

Hedley, 2016) in R (R Development Core Team, 2014; version 

3.2.3). 

 DSMs can incorporate both uneven effort over a survey area 

and repeated transects. To ensure that repeated visits to the 

same area were considered independently in the DSM, the survey 

was coded in four separate transects based on parts of the 
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survey with continuous on-effort times. Krill and underway 

environmental data were integrated into “Segments” within each 

transect. Segment width was determined to be 13.8 km, which was 

the maximum distance of any sighting from transect. Sightings 

were then matched to the closest segment to ensure that the most 

relevant set of environmental variables were associated with 

that sighting as the environmental variables over that scale 

might have greater variation in the nearshore compared to the 

offshore transects. 

 DSMs allow the user to specify the segment area to account 

for uneven effort. At times, the vessel was much closer to the 

islands than the segment width, causing a reduction in segment 

area because the land restricted the field of view. For segments 

where an overlap occurred, the segment area was reduced by the 

percentage of overlap with land. 

3 | RESULTS 

3.1 | Comparing abundance near vs. outside the Balleny Islands 

There were 63 sightings of humpback whales over 39.2 hr of 

effort between 2 and 6 February 2015. Group sizes ranged from 1 

to 7 individuals (mean = 2.16, SD = 1.35). A sighting rate for 
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whales of 1.7 sightings hr−1 between 2 and 6 February around the 

Balleny Islands dropped to only 0.17 sightings hr−1 over 7 

February, after the ship had left the island group. 

Coincidentally, the encounter rate of krill swarms around the 

Balleny Islands was also much higher than on the day after, when 

the ship had moved away from the islands. Krill swarms around 

the islands were encountered at a rate of 0.15 swarms hr−1 while 

away from the islands the encounter rate was 0.05 swarms hr−1. 

While there were more swarms encountered around the islands than 

outside the islands, they were significantly shorter in length 

(as measured along the transect see Table 2) than those 

encountered the next day outside the islands (p < .001, Table 

2). Despite being shorter in length, the island-based krill 

swarms were denser (p = .061, Table 2), however, this difference 

was not statistically significant. 

 The p-value selected DSM comprising a spatial smooth of 

easting, northing, chlorophyll-a, krill density, salinity and 

bottom depth (Table 3), was overdispersed (dispersion parameter 

= 3.33) and explained 46.8% of the deviance. Except for 

chlorophyll-a, which displayed a linear relationship; all other 
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variables had nonlinear relationships with whale count and hence 

were modeled as smooth terms (Figure 2). 

 There was a “hotspot” of high counts of humpback whales to 

the east of Young Island (the northern most island Figure 3), 

and an area of low counts between the two southern islands that 

was not accounted for by the other variables (Figure 3). 

 While the krill-whale relationship (Figures 2a and 2b) 

indicates that there is a quadratic like relationship when krill 

is >500 gm−2, there were only four observations driving this 

relationship, so it should be interpreted with caution. This is 

reflected in the large confidence intervals in this plot. 

Relative frequencies of krill decline exponentially, with most 

cells containing <50 gm−2 of krill but with some particularly 

dense swarms leading to densities of up to 500 gm−2 (Figure 4). 

 The relationship between whale count and salinity (Figure 

2c) appeared to overfit even when the basis dimension (number of 

knots) was restricted. The “wavy” line hovers around zero, 

indicating that while this relationship was statistically 

significant, its effective influence is low particularly because 

of the limited range of salinity values (34.15–33.41 PSU). The 
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relationship between whale count and bottom depth (Figure 2d) 

appeared to be the most robust of these smooth terms, showing 

higher whale numbers when the seabed was deeper than 300 m. The 

estimated number of whales decreased sharply when depth exceeded 

1,900 m and the confidence intervals became extremely large, 

which is driven by the lack of data (only three observations of 

whales) at depths >1,900 m. 

 Chlorophyll-a was initially included as a smooth term in 

the DSM, however, its effective degrees of freedom was 1 and the 

smooth term plot was linear so this term was changed to a 

parametric coefficient (Figure 2e). For every 1 µgL−1 increase in 

chlorophyll-a, there was an estimated increase of 1.7 whale 

sightings. 

 The optimum detection function included a coefficient for 

group size (AICHN = −40.3; AICSize = −46.2), (Figure 5). 

 Humpback whale abundance was predicted over a 10 × 10 km 

cells grid, in locations where all variables were measured 

(Figure 6). The cells were chosen to be 10 km because this scale 

was consistent with the maximum distance of sightings. The 

highest number of individuals was predicted to be in the 
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northeast of the survey area, and this area also had the lowest 

coefficient of variation. In general, the coefficient of 

variation for each cell was high, with 36% of cells having a 

coefficient of variation of two or higher, indicating that the 

standard error was at least twice the value of the estimate for 

those cells (Figure 6b). 

 The total estimated humpback whale abundance from the DSM 

is 182 individuals (SE = 27). This prediction only includes 

animals in the shaded 10 × 10 km grid shown in Figure 6, as a 

count can only be calculated in areas where all environmental 

variables were measured. This estimate includes a correction for 

decreasing detectability of whales further away from the 

transect, i.e., the detection function. 

4 | DISCUSSION 

Islands can offer a predictable and profitable feeding ground 

for migratory predators through enhanced productivity caused by 

the Island Mass Effect (Blain et al., 2001; Boden, 1998). We 

found numerous, dense, small krill swarms at the Balleny Islands 

compared to large diffuse layers of krill in the adjacent open 

water, which is likely to be a key driver of the elevated number 
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of humpback whales seen at the islands. We found that around the 

islands, whales aggregated in more productive areas with medium 

krill densities and bottom depths greater than 350 m. 

 The number of whales seen around the Balleny Islands was 

not only higher than in nearby open water, but also 3–5 times 

higher than previously observed off the West Antarctic Peninsula 

in the early 2000s (Friedlaender et al., 2006; Thiele et al., 

2004) and off East Antarctica in 1995 (Thiele et al., 2000). The 

sighting rate at the Balleny Islands is also higher than 

previously seen around other island groups. At the South 

Shetland Islands, the sighting rate of humpback whales over a 5-

year survey was 0.39 sightings hr−1 (Santora et al., 2010) and at 

South Georgia, only one humpback whale group was seen over 110 

hr of effort (Rossi-Santos, Baracho, Cipolotti, & Marcovaldi, 

2007). While the overall continued increase in southern ocean 

humpback whales suggests that at least some of this disparity 

may reflect a temporal change, the high number of whale 

sightings and high krill abundance at the Balleny Islands 

suggests this area is important feeding habitat for humpback 

whales. 
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 The threefold increase in the number of krill swarms around 

the Balleny Islands compared to open water could be due to 

increased productivity around the islands caused by the Island 

Mass Effect, which has been documented around other islands in 

the Southern Ocean (Blain et al., 2001; Boden, 1988; 

Perissinotto et al., 1992; Planquette et al., 2007). The 

smaller, denser and more populous krill swarms around the 

Balleny Islands are likely less energetically expensive to find 

and consume than the few large but sparsely populated swarms in 

open water. Lunge feeding incurs a large energetic cost for 

humpback whales, with each extra lunge resulting in decreased 

dive times and longer surface intervals (Goldbogen et al., 

2008). Humpback whales can take advantage of dense krill swarms 

by repeatedly targeting a dense swarm within the same dive using 

a reverse-looping behavior (Ware, Friedlaender, & Nowacek, 

2011), filtering and then swallowing the prey while positioning 

for the next lunge (Simon, Johnson, & Madsen, 2012). Feeding in 

an area of higher food occurrence and density would, therefore, 

conserve energy if it allows for fewer lunges and a shorter time 

to locate swarms. 
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 Whale distribution at the feeding ground is associated with 

both biological (chlorophyll-a and krill) and environmental 

factors (salinity and bottom depth). The nonlinear relationships 

with these factors (except chlorophyll-a) highlight the need for 

nonparametric approaches when modeling complex data. Here we 

discuss the importance of the biological and environmental 

factors that we found were correlated with humpback whale 

distribution around the Balleny Islands. 

4.1 | Chlorophyll-a and krill 

Productivity in the water column can have an effect on higher 

trophic levels through enhancement of the food web (Ware & 

Thomson, 2005). Our observed positive linear relationship 

between whale sightings and chlorophyll-a suggests that the 

whales around the Balleny Islands actively seek areas of high 

productivity. These patches of high productivity could be 

facilitated by nutrient inputs from the Island Mass Effect, 

either from upwelling or nutrient runoff. The Southern Ocean is 

generally considered to be iron limited, and iron inputs 

increasing productivity due to the Island Mass Effect have been 

observed at three other Southern Ocean islands: South Georgia, 
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Crozet, and Kerguelen (Atkinson et al., 2001; Blain et al., 

2001; Planquette et al., 2007). 

 Whales may aggregate in high productivity areas due to high 

krill availability. However, we found no relationship between 

krill density and chlorophyll-a. Rather than indicating a true 

lack of relationship between krill and phytoplankton, this may 

be an issue of scale or of a lag between chlorophyll-a, krill 

and whale presence. Alternatively, chlorophyll-a could be more 

persistent than krill swarms, offering whales a stable indicator 

of areas with generally high krill densities. 

 For krill densities less than 500 gm−2, we found an 

increasing relationship with whale count to 220 gm−2 of krill, 

after which whale count decreased. This occurred despite krill 

frequencies decreasing exponentially after 50 gm−2. The 

relationship we observed was likely due to preference because 

krill up to 220 gm-2 are far more common, and hence more likely 

to be found. A recent study in the West Antarctic Peninsula 

found a similar result to our model, with humpback whales seen 

in areas of “medium” krill density rather than low or high 

density (Herr et al., 2016). Although this is a comparable 
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pattern to the one we observed, in that study there were lower 

overall krill densities, so “medium” was only 20–40 gm−2. Krill 

densities found here were significantly higher and were skewed. 

 When prey resources such as krill are patchily distributed, 

predators must decide how long to remain at the current patch 

and whether it is worth seeking a more lucrative patch at the 

risk of expending energy searching and travelling with no 

guarantee that such a patch exists. Optimal foraging theory 

dictates that the predator should leave the patch when the 

patch’s marginal capture rate drops below the average capture 

rate in the habitat (Charnov, 1976). At fine scales, humpback 

whale foraging behaviour complies with optimal foraging theory 

(Tyson, Friedlaender, & Nowacek, 2016). However, when faced with 

high uncertainty, optimization is not a reliable strategy and 

robust satisficing, which involves maximizing the robustness to 

uncertainty of a satisfactory outcome, is a preferred strategy 

(Schwarz et al. 2010). Information-gap robust satisficing is 

thought to occur in ecological systems more often than optimal 

foraging (Carmel & Ben-Haim, 2005). Information-gap robust 

satisficing is a foraging theory that accounts for (1) energy 
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gain at each patch; (2) interpatch distance; (3) lowest 

acceptable energy gain; and (4) uncertainty around these 

estimates, when an animal decides whether to stay in their 

current patch or move. We found that whale sightings at the 

Balleny Islands were highest at medium krill densities, which 

could be because average patches still provide the best chance 

of satisfying current energy needs, given the high uncertainty 

about (1) whether there are better patches, (2) how much energy 

is required to locate these lucrative patches, and (3) how far 

away these patches occur. Therefore, at low krill densities the 

rate of energy gain was presumably too low to support whale 

presence, hence the low whale numbers observed. 

4.2 | Bottom depth 

We found fewer whale sightings in areas where bottom depth was 

greater than 350 m, following which the smooth relationship 

hovered around zero, indicating that there were fewer whales 

very close to the islands. This relationship may be due to the 

dynamics of the Island Mass Effect, in instances when upwelling 

caused by the disruption of currents by the islands occurred 

slightly offshore. Future research to characterize the Island 
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Mass Effect around the Balleny Islands could test this 

hypothesis. Observations of humpback whales and bottom depth 

report that whales (especially females and calves) prefer 

shallow water (Felix & Haase, 2005; Guidino, Llapapasca, Silva, 

Alcorta, & Pacheco, 2014; Smultea, 1994), however these studies 

are from winter breeding grounds where the priorities of the 

whales are different. Presumably protection from predators is 

important in calving females and those with neonatal young, but 

for adults and older animals in feeding areas, prey 

accessibility would be prioritized. 

4.3 | Salinity 

Whale sightings showed a highly nonlinear relationship with 

salinity, with peaks at low, medium, and high densities. This 

occurs despite the basis dimension for the smooth term being 

reduced to force smoothing and minimize the chance of 

overfitting. The undulating relationship could be because 

salinity is much more consistent (33.41–34.15 PSU) around the 

Balleny Islands than many other locations, because, apart from 

melting sea ice, there are no large freshwater inputs. By 

contrast humpback whales foraging in the highly stratified 
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fjords of British Columbia, Canada, were associated with low 

surface salinity and strong stratification (Keen, Wray, 

Pilkington, Thompson, & Picard, 2018). However, outside the 

fjords in British Columbia a similar pattern to that detected in 

this study is seen with salinity only associated with whale 

foraging in shallow waters (Gregr & Trites, 2001). We found no 

evidence of a salinity–bottom depth interaction. This might be 

because our DSM was only fit to the portion of the survey around 

the islands, and so whales migrating over deep water were not 

included. If salinity depends on upwelling generated by the 

Island Mass Effect around the Balleny Islands, the nonlinear 

relationship we observed could also be influenced by current 

patterns around the islands. These current patterns are not 

included in our model but would be partly accounted for by the 

spatial smooth, s(x, y). A dedicated investigation of any 

putative Island Mass Effect occurring around the Balleny Islands 

would help us better understand the relationship we have found 

with salinity. 

4.4 | Limitations and future directions 

Because the ship’s Acoustic Doppler Current Profiler could not 

This article is protected by copyright. All rights reserved.



 

 

[4766]-29 

operate concurrently to the echosounder, we were not able to 

incorporate ocean current strength and direction into our model. 

Satellite based current data were considered but were at a 

larger temporal and spatial resolution than our DSM segments and 

often didn’t cover the Southern Ocean. Current data could 

provide an indication of upwelling locations and a 

characterization of the Island Mass Effect. However, since 

chlorophyll-a, SST, and salinity should reflect areas where 

upwelling causes high productivity, we do not believe the 

absence of current data substantially impacted the outcomes of 

our study. 

 The short survey time of 3 days makes it impossible to 

assess how long the whales remain around the Balleny Islands. We 

cannot tell from our data if the Balleny Islands are a “stop-

over” feeding ground for whales on the way to the Antarctic 

continent or whether they provide a feeding ground in which 

whales are resident the entire summer. If the same individuals 

return to this area each year, these animals would be 

particularly vulnerable to changes in krill stocks around the 

Balleny Islands. While Southern Hemisphere humpback whales are 
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believed to follow the classical feeding model, where feeding 

occurs only in the Southern Ocean during summer, stable isotope 

analysis and direct observations indicate that E1 humpback 

whales may diverge from this strategy and supplement their diet 

in temperate waters (Eisenmann et al., 2016; Owen et al. 2015, 

2017). Due to the remote location of the Balleny Islands it is 

financially and logistically difficult to conduct long term 

vessel surveys to assess the role that this feeding ground plays 

in E1 humpback whale feeding strategies. However, with recent 

technical advancements it becomes possible to count whales in 

geographically isolated locations using unmanned aerial surveys 

(Linchant, Lisein, Semeki, Lejeune, & Vermeulen, 2015), gliders 

(Baumgartner et al., 2013), fixed passive acoustic sensors 

(Marques, Thomas, Ward, DiMarzio, & Tyack, 2009), high 

resolution satellite imagery (Fretwell, Staniland, & Forcada, 

2014) and of course satellite tagging (Andrews-Goff et al., 

2018; Riekkola, Andrews-Goff, Friedlaender, Constantine, & 

Zerbini, 2019). 

 The large distances to sightings (up to 13 km) meant that 

often individuals could not be identified and that animals may 
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have been recounted on a previous day. The DSM partly accounts 

for this by including survey design through the specification of 

unique transect/sampling blocks, however our confidence in the 

abundance estimate would be higher if individuals could be 

identified. The density surface modeling used here does, in 

part, account for preferential sampling (Miller et al., 2013), 

i.e., sampling where more, or indeed fewer, whales occur.  

Nevertheless, bias in model parameter estimates cannot be 

entirely discounted (Conn, Thorson, & Johnson, 2017). When 

working in areas where moving ice occurs, such as the Balleny 

Islands survey site in this research, it is often impossible to 

rigidly follow predesigned survey lines. Therefore, using 

design-based estimators, such the DSM technique applied here 

invaluable. Satellite tracking of humpback whales in the West 

Antarctic Peninsula feeding grounds has revealed that they 

travel large distances of 17–75 km/day (Dalla Rosa, Secchi, 

Maia, Zerbini, & Heide-Jørgensen, 2008) and recent studies from 

animals tagged north of the Balleny’s at the Kermadec Islands 

show similar results (Riekkola et al., 2019). Given that the 

Balleny Islands survey area is only approximately 150 km in both 

This article is protected by copyright. All rights reserved.



 

 

[4766]-32 

latitude and longitude, the whales could have moved anywhere 

within the survey area during the 3 days they were observed. 

Hence, identifying individuals to avoid recounting would help 

give a more robust abundance estimate and would allow for fluke 

matching to known individuals from the E1 and Oceania 

populations. Our estimate may have also been down-biased due to 

availability bias, where whales were in the survey area but were 

not available for sampling because they were diving, or 

inclement weather conditions, such as glare or haze, made it 

impossible to see them. 

4.5 | Conclusion 

The high numbers of humpback whales seen at the Balleny Islands 

compared to adjacent open water was likely due to their being 

attracted by the threefold increase in krill swarms. These 

abundant and concentrated krill swarms may be easier to find and 

forage on than those dispersed in open water. Whale distribution 

around the islands was nonuniform, with a hot-spot on the north-

eastern side of the islands, proximate to Young Island. There 

were higher whale counts in waters where the depth exceeded 350 

m with medium krill density and high productivity. The abundance 
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of krill and hence higher whale numbers at the Balleny Islands 

may be due to an Island Mass Effect causing an increase in 

productivity in an otherwise relatively featureless expanse of 

ocean. Further long-term studies are needed to quantify annual 

trends and identify whether the same individuals return to the 

Balleny Islands each summer. This is essential information if we 

are to adequately manage the Ross Sea Marine Protected Area that 

encompasses the Balleny Islands. 
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TABLE 1 Summary of explanatory environmental and biological 

variables measured around the Balleny Islands that are 

investigated as correlates with humpback whale sightings using a 

Density Surface Model. 

Variable Short name Minimum Maximum Mean Standard 
deviation 

Bottom depth (m) depth 85 2,283 741 542 
Chlorophyll-a 
(µgL−1) 

chl 0.22 4.41 1.49 1.13 

Salinity (PSU) salinity 33.41 34.15 33.78 0.14 
Sea Surface 
Temperature (ºC) 

SST −1.6 −0.6 −1.11  0.24 

Krill density (gm-2) krill 0 2,307 46.54 221.6 
Easting (m) x 372,842 504,886 438,471 37,622 
Northing (m) y 2,495,177 2,666,548 2,579,171 47,198 
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TABLE 2 Comparison of krill swarm metrics around the Balleny 

Islands and in the adjacent open water. Swarm length refers to 

the length of the 2-Dimensional cross-section of the swarm 

measured along the transect. 

 Open water Balleny Islands 
Mean SST (oC) −1 −0.61 
Median sea ice concentration (%) 0 0 
Effort (km) 512.2 1,083.2 
Number of swarms 25 160 
Swarms hr−1 0.05 0.15 
Swarm length (m)   
   Minimum 159 32 
   Maximum 1,012 2,789 
   Mean 350 288 
Swarm density (gm−3)   
   Minimum 3 2 
   Maximum 198 1,463 
   Mean 33 57 
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TABLE 3 Output of GAM results from Density Surface Model. 

Chlorophyll-a and the intercept are parametric coefficients and 

s() represents a smooth term. 

 Parametric coefficients 
 Estimate Standard error p 
Intercept −18.229 0.433 <.001 
Chl 0.514 0.192 .008 
    
 Smooth terms 
 Estimated degrees of 

freedom 
p  

s(x, y) 5.1  .002  
s(krill) 3.6 .017  
s(salinity) 5.7 .029  
s(depth) 2.2 .002  

This article is protected by copyright. All rights reserved.



 

 

[4766]-56 

FIGURE 1 Map showing the three Balleny Islands (Young, Buckle 

and Sturge) with the vessel trackline overlayed in black and 

whale sightings in yellow with point sizes corresponding to 

number of whales per sighting. 

FIGURE 2 Smooth effects of (a) krill density, (b) krill density 

zoomed to 0–500 gm−2, (c) salinity, and (d) bottom depth on 

humpback whale sightings from the density surface model. Linear 

chlorophyll-a term is shown in (e) and is centered to mean = 0 

for consistency with other plots. Dashed lines are 2 × standard 

error; the distribution of observations is given as a rug plot 

along the x-axes. Whale count on the y-axis refers to whale 

sightings, rather than group size of sightings. 

FIGURE 3 Contour plot of the soap spatial smooth, s(x, y), with 

relative whale count on the natural log scale, i.e., on the 

scale of the link function, from the density surface model. 

Areas of higher whale count are shown as white and lower 

abundances red. The gray polygons are the Balleny Islands land 

masses. This spatial variability in the surface model was 

unaccounted for by the other predictors. The outer survey 

boundary was calculated using a convex hull placed around the 
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outer transect points and extended in width by the sighting 

distance. 

FIGURE 4 Histogram of krill density to demonstrate exponential 

decline in frequency of higher krill densities. 

FIGURE 5 Fitted half-normal detection function (solid line) with 

whale group size covariate. Variable width sighting frequency 

bins were used because the distance between reticle marks on the 

binoculars increases with distance from transect. The number of 

observations in each bin is displayed above each bar in the 

histogram. A truncation distance was not used because the 

detection function would not converge when various truncation 

distances were tested. 

FIGURE 6 Density surface model predictions of (a) whale count 

and (b) Coefficient of variation (CV) over a 10 × 10 km grid. 

Note: predictions can only be made in cells where all variables 

were sampled. 
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