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Beaked and sperm whales are top predators living in the waters off the Kona coast of Hawai’i.

Temporal and spatial analyses of the foraging activity of these two species were studied with

passive acoustics techniques. Three passive acoustics recorders moored to the ocean floor were

used to monitor the foraging activity of these whales in three locations along the Kona coast of the

island of Hawaii. Data were analyzed using automatic detector/classification systems: M3R

(Marine Mammal Monitoring on Navy Ranges), and custom-designed MATLAB programs. The tem-

poral variation in foraging activity was species-specific: beaked whales foraged more at night in the

north, and more during the day-time off Kailua-Kona. No day-time/night-time preference was

found in the southern end of the sampling range. Sperm whales foraged mainly at night in the north,

but no day-time/night-time preference was observed off Kailua-Kona and in the south. A

Generalized Linear Model was then applied to assess whether location and chlorophyll concentra-

tion affected the foraging activity of each species. Chlorophyll concentration and location influ-

enced the foraging activity of both these species of deep-diving odontocetes.
VC 2016 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4964105]
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I. INTRODUCTION

The Hawaiian archipelago is known to provide a good

habitat for a diverse community of cetaceans with 18 species

of odontocetes, and 7 species of mysticetes (Barlow, 2006).

Among them, beaked and sperm whales are all common top

predators living in the waters off the Hawaiian islands

(Barlow, 2006; Baird et al., 2013) exerting a top down control

on the food web dynamics. Three species of beaked whales

are reported to live in the Hawaiian archipelago: Cuvier’s,

Blainville’s, and Longman’s beaked whales (Barlow, 2006).

In Hawaiian waters, a single stock of Blainville’s beaked

whale is recognized, extending throughout the U.S. Exclusive

Economic Zone (EEZ) surrounding the archipelago and into

adjacent international waters (Carretta et al., 2011).

Abundance within the entire EEZ around Hawai’i was esti-

mated at 2872 individuals (Barlow, 2006). Estimates of

Cuvier’s beaked whale abundance report the presence of

15 242 individuals in the Hawaiian Islands (Barlow, 2006). In

the same study, Barlow (2006) reports an estimated abun-

dance of 6919 sperm whales.

Among beaked whales, Cuvier’s and Blainville’s beaked

whales are commonly observed along the Kona coast of the

island of Hawai’i, while only one sighting of Longman’s

beaked whale has been reported in literature (Baird et al.,
2013). Blainville’s beaked whales tagged with satellite tags

off the island of Hawai’i have shown a strong association

with the island, primarily using slope habitats (Schorr et al.,
2009). Cuvier’s and Blainville’s beaked whales show long

term site fidelity in Kona, and their presence has been docu-

mented all year round (McSweeney et al., 2007). McSweeney

et al. (2007) used a 21-yr photographic dataset to investigate

long-term residency and found that individuals were re-

sighted over a period of 15 yrs. Off Kona, they perform deep

foraging dives. They regularly dive for 48–68 min to depths

greater than 800 m; their ascent rates for long/deep dives are

substantially slower than descent rates, and they both spend

prolonged periods of time (66–155 min) in the upper 50 m of

the water column (Baird et al., 2006)

Information on the sperm whales presence in Kona is

sparser. Baird et al. (2013) report the presence of sperm

whales in Kona, mainly in water depths greater than 3000 m,

during all seasons. Their presence has also been monitored

acoustically using a Seaglider off of the Kona coast (Klinck

et al., 2012). The Seaglider of Klinck et al. was equipped

with a hydrophone to patrol the Kona coast from north to

south in water of depths ranging between 1000 and 2000 m.

They were able to detect sperm whales along the entirea)Electronic mail: giacomog@hawaii.edu
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Seaglider track, and some beaked whales in the north, south,

and in the center of the track.

Both these species are known to forage on prey in the

deep sea by performing deep dives (Johnson et al., 2004;

Miller et al., 2004). They search and locate prey using echo-

location, and since they are acoustically active, passive

acoustic techniques have become one of the main techniques

to monitor beaked and sperm whales for extensive periods of

time, especially in remote areas of the ocean (Mellinger

et al., 2007). The advantages of this technique over conven-

tional ship-based surveys include the capacity of sampling

for long periods of time, a lower cost of operation per hour

of data acquisition, and the possibility to collect data at night

(i.e., sighting data cannot provide information on foraging at

depth). Many studies have used passive acoustic monitoring

(PAM) devices to obtain data on the occurrence, distribution

(Klinck et al., 2012), and foraging (Au et al., 2013; Au

et al., 2014) in Hawaii, and density (Marques et al., 2009;

Martin et al., 2013) in the Atlantic Ocean, of some marine

mammal species.

PAM devices deployed for several months at multiple

locations will collect a large amount of data that requires

effective computer algorithms to automatically detect and

classify acoustic signatures. For a small number of odonto-

cete species, the automated classification of phonation

sounds can be relatively easy. Beaked whales are the only

odontocetes known to emit frequency modulated (FM) clicks

(Baumann-Pickering et al., 2013). Sperm whales clicks, with

a duration of 100 ms and peak frequency between 5 and 15

kHz (Møhl et al., 2003), can also be classified due to their

unique spectral features (Ward et al., 2012; Morrissey et al.,
2006). Monitoring the echolocation activity can be assumed

to result in understanding the foraging activity of these spe-

cies (Au et al., 2013; Giorli et al., 2015, 2016).

Sperm and beaked whales’ diets consist mainly of squid

and, in a minor part, of fish (MacLeod et al., 2003; Spitz

et al., 2011), but to our knowledge nothing is known about

their main food resource off the Kona coast of Hawai’i. The

Hawaiian islands are located in the North Pacific subtropical

gyre, a region known for its oligotrophic conditions (Karl

and Lukas, 1996). However, the presence of the island chain

generates cyclonic eddies that are known to enhance the

local ocean productivity (Seki et al., 2001). Such events

propagate through the food web, enhancing the local bio-

mass of larger predators (Seki et al., 2002).

The goal of our research was to estimate the temporal

and spatial variability for the foraging activity of beaked and

sperm whales along the Kona coast of Hawai’i and relate

their presence to local chlorophyll concentration.

II. METHODS

A. Research area and data acquisition

The underwater recording device used in this study was

the Ecological Acoustic Recorder (EAR) (Hawaii Institute

of Marine Biology, University of Hawaii, Kaneohe, HI)

developed jointly by the Hawaii Institute of Marine Biology

(HIMB) and the Coral Reef Ecological Division of National

Oceanic and Atmospheric Administration’s Pacific Islands

Fisheries Science Center (Lammers et al., 2008). It has a

maximum sampling rate of 80 kHz, and it is equipped with a

hydrophone (SQ26, Sensor Technology Ltd., Collingwood,

ON, Canada) with a sensitivity of �193.5 6 1 dB re 1 V/lPa

and a flat frequency response between 1 and 40 kHz. Each

EAR is also equipped with an eighth order anti-aliasing low-

pass filter with cutoff frequency set up at 90% of the Nyquist

frequency, in our case 36 kHz, and it can record up to 320

Gbytes of binary data to a hard-drive. The EAR is controlled

with a Persistor Instrument CF2 microcontroller (Persistor

Instruments Inc., Marstons Mills, MA), and it can be

deployed to depths of up to 990 m.

Three EAR moorings were deployed at the locations

shown in Fig. 1 on February 18, 2012. The depth of the

deployments ranged between 700 and 800 m. The EAR in

the North will be referred to as North Kona (NK), the EAR

in the center as Central Kona (CK), and the EAR in the south

as South Kona (SK). Two other cruises were organized to

retrieve the EAR moorings and replace the batteries and

hard drives. NK was permanently recovered on January 10,

2013. The NK EAR was not redeployed after January 2013;

due to bad sea conditions that prevailed in that area made the

deployment operation too risky for the research team. CK

and SK were recovered and redeployed immediately with

new batteries and storage disks. These two EAR moorings

were recovered permanently on June 25, 2013. Data were

not recorded continuously during the study period since the

SK ran out of battery power before being refurbished. The

recording period of each EAR is reported in Fig. 2. The three

EAR moorings were programmed to record 30 s of data

FIG. 1. (Color online) Position of the EAR moorings along the Kona coast

of the island of Hawaii (dots in the picture), NK EAR, CK EAR, and SK

EAR. Depth of the mooring (in meters) is indicated under each dot.
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every 5 min at a sample rate of 80 kHz. Each 30 s of record-

ing were stored to the internal hard-drive as single files.

Throughout this manuscript each 30 s recording will be

referred to as a file. The EAR were 23 miles apart from each

other limiting the potential for foraging activity of individual

animals being recorded by multiple EARs.

Chlorophyll concentration data were obtained using the

online MODIS AQUA database with 4000 m resolution

(http://modis.gsfc.nasa.gov/). Satellite data were collected

for the time period between January 1, 2011 and June 26,

2013. Monthly mean values of chlorophyll concentrations at

each EAR mooring location were calculated from the data-

base. While the MODIS aqua satellite collects data weekly

in our study area, we use monthly means to allow for miss-

ing or corrupted data. The chlorophyll concentrations were

extracted at monthly time-lags from 0 through 6 months rela-

tive to recordings. Including all possible time-lags allowed

for the uncertainty in time scales of ocean production propa-

gation through the food web. Ocean production is transferred

to higher trophic levels via predation or it is exported to the

deep ocean as particulate organic carbon (POC, found to be

highly correlated with chlorophyll observations). Time

scales of surface production influencing production at depth

are limited to sedimentation rates (which usually ignore

advection). In Hawaii, the rate of sinking of POC has been

estimated to range between 100 and 830 m/day (Trull et al.,
2008). Given our average depth of 750 m, time-lags up to

and including 6 months were deemed sufficient to capture

the time needed for the POC to reach the deep ocean and be

incorporated into the food web.

B. Data analysis

In this study we did not count clicks of each species, but

the number of files with clicks of each species, since our

interest was to know whether a specie was echolocating at

the time the file was recorded. Files containing sperm and

beaked whales’ clicks were identified using a custom MATLAB

program, called “Eco Cluster Machine” (ECM). The ECM

automatically recognized echolocation click-trains and clas-

sified the clicks to one of the following categories: beaked

whale, sperm whale, and dolphin. ECM detected echoloca-

tion clicks by applying an adaptive threshold that self-

adjusted based on the ambient background noise level.

Clicks were analyzed by the program only if their signal-to-

noise ratio was bigger than 4 dB. For each file analyzed,

ECM calculated the average noise level and the threshold

value was set to be 3 dB above this noise level. ECM con-

tained a clustering algorithm that grouped the individual

clicks into click-trains (or clusters) depending on their inter-

click intervals (ICIs). If two individuals are clicking at the

same time, it will influence the average ICI in the click train.

While the occurrence of multiple individuals is not a predict-

able factor, we limit the influence of this on our analysis by

(i) having a short file length reducing the probability of mul-

tiple animals clicking on-axis simultaneously, (ii) using a

range of ICIs for each species to account for variability

reported in literature, and (iii) confining our study to pres-

ence/absence of animals foraging (vs abundance). If the time

interval between two consecutive clicks was shorter than 2 s,

clicks were considered to be in the same cluster. For each

click-cluster, ECM calculated the average ICI, the average

duration of the clicks, and the mean and standard deviation

of the peak frequency of the clicks. Click duration was cal-

culated from the envelope of each click, obtained by per-

forming a Hilbert transform. The start and end times of each

click occurred when the value of the envelope went above

and below the detection threshold value, respectively.

These parameters were then used to classify the click-

train in one of the categories. A click-train was classified as

“beaked whale” if the mean peak frequency was higher than

25 kHz, the ICI was between 0.2 and 0.6 s, and mean click

duration was longer than 250 ls. These parameters were cho-

sen from a literature review on beaked whale clicks, in par-

ticular, the work of Baumann-Pickering et al. (2013). A

click-train was classified as “sperm whale” if the mean peak

frequency was between 8 and 15 kHz, the ICI was between

0.3 and 1.5 s, and mean click duration was longer than

100 ls. We based these parameters on the findings of Møhl

et al. (2003), and on a preliminary analysis of sperm whale

clicks identified in our dataset. All parameters had to be sat-

isfied simultaneously for a click to be classified. ECM was

used to analyze the entire dataset at NK, CK, and SK.

Validation of the ECM results was performed by creat-

ing a subsample of random files and comparing results

between the algorithm and manual detection. For beaked

whales we collected 1359 random files from the recordings

in Kona, and for sperm whales we collected 1448 random

FIG. 2. (Color online) Recording peri-

ods for each EAR. The acronyms refer

to positions in Fig. 1.
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files from the recordings in Kona. An operator searched for

whale clicks in the files using spectrograms to look at click

train ICIs, click spectra, and the Wigner-Ville distribution to

look for FM sweeps in the clicks. Only those files containing

at least five clicks with all correct spectral features were con-

sidered to contain detections of the right species. Of the

1359 files for the beaked whale test, 102 files contained

beaked whale clicks. Of the 1448 files for the sperm whale

test, 56 files contained sperm whale clicks. ECM was then

run on the same 1359 and 1448 files and the results from the

operator and the algorithm were compared using a binary

decision matrix approach (Egan, 1975; Au and Hastings,

2008), and the probability of correct response expressed as

PðCÞ ¼ PðY=sÞ�PðsÞ þ ½1� PðY=nÞ��PðnÞ;

where P(Y/s) is the probability of reporting a whale when

whale clicks are present; P(Y/n) is the probability of report-

ing a whale when whale clicks are not present; P(s) is the

probability of whales clicks being present; P(n) is the proba-

bility of whale clicks being absent (Au and Hastings, 2008).

This approach also allowed for the estimation of both false

positive [P(Y/n)] and false negative [P(N/s)] detections, as

well as correct negatives [P(N/n)]. Table I reports the proba-

bility values calculated from the validation test.

At CK the echosounder activity from a small recrea-

tional fishing boat was high, with echosounder pings with

peak frequencies around 32 kHz. We decided to remove the

files with echosounders pings from the analysis to avoid

interference with the whale clicks classification algorithm.

An algorithm was developed to identify echosounder sounds

in those files previously classified as beaked whales by

ECM. The algorithm plots the time series of a file and an

operator is asked to pick threshold amplitude. Then the algo-

rithm detects all the click signals exceeding that threshold

amplitude, and computes the Q value of each of them. The

echosounder sounds that were detected resulted to have large

Q values, bigger than 13, since these signals have a high cen-

ter frequency and a small bandwidth. The typical Q value of

an echolocation click from a beaked whale is smaller, around

four, since its bandwidth is quite large. Hence, files contain-

ing signals with Q> 13 were considered as containing

echosounders.

The performance of this algorithm was tested using the

same approach explained for the ECM case. A validation

test was conducted by visually examining the spectrograms

and selecting 50 files with echosounder signals and 50 files

without echosounder signals. The test files were then proc-

essed by the algorithm program and P(C) was estimated

to be 0.85, meaning that the algorithm was correct 85% of

the time. The algorithm was then run on all the files in

which ECM reported the presence of a beaked whale.

Those files containing echosounders, or both beaked whale

and echosounder signals, as indicated by the algorithm,

were excluded from further analysis.

In general, there were hundreds of files that contained

echolocation clicks that were not classified in one of the cat-

egories reported in this paper. This might be due to the high

directionality of whale’s echolocation clicks. As soon as the

animal axis is not aligned with the recorder, the signal gets

distorted and classification becomes harder. They also might

be produced by other odontocetes, not relevant to this study.

All the files with unclassified echolocation clicks were not

included in the results.

Foraging activity (i.e., amount of files with detections per

month, accounting for sampling effort in each month) were

first examined in space (among EARs) for each species using

the Kruskal-Wallis analysis of variance tests. To determine

potential mechanisms behind detection variability in time and

space, a negative binomial Generalized Linear Model (GLM)

(Myers et al., 2012) with “log” link function (i.e., to allow for

Poisson distributed errors) was then applied to quantify if the

species-specific foraging activity (defined as above) could be

explained by EAR location and chlorophyll concentration (at

the time of the deployment, as well as lagged from 1 to 6

months earlier). Data were overdispersed with respect to a

Poisson distribution, so a negative binomial distribution was

chosen for our model. Correlation between predictors was

assessed by estimating variance inflation factors (VIFs) and

sequentially removing predictors until VIF< 3 for all predic-

tors (Zuur et al., 2010). The potential for interactions between

EAR locations and time-series of chlorophyll concentration

were also tested. The best fit model was then calculated using

the corrected Akaike Information Criterion (AICc). Month

was included (as a continuous variable from the start of data

collection) to begin accounting for possible temporal autocor-

relation in data. All statistical analyses were performed with

the R programming language (R Core Team, 2015) with base,

“car” (Fox and Weisberg, 2001), “modEvA” (Barbosa et al.,
2014; Guisan and Zimmermann, 2000) and “MuMIn” (Barton,

2015) packages.

III. RESULTS

A. Daily trends in foraging activity

The daily foraging activities of beaked whales at the

three locations are reported in Fig. 3. The shaded areas in the

plots indicate the night-time hours. Only 11% of the total

detections for the northern EAR (NK) were during day-light

hours, with beaked whales foraging mainly at night-time at

this location. At CK, the trend was the opposite with beaked

whales appearing to forage more during day-time (77% of

detections). In the southern location (SK), no difference was

observed between night-time and day-time foraging for

beaked whales.

Sperm whale foraging activity appears to be different

among locations (Fig. 4). In the north (NK), sperm whales

were detected more at night with 62% of detections occurring

during the night and only 38% of detections during the day.

No differences were observed at the central (CK) and southern

(SK) locations; foraging occurred both day and night.

TABLE I. Results of the validation of the ECM algorithm performance.

Species P(Y/s) P(N/s) P(Y/n) P(N/n) P(s) P(n) P(C)

Beaked whale 0.666 0.333 0.108 0.891 0.075 0.924 0.874

Sperm whale 0.857 0.142 0.174 0.825 0.038 0.961 0.826
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B. Seasonal and spatial trends in foraging activity

The number of files with detections per month is

reported in Figs. 5, 6, and 7. Results show that both species

were regularly detected over all of the recording periods at

the northern location (NK) (Fig. 5), the Kailua location (CK)

(Fig. 6), and the southern location (SK) (Fig. 7). Beaked

whales were detected less at all locations. At each EAR loca-

tion there was some variability in the amount of files with

detections per month.

A Kruskal-Wallis test was used to assess whether there

was a difference in the amount of files with detections of

each species among locations (Table II). Sperm whale forag-

ing effort shows higher levels at the northern (NK) (averaged

mean number of files per month¼ 27.1 [standard deviation

(std)¼ 6.1], sample size¼ 11 months) and Kailua (CK)

(averaged mean number of files per month¼ 25.3

[std¼ 10.1], sample size¼ 10 months) locations, while being

significantly lower at the southern location (SK) (averaged

mean number of files per month¼ 12.4 [std¼ 4.5], sample

FIG. 4. Number of files with sperm

whale detections per hour of the day at

NK (top), CK (middle), and SK (bot-

tom). The shaded areas in the plots

indicate the night-time hours. The per-

centage reported in each plot repre-

sents the amount of files with sperm

whale detections during day-time

hours.

FIG. 3. Number of files with beaked

whale detections per hour of the day at

NK (top), CK (middle), and SK (bot-

tom). The shaded areas in the plots

indicate the night-time hours. The per-

centage reported in each plot repre-

sents the amount of files with beaked

whale detections during day-time

hours.
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size¼ 10 months). Beaked whale foraging effort at CK was

higher (averaged mean number of files per month¼ 3.8

[std¼ 2.5], sample size¼ 10 months) and significantly differ-

ent from the other two locations (NK averaged mean number

of files per month¼ 1.15 [std¼ 0.2], sample size¼ 11

months; SK averaged mean number of files per month¼ 0.75

[std¼ 0.2], sample size¼ 10 months) (Kruskal-Wallis,

p< 0.001). The foraging effort of beaked whales at NK and

SK was not statistically different (Kruskal-Wallis, p> 0.05).

C. Effects of chlorophyll concentration

Chlorophyll concentrations during the time of the study

were, on average, highest in the north (mean¼ 0.062 mg/m3,

std¼ 0.011mg/m3) and lowest in the south (mean ¼ 0.053mg/m3,

std¼ 0.011 mg/m3). The average chlorophyll concentration

at CK was 0.060 mg/m3 (std¼ 0.011 mg/m3) (Fig. 8). At NK

there were three peaks in chlorophyll concentration (March

2012, August 2012, and December 2012; Fig. 8, top panel).

The August 2012 and December 2012 peaks are observable

at CK too (Fig. 8, middle panel). At SK the chlorophyll con-

centration time-series shows peaks in April 2012, between

November and December 2012, and in April and June 2013

(Fig. 8, bottom panel). A multiple comparison Kruskal-

Wallis test was performed to assess whether there were dif-

ferences in the chlorophyll concentration at the three loca-

tions. The test shows that no difference was found between

the chlorophyll concentration at NK and CK locations

(Kruskal-Wallis, p> 0.05). Chlorophyll concentration at SK

was significantly different from the other locations (Kruskal-

Wallis, p< 0.05). On average chlorophyll concentration was

lowest in the south location.

FIG. 5. Mean number of files with

detections per month for beaked

whales (*) and sperm whales (�) at

NK from February 2012 to January

2013. Whiskers represent the standard

error around the mean.

FIG. 6. Mean number of files with

detections per month for beaked

whales (*) and sperm whales (�) at

CK from February 2012 to January

2013. Whiskers represent the standard

error around the mean.

2338 J. Acoust. Soc. Am. 140 (4), October 2016 Giorli et al.

 Redistribution subject to ASA license or copyright; see http://acousticalsociety.org/content/terms. Download to IP:  128.171.57.189 On: Thu, 13 Oct 2016 00:39:06



A GLM was fit to understand if chlorophyll concentra-

tions and location influenced the average amount of files

with detection per month. In the case of the beaked whale

the best-fit model (based on AICc, D2¼ 0.89) indicated that

month (p< 0.005), EAR location (p< 0.005), and chloro-

phyll concentration lagged by 6 (p< 0.005), 4 (p< 0.005),

and 2 months (p< 0.005) were the best predictors. In the

case of sperm whales, the best-fit model (based on AICc,

D2¼ 0.33) included chlorophyll concentrations at lags of 0

(p< 0.005), 2 (p< 0.005), 3 (p¼ 0.002), and 6 months

(p< 0.005). Alternate candidate models (i.e., DAICc< 2)

are given in the supplementary material.1 For beaked whales,

chlorophyll concentration lagged by 6 months correlated

with increased activity in both the best models (D2¼ 0.89

for both models) while chlorophyll concentration lagged by

2 and 4 months correlated with decreased activity in the

same models. These opposing effects may be due to seasonal

changes in productivity and cyclical, temporal autocorrela-

tion in chlorophyll data. In contrast, all three best models for

sperm whales (i.e., DAICc< 2, D2¼ 0.33 in all models) indi-

cated that chlorophyll concentration was associated with

increased foraging activity at time lags of 0, 3, 4, and 6

months (see supplementary material1). For sperm whales,

chlorophyll concentration lagged by 2 months negatively

correlated with foraging activity. We encourage the reader to

consult the supplementary material1 where the coefficients

of every model are reported. A second GLM (negative bino-

mial model with log link) was fit to test for an interaction

between location (EAR) and chlorophyll concentration (both

current and lagged) for each species. Interaction effects

between location (EAR) and chlorophyll concentration (both

current and lagged) were not significant in each case.

IV. DISCUSSION

Acoustic techniques were used to estimate temporal and

spatial variations of species-specific foraging behavior in

beaked and sperm whales. The number of files in which bioso-

nar clicks were detected was used as a proxy for foraging

activity of the subject species instead of the number of clicks

in a file. The number of echolocation clicks recorded in a file

is a highly variable parameter since different species have

different click repetition rates, or ICIs. The directional echolo-

cation beam could cause clicks to “drop out” even as animals

continue to produce clicks and different species live in

different group sizes and the number of echolocation clicks

recorded would be a function of the group size. Au et al.
(2012) found that the intensity of biosonar signals can be

reduced by as much as 50 or 60 dB behind the animal with

respect to the intensity on the beam axis. If an animal is direct-

ing its echolocation click to the recording device, the signal-

to-noise ratio will be maximum. As soon as the animal directs

the echolocation click away from the recorder, the signal-to-

noise ratio will decrease (as well as the received properties of

the recorded clicks), and the detectability of the signal will

decrease as well. The location and orientation of the animal

influences the detectability of the echolocation clicks (Zimmer

et al., 2008). Finally, in many cases only a portion of a click

train may be captured by a receiver preventing a quantitative

estimate of click numbers in the entire click train.

Daily trends in the foraging activity vary with location

and species. Beaked whales forage more during the day at

CK and more at night at NK. No difference between day and

night foraging was found at the southern location SK. The

number of files with beaked whale detections at the southern

location was very low but this does not mean that beaked

whales did not frequent this area. As shown in Fig. 8, beaked

whales were present every month at the southern location

during the period of the study. These differences in foraging

activity might be the result of beaked whales moving between

FIG. 7. Mean number of files with

detections per month for beaked

whales (*) and sperm whales (�) at

SK from February 2012 to January

2013. Whiskers represent the standard

error around the mean.

TABLE II. P-values of the multiple comparison Kruskal-Wallis test

between foraging activity. NS indicates no significant difference among

sites.

Comparison Beaked whales Sperm whales Blackfish

CK-NK <0.001 NS <0.001

CK-SK <0.001 <0.001 <0.001

NK-SK NS <0.001 <0.001

J. Acoust. Soc. Am. 140 (4), October 2016 Giorli et al. 2339

 Redistribution subject to ASA license or copyright; see http://acousticalsociety.org/content/terms. Download to IP:  128.171.57.189 On: Thu, 13 Oct 2016 00:39:06



locations to maximize their foraging efforts (e.g., following

prey availability). Beaked whales equipped with satellite

tags have been observed to move regularly along the Kona

coast (Schorr et al., 2009). Tagged whales moved along the

entire coast, staying relatively close to the island. In general,

beaked whales foraging appear to be different in different

oceans/habitats. Beaked whales forage mainly at night

around the island of Kauai (Au et al., 2013) and at Cross sea-

mount in Hawai’i (Johnston et al., 2008). No difference was

found in the Josephine Seamount Marine Protected Area, off

of Portugal, between night- and day-time foraging of beaked

whales (Giorli et al., 2015), while in the Mediterranean Sea

beaked whales switch to night-time foraging in certain peri-

ods (Giorli et al., 2016).

FIG. 8. Time series of chlorophyll con-

centration at NK (top), CK (middle),

and SK (bottom).
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Our estimates of the spatial distribution of beaked

whales foraging effort differed from those of McSweeney

et al. (2007). These differences might be caused by the dif-

ferent methodologies of the studies. McSweeney et al.
(2007) based their study on visual observations which are

greatly influenced by weather and wave and wind conditions.

They reported that beaked whales were rare in the northern

part of the Kona coast and this could have been because

beaked whales frequent this area more at night when visual

observation is not possible. McSweeney et al. (2007), with

an effort of 202 days on the water, reported a total of 50

beaked whale sightings along the entire coast over a 5-yr

period, with approximately half of them in the south. In the

present study, beaked whales were detected by the EAR in

the southern location on 105 days over a period of 235 days

of recordings. Even if we assume that each day represented

just one encounter, our beaked whale “encounters” were

more than twice the encounters observed by McSweeney

et al. (2007) in about half of the time. Again, this discrep-

ancy might be due to the different methodologies of these

two studies. Unfortunately, the relationship between files

detected with beaked whale signals and number of visual

encounters is not known. We believe that comparing these

two different approaches of studying distribution of cetacean

species is important. We would like to stress that our intent

is not to discredit or to disprove the work of McSweeney

et al. (2007), but to inform the reader that different estimates

might stem from different methodologies. PAM enables

remote and almost continuous sampling of a study area,

while visual observation is limited by sea condition, day-

light, and by the number and experience of the observers and

time on the water.

Sperm whale foraging is more concentrated at night-

time in the north, but no difference between night- and day-

time foraging is found at CK and in the south. This is similar

to the results of a previous study along the Kona coast where

no statistical difference in the day/night pattern of sperm

whale detections was found over a 3-week period using a

Seaglider equipped with a hydrophone (Klinck et al., 2012).

Klinck et al. (2012) found sperm whale detections to be

more abundant in the area between central and southern

locations while beaked whale detections occurred more in

the northern and central sites. Again, differing methodolo-

gies may play a role in explaining the contrasting results. A

Seaglider is a mobile platform and, since they surface to

transmit data, they spend a certain amount of time in water

shallower than the depth at which deep diving odontocetes

feed. The study length was also very different, since our

dataset spans over a year and a half while Klinck et al.
(2012) collected data for 3 weeks. Moreover, the Seaglider

was not operating on a duty-cycle, and data were analyzed

with a different methodology. In general, sperm whale forag-

ing along the Kona coast of Hawai’i differs from other

islands. In particular, around the island of Kauai this species

forages mainly at night (Au et al., 2013).

It is reasonable to hypothesize that foraging behavior is

dictated by the behavior of the prey. Beaked and sperm whales

are known to forage mainly on deep sea squid (MacLeod

et al., 2003; Roberts, 2003; Spitz et al., 2011), but data on their

diet in Hawai’i are almost non-existent.

Clarke and Young (1998) found two beaks of the squid

Ommastrephes bartrami in the stomach of an unknown

beaked whale stranded in Hawai’i. To our knowledge no

publication exists on sperm whale diet in Hawaii. Without

knowing clearly what prey constitutes their diet, and without

knowing the behavior of their prey, it is not possible to deter-

mine that these foraging activity shifts in space and time are

due to prey availability at the different locations. Different

regions of the world will likely host different prey species,

with variable life histories and behavior, and these differ-

ences might result in variable foraging strategies by beaked,

and sperm whales. The temporal and spatial patterns

observed in this study may be indicative of temporal and

spatial variability in prey availability in combination with

species-specific preferences, but it is not possible to deter-

mine such a relation with the existing data. Within the study

area, it is possible that beaked whales feed on prey that are

more active during the day at the central location and on dif-

ferent prey more active at night at the northern location. The

differences observed between beaked and sperm foraging

strategies along the Kona coast of Hawai’i could stem from

differences in their feeding niche. In Hawai’i, differences in

the depth distribution of these species have been reported

(Baird et al., 2013). Sperm whales tend to be found in deeper

water, while beaked whales are mainly encountered closer to

shore than sperm whales (Baird et al., 2013).

The foraging effort of sperm and beaked whales along

the Kona coast of Hawai’i was significantly related to chlo-

rophyll concentration. Overall, the northern and central parts

of the Kona coast were more productive before and during

our study period, and these areas were also the ones where

the foraging activity was generally higher. Through these

results, there seems to be some evidence for increased forag-

ing activity in areas that are potentially more productive

(evidenced by higher chlorophyll concentration) though fur-

ther work is needed to link these increased chlorophyll con-

centrations to increases in the whales’ prey field.

Over the entire period of study, chlorophyll concentra-

tions showed no linear trends over time, but local spikes in

the concentration are observable. Such high chlorophyll con-

centration events could be due to the effects of eddies.

Cyclonic eddies have a profound impact on the marine eco-

system along the leeward side of the island of Hawai’i. They

are known to enhance productivity (Seki et al., 2001; Bibby

et al., 2008), and also carbon export (Bidigare et al., 2003).

Their influence in the ecosystem can also be found at higher

tropic levels, influencing the distribution of pelagic fish (Seki

et al., 2002) and melon headed whales (Peponocephala elec-
tra) (Woodworth et al., 2012). If higher trophic levels in the

food chain are affected by eddy-induced productivity, then it

is possible that top predators like sperm, beaked whales are as

well. Future work should focus on more direct estimates of

species-specific prey fields and how they vary in space and

time. Such estimates are needed to mechanistically explain

the spatial and temporal patterns in foraging observed here,

both within, and among species. Such mechanistic explana-

tions of species-specific distributions and habitat-use are
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necessary to successfully predict the potential direct and

indirect impacts of human activity on odontocete habitat and

ecology.
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