
Deep-Sea Research I 116 (2016) 88–93
Contents lists available at ScienceDirect
Deep-Sea Research I
http://d
0967-06

Abbre
Treaty O
class-sp
Ranges;
OBSP, o
with de

n Corr
E-m

annabn
journal homepage: www.elsevier.com/locate/dsri
Spatial variation of deep diving odontocetes’ occurrence around a
canyon region in the Ligurian Sea as measured with acoustic
techniques

Giacomo Giorli a,n, Anna Neuheimer b, Whitlow Au a

a Marine Mammal Research Program, Hawaii Institute of Marine Biology, University of Hawaii, 46-007 Lilipuna Road, Kaneohe, HI 96744, USA
b Department of Oceanography, University of Hawaii, 1000 Pope Road, Honolulu, HI 96822, USA
a r t i c l e i n f o

Article history:
Received 7 June 2016
Received in revised form
20 July 2016
Accepted 4 August 2016
Available online 11 August 2016

Keywords:
Deep-diving odontocetes
Foraging ecology
Mediterranean Sea
Echolocation
Beaked whales
Sperm whales
Pilot whales
Risso’s dolphin
Ligurian Sea
Pelagos Sanctuary
Underwater canyons
x.doi.org/10.1016/j.dsr.2016.08.002
37/& 2016 Elsevier Ltd. All rights reserved.

viations: EAR, Ecological Acoustical Recorders
rganization Centre for Maritime Research an
ecific support vector machine; M3R, Marine M
ECM, Eco Cluster Machine; %OBSP, percentag
bservation period; GLM, Generalized Linear M
tections; DOY, day of the year
esponding author.
ail addresses: giacomog@hawaii.edu (G. Giorli
@hawaii.edu (A. Neuheimer), wau@hawaii.edu
a b s t r a c t

Understanding the distribution of animals is of paramount importance for management and conserva-
tion, especially for species that are impacted by anthropogenic threats. In the case of marine mammals
there has been a growing concern about the impact of human-made noise, in particular for beaked
whales and other deep diving odontocetes. Foraging (measured via echolocation clicks at depth) was
studied for Cuvier’s beaked whale (Ziphius cavirostris), sperm whale (Physeter macrocephalus), long-fin-
ned pilot whales (Globicephala melas) and Risso’s dolphin (Grampus griseus) using three passive acoustics
recorders moored to the bottom of the ocean in a canyon area in the Ligurian Sea between July and
December 2011. A Generalized Linear Model was used to test whether foraging was influenced by lo-
cation and day of the year, including the possibility of interactions between predictors. Contrary to
previous studies conducted by visual surveys in this area, all species were detected at all locations,
suggesting habitat overlapping. However, significant differences were found in the occurrence of each
species at different locations. Beaked and sperm whales foraged significantly more in the northern and
western locations, while long-finned pilot whales and Risso’s dolphins hunted more in the northern and
eastern location.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Understanding the distribution of animals is of paramount
importance for management and conservation, especially for
species that are impacted by anthropogenic threats. In recent
years, there has been a growing concern about the impact of hu-
man-made noise, in particular for marine mammals like beaked
whales and other deep diving odontocetes (Cox et al., 2006;
Nowacek et al., 2007). Hence, understanding their distribution
helps at mitigating possible human impacts, and developing reg-
ulation for protection.

The Ligurian Sea is a basin of the Mediterranean Sea, located
; NATO-CMRE, North Atlantic
d Experimentation; CS-SVM,
ammal Monitoring on Navy
e of observation periods;
odel; NFD, number of files

),
(W. Au).
north of Corsica Island. The basin is characterized by the presence
of a canyon region, the Genoa canyon, that runs from northeast to
southwest, offshore of the city of Genoa, Italy. Canyons are un-
derwater features known to influence the oceanographic char-
acteristics of an area, and to cause aggregation of pelagic and
demersal animals (Genin, 2004) at depth, through various me-
chanisms such as upwelling driven by bathymetric interaction
with coastal currents (Allen et al., 2001; Freeland et al., 1982),
topographic blockage of descending zooplankton (Hickey, 1997),
and counter-upwelling depth retention (Lavoie et al., 2000).

Four species of deep diving odontocetes are commonly found in
this basin, especially in the canyon area: Cuvier’s beaked whales
(Ziphius cavirostris), sperm whales (Physeter macrocephalus), Ris-
so’s dolphin (Grampus griseus), and long-finned pilot whales
(Globicephala melas) (Giorli et al., 2016; Notarbartolo di Sciara,
2002). These species perform deep and prolonged dives to hunt
for prey in the deep ocean (Baird et al., 2002; Johnson et al., 2004;
Miller et al., 2004), and it seems reasonable to think that what is
shaping the distribution of these non-migratory predators is the
distribution of their deep sea prey. Risso’s dolphins in the Medi-
terranean Sea were found to feed on Ommastrephidae, Histio-
teuthidae and Onychoteuthidae squids (Blanco et al., 2006). Pilot
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whales have been observed to dive down to �1000 m while
foraging, using a digital tag (Aguilar Soto et al., 2008; Jensen et al.,
2011) and data suggest they feed mainly on squid (Beatson et al.,
2007; Sinclair, 1992), but also fish (Spitz et al., 2011). Sperm and
beaked whales are also know to forage at depth greater than
800 m (Arranz et al., 2011; Tyack et al., 2006; Watwood et al.,
2006). While sperm whale seems to feed almost exclusively on
squid (Evans and Hindell, 2004; Roberts, 2003), beaked whales
feed mainly on squid but also on fish (Santos et al., 2001; MacLeod
et al., 2003).

Previous studies in the Ligurian Sea have described the dis-
tribution of these species using visual observations from small
boats. Species were found to be associated with well defined
depths and slope gradients in an area west of the Genoa canyon
(Azzellino et al., 2008). Azzellino et al. (2008) found no over-
lapping in the habitat of Risso’s dolphins and Cuvier’s beaked
whales in a slope region of the western Ligurian sea. They found
the habitat of sperm whales overlapped with those of Risso’s
dolphin and Cuvier’s beaked whale, and suggested that some in-
ter-species competition might exist. Finally, they reported long-
finned pilot whales frequented a more pelagic habitat. The Genoa
canyon has been described as a hot spot for Risso’s dolphins and
Cuvier’s beaked whales (Moulins et al., 2008) while sperm whales
habitats have been associated with the Genoa and Imperia can-
yons, and seamounts in the Ligurian sea (Fiori et al., 2014). In
another visual study, habitat partitioning was further described,
with sperm whales frequenting the western side of the Genoa
canyon, and Cuvier’s beaked whales living mainly in the central
and eastern parts (Tepsich et al., 2014). Differences in the foraging
strategies of these species in the Ligurian Sea have been found
using acoustics techniques (Giorli et al., 2016), with long-finned
pilot whales and Risso’s dolphin feeding mainly at night.

In this study we describe for the first time the distributions of
the foraging effort of deep diving odontocetes in the Genoa canyon
Fig. 1. (color on-line): EAR buoys deployment positions (circles) around the Gen
using acoustics recorders mounted to the bottom of the ocean.
These results (along with our previous publication on the dis-
tribution of odontocete foraging in time in this area; Giorli et al.,
2016), describes similarities and differences in the use of this re-
gion for odontocete foraging, allowing for the necessary informa-
tion to support successful conservation efforts in this area.
2. Methods

Acoustics data were collected using 3 Ecological Acoustical
Recorders (EAR) (Lammers et al., 2008) in the Ligurian Sea (EAR1,
EAR3 and EAR5). The EARs were equipped with a calibrated Sensor
Technology SQ26–01 hydrophone with a relatively flat frequency
response from 1 to 40 kHz and a sensitivity of �193.571 dB re
1 mPa/V. The EARs were deployed during the NATO-CMRE cruise
“Sirena 11” in July 2011 at a depth between 700 and 900 m around
the Genoa canyon (Fig. 1) and were recovered at the beginning of
December 2011. Data were recorded at a sample rate of 80 kHz and
echolocation clicks were identified and classified using supervised
automatic algorithms. Pilot whales and Risso’s dolphin clicks were
identified using the class-specific support vector machine (CS-
SVM) portion of M3R (Marine Mammal Monitoring on Navy
Ranges) system (Jarvis et al., 2008, 2014) developed at the Naval
Undersea Warfare Center Division in Newport, RI. A custom MA-
TLAB program, called “Eco Cluster Machine” (ECM) was used to
identify files containing sperm and beaked whales’ clicks. Giorli
et al. (2016) describe in depth the methodology used to collect
data (sample duration and deployment activities) and to validate
the detection and classification of the echolocation signals for each
species.

For each species, a Generalized Linear Model (family¼Poisson,
link¼ log) (R Core Team 2014) was used to test whether foraging
was influenced by location and day of the year, including the
oa canyon in the Ligurian Sea. Coordinates are reported in decimal degrees.
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possibility of an interaction between predictors:

( )~ + +number of files with detections NFD EAR DOY EAR:DOY

where “EAR” is a categorical variable indicating the EAR name
(EAR1, EAR3, EAR5), “DOY” is the day of year (expressed in number
from 1 to 365), and “EAR:DOY” is the interaction term between
“EAR” and “DOY”. “DOY” was included in the model to include ef-
fects of temporal autocorrelation and eliminate possible pseudo-
replication errors when each day was considered a sample. The
model also contained an offset term to account for different
sampling efforts per day. Percent observation periods with detec-
tions (%OBSP) were calculated for each day and each species. One
observation period (OBSP) is represented by one file stored to disk
by the EAR buoy. The %OBSP is then calculated by dividing the NFD
on a day by the number of files recorded that day. %OBSP were
used in a Kruskall-Wallis test to compare the amount of foraging
between locations. Using %OBSP allows for comparison of the data
despite differences in the duty cycles of the instruments.

Chlorophyll monthly mean data were collected from the MODIS
AQUA database with 4 km resolution (http://modis.gsfc.nasa.gov)
from July to December 2011. This data was used to investigate the
average ocean productivity at the 3 different canyon locations
during the period of study via comparison using a Kruskall-Wallis
test.
3. Results

Fig. 2 shows boxplots of the % OBSP detected at each EAR for
beaked whale (A), sperm whale (B), pilot whale (C), and Risso’s
dolphin (D). Each box reports the interquartile range between the
25th and the 75th percentile. The line inside the box shows the
median, and the two “whiskers” report the value of the largest
observation that is less than or equal to the upper quartile plus
1.5 the length of the interquartile range (upper mark) and the
value of the smallest observation that is greater than or equal to
the lower quartile less 1.5 times the length of interquartile range.
Outliers are reported as dots outside lower/upper marks. Fig. 3
shows the model fits to the NFD for each species and location as a
function of days. A positive slope indicates that generally the NFD
increased with time, while a negative slope indicates a decrease in
Fig. 2. Boxplot of the % OBSP detected at each EAR for beaked whal
NFD with time. The shaded area represent the 5% confidence in-
terval of the fit.

In the case of beaked whales, the GLM indicated that EAR
location and DOY statistically influenced the foraging activity
(poe�16). The interaction term was also significant (poe�16). In
general, the foraging activity of beaked whales was higher at EAR1
and EAR3 and significantly lower at EAR5 (Kruskall-Wallis,
po0.005, Fig. 2A). Beaked whales preferred to forage on the
northern and western side of the Genoa canyon throughout the
deployment period. In general the foraging activity increased with
DOY at EAR1 and EAR5, but at different rates (Fig. 3A). At EAR3
foraging activity decreased as function of DOY. The influence of the
interaction term is clear in the winter. At EAR 5 the foraging is
always lower than at other locations. Foraging is higher at EAR3 vs.
EAR1 until the end of Fall, while in the winter (DOY between
�320 and 340), foraging becomes higher at EAR1.

The model found location (EAR) as significantly influencing the
foraging of sperm whales (poe�16). In particular, sperm whale’s
foraging effort was significantly different among locations (Krus-
kal-Wallis, po0.005). Overall, sperm whale foraging was the
highest at EAR3, and lowest at EAR5 (Fig. 2B). In general this
species foraged more in the northern part of the canyon during the
period of this study. The model analysis indicated that DOYand the
interaction term were statistically significant (ANOVA, poe�16).
Foraging activity increased with time at all locations (though with
differing rates, Fig. 3B).

Overall, pilot whale detections were also significantly different
among locations (Kruskal-Wallis, po0.005) with the highest
number of detections at EAR 3 and lowest at EAR1 (Fig. 2C). The
model indicated that EAR and DOY were correlated significantly
with the foraging of pilot whales (ANOVA, poe�16). The NFD in-
creased with DOY at all locations (Fig. 3C). The interaction of DOY
and EAR was significant as well (ANOVA, po0.0005). This species
seemed to forage more in the northern and eastern part of the
canyon.

Risso’s dolphins’ detections were also different among loca-
tions. Similar to pilot whales, in general Risso’s dolphin echolo-
cation was the highest at EAR3 and the lowest at EAR1(Fig. 2D)
(po0.005). This species seemed to forage more in the northern
and eastern part of the canyon. EAR and DOY significantly affected
the detection of these species (po2e�16), and detections
e (A), sperm whale (B), pilot whale (C), and Risso’s dolphin (D).



Fig. 3. Model fits to the number of files with detection (NFD) over time for beaked whale (A), sperm whale (B), pilot whale (C), and Risso’s dolphin (D) at each location. Black
tick on the x-axis represent days in which data were collected.
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increased from summer to winter at all locations (Fig. 3D).
Considering the relative abundance of species detections at

each location, pilot whales were detected in 48% of the files with
detections in the East (EAR5), while sperm whales were detected
in �40% of the files with detections at EAR1 and EAR5 (Fig. 4).
Beaked whales were the least detected species, whose detections
constituted only �2/3% of the total detections at every location.
We invite the reader to remember that differences in the acoustic
Fig. 4. (color on-line): relative abundance of
properties of the various species clicks make the detection range
vary from one species to another. The relative lower frequency and
higher source level of the sperm whale click, for example, can be
detected from a much greater distance than other species. How-
ever, such difference can be assumed to be pretty constant across
the different locations. Moreover, the relative abundance of de-
tections per species does not give the relative abundance of in-
dividuals of the various species.
detections at each EAR for each species.
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Chlorophyll concentration data showed that the EAR3 area was
significantly more productive than the other 2 areas (Kruskall-
Wallis, po0.001) during the time of this study. No difference was
found in productivity between EAR1 and EAR5 (Kruskall- Wallis,
p40.05).
4. Discussion

Beaked whales were the least detected species at every loca-
tion, but their foraging occurrence indicated that this species for-
aged more at EAR1 and EAR3 than at EAR5. In general, beaked
whales spent more time foraging in the western and northern part
of the study area. As winter approached, detections decreased at
EAR3 and increased at EAR1 and EAR5, suggesting that some
beaked whales might shift their foraging occurrence to the
southwestern and the southeastern locations later in the year.
Sperm whales’ foraging occurrence was also influenced by loca-
tion, and this species was most detected in the northern part of
the study area (EAR3), and the least in the eastern part (EAR5). It is
interesting to note that the GLM found that NFD increased with
DOY at all locations. This phenomenon cannot be explained with
the current data. It is possible that the number of sperm whales in
the study area increased in winter. If more sperm whales enter the
Ligurian sea, and the Genoa canyon region in the winter, that
would results in more echolocation activity of this species in the
area. It is also possible that the species foraging behavior in the
winter is different than in the summer. In a previous study (Giorli
et al., 2016), sperm whales in this area were found to switch to a
nighttime foraging strategy starting around the beginning of
September. It might be possible that the time that sperm whales
invest into foraging is different between summer and winter.

Pilot whales’ and Risso’s dolphins’ NFD follow a similar pattern,
suggesting that these species forage the most in the northern part
of the study area (EAR3), and the least in the western part (EAR1).
These species concentrate their hunting activity mainly in the
northern and eastern part of the canyon. The NFD increased with
DOY at every location for both species. Both these species have
been found to be mainly night-time foragers, and they adjust their
foraging activity with the length of the night (Giorli et al., 2016). As
the nights get longer (going from summer-time to winter-time),
pilot whales and Risso’s dolphins “tune” their foraging with the
time of sunset and sunrise. The positive coefficient describing the
relationship between NFD and DOY in the GLMs for these species
may be reflecting this particular behavior.

Previous studies suggested that partitioning among species
habitats might exists in some part of the basin (Azzellino et al.,
2008; Tepsich et al., 2014). These results are mainly based on vi-
sual observations from ships which are subject to multiple biases.
Visual observation cannot be performed at night, so they only
provide information about the distribution at day-time. They are
also weather dependent, and usually the capacity of detecting
animals by visual observers dramatically decreases in the presence
of waves, haze, fog or rain. Such conditions might also dictate in
which area the visual sampling is conducted, generating an addi-
tional bias. Using acoustics provide the advantage to sample at day
and at night, in every type of weather condition. It also allows to
sample different locations simultaneously. Our results contradict
the one of Azzellino et al. (2008) and Tepsich et al. (2014). We
collected acoustic data almost continuously for about 4 months,
while results based on visual observation comes from line transect
surveys, which have a much narrower detection range than
acoustics, and only give an instantaneous picture of the area. We
would like to make clear that the passive acoustic monitoring
methodology is not free from biases. In fact a certain degree of
uncertainty in sound classification exist, but the same is true for
the identification of species during visual surveys. Hence, our re-
sults highlight the advantages of acoustics over visual survey for
the monitoring of wild odontocetes population, and to quantify
foraging at depth, which is impossible to estimate visually from a
vessel. However, it is important to remember that there are still
many species of odontocetes in all the oceans which sound
emissions are poorly or not known at all. Simultaneous visual
observations and acoustics recordings of those species are still
required to develop new methods to acoustically identify such
species.

The occurrence of deep diving odontocetes foraging clicks
around the Genoa canyon, as determined with passive acoustics,
reveals that these species are all present at the sampled locations.
Overall, this suggests that pilot, beaked, and sperm whales and
Risso’s dolphin habitats in the Genoa Canyon are overlapping, and
a clear habitat segregation does not exist. Acoustical data show
that all species forage more at EAR3, the most productive of the
3 areas (as determined by chlorophyll abundance), during the
study period. However, significant differences were found in the
foraging occurrence of each species among locations. This in-
dicates that within the Genoa Canyon these predators invest their
foraging time differently among locations. Such variability is
probably dictated by an uneven, patchy, and changing distribution
of prey species. Pilot whales and Risso’s dolphin foraging look very
similar, and this might indicate competition between these two
species for similar prey resources. Such competition has been re-
ported in other areas were these two species coexist (Shane,
1995a, 1995b). Further studies are required to investigate the
foraging ecology of these predators in their natural environments
in relation to the abundance and distribution of their potential
prey in the deep sea. Getting a clear understanding of the prey
behavior and distribution is imperative in determining predators
foraging ecology, and in supporting effective conservation pro-
grams for these species.
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