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Marine organisms continually adapt their physiology and behaviour to temporal
variations in their environment, resulting in diurnal rhythmic behaviour,
particularly when foraging. In delphinids, these rhythms can be studied by
recording echolocation clicks, which can provide indicators of foraging activity.
The foraging rhythms of delphinids and their relationship to temporal parameters
are poorly documented and most studies so far have used moored passive
acoustic systems. The present study provides, for the first time, information on
the activity rhythms of delphinids investigated in relation with temporal variables
at a basin scale from a moving platform, in the western and central Mediterranean
Sea. We used passive acoustic recordings collected by hydrophones towed along
transect lines during the ACCOBAMS Survey Initiative in the summer 2018. We
extracted variables that may influence daily and monthly rhythms, including time
of day, lunar cycle, lunar illumination and sea state and fitted generalised additive
models. The nycthemeral and lunar cycles were the two main factors influencing
dolphin activity rhythms. Echolocation activity was predominant at night, with a
maximum of 0.026 acoustic events per minute at 21:00/22:00 compared to as
few as 0.0007 events per minute at 11:00. These events were also more frequent
during the third quarter of the moon; 0.033 acoustic events on day 22 of the
lunar cycle as opposed to 0.0008 on day 8 of the lunar cycle, corresponding to
the first quarter of the moon. Variations in the echolocation activity of delphinids
in the Mediterranean Sea could reflect variation in their foraging effort and be
related to prey density, composition, accessibility and catchability within dolphin
foraging depth range. These results should also improve interpretation of passive
acoustic monitoring data.
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1 Introduction

Marine animals live in habitats that are subject to temporal
variations that can be seasonal, lunar or daily and that shape the
adaptive strategies of each species (Hifker et al, 2023). Species
adapt their physiology and behaviour to these environmental
fluctuations and associated rhythms (Pirotta et al., 2020). These
adaptations result in biological activity being in phase with the main
natural cycles, which are governed by the Earth’s orbit around the
Sun (seasons), the Moon’s orbit around the Earth (tides) and the
Earth’s rotation (nycthemeron). Biological rhythms are controlled
by endogenous systems, some of which are light sensitive. Changes
in light levels can trigger physiological or behavioural responses
(Simonis et al., 2017). Therefore, the nycthemeral cycle can be the
source of daily changes and adaptations, although the exact nature
of these rhythms also depends on other factors such as habitat type,
coordinates, and physicochemical properties (Hafker et al., 2023).
The aggregation of marine predators for feeding has been shown to
be associated with primary production, bathymetry, and sea surface
temperature (Hastie et al., 2004; Prieto et al., 2017; Scales
et al., 2016).

The best known example of a biological rhythm in the pelagic
environment is the Diel Vertical Migration (DVM) of the Deep
Scattering Layer (DSL), composed mainly of planktonic and
micronectonic organisms such as a variety of crustaceans
(euphausiids, mysids, copepods), fish (e.g., myctophids) or
cephalopods (e.g., histioteuthids) which generally migrate towards
the surface layer at dusk and return to the depths at dawn (Wang
et al., 2019). According to Marohn et al. (2021), this phenomenon
would reflect a balance between meeting food requirements and
avoiding predators. The most plausible hypothesis is that the
vertical migrations of marine organisms at the base of the food
web lead to similar rhythms in their mesopelagic and epipelagic
predators, such as number of fish, squid and sharks (Héfker et al.,
2023) which forage when their prey is most efficiently exploited.
Similarly, air-breathing diving top predators such as cetaceans, that
feed on these meso-and epipelagic species, would develop a strategy
in which the optimal decision about where and when to feed would
allow them to maximise their energy intake, especially as these
predators must hold their breath during dives to access resources
(Miller et al., 2010). The challenge for these marine mammals is to
find the best compromise between breathing at the surface and
feeding at depth. To achieve this, they are likely to adapt their
feeding rhythms to the dynamics, availability, or catchability of
their prey (Giorli et al., 2016).

In pelagic ecosystems, cetacean activity tends to be nocturnal,
with an increase in activity in the evening, followed by a peak at
night and a decrease in the early morning (Linnenschmidt et al.,
2013). This pattern likely occurs due to the greater availability of
prey closer to the sea surface at night. Furthermore, in demersal
ecosystems, cetaceans that prey on bottom-dwelling fish, many of
which are not particularly active at night, may exhibit different diel
activity patterns (Brandt et al, 2014). In the Mediterranean Sea,
where neritic habitats are quite limited, Giorli et al. (2016)
highlighted that several typically offshore dwelling cetaceans
(Risso’s dolphin Grampus griseus, long-finned pilot whale

Frontiers in Marine Science

10.3389/fmars.2024.1378524

Globicephala melas, Cuvier’s beaked whale Ziphius cavirostris, and
sperm whale Physeter macrocephalus) exhibited mostly nocturnal
foraging activity. Similarly, Caruso et al. (2017) studied several
delphinids (striped dolphin Stenella coeruleoalba, bottlenose
dolphin Tursiops truncatus, common dolphin Delphinus delphis,
Risso’s dolphin and long-finned pilot whale) in the Ionian Sea and
found a daily pattern in foraging activity, with greater activity at
night. The explanatory hypothesis put forward in these two studies
is that the foraging behaviour of odontocetes would be dictated by
the presence and dynamics of their prey, which are more active and
putatively easier to capture at night.

There are several approaches to study cetacean activity rhythms.
Longitudinal approaches (e.g., biologging techniques and focal
tracking) have the advantage of following the activity of known
individuals over time (Brauer et al., 2022), although they can be very
time-consuming to implement and, in the case of visual tracking,
are typically dependent on good weather and daylight conditions.
Cross-sectional approaches sample activity data across a population
as a function of time, for example during acoustic or visual surveys.
They provide rapid results that reflect the general characteristics of
a population. However, individual variability is not measurable
(Brauer et al., 2022). The distribution, dynamics and activity
rhythms of vocalising cetaceans can be studied using this second
method, thanks to acoustic surveys (Barlow et al., 2021). Here we
used a cross-sectional approach to investigate delphinid foraging
activity using a large-scale acoustic line-transect survey.

Sound emission is common to all cetaceans, which have
developed highly sophisticated sound production systems. Sound
plays an important role in their daily lives, being used for
communication, socialisation, navigation, and predation
(Hildebrand, 2009). Vocalisations are also used to compensate for
poor visibility conditions such as night, depth and turbidity, and are
a critical component of the evolutionary success of odontocetes in
general (Au, 1993). Odontocetes emit different types of acoustic
signals, sometimes near the surface, sometimes at depth (Gillespie
et al,, 2009), which can travel long distances (probably tens of
kilometres in some whale species, Bittle and Duncan, 2013).
Acoustic signals emitted by odontocetes can be classified into
three categories: tonal signals (or whistles), pulsed calls and
echolocation clicks (Azzolin et al., 2014). Whistles and certain
pulsed calls are long and complex sounds with intermediate
frequencies (often below 10 kHz, Gonzalez-Hernandez et al,
2017), modulated and with a narrow bandwidth. They mainly
provide information about the identity of a species, population or
individual, as well as on the physiological and behavioural state of
the emitter. These signals are essential for maintaining organisation
and cohesion within social groups (Azzolin et al., 2014). Clicks,
emitted in series (known as click trains), and certain pulsed calls, are
short, repetitive sounds that cover a wide range of frequencies (from
20 kHz to over 100 kHz, Gonzalez-Hernandez et al., 2017). They are
used for foraging, navigating and detection of predators (Au, 2018).
Foraging involves all the activities required to reach, locate, detect
and capture prey, with searching generally being the most time-
consuming activity and this includes echolocation, which is
becoming more important for both navigation and prey detection
(Madsen and Wahlberg, 2007; Giorli et al., 2016). As clicks allow the
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detection of prey in the environment, they are considered to be the
most relevant acoustic indicator of foraging activity (Caruso et al.,
2017). In this context, we assumed that temporal pattern in foraging
activity would strongly affect click production rate. In addition,
clicks are the most abundant type of sound emitted, and therefore
would provide a larger sample size than the other types of
vocalisations. Studying them can therefore help our
understanding of how cetacean foraging activity changes over time.

The Mediterranean Sea is home to 7% of the world’s marine
biodiversity, of which around a fifth is considered endemic (Pace et al,,
2015). Eleven cetacean species are known to permanently occur in the
Mediterranean Sea and are regularly observed in the basin: the
bottlenose dolphin, the striped dolphin, the common dolphin, the
Risso’s dolphin, the rough-toothed dolphin Steno bredanensis, the long-
finned pilot whale, the Cuvier’s beaked whale, the sperm whale, the fin
whale Balaenoptera physalus, the orca, Orcinus orca and the Black Sea
harbour porpoise Phocoena phocoena relicta, which is present in the
northern Aegean Sea (Cucknell et al., 2016; Notarbartolo di Sciara and
Tonay, 2021). The false killer whale Pseudorca crassidens, the minke
whale Balaenoptera acutorostrata, and the humpback whale Megaptera
novaeangliae are occasional visitors (Notarbartolo di Sciara and
Tonay, 2021).

The main objective of this study was to analyse the rhythm of
foraging activity of Mediterranean pelagic delphinids of which the
striped, common and bottlenose dolphins are the most abundant
(Panigada et al,, 2024). Most previous studies of delphinid foraging
rhythms in the Mediterranean Sea have used fixed acoustic devices
within limited geographic areas (Giorli et al., 2016; Cascdo et al., 2020).
Here we used acoustic recordings provided by the Agreement on the
Conservation of Cetaceans of the Black Sea, Mediterranean Sea and
contiguous Atlantic area (ACCOBAMS) and collected during the vessel
component of the basin-wide 2018 ACCOBAMS Survey Initiative

10.3389/fmars.2024.1378524

(ASI), which aimed to assess cetacean abundance and distribution in
the Mediterranean Sea. Acoustic recordings were collected day and
night using towed hydrophones along predetermined transect lines.
Only echolocation clicks were analysed, as they are the most relevant
signals to study the foraging activity. Diel rhythms in the number of
acoustic events were investigated, as well as their relationship with a
selection of temporal parameters. We hypothesised that a strong diel
pattern would prevail, with more acoustic events during the night. We
first extracted click emissions from acoustic recordings. The number of
acoustic events per unit of time was then modelled in a generalised
additive model (GAM) framework using a selection of temporal
variables thought to be involved in the foraging strategies of delphinids.

2 Materials and methods

2.1 Study area

The study area covered the entire Mediterranean basin, from
34°S to 45°N and from 6°W to 17°E (Figure 1). The Mediterranean
Sea is a semi-enclosed mid-latitude sea virtually isolated from the
main oceanic systems, stretching east-west over about 3,800
kilometres. The general circulation of the Mediterranean Sea is
cyclonic, with Atlantic surface waters flowing along the southern
shores of the basin and returning along the northern shores, whose
complexity generates many eddies. Winter cooling of the surface
waters in the north of the basin is responsible for the formation of
rich, deep waters that flow towards the Atlantic Ocean (Robinson
et al, 2001; Millot and Taupier-Letage, 2005). Although the
Mediterranean Sea is generally considered to range from
oligotrophic to ultra-oligotrophic, it is characterised by significant
spatial variability in primary productivity, with decreasing
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2018 ASI survey area. The blue polygons represent the sampled blocks, the grey lines represent the linear transects followed by the R/V Song of the

Whale and the blue dots illustrate the recorded acoustic events.
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productivity observed from west to east (Lazzari et al, 2012).
Geomorphological features such as canyons, seamounts and deep
trenches also provide a variety of unique habitats (Aissi et al., 2015)
resulting in highly diverse and rich ecosystems.

2.2 Data collection

The acoustic data used in this study were collected from May to
September 2018 during the ASI survey, during which two types of
platforms were used to collect cetacean data; aircraft conducted
visual detection only, and vessels supplemented the visual
observations collected by the aerial component with acoustic data,
particularly for deep-diving sperm whales and Cuvier’s beaked
whales (Boisseau et al., 2024; Panigada et al., 2024). In this study,
we focused only on acoustic data from delphinids collected aboard
the R/V Song of the Whale. Overall, the visual data collected from
the boat indicated that delphinids were represented by three main
species: the striped, the common and the bottlenose dolphins.
Risso’s dolphin, long-finned pilot whale and rough-toothed
dolphin were also present, although less frequently.

The acoustic survey was conducted continuously (24 hours per
day) wherever permitted by the riparian states, except where weather
conditions, water depth (minimum 50 m) or technical constraints did
not allow it. It focused on the Atlantic region near the Strait of
Gibraltar, the western Mediterranean basin from the Alboran Sea to
the Tyrrhenian Sea, and parts of the central Mediterranean basin (the
Tonian waters and the Hellenic Trench; Figure 1). No survey effort was
allocated in the Aegean Sea. The study area was divided into 21 blocks,
designed to estimate cetacean abundance (ACCOBAMS, 2021).

Sampling was carried out along linear transects, and the
hydrophone array was towed 400 m behind the vessel. This
sampling method was used to maximise the coverage of the study
area and to provide a robust estimate of species density and abundance
(Buckland et al., 2004). Transects were defined using the Distance
software (version 7.3, ACCOBAMS, 2021) and a zig-zag pattern was
used to achieve equal probability coverage. A total of 17,271 km of
transects were travelled, representing approximately 74,000 minutes of
effort. This total sampling effort was divided into one-minute duration
segments. The vessel speed was maintained between 5 and 8 knots to
minimise bias due to species movement. The hydrophone array was
housed in an oil-filled tube and consisted of two pairs of hydrophones
in a linear configuration. The pair of broadband hydrophones, spaced
0.25 m apart, recorded sounds from 1 to 100 kHz with a sensitivity of
-204 dB re 1V/uPa, in the frequency band in which most odontocete
vocalisations are produced. The outputs of the broadband
hydrophones were digitised at a sampling rate of 192 kHz. The
audio recordings were stored in 16-bit wav files.

2.3 Acoustic data analysis
Field recordings were compressed into binary storage files using

PAMGuard (version 2.2.7.0, Gillespie et al., 2008). These files were
manually analysed using the ‘click detector’ module, which allows
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the user to identify acoustic events, following the methodology of
Ollier et al. (2023). Only click series, defined as sequences of clicks
produced by the same animal or group of animals that exhibited a
consistent change in bearing (i.e., from the bow to the stern of the
vessel) were examined. Sequences of clicks that did not show a
consistent bearing trajectory or did not cross the 90° line were not
considered as acoustic events. To ensure that the series of
echolocation clicks identified were indeed from delphinids, the
characteristics of the clicks making up the series were examined.
The waveform of a click had to cross the horizontal axis several
times (known as “zero crossing”). The spectrum of each click should
ideally have a frequency peak between 20 kHz and 40 kHz. If this
frequency peak was below 10 kHz, it could be a sound signal emitted
by a boat (ACCOBAMS, 2021).

2.4 Statistical analysis

2.4.1 Variables

We selected variables relevant to temporal scales ranging from
hourly to monthly time resolution such as time of day, lunar cycle,
lunar illumination and sea state (Table 1). The time of day of the
acoustic events was considered as a circular variable to account for
the temporal cyclicity (so that the statistical models considered that
00:00 = 24:00). This improved the accuracy of the model and
captured the large cyclical variations in the data. As the study area
was relatively large, and to avoid any time zone bias, the times at
which these acoustic events were detected, given in Coordinated
Universal Time (UTC), were converted to solar time (Waugh, 1973)
by using the equation:

Solar Time = 4(longitude) + Coordinated Universal Time

The longitude in the equation is expressed in decimal degrees.
The value 4 represents minutes and comes from the fact that the
Earth rotates in 24 hours (= 1440 minutes), i.e. one degree of
rotation every 4 minutes. Depending on whether the longitude is
positive or negative (whether the acoustic event was detected east or
west of the Greenwich meridian), the duration in minutes obtained
is added to or subtracted from Coordinated Universal Time to
obtain Solar Time (Waugh, 1973).

Sea state is expected to affect foraging efficiency on epipelagic
prey. It was recorded during the ASI survey according to the
Beaufort scale. The lunar cycle and lunar illumination are
expected to modulate the extent and intensity of the diel vertical
migration of planktonic and micronectonic organisms. The lunar
cycle lasts 29.53 days, and during this cycle the moon goes through
different phases (Wang et al., 2015): new moon (day 1 of the lunar
cycle), first quarter (day 8 of the lunar cycle), full moon (day 15 of
the lunar cycle), and last quarter (day 22 of the lunar cycle). The
lunar cycle is also a circular variable as the lunar phases change
from day to day, completing a cycle at the end of a lunation. The
phase of the lunar cycle and the lunar illumination of each day were
obtained using the ‘lunar’ R-package (Lazaridis 2022). To obtain the
day of the lunar cycle, the lunar phase was divided by 0.212769 (the
lunar phase increases by this value per day for a complete cycle).
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TABLE 1 Temporal and spatial variables used in the GAMs that potentially influence the cetacean rhythm activity.

Variable Description/ Source
Relevance to

the topic

Resolution

Variable type

Range of
values/Units

Time of day Time of acoustic events PAMGuard analysis Circular Hour [0-23] Temporal
Geographical Environmental parameter ASI survey Continue Degrees Spatial
coordinates - indicator of habitat use
(Longitude, Latitude)
Sea state Environmental parameter ASI survey Category Beaufort scale [0-6] Temporal and spatial
- indicator of habitat use
Lunar cycle Influences the vertical Lunar R-package Circular Days [1-29] Temporal
migration of organisms (Lazaridis, 2022) 1: New moon
(Simonis et al., 2017) 15" Full moon
Lunar illumination Influences the vertical Lunar R-package Continue [0-1] Temporal
migration of organisms (Lazaridis, 2022) 0: New moon
(Simonis et al., 2017) 15" Full moon

Beside nocturnal illumination, the lunar cycle also determines tidal
range. Although the tide is limited in the Mediterranean Sea it does
exist with an amplitude from 0 around the Balearic Islands to 60 cm
in the Gulf of Gabes, Tunisia. Tidal range is greater at full and new
moon and is minimal at first and last quarters, following a cyclical
pattern with a period of approximately 15 days. Recognising
the importance of spatial distribution of delphinids in the
Mediterranean Sea (Canadas et al., 2023), we included longitude
and latitude as spatial factors rather than as explanatory variables to
focus on temporal patterns.

2.4.2 Generalised additive models

GAMs (Wood, 2006) were fitted to determine how the number
of acoustic events could be explained by these different variables.
GAMs were chosen because unlike linear models, they ofter great
flexibility in describing non-linear relationships between predictors
and a response variable. They have the advantage that the data

23:00 00:00 (4.0
22:00

02:00
230 03:00 Number of acoustic events per
20:00 minutes of sampling effort
04:00 0.025
19:00 05\00
' 0.020
18:00
06:00 0.015
17:00
07:00 0.010
160 08:00 0.005
15:00 A
1300 10:00
13:00 15,00 11:00

FIGURE 2

Temporal distribution of acoustic events corrected by sampling effort over the nycthemeral cycle. The shaded area represents the nocturnal phase.
The largest radius has a value of 0.026 acoustic events per minute of effort at 21:00.
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dictate how the shape of the response variable is affected by each
covariate by fitting non-parametric models (Marian et al., 2021).
The explained variable was the number of acoustic events per
minute. Correlations between variables were assessed using a
correlation matrix. If the Pearson coefficient between two
variables was greater than 0.5, then the variables could not be
included together in any model selection. Due to the very large
number of null values and the overdispersion of the data, a Tweedie
distribution was used for the analysis (Foster and Bravington, 2013).
For the time of day and lunar cycle variables, the degrees of freedom
(k) were set to a maximum of 15 and 7 respectively, to allow the
relationships to have multiple inflection points (non-linear
responses expected for these two variables). To account for the
circularity of these two variables, we have included circular
smoothing terms (splines, bs = ‘cc’). This approach allowed the
model to better capture temporal variations and effectively model
the cyclicality of the data. For the other variables, we set the degrees
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of freedom to a maximum of 4, as the expected relationships were
less complex, and used thin plate regression splines (bs = ‘tp’) as
these are considered optimal (Wood, 2017). GAMs were fitted using
the ‘gam’ function in the ‘mgcv’ R-package (Wood, 2017). Model
selection was performed to determine the best model from all the
models tested (combinations of 1 to 6 variables). The best model
was selected based on the Akaike information criterion (AIC;
Alkaike, 1998), the AIC weight (‘akaike.weight’ function in the
‘qpcR’ R-package, Spiess, 2018), and the explained deviance. The
importance of each variable was determined by summing the
Akaike weights of the models in which the variable was selected
(Symonds and Moussalli, 2011). The variables were then ranked
according to their individual contribution to the models. All
analyses were performed using the R software (version 4.1.2, R
Core Team, 2022).

3 Results

Approximately 12,000 km were covered by the R/V Song of the
Whale between May and September 2018, which represents a total
of 74,000 minutes of sampling effort. Almost 40,000 minutes were
sampled during the day while 34,000 were sampled at night. We
identified a total of 741 acoustic events in PAMGuard during this
sampling period. 41 events were recorded in May, 288 in June, 290
in July, 64 in August and 58 in September. Acoustic events were
detected in all blocks sampled (Figure 1). More acoustic events were
recorded at night (shaded area, Figure 2) with two peaks, reaching
around 0.026 acoustic events per minute at 21:00/22:00 (solar time)
and then around 01:00. After 01:00, the number of events decreased
considerably; down to 0.0007 events per minute at 11:00 (Figure 2).

No correlations were found between the variables in the
correlation matrix (Figure 3). Therefore, all the variables could be
selected simultaneously in the models tested (Supplementary
Table 1). The variables that contributed most to explaining the
number of events were the time of day and the sea state, with Akaike
weights of 99-100% (Table 2). They were followed by the lunar cycle

Sea state

Hour

Lunar illumination 0

%

FIGURE 3

10.3389/fmars.2024.1378524

with an AIC weight of 80%. In contrast, lunar illumination, had a
relatively low AIC weight of 60% (Table 2). The best model
explained 14.3% of the deviance and included all the variables
tested, although lunar illumination was not significant (p = 0.39,
Supplementary Table 1). The second model also explained 14.3% of
the deviance and did not include lunar illumination. As the top two
models were very similar (AAIC< 2), the second model was selected
as the final model because lunar illumination was not significant
(Ssupplementary Table 1). The final model included the spatial
effect and the variables time of day, lunar cycle and sea state.

The number of acoustic events increased as night approached,
peaking around 21:00/22:00 and at 01:00, with only a slight decrease
between these two periods (Figure 4A). The number of acoustic
events then decreased to a diurnal minimum around 11:00
(Figure 4A). For the lunar cycle variable, the number of events
decreased from day 0, corresponding to the new moon, to a
minimum on day 8, corresponding to the first quarter of the
moon (Figure 4B). The response variable then increased, reaching
a maximum during the third quarter of the moon (day 22 of the
lunar cycle) and decreasing again until the end of the lunar cycle
(day 29, Figure 4B). The relationship with sea state was unimodal
from 1 to 4 and became positive at higher sea states (above 4,
Figure 4C). Longitudinal and latitudinal gradients were observed,
with more frequent acoustic events in the northern part of the
western and central Mediterranean sub-regions (Figure 4D).

4 Discussion

4.1 General considerations

To date, knowledge of the dynamics of delphinid foraging
activity throughout the Mediterranean basin has been relatively
patchy. Most studies analysing delphinid foraging rhythms have
been carried out using fixed passive acoustics and have focused on
specific Mediterranean subregions or even local sites (e.g. Sicily,
Caruso et al., 2017; Ligurian Sea, Giorli et al., 2016). These studies

0.06
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m o
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0.0
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.
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@ ¢
® &
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Correlation matrix including all variables tested in model selection. The numbers represent the coefficients of Pearson.
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showed a diel foraging activity pattern with a peak at night.
However, in these settings, it can be challenging to discriminate
true patterns in echolocation activity around the recording stations
from local movements in and out of the detection radius of these
stations. The present study provides, for the first time, information
on the activity rhythms of delphinids investigated at a basin scale
from a moving platform, in the western and central Mediterranean
Sea. At such a large scale, we can assume that the abundance of
dolphins in the study area does not change during a diel cycle.
Therefore, any change in the detection rate of acoustic events on the
hydrophone array is assumed to be primarily due to changes in the
dolphin vocal behaviour in relation to their foraging activity rather
than changes in their occurrence. This is an inherent benefit of
using large spatial datasets to identify activity rhythms. The GAM
results suggested that delphinids in the Mediterranean Sea exhibit a
strong diel foraging pattern, as evidenced by a nocturnal
predominance of acoustic events. The distribution of effort
between day and night condition was fairly well balanced and
cannot be a source of bias in the number of acoustic events per
unit time. The lunar cycle and also had a clear influence on the
number of acoustic events, with more events being detected during
the third quarter of the moon.

Carrying out this study at the scale of the western and central
Mediterranean provided an overall picture of delphinid activity in
the area but required spatial variability and time zone to be
considered. To do this, we transformed all UTC times into solar
time so that the time zone did not bias the results (Carlucci et al.,
2016) and we included a spatial effect in the model to smooth out
the effect of the distribution of animals in the model. A very clear
signal of the influence of selected temporal variables on the number
of acoustic events was found as the uncertainties associated with the
relationships obtained were very low (narrow confidence intervals,
Figure 4), suggesting that the highlighted patterns were
quite reliable.

However, the selected model only explained 14.3% of the
deviance suggesting that processes other than those considered in
this study could also contribute to explain the variation in the
number of acoustic events. For example, tidal height or sea surface
temperature were considered by Gauger et al. (2022) and found to
influence the number of acoustic events. Benoit-Bird and Au (2003)
analysed and compared the relative abundance and density of
spinner dolphins (Stenella longirostris) and the mesopelagic
community off three Hawaiian islands using a modified echo-

TABLE 2 Ranking of variables according to their AIC weight.

Variable Count Percent Akaike
weight
Time of day 8 50 100
Sea state 8 50 99
Lunar cycle 8 50 80
Lunar 8 50 60
illumination

The Count column corresponds to the number of times the variable appears in all the models
tested, the Percent column expresses the associated percentage, and the Akaike weight
corresponds to the relative contribution of the variable in the model.
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sounder and showed that the dolphins followed the vertical
dynamics of their prey. In this study, we were limited to using
temporal variables that were available at all locations in a large study
area, i.e. through available remote sensing datasets or
oceanographic model outputs. This lack of direct data on prey
behaviour throughout the study area necessitated the use of other
parameters such as time of day or lunar cycle, thought to influence
prey density and catchability at dolphin foraging depths. More
detailed information on local delphinid prey activity and their
catchability may have allowed for a more precise explanation of
delphinid activity rhythms.

Grouping species which have distinct ecological and
behavioural requirements (Cipriano et al., 2022) may also
contribute to the relatively low deviance explained by the model.
The exclusive use of echolocation clicks provides a solid description
of delphinids foraging activity but clicks do not allow the precise
identification of the species recorded. Here, delphinids were mainly
represented by three species, the striped, bottlenose and common
dolphins, which may have different diel activity patterns, with other
species like the long-finned pilot whale, the Risso’s dolphin and the
rough-toothed dolphin being extremely marginal in the data set
(ACCOBAMS, 2021; Ollier et al., 2023). Striped dolphins, for
example, typically live in productive waters deeper than 350 m off
the continental shelf (Carlucci et al., 2016). They exploit
mesopelagic fish, cephalopods, and planktonic crustaceans (Wiirtz
and Marrale, 1993) and follow their vertical distribution and
dynamic movements. The bottlenose dolphin is quite flexible in
its requirements, with populations living in extreme coastal,
estuarine or even lagoon habitats, while others live offshore in
oceanic waters (Wursig and Wursig, 1979). Its diet is quite eclectic,
with combinations of benthic, demersal and pelagic shelf species
versus oceanic assemblages according to the habitats where it is
found (e.g., Bearzi et al., 2009; Blanco et al., 2001; Neri et al., 2023;
Queiros et al., 2018). The common dolphin occurs in both pelagic
and neritic environments, often sharing the former with striped
dolphins and the latter with bottlenose dolphins (Notarbartolo di
Sciara and Tonay, 2021). The temporal patterns presented here
result from a combination of the foraging strategies of these three
species in approximate proportions of 80% striped dolphins, 10%
bottlenose dolphins and 10% common dolphins (proportions
derived from table 4 in Panigada et al., 2024). Hence, the present
results might be considered as a fair image of striped dolphin
behaviour, slightly blurred by limited inputs from the other two
species. However, as we were not able to distinguish species from
the click trains alone in this study, any assumptions regarding
species identity should be treated with caution.

4.2 Activity rhythms of delphinids in the
Mediterranean Sea

The results of this study, showing that Mediterranean
delphinids have a very distinct diel rhythm of acoustic event
production, mainly displayed processes related to the striped
dolphins in offshore habitats (Panigada et al., 2024). The other
species present did not contribute much to the overall picture and
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were likely merely contributing to the uncertainty around the
observed general patterns. These variations in the number of
acoustic events illustrated the activity or foraging strategy of the
dolphins, which would vary according to the availability and type of
prey (Benoit-Bird and Au, 2003).

The variable that contributed most to our model was the time of
day of the nycthemeral cycle. Here, the variation in the number of
acoustic events expresses a change in foraging activity, based on the
availability of prey. The latter is shaped by depth distribution and
density of prey. Dolphins assess the accessibility of prey, the
potential encounter rate during foraging dives, and the associated
costs in order to maximise their foraging success (MacArthur and
Pianka, 1966). When prey is scarce or too deep, dolphins would
stop foraging because it would not be profitable (Cascao et al,
2020), hence few acoustic events would be recorded. When prey is
more abundant and accessible, dolphins would forage actively
(MacArthur and Pianka, 1966). In the latter situation, it is also
possible to imagine that when prey is most abundant less foraging
effort would be necessary to meet calorific requirements, whereas
when there is slightly less prey but still enough for foraging to be
profitable, then foraging would be greater, hence acoustic events

more numerous.
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In our study, dolphins exhibited a higher number of acoustic
events emitted during the night, suggesting a nocturnal peak in
foraging activity. This is thought to occur in response to nocturnal
changes in the dynamics and vertical distribution of cetacean prey
(Thompson and Miller, 1990). The latter migrate vertically between
the surface to feed at night and deeper layers to escape from
predators during the day (Marohn et al., 2021). During the ascent
of the DSL to the surface, the defence mechanisms of organisms,
particularly small pelagic fish, are thought to be reduced; they would
be present in less aggregated schools and would have a reduced
individual swimming speeds (Zein et al., 2019). Furthermore, as
night-time can lead to a loss of visual information and an increase in
backscatter (Mass and Supin, 2018), the nocturnal increase in prey
concentration near the surface would be advantageous for nocturnal
air-breathing predators; this is the case for odontocetes, whose
highly developed sonar allows them to detect prey regardless of
light conditions.

To maximise foraging success while minimising dive duration,
pelagic delphinids might be expected to concentrate their foraging
activity at night, when the DSL get closer to the surface (Giorli et al.,
2016). Maximum amounts of prey would then be available, easy to
capture and accessible near the surface. Dolphins consume more

frontiersin.org


https://doi.org/10.3389/fmars.2024.1378524
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Sol et al.

oxygen per unit time than deep diving odontocetes which may
consume less oxygen due to evolutionary adaptations (Tyack et al.,
2006). As a result, delphinids deplete their oxygen reserves more
quickly before reaching their aerobic diving limit. To maximise
hunting time relative to vertical transit time, they would ideally
limit their foraging depth and thus foraging at night may be more
favourable to them. Simonis et al. (2017) have highlighted a similar
diurnal pattern in certain delphinids, stating that foraging activity
was mainly nocturnal, and that social behaviours tended to take
place during the day.

The number of acoustic events were found to be higher in the
north and west of the western and central Mediterranean
subregions. According to Goffredo and Dubinsky (2013), the
different Mediterranean subregions are characterised by different
micro phytoplanktonic compositions, with diatoms dominating in
the west, and coccolithophorids and dinoflagellates in the east.
The Mediterranean basin would then be characterised by
significant spatial variability in terms of primary production,
with decreasing levels of primary productivity from west to east,
and to a lesser extent from north to south. This gradient could be a
cause for a lower availability of cetacean prey, resulting in a lower
densities of cetaceans (see Canadas et al., 2023 for an analysis of
gradient in cetacean distribution observed during the ASI) and
therefore fewer acoustic events in the eastern and southern parts
of the basin.

Other parameters may influence the increase in acoustic
events, but more indirectly, as they could affect the migration
dynamics of the DSL. This is the case for the lunar cycle. The
number of acoustic events was minimal on day 8, corresponding
to the first quarter of the moon, and maximal during the third
quarter (22st day of the lunar cycle). According to Ochoa and
collaborators (2013), the extent of these vertical migrations would
depend on the intensity of nocturnal versus diurnal illumination
and would only be possible if light intensity fluctuates sufficiently
during the diel cycle. During full moon nights, when nocturnal
illumination is the highest, vertical migrations would be delayed
or attenuated (Ochoa et al., 2013) and fish would therefore be less
available near the surface. As a result, small cetaceans may reduce
their use of acoustic foraging behaviour or switch to visual
predation, resulting in fewer acoustic events. However, the
results of this study are inconsistent with previous research that
have observed minimal acoustic foraging activity during the full
moon. Simonis et al. (2017) found that common dolphin
echolocation activity in the Southern California Bight was the
lowest during the full moon and the highest during the third
quarter phase. They suggested that the brightness of the full
moon delayed or shortened vertical migrations to avoid
predators, causing predators to reduce foraging or switch to
visual predation. During the third quarter, a prolonged period
of darkness after sunset allows mesopelagic prey to migrate to the
surface before the moon rises, making them more vulnerable and
available to predators. In the Mediterranean Sea, Caruso et al.
(2017) found no evidence of a relationship between echolocation
activity and the lunar cycle in a pelagic area. These mixed results
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suggest that the response of small cetaceans to the lunar cycle is
more complex than previously thought (Benoit-Bird et al., 2009;
Caruso et al., 2017; Simonis et al., 2017; Shaff and Baird, 2021;
Cohen et al.,, 2023). Therefore, in our study, lunar illumination
alone cannot explain the variation in the rhythm of delphinid
activity as maximum acoustic activity was found close to the third
quarter of the moon and not at full moon. The mesopelagic
community would be affected by the lunar cycle in a more
complex way than just a direct effect of nocturnal light that
would limit the DSL vertical migration and in cascade reduce
nocturnal prey density in the surface layer at full moon. Indeed,
detailed analyses of the DSL composition at night suggest that the
main phyla constituting the DSL, i.e. fish, squids and crustaceans,
and probably the main taxa constituting those, might display
more complex variation in relation to the lunar cycle, drastically
affecting prey availability for top predators (e.g. Battaglia et al.,
2020). For example, blue-finned tuna (Thunnus thynnus) in the
Strait of Messina show extensive changes to their prey
composition during the lunar cycle, with mesopelagic fish being
predominant during first quarter and full moon, mesopelagic
squid after first and third quarters and other invertebrates at third
quarter and new moon. If different prey types are available at
different times of the lunar cycle, dolphins may use different
foraging strategies, including variable echolocation rates.

Sea state was also selected in the best model. This variable may
have an influence on cetacean sound activity. The number of
acoustic events increased from Beaufort 4. However, it is difficult
to interpret this trend due to the limited data coverage in these
conditions. Changes could appear with significant ambient noise,
whether natural or anthropogenic, as an adaptation strategy
(Isojunno et al., 2022). For example, cetaceans may compensate
for higher ambient noise by increasing the amplitude or shifting the
frequency or temporal pattern of their acoustic signals (Isojunno
et al., 2022). Elevated ambient noise may also affect the detection
range of a hydrophone array. An independent measure of ambient
noise may be useful in future surveys to explore whether dolphins
adjust their sound activity to ambient noise.

4.3 Monitoring and
conservation implications

Our results have important implications for the monitoring of
small delphinid populations using passive towed acoustics.
Highlighting the strong signal in the intensity of delphinid
acoustic activity as a function of time may have implications for
cetacean abundance estimation programmes. A uniform acoustic
detection probability over the nycthemeral cycle cannot be used
because the relationship between the number of acoustic events and
the number of individuals would change with the activity of those
individuals. Therefore, a variable cue rate should be included when
estimating dolphin abundance in order to duly consider variation in
acoustic detection probability with the time of day. This would
apply to the analysis of data from towed passive acoustic surveys
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following a linear transect strategy. In contrast to stationary passive
acoustic surveys using moored hydrophones, changes in dolphin
activity on the one hand and small scale movements affecting local
dolphin density within the detection range of the hydrophone on
the other hand, determine together the number of acoustic
detection per unit time and are hard to disentangle.

The existence of these activity rhythms may also have conservation
implications. While fishing may occur day or night (Levy et al., 2015),
depending on the diversity of fishing practices, increased foraging
activity at night could make dolphins more vulnerable to fisheries
bycatch as they would be more focused on foraging and less alert to
environmental hazard (Todd et al, 2020). Anthropogenic sound
sources in the same frequency bands as dolphins can have a masking
effect on these signals (Marian et al., 2021) which can affect foraging
success and, indirectly, the survival of the species.

5 Conclusion

This study is the first of its kind to be carried out across a large
part of the Mediterranean Sea. It was conducted to explore the
activity rhythms of Mediterranean delphinids, mostly represented
by the striped dolphin in offshore habitats. A nycthemeral rhythm
of echolocation activity was demonstrated. These dolphins showed
a predominantly nocturnal foraging pattern, illustrated by much
higher echolocation clicks at night. This rhythmicity of foraging
activity was shown to be linked to temporal variables such as time of
day, sea state and lunar cycle. This result is consistent with available
knowledge on the DSL vertical migration. In the context of foraging
ecology, the use of echolocation clicks by towed passive acoustics
has proved to be highly relevant for identifying diel patterns in
delphinid foraging activity.
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