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To achieve effective management and understanding of risks associated with increasing
anthropogenic pressures in the ocean, it is essential to successfully and efficiently collect
data with high spatio–temporal resolution and coverage. Autonomous Underwater
Vehicles (AUVs) are an example of technological advances with potential to provide
improved information on ocean processes. We demonstrate the capabilities of a low-
power AUV buoyancy glider for performing long endurance biological and environmental
data acquisition in Northern Norway. We deployed a passive acoustic sensor system
onboard a SeagliderTM to investigate presence and distribution of cetaceans while
concurrently using additional onboard sensors for recording environmental features
(temperature, salinity, pressure, dissolved oxygen, and chlorophyll a). The hydrophone
recorded over 108.6 h of acoustic data during the spring months of March and April
across the continental shelf break and detected both baleen and odontocete species.
We observed a change in cetacean detections throughout the survey period, with
humpback whale calls dominating the soundscape in the first weeks of deployment,
coinciding with the migration toward their breeding grounds. From mid-April, sperm
whales and delphinids were the predominant species, which coincided with increasing
chlorophyll a fluorescence values associated with the spring phytoplankton blooms.
Finally, we report daily variations in background noise associated with fishing activities
and traffic in the nearby East Atlantic shipping route. Our results show that gliders
provide excellent platforms for collecting information about ecosystems with minimal
disturbance to animals, allowing systematic observations of our ocean biodiversity and
ecosystem dynamics in response to natural variations and industrial activities.
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INTRODUCTION

In future decades, the highly productive Norwegian Sea is
expected to experience an increase in anthropogenic activity
(Gjøseter et al., 2010; Olafsen et al., 2012), accompanied by
increased water temperature (ICES, 2010a,b), a shift in timing
of the phytoplankton bloom (Rey, 2004), a decrease in the
general zooplankton biomass (Huse et al., 2012), and changes
in some of the most important commercial pelagic fish species’
stock density and biomass distribution (Skjoldal, 2004; ICES,
2010b, 2011; Utne et al., 2012). As concerns for the effects of
sea exploitation and climate change continue to increase, the
potentially conflicting stressors require integrated management
(Suberg et al., 2014). Species distribution and behavior provide
indicators of ecosystem health, revealing patterns of change in
biological communities, associated with alterations in physical
conditions and processes. Changes in the quality, phenology,
and abundance of key prey species may constrain efficient
transfer of marine primary and secondary production to higher
trophic levels, such as cetaceans, which will result in cascading
implications for entire food webs (Lauria et al., 2012; Sydeman
et al., 2013; Silber et al., 2017).

Several cetacean species occur along the coast of Northern
Norway, including resident and seasonally migrating species.
North Atlantic humpback whales (Megaptera novaeangliae) have
been reportedly present from late October to early February
in northern Norway, coinciding with overwintering Norwegian
Spring Spawning (NSS) herring (Jourdain and Vongraven,
2017). Male sperm whales (Physeter macrocephalus), which
inhabit continental slope areas from northern Norway to
Svalbard (Øien, 2009) year around, can act as an indicator
species for significant alterations in the inaccessible deep-
sea environment (Steiner et al., 2012). Sperm whales are
more predominantly present in deep-water canyons north
of 65◦ N during the summer months. However, only few
surveys performed in the summer have reported sperm whales
south of the Arctic Circle. Smaller cetaceans also occur
frequently along the Norwegian coast, including orcas (Orcinus
orca), long-finned pilot whales (Globicephala melas), minke
whales (Balaenoptera acutorostrata), white-beaked dolphins
(Lagenorhynchus albirostris), and harbor porpoises (Phocoena
phocoena). The distribution of these species appears to be linked
to prey distribution along the Norwegian coast, though there
is little knowledge on other drivers for their seasonal presence
and regional migrations (e.g., NAMMCO, 2019). Fin whales
have also been recorded in the vicinity of the survey area
(Øygard, 2018), perhaps representing a small subset of the
population that remains outside the coast of Norway during
winter and spring (Haug, 1998). However, it is believed that
the whales mostly visit this region during migrations to and
from feeding areas.

In marine mammal research, the deployment of Passive
Acoustic Monitoring (PAM) sensors has been highlighted as
one useful approach to overcoming the limitations of visual
observations (Cauchy et al., 2020). Marine mammals, and
particularly cetaceans, are challenging to survey, as they spend a
large portion of their time vocalizing under water. Thus, sensors

capable of recording such vocalizations to document animal
presence and behavior provide additional information that could
not be otherwise obtained from the surface. Also, PAM systems
can be deployed for extended periods and operate continuously
irrespective of weather and light conditions, which can severely
limit visual observations. Passive Acoustic Monitoring tools
also provide measures of background sounds of biotic and
abiotic origins.

Ocean gliders are autonomous underwater vehicles (AUVs)
developed for the purpose of marine surveillance. They
provide high resolution (sensor dependent) hydrographic profiles
and perform long duration missions, unaffected by extreme
weather events (Rudnick, 2016; Cauchy et al., 2018). The
potential for glider deployments with PAM systems allows
for data collection through varying water masses and for
long periods of time. More recently, such sensors have been
integrated onto gliders that can measure presence, abundance,
and distribution, of higher trophic level organisms, e.g., fish
and cetaceans (Baumgartner and Fratantoni, 2008; Ferguson
et al., 2010; Klinck et al., 2012; Meyer-Gutbrod et al., 2012;
Baumgartner et al., 2013; Marques et al., 2013; Send et al.,
2013; Suberg et al., 2014; Cauchy et al., 2020). However, only
a few studies have focused on deployments with simultaneous
measurements of physical and biological components using
gliders (e.g., Suberg et al., 2014; Benoit-Bird et al., 2018),
particularly in terms of monitoring higher trophic organisms
such as cetaceans. The purpose of this work is to show the
capabilities of gliders in oceanic deployments and investigate
cetacean ecology and background noise, while concurrently
recording seawater characteristics and lower trophic-level
features. By shedding light on a new aspect of glider surveys
in integrating biotic and abiotic features, we provide an
additional perspective to cetacean occurrence patterns in
northern Norway.

MATERIALS AND METHODS

We describe the timing of whale vocalizations collected by a
SeagliderTM (Hydroid Inc.) AUV as it transitions through coastal
shelf and shelf edge, and explore the ecological and physical
context within which these vocalizations occur. This type of glider
operates by moving through the water column in a saw-tooth
motion induced by changes in buoyancy. The glider scanned the
marine environment by diving up and down the water column,
concurrently collecting data through its onboard sensors (see
section “Seaglider Survey”). It is equipped with a suite of sensors
that collect data while the glider is submerged and transmits
these data during each surfacing period. The glider was equipped
with multiple sensors, sampling at specific time resolutions (see
section “Seaglider survey”).

Survey Area
The SeagliderTM operated in Northern Norway, between 68◦N
and 69◦N (Figure 1) in the southern end of the Lofoten-
Vesterålen (LoVe) region. This area is rich in fisheries resources
and is a target for oil and gas exploration. The LoVe archipelago
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FIGURE 1 | Marine mammal detections (described as presence/absence) per area surveyed.

also has an important fishing and whale-watching tourism
industry. The area therefore experiences intense maritime traffic
as well as periodically occurring seismic explosions, which may
affect local ecosystems.

Seaglider Survey
The SeagliderTM was deployed on March 15 and was recovered
on May 1, 2018. A pre-programmed survey track was
designed to cover both the continental shelf and the shelf
break. The glider was equipped with a JASCO AMAR G4
hydrophone (JASCO Applied Sciences Ltd.) to detect and record
cetacean vocalizations and other underwater noise, operating
continuously during periods of 10 min during descent to 200 m
depth. This was done in order to avoid the pump motor
noise on ascent and preserve battery power. The hydrophone
recording unit had a sampling frequency of 128 kHz and was
mounted in the glider’s aft wet space close to the buoyancy

bladder, with the hydrophone on top of the glider just in
front of the rudder. When at the surface, the glider would
report its position through Iridium satellite and relay systems
operation data and sensor data. Glider position data are
used to allocate individual hydrophone data files correctly
to time, depth and geographic position. The glider was also
equipped with a CTD (SeaBird GPCTD), along with oxygen
(Contros Hydroflash Optode) and fluorometer (SeaBird SeaOWL
UVA) sensors, to measure physical properties of the water
column and chlorophyll a, respectively, for every minute
of operation. Dive duration was dependent on the location
surveyed, with shorter dives in shallow waters and longer
in deeper waters. On-shelf and shelf break sampling were
occasionally interrupted to ensure sufficient battery longevity to
cover the entire survey period. All acoustic data were stored
internally as WAV files and recovered at the end of the
deployment period.

Frontiers in Marine Science | www.frontiersin.org 3 November 2020 | Volume 7 | Article 585754

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-585754 November 12, 2020 Time: 11:45 # 4

Aniceto et al. Ocean Glider Deployment for Whale Research

Analyses
Passive Acoustic Monitoring data files were processed for marine
mammal presence and species identification, using RavenPro 1.5
(Cornell Lab of Ornithology, Ithaca, NY, United States), relying
on a Hamming window, 4096 DFT size, 7.81 Hz grid spacing,
with 60% overlap for humpback whales; Hamming window,
2048 DFT size, 125 Hz grid spacing, with 70% overlap for
delphinids and sperm whales; and Hann window, 2048 DFT size,
0.98 Hz grid spacing, with 67% overlap for fin whales. Based
on calibration data provided by Kongsberg Maritime (calibration
performed by GTI prior to deployment), a system sensitivity
correction factor for the frequency band of interest was estimated
to −165.1 dB. The hydrophone sensitivity was found to vary
less than 1 dB below 10 kHz (+0.6 to −0.2 dB). We created a
time series for species presence/absence throughout the sampling
period (March 15 to April 26) and area, thus investigating
migratory patterns timing and detection location. Additionally,
we describe variations in water temperature, salinity, and
chlorophyll a levels along the entire depth coverage of the
SeagliderTM track. We categorized whale detections into different
classes for different species (see Table 1) and removed all missing
values from the dataset. We then applied a generalized mixed
model, using R package glmmTMB (Brooks et al., 2017), to
explore possible effects of glider depth, time of day and time of
year, and survey section (see Figure 1) on our observations of
whale occurrence. Given that above the Arctic Circle at this time
of the year, the maximum sun angle at noon increases rapidly
each day, we account for this relationship between date and
sun elevation by including both daily maximum sun elevation
and the period of the day when the recordings took place
(day, night, dawn, dusk). We thus tested the effect of glider
depth, maximum sun elevation and time of day (fixed effects)
against humpback and fin whale occurrence. We limited this
analysis to humpback and fin whales due to their distinctively
seasonal migratory pattern and likely long vocalization range.
Odontocetes, on the other hand, may be more prone to the
influence of prey distribution and most likely have a less distinct
migratory pattern at this time of year, so we used survey area
rather than maximum sun elevation in their respective models.
By separating survey period and location we also account for
collinearity between the two variables (space and time).

The relationship between species’ occurrences and depth
was found to be occasionally curvilinear, and we therefore
included glider depth in the model with a quadratic term
for humpback and sperm whales (hence, linear term for the

TABLE 1 | Number of files with species presence/absence (Presence: 1, Absence:
0) recorded between March 15 and April 26, 2018 per area surveyed on the shelf
(Areas 1, 3, and 4) and shelf edge (Area 2).

Area 1 Area 2 Area 3 Area 4

Presence/Absence 1 0 1 0 1 0 1 0

Delphinids 9 150 32 180 46 205 51 74

Fin whales 34 125 87 125 41 210 5 120

Humpback whales 126 33 146 66 0 251 52 73

Sperm whales 1 158 164 48 35 216 7 118

Total 466 170 419 429 882 122 385 115

remaining species). Additionally, to correct for the possible
influence of the thermocline on sound propagation at different
depths, we included the glider location in relation to the depth of
the thermocline for each glider dive (above, crossing, below) as
a random effect in each model. The thermocline was calculated
by first identifying a dive using the R package diveMove (Luque,
2007), and then using the clined function of the castr package
(Irisson, 2020) to estimate the respective depth value for each
dive. We dealt with temporal autocorrelation resulting from
the transitory nature of glider surveys by implementing an
autoregressive correlation error structure (AR 1) into each model.
The autocorrelation in the models was designated by the dive id
and date (day of the year, grouping parameter) to account for
variability within dives occurring within the same day.

Seagliders are acoustically quiet platforms, however there
are periods of intermittent platform noise due to the altimeter,
buoyancy pump, and pitch/roll regulation, which needs to be
identified and removed prior to analysis. All analyses were
performed in Matlab (MATLABTM version 2019b, Mathworks,
Inc.). Spectrogram correlation was used to identify different types
of self-noise throughout the data set and remove them from
original wave files. In addition, the first minutes of each dive
was removed, where the SeagliderTM was at the surface prior
to descent. A new data set was created without SeagliderTM

self-noise and concatenated to files of minimum 60 s duration.
The new data set was manually scrutinized to ensure that all
significant self-noise events were removed. The data set was
resampled to 32 kHz and noise was analysed from 10 Hz to
10 kHz. The hydrophone is not expected to have a flat response
below 20 Hz, and significant hydrodynamic noise is likely present
in the dataset below 20 Hz. Acoustic power spectral density
(PSD) was calculated using a 1-second Hann window, no padding
or overlap, and spectral levels and corresponding probability
distribution from 10 Hz to 10 kHz were calculated.

We investigated the potential interference of background
noise on the species groups detected by incorporating band
Sound Pressure Level (SPL) values into a separate model in
order to avoid overparameterization of the original model for
each species. The bands used reflected noise derived from ship
traffic, turbulence, and other biological activity, occurring within
the frequency range of vocalizations for the species groups in
this study (50–1500 Hz, 1500–10,000 Hz, and 50–10,000 Hz for
baleen whales, sperm whales, delphinids, respectively). Removal
of periods of substantial glider self-noise meant that SPL levels
could not be calculated for some sound files, which therefore
had to be removed from statistical analyses. Though fin whales
vocalize below 50 Hz (e.g., 20-Hz call) where there is also often
ocean traffic noise, we set this as the lower limit for pressure
level calculations due to the likely effects of flow noise and
unknown hydrophone response at lower frequencies. The model
was thus specified with whale occurrence as a function of the SPL
band levels with the same covariance structure as above, though
without the random effects for thermocline.

All statistical analyses were conducted using R software
(version 4.0.1). Model selection was based on Akaike Information
Criterion (AIC), and using the dredge function of the MuMIn
package for R (Bartoń, 2019).
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FIGURE 2 | Whale presence and absence detected in acoustic files per area.

RESULTS

Over the course of the two months of deployment, the glider
performed a total of 284 dives (each dive comprising of one
up and downcast), covering a total of 800 km (horizontal
distance derived from GPS fixes). This resulted in over 108.6 h
of hydrophone data, and 58496 fluorescence, CTD, and oxygen
measurements. A total of 529 acoustic files contained whale
vocalizations. We placed the detections in a time context to
assess possible whale migration in the region and possible habitat
selection, while estimating background noise levels for the same
time period (Figure 2).

PAM Detections
The number of files with different species at the different survey
areas is described in Table 1. We observed humpback whale
detections throughout the entire spring, until late April both on
the shelf and shelf edge. Sperm whales, on the other hand, were
mostly detected at the opening and within a 400 m underwater
canyon (Figure 1, bottom left, Area 2), coinciding with their
preferred foraging habitat. The presence of delphinids was more
sporadic, though with a more pronounced occurrence on shelf
during the last week of survey. Fin whales were also present in
the recordings, with a considerable presence in late March, early
April, which gradually decreased as the glider moved from the
shelf edge, toward the end of the sampling period.

Results from the best fit model showed that daily maximum
sun elevation has a negative effect on the probability of
occurrence of humpback and fin whales, indicating that the
whales were more likely to be detected at the beginning of the

TABLE 2 | Model output for humpback whales.

Conditional fixed effects

Humpback whale absence/presence

Predictors Odds Ratios std. Error Conf. Int (95%) P-value

Depthˆ2 1.00 0.00 1.00–1.00 0.019
Max Sun
elevation

0.61 0.13 0.47–0.79 <0.001

Day 4.56 1.45 0.27–78.41 0.296

Dusk 1.17 2.08 0.02–69.55 0.940

Night 1.34 1.46 0.08–23.29 0.841

Nwhere.thermocline 3

Njul.Day 28

Observations 709

Marginal R2/
Conditional R2

0.799/0.849

AIC 454.139

Bolded values indicate probability values below the statistical significance
threshold of 0.05.

survey. Humpback whales were the only species for which glider
depth was found to have a considerable effect, suggesting that
this species was more likely to be detected at shallower depths.
No species were found to be affected by period of the day. See
Tables 2, 3 for model output summary (further detail for model
output including random effects in Supplementary Tables 1, 2).

For the various survey areas, we found that sperm whales
are more likely to be found at the shelf edge. The same was
not evident for delphinids, However, there was a considerable
positive effect of the last survey section (area 4). See Tables 4, 5 for
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TABLE 3 | Model output for fin whales.

Conditional fixed effects

Fin whale absence/presence

Predictors Odds Ratios std. Error Conf. Int (95%) P-value

Depth 1.00 0.00 0.99–1.00 0.092

Max Sun
elevation

0.72 0.11 0.58–0.88 0.002

Day 0.11 1.26 0.01–1.32 0.082

Dusk 1.83 1.93 0.04–81.15 0.755

Night 0.91 1.20 0.09–9.54 0.936

Nwhere.thermocline 3

Njul.Day 28

Observations 709

Marginal R2/
Conditional R2

0.757/NA

AIC 389.254

Bolded values indicate probability values below the statistical significance
threshold of 0.05.

TABLE 4 | Model output for sperm whales.

Conditional fixed effects

Sperm whale absence/presence

Predictors Odds Ratios std. Error Conf. Int (95%) P-value

Depthˆ2 1.00 0.00 1.00–1.00 0.080

Area 1 0.00 4.08 0.00–0.00 <0.001

Area 3 0.00 3.48 0.00–0.00 <0.001

Area 4 0.00 3.98 0.00–0.00 <0.001

Day 2.31 2.03 0.04–124.61 0.680

Dusk 0.14 3.12 0.00–63.79 0.531

Night 10.20 2.13 0.16–668.34 0.277

Nwhere.thermocline 3

Njul.Day 31

Observations 747

Marginal R2/
Conditional R2

0.948/NA

AIC 267.014

Bolded values indicate probability values below the statistical significance
threshold of 0.05.

model output summary (details for model estimates with random
effects in Supplementary Tables 3, 4).

Background Noise
Spectral levels from 10 Hz to 10 kHz over the duration of
the glider mission is shown in Figure 3 (top) along with
the corresponding spectral probability distribution (Figure 3
(bottom), SPD, Merchant et al., 2013). The spectrogram shows
long periods of wideband noise associated with wind and rain
(Figure 3a), turbulent flow noise (Figure 3c), and acoustic
emissions from nearby vessels (Figure 3d) occurring as wideband
noise and discrete harmonic banding. Periods of signals from
seismic sources, and marine mammals with the exception of fin
whales (Figure 3b), are not clearly seen in the figure.

TABLE 5 | Model output for delphinids.

Conditional fixed effects

Delphinid absence/presence

Predictors Odds Ratios std. Error Conf. Int (95%) P-value

Depth 1.00 0.00 0.99–1.00 0.121

Area 1 0.21 1.65 0.01–5.19 0.337

Area 3 1.57 1.51 0.08–30.03 0.765

Area 4 73.64 2.12 1.14–4741.01 0.043
Day 4.31 2.37 0.04–450.34 0.538

Dusk 51.35 2.78 0.22–11894.93 0.156

Night 7.34 2.40 0.07–803.25 0.405

Nwhere.thermocline 3

Njul.Day 31

Observations 747

Marginal R2/
Conditional R2

0.527/NA

AIC 443.971

Bolded values indicate probability values below the statistical significance
threshold of 0.05.

The analysis of underwater noise effects on our detections of
marine mammals revealed that detections of sperm whales and
delphinids are affected by noise levels in the 1500–10,000 Hz
band (P = 0.016, P < 0.001, respectively. See Supplementary
Tables 5, 6). For humpback and fin whales however, the model
output showed no effect, which is likely due to the strong
effect whale vocalizations have in the noise band between 50 to
1500 Hz (Humpback whales: P = 0.22; Fin whales: P = 0.740)
and 1500–10,000 Hz (Humpback whales: P = 0.64; Fin whales:
P = 0.359). See Supplementary Tables 7, 8 for further details
on model output.

Physical Environment
The SeagliderTM predominantly sampled thermally stratified
waters during its mission. In CTD measurements, a strong
thermocline at 20–40 m depth was recorded (Figure 4). This
was particularly evident in mid-March, when the SeagliderTM

remained on the continental shelf. The deeper and longer dives
performed off the continental shelf from the end of March did
not allow for a clear distinction of water layers above 250 m
during this period. However, we did observe changes in the
salinity content at the end of the deployment (Figure 4), with
lower concentrations at the continental shelf within a small 400-
m deep underwater canyon. Levels of chlorophyll a fluorescence
were more pronounced during April (Figure 4), nearly a month
after the equinox (March 20, 2018), which is usually taken
as the beginning of the primary production period in more
southern latitudes.

DISCUSSION AND CONCLUSION

Ocean gliders are efficient and quiet platforms for measuring
changes in the marine environment through PAM of marine
mammals, with the additional capability of profiling the
water column and providing sound speed profiles valuable

Frontiers in Marine Science | www.frontiersin.org 6 November 2020 | Volume 7 | Article 585754

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-585754 November 12, 2020 Time: 11:45 # 7

Aniceto et al. Ocean Glider Deployment for Whale Research

FIGURE 3 | Glider spectrogram (PSD, 1s Hann window, 60 s average) (top) and spectral probability distributions (SPD) of acoustic energy (bottom). The different
boxes indicate examples of the different sound sources; (a) wind and rain, (b) fin whale, (c) turbulent flow noise, (d) vessel in close proximity.

for underwater sound propagation modeling. The use of
technological advances equipped with multiple sensors provides a
unique view of the marine environment, and allows for improved
understanding of marine animal ecology.

Temporal Variation of PAM Detections
In this study, we recorded humpback whales on the shelf and
shelf edge, indicating that they tend to remain close to the
shelf slope on their way to the breeding grounds. Though
our analyses show that this species was more likely to be
encountered on the continental shelf, prior to reaching the
slope, these whales were detected until late April. This indicates

that humpback whales remain in Norwegian waters longer than
previously assumed (Broms et al., 2015; Ryan et al., 2015),
likely foraging on herring. The assumption that the Norwegian
Sea is a migratory corridor for this species (Jourdain and
Vongraven, 2017) is therefore not valid, as such late departure
from foraging grounds ultimately indicates either a delay in
arrival at breeding grounds or that these animals may remain
in foraging areas for periods when higher energetic reserves are
required. Though our study represents a few months of a single
year of whale acoustic behavior, sporadic observations reported
on social media channels validate this finding (e.g., Bergersen
et al., n.d.) across multiple years.
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FIGURE 4 | Environmental conditions throughout SeagliderTM dives.

The recordings of sperm whale click at the opening of a small
canyon and shelf edge represents foraging activity outside known
locations above the Arctic Circle. Sperm whales in Norway appear
to remain in foraging hotspots from May to September, though
may also be present at those same areas during the winter
(Rødland and Bjørge, 2015). The social structure of sperm whales
is, however, poorly understood in the region and it is likely that
bachelor groups disperse to other less-productive areas to avoid
competition by larger males, or the survey region is a pit-stop on
their way to better grounds.

Though we describe the surrounding environment through
CTD and fluorometer data, we were unable at this stage to
estimate detection ranges to the whales from the glider and assess
spatial overlap. This was due to the fact that such estimates
would require either triangulation for animals’ geographical
position or assumptions in species’ source levels and calculations
of sound propagation, which were beyond the scope of this
work. Nevertheless, our analyses reveal variations in marine
mammal detections throughout the sampling season, which
may reflect changes in behavior and detectability. Levels of
chlorophyll a fluorescence was more pronounced during April
(Figure 4) and coincided with a higher rate of detections of
delphinids and sperm whales though the opposite was observed
for humpback and fin whales. Increases in daily sun elevation
had a negative significant effect on the probability of obtaining
either a humpback of fin whale presence, indicating that at the
time of our survey, these species were likely migrating away from
the survey region.

Spatial Variation of PAM Detections
The different sections of survey locations (survey area) were
chosen based on the performed task of the glider (in transect or
not) and on the actual location in relation to the coast to reflect
different bathymetric features. Sperm whales and delphinids
were found to be associated to different areas; Sperm whales
were more likely to be close to the shelf edge, while delphinids
were mainly associated with regions closer to the coast. Glider

depth, i.e., recording depth, was only found to be significant for
humpback whales, which may indicate a higher rate of surface
vocalizations even though we corrected the effect of thermocline
depth in our model as a random effect. There was no statistical
evidence to suggest time of day (day, night, dawn and dusk)
had any effect on the detection of any species. This contradicts
previous studies on fin whale vocal activity (e.g., Víkingsson,
1997; Simon et al., 2010). We believe that this is mainly a result of
different model structure, as we accounted for variability in both
random effects and therefore temporal autocorrelation structure
(by including glider dive and Julian day as random effects), which
is necessary and relevant when investigating animal presence
with temporal relationships.

The combined effect of spatio-temporal changes occurring as
the glider progresses along the track can raise several questions
as to the relevance of some of the variations observed in whale
detections. This study shows a nearly two-month snapshot of
whale detections in different areas, though the sampled areas
were not revisited. Though some of the species identified are
notoriously known for their migratory behavior, for which the
space-time issue may be considerable, others (sperm whales
and delphinids) seem to confirm known habitat preferences
(Whitehead, 2018; Jourdain et al., 2019; NAMMCO, 2019).
However, future glider endeavors are advised to sample the
same study regions multiple times to allow clarity in measured
variations across different habitats.

Background Noise
The noise spectrum is dominated by noise due to weather and
near and distant vessels, with periods of seismic surveying also
observed. Storms are common in this area during spring, and
apparent in the dataset as broadband wind generated noise
persisting for days. It has been shown that in shallow regions
on-shelf Northern Norway the noise levels due to wind at
lower frequencies (<400 Hz) are higher than expected from
traditional Wenz curves (Ødegaard et al., 2019). The SeagliderTM

operated in the area around the continental shelf break with the
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major north-south shipping lane for large commercial vessels,
which is apparent in the data set as broadband and tonal
noise. The SeagliderTM performed well for underwater noise
measurements, however, self-noise (buoyancy pump, pitch/roll
adjustment, altimeter) needs to be removed from the data set
prior to analysis. In shallow water areas, and areas with high
and variable current, such as on the continental shelf, the
rate of self-noise is higher than off-shelf as the vehicle needs
to use the buoyancy pump, altimeter and perform pitch/roll
compensation more frequently. In addition, turbulent flow
around the hydrophone results in flow noise proportional to
the speed of the glider, particularly visible bellow 20 Hz, but
likely present in the 5–50 Hz frequency band (dos Santos et al.,
2016; Cauchy et al., 2018). This noise increases significantly
above approximately 30 cm/s absolute velocity, indicating that
for (a) reliable noise measurements at low frequencies (<50 Hz)
and (b) high signal-to-noise ratio (SNR) for marine mammal
detection at low frequencies, the glider should be operated with
a low glide velocity when possible. The analysis of underwater
noise revealed that detections of sperm whales and delphinids
are affected by noise levels in the 1500–10,000 Hz band. Such
results can originate from multiple factors, such as masking
(i.e., the noise levels overlap with the whales’ calls and these
are no longer available for detection), animal behavior, and/or
the spatio-temporal distribution of the glider in relation to
these species. Naturally, such effects would require more detailed
and controlled studies, dedicated to estimating the effects of
background noise on marine mammal species.

Though marine mammals are often challenging to survey, this
study shows that the use of autonomous PAM systems provides
new insights on animal distribution that would otherwise
be difficult to obtain in the Norwegian Sea. Though the
pump and pitch/roll adjustment created noise during certain
operations, the gliders were mainly silent throughout the
entire survey. This allowed for very clear detections of marine
mammal vocalizations. Detailed analysis of the background
noise and potential consequences for marine mammal detection
showed that odontocetes seem to be negatively affected by
increasing noise levels in the 1500–10,000 Hz frequency
band. However, it is worth noting that the same animal
groups vocalize within this range and the results could also
reveal effects of co-occurrence rather than background noise.
Due to the fact that it was not possible at this stage to
discard all animal vocalizations from the analyses, we only
included in the analyses bands that represented a wide range
of frequencies so that the assessment of potential effect
would be more likely due to background noise rather than
whale vocalizations.

Gliders are robust in poor sea conditions and their low
power requirements allow them to remain at sea for several
months. The use of oceanic autonomous platforms to investigate
changes in both time and space represents therefore a
great technological advance that can improve ecosystem-based
management and conservation decisions. Advances in glider-
based technology and its applications ultimately lead to improved
long-term ecological monitoring over finer spatial scales
and longer temporal scales. By conducting reproducible and

multidisciplinary (combining physics, ecology, and engineering)
sampling, glider-based studies provide systematic observations
that can address questions concerning whale behavior and
ecology, which are of high importance given the current pressures
to natural marine environments.
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