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Arrays of tidal turbines are being considered for tidally energetic coastal sites which
can be important habitat for many species of marine mammal. Understanding risks
to marine mammals from collisions with moving turbine blades must be overcome
before regulators can issue licenses for many developments. To understand these
risks, it is necessary to understand how animals move around operational turbines
and to document the rate at which interactions occur. We report on the design,
and performance, of a seabed mounted sensor platform for monitoring the fine scale
movements of cetaceans and pinnipeds around operational tidal turbines. The system
comprises two high-frequency multibeam active sonars, which can accurately track
animals in the horizontal plane. By offsetting the vertical angle of the sonars, the
relative intensity of targets on the two sonars can also be used to resolve a vertical
component of the animal location. For regularly vocalizing species, i.e., small cetaceans,
a tetrahedral array of high frequency hydrophones mounted close to the sonars is used
to measure both horizontal and vertical angles to cetacean echolocation clicks. This
provides additional localization and tracking information for cetaceans and can also be
used to distinguish between pinnipeds and cetaceans detected in the sonar data, based
on the presence or absence of echolocation clicks. The system is cabled to shore for
power, data transfer, and communications using turbine infrastructure. This allows for
continuous operation over many months or years, which will be required to capture
what may be rare interactions. The system was tested during a series of multi-week
field tests, designed to test system integrity, carry out system calibrations, and test the
efficiency of data collection, analyses, and archiving procedures. Overall, the system
proved highly reliable, with the PAM system providing bearing accuracies to synthetic
sounds of around 4.2 degrees for echolocation clicks with a signal to noise ratio above
15 dB. The system will be deployed close to an operational turbine in early 2022.

Keywords: marine mammal, seal (Pinnipedia), porpoise, tidal energy, passive acoustic monitoring, active acoustic
monitoring
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INTRODUCTION

The global need for low-carbon energy is driving ambitious
targets for wind, wave, and tidal energy in many countries.
Tidal stream generators (hereafter termed “tidal turbines”)
have the potential to contribute 11% of the UK’s current
energy demand (Coles et al., 2021) and tidal energy has
an important role to play in ensuring grid stability in a
renewable energy future (Tróndheim et al., 2021). However,
while wind energy is now making significant contributions to
global energy supplies, tidal energy industries are currently
at relatively early development stages (Ocean Energy Systems,
2020). This is in part due to the complexities of these emerging
technologies, which by their nature are situated in particularly
harsh marine environments. Further, concerns surrounding
the potential environmental impacts that may arise from the
introduction of these new technologies is a major consenting risk,
forming a significant barrier to progress for some developments.
Tidal turbines, which often resemble small wind turbines
mounted on the sea floor, are of particular concern due to
the possibility of collisions between animals and the moving
rotors (Wilson et al., 2006; Copping, 2020). Critically, research
has shown that collisions with moving rotors are likely to
be fatal for marine mammals at rotor speeds > 5.1 ms−1

(Onoufriou et al., 2019). To inform assessments, estimates of
collision risk have been derived by models of collision risk;
critically, this requires direct empirical measurement of fine
scale, close range, behavior of animals around turbines to
validate predictions and directly estimate parameters such as
avoidance rates.

At present, tidal turbine developments are proposed for
areas of high tidal current which are generally close to shore.
There is evidence that these sites can be important habitats for
marine mammals such as harbor porpoises (Phocoena phocoena),
delphinids and seals (Benjamins et al., 2017). Studying these
highly mobile animals in highly energetic environments can be
particularly challenging and technologies and data collection
methods are limited. Many turbines are mounted on the seabed,
where direct visual observation (e.g., from vessels or nearby land)
of animal movements and interactions with tidal turbines is not
possible. Underwater cameras have been used to some extent,
but have limited fields of view, low detection ranges, and can
only operate effectively in daylight. Potential alternative tools
which have the capacity to detect and track marine mammals
include active and passive acoustic systems (Williamson et al.,
2015; Malinka et al., 2018; Hastie et al., 2019a; Gillespie et al.,
2020; Polagye et al., 2020).

Small cetacean species are often highly vocal, using
echolocation clicks to navigate and forage, and many species also
produce tonal sounds (whistles) for communication. All of these
can be readily detected using Passive Acoustic Monitoring (PAM)
and, where arrays of hydrophones are used to detect the sounds,
can be localized in three dimensions by measuring time of arrival
differences on multiple receivers (Gillespie et al., 2020). Sounds
can often be classified to species, and where that is not possible
they can be more easily classified to species group, e.g., porpoise
or dolphin. The detection, classification, and localization (DCL)

FIGURE 1 | Flow diagram of species classification decision process.

processes can also be largely automated using a variety of signal
processing algorithms (e.g., Gillespie et al., 2013).

Seal species in UK waters (gray seals and harbor seals) produce
vocalizations infrequently or only in specific behavioral contexts
such that PAM is not a reliable option for detecting and tracking
seals underwater in high resolution. Onoufriou et al. (2021)
showed that harbor seals (Phoca vitulina) tagged with GPS
telemetry tags avoided a turbine array when it was operational,
leading to reduced collision risk. Importantly however, data from
the telemetry tags do not provide information on the underwater
movements of seals at a sufficient resolution to measure their
close-range interactions with the turbine. However, seals can
be detected and localized using multibeam sonars, or Active
Acoustic Monitoring (AAM) (Hastie et al., 2019a,b). Unlike PAM
systems, which can detect in all directions from the receiver,
sonars only allow data collection within the ensonification
limits of the particular sonar system (e.g., a typical horizontally
oriented multibeam sonar suitable for animal detection will
detect over a 120◦ horizontal arc out to a range of around 60 m
Hastie et al., 2019a,b). Further, individual sonars generally only
provide location and tracking information in two dimensions;
however, Hastie et al. (2019a) showed that rudimentary 3D
information can be extracted using multiple sonars collecting
data concurrently by using the relative amplitude of received

Frontiers in Marine Science | www.frontiersin.org 2 March 2022 | Volume 9 | Article 850446

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


fmars-09-850446 February 24, 2022 Time: 15:55 # 3

Gillespie et al. Marine Mammal HiCUP

FIGURE 2 | Photograph of the platform ready for deployment showing the principal components of the system.

TABLE 1 | Types of localization information that can be derived from the PAM
and AAM sensors.

Type of detection Types of localization information

Range Horizontal angle Vertical angle

Sonar only Excellent Excellent Limited

PAM only None Excellent Excellent

Both sonar and PAM Excellent Excellent Excellent

TABLE 2 | Power consumption of HiCUP components.

Component Power (W)

Two Tritech Gemini 720 is sonars 32

PAM system 6

UV lights 12

Arduino, Ethernet switches, and control relays 11

Total 61

signals on two horizontally mounted sonars with offset vertical
angles.

For many tidal turbine monitoring applications, it will
be important to differentiate marine mammal species. While
differences in vocalizations detected using PAM can often be used
to identify cetacean species, it is currently likely to be challenging
to reliably differentiate similar sized marine mammals (e.g.,
gray and harbor seals, and harbor porpoises) in AAM data.

However, by combining both AAM and PAM data it is possible
to distinguish between seals and cetaceans based on the absence
or presence of vocalizations at times when an animal is detected
in AAM data, and then to distinguish between cetacean species
based on more detailed analysis of the PAM data (Gillespie et al.,
2020). The species information which can be derived from each
type of detection is summarized in Figure 1.

Here we describe a monitoring system which combines both
AAM and PAM detection into a single sensor platform to detect
and track multiple species of marine mammals. We describe
the sensors, how they are integrated into a stable platform and
connected to shore. We also report on performance tests of
the system components and a dockside test of the complete
platform. The current design is optimized for monitoring an
Atlantis AR1500 tidal turbine off the coast of Scotland (58◦39′N
3◦08′W). The turbine sits on a gravity mounted base, with a
hub height of 14 m from the seabed and has three 9 m blades
rotating at nominal speeds of 14 rpm (see Gillespie et al., 2021 for
further information).

MATERIALS AND METHODS

Design
The broad design of the monitoring system is a single seabed
mounted platform, containing PAM and AAM sensors and their
associated support electronics. Based on existing telemetry data
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(Onoufriou et al., 2021) and earlier studies using passive acoustics
(Gillespie et al., 2021; Palmer et al., 2021) in the study area,
close interactions are likely to be relatively rare events. To have
a high chance of successfully monitoring these interactions, data
collection must continue around the clock for many months. Our
broad goal was therefore to develop a system which could operate
continuously for at least a year and contained combinations of
sensors capable of tracking both seals and small cetaceans. To
overcome the limitations of power and data storage inherent
in battery powered systems we have developed a cabled system
which is both powered from shore and also streams data to
shore, meaning that there are no fundamental limits to the
system lifetime once it’s deployed. Data from the sensors can be
viewed in real time on a computer at the turbine sub-station and
adjustments made to sensors and real time detection algorithms.

Sensors
The active acoustic component consists of two Tritech Gemini
720 multibeam sonars (Hastie et al., 2019b). To maximize
detection probability, cover the full height of the turbine blades
(18 m), and to be able to track animals approaching the turbine
on both the flood and ebb tides, these need to be mounted
approximately 30 m to the side of the turbine which, with a 120◦
horizontal beam, allows tracking of animals 26 m upstream and
downstream of the turbine center. The -3 dB vertical beam height
is approximately 20◦ and the vertical angle offset between the
two sonars is 15◦ giving adequate coverage of the turbine rotors,
although it would be possible for animals to pass by undetected
close to the surface above the turbine. For optimal performance,
the two sonar heads must be accurately aligned to minimize
reflections from the surface and the sea floor, and to ensure that
animal detections can be accurately geo-located with respect to
the turbine. They are therefore mounted on a custom-designed
pitch-roll mechanism which can be controlled from the sub-
station computer once the platform is deployed. The pitch-roll
mechanism (see Figure 2) is based on two LA35 linear actuators
made by Servo Components and Systems.1 The vertical alignment
(pitch and roll) of the sonars is determined using a Hillcrest Labs
FSM300 Inertial Measurement Sensor (IMU). Ultra violet (UV-
C) LED’s are mounted close to the sonar heads in order to reduce
biofouling (Patil et al., 2007).

A single tetrahedral cluster of hydrophones is mounted
close to the sonars, which can detect cetacean vocalizations
and measure horizontal and vertical angles to the sounds but
provides no range information. Importantly, with hydrophones
mounted close together, 30 m from the turbine, it would be
unrealistic to implement a 3D PAM tracking array of the type
previously installed on the turbine foundation (see Gillespie
et al., 2020). However, by combining the angular data from
the hydrophones with the AAM data it is possible to track
cetaceans in three dimensions within the area covered by the
sonar obtaining vertical angle from the hydrophones, horizontal
angle from both the hydrophones and from the sonars, and
range information from the sonars (Table 1). The hydrophone
cluster design is broadly similar to that of a single hydrophone

1www.servocomponents.co.uk

cluster described in Gillespie et al. (2020); however for this sensor
platform, Reson TC4015 hydrophone elements were used which
have a flat frequency response up to 190 kHz, and a smaller
(5 cm) inter-hydrophone spacing. Modified Etec preamplifiers
were used which allow for remote control of amplifier gain and
high pass filter settings. Data acquisition is also the same as that
described in Gillespie et al. (2020), with raw audio data being
digitized using a National Instruments cRIO-9063 Controller
chassis equipped with a single NI-9222 4 channel ADC. The cRIO
Controller was programmed to acquire data on the four channels
at 500,000 samples/s per channel and transfer the data directly
into the PAMGuard software (Gillespie et al., 2008) for real time
processing, display, and storage. Unlike the sonars, the absolute
orientation of the hydrophone cluster is unimportant so long as
it is known. This can be determined using a second IMU mounted
within the junction box (see below). As with the sonars, a UV-C
LED is mounted close to the hydrophones to reduce biofouling.

Peripherals and Integration
All peripheral electronics are housed in a stainless steel pressure
vessel which is connected to the sonars and hydrophones
using under water dry-mate connectors (Hydrobond, HMD
series), as well as the controls for the positioning actuators,
orientation sensors, and UV lights. All components are
connected via Ethernet, ensuring the integration, control,
and data transfer from multiple instruments used standard
networking components. The actuators for the pitch-roll
mechanism, the PAM preamplifier gain and filter settings, and
the data from the IMU sensors are all controlled from an Arduino
Mega 2560 micro controller with a KeyStudio Ethernet adapter.
This receives commands for each component over Ethernet
from a bespoke module written for PAMGuard. This allows data
on the system status, pitch-roll reading, preamplifier settings,
etc. to be logged in the PAMGuard database together with
other collected data.

All components are powered from a low voltage 24 V power
supply, with additional DC-DC converters providing 12 and 5 V
power to the UV-C LED’s and the Arduino, respectively. The total
power consumption is approximately 60 W (Table 2). For some
deployment scenarios, it would be possible to run the system
directly from a DC power supply; however most tidal turbine
deployment scenarios will require cable lengths of several 100’s–
1,000’s of meters, such that the system is currently powered using
240 V AC voltage converted internally to 24 V using a Phoenix
Quint4-PS 24 V power supply.

Standard copper Ethernet cable can only work reliably over
cable lengths less than 100 m. Initial dock tests, requiring cable
lengths of 400 m, were therefore conducted using Perle eX-
1S110 Ethernet extenders, which can transfer data using Ethernet
protocols over greater distances using a single copper twisted
pair. Deployment of the system alongside a tidal turbine will use
optical fiber. The compatibility of these different Ethernet based
components, and the availability of converters between different
types of fiber and cable, makes changing between data transfer
systems extremely straightforward, with the only requirement
being a change in the junction box face plate connector to one
that supports optical fibers.
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Construction
The platform design was largely governed by the need for the
system to be stable in high currents, which can reach speeds of
up to 5 m/s at the intended deployment location in Scotland.
The platform consists of a relatively simple 210 × 110 × 140 cm
galvanized mild steel frame welded from 100 mm box section.
The base contains a “ballast bay” designed to fit 48 25 kg
“handy weights,” (Metalast Ltd., 1,200 kg total). All electronic
components are mounted within a 30.5 cm diameter, 57 cm long
stainless steel junction box, which also sits within the ballast bay,
providing protection to the dry mate connectors on the end plate
of the junction box. Zinc anodes (50 kg) are bolted to the frame
to protect against corrosion. A photograph of the frame is shown
in Figure 2 and a technical drawing of the assembly is available in
Supplementary Material A.

Software, Data Displays, and Offline
Processing
The high resolution sensors generate considerable amounts of
data. The two sonars operate at a combined frame rate of ∼12
fps. Each frame contains 512 beams and typically 770 range
measurements sampled with 8 bit resolution, generating 4.7
Mbytes of raw data per second (400 Gbytes per day). Although
the proprietary sonar software (Tritech SeaTec) does use some
data compression, this only has a modest effect on data volumes
which are typically around 320Gbyte per day. Raw data from the
PAM system (4 channels of 16 bit data sampled at 500 kHz) are
4Mbyte/second or 321Gbytes per day.

The sensor system is controlled from a single PC housed on
shore (HP Z2 workstation with an Intel R© Core i7-1,900 CPU
@ 3 GHz, 16Gbyte RAM running Windows 10). The sonars
are controlled and data recorded using the proprietary SeaTec
software, and the PAM system uses the open source PAMGuard
software (Gillespie et al., 2008).2 Both SeaTec and PAMGuard
have dedicated watchdog software which will restart them in the
event of a software malfunction or after a computer restart (for
example, Windows updates or power outages).

The SeaTec software includes the target/track detection
algorithm described in Hastie et al. (2019b), but not the target
classification algorithm which is currently run offline in the R
language (R Core Team, 2018). Previous versions of SeaTec wrote
track and target information to text files, but the software was
modified so that these data are broadcast as UDP datagram
packets. A new bespoke module for PAMGuard receives and
decodes these packets, writes the data within them to the
PAMGuard database and allows the detected targets to be
displayed on a PAMGuard map alongside bearings from the PAM
system to detected vocalizations.

When viewing data post hoc, it is also possible to display
the image data from both sonars as an additional overlay on
the PAMGuard map, with both the sonar targets and the PAM
detections. Standard PAMGuard functionality for annotating
acoustic data, as has been used in previous studies (Palmer et al.,
2021) can then be applied to the AAM data.

2www.pamguard.org

Position and Time
Accurate time alignment of the AAM and PAM data streams is
important both for combining the two data sets for accurate 3D
localization and also for direct comparison with turbine blade
positions. With current speeds of up to 5 m/s, our aim is to be
able to time align our data to within about 0.1 s, corresponding to
a passive movement of around 0.5 m at the highest flow rates.
Within the PAM system, time is taken from the PC’s internal
clock whenever the system starts or resets, and then calculated on
the number of samples acquired by the acquisition system from
that moment. The PC clock automatically sets from the Windows
time server, so is likely to be accurate to within a few seconds.
The clock drift on the NI acquisition system is approximately 2–
3 ppm, though can vary with temperature. This equates to around
0.25 s per day, so after several weeks of uninterrupted operation, it
is possible that times will have errors of several seconds. Similarly,
times within the sonar data are based on the PC time and records
of ping numbers, which again, are subject to clock drift.

To align the times of the AAM and PAM data, the Gemini
SeaTec software was modified to output status data (SeaTec
file name and frame number) to PAMGuard, which is logged
every 60 s. In addition, all targets detected by SeaTec are sent
to PAMGuard, time stamped, and stored in the PAMGuard
database. This allows accurate time alignment of the PAM and
AAM data. PAMGuard also regularly (every minute) takes an
accurate time from a time server and writes all data to a database.
This makes it possible to align the SeaTec data to the PAM data
and to align all data to the server (absolute) time reference.

Measurements of the speed of sound at the sonars is also
available from the sonars, which are logged and can be used in
the PAM data angle measurements.

Performance Testing
Two sets of performance tests were conducted during the
design and construction of the platform. PAM and AAM
system components were initially tested from a small (7 m)
research vessel on the west coast of Scotland in August 2018
(57◦15′N,05◦36′W). Porpoises were located visually at the surface
and the sonar and PAM system were deployed on a rigid mount
over the side of the vessel, which then drifted in the vicinity of
the animals, with occasional small maneuvers to attempt to keep
the animals in the sonar swath. This work was approved by the
University of St Andrews School of Biology Ethics Committee
(Ref number: SEC18017).

The second trial was of the fully constructed platform and
sensor system, and was designed to test overall system integrity,
integrated detection capabilities, sensor interference, and data
collection and storage capabilities, and took place at the end of
a disused ferry pier in the river Tay (56◦26.3′N,02◦56.6′W) for
12 days in November 2020. This second trial took place during
the COVID Pandemic at a time when it was not possible to travel
to a location where animals were likely to be encountered. Instead
a 80 × 32 cm metal cylinder as a sonar target and an electronic
pinger playing synthetic porpoise like clicks, were deployed from
a small vessel that maneuvered slowly in the area in front of the
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FIGURE 3 | Horizontal and vertical angles to AAM and PAM detections of two porpoise swimming close to the detection system over a 2-min period.

FIGURE 4 | Horizontal angle offsets for bearings to generated porpoise clicks based on GPS position as a function of range. On each box, the central mark
indicates the median, and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data
points not considered outliers, and the outliers are plotted individually using the “+” symbol.

platform. The vessel position was recorded using a GlobalSat BU-
353-S4 WAAS enabled Differential GPS with an error of less than
3 m 95% of the time. GPS data were compared with both the
AAM and PAM data; however, it became apparent that the sonar
signal was dominated by the vessel wake, meaning that only the
PAM data were useful. PAM derived bearings were compared
with the expected bearing to the vessel position; however, at
ranges of a few 10’s of meters, the 3 m GPS uncertainty can
lead to uncertainties in expected bearings of several degrees,
which is greater than the anticipated accuracy of the bearing

measurements. Therefore, each click bearing was also compared
to the bearing to the preceding click, which if we can assume that
the errors on each bearing are independent, and that the vessel
has not moved significantly between clicks (which were 50 ms
apart in time), then the difference in adjacent bearings should be:

Mθ =
√

2.δθ

Where Mθ is the difference in bearing between adjacent clicks
and δθ is the uncertainty on the bearing of each individual clicks.

Frontiers in Marine Science | www.frontiersin.org 6 March 2022 | Volume 9 | Article 850446

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


fmars-09-850446 February 24, 2022 Time: 15:55 # 7

Gillespie et al. Marine Mammal HiCUP

FIGURE 5 | Horizontal angle errors based on the angle difference between adjacent clicks, where the error is the difference in angle to adjacent clicks divided by
√

2.

RESULTS

Both trials successfully collected data, and derived tracks of
animals and targets using both the AAM and PAM systems.
Importantly, during the 12 day test of the full system in 2020,
all components worked throughout that period, and data were
acquired continuously without interruption, demonstrating that
the system is suitable for long term data collection once deployed
at a turbine site. Some interference from the sonars could be
detected on the PAM system, though this did not affect our ability
to detect porpoise clicks.

Harbor porpoises were encountered on 1 day during the
2018 trials and only swam through the region covered by the
sonar on a single occasion. Figure 3 shows bearings to two
harbor porpoises tracked by the system over a 2-min period.
For the first minute, the animals can be clearly seen on both
the AAM and PAM systems. After 10:35, detections are only
visible on the PAM system. This is largely due to the animals
moving beyond the horizontal swath limits of the sonar (60◦)
during this period, though there was also considerable “clutter”
on one of the sonars from waves at the surface, making detection
on this sonar difficult. The track of the porpoise was detected
automatically in the sonar data and an operator was able to
manually pick out additional components of the track, which
were not detected automatically. A video file containing the
AAM data with an overlay of the PAM bearings is available in
Supplementary Material B.

Figure 4 shows the offset angle between the PAM horizontal
angle and the expected angle from the vessels GPS location as
a function of range and Figure 5 shows errors as a function of
signal to noise ratio (SNR) based on angle differences between
adjacent clicks. Absolute errors are larger than the relative
differences between adjacent clicks. This is most likely due to
uncertainties in the GPS position of the vessel and possibly in

the position of the platform itself. These contribute to larger
errors at short distances where small differences in position will
create large differences in angle. As a function of SNR, there is
a marked improvement in bearing accuracy as SNR increases.
This result is broadly in line with the improved timing accuracy
with SNR reported in Gillespie and Macaulay (2019) where it
was shown that below an SNR of around 12 dB it becomes
increasingly difficult to measure accurate Time Difference Of
Arrival (TDOAs) between porpoise like signals. However, bearing
errors are slightly higher than those estimated from simulations
in Gillespie and Macaulay (2019). This would appear to be due to
increased signal distortion in real data, in part caused by echoes
in the waveforms appearing about 1 ms after the initial pules,
indicating reflection off nearby (< 1 m distant) objects.

DISCUSSION

We have developed a sensor platform capable of detecting and
tracking both seals and small cetaceans using a combination of
active multibeam sonar and PAM. The individual components of
the system have been well tested in previous tracking studies of
seals (using active sonar) and small cetaceans (using PAM), and
these have now been integrated into a single platform suitable for
long-term deployment close to a tidal turbine. Raw data volumes
from the platform sensors are ∼640 Gbytes per day and the total
power requirement is 61 W.

Previously, a number of other platform-based monitoring
systems have been developed for monitoring wildlife interactions
with tidal turbines. For example, Williamson et al. (2017)
developed an autonomous (battery powered) platform
(FLOWBEC) that combined several sonar systems [upward-
facing multifrequency Simrad EK60 echosounder and Imagenex
Delta T multibeam sonar, and an acoustic Doppler velocimeter
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(ADV)] to record information on a range of physical and
multitrophic levels for durations of 2 weeks. This has provided
information on the behavior and movements of diving seabirds,
fish, and fish schools around a tidal turbine structure (Williamson
et al., 2017). The clear benefits of a system like FLOWBEC are
that the data collection and storage are fully autonomous,
and deployment and retrieval logistics are independent of the
tidal turbine. Importantly however, encounters between tidal
turbines and marine mammals are expected to be infrequent,
for instance Gillespie et al. (2021) report a single porpoise
passing through the area swept by turbine rotors in 451 days
of monitoring, so long time series of data (years) would likely
be required to meaningfully analyze risk for these species; this
likely makes short duration deployment systems financially
prohibitive due to the requirement for repeated deployments and
recoveries. As a solution to this, Cotter et al. (2016) developed a
monitoring system that combined a multibeam sonar, acoustic
camera, current profiler, optical cameras, and hydrophones,
that was connected to a PC onshore via a subsea cable (∼150
m). This successfully collected data on diving birds, fish, and
seals over a period of 76 days. In the current study, we further
developed this cabled approach and designed the system for
a cabled connection to shore via the turbine infrastructure.
While the integration into the turbine systems can be costly
and logistically complex, this approach means that the logistics
and financial costs associated with providing a dedicated
subsea cable between the monitoring system and shore are
effectively removed.

From a monitoring perspective, the PAM system is sensitive to
sound arriving from any direction, while the sonars have a limited
field of view (120◦ horizontally and ∼20◦ vertically for each
device) and a detection range of ∼50 m. This provides adequate
coverage of a single fixed turbine. However, monitoring other
turbine designs, such as tidal kites or moored turbines, which do
not have a fixed location, may require a different solution. The
current sensor system on the platform has also been configured
for the most abundant marine mammal species at a site off
the north coast of Scotland and those that are of conservation
concern to regulatory authorities (harbor seals). Other regions
proposed for tidal development are likely to contain other
species of interest, such that the optimal configuration of
the platform or sensors may be different to the one in the
current study. For example, at sites where small cetaceans are
the primary species of interest, it may be more effective to
reconfigure the platform to omit the active sonars and increase
the numbers of hydrophones. However, for effective 3D tracking
with hydrophones in isolation, the additional hydrophones
would need to be positioned on platforms closer to, or ideally
all around, the tidal turbine which may introduce significant
logistical challenges for deployment.

The platform here has been designed to monitor behavior
within a few 10’s of meters around a single turbine. Although
this will provide data on the fine scale movements of animals in
close proximity to the turbine, it will not provide information
on larger scale avoidance (from 100’s m to km) of the turbine
as has been observed for seals using GPS tags (Onoufriou et al.,
2021). Such information is important for understanding potential

chronic impacts of tidal turbine developments (Scottish Natural
Heritage, 2016). Satellite tag attachment to small cetaceans
has been conducted on a small scale (e.g., Sveegaard et al.,
2011) but is logistically challenging and relatively invasive.
More importantly, there would be no guarantee that tagged
animals would visit the site of interest, so tagging is unlikely
to be employed close to tidal turbine sites. The broader scale
distribution of cetaceans about a tidal array could most easily
be measured using wider spaced arrays of hydrophones (e.g.,
Tollit et al., 2019) which would not necessarily require the
localization abilities of the platform described in this paper
and archival autonomous recorders may provide the most cost
effective solution.

While our current studies are designed only to understand
fine scale interactions between marine mammals and tidal
energy devices, there is increasing interest from some
regulators in the implementation of real time mitigation
measures which could be triggered when animals were
detected approaching a turbine, e.g., the production of an
aversive sound signal (Acoustic Deterrent Device) to deter the
animal from the immediate vicinity of the turbine. Although
the broad design of the platform here lends itself to real
time monitoring and mitigation, the logistical challenges of
implementing such mitigation procedures at other sites may
be considerable. In practice, for such real-time monitoring
and mitigation, the effective integration of the sonar and
hydrophone data, processing PC, and mitigation systems would
be required, together with a series of software developments
such that the detection and classification software could
be run in real time with a high degree of accuracy and
the results used to trigger the mitigation measure when an
animal was detected.

In summary, this study describes the development and
testing of a seabed mounted sensor platform to monitor
marine mammal movements in close vicinity to operational
tidal turbines. It incorporates a combination of PAM and
AAM sensors to detect, classify, and track seals and small
cetaceans in high spatial and temporal resolution. Field tests
showed that the system is effective at producing tracks of
animals using the sensor combination, and that the full
system can operate and collect data continuously for periods
of several weeks without interruption, demonstrating that
the system is suitable for long term data collection once
deployed at a turbine site. This provides an effective monitoring
system for the tidal industry and regulators to measure
interactions between operational tidal turbines and marine
mammals, provide data to parameterize collision risk models, and
inform the environmental risks associated with the developing
tidal industry. At present the system is due for deployment
alongside an operational tidal turbine at the Meygen site in
Scotland in early 2022.
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