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Abstract

Over the past decade, bioacoustics associated with diverse marine life has become
the focus of increasing research. While fixed acoustic devices play important roles in
characterizing localized soundscapes, animal-worn devices that record audio along-
side physiological metrics provide richer portals to understanding cetacean commu-
nication and characterizing sounds in their environment. To facilitate scaling the col-
lection of such multimodal datasets for deep learning applications and to encourage
rapid prototyping for new recording capabilities, we present an open-source non-
invasive bio-logger that can be deployed on marine animals to record high-quality
audio synchronized with an extensible suite of behavioral and environmental sen-
sors. The current implementation is tailored to investigating sperm whale commu-
nication and biology. It features four suction cups, three high-bandwidth synchro-
nized hydrophones for audio analysis including directionality, GPS logging and trans-
mission, and sensors for pressure, motion, orientation, temperature, and light. Its
hardware and software are both open-source, with designs, fabrication details, and
code available online. Lab-based experiments characterize and validate performance
including shear adhesion forces, withstanding pressures equivalent to 560 m depths,
battery life up to 16.8 hours, audio sensitivity of —205 dB re FS/uPa with a 96 dB
dynamic range, multi-threaded data acquisition, drone-based deployments, and GPS-
based recoveries. Field experiments record sperm whale vocalizations and behaviors
spanning 10 deployments, 44 hours of recording, 20 dives, and up to 967 m depths.
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Altogether, this platform aims to advance the understanding of marine animal biol-
ogy and communication within the rapidly evolving and intersecting areas of robotics,
bioacoustics, and machine learning.

1 Introduction

The combination of bioacoustics data and modern deep learning techniques has vast
potential for better understanding marine and terrestrial behaviors and environments,
and has been described as opening up new avenues for inquiry [1-3]. In particular,
while human knowledge of terrestrial organisms extends back thousands of years,
deep marine environments and deep-diving marine mammals have only recently
become accessible to human study due to technological advances that enabled a
portal into these ecosystems [4]. Sound is a paramount sensory cue for marine mam-
mals [5] that travels far through the ocean, and they have therefore evolved complex
apparatuses to produce and detect sounds ranging from infrasonic to ultrasonic.

Leveraging technological advances to collect and curate large acoustic and behav-
ioral datasets focused on marine animals could fuel data-driven approaches to sci-
entific discovery. Recent advances in compute power and machine learning could
then be applied to help extract insights into how marine animals interact with each
other and how human activity affects these interactions. These, in turn, could inform
sustainable paths forward for developing solutions that monitor, protect, and manage
marine ecosystems.

To move towards this vision, there remain underyling challenges to streamline and
scale data collection and curation. Continuous recording devices and discrete deploy-
ments can help increase the data captured about marine animal communication, but
such devices will need to be designed specifically for interdisciplinary field use and
tuned to machine learning pipelines. For example, since recorded vocalizations are
not typically annotated, any synchronous behavioral information will be valuable for
providing models with contextual grounding. Multimodal recording platforms that can
be rapidly modified, fabricated, and deployed across research and field communi-
ties will thus be critical for expanding our foundation of data from which to extract
insights. Integrating these multimodal platforms, such as on-animal bio-loggers capa-
ble of continuous acoustic recording, within sensor networks could help pave the
way to applying modern data-driven approaches; techniques such as large language
models and unsupervised deep representation learning hold potential to uncover
structure in non-human communication and to yield predictive or translational capa-
bilities, but they rely on datasets that are orders of magnitude greater than what has
so far been gathered in the domain of marine animals [2]. Scaling data collection and
synchronizing it with behavioral information could thus help move towards these pos-
sibilities, and these in turn may provide insights into properties of the vocalizations
that help guide future versions of the recording devices.

Sensorized tags, or bio-loggers, are increasingly used to drive multimodal data
collection in the ocean [6—-11]. Such bio-loggers attach directly to marine wildlife and
continuously record sensor data about both the tagged animal and their surrounding
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environment, offering a unique vantage point for gathering data. They do not disturb natural interactions, and they require
only minimal human supervision.

However, there are numerous challenges to designing such bio-loggers and to using them at scale. Their hardware
must withstand harsh conditions including corrosive saltwater and high pressures, and must also be compact and unob-
trusive for the animals that they monitor. Their software must reliably stream from multiple sensors and operate without
external connectivity for long periods of time, despite limited onboard computational resources [9]. High-quality audio is
also critical for studying conversations between animals and for allowing machine learning pipelines to uncover structure
in both time and frequency domains; bio-loggers should thus be sensitive across a wide range of amplitudes to record
louder vocalizations from the focal animal as well as softer vocalizations from distant animals. Recording from multiple
hydrophones that are spatially separated also aims to enable the inference of audio angle of arrival and thus facilitate
source separation; this can be highly valuable for parsing social interactions by facilitating speaker separation across time
or within overlapping vocalizations. However, enabling such techniques requires precise synchronization between multiple
audio channels at recording time.

In addition to the technical challenges of sensing and mechanical infrastructure, there are important adoption and logis-
tical considerations when aiming to scale the quantity of deployed bio-loggers. Perhaps most importantly, the bio-logger
must be readily usable and valuable to multiple research groups around the globe to encourage more widespread usage
of these devices. In addition, scalability will also require automated deployment solutions that reduce the manual labor
needed to find target animals, attach bio-loggers, and recover bio-loggers.

Taking a step towards addressing these challenges, we present the CETI Bio-Logger shown in Fig 1. It represents
an open-source and extensible multimodal recording platform. Design, fabrication, and software information are avail-
able at [12] and in the supplementary materials; by making all aspects of the bio-logger open-source, we aim to encour-
age multiple research groups to fabricate and deploy devices in a wider variety of locations and across more continuous
timescales. Furthermore, designing bio-logger components in a way that is compatible with hobbyist-level tools to imple-
ment new sensors or recording behaviors aims to make the platform valuable for a wider variety of research endeavors.
The software can be rapidly adjusted to accommodate additional sensors, and can adjust recording profiles in part based
on real-time streaming data. Furthermore, scalable deployment and retrieval methods that build upon related work in such
areas have been tested with this platform to move towards large-scale automated operations.
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Fig 1. The CETI Bio-Logger on a wild sperm whale (left) and an overview of its main features (right). This bio-logger is used by Project CETI
to study the communication of sperm whales in the Eastern Caribbean off the coast of the island of Dominica. It is intended to be deployed on sperm
whales in a non-invasive way (with suction cups) and record high-quality audio.
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The bio-logger currently presented has been tailored to the study of sperm whale (Physeter macrocephalus) communi-
cation as part of Project CETI [13]. Sperm whales use a variety of vocalizations, including a communication system based
on clicks and an echolocation system for navigating and locating prey. The CETTI Bio-Logger enables data-driven anal-
ysis of these vocalizations by collecting high-quality audio from three hydrophones, in addition to synchronized behavioral
information from pressure, motion, temperature, and light sensors.

This paper describes the CETI Bio-Logger platform and development process. In particular, it discusses the follow-
ing primary features and contributions:

» Open-source hardware and software to encourage adoption across research teams [12].

+ Extensibility to additional sensors and to additional marine species.

» Four high-bandwidth synchronized hydrophone channels that facilitate inference of audio source
angle of arrival, three of which are populated in the current implementation, with gains adjustable
at fabrication.

» A modular software architecture for adaptive multimodal recording, centered around a popular
hobbyist platform to support rapidly prototyping new capabilities.

» A drone-based deployment procedure for less obtrusive tagging and to facilitate future automated
operations.

» A GPS-based recovery system to reduce manual effort and facilitate automation.

» Results from lab tests, open-water tests, and deployments on wild sperm whales.

2 Related work

In recent years, there have been numerous investigations to develop underwater bio-loggers and to use their data to learn
about marine environments. These efforts have led to advances for bio-logger hardware, deployment processes, and data
analysis pipelines.

2.1 Bio-loggers

Bio-loggers have enabled breakthrough marine biology research by enabling continuous underwater monitoring of a
tagged animal, studying both individual and group behaviors [14,15]. Some of the most common bio-loggers focused on
acoustics and movements for marine mammal research include the DTAG [16], the CATS tag [17], and the Acousonde
[18]. They typically use suction cups to adhere to the animal, and record for a few hours up to a few days depending on
the configuration. The bio-loggers often feature a subset of sensors that may include one or two hydrophones for audio
recording, pressure sensors, temperature sensors, and inertial measurement units (IMUs) for motion and orientation.

The presented CETI Bio-Logger builds on these foundations to develop, test, and release an open-source bio-
logger that, in this instance, was tailored to studying sperm whale communication but that can be adapted to additional
use cases. It aims to provide a platform that can be extended in both hardware and software. Detailed hardware docu-
mentation encourages reproducibility, and a modular software architecture centers around an embedded computer with
widespread community support to facilitate rapid iteration and customizability. The sensor suite focuses on contextualized
high-quality audio, including the potential for estimating audio arrival directions, and can be extended to include additional
sensors ranging from behavioral metrics to water quality for wildlife and environmental monitoring.

2.2 Deployment and recovery

For sperm whales, bio-loggers are typically deployed in the wild by researchers locating a target animal, approaching with
a boat to within a few meters, and using a long pole to place the bio-logger onto the animal. This allows for manual place-
ment and alignment of the bio-logger, and can be relatively unobtrusive depending on the required boat distance and the
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species. However, this requires substantial human time, effort, and training to complete successfully. This level of labor
limits the possible scale of data collection efforts.

Similarly, recovery of the bio-loggers after data collection can be very resource intensive; common approaches include
very high frequency (VHF) beacons on the bio-loggers that can be localized by an operator listening with specialized
antennas and using this information to search for the bio-logger in a boat. Efforts to reduce labor during the recovery pro-
cess include automating the directional estimation of VHF pings using antenna arrays [19], and using ARGOS satellite
message Doppler shift to perform localization [20].

The presented work aims to move towards automating these processes to scale operations and increase the size
of achievable datasets. On the deployment side, the CETT Bio-Logger can be deployed by traditional pole methods
but has also been reliably deployed using manually piloted drones. Using drones expands the range of possible marine
species to monitor by having added speed and maneuverability, as well as offering more minimally invasive deployments
by not having a tagging boat in close proximity to the animals [21]. On the recovery side, the CETI Bio-Logger sup-
ports two protocols that have been leveraged in the biologging community. It broadcasts VHF pings which can generally
be received up to 6 NM away via a directional antenna (Yagi) at sea level. GPS coordinates are also broadcast in VHF
data packets to ease recovery efforts and facilitate future automated recovery solutions.

2.3 Uses of bio-logger data

Bio-loggers [7,22] provide valuable datasets that can be used to better understand marine animals and ecosystems [11].
They have been used to study a wide variety of animals including sharks [23], dolphins [24], penguins [25], whales [26,
27], and many others [28]. For cetacean research, these bio-loggers have yielded insights into behavior [29], vocalizations
[30], and animal health [31].

The current implementation of the CETT Bio-Logger platform is specifically focused on listening to and decoding
sperm whale language [2]. This has informed the specifications for the current bio-logger, including high-quality audio
from multiple hydrophones and the suite of contextual behavioral sensors selected. The inclusion of multiple hydrophones
enables audio source direction estimation [32], which can be important for studying audio scenes that include multiple
whales socializing. This work applies a preliminary pipeline based on times of arrival to experimentally validate the poten-
tial for this capability.

These efforts aim to move towards supporting data-driven approaches to understand the behavior of sperm whales
or other marine species, along with anthropogenic impacts on that behavior. Studies have demonstrated such potential,
using data to explore the impact of shipping noises [33], pollution [34], and climate change [35]. They have also laid the
foundation for machine learning pipelines that are capable of offering deeper insights into communication systems and
social interactions [36—40].

3 Overview of goals and contributions

The immediate goal of studying sperm whale language and behavior, together with the longer-term goal of facilitating
more widespread bio-logger-based research, has guided the hardware and software specifications for the presented bio-
logger.

3.1 Extensible and open framework

While the CETTI Bio-Logger has been designed and used for sperm whales, facilitating widespread use of these tools
across the research community will help scale data collection, encourage broader interdisciplinary collaborations, and
lead to new discoveries. Towards this end, the project has focused on developing modular hardware and software that
can be adapted to various sensor suites, creating open-source software that can operate on commodity computational
resources, and releasing fabrication specifications. These efforts aim to move towards democratizing the fabrication and
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modification of recording devices capable of monitoring deep-diving marine wildlife, enabling more research groups to
access such technology and tailor it to their purposes using hobbyist-level programming and prototyping.

3.2 Audio recording specifications

A primary function of the CETI Bio-Logger is to record high-quality audio from a single sperm whale or groups of inter-
acting whales. In particular, temporal and spectral features of loud vocalizations of the focal whale should be captured
without distortion to provide automated detection pipelines with as much information as possible and to allow learning
pipelines to uncover structure in both the time and frequency domains. This implies that avoiding clipping from the focal
whale is a paramount concern. At the same time, capturing interactions between animals implies that the system should
also detect vocalizations from non-focal whales that are as distant as possible. Trading off these goals of detecting both
loud and soft vocalizations, the current implementation has an end-to-end sensitivity of —205 dB re FS/uPa with a bit-
depth of 16 bits. This enables the CETT Bio-Logger to capture levels from 120 to 205dB re 1 uPa (peak). Given that
sperm whale vocalizations of the focal whale at the bio-logger location are typically 180 dB re 1 uPa (peak) [41] and that
off-axis vocalizations from an even closer whale 1 m from the bio-logger can be over 190dB re 1 uPa (peak), these set-
tings achieve the goal of avoiding clipping from nearby vocalizations. It also enables detecting distant vocalizations up to
approximately 2.5 km away.

Regarding frequency content, the bio-logger should faithfully record between 1 kHz and 40 kHz to comfortably cover the
frequency range of both communication and echolocation clicks which contain energy to over 20 kHz [42,43]. This implies
that a sampling rate of at least 80 kHz is required based on the Nyquist rate; a standard audio rate of 96 kHz was selected
to meet this criterion.

An important feature for post-processing capabilities, robustness, and extensibility is also supporting multiple synchro-
nized audio channels. This can provide the following key benefits:

+ Standard techniques such as analyzing differences in arrival times between spatially separated hydrophones can infer
the direction of an audio source relative to the bio-logger; this can be crucial for separating vocalizations from interacting
animals that may overlap in time. Doing so requires a high degree of synchronization across the audio channels, which
can be difficult to design and implement. In particular, to provide as much angular resolution as possible, the recorded
audio streams should be synchronized to within 1 audio sample.

» Multiple channels can be configured with different sensitivies to provide additional acoustic information. For example,
they could be configured with varying gains to better capture near or distant vocalizations, or could be used to better
characterize ambient noise data.

» Multiple channels can provide redundancy and thus robustness in the case of damage or runtime errors during deploy-
ments in extreme environmental conditions.

To address these goals, the CETI Bio-Logger features four audio channels that are synchronized to within 1 sam-
ple. Three of these channels are currently populated with hydrophones, and the final channel is available for future expan-
sion. All channels currently use the same recording configuration, but this can be adjusted as desired to address varying
research goals.

3.3 Multimodal data types

Additional data streams can help contextualize the recorded audio to better understand both communication and
behavior.

Diving is a primary activity for the whales, and relates to aspects such as feeding, sleeping, and socializing. Recording
dive profiles via pressure sensors is therefore a crucial data stream [14,44].
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In addition, instantaneous acceleration, rotation, and heading provide valuable insights into whale motion. Analyses
focused on short timescales, including instantaneous acceleration or rotation, may provide useful information about fast
motions such as feeding lunges. Analyses focused on longer timescales, such as average whale orientation over minutes
or hours, may provide useful information about activities such as sleeping vertically [45].

Finally, information about the surrounding environment provides context for such activities; relevant characteristics may
include temperature and light levels.

3.4 Global synchronization for dataset curation

While bio-loggers can provide rich information about the tagged individual, synchronizing multiple independent sensing
platforms can yield more complete descriptions of interactions and more contextual information. Such information can be
critical for machine learning pipelines that aim to decode communication. Towards this end, the bio-logger should times-
tamp samples within each data stream using a synchronized world clock. This can facilitate alignment with platforms such
as bio-loggers on other animals, aerial or underwater drones, passive listening stations, or other robotic devices. The res-
olution of synchronization needed will depend on the application. For the timescales of behaviors and vocalizations cur-
rently being considered, alignment on the order of one second can be sufficient and achievable via standard internet- or
GPS-based timing methods. Note that once a time-based synchronization is established between two sensors, the data
itself can often be used to refine that alignment if needed.

3.5 Robustness and operational duration

The bio-loggers must be robust to harsh conditions, and adhere securely to the animal to record data for sufficient dura-
tions to span all notable behavioral cycles. To be deployed on a whale (by pole or drone tagging) and to adhere long
enough, the bio-logger must weight less than 1 kg and its drag forces must be lower than the retention shear force pro-
vided by the suction cups.

The target operational duration is 12-24 hours; this considers behavioral cycles including diving and sleeping, as well
as deployment and recovery logistics. Limiting the travel distance of the whale facilitates successful bio-logger recovery,
since recoveries in open ocean far from land can increase risks for the recovery team. Note that sperm whales exhibit
behavioral cycles longer than the targeted operational duration, such as diurnal cycles or even annual cycles, but the
current bio-loggers aim to sample notable portions of the behavioral cycles and capture key discrete events. For exam-
ple, typical dive cycles are under 1 hour and sleep cycles are on the order of 15 minutes. Deploying multiple bio-loggers
simultaneously or over time could increase behavioral coverage in the future.

To ensure desired limits on adhesion duration, the bio-logger should include the ability to automatically release the
adhesion system based on pre-programmed criteria.

Given that sperm whales typically hunt at depths ranging from 400 to 1200 m, [46], the bio-logger needs to withstand
associated pressures for approximately 45 minutes per dive-surface cycle. Finally, the bio-logger should resist corrosion
and water ingress despite days of submersion in saltwater.

3.6 Deployment and recovery operations

Just as important as developing capable hardware and software is ensuring the bio-logger can be readily used in the field
by users with a wide variety of expertise. This requires hardware and software initialization procedures that are reliable
and automated. For example, a user interface with simple visuals indicating bio-logger state is essential (e.g., powered
on, ready to deploy, and any errors). The bio-logger should have accessible calibration procedures for sensors such as
IMUs that need to be calibrated in the field, and largely automated procedures for downloading data from the bio-logger
and adding it to curated datasets (e.g., cloud-based datasets).
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In addition, curating datasets that support deep learning pipelines will require scaling operations to collect data more
continuously from more animals. This requires rapid and automated methods to deploy bio-loggers, for example using
drones. The chosen deployment methods must be minimally obtrusive to the animals, especially as operations scale to
more frequent deployments. And finally, recovery methods are needed to reduce manual effort and to facilitate future
automation including drone-based recovery.

4 Bio-logger components and fabrication
4.1 Bio-logger body and assembly

The main components of the CETI Bio-Logger are illustrated in S3 Fig, and its overall dimensions are shown in S1 Fig.
It is organized such that all (dense) electronic components are on the anterior portion and all flotation is posterior. This
buoyancy distribution creates a stable orientation when the bio-logger is at the surface that ensures the communication
components housed in the flotation section are out of the water; these include an APRS antenna and a VHF fish tracker
(F1840B, Advanced Telemetry Systems, Isanti, MN, USA).

Syntactic foam (MZ-22, Engineered Syntactic Systems, Attleboro, MA, USA) is used for flotation due to its low density,
low water absorption, and robustness to high hydrostatic pressure. It can be machined to desired specifications [47], is
widely used in oceanographic applications [48], and is rated up to 1000 m.

Making the bio-logger robust to greater depths involves tradeoffs for component selection (such as increased size
and cost), and devices rated beyond 1 000 m may be regulated by various jurisdictions (e.g., the United States Depart-
ment of Commerce or Department of Defense). Nevertheless, note that testing procedures should incorporate generally
accepted safety factors for the expected dive conditions for particulary fragile components, especially considering poten-
tially dangerous implications such as battery failures, and consider incorporating safety mechanisms such as releasing the
bio-logger if the depth is within a factor of safety of the rated depth (e.g., less than 1000 m for the CETI Bio-Logger).

The part of the bio-logger body that houses the electronics is filled with epoxy for waterproofing and to withstand the
high hydrostatic pressures associated with deep diving; the injection process is shown in S1 Appendix - Sect 2.1.

4.2 Hydrophones

The CETI Bio-Logger supports up to four hydrophones to record acoustic data, three of which are currently populated.
Each hydrophone consists of a piezoelectric ceramic sphere (10 mm in diameter) surrounded by acoustically transparent
rubber for protection and index matching; S1 Appendix - Sect 2.2 summarizes the manufacturing process.

4.3 Suction cups and Burnwire release system

During data acquisition, the bio-logger adheres to the animal using four compliant suction cups (silicone rubber with a
shore hardness of 45A) whose design is inspired by existing work [17]. These suction cups, along with the deployment
procedures, aim to limit impact on the animal; they do not penetrate the skin, and as such pose little to no negative impact
on the study animal [49] while enabling sufficiently long recording sessions to capture key behavioral cycles, e.g., from 12
to 24 hours.

The suction cups are manufactured with injection-molded silicon rubber. The fabrication process is based on a previ-
ously established technique [50,51] and is described in S1 Appendix - Sect 2.3. A threaded component is embedded in
the silicone so the cups can be screwed into the bio-logger for quick replacement.

As with other marine mammal bio-loggers, suction can be programmatically released via a burnwire system. This
allows the bio-logger to be recovered more easily at a given time, with the drawback of reducing the average whale adhe-
sion time. To fulfill this purpose, a through-hole in the suction cup connects it to pneumatic tubing that is kinked to prevent
fluid flow during normal operation. A nickel-chrome wire measuring 0.3 mm x 0.1 mm (WireOptim, Bradenton, FL, USA)
holds these tubes in place, but applying a voltage across this wire while underwater causes corrosion that burns the wire
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and allows the tubing to straighten and release suction. A schematic of the release system is described in S1 Appendix -
Sect 4. This mechanism thus allows the bio-logger software to detach the bio-logger from the animal in response to spec-
ified conditions such as low battery voltages or user-specified recording durations (e.g., release before nighttime to ease
recovery). The programmed release could also be used in combination with GPS localization to trigger release when the
whale leaves a predefined region (e.g., geofencing). When the burnwire is engaged, it uses approximately 120 mA of cur-
rent and takes on average two to five minutes to release depending on the environmental conditions such as the water
temperature and salinity.

4.4 Sensors and general electronics

The CETI Bio-Logger consists of a single-board computer (Raspberry Pi Zero 2 W, Raspberry Pi Holdings, Cam-
bridge, England, UK) mounted on a custom six-layer PCB as shown in Fig 2. This PCB features a four-channel digi-

tal audio recording system along with a battery management system (BMS), real-time clock (RTC) to provide second-
accurate timing across reboots when network communication is not available, a pressure sensor, temperature sensors, an
IMU, an ambient light sensor, the burnwire release system, and a field-programmable gate array (FPGA). Fig 3 provides a
system-level view of how these various parts are connected and how they communicate with each other.

The board also features two expansion headers that can be used to implement additional functionality via industry-
standard serial links. For example, the current version of the CETT Bio-Logger uses one of the expansion headers for
a VHF-based recovery system.

The FPGA allows data lines to be easily redirected to the Pi, enables high-speed audio signal preprocessing, and pro-
vides a method to gracefully power down the system when battery levels are critical.

4.4.1 Sensing capabilities. Data from a suite of sensors provides additional behavioral and environmental context for
the bio-logger’s recorded audio.

Pressure and Depth: The pressure transducer (4LD, Keller, Switzerland) is an oil-filled MEMs device which can mea-
sure pressures from 0 to 20 MPa (200 bar) with an accuracy of +300 Pa (+0.003 bar) [52]. The depth of the bio-logger can
be calculated using these pressure measurements and the approximate bio-logger latitude [53].

Water Temperature: The above pressure sensor also measures ambient temperature with an accuracy of +2°C.

FPGA Reed switch  Audio front end  Recovery board Add-on board

Raspberry Pi
Zero2W

E\ RTC Battery Depth sensor External connector

Fig 2. A six-layer PCB hosts all sensing, data acquisition, and computational electronics. A: Top view before populating the Raspberry Pi and the
recovery daughterboard. B: Bottom view. C: Fully populated top view.

https://doi.org/10.1371/journal.pone.0337093.g002
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Fig 3. System block diagram of CETI Bio-Logger electronics.
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Motion and Orientation: The IMU (BNO086, CEVA Technologies, Rockville, MD, USA) [54] includes an accelerome-
ter, gyroscope, and magnetometer. It also fuses these readings to estimate the orientation of the device.

Ambient Light: An ambient light sensor (LTR-329ALS-01, Lite-On Inc., Taipei, Taiwan) captures both visible and
infrared light, which provides information about when the whale surfaces and when the bio-logger is occluded by other
whales or by changes in orientation.

4.4.2 Waterproofing and robustness considerations. Given the harsh operating environment, several additional
features and redundancies have been incorporated into the CETI Bio-Logger’s electrical design. Wi-Fi and Ethernet
via an isolated USB connection provide redundant methods of connecting to the bio-logger for programming, reconfigur-
ing the device, updating firmware, and offloading data. Since the current bio-logger implementation records approximately
334 MB of data per hour, fast and redundant methods of downloading the data is important for smoothing field operations
and reducing bio-logger downtime. The bio-logger features external connections for USB and battery charging. During
normal operation, these are electrically isolated from the main board to reduce the effects of corrosion due to electrolysis.
When a pre-set voltage is applied to the external connector via a custom dongle, a comparator on the bio-logger switches
off this isolation and allows the tag to be charged or connected to Ethernet via USB. The burnwire release system fea-
tures electrical isolation for when the release is not activated, and a 200 mA resettable fuse to limit the power drawn from
the batteries when the bio-logger is releasing. During releasing, the burnwire system consumes approximately 120 mA.

4.5 Audio recording system design

The CETI Bio-Logger audio acquisition electronics and software are designed to provide up to four channels of simul-
taneously sampled 24-bit audio data. In the current configuration deployed for sperm whale recordings, three channels
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are captured at 96 kilo-samples per second (kSPS) and stored with 16 bits of resolution. The hydrophones are arranged in
an “L” shape to enable direction-finding via phase or correlation analysis.

4.5.1 Sensitivity and dynamic range. Deciding the sensitivity and dynamic range of the CETT Bio-Logger requires
tradeoffs among the nature of the signal of interest, system power consumption, analog bandwidth, amplifier selection,
and data throughput. For the sperm whale application, detecting high-intensity signals from the tagged whale itself (i.e.,
the focal whale) without clipping is prioritized, and additionally detecting attenuated signals from distant whales is valuable
for analyzing social interactions. In addition, an appropriate dynamic range could allow the bio-logger to record click wave-
forms from a distant whale with minimal distortion, equivalent to being received by the listening whale. The peak recorded
sound pressure level (SPL) of the signal from the focal animal is a function of bio-logger placement but is routinely greater
than 180 dB re 1 uPa (peak) [41]. The level of a vocalization at a 1 m distance is approximately 190 dB re 1 uPa (peak).

In the current configuration to record sperm whales, CETI Bio-Logger uses 16 bits of resolution with an end-to-end
sensitivity of —205 dB re FS/uPa. This means that a 205 dB re 1 uPa (peak) sperm whale vocalization will generate a full-
scale positive peak output of 32 767 counts from the analog-to-digital converter (ADC). It can therefore successfully record
a focal whale vocalization without clipping.

In addition to avoiding clipping of large signals, it is desirable that the noise floor of the recording system is limited by
background noise of the underwater soundscape rather than electronic self-noise so that sounds from distant whales and
other sources can be captured. Ambient ocean noise levels decrease with frequency and vary strongly with conditions. A
quiet ocean exhibits noise levels below 30 dB re 1 uPa?/Hz at 10 kHz [55,56]. This suggests that a dynamic range of over
140 dB is required to record ambient noise in the band of interest while at the same time avoiding clipping. In practice,
this level of dynamic range is difficult to achieve and tradeoffs with respect to power consumption and the performance of
available electronic components must be explored.

The RMS noise floor of the current implementation when measured in the laboratory is typically 110 dB re 1 uPa, which
is close to the 16-bit quantization limit. Deployment data collected so far has exhibited RMS background noise ranging
between 112 and 120dB re 1 uPa with a low-pass frequency distribution concentrated below 500 Hz. This component
of the signal can be attributed in part to flow noise that is dependent upon the location of the bio-logger on the whale’s
body as well as the whale’s motion. These settings have been sufficient for recording high-quality sperm whale vocaliza-
tions, but increasing bit depth and gain adjustments have been explored to obtain an extension of the dynamic range even
closer to the theoretical ambient limits and is the subject of continued work.

4.5.2 Acquisition hardware and signal filtering. Each channel of the analog front end presents a 374 kQ impedance
to the hydrophone. The hydrophone has a nominal capacitance of 6.8 nF and forms a high-pass filter with the input resis-
tance having a cutoff frequency of 63 Hz. This removes DC offsets and serves to attenuate low-frequency content associ-
ated with ocean ambient background noise, vehicle noise, and water flow noise.

A JFET op amp in a non-inverting configuration buffers the hydrophone and provides +12 dB of gain and an active low-
pass filter with a cutoff set at 100 kHz. This serves to prevent aliasing of out-of-band signal and noise. It should be noted
that since the ADC is a sigma-delta architecture, anti-aliasing requirements are relaxed considerably [57], and a first-order
filter provides sufficient rejection of out-of-band aliases in most cases.

The ADC used to digitize this filtered signal is the Analog Devices AD7768-4 [58], a four-channel sigma-delta converter
that provides a rich set of programmable and flexible features that allows the designer to balance requirements for power,
input bandwidth, and output data rate. Output data can be generated at up to 256 kSPS and the input section supports a
bandwidth of 110 kHz with a dynamic range of 108 dB.

The CETI Bio-Logger uses a CMOS 98.304 MHz crystal oscillator with an accuracy of 25 ppm as the primary acqui-
sition timebase for the audio digitizer. The output of the oscillator is frequency-divided by four to create the ADC master
clock at 24.576 MHz. To establish the Output Data Rate (ODR) of 96 kSPS, the master clock is further divided by eight
internal to the ADC to generate the 3.072 MHz sigma-delta modulator clock. The output of each modulator is decimated
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by a factor of 32 to achieve the final output rate of 96 kSPS per channel. It should be noted that the ADC provides consid-
erable flexibility with respect to clocking and sampling and can be adjusted via software changes or a configuration file for
various applications. Notably, power consumption can be reduced considerably by employing a lower sampling rate.

The ADC also provides built-in digital filters for each channel. One of two filter types may be selected at run time. For
the sperm whale application, the bio-logger currently applies wideband filters which have a nominal cutoff frequency of
0.4 x ODR, which is close to the content that is recoverable based on the Nyquist rate; this filter has a cutoff of 38.4 kHz
given the current ODR of 96 kSPS. Additional filtering may be applied as a post-processing step to further study the the
spectral components of the signal.

4.5.3 Sampling and compression. The four channels of 24-bit data are transferred continuously to the bio-logger’s
FPGA where each channel is truncated to 16 bits and then populates a FIFO buffer. Currently, data from one channel
is not in use and is discarded. Note that the extra bits of ADC resolution and the extra channel are included for future
extensibility, such as differing ambient noise floor levels than the current application or enabling additional angle of arrival
capabilities. The Raspberry Pi reads the FIFO buffer via SPI, losslessly compresses the audio, and saves the data to the
bio-logger’s microSD card.

An advantage of incorporating a full onboard computer is the ability to leverage compression algorithms that may be
too computationally intensive to run on smaller platforms. The current implementation uses the FLAC format. This uses
a lossless compression algorithm, and experimental results from sperm whale deployments indicate that the size of the
compressed audio is approximately 15% of the raw audio data size. This reduction in file size by approximately 85% sub-
stantially increases the feasible recording duration given a fixed memory capacity.

4.5.4 Multi-channel synchronization. Regarding synchronicity between the multiple audio channels to enable post-
processing (e.g., audio source localization), the selected ADC features a simultaneous sampling architecture which
results in excellent phase matching between channels. Once the sample is taken, there is no additional error introduced
in the digital pipeline; this results in a synchronization of less than one sample across all channels. Note that the exception
would be if an overflow occurs due to a rare processing slowdown within the Raspberry Pi; the current software automati-
cally detects such cases and initiates a reset of the audio recording pipeline.

4.5.5 Extensibility. The above audio acquisition hardware supports a range of configurations that can be specified
via software, so research teams can modify the behavior to address varied use cases. Between one and four channels
can be used with either 16 or 24 bits of resolution, and the sampling rate can be set up to 192 kHz. The current configura-
tion of recording three 16-bit channels at 96 kHz achieves the target specifications for sperm whale recordings while also
prioritizing data storage scalability.

Within the space of possible configurations, the current bottleneck is the 15 MHz SPI communication link between the
FPGA and the Raspberry Pi; this limits the amount of audio data that can be captured before hardware changes would
be required. Notable configurations that have been successfully tested at the frontier of this limitation include the follow-
ing: two 24-bit channels sampled at 192 kHz, three 16-bit channels sampled at 192 kHz, three 24-bit channels sampled at
96 kHz, and four 16-bit or 24-bit channels sampled at 96 kHz.

5 Onboard software architecture

The onboard computational capabilities and software architecture were designed to enable synchronous multimodal
streaming of audio and behavioral sensors, encourage rapid prototyping for diverse research goals, ease usabil-

ity during field deployments, and facilitate the curation of a large-scale dataset of both bio-logger data and external
devices such as drones or gliders. Challenges include limited computational resources of embedded devices, varied
sampling rates across sensors, operation without human supervision, uncertain internet connectivity during deploy-
ments, no wireless connectivity underwater, possible intermittent power losses, and possible data corruption via water
damage.
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To achieve the desired capabilities and address the above challenges, the CETI Bio-Logger features an onboard
computer with a widely supported operating system, programmable hardware connections to many of its ports, a
modular multi-threaded software architecture that leverages multiple CPU cores for reliable streaming, a multi-tier soft-
ware approach to ensure reliability, an adaptive state machine to automatically adjust recording behavior based on
deployment milestones, and human-readable output formats that are also amenable to large dataset integrations. All soft-
ware is open-source and available online [12]. Note that the current platform emphasizes adaptability, rapid prototyping,
and community accessibility; once a design and capabilities are finalized for a particular use case, they could potentially
be migrated to a design based on a low-power microcontroller if runtime and size are key priorities.

5.1 Embedded computational capabilities

Computation on the CETTI Bio-Logger revolves around a Raspberry Pi Zero 2 W. This is a widely used hobbyist plat-
form with a large basis of community support, which helps make programming or modifying the bio-logger behavior acces-
sible to varied research groups. It includes a 1 GHz quad-core CPU, 512 MB of RAM, and Wi-Fi capabilities for wire-
less programming and data transfer. The SD card capacity can be chosen based on the target application; currently, a
256 GB SD card is used to expand the data recording duration beyond what is expected by battery life and adhesion lim-
itations. The Pi runs a Linux operating system, and the main code for the bio-logger is implemented in the C programming
language.

In addition, an FPGA (XC3S200A-5VQG100C, Xilinx, San Jose, CA, USA) is used to route many of the signals from
sensors to the Raspberry Pi. This adds an additional computational resource for high-speed signal preprocessing, and
allows many physical connections to be updated after fabricating the electronics and sealing the bio-logger.

5.2 Embedded software architecture

The software architecture aims to provide reliable synchronous sampling of multiple sensors, adapt behavior throughout a
deployment, and be robust in harsh conditions. It is arranged in a modular framework as shown in Fig 4.

5.2.1 Multimodal data acquisition. The software consists of independent data acquisition modules with common
interface functions, which are overseen by a central manager. This modularity allows each sensor to operate at a sam-
pling rate that is most appropriate to its modality, and aims to facilitate swapping sensors or capabilities in the future with
reduced coding overhead. The central manager uses common interface functions for each module to start and stop the
threads at appropriate times, ensure that they remain operational, and monitor system resources.

To best utilize the available computational resources, each data acquisition module operates in its own processing
thread. The operating system can choose processing cores for these threads based on real-time demands, and mod-
ules with high sampling rates and time-sensitive demands can also be assigned dedicated cores. For example, the audio
acquisition thread is assigned to an isolated core and no other threads or operating system tasks are allowed to use that
core.

To prepare recorded data for integration within larger datasets from additional recording devices, each data acquisi-
tion module saves its data to a dedicated output file with timestamps for each acquired sample in a world clock refer-
ence frame. Timestamps are relative to a global epoch as provided by the system clock; this clock is synchronized to
global time servers via Network Time Protocol (NTP) if internet access is available upon bio-logger startup. At the same
time, the onboard RTC is also updated; this clock can then be used later to synchronize the system clock if no internet
access is available upon bio-logger startup. This RTC operates independently of the main bio-logger infrastructure, and
has a backup battery to continue operating across bio-logger power cycles. This process helps ensure that all samples
are timestamped in a common reference frame that is also shared by external recording devices ranging from drones to
passive buoys.
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Fig 4. The software is designed in a modular architecture. Central management threads and a dedicated data partition ensure reliability. Individual
data acquisition threads facilitate extensions to new sensors, accommodate varying sampling rates, and leverage multiple CPU cores.
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5.2.2 Adaptive recording behavior. The central management system features a state machine that adjusts the
recording behavior based on inferred milestones throughout the deployment. The states and transition logic are visualized
in Fig 5, and key states are summarized below.

Initialization: The program loads user-specified parameters, initializes clocks, calls startup procedures for data acqui-
sition modules, and launches data acquisition threads.

Recording at the surface: When the pressure sensor indicates that the current depth is less than 3 m, all data acqui-
sition modules actively record and the recovery system is enabled. GPS information is acquired once per minute (when
available), and location information is periodically transmitted. However, Wi-Fi remains disabled after a first dive since it
is unlikely that an operator would be within range and attempting to access the bio-logger. Note that during field deploy-
ments, the effectiveness of GPS logging while the bio-logger was on a whale was intermittent. This is due to the GPS
antenna, whose effectiveness degrades when wet and in a horizontal position along the whale’s body. This is being
addressed in newer versions of the bio-logger through the exploration of alternative antenna designs.

Recording during dives: When the pressure sensor indicates that the current depth is greater than 5m, all data acqui-
sition modules actively record but all wireless communication capabilities are disabled to conserve battery power. These
include the recovery system, GPS, and Wi-Fi.

Recovery: After a user-specified duration or after the battery level drops below 6.4V, the burnwires are activated to
ensure that the bio-logger detaches and floats to the surface. The start time for this countdown is recorded at the first
detected dive. This time is saved to persistent storage, loaded from disk upon startup, and cleared after the burnwire acti-
vates; this allows operators to start the bio-logger at an arbitrarily long time before deployment for testing purposes or
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based on experimental conditions without risking premature detachment, and ensures that the proper detachment time is
achieved even if the bio-logger has unexpected power cycles.

Critical shutdown: If the battery level drops below 6.2V, all data acquisition modules are disabled to devote all
remaining power to the recovery infrastructure. If the battery reaches a further critical threshold of 6.0V, the bio-logger is
powered off to protect the battery. At this point, the bio-logger can still be recovered via listening for pings from the VHF
fish tracker with a directional antenna.

5.2.3 Robustness and data integrity. The central management system has a tiered approach to ensure that all data
acquisition modules are reliably launched across reboots and remain running throughout deployments. A background
script launches the main program and periodically checks its status, and operating system services ensure that this back-
ground script continues running.

To prevent corruption of the operating system in the case of unexpected power cycles, the filesystem is kept in a read-
only state except for a dedicated data partition. Data acquisition threads for behavioral and environmental sensors write
data to this partition in human-readable formats, and files are only kept open for the duration of writing a single sample.
Data acquisition threads for audio use a dual-buffer approach to acquisition and writing, flush data every minute, and cre-
ate a new audio file every five minutes. Together, these measures limit potential data corruption and facilitate data recov-
ery in the event of unexpected power cycles.

6 Field operations: Usage, deployment, and recovery
6.1 Bio-logger usage

The hardware and software were co-designed to minimize time and technical expertise required to operate the bio-logger
in challenging field operations. The bio-logger features a standard Linux operating system and thus its software can be
updated wirelessly via Wi-Fi, but key parameters can also be adjusted without programming. Human-readable configura-
tion files allow pre-deployment adjustments to settings such as pressure thresholds or the adhesion duration.
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Before deployment, a hardware test script can be used that interactively prompts the user to test each subsystem and
validates expected operation. This script creates a test file of the results which can be used to track the health of the bio-
logger over time.

During a deployment, the operator simply removes an external magnet to power on the bio-logger. LEDs then indicate
that the bio-logger has started successfully and is ready for deployment. Time permitting, an optional brief calibration for
the IMU can be performed at any time by holding the bio-logger in perpendicular orientations and by rotating it around the
three axes (but this is not required in order to use the data at the end of a mission).

After recovery, data can be offloaded wirelessly or via a wired connection. Scripts are provided to the operators that
automatically copy data from the bio-logger, integrate it within the cloud-based CETI dataset, ensure successful data
transfer, and clear the bio-logger to prepare it for a future deployment. These can be generalized for other researchers
using local or cloud-based storage.

It is also important to have streamlined protocols for field teams to check that bio-loggers are functioning as expected.
Scripts are provided that validate each subsystem, and these are incorporated into protocols to be run before each
deployment. Additionally, over the lifespan of the bio-logger, testing and field data is regularly checked by the engineering
and biology teams for irregular results or behavior. The inclusion of an onboard computer with wireless capabilities also
supports the creation of a wireless dashboard to interactively visualize and stream bio-logger data for validation purposes,
or automated system checks that upload results to a centralized database for tracking bio-logger health over time; these
capabilities are being developed for future deployments.

This research has been conducted under the Dominica Fisheries Research Permit #LS 27-200-21 and Harvard IACUC
Protocol ID #21-02-379-1.

6.2 Deployment

The bio-logger has been deployed in two ways. The first method is the standard approach of using a long pole from a
boat, as shown in Fig 6A. A human operator uses a bistable clamping mechanism to hold the bio-logger at the end of a
long pole. The boat approaches close to the whale, at which point the operator places the bio-logger onto the whale’s
dorsal side, avoiding the blowhole and dorsal fin. The deployment triggers the bistable clamp to passively release the
bio-logger and allow it to remain adhered to the whale.

The second deployment method is drone-based tagging [59], as shown in Fig 6B. While our bio-logger is suitable
for use in drone-based passive bio-logger drop systems [21], the presented deployments use an inexpensive and rapid
method for deploying bio-loggers using small First Person View (FPV) racing drones, which are modified to be waterproof
and buoyant. With the bio-logger secured in a similar bistable clamp as used in pole tagging, the drone descends towards
a whale and performs a tap-and-go deployment on the dorsal side of the whale.

For both of these methods, strict animal tagging protocols are followed to respect the animal’s well-being (e.g., lim-
iting the number of tagging attempts, identitifying all tagged whales for follow-up, documenting response levels, cessa-
tion of tagging based on identities of whales and behavioral state, and quantifying dive parameters after deployment—see
[49,60] for more information). Furthermore, Project CETI is active in the establishment of legal and ethical guidelines for
nonhuman communication studies [61,62].

6.3 Recovery

Given the high-quality audio recording system of the CETTI Bio-Logger that generates approximately 300 MB of
losslessly compressed data per hour, and the relatively short periods of time the bio-logger is above the surface while
attached to a whale, data retrieval must occur after the bio-logger releases from the whale. This also aligns with the oper-
ation of previous sound-recording animal-borne bio-loggers. This need to reliably retrieve the bio-logger from the field
motivated the implementation of two recovery methods for the CETTI Bio-Logger.
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Fig 6. The bio-logger has been deployed using pole-based and drone-based methods. A: During pole-based deployments, a 7m (21 ft) pole is
fixed to a four degree-of-freedom arm mechanism that is mounted on the bow of a rigid inflatable boat (RIB) boat. B: During drone-based deployments, a
modified racing drone holds the bio-logger with a bistable clamping mechanism.

https://doi.org/10.1371/journal.pone.0337093.9g006

The first method, which has been a standard of animal-worn technologies for decades, uses a standalone VHF beacon
fish tracker (or “fish implant”) that is inserted in the rear flotation syntactic foam and does not require electrical integration
with the main bio-logger. This device transmits a pulse every second, which can be received by a directional antenna to
infer a relative heading.

The second method uses GPS and involves the development of an expansion board attached to the main bio-logger
PCB. This board is capable of recording GPS information during the mission (when a signal is available), and transmitting
GPS information to the field team for retrieval after the bio-logger has detached from the whale. Several land-to-land and
land-to-space radio communication technologies were explored for position estimation and transmission, but ultimately the
Automatic Packet Reporting System (APRS) was selected for use on the expansion board.

APRS is a well-established packet radio system intended for non-commercial use to track the position of moving
objects. The protocol was established by the amateur radio community in 2000, and APRS networks now exist through-
out the world [63]. The networks consist of VHF beacons that transmit frequency-shift keying (FSK) frequency modulating
(FM) packets containing their position, “digipeaters” that receive these packets and repeat them to extend the range of
the network, and “i-gates” (internet gateways) that receive the message and report them to the Automatic Packet Report-
ing System-Internet Service (APRS-IS) [64]. These messages can then be accessed anywhere in the world via APRS-

IS or via various websites that map this position data in real time. APRS position data and direct messages can also be
received locally by handheld radios supporting the protocol.

The current deployments have been conducted in Dominica, which makes APRS a particularly appealing choice. There
is an existing APRS network on the island consisting of three stationary radio antennas acting as digipeaters and existing
i-gates. The island’s mountainous geography also helps increase the range of this type of network. Beyond Dominica, the
surrounding islands in the Caribbean also have an existing network of digipeaters [65].

7 Experimental results: Validation and characterization
7.1 Robustness and longevity

7.1.1 Pressure cycling during simulated dives. The CETI Bio-Logger has been tested using a high-pressure
tank, reaching pressures that reflect diving conditions for over 100 rapid cycles. At the end of the experiment, a visual
inspection is conducted to look for any crushing or deformation of the bio-logger. The bio-logger-measured pressure data
is also compared with the pressure logger of the tank. S1 Appendix - Sect 6 provides additional information.
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7.1.2 Power usage and recording duration. The CETI Bio-Logger is powered by two 5000 mAh lithium ion bat-
teries (PL-6767100-1C, AA Portable Power Corp, CA, USA) connected in series to produce a nominal voltage of 7.4 V.
Total power required by the bio-logger when recording data is approximately 2.2 W, yielding an expected runtime of
16.8 hours. Power consumption can be tailored to some degree by enabling or disabling features, either dynamically via
the autonomous state machine or via user specifications. S1 Appendix - S2 Table provides the approximate power usage
of each of the bio-logger’s principal features.

7.1.3 Adhesion characterization. Suction cups were tested to evaluate the preload needed to fully compress the
cups, as well as the displacement under shear loading. Using a robotic arm with a wrist-mounted force/torque sensor, and
using parameters described in [51], cups were compressed onto a wet surface with a predetermined amount of preload
force (e.g., to emulate deployment), which was then relaxed to generate an initial suction chamber. Cups were then
sheared across a surface for a distance of 10 mm. This process is further detailed in S1 Appendix - Sect 3.

The initial compression preload was first evaluated on a smooth acrylic surface to determine how initial contact area
influences shear resistance; results are shown in Fig 7A. When the cups were not fully compressed onto the surface
before a chamber was generated, shear resistance was much lower. This is likely a result of the initial contact area
created before the shear pull was initiated — higher preload yields more contact area, which yields more friction during
shearing.

Using the higher preload configuration (65 N), additional tests were performed on two different substrates: smooth rigid
acrylic and smooth compliant Smooth-Sil 945. Shear forces were recorded at two points: the 3 mm displacement, which
represented the approximate point where the cup would begin sliding, and the 10 mm displacement at the end of the
shear run. Results are shown in Fig 7B.

Evaluating the forces required to load and displace the suction cups is important for bio-logger deployment and the
development of future suction cup designs. For example, if drone deployment does not generate sufficient force to fully
engage the suction cups, shear loading can dislodge the bio-logger much more easily than if the cups were fully com-
pressed. This could impact the design of the drone deployment mechanism. Additionally, softer or multi-material cup
designs could be explored to reduce the amount of force needed to fully engage. Note that although the current suction
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Fig 7. Suction cup performance was evaluated under shear conditions by compressing the cup to create adhesion, applying a shear force,
and measuring the cup displacement. A: Shear resistance is much lower if the cup is not fully adhered before shear loading (using 50 N of preload
force). B: The shear forces required to generate 3 mm or 10 mm displacements were comparable when testing on a rigid or compliant surface. Boxplots
display median, upper and lower quartiles, inter quartile range (IQR), and outliers. White dots indicate means.

https://doi.org/10.1371/journal.pone.0337093.g007
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cup has a rounded shape and a smooth contact surface, additional adhesion research has explored the potential of vary-
ing the suction cup shape [51] and rim structures [66] using similar fabrication techniques. Such designs are compatible
with the CETI Bio-Logger and could be incorporated in the future.

7.2 Audio characterization

The sensitivity and frequency response of the bio-logger’s audio recording subsystem were characterized in a custom
water tank. The water tank is 1.5m deep x 2m long x 2.4 m wide, which is large enough to characterize audio perfor-
mance above 10 kHz [67].

The characterization experiments consisted of two phases. First, the response of the speaker was experimentally
determined by using a reference hydrophone. Second, these results were used to emit pulses at equal amplitudes
across a range of frequencies and measure the response of the CETI Bio-Logger audio subsystem. Fresh water at
23°C +1°C was used in the tank, resulting in a sound speed of 1491.2 % at the speaker assuming pure water [68].

Speaker characterization: A data acquisition system (USB-6356, National Instruments, Austin, TX, USA) was used to
produce a 0.5 ms signal at a specified frequency; this short duration enables postprocessing analysis to distinguish the
direct signal in the measured response from reflections from the tank walls and water surface. This source signal was
amplified to drive an underwater speaker (ITC-1042, Gavial, Santa Barbara, CA, USA) positioned 1 m from the reference
hydrophone (TC4032, Teledyne Marine, Daytona Beach, FL, USA). The TC4032 has a nominal sensitivity of —164 dB
re 1V/uPa with a ripple of +2.45 dB over the band of interest. To ensure the experiment operates in far-field conditions,
at least five wavelengths of separation is required, making the measurement valid for frequencies above 7.5kHz. S1
Appendix - Sect 9 shows additional details of the experimental setup. The data acquisition system is used to generate
audio pulses and to measure the responses, enabling automatic calibration and characterization of the device under test.
The SPL was measured in response to source signals at frequencies spanning 10—45 kHz. For each frequency, the stimu-
lus amplitude was adjusted to achieve an SPL of 140dB re 1 uPa. This target level was selected since it can be generated
by the output speaker and amplifier with good fidelity in the frequency band of interest while also providing over 30 dB of
signal-to-noise ratio for the reference hydrophone and bio-loggers at the receiver location. This process yields a lookup
table of signal amplitudes to use for each desired frequency.

Bio-logge hydrophone characterization: The reference hydrophone is then replaced by a CETI Bio-Logger in the
tank at the same location. Recordings are made at each frequency of interest with the stimulus emitted at the target SPL
level using the lookup table. From the recorded data, the sensitivity and frequency response of the bio-logger can be
determined based on the calibrated reference SPL. Fig 8 shows measured results with a nominal sensitivity of —205dB
re FS/uPa. The response rolls off rapidly above 40 kHz due to the ADC’s internal wideband digital low-pass filter. These
results are in good agreement with the expected performance of the audio recording subsystem. A characterization of the
linearity of the hydrophone with respect to the input sound pressure levels is also shown in S1 Appendix - Sect 10.

7.3 Sound event angle of arrival with time difference of arrival

Since a primary motivation for the CETTI Bio-Logger is to better understand sperm whale communication, separating
vocalizations from distinct whales is valuable for both classical analysis and machine learning pipelines. Towards this end,
the CETI Bio-Logger features three strategically placed hydrophones to provide information about angle of arrival and
help associate vocalizations with particular whales in the scene.

To validate this capability, a preliminary pipeline was implemented to estimate the angle of arrival of pulses (e.g., sperm
whale clicks). The proposed method leverages time difference of arrival (TDoA), which has been explored for underwa-
ter localization in a variety of applications [69,70]. The algorithm first estimates the time difference between when a pulse
reaches each hydrophone, then solves for a source direction that is consistent with these latencies given the hydrophone
geometry. Underlying this approach is the assumption that audio acquisition from the hydrophones is well-synchronized,
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Fig 8. The sensitivity of each hydrophone channel was evaluated at varying frequencies (at 140 dB received SPL).

https://doi.org/10.1371/journal.pone.0337093.g008

has good channel-to-channel isolation, and has good phase/gain matching performance. To validate these characteris-
tics on the CETI Bio-Logger, sinusoidal voltages were applied directly to the hydrophone channels. Applying a sig-
nal to only one channel at a time, no crosstalk was detectable except between channel 1 and channel 2 which was at
—83 dB relative to the signal on the driven channel. Applying a signal to all channels simultaneously, the measured ampli-
tudes were within 0.13 dB of each other and the synchronization was within less than one audio sample. More details are
provided in S1 Appendix - Sect 9.6.

To validate the potential for enabling angle of arrival estimation using TDoA, tests were performed in a water tank and
in the open ocean. In each case, the bio-logger was held underwater at 0°, 90°, 180°, and 270° relative to an underwa-
ter speaker. In the tank tests, the speaker was 1 m from the bio-logger and played a 10 kHz pulse at each target angle.

In open ocean tests, the speaker was 28 m from the bio-logger and played a sequence of five previously recorded sperm
whale clicks at each target angle. An initial post-processing pipeline was then implemented as a proof of concept for angle
of arrival directionality inference; it consists of isolating each pulse or click, computing the time difference of arrival for
each hydrophone, and finally estimating the audio source direction. Note that this estimate is computed within the plane of
the bio-logger, as defined by the locations of the three hydrophones.

The average absolute value of the error across all test angles in the water tank and in the open ocean was 6.7° +7.6°
and 17.1° + 20.6°, respectively. To estimate the expected angular resolution of the current bio-logger configuration, each
pair of hydrophones can be considered independently and the error in inferred angle when shifting a signal by a single
sample and only using these two hydrophones can be considered; taking into account the speed of sound, the sampling
rate, and the hydrophone placements, this yields an average expected angular resolution of approximately 10.5° across
all three hydrophone pairs. The results with the preliminary processing pipeline are therefore promising for validating the
expected directional capabilities of the current bio-logger configuration. Note that for open ocean tests, the bio-logger was
manually rotated and thus some error is also expected in the true angle of each test.

The inclusion of three hydrophones allowed for unambiguous 2D angle of arrival solutions; if only two hydrophones
were used, TDoA algorithms would be unable to differentiate between candidate source angles reflected about the line
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Table 1. Summary of Successful Bio-Logger Deployments.

Recording Duration Dives Data Retrieved Whale Vocalizations
Bio-Logger Notes
ID . First to Last Below Duration [min] : Maximum Depth [m] . Behavioral and Detected Clicks
et Gl Dive [min] :50m [min] Gt Al Environmental
Mean + Std. Dev. ;| Mean + Std. Dev. | Max. Count : Count Per Minute

1 95 81 72 2 36 = 20 555 + 321! 877 v v 40 0.4

2 724 576 412 9 46 + 690 + 107: 967 v v 22 463 36.7

3 54 43 43 1 43 + 0 764 £ 0 : 764 v v 1484 276

4 268 - - - - -- v X 4725 17.8

5 264 - - -- - -- v X 2312 327

6 268 133 82 3 27 + 13 522 + 280: 731 v v 4 657 284

7 530 68 52 2 26 + 17 463 + 163: 626 v v 2641 253
Bio-logger
7 125 59 54 0.5 54 + 0 634 + 0 : 634 v v 911 114 detached

during the dive

7 124 - - -- - -- v X 3491 28.8

8 184 132 79 2 39 + 2 844 + 6 : 850 v v 3936 26.2

8 Unique 2635 1092 i 794 195 § 40 = 13 645 + 205: 967 | 100% 70% 46 660 27.3

https://doi.org/10.1371/journal.pone.0337093.t001

connecting the hydrophones. The current algorithm could be extended to 3D scenarios in the future, in which case there
would be an ambiguity between candidate angles above or below the plane of the hydrophones; the assumption of a
tagged animal and the bio-logger itself being on one side of this plane may help resolve this ambiguity.

7.4 APRS characterization in Dominica

To characterize the capabilities of the recovery system around the island of Dominica where the bio-loggers are currently
deployed, the system was configured to poll the GPS module once every minute. If a GPS location was obtained, an
APRS message with a comment containing a transmission index was broadcast and the transmission index was incre-
mented. How often the recovery system failed to obtain GPS lock can be determined from the difference in the over-

all time interval of the test and the transmission indices in the comments received. The probability of a message being
received can also be ascertained from the number of transmissions from the recovery system and the number of logged
messages on APRS-IS.

As shown in S1 Appendix - Sect 11, the success rate of messages received and relayed by the existing APRS towers
on the island varies between 19% and 30%. Although this success rate is low, sporadic messages are sufficient for an
operator to estimate the bio-logger’s location and infer that it is still on a whale or initiate a bio-logger retrieval mission.
Also, note that this rate of APRS message receipt is independent of the bio-logger’s ability to log GPS locations; every
available GPS location can still be saved and used for post-mission analysis.

The message success rate depends on several factors including the distance from the antenna and the topography of
the environment. During the characterization experiments on a boat, the farthest successful message was 73 km North-
west from the receiving antenna. For more details and to better visualize APRS coverage, a heat map of the message
success rate is shown in S16 Fig. Results are promising for leveraging Dominica’s APRS environment as a reliable recov-
ery method.

Versions of the CETI Bio-Logger deployed in Dominica are currently being located using these APRS messages
with GPS information, and by subsequently using a directional antenna to listen for the VHF fish tracker pings upon closer
approach to the recovery area.
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Fig 9. Using on-whale bio-loggers to record acoustic, behavioral, and environmental data during whale interactions provides valuable data for
studying their communication. A: Two tagged whales socialize with each other. B: A single tagged whale socializes with other whales.

https://doi.org/10.1371/journal.pone.0337093.g009

8 Experimental results: Sperm whale deployments

The CETI Bio-Logger has been used to successfully monitor the communication and behavior of wild sperm whales

in the open ocean. In particular, families of whales in the Eastern Caribbean off the coast of Dominica have been tagged
and observed. These tests validate the capabilities of the bio-logger including high-quality audio recording, behavioral and
environmental monitoring, adhesion, and robustness.

Over the course of one year, eight unique instances of the CETT Bio-Logger have been deployed on 10 sperm
whales as summarized in Table 1. They have recorded approximately 20 hours of whale activity, including 13 total hours
below 50 m. The data includes 19.5 dives averaging 40 min + 13 min and reaching depths of 645m + 205m (maximum
967 m).

Examples of successful deployment are shown in Fig 9. These demonstrate scenarios with multiple whales socializ-
ing, which are useful for studying their communication and interactions. Fig 9A in particular represents a highly valuable
scenario of two whales being tagged while interacting with each other; this ensures high-quality audio and behavioral data
from both focal whales, as well as audio from surrounding whales.

Throughout the presented deployments, the bio-loggers experienced a range of challenging conditions that tested
robustness in real-world settings. During the seven deployments in Table 1 that successfully recorded behavioral and
environmental data, the maximum pressure was approximately 97.5 bar and the ambient temperature ranged from
approximately 4.7° C to 42.4° C. In addition, the bio-loggers experienced maximum linear accelerations and angular veloci-
ties of 54.0 /> and 670.2 deys, respectively, during periods inferred to be attached to a whale, and 80.9 "% and 1 466.3 degs,
respectively, when including additional time between bio-logger startup and shutdown.

Regarding the deployments listed in Table 1 where behavioral and environmental data were not retrieved, it is sus-
pected that there was water ingress around the depth sensor. This in turn caused an electrical short-circuit within the 12C
communication bus, and compromised data from all sensors on that bus. Subsequent iterations of the mechanical design
have aimed to address this issue, and this failure mode has not been observed in more recent deployments.

PLOS One | hitps://doi.org/10.1371/journal.pone.0337093 December 11, 2025 22/ 29



https://doi.org/10.1371/journal.pone.0337093.g009
https://doi.org/10.1371/journal.pone.0337093

PLO\S\%- One

The following sections further discuss the multimodal data recorded by the bio-loggers. The deployment referenced in
Table 1 as bio-logger ID 6 and featured in Fig 9B will be used as a running example.

8.1 Recorded multimodal data and system performance

Throughout a deployment, the bio-logger acquires and logs timestamped data from multiple behavioral and environmen-
tal sensors at varying sampling rates. This yields a multimodal dataset from each deployment with synchronized sensor
streams, as exemplified in Fig 10. It can be seen that the whale performed a shallow dive shortly after being tagged, fol-
lowed by two deep dives with a maximum depth of 731 m. The burnwire triggered the bio-logger’s release near the sur-
face approximately 133 min after deployment.

The pressure, temperature, and light sensors provide information about the ambient conditions while the accelerome-
ter, gyroscope, and magnetometer provide information about the whale’s motions. The IMU streams are also processed
onboard to estimate the whale’s orientation.

The data also includes information about the bio-logger itself, including battery and system health. During this example
deployment, the CPU usage across all cores averaged 35.5% + 3.3% with a maximum of 44.6%, and the core dedicated
to audio acquisition had steady usage at 22.0% + 0.3%. The CPU temperature averaged 39.2° C + 8.0° C with a maximum
of 53.1° C, which are well below the recommended limit of 85° C. The RAM usage averaged 89.8% + 1.7% with a maxi-
mum of 94.2%. More information is shown in S1 Appendix - Sect 8. These results indicate that the software successfully
leveraged the limited computational resources to maintain robust data acquisition at desired sampling rates. The behav-
ioral and environmental sensors used approximately 41 MB per hour, for a total of 91 MB. The audio used approximately
293 MB per hour, for a total of 650 MB. These confirm that the 256 GB SD card allows for a greater recording capacity
than the current battery and adhesion limits. Finally, the state machine also transitioned between initialization, surface
recording, depth recording, burnwire, and recovery states as expected to manage resources.
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Fig 10. Sensor data is synchronously recorded from environmental and behavioral sensors throughout a deployment.

https://doi.org/10.1371/journal.pone.0337093.g010
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8.2 Recorded audio

Audio was successfully recorded throughout all deployments listed in Table 1. The log data indicates that no audio
pipeline overflows were detected for bio-logger IDs 3 through 8; this logging capability was not yet added in the first two
deployments, but no errors have been detected during post-processing.

Sample audio segments demonstrating the successful recording of sperm whale clicks are shown in Fig 11. The
spectrograms indicate that the expected frequency content was successfully captured, with dominant bands around 5—
10 kHz but extending up to approximately 40 kHz. Overlapping groups of clicks, known as codas, are clearly discernible
from the focal whale (larger amplitudes) as well as more distant whales (smaller amplitudes) as illustrated in Fig 11A.
The bio-logger audio thus supports the analysis of interactions between socializing whales. As seen in Fig 11B, individ-
ual clicks also demonstrate the expected multi-pulse structure caused by reflections of the sound in the whale’s head;
this can be useful information for inferring the size of the whale and, if sufficient prior field data is available, the whale’s
identity.

To explore these features on a larger scale, a click detection algorithm was applied to the recorded audio from all 10
deployments. It is designed to detect echolocation clicks in particular, using a clustering approach based on the expected
multi-pulse structure of clicks [71]. Across all deployments, it detected 46 660 clicks averaging 27.3 clicks per minute;
results for each deployment are shown in Table 1. Note that communication clicks in particular, and their grouping into
codas, can be detected in the future by dedicated pipelines to support communication analysis.

-70 f

-80

-90

-110
-120
-130
-140

Frequency (kHz)

Frequency (kHz)
Power/frequency (dB/Hz)

*‘_

S
Power/frequency (dB/Hz)

-150

0% a7, a® 22 oD o6 o
2® 1?’1 .L%’l .LQ;\ ‘zﬂ’ . .L%% .L‘z& .,;z& 0.2

b 33 33.133.2 33.333.433.5 1;3.6 33.7
Tjme Since 2024-03-04 11:53:31.86 (s)

Time Since 2024-03-04 11:53:31.86 (s)

0.15 T T T — —— 0.1

| 0.05}
0.05 {

-0.05} S.005}

Amplitude (V)
o
—
—
Amplitude (V)

-0.1

-0.15[

0.2
328329 33 331 332333334335336337
Time Since 2024-03-04 11:53:31.86 (s)

0.1

-0.15
N o b 6 0 o0 o b o6 b
\,bq,?’%%fb Sl S0® r;%'ﬁ% S0 ®

Time Since 2024-03-04 11:53:31.86 (s)

Fig 11. The bio-logger successfully recorded sperm whale vocalizations. A: Multiple echolocation clicks are evident as vertical lines in the spec-

trogram and waveform. B: The spectrogram and waveform of a single selected click help illustrate the frequency content distribution and the expected
multi-pulse structure.

https://doi.org/10.1371/journal.pone.0337093.9011
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These results validate that the bio-loggers successfully recorded whale vocalizations and interactions, facilitating the
curation of large datasets that can be used to extract insights about their communication. Further analysis will be con-
ducted to identify characteristics such as frequency patterns of individual clicks [72] and to group clicks into codas that
can be categorized according to their structure for communication analysis [37].

9 Considerations for extensibility and scalability

The experimental results demonstrate that the CETTI Bio-Logger successfully monitored sperm whales in the open
ocean. These operations can be scaled in the future to support larger datasets and more continuous monitoring. A key
consideration in this regard is enabling more research groups to fabricate and learn to use these recording devices — to
make these technologies more accessible and not require expert design knowledge. Making the hardware and software
forthe CETI Bio-Logger open-source, including details on the fabrication, aims to take a step towards democratizing
such knowledge and encouraging more widespread adoption.

Additional considerations for scaling sperm whale monitoring span deployment, recovery, and data processing
pipelines. Intensive manual labor is currently required to find whales, deploy bio-loggers, and locate recoverable bio-
loggers. Current practices include steps such as limiting bio-logger adhesion duration to ensure that the whale does not
travel too far away from a home base, resulting in an unrecoverable bio-logger. The presented drone-based deployments,
the potential for automated recoveries, and scalable data ingestion scripts are promising for addressing such challenges
in the future.

An important avenue for scalability also lies in the potential to adapt the bio-logger for monitoring other marine species.
The hardware and software have been designed with the aim of enabling future adaptations in this regard. Audio record-
ing can be configured via software, with possible settings spanning up to four synchronized channels, up to 24 bits of
resolution, and up to 192 kHz sampling rates; this can thus support a wide range of target acoustic properties. The use
of hobbyist-level computational infrastructure featuring a well-documented operating system also facilitates changes to
recording behavior based on real-time sensor readings, or adding additional sensors (especially ones with common com-
munication protocols such as 12C or SPI).

Finally, although it may require greater design knowledge, the mechanical structure can be adapted to support differ-
ent attachments or target specifications. These could include using the same electronics within a body that has a collar-
based attachment mechanism instead of suction cups, which may be more amenable to animals with fur or rough skins.
In addition, adjustments could be made to reduce the bio-logger size and weight for smaller animals; in particular, given
that sperm whales are among the deepest-diving mammals, the bio-logger can be simplified for animals that do not dive
to such extreme depths. A lighter and smaller flotation structure can be used instead of syntactic foam, and a lighter dry or
oil-filled housing could be used instead of epoxy potting. The size and weight of the battery, which is tightly coupled with
the size of the flotation material, could also be adjusted based on target recording durations and the expected amount of
wireless communication.

10 Conclusion

In this study, we describe a new open-source bio-logger which can be used to study animal vocalizations and behav-
iors. Its current implementation is designed for whale communication studies, and its size and weight precludes its use on
small species, but its component parts and systems could be generalized for studies on other species.

The bio-logger includes four audio channels (three of which are currently in use) capable of recording simultaneously
at high sampling rates (96 kHz or above); this aims to help reduce sound source ambiguities when several whales are
vocalizing, compared to bio-loggers equipped with fewer hydrophones. Preliminary laboratory and in-field experiments
demonstrate the potential for audio source angle of arrival estimation.
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This audio data is accompanied by an extensible suite of behavioral and environmental sensors which provide impor-
tant contextual information. These currently include depth, motion, temperature, and light.

The CETI Bio-Logger also includes multiple methods of localization and recovery, including a VHF beacon and
GPS. GPS data can be transmitted via APRS, which leverages existing world-wide mesh networks from the amateur radio
community. This aims to provide an inexpensive and useful way for researchers to deploy and recover bio-loggers within
tens of kilometers of shore.

A critical goal in the development of the CETTI Bio-Logger is making it open-source to promote adoption within the
marine mammal research community and beyond. For example, the bio-logger’s main electronics board can be reused for
other behavioral or vocalization studies ranging from marine to terrestrial environments.

Future research on the CETI Bio-Logger will focus on making the bio-logger smaller, reducing its energy consump-
tion, integrating additional features such as video, enhancing adhesion for longer-duration deployments, and developing
new deployment or recovery techniques.

Together, these capabilities and community benefits aim to encourage more widespread use of sensor bio-loggers for
studying marine or terrestrial animals. Such a movement can help bolster efforts to curate large multimodal datasets for
machine learning, and fuel data-driven approaches to creating more symbiotic and resilient relationships with our sur-
rounding ecosystems.
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