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Executive summary

This report explores how emerging technologies, primarily acoustic monitoring can
improve our understanding of freshwater environments and support more informed
decisions about how we manage and take stewardship of them.

Rivers, streams, wetlands and lakes occupy a relatively small proportion of our
landscape yet support a disproportionately large amount of biodiversity. Current
monitoring methods are often expensive, labour-intensive and difficult to conduct
continuously across large or remote areas.

This report synthesises findings from benchmarking, focus groups, interviews and
observations to identify key opportunities for a product intervention that respond to the
needs of decision-makers across the private and government sectors. It proposes a
framework for facilitating evidence-based decision-making with the four key stages
being data collection, interpretation, decision-making and action.
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Introduction

Although water covers approximately 70% of Earth’s surface, only 25% is freshwater, with more than two-
thirds of this locked up in glaciers and ice sheets (S. Mundree, personal communication, August 25th, 2026).
Our own body’s are 60% water and put simply “without water, life cannot occur” (Miller et al., 2021). Similarly,
freshwater ecosystems support a disproportionately high diversity of species, many of which are highly
specialised and vulnerable to environmental change (Reid et al., 2019). Monitoring these ecosystems can
provide valuable data about the health of our water sources as well as Insights that may not be captured by
conventional measures such as pH, salinity and dissolved oxygen (Vadas et al., 2022).

Accelerating environmental changes and development pressures are creating an unprecedented need for
reliable and consistent environmental data. (Lento et al, 2026). Despite this need, current biodiversity
monitoring can be time, cost and labour intensive. Traditional biodiversity surveys often require researchers
to travel to specific locations, complete manual observations and repeatedly return to monitor changes over
time. This limits the frequency and scale at which a freshwater ecosystem can be monitored (de Schaetzen
et al., 2023).

Technology and innovation have been responsible for some of the most significant advances in human
history. Passive Acoustic Monitoring (PAM) is a well understood and established tool for studying terrestrial
and marine ecosystems, yet in the freshwater ecology space its implementation remains limited
(Desjonqueéres et al., 2019). The demand for data plus the proven ability of PAM leaves significant potential
to deliver a meaningful, needed and adoptable design solutions.

Aim

The aim of this project is to explore how Environmental Decision Makers (EDM) can better understand the
effects their decisions are having on our community’s water resource, and where product interventions and
acoustic monitoring may facilitate this process.
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Background

What is PAM?

Passive Acoustic Monitoring (PAM) offers a non-invasive approach to biodiversity monitoring.
Hydrophones allows PAM devices to detect, record and analyse the sounds generated within an
ecosystem. Once processed, these soundscapes can provide ecological and biodiversity information
beyond what is immediately visible or measurable (Desjonquéres et al., 2019).

Emerging tech or under-utilised tech?

The shallow, narrow and structurally complex nature of many freshwater environments creates
challenging acoustic conditions. Additionally flow, turbulence and anthropogenic noise can obscure
biological signals and affect sound propagation (Desjonquéres et al., 2019). PAM’s depended on sound
libraries and knowledge of species acoustic behaviours further inhibits the identification and
interpretation of soundscape (Gibb et al., 2019). Refer to figure 2 for how PAM operates, without quality
sound recordings and accurate sound library’s, meaningful ecological information cannot be inferred.

The proven success of PAM in well-studied terrestrial soundscapes, combined with technological
advances is helping to push PAM applications in marine and now freshwater environments. Further
advancements in Al automated classification allows for more efficient processing of large datasets and
pattern detection (Hoefer et al., 2023). This Al power combined with expanding sounds libraries and
ongoing ecological research creates opportunities for PAM to become a scalable approach to
freshwater biodiversity monitoring (Desjonquéres et al., 2019).

----------.>----------- ----------.}---------

Identify

Record

Figure 02: Pam operating framework

Interpret

What can PAM tell us?

Freshwater environments host 4 types of soniferous (sound producing) species. PAM can detect
presence, community composition and even indicators of biological activity. By deploying multiple
hydrophones, recordings can also be spatially compared to identify patterns in species distribution and
activity. Changes in acoustic activity can reveal behaviours including communication, mating and even
feeding (Desjonquéres et al., 2019). Beyond biological signals, acoustic monitoring can capture physical
processes such as rainfall, water flow and dissolved oxygen which can be indicators of water-quality
and conditions (Desjonqueéres et al., 2019).

The power of continuous recordings is that it enables changes to be observed over time. A waterway
may meet acceptable water quality parameters whilst still experiencing ecological decline (Vadas et al.,
2022). Biodiversity monitoring provides a complementary perspective that capturing broader impacts
of our anthropogenic activity.

Limitation of current data collection methods

“Traditional labour-intensive sampling methods ... result in data of low temporal and spatial resolution”
(de Schaetzen et al., 2023, p. 1). Although automation and remote sampling can reduce repeated site
visits, there applications are more established for measuring physical and chemical water parameter.
Common biodiversity monitoring methods include water sampling, eDNA, electrofishing, tagging and
visual surveys (Elliott et al, 2026). These methods are all either invasive, labour-intensive or time
consuming.

Autonomous monitoring has the distinct advantage of not triggering the observer affect. As a
researcher enters an environment they alter the natural state, subsequently affecting the reliability of
data gathered (Crofoot et al,, 2010). Additionally, manual sampling only captures a snapshot and is
unable to capture short-term or rapidly changing ecological events without repeated visits (Elliott et al.,
2026). Increasing the continuity of data is important for supporting better informed environmental
decisions.
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Challenges of effective PAM

There are serval technical and workflow challenges with PAM that affect the quality and consistency of
results. PAM’s success is often dependant on researchers determining and finalising the research
objective before deployment. This allows for recording schedules and deployment location to be
tailored for specific detection parameters (Teixeira et al., 2024). Whilst continuous recording will provide
a more comprehensive dataset it comes with storage, battery capacity and post processing drawbacks
that affect deployment lifespan. Furthermore, changes in detection parameters and environmental
decisions cannot be made until the device and data is collected by researchers (Hill et al., 2019).

Environmental factors further complicate reliability. Rainfall, humidity, turbulence, sediment movement
and flooding all effect sound propagation. Such conditions are often amplified in remote locations,
where maintenance and monitoring is difficult (Whisson et al., 2021). The dynamic nature of water
means the study site may change or devices may need to be repositioned over time, reducing the
consistency of sampling conditions.
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Benchmarking

Overview:

Understanding the current landscape of acoustic products is vital in identifying gaps
and opportunities for innovation. A 2025 study by Worldwide Soundscapes compiled
416 PAM datasets across 12,343 sites, of which only 26 were freshwater based (Darras
et al,, 2025). To reflect the distribution of PAM applications 12 recent Australian based
case studies were selected and used to examine how PAM is being applied across
different environments and sectors. See appendix for case studies.

Given the limited application of PAM in freshwater, a variety of terrestrial PAM devices
and water quality sensors were evaluated. This gave insights into what the demands
and needs of environmental decision makers are. The products evaluated are
representative of the current approaches of acoustic biodiversity data collection.
Refer to appendix for assessed criteria.

Current PAM environment deployment:

Current application of PAM are still heavily rooted in terrestrial and
marine environment. The majority of freshwater PAM devices are built
upon existing terrestrial systems with a very small percent designed
and manufactured for the sole use in freshwater environments. less
then 10 percent of case studies analysed were based in freshwater
environment, as seen in figure 3.

Current PAM sector deployment:

PAM is currently most established within the ecological research and
conservation space (Sugai et al., 2020). Most of these projects are
funded through governmental department or grants but tend to have
secondary flow on commercial affect. However, growing adoption
within the private sector is being observed as seen in figure 4.

Freshwater / /
/1 jo8% [ | |

Figure O3: Distribution of PAM use in environments

Research

Private

Commercial

Figure 04: Distribution of sectors using PAM
Circle rings = occurrence from case studies

Government
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Product matrix: Opportunities and gaps:

Figure 6 evaluates 8 PAM devices that were deployed in the previously mentioned case studies. Evaluation The combined analysis of figures 3,4 and 5 highlight several key opportunities within the acoustic
criteria can be seen in figure 5 were. The criteria was derived from insight found in the literature. Total scoring monitoring field. The primary limitation of current acoustic monitoring are as following:

for all devices can be seen on the far right.
Gap 1: Autonomy. Although existing recorders can operate autonomously for extended periods,

most still require site visits to physically check or alter the devices operation. The lack of feedback
A B C D E F G loops between the device and researcher means faults can go unnoticed possible costing months
or years worth of data (Heath et al., 2024). Devices like the BAR v2 do adapt their recording in
keeping with GPS data (Frontier Labs, n.d.), however, the opportunity for remote control over
adaptive monitoring is underdeveloped.

Autonomy Durability Data quality Maintenance Ease of use Accessibility $ |Deploy / retrieve

Figure 05: Benchmarking criteria

Gap 2: User experience. The ability to accurately set up and capture data is often dependant on
technical knowledge. Deployment errors are one of the leading causes for data loss (Dudzinski et

PAM Device A B c D E F G Total al,, 2011). Devices are often designed with data collection as a higher priority as opposed to the
user experience of those setting them up. The lack of standardisation means ecologist struggle
with the configuration process when using a new or unfamiliar device. Consistency between users

AudioMoth 1.2 3 1 3 2 8 10 4 31 interfaces is curial for increasing data consistency between sites.
Gap 3: Adaptation vs Integration. The majority of PAM devices with ‘freshwater capabilities’ are
. terrestrial first devices with hydrophone adaptors. This limits the deployment locations of many
Frontier Labs BAR-V2 5 7 7 9 9 7 5 49 ) ] ]
devices to creek banks or areas where the PAM recorder can remain out of the water. Adaptation
rather than integration means that external hydrophone cable leading into water are an increase
failure risk. Terrestrials devices are not designed to reliable handle the complicated and dynamic
Frontier Labs BAR-LT 6 6 8 9 8 5 6 48 environment of freshwater.
Cornell SwiftOne 1 7 5 7 6 6 4 36 The product matrix provides further demonstrated that products like the JASCO AMAR G4 which
scored well in the durability and data quality were offset by ease of use and cost/accessibility.
Conversely, simpler cost affective and easy to use device such as the AudioMoth were offset
Song Meter Mini 2 3 7 6 4 5 8 4 37 significantly by maintenance and data quality. A key opportunity is balancing ease of use/
affordability with durability and quality data.
Song Meter SM3BAT+ 3 5 7 3 7 3 4 32
Summary:
Loggerhead LS2 4 4 9 3 1 2 2 25
Addressing these gaps, particularly usability and autonomy in remote contexts emerged through
as a critical innovation area. Decision makers rely on the fidelity of large data sets to develop
JASCO AMAR G4 6 8 0 o ’ i ’ 29 accurate insight. As such a product led innovation much balance quality data at an accessible
scale with standardisation

Figure 06: PAM device benchmarking
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Primary research

Overview

Primary research was undertaken to validate and further explore findings found in secondary research.
Qualitative research was conducted to gauge end user experiences, alongside manufacturing and
decision-maker perspectives.

Methodology

Interviews, focus groups and observations were used to compare perspectives and identify recurring
themes. These methods were chosen to allow for triangulation, ensuring higher quality, more reliable,
and defensible data (figure 7) (Carter et al., 2014).

This strategy leveraged different perspectives to province a holistic view that accounted for the
development, deployment and application of PAM data (figure 8). The driving research objective is not
just to explore the physical needs that the product must adhere to, but also how the product can suit
the needs of environmental policy and decision makers.

Participant recruitment

This study utilised 6 expert opinions spread across, 3 semi-structured interviews, 1 focus group and 1
observation session. All but one interview was conducted in person to capture richer contextual and
non-verbal information. Interest was distributed via a combination of cold emails and phone calls.

Provided to participants was a project synopsis outlining the aims of the project, an information sheet
explaining how collected data would be used, as well as a consent form to confirm agreement to audio
recording and in some cases image release.

Focus group and observation participants were selected to provide a compressive understanding of
conventional practices and technological innovation in the PAM field. Conversely, Interviews
participants were selected to help understand the needs and demands of decision makers. See
summary of methods and participants involved in figure 8.

Triangulation

Interviews

Focus group

Figure O7: Triangulation research method

Observations ..........._... P1: Field Ecologist )
i i Frontier Labs audi
Focus group ............. Pt: Field Ecologist v Frontier Labs audo
P2: Designer

P3: Engineer )

Interviews ... P4: UQ Academic researcher
P5: QLD Environmental department representative

Figure 08: Distribution .
P3: CEO of Queensland Futures Institute

of expert knowledge
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Methods focus group / observation

The focus group was conducted in a semi-structured manner with 3 industry experts to discuss and
demonstrate practical aspects of biodiversity monitoring, equipment uses and fieldwork. Combined with
the focus group was an observation segment where the process of setting up a terrestrial PAM device
was shown by an ecologist (BAR v1). The flexible nature allowed for a collaborative dynamic to be built
where all experts could build upon each other’s statements adding unique point of views.

Organised in collaboration with Frontier Labs, a class leader in manufacturing terrestrial PAM devices
both sessions took place in person at their Brisbane studio. Involved was an industrial designer, engineer
and field ecologist. Having all the major actors involved in developing, manufacturing and deploying a
PAM device the one room gave incredible breadth of insights.

Limitations

The focus group / observation session was subject to some significant limitations and potential biases.
Namely, the observation did not take place in context. Due to time constraints, it was unfeasible to travel,
however observations still gave valuable insights into the process of setting up PAM devices. Additionally,
the understudied nature of freshwater PAM meant the interviewees expertise was with terrestrial PAM
applications. This meant that many comments on aquatic PAM were based off educated assumption as
opposed to experience. The focus group also presents challenges in conformity of responses, as the
conversation flow depths of insights varied for each participants based of their perspective and areas of

knowledge
Participant Project value Duration
P1 The set up and field work require to conduct a effective PAM site study
P2 Considerations as to features and function desired by the end users ! hoyr 10 mmutgs
+15 min observations
P3 Environmental factors that affect reliability and how to combat them
through manufacturing

P4 The importance of monitoring v}rater biodivers,ty and current data S0 Faites
collection methods in the academic space

P5 What makes environmental data useful and how PAM can better A0 AL
support evidence based decision making

what direction is Queensland heading in from a government/private .
PG standpoints and how PAM data could help support these directions hE S T

Figure 09: Key insights areas discussed with participants

Method interviews

The interviews were conducted in a semi-structured manner, which was chosen to allowed the
interviewees to explore and unpack nuanced insights beyond what might have been possible with
structured formal interview. The flexible nature allowed the expertise of interviewees to be fully explored
beyond topic that were derived from secondary research. 3 participants were interviewed providing
context on, government needs and policy making, private sector environmental responsibility’s as well as
academic research and publication directions

Each participant was recruited specifically to provide specific insights on the 3-end user group identified
in secondary research. Consent forms were signed and returned prior to commencing interviews and all
interviews were recorded on two devices for redundancy

Limitations

Although valuable date was gathered there were three key limitations identified. Firstly, not all
participants possessed specialised expertise in PAM. Although, all had heard of it and helped make
decision based of the data it provided. This meant that topics directly realting to PAM could not be
effectively explored and interview direction was more focused on the application of PAM data. Secondly,
the small sample size, whilst adequate for the time contrasts of this project provide a relatively small
distribution of information which leads into the third limitation. All participants were purposively selected
based on their relevance to the study which introductions participant selection bias. Although PAM
limitations were address in the interviews, all interviewees had experience with PAM success were
already in support of the technology.

Summary

A total of 3 semi-structured interviews were conducted, alongside a focus group and observation
session. Three PAM industry experts and three end users of PAM data participated in the study providing
a variety of qualitative insights into practices, challenges, and areas of innovation opportunity. While this
approach enabled a broad depth of research limitations such as sampling size, selection bias and
context are acknowledged by the researcher
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Analysis & Findings

Introduction

Inductive thematic analysis was used to unpack the data. All research methods were transcribed using
MacWhisper and produced into physical transcripts (see appendix) where theme’s, sub-themes and
codes were identified. In the second stage emerging themes were categorised and imported into
Excell. This was done to consolidate overlaps and organise codes into broader categories (see
appendix)

Observation

The participant was ask to conduct a talk out loud protocol as they set up the Frontier Labs BAR-v1
device and start recording. Observed actions were first broken into codes, then grouped into broader
stages and then visualised as a sequence (figure 10).

Scheduling

Scheduling represents a critical point of interaction “Scheduling Is the most
between the researcher and device set up. Simple errors important part... it
during configuration and time to set up the device can involves knowing a bit
directly affect the wusability of data collected. about your targeted
Furthermore,  predetermined  schedules  require species” (Participant 1)

researchers to establish fixed parameters before the
device enters a dynamic environment. This raises a
fundamental system flaw, if researchers must know what
they are looking for before monitoring begins, it means
the system has limited capacity to support the discovery
of unknown ecological data

Define research objective

Set up scheduling

Choose power supply

Choose storage capacity

Travel to research site

Deploy PAM device

Figure 10: Sequence of setting up BAR v1
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Focus group

Having key stakeholders involved across the development, manufacturing and deployment of PAM
devices meant that the focus group primarily centred on technical considerations. Thematic coding of
the discussion identified several key insights into the limitations of current PAM devices and

development opportunities

Workflow constraints

Participants identified a continued dependence on
trained ecologists throughout the PAM deployment
process. While remote PAM devices reduce limitations
associated with human-based data collection, such as
observer presence, its benefits are offset by its lack of
self-reliance. Researchers still need to physically visit
sites to verify that the device is functioning correctly,
replace batteries or storage, and retrieve data. This
creates a workflow that remains time, labour and cost
intensive which limits the scalability of remote monitoring

Reliability

“A huge limitation with human
collected data is the human

LTS

collecting the data” “as the act
of observation can change the
observed system” (Participant

1)

“If | put one batter in the
recorder it will last me twenty-
seven days, hence ill replace it
six times to last me 157 days”
(Participant 2)

Recording Quality

The push towards longer and more continuous PAM
deployments demands increased durability to reliably
handle the environmental conditions. A failure early in
deployment can remain undetected for weeks or months
resulting in the loss of valuable data during time
constrained projects. Four key barriers to reliable
operation were identified: condensation, external
interference, power limitations and pressure venting.
System integration presents an opportunity to improve
reliability by reducing the number of interfaces and
connections between components

“The biggest environmental
problem is condensation....
Devices would get water
damage from the moisture
inside” (Participant 3)

“Its not just the fact that ive lots
a year’s worth of data... | may
never get the chance to record
those events again” (Participant
2)

Audio quality is no less important than the quantity of
data collected. Poor recordings can make target species
and behaviours difficult to identify. Additionally
environmental noise and interference can obscure
biological signals and increase the likelihood of false
positives or false negatives. Low-quality recordings
therefore require manual time-consuming validations by
ecologists or else run the risk of contributing to poorly
informed environmental decisions. This highlights the
importance of producing high-quality, interpretable
recordings that can support reliable analysis and
automated detection

“Your never detecting sound
over silence. Theres always
wind noise, leaves, fires and
incest’s” (Participant 3)

“If you’ve got a good recording
of an animal sound that’s
distinctive ... its easy to
distinguish a true positive from
a true negative” (Participant 1)
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Interviews

Interviews provide a complementary perspective that helped to further explore the application of PAM

and what quality make datasets useful. Thematic coding also help to reveal the way in which these

datasets are already being applied in the real world

Evidence based decision making

Scalability

Evidence-based decision-making was identified by all
three interviewees, with participants emphasising the
importance of equipping decision-makers with better
information to support informed decisions. Government,
private and research sectors all rely on environmental
data from a range of sources. Particularly within the
government sector, participants identified a need to
transition from reactive data collection towards more
proactive  approaches. Rather than collecting
environmental data when a development or policy is
proposed, the environmental department is “trying to
give them better information up front” and “have that
database and biodiversity mapping readily available”

Consistent monitoring

“Its all about evidence-based
decision making... you need to
be able to demonstrate your
policy reasoning” (Participant
5)

“How do we take this data and
make a usable decision-making
tool” (Participant 4)

The true value of environmental monitoring is
realised through longitudinal data. Current manual
methods provide only a snapshot of what is happening in
the environment and are limited in their ability to identify
the effects of anthropogenic activities. Establishing an
ongoing baseline of our waterways enables changes in
ecosystems to be detected and understood. This creates
an opportunity for proactive intervention where emerging
issues can be addressed before they escalate and
become more difficult to manage

“We only have snapshots of
what happening in the
environment and there no
consistency, we don’t know
what effect a minor intervention
can actually have” (Participant
4)

“Help us nip things in the bud”
Sags (Participant 4)

When discussing the greatest potential of PAM all
participants mentioned the ability to be deploy at scale.
Unlike a single highly trained ecologist in the field PAM
enables multiple sites to be continuously monitored.
Furthermore, by using a distributed network of devices it
can increase spatial and temporal coverage providing
additional data. A low-cost, integrated system could
enable larger networks of devices to be deployed across
waterways, including during dynamic environmental
periods when researchers may not be present

Summary

“By utilizing PAM .... You can be
in many places at the same time
... significantly increasing your
power to answer researched
questions” (Participant 1)

“A ecologist cannot be in 20
places at the same time”
(Participant 1)

The focus group, observations and interviews all identified several key, critical insights into the

experiences, practices and opportunity of PAM. The prioritisation of long-term self-reliant

monitoring seems to be the driving factors when it comes to creating useful data sets for decision

making. These results will be interpreted further in order to distil and identify potential design

opportunities and implications.
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Discussion

The aim of this report was to explore how we can equip water resource decision-makers with tools to better
understand the effects our decisions are having. The initial background research, which consisted of literature
studies and benchmarking indicated a significant gap in the application of PAM in freshwater settings. Primary
research in the form of observations, focus groups and interviews reinforced these findings, whilst providing
further depth and insight. Whilst secondary research established a market gap, primary research focused on
how a design led product intervention could fill this space. The key findings are presented as following.

First and foremost, PAM is an emerging field closely
associated with terrestrial devices where it is rapidly
becoming a proven methods for monitor birds, bats,
insects and other wildlife. Participants described how
Its application in freshwater ecosystems remains
relatively limited and is general confined to one off
research projects which overlapped findings in the
literature. When questioned it was uncovered that
this disparity reflects the greater technical
challenges of underwater environments, including
flow, turbulence, flooding, sediment and underwater
noise, something not well documented in currently
literature. This presents an opportunity to adapt
terrestrial PAM technologies into an product specific
for the requirements of freshwater

The quantitative analysis revelled critical insights into
the limitation of current methods and how PAM could
offer a shift towards continuous and scalable
environmental observation. Traditional monitoring
provides a limited snapshot of ecosystem conditions,
whereas continues monitoring establishing an
ongoing baseline which lets changes be detected
and understood. Furthermore, an ecologist is limited
by time, travel however a scalable network of PAM
devices has the ability to extend an ecologist reach
and monitoring capacity. The literature often treats
these opportunities in isolation however the reality is
continuity and scalability are closely aligned.

The finding across both primary and secondary
research closely mirrored each other when it came
to the need for self-reliance. Research don’t
necessarily need autonomy, they need self-reliance
systems that reduce the need for their ongoing
dependence. Increasing the scalability of devices
should not require a corresponding increase in the
number of ecologists needed to operate them. Self-
reliance doesn't just enable more devices, it enables
devices to remain deployed for longer and in places
that are difficult or expensive for researchers to
regularly access. The finding hence positions the
automation of device processed as a frontier for
improving efficiency and reducing costs

In summary, this study confirms many barriers
identified in existing research while contributing
new insights into how they might be overcome. The
insights identified through primary research extends
current knowledge and offer a direction for where
design-led solutions may have the greatest impact.
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What does the
datatell us? oo

Design implications

Introduction

Following the learning from the study there are several key considerations that can help define a
potential product outcome. Whilst much of the literature reinforced the need to apply PAM in freshwater
settings and potential applications, the evidence gathered through research points towards the
importance of promoting scalability by increasing the usability of devices and datasets. Together, these
insights define priority areas for future design interventions

The product intervention needs to fit within and support the existing monitoring workflow of gather,
interpret, decide, act figure. By creating a system-level intervention that considers the entire PAM cycle
right through to the use of data (figure 11), the design can better integrate PAM into existing practices
and support wider adoption. This can enable more informed decision-making and meaningful
environmental action.

Do we have to

Gather

Decide

Interpret

Implement decisions
Into the environment

Figure 11: Enviromental decision making framework

make a change?

1. Deployment

The product must account for the dynamic nature of freshwater environments. For self-sustained
deployment to be achieved, the device must withstand environmental factors such as changing water
levels, algal buildup, animal interference, and anthropogenic activity. Deployment methods should
remain consistent across sites to support data consistency and enable straightforward installation
and retrieval by a single ecologist with limited time and resources

2. Creating feedback loops

Although remote data downloading remains challenging, simple feedback loops could improve device
management whilst providing more adaptable datasets. Information on whether a device is active,
recording, storage and power, could allow researchers to identify problems without physically
accessing the site. This is particularly valuable in remote deployments where routine checks are time-
consuming and difficult for small research teams. Providing feedback allows issues to be addressed
before valuable data is lost. It can also enable recording schedules and device behaviour to be
adjusted in response to deployment conditions or monitoring needs.

3. Dedicated freshwater devices

A recurring theme in the research was the drawbacks of adapting terrestrial devices for freshwater
applications. Adaptation inherently results in a compromise of both deployment and reliability. A
common approach is to isolate electronic components from the water by keeping them on a
creekbank, however this can constrain deployment methods and limit the type of data that can be
collected. Improving durability requires better component integration within the product, with careful
consideration of how the device interacts with its environment. Integrating components can reduce
potential points of failure better supporting longer term deployment
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4. Depth of datasets

The value of PAM in supporting decision-making lies in its ability to extend the capabilities of ecologists.
Increasing the scale of monitoring can add depth to datasets by revealing the spatial and temporal
distribution of biodiversity. This can be combined with consistent monitoring which can establish
environmental baselines against which changes can be identified. This allows a shift in environmental
management from a reactive approach towards a more proactive approach, where emerging changes
can be identified earlier and informed action can be taken. The design intervention should support
scalable monitoring through self-reliance, low-cost deployment and consistent data collection.

b. Ease of set up

The aesthetics and interactions with PAM devices are often highly technically and rely upon a preexisting
understanding of the device. Complex setup and deployment processes can increase the likelihood of
user error, potentially resulting in incorrect positioning, missed recordings or data loss. Industrial design
is uniquely positioned to bridge the gap between research functionality and user experience. By creating
a balance between technical requirements and intuitive interactions It could lead to clearer deployment
processes and a more accessible system

Summary

In summary, the design opportunity’s supports a shift from a technically focused recording device
towards a user-centred, freshwater-specific monitoring system. The product intervention should
prioritise consistency and scalability in order to enhance the data generated through PAM to support
more informed environmental decision marking
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Conclusion

This report explored how passive acoustic monitoring (PAM) could be applied within freshwater
environments to generate higher-quality datasets and support more informed environmental decision-
making. Given the scarcity of freshwater and current rates of ecological decline, there is an urgent need
for accurate biodiversity insights.

Informed by secondary research, one focus group, one observation and three interviews were
conducted with industry and water management stakeholders. The research explored barriers
preventing the use of PAM in freshwater environments, as well as what constitutes meaningful and
usable data. Advancements in terrestrial applications have established PAM as a reliable and respected
monitoring method, creating opportunities for its application across other environments. Benchmarking
further identified a lack of freshwater-specific devices and a reliance on adapting terrestrial equipment
for freshwater monitoring. This creates an opportunity for products designed specifically around the
demands of freshwater environments.

The findings indicate that increasing the scale and consistency of monitoring is key to generating
deeper and more useful datasets. This is due to it providing a more holistic view of our environment
allowing us to better monitor anthropogenic activity and their environmental affects. However,
scalability requires long-term self-reliance, supported by low-cost deployment, durability and ease of
use. A product intervention addressing these factors could extend the capabilities of ecologists and
improve the quality and continuity of biodiversity data. Ultimately, PAM has the potential to support
more informed decisions about the management of our freshwater resources.
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Excerpts From Focus Group coding

Overarching Core Code

Bicdiversity & Menitoring Challenges Bicdiversity montoring
Datectabikty
Observar effect

Sampling limitaticns

Environmental canditions

Maritaring scale

Accustic Techrolcgy & Data Passive acoustic manioring

Active accastic manitaring

Aroustic detectian

Acoustic imratans

Human expertse

Al & autamated recognition

Al limitations

Data validation

Aroustic vs eDNA

Dovice Bosign & Daploymant Ausonamaus recording

Dieployment

Hzcarding sohadules

Storage & procassing

Hardware

Enuiranmental dura bility

User requirements

Manitaring efficiency

Subocodes

detection; soecies;
Erokngioal menitoring: Land-management decisions

Ditficult-ta-detact s pecies; Prabakility of detection; Rare spacies;
Improving detectian

the
data; Minimésing observer nflusnce

Human limitations: One Iocation at a time; Limited field coverage;
Limited abservation time

Floods; Fires: Might-time manitaring; Ditfioutto-occess
snwraments; Dynamic svents

Multiple kaoatians; Simultaneous monitonng; Long-term manitoring:
Lancscane-scale monitoning

anwCnment; ACcustic landscape

Gall playhnck; Provoking anémal responses: Exparimensal
menitoring; Species recclanisation

Dingnostic sounds; Distnctive oalls; Species identdioatian; Cal
dete:

Spackes must producs sound; Simitar calls; Local deatects; Reghanal
warlation; Mimsary

Skilled listerers; Expart i dent fication; Ecolcgical knawledge;
dge

Specie: Largs
quantities of audio; Rare-call detection

Missed detections; False posithes; False negatives: Need far
human vatidaban

True pasitive; False poaitve; Trse negative; False negathe; Expert
werification

Deteation ditferances; Validation: Cost; Technology maturity;
Method limsatians

Remote aperatin; Long-term denioyment; Schoculed recording:
Gontinuous reccrdng

Fisld Multipla Tres mounting:
GPS

Batteries; External power; Power

Spectes-speciiic schedules;
Gontinuous recordng

Large ; Storage : 8
requirements.

‘Waterproating: Protective housing

‘Watterproafing; Humidity, Outdace exposure; Emdrcnmertal
pratection

Target species; Manitoring abjectives:; Site conditiana: Scheduling
requirements

Lezs fisldwark; Mare looations; Langer manitaring periads;
Incrensed ecological research oapacity

Overarching tag

Acoustic monitoring

Policys

Customer

Sub tag

Database

Observer affect

Freshwater

Human limitation

Device

Device set up

eDna

Developments

Needs vs wants

Super sub tag

Local regions dialects
Ear birders

Passive monitoring
Active monitoring

Is severely understudied
Human bias

Ability to be everywhere
Varying skill levels
Declining physical ability's
Standardisation
(Observer affect)

Skewed data bases

Microphone sensitivity
Consistency

Easier validation
Good replication
Established research
Reliability/durability
Product lifespan
Power delivery

Scheduling
Placement (tree, peg)
External power

Solar

Batterys

SD cards (data)
Dawn dusk

| False detection
Reliability
Limited research

Threatened specie detection
Land management decisions
Data loss

Limited research opportunity

Unsure of their needs
Development time

04 Appendix

Thomas Kielenniva

Page 23



Excerpts From P4 Interview Coding

Overarching core

1. Water & Enwironmental Challenges

2. Monitoring & Technology

Code

Climata & water availability

Agricuttural water demand

Water quality

Emvironmental health

Human needa

Sustainability

‘Water monitoring

Continuous monitoring

Biodiversity monitoring

Data collection

Al & data processing

Early intervantion

Treatment & processing

Technology limitations

Resaarch ecosystem

Resaarch funding

Resaarch priorities

Industry & farmer engagement

Co-design & adoption

Community intarasts

Future vision

Subcodes
Climate variability; Cimate change; Freshwater

scarcity; Water availability; Pracious watar

Agricutture's water use; Demand va quantity; Water-
use efficiency; Irigation

Pollution; Contaminants; Agricultural runoff;
Fartilisars; Herbicides; Pesticides

Aquastic life; Ecosystem health; Environmental
impacts; Biodiversity

Crinking water; Hydration; Human health; Water for
communities

Sustainable water managernent; Future generstions;
Resource conaarvation

Water quality; Water quantity; Emvironmental
manitoring Weter-guality assurance

Autonomous monitoring; Regular monitoring; Real-
i i v i data

Biodiversity &5 an indicator; Aguatic species; Animal
activity; Ecoaystem health

Mumber of samples; Large datasets; Long-termn data;
Dwsta consistency; Data precision

Al; Machine learning; Procassing large detasets; Faster
analysis; Decision-making tools

Early wami Dietecting probl
Preventative action; "Fix things faster”; Reactive va
proactive

Watar purification; Fittration; Graphitata carbon;
Sewage treatmant; Recycled water; Energy efficiancy

Al validation; Human i ion;
tool; Diagnostics

Universities; Government; Industry; Research
organisations; Government research

Government funding; Farmer funding; Farmer lavies;
i alth ing; Co-i ent

Government priorties; Industry neads; Farmer neada;
i concerns; S holder engagement

Farmer participation; Industry partnerships;
Relationshipa; Trust; Damonstrating value

Co-design; Benefits to farmers; Banefitato
i Practical dar on; Technology

adoption

Ci ity benefit; E | banafit; Public
understanding; Shared resource

future; Long-t weater et
Ti ical advancernant; ional
responsibility; Shared vision

Overarching tag

Freshwater

Environment

Funding

Sub tag

Quantity of water
Quality

Cost

Treatment

Research

Processing water
Biodiversity

Monriroting

Government funded

Farmer funded

Universities

Future vision

Super sub tag

Used by agriculture

Demand vs quantity

Gravitated carbon

Ai increase data processing

Releasing into the environment
Needed for health water
Snapshots of what happening

Fix stuff faster before it gets bag

Upholds community interests
Government research corporations
Government levies

Good farmer engagement

Relationships

Climate variability
Precious water

Early warning systems

Y

04 Appendix

Thomas Kielenniva

Page 24



ExcerptsFrom P5 Interview Coding

Overarching Core

\Wanter, Emdranment & Land Use

Data, Monitaring & Decisian Making

Sovernment, Palicy & Stakeholders

Future & Systern improvement

Code

Warter qualicy

Biodrersity & ecosystem health

Agriculburs & ervironment

Devetapment & ermironment

Environmental sustainability

Bicdiversity data

Environmental monétoring

Data availability

Centraiised data

Spatial mapaing

Dataindormed decisions

Early infarmatian

Government roie

Policy development

Stakehalder angagement

Compoting interats

Eallabaration

fnglonal variation

Implementatian & adogtion

Fundling & ressarch

Efficiancy

Shared information

Fraactwe planning

Halancing autcomes

Subcodes

quality; runcit: Soil
impacts; Waterway paliution

positve; Erdronmental auicomes

g: Fertillser ¥
mpact; Farm catca mes

Devebapment impacts; Enviranmental approvals; Land-use
mlanning; Minimising emdrcrimental imaack

Future

Balancing ‘and

Informatian; Reglanal informaticn

\Wetland manitoring: Water monitaring: Soientific manitaring;
Environmental stuckes.

L
uptrant: Azcessibs information

Gentral repositoey: Shared database; Reusable dat; Data
accessibility; Avoiding duptcated studies

Bicdiversity mapging; Reganal mapping; Prioriy areas;
Development-area mappng

Better decisions; Ewdence-based policy; Development planning:
Environmental decisian-making

Informatian uptrant; Early identification of eriranmental
canstrants; Planning before deve lopment

Policy; Legislation; Rieguiation; Enviranmental protection;
‘Gowernment responsibility

Cabirat; Mirssterial direction; interdepartmental consultatian;
Policy formation

Indusry; Farmess; C:
Gommunity interests

Regional

differences; Smkehalder priariies

Government dapartments; Incustry bodies; Uneersties; Privase
researchars: Cansuttatian

Lacal environmental pricrties; Aegicnal needs:; Diffarent
stakeholder cancemns; Lacal implemertation

npler suppart;
Fraotical implementation

o furded studies; h; Private research;
Gommissicned research

Faster approvals; Feduced duglization; Reduced study costs;
Streamlined proces ses

FPublicly accessible data; Reusable research; infoemation sharing

Planning befare develapment; Predicting impacts; Avoiding
praoblems

produativity; Community benefit

Overarching tag

Environment

Policys

Sub tag

From land to water

Reliance on system

Developing

Conservation

Data bases

Policy progression

Project execution

Super sub tag

Fertiliser
Great Barrier Reef

Self functioning system

Environmental approval
State approvals
Commonwealth approvals
Council approval P,

Environmental ethics

Upfront information
Quality information

Science division inside gov /
Uni subcontracting

Proposals

Regulations

Industry bodies
Stakeholder groups

Usable data sets

Timeframes

Need for community approval

Data back decision making

Evidence backed policy

Providing all the options to public servants
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Thematic Coding (collated all 6 participants)

Broad Overarching Core
1. Environmental Challenges
& Outcomes

2. Monitoring, Data &
Technology

3. Decision Making & Action

4. People, Policy &
Implementation

Code / Theme

Water & resource pressure
Agricultural impacts

Climate & environmental change
Water quality & pollution

Biodiversity & ecosystemn health
Environmental sustainability
Environmental monitoring
Continuous / long-term monitoring
Data collection

Large datasets

Data storage

Data accessibility / sharing

Al & automated processing
Human validation

Detection limitations
Autonomous monitoring
Technology limitations

Better information = better decisions
Early waming / early detection
Proactive vs reactive

Spatial information

Efficiency

Cost

Government role

Universities / research

Industry involvernent
Farmer / landowner engagement

Stakeholder interests
Collaboration

Funding
Policy & regulation

Adoption & implementation

Regional / contextual variation

Combined Subcodes

Freshwater; Water scarcity; Water availability; Water
demand; Precious water

Agriculture; lrrigation; Water efficiency; Fertiliser;
Agricultural pollution

Climate change; Climate variability; Environmental change;
Long-term change

Water quality; Contaminants; Runoff; Soil erosion; Pollution
Biodiversity; Species; Aquatic life; Ecosystem health;
Environmental indicators

Conservation; Sustainability; Resource protection; Future
generations

Water monitoring; Biodiversity monitoring; Ecological
monitoring; Environmental studies

Continuous monitoring; Regular monitoring; Long-term
datasets; Repeated observations

Sampling; Field data; Acoustic data; Biodiversity data;
Environmental data

Data volume; More samples; Long-term datasets; Large-
scale monitoring

Storage capacity; Data repositories; Data management;
Shared datasets

Shared information; Accessible data; Central repository;
Reusable data

Al; Machine learning; Automated recognition; Data
processing

Expert knowledge; Validation; False positives; False
negatives; Human interpretation

Detectability; False negatives; Species-specific detection;
Environmental limitations

Remote devices; Autonomous systems; Reduced
fieldwork; Automated data collection

Detection limitations; Al limitations; Data limitations;
Method limitations

Evidence-based decisions; Decision support; Better
planning; Information for decision makers

Early warning; Detecting problems; Proactive monitoring;
Early intervention

Preventative action; Planning ahead; Avoiding damage;
Acting before probie?ﬁs‘és‘c‘afe;té =

Mapping; Site selection; Distribution; Location-based
information

Less fieldwork; Faster processing; Faster approvals;
Reduced duplication

Monitoring cost; Storage cost; Research cost; Avoiding
duplicated costs

Government research; Policy; Regulation; Environmental
protection; Decision-making

University research; Scientific research; Researchers;
Research methods

Industry partners; Private sector; Industry priorities;
Commercial applications

Farmers; Landowners; Farmer needs; User engagement
Farmers; Industry; Government; Conservation groups;
Community

Partnerships; Consultation; Co-design; Interdepartmental
collaboration

Government funding; Farmer levies; Research funding;
Private funding

Legislation; Environmental approvals; Policy; Regulation
Co-design; Demonstrating value; Practical implementation;
User needs

Local conditions; Regional species; Regional priorities; Site-
specific monitoring
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Quote

“Two-point five percent of the water that found on earth is freshwater... of which roughly 60 percent is

used by agriculture” (SM 02:21)
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Benchmarking Case Studies

Environment / case

study Who conducted it? What were they researching? Sector Device / technology used Study duration source

QUT, Charles Sturt University,

Case

- . z 5 Continental-scale acoustic monitoring of Custom acoustic sensors built by s :

&8 Australian Acoustic James Cook University, % e 5 ; 2 5-year project, with a : 2 - :
] ) ) Australian ecosystems, biodiversity, Research / conservation Frontier Labs; solar powered; 360 . ; Australian Acoustic Observatory — official project site

Observatory (A20) University of New England & ; ; ongoing data collection

? : soundscapes and environmental change sensors across 90 sites
University of Queensland
: : : - 2

B oo/l e T It € o Ui iy & Compared PA.M with canvelntlonal surveys and . Autonomous acou‘sttc racordars Multi-year .
2 ; camera trapping for detecting 17 vocal mammal Research / conservation automated acoustic analysis / dataset; 317,410 hoursof Sensors versus survevors —Wiley

terrestrial mammals  collaborators g : 5

species BirdMET recordings

- : : :
Sturt h!atlonal Park, Charles Sturt University, QUT & Wheth_er a.coustlcally detecta‘bla.spegla? could .
3 NSW-arid-zone Eilibeites act as indicators of broader biodiversity in an Research / conservation
biodiversity Australian arid environment

Wildlife Acoustics Song Meter

R : LI E - . AN
SM2+, solar panel and battery 0182017

Used bird acoustic activity alongside satellite

%
Craged Queens QUT, CSIRO & collaborators data to assess ecological condition of Agriculture /research  AudioMoth + BirdNET

Approximately 1 month . .
Ecological Indicators study

landscapes er farm, 2022-23
P agricultural landscapes P
&1 .
Sout.heas‘t : .. Australian university research Compar‘ed ENLADNR, °af“e.”’ trallpplng ",“d . Conservation / AudioMoth + BirdNET + amphibian Approximately 3 = : _
5  Australian biodiversity conventional surveys for biodiversity monitoring : : SAAAASAY i Biodiversity and Consarvation study
. . collaborators - . , environmental markets acoustic model months of monitoring
/ biocredits and biodiversity-credit assessment
&8 powerful Owl - BirdLife Australia, Queensland Digtibudon, breeglng A5y mne nalaat i OF Governme‘nt! o Acoustic monitoring + automated Approximately 3 years, :
& 2 S the Powerful Owl in urban/suburban SE conservation / citizen : : Queensland Government = Powerful Owl projgct
Southeast Queensland Government & citizen scientists . analysis across breeding seasons
Queensland science
. : . Tested automated acoustic identification of .
P8
7 Australian birds &  Australian research it ARt o RO Wkt e PAM could Research / conservation AudioMoth + BirdNET + VicFrogNET Approximately 4 months, E icall :
frogs collaborators i D . WAy saanansanas 2023-24
improve biodiversity surveys
88 gouthern Great Griffith University, Curtin Cetacean presence, seasonal patterns and Ktor omBhE GndarwEter acatiRtE
8 Barrier Reef / Lady University & Marine Mammal environmental drivers around the southern Great Research / conservation 2 years Marine Mammal Science study
¥ : i recorders
Elliot Island Foundation Barrier Reef
B fsbralian Marine Australian Govarnr?antf Undarv?.rater vﬁsslal activity a‘nd effectiveness of Goleitrhanty tanta ‘ Approximately 1 month . .
9 Southern Cross University & acoustic monitoring for marine-park SoundTrap 300 acoustic recorders Marine Policy study
Parks — NSW management SAAAAAAAAAS per deployment
collaborators management
Measured underwater noise from offshore gas Feb v Apr 2021 for th
&8 Beach Energy - Beach Energy, with JASCO drilling and support vessels; validated noise- : 4 = JASCO AMARs on C-Lander SRR Tk e RLAHE . S
10 A A i : $ Private sector / energy - Artisan-1 monitoring JASCO —Beach Enargy acoustic monitoring report
Otway Basin, Victoria Applied Sciences propagation models and marine-mammal moorings; hydrophones
impact thresholds HrBgmIn
&1 S . ’ . -
Woodside — Scott Woodside Energy, with JASCO P_ygnrwy b.lua whale presence, marine mammal ‘ JASGO‘ALTO autonomous lorllg term Began April 2023; initial . .
11 Reef/North West Applied Sciences distribution and underwater soundscape around Private sector /energy  acoustic landers; later combined  deployments 6 months, Woodside - Underwatarnoise andwhalas
Shelf, WA PP the proposed Browse development with biological echosounders continuing through 2026
. . —— . Four nights before and
88 Gwydir River Unn.rers_lty of Mow Enetend ) FIna Apecies .rlchnass, abundarl'-ca Andealing Government / research / Frontier Labs Bioacoustic Audio after flow events; : " S
12 Australian Government / NSW  response to river flows and environmental S DCCEEW — Gwydir frog acoustic monitoring report
wetlands, NSW y el tari water management Recorder (BAR) monitoring
environmental-water programs watering conducted 2019-2020
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Benchmarking Matrix

AudioMoth 1.2

Frontier Labs BAR-V2

Frontier Labs BAR-LT

Cornell SwiftOne
et

Song Meter Mini 2

Song Meter SM3BAT+

Loggerhead LS2

JASCO AMAR G4

Low-cost terrestrial biodiversity and

soundscape monitoring. HydroMoth ~A$150
configuration extends it to underwater
applications.

Professional autonomous bioacoustic
monitoring, particularly terrestrial A$499
biodiversity surveys and long-term

ecological studies.

Professional long-term biodiversity
monitoring, including terrestrial and
hydrophone-based aquatic
applications.

A$930

Research and conservation monitoring
of terrestrial wildlife, particularly birds A$480
and other vocal species.

Commercial wildlife monitoring,

especially birds, frogs and other US$499 AA /
terrestrial species within the audible ~ US$599 Li-ion
frequency range.

Specialist bat and ultrasonic
monitoring, rather than general
freshwater biodiversity monitoring.

Us$1,599.00

Underwater passive acoustic
monitoringof fish, marine mammals
and aquatic soundscapes. Particularly
relevant to freshwater applications.

Quote-based

High-end scientific underwater
acoustic monitoring, particularly

marine mammals, fish, soundscapes
and environmental noise.

Quote-based

7 7
6 8
1 7 5
3 7 6
3 5 7
4 4 )

based on if it can be
controlled remotely
and how it can be
configured. E.g. the
frontier labs uses
Eps

Quality of the
How does the recording. Frequency
device stand upto ranges, data storage
harsh conditions capacity. Stereo vs
mono recording

How easily can the
product be repaired.

components vs
proprietary and ease of

6 6
5 8
7 3
1 2
1 1

How easy is it to set up
and control. Is it user M o doss b

friendly and intuitive or
do you need a
scientific background

device cost and how
easy is it for me to get
one or a fleet of them

How easy is it to
retrieve from a
researcher perspective Labs BAR-V2 comes
but also thief. Is it hard out as the best over all
to find or permanent

37

38

35

26

31

Frontier labs Frontier
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