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ABSTRACT

Effective monitoring is necessary to protect marine mammal species during the construction of offshore infrastructure. The tools for detecting or monitoring marine
mammals span traditional (e.g., visual observers, optical cameras), to newer (e.g., passive acoustic monitoring, infrared cameras, tags), and emerging (e.g., satellite
imagery, environmental DNA, dimethyl sulfide concentration) technologies. Some are better suited for use during offshore development; however, peer-reviewed
literature does not typically evaluate and report on the performance of these various technologies. We define a minimum set of metrics related to efficacy (i.e.,
confusion matrix, precision and recall, probability of missed mitigation), detection range (i.e., maximum and reliable detection range, spatial resolution), and data
delivery (i.e., detection latency, system reliability, temporal resolution) that we recommend are needed to assess the utility of monitoring technologies for this
purpose. Following a literature review of relevant studies, we highlight which publications reported these metrics and used multiple technologies to compare relative
performance. We also emphasize the benefits of multi-modal approaches and recommend performance assessments through modeling or large-scale collaborative
field testing. These metrics will standardize data collection, reporting, and analysis; promote consistent and comparable results; and foster collaboration among
developers, regulatory agencies, and scientists. This may lead to the co-development of technology that achieves multiple goals, has greater application, and can
answer research questions while collecting data to fulfill permitting requirements. These metrics may also inform decisions on what systems regulatory agencies

might consider using and reduce monitoring costs, which is critical to support the marine sector's rapid growth alongside marine mammal conservation.

1. Background

As the ocean-based economy rapidly expands, energy needs are
growing (Jouffray et al., 2020). The development of offshore infra-
structure is necessary to support this growth in the marine sector
(Novaglio et al., 2022). However, infrastructure development can result
in the overlap of human activities with wildlife, including rare or pro-
tected species during construction and operation (Brill et al., 2025). The
overlap, which may result in vessel strikes or exposure to noise during
construction (National Marine Fisheries Service, 2024), involves marine
mammal species that are legally protected in many countries worldwide.
For example, marine mammals are protected by the Habitats Directive
and Marine Strategy Framework Directive in the European Union and in
the United States (U.S.) through the Marine Mammal Protection Act and
Endangered Species Act. To minimize or avoid potential impacts from
offshore development, which can halt or limit development activities,
monitoring and mitigation plans are required by developers prior to
start of the project. These plans typically include the use of monitoring
(using visual observers or technology-aided observations) of
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project-specific clearance and shutdown zones to detect threatened or
endangered marine mammal species. Guidelines and regulators vary by
country. In the U.S., project approvals and authorizations are adminis-
tered by the Bureau of Ocean Energy Management and National Oceanic
and Atmospheric Administration's (NOAA's) National Marine Fisheries
Service.

Worldwide, numerous technologies are available for marine
mammal monitoring (Wiirsig et al., 2009), each with advantages and
disadvantages; some are more conducive for use during offshore infra-
structure development. While not an exhaustive list, some of the tradi-
tional methods include visual observation, the most common for
meeting regulatory compliance needs (Baker et al., 2013; Joint Nature
Conservation Committee, 2017), and optical cameras, which identify
marine mammals in the visible light spectrum (Podobna et al., 2009;
Aniceto et al., 2018). Newer technologies refined over the last few de-
cades include passive acoustic monitoring (PAM), which can detect and
identify vocalizing marine mammals (Sousa-Lima, 2013; Kowarski et al.,
2020) and animal-borne tags for tracking individual animals (Watanabe
and Papastamatiou, 2023). Emerging technologies include infrared (IR)
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cameras, which identify animals at or above the water's surface (Smith
et al., 2020; Richter et al., 2024; Zitterbart et al., 2020); satellite im-
agery, which can visually identify multiple species (Fretwell et al., 2014;
Cubaynes et al., 2019; Guirado et al., 2019); and chemicals like dimethyl
sulfide (DMS) and environmental DNA (eDNA), which can attract or
identify species, respectively (Baker et al., 2018; Suarez-Bregua et al.,
2022).

The platforms for deploying the technologies (e.g., moorings, fixed
infrastructure, autonomous aerial and underwater vehicles, piloted
aircraft and vessels), data analyses (e.g., automated detection and/or
classification), and delivery methods (e.g., near real-time) have
continued to improve (Nowacek et al., 2016). However, some technol-
ogies may be better suited for operational deployment during offshore
development (Macrander et al., 2022), where the technology in use must
accurately detect marine mammals with few missed detections over a
relevant distance and transfer that information reliably to a human
operator within a pre-defined decision-making time window.

With that specific use case in mind, Szesciorka et al. (2025) reviewed
the international literature (spanning at least 17 countries and the poles)
on technologies for monitoring whales during offshore wind foundation
installation and found that most studies do not typically or consistently
report performance metrics needed to evaluate the utility of monitoring
technologies. Specifically, the studies rarely evaluated or reported on
the performance of monitoring tools related to efficacy (i.e., precision
and recall, probability of missed mitigation), detection range (i.e.,
maximum and reliable detection range, spatial resolution), and data
delivery (i.e., detection latency, system reliability, temporal resolution);
metrics that we argue are critical for evaluating whether the technology
is suitable for use in a mitigation context (Szesciorka et al., 2025).

After a critical review of the 38 peer-reviewed journal articles,
technical reports, consultant reports, and regulatory documents focused
on the detection of baleen whales in marine environments (methods
described in Szesciorka et al. (2025)), we conclude that a better un-
derstanding of the performance of these technologies using these metrics
would be valuable for diverse users. Standardizing data collection,
reporting, and analysis, with other standardized procedures (Van Parijs
et al., 2021; Hildebrand et al., 2022) can promote consistency and
comparable results, allowing research on the use of monitoring tech-
nology to have a greater reach in application. In turn, this may remove
barriers to progress related to marine sector growth, including expe-
diting or streamlining licensing/permitting and reducing project costs.
Here, we provide recommendations for a set of metrics needed to
compare the performance of monitoring technologies specifically for
monitoring during offshore development, regardless of jurisdiction or
species, and highlight which publications from the Szesciorka et al.
(2025) literature review reported on these metrics. We also emphasize
the benefits of multi-modal approaches and recommend performance
assessments through modeling and field testing.

2. Performance reporting

For successful marine mammal monitoring in a mitigation context,
the technology must be able to observe an animal within detection range
of a sensor, classify it to the species level (which may involve a human
operator), and determine its position (e.g., localize within a mitigation
zone or provide a relative range/bearing). The probability of detection
should be close to 1 across the entire monitoring area if all animals
potentially at risk are to be detected. However, because of availability
bias, animals may be missed if they are present but not producing the
appropriate cue (e.g., they are not visible at the surface nor producing
sound). They may also be missed because of perception bias, in which
the system cannot detect the cue because of factors like ambient noise,
poor weather, or observer fatigue (Marsh and Sinclair, 1989). To
determine whether a technology is suitable for use in a mitigation
context, the tools need to be assessed for efficacy, detection range, and
data delivery based on the particular context of the mitigation plan.
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Below we describe these metrics with the assumption that the cue (e.g.,
vocalization or body surfacing) is present and detectable; however,
availability and perception biases should be considered in technology
performance assessments. While seven of the studies we assessed dis-
cussed availability or perceptibility bias, only three modeled one or the
other (Zitterbart et al., 2013, 2020; Ceballos et al., 2023).

2.1. Efficacy

The ability to correctly and repeatably identify animals can be
evaluated for a technology, automatic detection, and/or classification
software. Some measurements of performance that can be considered in
an offshore development setting involve the construction of a confusion
matrix (Fig. 1), which summarizes true positive (TP; detection is made
and an animal is present), false positive (FP; detection is made but no
animal is present), true negative (TN; no detection is made and an
animal is not present), and false negative (FN; no detection is made but
an animal is present). These are used to calculate precision, which is the
fraction of correct detections or classifications, and recall, which is the
fraction of occurrences that were detected (Van Parijs et al., 2021; Hil-
debrand et al., 2022; Fawcett, 2006).

Half of the studies we assessed presented or discussed components of
the confusion matrix: 39% TP, 34% TN, 44% FP, and 37% FN. Only 10%
calculated precision or recall. Most reported these metrics in relation to
automated detection/classification algorithms for PAM (Kowarski et al.,
2020; Smith et al., 2020; Baumgartner and Mussoline, 2011; Baum-
gartner et al., 2019; Clark et al., 2010; Rutenko et al., 2022; Salisbury
et al., 2018), IR cameras (Smith et al., 2020; Richter et al., 2024; Zit-
terbart et al., 2013, 2020; Guazzo et al., 2019), satellite imagery
(Fretwell et al., 2014; Guirado et al., 2019; Abileah, 2002; Corréa et al.,
2022), or conditionally in comparison with the performance of one or
multiple monitoring technologies (Kowarski et al., 2020; Smith et al.,
2020; Richter et al., 2024; Zitterbart et al., 2013, 2020; Fretwell et al.,
2014; Ceballos et al., 2023; Clark et al., 2010; Correa et al., 2022; Bal-
dacci et al., 2005; Graber et al., 2011; Bamford et al., 2020). Studies
using eDNA used positive and negative controls but did not provide the
results (Andruszkiewicz et al., 2017, 2020; Closek et al., 2019; Valsecchi
et al., 2022; Gold et al., 2021), and studies using optical cameras, active
acoustics, DMS, and tags did not include metrics. Only two of the studies
provided definitions for the metrics or the formulas used to calculate
them (Kowarski et al., 2020; Baumgartner et al., 2019).

FPs resulting in unnecessary mitigation and FNs resulting in missed
mitigation are considered failures that have potentially negative con-
sequences for offshore development or the animal, respectively. Only
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Fig. 1. Confusion matrix constructed to assess performance.
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one study discussed the concepts behind and calculated the probability
of missed mitigation (Baumgartner, 2025a), or the likelihood that a
whale entered a mitigation zone without being detected. Thus, proba-
bility of missed mitigation is important to assess when evaluating a
technology or detection/classification software, especially if there is no
other effective method of monitoring.

2.2. Detection range

Maximum detection range, or the farthest distance that a sensor
can detect an animal, is important for evaluating the performance of a
technology sensor. While the detection probability functions differ
depending on the technology (e.g., PAM's detection probability de-
creases with distance while IR's initially increases before decreasing), at
some distance the signal's (detected observation) detectability de-
creases, and it may become more indistinguishable due to reduced res-
olution or increased background levels. Thus, another important metric
is peak or reliable detection range, the distance at which a whale
occurrence can reliably be detected (Zitterbart et al., 2013; Verfuss
etal., 2016, 2018), and to a lesser extent spatial resolution, the smallest
measurable change in distance (e.g., nearest 0.1 km, 1 km, 10 km). A
sensor's ability to detect, classify, and/or localize can change based on
the local geophysical characteristics (e.g., bathymetry, sediment struc-
tue), weather or oceanographic conditions, sensor configuration and
settings, the species (e.g., frequency range and source levels), and other
factors, thus reports should incorporate this information into detection
range estimates, including uncertainty around the animal's location if
localization is possible.

We found that 45% of the studies reported a maximum detection
range but only 32% reported the variability of detection range as it
related to an environment or temporal variable, site location or platform
type, relative to other monitoring methods, and as it related to different
species, group size, and behavior. Studies where detection distance es-
timates are not feasible or useful, including those using DMS, eDNA,
satellite, and tags did not include these metrics. Studies that reported
maximum detection range were those that used PAM (Ceballos et al.,
2023; Baumgartner et al., 2019; Clark et al., 2010; Salisbury et al.,
2018), IR cameras (Richter et al., 2024; Zitterbart et al., 2013, 2020;
Guazzo et al., 2019; Baldacci et al., 2005; Graber et al., 2011; Cuyler
et al., 1992; Horton et al., 2017; Perryman et al., 1999; Schoonmaker
et al., 2008), optical cameras (Richter et al., 2024; Baldacci et al., 2005;
Smultea Environmental Sciences, 2022), and active acoustics (Geoffroy
et al., 2016; Knudsen et al., 2008).

Studies that reported variability in detection included those that
used PAM (Smith et al., 2020; Ceballos et al., 2023; Baumgartner et al.,
2019; Salisbury et al., 2018) and IR (Smith et al., 2020; Richter et al.,
2024; Zitterbart et al., 2020; Guazzo et al., 2019; Baldacci et al., 2005;
Graber et al., 2011; Cuyler et al., 1992; Horton et al., 2017; Perryman
etal., 1999). Of these studies, 77% reported detection range and only six
papers presented the probability of detection function. Some mentioned
detection distance and in some cases reported mean values but did not
include the detection range (Smith et al., 2020; Salisbury et al., 2018).
Only 13% (n = 5) reported peak or reliable detection range, including
studies using PAM (Clark et al., 2010), IR cameras (Richter et al., 2024;
Zitterbart et al., 2020; Guazzo et al., 2019), optical cameras (Richter
et al., 2024), and active acoustics (Geoffroy et al., 2016). None reported
spatial resolution.

2.3. Data delivery

The ability of a system to reliably deliver information to a human
operator in near real time to validate a detection and take the appro-
priate response is critical, as any observation could trigger a delay or
shutdown. Detection latency includes the time it takes for a detection
to travel to the sensor, the signal to be processed by the sensor, an
automated or manual process to determine the detection including

Ocean and Coastal Management 276 (2026) 108147

classification and/or localization, human review or verification of
automated detections, and transfer of this information to the appro-
priate person to implement mitigation measures. Additional time may
be needed to transmit information through various communication
networks (e.g., satellite, digital, or radio).

While 45% (n = 17) of studies we assessed using PAM, IR camera,
optical camera, and active acoustics were made in real or near-real time,
only 8% (n = 3) of all studies discussed detection time latency. All were
PAM studies, one of which modeled the time required to detect whales
based on transit speeds of the survey platform (e.g., vessel, glider,
aircraft) (Ceballos et al., 2023). The other two involved delivery of
automated detections from a moored buoy that were reviewed by a
human operator in 15 min increments (Baumgartner et al., 2019) and
from a glider ranging 15 min to 3 h, 15 min, depending on the glider dive
cycle and reporting schedule and weather (Kowarski et al., 2020). For
some technologies, detection latency depends on data access. For
example, requests for satellite imagery data within a specific time frame
can vary by 21 days (Khan et al., 2023), and although satellite-linked tag
studies can schedule data transmission (e.g., every 6 or 12 h) (Palacios
et al., 2022), for archival tags, detection latency includes deployment
duration, recovery, and analysis. Finally, while onboard measurements
are possible (Okane et al., 2019), most studies using eDNA or DMS
require transportation and analysis in a lab.

Other metrics such as system reliability, or the fraction of time a
system is operational during the planned operational time, how much
downtime to expect, and temporal resolution, or the smallest
measurable change in reporting time (e.g., nearest 1 s, 15 min, 1 h),
should also be reported. Only 8% (n = 3) reported periods when the
technology was not functional due to weather conditions or when the
gimbal was not stabilized (Smith et al., 2020; Baldacci et al., 2005). One
reported 14 shutdowns resulting in 8 h of downtime (Smultea Envi-
ronmental Sciences, 2022); however, none reported system latency
under normal use and none reported temporal resolution.

3. Multi-modal systems

Across the studies we evaluated, no single technology reliably
detected all animals in a given area and under all conditions (Smith
etal., 2020). However, studies using multiple technologies have allowed
their performance to be compared against one another (see summary
table in Szesciorka et al. (2025)). For example, in some studies IR
cameras had a similar number of detections (Zitterbart et al., 2013;
Baldacci et al., 2005) and increased the number of hours of possible
detection (Graber et al., 2011) compared to visual observations. In one
study, IR cameras outperformed experienced observers at short ranges
(2-3 km) (Zitterbart et al., 2020). Detections from satellite imagery
matched the variation in number of detections from aerial surveys
(Correa et al., 2022), with automated analysis finding most features
identified manually (Fretwell et al., 2014). Density estimates made from
satellite imagery data, once corrected for weather and surface avail-
ability, were found to be on the same order of magnitude as line-transect
estimates (Bamford et al., 2020). Finally, in some studies PAM de-
tections were similar to visual detections (Baumgartner et al., 2019;
Clark et al., 2010); recall between manually and automatically identi-
fied calls varied from 14% to 76% depending on species and time frame
(Kowarski et al., 2020).

While comparisons may be context and species specific, in these
studies, monitoring appeared most effective using complementary
methods. Although not all studies compared the performance of multiple
technologies against each other (e.g., Guazzo et al., 2019), the data exist
to do so. For example, line transect, aerial surveys, and PAM are
frequently used to locate target animals for tag deployment during U.S.
Navy-funded field studies (e.g., Baird et al., 2024; Henderson et al.,
2025). The simultaneous use of multiple monitoring technologies in-
creases the overall probability, effectiveness, and reliability of detection,
classification, and localization because of the ability to track multiple
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animal cue types (Verfuss et al., 2018). Thus, multi-modal approach is
considered the best available method for observing animals that may be
displaying different cues, thereby reducing the probability of missed
mitigation.

There is currently no standardized approach for assessing the per-
formance of multi-modal monitoring approaches and in some cases no
direct way to estimate the change in detection probability resulting from
any particular combination of technologies. Thus, we recommend an
increased focus on performance of multi-modal systems with future
research focusing on evaluating different combinations, and applica-
tions, of multi-modal systems, including the system as a whole and each
component. This should also focus on addressing challenges of multi-
modal and multi-vendor systems such as time/data synchronization,
data transfer, communication, and automated operation.

4. Large-scale characterization

While performance metrics are valuable for optimizing the use of
monitoring technology, it is important to consider if assessing perfor-
mance is necessary in every study. It may also not always be feasible
given time and funding constraints, and it puts additional burdens on the
user. However, one way to make it easier to understand which tech-
nologies will work the best in a given scenario is to include an assess-
ment of detection technology performance directly into environmental
effects monitoring plans. That would encourage the industry to consider
approaches for assessing performance earlier in the planning process,
which could ultimately expedite permitting and reporting process.

Another approach for reducing this burden is to evaluate the per-
formance of a monitoring technology through a coordinated effort
where technology developers, regulatory agencies, and researchers
work together. Not only will this standardize and streamline efforts (i.e.
funding, labor, equipment), but by understanding the different tech-
nologies, it also allows each to be leveraged in the most efficient way,
including identifying combinations that optimize performance and
reduce project costs.

A “gold standard” approach could involve a large-scale real-world
scenario where stationary and vessel-based observers conduct visual and
aerial surveys, PAM, and any other available methods to ensure that the
“true” number of whales present in a test area during the validation is as
accurate as possible. This would allow for the assessment of multiple
modalities from a species of interest or with a proxy species that has
similar behaviors to the target species while allowing multimodal cross-
validation for hard-to-identify species. A field test could also be con-
ducted in a region with conditions as close to the target species’ habitat
where future offshore infrastructure activities will occur and under
different oceanographic conditions.

Because field testing can be costly and the permit process lengthy,
establishing a collaborative instrumented, pre-permitted testing site will
significantly reduce barriers for technology developers to characterize
the performance of their technology and create consistency for com-
parison. A successful coordinated approach was recently spearheaded by
the NOAA's Southwest Fisheries Science Center “Glider Rodeo.”! The
project brought together researchers at Southwest Fisheries Science
Center, NOAA's Fisheries Pacific Islands Fisheries Science Center, Ore-
gon State University, and Oregon Coast Aquarium, who together con-
ducted ocean trials simultaneously alongside research vessels to
understand how autonomous vehicles could augment data, ultimately to
develop marine mammal stock assessments from the best available data.

Performance metrics can also be achieved with modeling, which can
simulate different numbers and configurations of sensors in represen-
tative conditions, including animal behavior; environmental conditions,
and other relevant factors (Gervaise et al., 2021; SMRU Consulting,

1 https://www.fisheries.noaa.gov/news/ocean-gliders-listen-whales-oregon-
test-new-ways-count-them.
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2024). A comparison of acoustic (gliders) and visual (aircraft) surveys
found that a slow-moving glider detected a single North Atlantic right
whale while aerial surveys required more than 20 transits and only
reliably detected whales (p > 0.5) when 20 were present (Ceballos et al.,
2023). Another study evaluated the efficacy of real-time PAM to miti-
gate risks to North Atlantic right whales near wind energy industrial
activities and found that as few as three PAM stations 5-10 km to a
construction site and using detections only (no localization) could
trigger mitigation (Baumgartner, 2025b).

5. Conclusion

There is growing interest in assessing the available marine mammal
monitoring technologies to reduce human-wildlife conflicts in the ma-
rine environment. Szesciorka et al. (2025) focused on the technologies
that would work best for baleen whales in low- and no-light conditions
before and during offshore wind turbine foundation installation. Other
organizations, like the U.S.-based nonprofit MITRE, are focused on
technology development and engineering approaches related to detec-
tion of the endangered North Atlantic right whale to reduce vessel
strikes and entanglement in fishing gear. In the United Kingdom, the
Institute of Marine Engineering, Science, and Technology, recently
released a report (Dorrian et al., 2025) aimed at advancing the under-
standing and application of marine mammal monitoring technologies.
All of these efforts call for standardization and multi-modal monitoring
approaches.

We recommend that future studies evaluate and report on the per-
formance of monitoring tools using metrics related to efficacy (i.e.,
precision and recall, probability of missed mitigation), detection range
(i.e., maximum and reliable detection range, spatial resolution), and
data delivery (i.e., detection latency, system reliability, temporal reso-
lution). The increased use of multi-modal approaches will improve ef-
ficacy of monitoring but still require performance assessments of
different combinations (as a whole and each component) to develop
standardized combinations. Finally, assessments of the performance of
monitoring tools should be built into monitoring plans or conducted as
large-scale characterizations in real-world or modeled scenarios, where
the true number of animals present can be known.

While evaluating and reporting on the efficacy, range, and data de-
livery of a monitoring technology require additional steps, there are
benefits beyond a single project worth considering. Evaluating perfor-
mance, whether a field characterization or modeling, could standardize
the way data are collected, stored, and analyzed; provide additional
opportunities for applied use; and incentivize technology developers to
fund and work directly with researchers to co-develop technology that
achieves multiple goals. In addition to benefiting researchers and in-
dustry partners, assessing the utility of different technologies for use in a
mitigation context can inform decisions on what systems regulatory
agencies might consider, potentially expediting or streamlining
licensing/permitting and improving cost efficiency for energy de-
velopers. Collaboration among technology developers, regulatory
agencies, and researchers ensures all parties are confident in the tech-
nology systems and results.
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